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ABSTRACT 
 

EVALUATING THE ROLE OF TGFΒETA AND ITS DOWNSTREAM SIGNALING 

MEDIATOR TAZ IN CANINE OSTEOSARCOMA RESPONSE TO DOXORUBICIN 

 

Adam Andrade           Advisor: Dr. Alicia Viloria-Petit 

University of Guelph, 2016 

 

Osteosarcoma (OSA) is the most common bone tumor in dogs. Metastatic canine OSA is 

resistant to chemotherapy and is responsible for patient mortality. OSA metastasis and 

chemoresistance mechanisms are generally unknown. Transforming growth factor-β (TGFβ) is a 

highly conserved cytokine with roles in bone development, bone disorders, cancer metastasis and 

chemoresistance. The action of TGFβ is carried out through SMAD transcription factors, which 

work in conjunction with TAZ to alter gene expression. TAZ is a highly conserved 

transcriptional coactivator and an integral part of the Hippo pathway controlling organ size, 

proliferation and differentiation, as well as bone mass and osteoblastogenesis. TAZ has been 

shown to mediate stem cell self-renewal capacity and cancer metastasis. I hypothesized that the 

TGFβ-TAZ signaling axis mediates OSA progression and chemoresistance. To demonstrate this, 

I assessed the effect of TGFβ on doxorubicin response, and together in connection with TAZ 

expression, in a panel of canine OSA cell lines, namely JL-31, JL-75 and JL-78. All cell lines 

used expressed TGFβRI and TGFβRII. TGFβ1 induced a dose and time-dependent effect on 

PSMAD2, TAZ and SNAIL-1 expression in JL-75, JL-78 and JL-31 cell lines as assessed by 

Western blotting. Analysis of malignancy genes via qRT-PCR indicated a time dependent 

increase in TAZ, SNAIL-1, SNAIL-2 (Slug) and RUNX2 genes in the OSA cell lines studied. 

Clonogenic survival of JL-78 and JL-31 cells in response to doxorubicin was reduced after TAZ 

was knocked down with siRNA only when the drug was combined with TGFβ1. The results 

indicate that TAZ is involved in doxorubicin resistance, downstream of TGFβ, and that TGFβ1 

promotes the upregulation of genes associated with malignancy in OSA. Thus, TAZ offers 

potential as a novel therapeutic target for sensitizing OSA cells to doxorubicin treatment. 
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Introduction 
 

 Osteosarcoma (OSA) is the most commonly diagnosed bone tumor in humans, with a 

bimodal age distribution of occurrence peaking in adolescents and again in old age (Tang et al. 

2008). The most common locations of OSA are areas of rapid bone turnover and bone growth, 

but they also occur frequently in weight-bearing regions of the appendicular skeleton (Kansara & 

Thomas 2007). The disease is rare and sporadic in its onset, making it more difficult to 

investigate its etiology. A small proportion of patients will present with metastasis in the lungs 

(although micro metastases are thought to be present, but difficult to visualize and diagnose) or 

other bones, indicating that these OSAs are aggressive and potentially malignant, as lung 

metastasis can often lead to death (Selvarajah & Kirpensteijn 2010). The natural occurrence of 

OSA in dogs provides a fundamental advantage for studying the disease as a model for human 

OSA. Firstly, canines share much of the same environment as humans, thereby encompassing 

some of the same environmental factors that may play a role in development; secondly, canine 

companions have extensive breeding information available to help identify hereditary 

abnormalities that may contribute to the disease (Fenger et al. 2014), and lastly, canine OSA and 

human pediatric OSA are almost indistinguishable with regard to gene expression patterns and 

share many of the same dysregulated molecular pathways (Paoloni et al. 2009). In humans, 

patient survival rates over the years has stagnated, despite aggressive surgical intervention and 

high-dose chemotherapy regimens with current 5 year survival rates for humans diagnosed with 

local and metastatic OSA being ~70% and ~20%, respectively (O’Day & Gorlick 2009). The 

TGFβ signaling pathway has demonstrated roles in OSA progression in both humans and canines 

(Portela et al. 2014). The downstream cellular effects of canonical TGFβ signaling require the 
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function of TAZ, which shuttles TGFβ-activated SMADs into the nucleus, thus facilitating gene 

transcription (Wrighton et al. 2008). TAZ is also the downstream mediator of the Hippo 

signaling pathway, a tumor suppressor pathway often dysregulated in many cancers (Mo et al. 

2014). Moreover, TAZ facilitates resistance to chemotherapy in OSA, possibly by induction of a 

stem cell phenotype (Wang et al. 2016). Thus, the aim of this thesis was to elucidate the role of 

TGFβ-TAZ signaling in OSA response to doxorubicin in order to determine its potential as a 

candidate for therapeutic targeting. 
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Review of the Literature 
 

1. Osteosarcoma 
 

Osteosarcoma (OSA) is a debilitating disease of mesenchymal origin affecting primarily 

the appendicular bones of the skeleton. OSA is a type of sarcoma and sarcomas encompass all 

tumors of mesenchymal origin, including soft tissue sarcomas (originating in the muscles, 

nerves, fat etc.) as well as malignant bone tumors (Burningham et al. 2012). In humans, 

sarcomas account for approximately 1% of adult solid malignant cancers and are often difficult 

to diagnose (Lahat et al. 2008). OSA is the most common type of primary bone tumor in both 

humans and dogs and accounts for up to 10% of all sarcomas (Fenger et al. 2014). Canine OSA 

occurs primarily in large breed dogs and develops spontaneously during life, primarily in middle-

aged dogs (~7 years of age). In humans, the onset displays a bimodal age distribution (occurring 

in adolescence and geriatrics), with the peak occurring during the pubertal growth spurt of 

adolescence (Fenger et al. 2014). This is thought to be due to rapid bone turn over at this time 

and the subsequent rapid growth and proliferation of cells of the skeleton, which could increase 

the risk of errors during DNA replication, possibly promoting the acquisition of mutations 

(Burningham et al. 2012). Human and canine OSA are very similar with regard to their 

molecular features, site of development, and location of metastasis (Rowell et al. 2011). This, 

and the fact that humans and dogs generally share a similar environment, make dogs an excellent 

model to study the disease. With a greatly increased applicability regarding osteosarcoma 

treatment, diagnosis and prognosis, the use of canine patients as models in vivo or canine cell 

lines in vitro provides an excellent research avenue compared to conventional mouse models. 
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Functional characterization of canine and human OSA cell lines hold great promise in 

elucidating the etiology of the disease (Mohseny et al. 2011). 

 

1.1. Definition and Diagnosis  
 

Canine appendicular OSA is a malignant and destructive neoplasm primarily occurring in 

the metaphysis of long bones (Britt et al. 2007). It destroys local bone tissue and can invade into 

surrounding soft tissues. The most common sites of development are the fore limbs, primarily the 

proximal humerus and distal radius (Morello et al. 2011). The disease often metastasizes to the 

lungs (or other bones) and this metastasis may or not may not be present upon diagnosis of the 

original tumor, suggesting a high propensity for rapid and undetectable metastasis (Park et al. 

2011). It is primarily large dog breeds that develop the disease; however, it is less breed-

dependent than it is size-dependent, with a predilection for the weight-bearing regions of the 

appendicular skeleton.  Most dogs referred to a veterinary clinic will present with increasing 

lameness, swelling and pain and are subsequently diagnosed with OSA via radiographic findings 

(Morello et al. 2011). The radiographic imaging of affected long bones includes the surrounding 

tissues in conjunction with affected bone in order to discern spread and aggressiveness. Bone 

lysis, periosteal proliferation, and sub-periosteal new bone formation with calcification into 

surrounding tissues are all suggestive findings of OSA (Morello et al. 2011).  In order to 

differentiate between OSA and other primary bone tumors, a cytological examination of the 

tissue for alkaline phosphatase (ALP) activity can be performed. ALP is required for osteoblast-

induced mineralization of bone and the enzyme can be found in the cytoplasm of all OSA cells 

and is one of the defining indicators of the osteoblastic lineage (Britt et al. 2007; Loukopoulos et 
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al. 2005). Once a primary bone tumor is identified, thoracic radiographic imaging can be done to 

visualize any metastatic growths in the lungs. The primary cause of mortality in dogs and 

humans diagnosed with OSA is via lung metastases, with approximate median survival time of 

canine patients being 5 months after limb amputation, without further treatment; survival can be 

extended by chemotherapy (Schmidt et al. 2015). Because of this, the predilection for pulmonary 

metastasis, and the presence of metastasis upon diagnoses (relatively rare, but about 20% for 

humans), OSA is considered a highly metastatic disease (O’Day & Gorlick 2009).  

 Human OSA follows many of the same patterns as the canine form of the disease. It 

occurs primarily in the metaphysis of the long bones, primarily in weight-bearing regions such as 

the femur (Burningham et al. 2012). Mutations in the retinoblastoma (RB) gene causing 

hereditary retinoblastoma, as well as mutations in p53 tumor suppressor causing Li-Fraumeni 

syndrome, can lead to increased risk of osteosarcoma development in humans (Morello et al. 

2011). Altered p53 status and/or over expression in canine OSA has been associated with tumor 

aggressiveness and grade (Kirpensteijn et al. 2008).  The primary sites of OSA development are 

also correlated with sites of rapid bone turnover in both human and canine forms of the disease. 

The most common metastatic sites are the lungs, followed by other bones for both canines and 

humans, suggesting a commonality in the pathogenesis and metastatic process between the two 

species. Cross-species genomic analysis revealed remarkable similarities in global gene 

expression patterns between canine and pediatric OSA (Paoloni et al. 2009). The evidence 

suggests that canine and human OSA have a shared biology, validating the use of canine patients 

as representative models of human OSA.   

One of the few differences between the two species is the age and state of diagnosis. As 

mentioned above, canine OSA is often diagnosed when the dog has reached middle age, and is 
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often present with micro-metastatic lesions, whereas the human form of the disease follows a 

bimodal age distribution of diagnosis, during adolescence and old age (Morello et al. 2011). 

  

1.2. Treatment 
 

 The most common form of treatment for canines with appendicular OSA is removal of 

the affected limb, with subsequent chemotherapy. Limb-sparing surgery can be effective, but this 

depends largely on the site of the tumor and severity. Being primarily palliative, differences in 

average survival time with either amputation or limb-sparing treatment alone do not result in a 

significant change in survival but do drastically improve the quality of life (Frimberger et al. 

2016). However, mean survival times do change when patients are treated with or without 

adjuvant chemotherapy. Specifically, the addition of neoadjuvant and adjuvant chemotherapy 

before and after surgical resection of the tumor, respectively, has increased mean survival rates 

and decreased recurrence (D’Adamo 2011). The most common chemotherapeutics used in 

osteosarcoma treatment include doxorubicin, cisplatin, carboplatin and lobaplatin, with the first 

(doxorubicin) being the focus of this report (Schmidt et al. 2016).    

 In human OSA, treatment methods are slightly different and include neoadjuvant 

chemotherapy, surgery and adjuvant chemotherapy, based on the initial response to the 

neoadjuvant chemotherapeutic (O’Day & Gorlick 2009). Depending on the percentage of 

primary tumor necrosis after neoadjuvant chemotherapy, patients will undergo the same therapy 

(>90% tumor necrosis) or a new therapeutic strategy that could include increased dosage, an 

alternative chemotherapeutic, or both. However, once a patient is diagnosed as a poor responder 

to the initial neoadjuvant chemotherapy, changes to the protocol provide little difference in mean 
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survival rates (Messerschmitt et al. 2008). The 5-year survival rate with surgical resection and no 

chemotherapy is approximately 15% whereas surgical resection in combination with 

chemotherapy shows a noticeably increased survival rate of approximately 70% for patients 

without metastases. However, due to the highly metastatic potential of osteosarcoma, many of 

the patients, both canine and human, will relapse and succumb to pulmonary metastasis (Morello 

et al. 2011). Poor response to neoadjuvant chemotherapy are thought to be due to the changes of 

“normal” tumor cells to that of cancer stem-like cells in osteosarcoma (Yan et al. 2016). Cancer 

stem cells (CSC) are defined as the cell population in the tumor with a capacity for self-renewal, 

differentiation and regeneration of the tumor (Zhang et al. 2013). Many tumors are thought to 

possess only a small sub population of CSCs with limited differentiation capabilities but still 

maintain many of the properties associated with normal stem cells such as relative quiescence, 

resistance to apoptosis and a long lifespan (Dean et al. 2005).  Numerous studies indicate that it 

is the CSC population that promotes resistance to chemotherapy (through DNA repair and drug 

transporting mechanisms) and will subsequently proliferate to reestablish a new, chemoresistant 

tumor mass (Yan et al. 2016). Thus, treatment should ensure targeting of CSCs, as well as 

clinicians identifying chemoresistance early, such that the treatment regimens can be favorably 

altered and the adverse effects of ineffective chemotherapy subsequently avoided.  

 

1.3. Prognostic Factors 
 

Prognostic factors for both human and canine OSA are very similar; several factors, such 

as increased serum ALP activity, metastasis at presentation, primary tumor size, pathological 

fractures and metastatic spread to lymph nodes are indicative of a poor prognosis (Khanna et al. 
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2001). The differences in prognostic factors between canine and human patients are few and 

mainly based on the increased quality of treatment regimens given to human patients and thus 

consist of poor response to neoadjuvant therapy in humans (when given), and age of presentation 

in dogs (Bacci et al. 2006), further exemplifying the similarities between the human and canine 

forms of the disease. Given the prevalence of metastases and stem cell characteristics of the 

disease, one of the most important prognostic factors in osteosarcoma is the response to 

chemotherapy (D’Adamo 2011). Therefore, discovery of chemotherapy resistance markers in 

osteosarcoma cells may help identify new therapeutic targets.  

A number of proteins have been identified as prognostic markers in osteosarcoma. 

Cathepsin D, a lysosomal proteinase, has been identified as a novel marker for doxorubicin 

resistance that is upregulated in human osteosarcoma cells (Arai et al. 2013). Snail-2, a 

transcription factor involved in repressing E-cadherin, promoting migration and resisting 

apoptosis, promotes osteosarcoma development and migration and may play a role in 

chemoresistance in human, canine, as well as rat osteosarcoma cell lines (Sharili et al. 2013). 

Runt related transcription factor 2 (RUNX2), the master osteoblastic regulator, has also been 

implicated in conferring chemoresistance in canine OSA via downregulating pro-apoptotic 

factors in response to DNA damage. This action of chemoresistance by RUNX2 occurs via 

attenuating the DNA-damage induced p53 pathway (Ozaki et al. 2015). Thus, when RUNX2 

activity is ablated, OSA is subsequently sensitized to chemotherapy-induced apoptosis (Roos et 

al. 2015). Upregulation of TGFβ1 and SMAD genes are also associated with a poor response to 

chemotherapy in pediatric OSA (Mintz et al. 2005).   

Many genetic alterations have been speculated to contribute to the etiology of OSA with 

many similarities between humans and canines. The tumor suppressor p53 is dysregulated in 
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many tumors and osteosarcoma is no exception; up to 40% of dogs with OSA were found to 

contain a p53 mutation that resulted in a significantly shorter survival time (Kirpensteijn et al. 

2008). In humans, loss of heterozygosity of p53 in OSA is up to 42% and this results in 

chemotherapy resistance, an overall reduced survival and subsequently, a poor prognosis (Goto 

et al. 1998). Given that cells of the bone are derived from mesenchymal stem cells, OSA is 

possibly a disease of dysregulated differentiation pathways (possibly through the acquisition of 

mutations), giving rise to an increased population of partially differentiated bone cells with 

characteristics of CSCs (Tang et al. 2008). Little is known with regard to CSC surface markers in 

osteosarcoma and the presence of CSCs is thought to contribute to the barriers, preventing 

effective treatment modalities (Gemei et al. 2013). The matrix metalloproteinase (MMP) family 

of enzymes involved in degrading the extracellular matrix and facilitating migration and invasion 

is highly expressed in OSA cells and tissues (Loukopoulos et al. 2004). The increase in MMPs, 

specifically the ratio of MMP2/MMP9, plays a role in determining response to chemotherapy, 

with increased MMP2 activity correlating with poor response and increased MMP9 activity 

correlating with good response to chemotherapy in human OSA (Kunz et al. 2016). Thus, the 

ratio of MMP2/MMP9 may prove a novel prognostic biomarker for chemotherapy response in 

human OSA.  The membrane cytoskeletal linker protein ezrin is overexpressed in many primary 

canine OSAs and correlated with a poor prognosis (Khanna et al. 2004). Ezrin facilitates 

metastatic change by promoting signal transduction pathways involved in downregulating E-

cadherin and directly contributing to cell-cell adhesion junctions and cell-cell communication 

(Hunter 2004). Importantly, especially for the remainder of this report, the Hippo signaling 

pathway and the transforming growth factor-β (TGFβ) signaling pathway have emerged as 

having key roles in the tumorigenesis and metastasis of osteosarcoma (Portela et al. 2014). 
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2. TGFβ in Bone Development, Tissue Homeostasis and Cancer 
 

TGFβ is a multifunctional cytokine with a myriad of cellular consequences, is part of the 

transforming growth factor beta superfamily comprised of many different factors, including 

TGFβ, Activins, and numerous bone morphogenetic proteins (BMP), all of which contain 

multiple isoforms (Chen et al. 2012). The downstream gene expression of TGFβ signaling as 

well as the cellular outcome of such signaling vary widely between normal and transformed 

cells, and among different cell types (Ranganathan et al. 2007). However, common signal 

transduction mechanisms and overall primary functions of TGFβ are relatively well documented 

in the bone.  

 Both TGFβ and BMP ligands are intimately involved in bone formation and skeletal 

development (Luo et al. 2010). They both act to control mesenchymal cell differentiation and 

converge at the level of the RUNX2 gene, which acts as the master regulator of osteoblast 

differentiation from MSCs (Janssens et al. 2005). The primary effect of TGFβ and BMP 

signaling is in the development, regulation and progression of bone tissue during mammalian 

development and bone repair. Bone is formed and laid down by osteoblasts and bone resorption 

is carried out by osteoclasts; an increased activity of one of these two cell types subsequently 

results in the increased activity of the other, facilitating a homeostatic balance in bone 

physiology (Janssens et al. 2005). Osteosarcoma is primarily osteoblastic, although other 

subtypes exist that are categorized based on the differentiation of the mesenchymal component, 

such as chondroblastic and fibroblastic, with even rarer subtypes such as epithelioid, small cell, 

and telangiectatic (Ragland et al. 2002). Pathologic fractures at the time of diagnoses of OSA are 

a poor prognostic factor and may indicate overactive osteoclasts in response to the dysregulated 

and dysfunctional osteoblastic proliferation characteristic of OSA (Chen et al. 2012).   
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Bone contains the highest levels of TGFβ in the body and is also the site of the most 

TGFβ-responsive cellular activity (Janssens et al. 2005). TGFβ1 promotes matrix production and 

osteoblast precursor differentiation of MSCs and reduces the ability of osteoblasts to secrete the 

osteoclast differentiation factor RANKL (RANKL facilitates essential osteoclast activity), thus 

implicating TGFβ1 in regulating bone mass by promoting bone formation and inhibiting bone 

resorption (Janssens et al. 2005). Furthermore, TGFβ1 acts as a chemoattractant for osteoblasts, 

thus playing a role in directly recruiting, activating and inducing proliferation of osteoblasts. 

However, bone resorption also prompts the release of TGFβ ligands that can then stimulate 

tumorigenic changes in nearby osteoblasts. The importance of TGFβ signaling in bone formation 

and generation of the skeleton is most noticeable with mouse knockout experiments. Conditional 

knockout of the TGFβ receptor 1 (TGFβR1, the receptor/kinase that ultimately leads to 

activation of the canonical signaling pathway) in mouse skeletal progenitor cells resulted in 

short, wide long bones, reduced bone collars, unusually thin perichondrium and a lack of 

osteoblast proliferation and differentiation (Matsunobu et al. 2009), suggesting a key role for 

TGF signaling in osteoblastogenesis. Additionally, knockout of TGFβR2 (the receptor/kinase 

that binds the ligand and ultimately activates TGFβR1) in mice resulted in defects of the axial 

skeleton (Baffi et al. 2006) and development of the skull (Seo & Serra 2009), further 

exemplifying the role of TGFβ signaling in bone formation. 
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2.1. TGF Signaling and Osteoblast Differentiation 

 

The TGFβ superfamily ligands are evolutionarily conserved among mammals 

(mammalian isoforms 1, 2 and 3)  and invertebrates, act as multifunctional dimeric cytokines 

with a common precursor structure, and require activation from their inactive form (Janssens et 

al. 2005). TGFβ1 is the most common and abundant of all three mammalian isoforms and is 

primarily found in platelets and bone (Janssens et al. 2005). The functions of TGFβ1 are diverse, 

complex and specific and are continually being refined, but are primarily involved in regulating 

cell proliferation, differentiation, survival and migration. TGFβ1 is an acidic protein with a 

latency associated peptide (LAP) bound to and protecting the active epitope of the mature 

peptide. This bound complex, aptly named the small latent complex (SLC), can be further bound 

to a latent TGFβ binding protein to form the large latent complex (LLC). Most cells secrete 

TGFβ1 as the LLC; however, in bone, TGFβ1 is secreted as the SLC (Janssens et al. 2005). This 

complex must be activated through protease cleavage to expose the epitope on the mature 

peptide for receptor binding, and, in the bone, osteoclasts can activate and release the epitope 

through the formation of an acidic environment and induction of protease activity (Janssens et al. 

2005). The notable difference in SLC secretion over LLC secretion in the bone accentuates the 

importance and speed at which TGFβ1 must be activated and utilized for proper bone 

physiology.  

TGFβ acts through the corresponding serine/threonine kinase receptors on the plasma 

membrane, where TGFβR1 and TGFβR2 form heteromeric complexes (Watabe & Miyazono 

2009). In the classical/canonical signaling pathway, ligand binding to TGFβR2 results in its 

heterodimerization with, and phosphorylation of TGFβR1, which in turn recruits and 

phosphorylates specific receptor-associated Smad transcription factors (R-Smads) with the 
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cooperation of the SMAD anchor for receptor activation (SARA)(Santibanez & Kocic 2012). 

The phosphorylated/activated R-Smads, specifically SMAD2 and SMAD3, form complexes with 

the co-Smad, SMAD4 (Wrana & Attisano 2000); the complex then translocates to the nucleus 

with the help of other proteins, such as components of the nuclear pore complex, importins, 

exportins, and mediators of the Hippo signaling pathway (Wrana 2016). The Hippo signaling 

pathway includes the transcriptional coactivator with PDZ binding motif (TAZ) and its 

homologue yes-associated protein 1 (YAP1). Once in the nucleus, the Smad2/3-Smad4 complex 

interacts with other transcription factors to activate or repress the expression of target genes 

(Wrighton et al. 2008).  

Attenuation mechanisms are essential to avoid excessive and prolonged signaling by 

TGF-, and ensure optimal cellular responses. Among these, the best documented is activation of 

the inhibitory Smads 6 and 7, which promote TGFβ receptor degradation via recruitment of 

Smurf (an E3 ubiquitin ligase that targets proteins for proteasome-dependent degradation) to the 

TGF-R complex. Inhibitory Smads can also compete for SMAD4 complex formation, thus 

blocking SMAD2/3 activation (Kavsak et al. 2000). The inhibitory Smad7 can impede 

SMAD2/3- complex formation with SMAD4 in the nucleus (Zhang et al. 2007).   

Canonical TGFβ promotes osteoblast differentiation and increases in bone mass via 

induction of genes such as the transcriptional coactivator with PDZ binding motif (TAZ), which 

aids in the nuclear translocation of activated SMAD2/3 (Yang et al. 2013). By upregulating 

TAZ, canonical TGFβ signaling generates a positive feedback loop driving further 

osteoblastogenesis. One of the primary TGFβ target genes is RUNX2, which is considered the 

master regulator of osteoblastogenesis (Janssens et al. 2005). The TGFβ-induced increase in 

expression of RUNX2 is facilitated through transcriptional co-activation via TAZ (Cui et al. 
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2003). Indeed, canonical TGFβ signaling through activation and nuclear localization of 

SMAD2/3 transcription factors induces osteoprogenitor proliferation and early osteoblast 

differentiation; the rescindment of the pathway subsequently inhibits normal bone development 

leading to skeletal deformities (Matsunobu et al. 2009). TGFβ remains integral to the formation 

of the skeleton and TGFβRII is imperative for RUNX2 mediated development of the skull (Iwata 

et al. 2010). 

TGFβ1 promotes proliferation of osteoprogenitors and differentiation toward the 

osteoblastic lineage through cooperation with other growth factors and cytokines, such as Wnt 

and Notch ligands, BMPs, PTH (parathyroid hormone), PDGF (platelet derived growth factor) 

and IGF (Martins-Neves et al. 2015).  For instance, TGFβ works in conjunction with Wnt 

signaling to induce osteoblast differentiation in human MSCs (Chen et al. 2012). Interestingly, 

inhibition of Wnt and Notch signaling pathways sensitizes human OSA cell lines (SaOS) to 

chemotherapy (Ma et al. 2013). Additionally, TGFβ itself can activate non-canonical signaling 

pathways, such as the p38 mitogen activated protein kinase (MAPK) pathways, which have also 

been implicated in bone development through activation of RUNX2 (Chen et al. 2012). The non-

canonical TGFβ activated signaling pathways also include Akt and when activated, promote β-

catenin nuclear accumulation, thereby regulating levels of cyclin D1 and c-myc genes to promote 

expansion of MSCs (Cheng et al. 2014).   
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Figure 1: The TGFβ signaling pathway displaying canonical TGFβ signaling through SMAD transcription 

factors. Upon binding of TGFβ1, TGFβRII phosphorylates TGFβRI, this then phosphorylates SMAD2/3 through 

recruitment by SARA. SMAD7 can inhibit SMAD activation and subsequent downstream TGFβ signaling. TAZ 

aids in SMAD nuclear localization and is phosphorylated by MST/LATS (not shown) and subsequently marked for 

proteasome degradation. ARC105 facilitates sustained nuclear localization of TAZ.  

 

2.2. TGFβ Signaling and Stem Cells 
 

Stem cells are cells that can differentiate and give rise to all the subpopulations of cells 

needed within an organism (Sakaki-Yumoto et al. 2013). Essentially, they are capable of 

limitless replication and have the ability to undergo self-renewal or differentiation, entering and 

exiting the cell cycle as needed. Stem cells exist in a spectrum with regard to differentiation 
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potential as well as terminology based on their origin (Oshimori & Fuchs 2012). Mesenchymal 

stem cells are multipotent precursors with the ability to home to wounds and areas of chronic 

inflammation to help contribute to regeneration of the damaged tissue (Mele et al. 2014). MSCs 

can also home to areas of tumor development and metastasis formation, differentiate to cancer-

associated fibroblasts to help facilitate tumor development in the microenvironment, and provide 

a supportive niche for tumor cell growth (Mele et al. 2014). TGFβ has been implicated in the 

promotion and maintenance of MSCs, as well as lineage-committed stem and progenitor cells. 

However, these effects are both concentration and cell-type dependent (Oshimori & Fuchs 2012). 

Evidences of these phenomena and the mechanisms implicated are described below. 

TGF promotes and maintains a MSC state via modulation of the expression of Snail, a 

transcription factor more typically known for its role in inducing the epithelial-to-mesenchymal 

transition (EMT). Briefly, EMT is the process of changing morphological phenotypes from an 

epithelial cell type to a mesenchymal cell type and involves upregulation of mesenchymal genes, 

enzymes and transcription factors (e.g., N-cadherin, Snail-1, ZEB) and downregulation of 

epithelial genes (e.g., E-cadherin), which ultimately lead to a loss in cell polarity (Lamouille et 

al. 2014). EMT is an essential developmental process, more recently recognized as a key 

mediator of cancer progression, as it pertains directly to the ability of cancer cells to migrate, 

forgo strict cell-cell adhesions, and ultimately enable formation of metastasis (Tran et al. 2014). 

TGFβ upregulates Snail-1 and Snail-1 plays a role in supporting TGFβ dependent signaling 

(Batlle et al. 2012). Furthermore, Snail-1 is important for proper TGFβ signaling in MSCs and is 

required to maintain MSCs (Batlle et al. 2012). Depletion of Snail-1 causes a decrease in bone 

marrow derived MSCs in vivo, and TGFβ1 induces Snail-1 gene expression (Kokudo et al. 

2008). Snail-1 then participates in a positive feedback loop that enhances the TGF response, 
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which in turn enhances Snail-1 expression (Batlle et al. 2012). An abundant level and activity of 

Snail-1 has been identified in many stem cell niches in the body as well as in many tumors, 

highlighting its role in stem cell maintenance and tumor progression (De Craene & Berx 2013). 

Furthermore, Snail-1 is involved in suppressing differentiation of MSCs, with the exception of 

the chondroprogenitor lineage (Alba-Castellón et al. 2014). In mesenchymal cells, levels of 

Snail-1 inversely correlated with differentiation and ectopic expression of Snail-1 prevented 

differentiation of 3T3-L1 cells, but did affect differentiation to chondrocytes (Batlle et al. 2012). 

Snail-1 promotes resistance to apoptosis and prevents progression of the cell cycle via repressing 

cyclin D2 transcription (Vega et al. 2004).  Intriguingly, Snail-1 may promote osteosarcoma 

development and chemotherapy resistance by inhibiting the anti-proliferative, and pro-apoptotic 

effects of the active metabolite of vitamin D3 in OSA cells (Yang et al. 2011).  In summary, 

Snail-1 is a critical factor used by stem cells, promoting a dedifferentiated state. Snail-1 acts 

downstream of TGF- and amplifies its signaling through sensitization of the cell to this 

cytokine (Batlle et al. 2012). Snail-1 levels positively correlate with stem cell-like 

characteristics, but also with migratory activity, which is linked to its function as an EMT-

inducing transcription factor (Fuxe et al. 2010). 

TGFβ1 can promote quiescence of hematopoietic stem cells (HSC), inhibiting 

proliferation and maintaining a pluripotent/complete differentiation ability of the HSC 

(Yamazaki et al. 2012).  After approximately a week in this “hibernation” or quiescent state, 

HSCs remained alive and able to proliferate and differentiate in the full spectrum of the myeloid 

lineage when the growth medium was changed (Yamazaki et al. 2012). HSC not treated with 

TGFβ died after 24 hours. Blocking the TGFβ1 ligand and the TGFβR2 causes a release of 

human hematopoietic stem cells from a quiescent, stem-cell-like state (Fortunel et al. 2000). 
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Furthermore, TGFβ1, TGFβR1 and TGFβR2 mRNA were present in the enriched 

stem/progenitor cell population. The cells were separated based on cell surface antigen markers 

CD34 and CD38, and CD34+CD38- cells were considered to be hematopoietic stem cells. This 

stem cell-like sub-population was very responsive to TGFβ1 and could produce its own TGFβ1 

(Fortunel et al. 2000). The growth-inducing effect of blocking the receptor or ligand was greatest 

in the stem cell-like sub-population. In addition, loss of responsiveness to TGFβ1 may also lead 

to malignant transformation in cancer cells by allowing them to leave quiescence and enter the 

cell cycle uncontrollably and eventually perpetuate the disease (Massagué 2008). Normally, in 

the bone marrow microenvironment, hematopoietic stem cells are highly responsive to the 

inhibitory effect of the presence of a large amount of TGFβ1. As cells divide and differentiate 

they become progressively less responsive to TGFβ1-induced growth inhibition (Tan et al. 

2009). Thus, providing this sensitivity back to the cell may constitute a new therapeutic avenue 

to slow and prevent cancer progression. TGFβ1 signaling is highly active in HSC in the bone 

marrow niche, suggesting that the bone marrow niche cells may themselves activate the latent 

peptide for use by the HSC and that without this cooperation the HSC may not be able to activate 

the latent TGFβ peptide (Challen et al. 2010).  

The growth inhibition responsible for TGFβ1-induced HSC “hibernation” results from 

suppression of nuclear translocation of cyclin D1 and p57 (Yamazaki et al. 2012), as well as 

reduced accumulation of receptors at the cell membrane, the latter mediated by suppression of 

lipid raft clustering (LRC). LRC is the process of accumulation of cholesterol and 

glycosphingolipids in the plasma membrane of the cell which allows selective accumulation of 

receptors and signal transducers, creating an amplification of any signals in the immediate area. 

In the bone marrow niche, LRC is inhibited in HSCs and thus they remain in a hibernation state, 
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unable to respond optimally to enter the cell cycle and proliferate, thus maintaining the 

dedifferentiated stem cell niche in the bone marrow (Yamazaki et al. 2012). Of importance is the 

ability of HSC to concentrate membrane receptors to intensify extracellular signals and push 

them out of a hibernation state and into the cell cycle where they can proliferate and 

differentiate. TGFβ1, however, inhibited LRC and prevented cytokine-induced re-entry of HSC 

into the cell cycle, thereby promoting a quiescent/hibernation state. The role of TGFβ signaling 

in stem cell biology is apparent; however, the manipulation of this pathway for clinical 

applications remains to be fully realized.   

TGF’s capacity to elicit a particular response in HSCs or committed progenitors is 

concentration dependent. High concentrations of all isoforms of TGFβ (1, 2 and 3), inhibit cell 

proliferation, in both myeloid and lymphoid sub-types of hematopoietic stem cells in vitro. 

However, at very low concentrations (10 pg/L) all were stimulatory to myeloid HSCs, whereas 

TGFβ1 and TGFβ2, specifically, were inhibitory to lymphoid sub-types (G. a. Challen et al. 

2010). These results suggest that TGFβ signaling functions in a biphasic manner and is further 

dependent on concentration, cell type and the isoform presented to the cell. 

TGFβ1 also plays a role in maintaining melanocytes in an immature/progenitor state and 

causes a reversible cell cycle arrest that can be switched on or off, depending on the presence or 

absence of the cytokine (Nishimura et al. 2010). Immature melanocytes are promoted by 

downregulating the master transcription factor of melanocytes (MITF). The authors demonstrate 

that TGFβ1 signaling is active when the stem cells enter the dormant state and that TGFβ1 acts 

to ensure immaturity. They also show through in vivo mouse models and in vitro experiments 

that TGFβ1 downregulates melanocyte associated gene expression, specifically MITF and 

induces cell cycle arrest. The change in morphology associated with TGFβ1-induced 
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downregulation of melanoblast gene expression involved the cells becoming smaller, with fewer 

dendritic processes, as well as a decrease in tyrosinase gene expression, the enzyme important 

for melanin synthesis and a marker for differentiation of melanocytes. Thus, TGFβ1 plays 

important roles in maintaining melanocyte stem cell properties, promoting a dedifferentiated 

state, and facilitating the microenvironment to sustain that state, further implicating its role in 

stem cell biology. 

MSCs inhibit natural killer and cytotoxic T cell functions via an increase in regulatory T 

(Treg) cells which are primarily immunosuppressive, and this increase was due to MSC induced 

expression of TGFβ1. This change was further exemplified in breast cancer cells; co-culture with 

MSCs promoted immune protection of these cancer cells via TGFβ-induced increases in 

immunosuppressive Treg cells (Patel et al. 2010). Cervical cancer-derived MSCs co-cultured 

with cervical cancer cells increased the expression and secretion of TGFβ1 and IL-10, which 

resulted in a significant decrease in MHC class 1 antigen expression on the cervical cancer cells 

and thus protected the cells against T cell-mediated lysis. Inhibiting TGFβ1 or IL-10 removed 

the pro-tumorigenic and immune evasive effects, rescuing the T cell-mediated lysis. TGFβ1 and 

IL-10 promote immune evasiveness from cytotoxic T cells by downregulating MHC class 1 

antigen expression on cervical cancer cells when co-cultured with MSCs (Garcia-Rocha et al. 

2015). Thus, MSCs provide immune protection/evasion to cancer cells via the TGFβ pathway.  

In contrast to its role in maintaining many cell types in an immature state, as described 

above, TGF- promotes differentiation of human endometrial mesenchymal cells. Using a small 

molecule receptor inhibitor (A83-01) of TGFβR1, human endometrial MSCs were inhibited from 

differentiating in vitro. By inhibiting this pathway, the subsequent apoptosis, differentiation and 
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senescence caused by TGFβ1 were also inhibited and thus a culture of dedifferentiated human 

endometrial MSCs was generated (Gurung et al. 2015).  

 

2.3. TGFβ and Cancer  
 

The role of TGFβ signaling in cancer has been associated with multiple processes such as 

inducing EMT (a process facilitating the migratory and invasive potential of cancer (De Craene 

& Berx 2013)), promoting immune evasion by directly inhibiting immune system cells and the 

inflammatory response (Massagué 2008), promoting angiogenesis (Tuxhorn et al. 2002), and 

regulating changes in the stroma that are associated with the generation of cancer-associated 

fibroblasts (Remodeling1 et al. 2002). The role of TGFβ to induce EMT and cancer metastasis is 

well established in breast cancer (McAndrews et al. 2015), colorectal cancer (Mele et al. 2014), 

and lung cancer (Pirozzi et al. 2011). Briefly, the mechanism of EMT induction by TGFβ is 

carried out by the function of multiple factors that mediate the degradation and disassembly of 

membrane proteins involved in the formation of junctional complexes and the maintenance of 

cell polarity (Ikushima & Miyazono 2010). TGFβ can induce the expression of transcription 

factors such as Snail, Slug, and Twist, which then act as transcriptional repressors of E-cadherin 

(involved in cell-cell junctions in epithelial cells) and subsequently inhibit other epithelial genes 

whilst upregulating mesenchymal genes (De Craene & Berx 2013). In addition, TGFβ can 

stimulate TGFβRII to phosphorylate Par6 leading to the eventual degradation of junctional 

complexes important for cell adhesion and polarity (Moustakas & Heldin 2007). However, TGFβ 

signaling functions to not only regulate migratory properties and cell-cell contacts involved in 

EMT, but to also regulate a variety of other cellular processes, including proliferation, 
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differentiation and apoptosis. Because of the diverse role TGFβ has on cellular function, a 

paradoxical observation can be made with regard to TGFβ signaling in cancer; it can both 

promote and inhibit cancer progression (Ikushima & Miyazono 2010). This paradoxical role of 

cancer inhibition and progression is due to the robust DNA-binding properties of SMADs –

regulating a myriad of genes– as well as the complex interplay of signaling interactions that 

ultimately decide the fate of downstream signaling responses (Ikushima et al. 2008). Indeed, 

TGFβ activation results in the activation or repression of hundreds of genes in a cell- and 

context-specific manner (Ikushima & Miyazono 2010). For example: in colon adenocarcinoma 

cells, TGFβ upregulated SOX2 and CD44 and increased primary tumor growth and liver 

metastasis (Zubeldia et al. 2013); in non-small cell lung carcinoma (NSCLC), TGFβ induces 

expression of SNAIL-1 and ZEB transcription factors resulting in EMT (Argast et al. 2011); 

TGFβ can promote cell cycle arrest through upregulation of p21 (a cyclin dependent kinase 

inhibitor (Datto et al. 1995)); TGFβ can inhibit the expression MYC and subsequently inhibit 

cell proliferation (Yagi et al. 2002); in human endothelial, epithelial and fibroblast cells, TGFβ 

can induce the expression of connective tissue growth factor (CTGF) and vascular endothelial 

growth factor (VEGF) to promote tumor angiogenesis (Sánchez-Elsner et al. 2001). Additionally, 

in esophageal cancer TGFβ induces the migration and invasion of a cancer stem cell 

subpopulation (Yue et al. 2015). The above briefly highlight the diverse tumorigenic roles that 

TGFβ signaling can play in numerous tissues. 

Besides the classic pathway involving the activation of Smads2/3, TGFβ also engages in 

crosstalk with many other signaling pathways and the precise mechanisms of these have not been 

elucidated. The overall effects of TGFβ are cell- and context-dependent, relying on a myriad of 

factors that are sensed by the cell and ultimately result in some form of functional gene 
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expression change or entry/exit from the cell cycle. In addition, TGFβ1 may cross-talk with Wnt, 

Notch, PDGF and IGF to promote cancer cell dedifferentiation and maintain this stem cell-like 

phenotype, as many genes involving these signaling pathways were upregulated in response to 

TGFβ1 treatment (Oshimori & Fuchs 2012). The role of non-canonical TGFβ signaling in cancer 

progression is further obfuscated when considering possible mutations in intermediary partners. 

Tumorigenic changes or mutations in up or downstream mediators of the TGFβ signaling 

pathway can alter the fundamental biology of TGFβ signaling and subsequently modify the 

downstream regulation of gene expression differently in cancer cells (Ranganathan et al. 2007). 

Thus, the role of TGFβ in cancer biology is vast and complex. 

 

2.3.1. TGFβ and Cancer Stem Cells 
 

Cancer stem cells (CSC) are sub-populations of cells within the tumor capable of self-

renewal, pluripotent differentiation, chemoresistance and tumor initiation (Piccolo et al. 2014). 

They are thought to be very similar to "normal" stem cells and thus contribute to progression and 

development of the tissue (in this case, the tumor), correlating with a poorer prognosis. Cancer 

stem cells can be determined via identification of cellular surface markers such as: CD133, a 

stem cell surface antigen in brain, colon, liver, bone and prostate cancer that is upregulated in 

response to TGFβ (You et al. 2010); CD44, found in breast, prostate, pancreatic and head and 

neck cancer; CD34 in leukemia (Allegra et al. 2014). They can also be identified via the ability 

to form spheroid colonies on low-adherence surfaces. However, more detailed and robust 

identification methods are needed to enhance targeting and early detection of CSC populations 

(Zhang et al. 2013). Current identification methods are hampered by the presence of these 
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markers on normal cell types. Regardless, stem cell characteristics such as pluripotency, self-

renewal capacity, drug resistance and slow proliferation rate have been reported in many tumors 

and thus warrant the classification of this sub-population of cells within the tumor as CSCs 

(Dean et al. 2005). Due to its ubiquitous roles in cancer and stem cell biology, TGFβ signaling 

likely plays a role in CSCs as well. The first study to show the involvement of TGFβ in 

promoting cancer stem cell features in association with its capacity to induce EMT was 

conducted on breast cancer cells (Mani et al. 2008). In this study, it was shown that human 

mammary epithelial cells underwent EMT after ectopic expression of TWIST or SNAIL and that 

these cells were able to form mammospheres and expressed high levels of CD44. The 

researchers then investigated whether stem cells had traits similar to cells that had undergone 

EMT and discovered that this was true. Stem-like cells from human, mouse or mammary 

carcinomas had increased expression of the mesenchymal markers N-cadherin, vimentin, SNAIL 

and decreased expression of the epithelial marker, E-cadherin (Mani et al. 2008). Additional 

studies on different cancer types confirmed the involvement of TGFβ in promoting cancer stem 

cell features. Studies of OSA cells showed that TGFβ1 upregulates CD133 expression and 

induces tumor initiation in vivo through epigenetic regulation (You et al. 2010). The mechanism 

for this is thought to be TGFβ1-induced inhibition of DNMT1 and DNMT3β, which play a role 

in regulating CD133 by inhibiting methylation of the CD133 promoter region (You et al. 2010). 

CD133 is a transmembrane glycoprotein marker for identification of stem cells and cancer stem 

cells (You et al. 2010). CD133 can be used as a prognostic marker and the presence of this 

marker in hepatocellular carcinoma indicates a poor prognosis (Yamashita et al. 2009). This is 

primarily due to chemotherapy resistance in conjunction with the other stem cell characteristics, 
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such as self-renewal and pluripotent differentiation ability, that promote the development and 

progression of the tumor (Di Fiore et al. 2013).  

Due to the role of TGFβ signaling in cancer progression, the development of TGFβ 

inhibitors has proven to be an intriguing new research area. Zubeldia and researchers (Zubeldia 

et al. 2013) aimed to test the effectiveness of two TGFβ1 antagonistic peptides (P17 and P144) to 

block the TGFβ1 induced pro-tumorigenic effects in colorectal cancer.  They showed that 

TGFβ1 has the ability to increase primary tumor growth and increase liver metastasis in mice, a 

common secondary site for colorectal cancer. They showed that TGFβ1 promoted an increase in 

invasion and migration to the nearby endothelium and this, as well as tumor burden, were 

reduced with the use of the peptides P17 and P144 (Zubeldia et al. 2013). The P17 and P144 

peptides are short antagonistic peptides derived from rat and human forms of TGFβRIII, 

respectively, and inhibit the activity of TGFβ1 (Dotor et al. 2007). To investigate the role TGFβ1 

plays in promoting a cancer stem cell phenotype, they carried out tumor sphere formation assays 

and analyzed the expression of cancer stem cell markers. They found that tumor spheres induced 

by TGFβ1 had high levels of SOX2 and CD44, markers of self-renewal and migration, 

respectively, which were reduced by P17 but not by P144. Thus, the researchers were able to 

show a difference in efficacy and resultant gene transcription using two different TGFβ1 

antagonists, adding to the complexity of targeting the TGFβ pathway for cancer therapy. 

Two other examples of the association between TGFβ signaling, EMT, and stemness 

come from studies with pancreatic and esophageal cancer cells. In the first study, it was shown 

that the pancreatic cancer cell line PANC-1 undergoes EMT in response to TGFβ1 treatment.  

This was characterized by vimentin overexpression and enhanced migration and invasion, and 

was associated with increased stem-cell-like properties (Wang et al. 2012). In the second study, 
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it was observed that sphere-forming esophageal cancer cells expressed the stem cell markers 

SOX2, ALDh1a1 and KLF-4., and exhibited chemoresistance, higher tumor formation, increased 

migration and invasion, which was enhanced with TGFβ1 treatment (Yue et al. 2015). 

 

2.3.2 TGFβ and Osteosarcoma 
 

Given the extensive implications for TGFβ signaling in the bone, it is no surprise that 

TGFβ plays a crucial role in OSA development and progression. Osteosarcoma cells in co-

culture with MSCs can alter cytokine production from either MSCs or osteosarcoma cells (Tu et 

al. 2014). The researchers found that osteosarcoma cells were able to inhibit MSC differentiation 

and promote production of IL-6, and VEGF cytokines involved in inflammatory and angiogenic 

responses, respectively. When the TGFβ pathway was inhibited, however, using siRNA for the 

R-Smad effector molecules, the MSC were able to undergo differentiation and were found to 

secrete less IL-6 and VEGF. Thus, the authors conclude that osteosarcoma cells promote the 

stem-cell-like properties of nearby MSCs via production of TGFβ1 and this in turn allows the 

MSCs to release pro-tumorigenic cytokines, further amplifying the cancer. Additionally, 

increased TGFβ ligand expression in osteosarcoma cells, as well as the surrounding endothelial 

cells, has been associated with  an increase in tumor grade and progression (Kansara & Thomas 

2007). The increased expression of RUNX2, TGFβ, Smads, Ezrin, and RANKL in OSA have 

been associated with a poor prognosis, increased metastatic potential, and are all genes identified 

with promoting metastasis in OSA (Shi et al. 2015). As mentioned previously, TGFβ plays a role 

in promoting cancer stem cells. In OSA TGFβ1 promotes the dedifferentiation of OSA cells to 

OSA stem-like cells by promoting sarcosphere formation and chemoresistance (Zhang et al. 

2013). Patients with polymorphisms in the TGFβ pathway are more likely to develop OSA and 
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have greater serum levels of TGFβ1 than patients without OSA (Xu et al. 2014). This difference 

was also present in patients with metastasis, who exhibited higher TGFβ1 serum levels than OSA 

patients without metastasis. Indeed, the presence of TGFβ1 in OSA can determine the clinical 

aggressiveness of the disease with higher levels of TGFβ1 mRNA found in higher grade OSAs 

(Franchi et al. 1998). Clinical strategies to inhibit TGFβ signaling in a mouse model of OSA 

with the TGFβRI inhibitor, SD-208, were successful in inhibiting the progression of the disease 

and formation of lung metastasis (Lamora et al. 2014). Overexpression of inhibitory SMAD7 in 

combination with SD-208 had a synergistic effect and significantly inhibit lung metastasis 

(Lamora et al. 2014). Further exemplifying the role of TGFβ1 in OSA is the finding that canine 

OSA cells secrete TGFβ1, express both TGFβ receptors I and II, and that inhibiting this pathway 

abrogates proliferation and migration both in vitro and in vivo (Portela et al. 2014). Therefore, 

TGFβ plays a critical role in osteosarcomagenesis and metastasis and has potential to serve as a 

therapeutic target for this disease. 

 

3. Hippo Signaling 
 

 The Hippo signaling pathway primarily functions to relay plasma membrane signals to 

the nucleus, driving expression of genes associated with survival, differentiation, and 

proliferation. It is an evolutionarily conserved pathway playing major roles in organ size control 

and tissue regeneration as well as stem cell function and tumor suppression (Kodaka & Hata 

2014). The name “hippo” is due to the fact that abrogation in the hippo pathway results in 

increased growth and resistance to apoptosis, constituting a large “hippo-like” phenotype during 

development (Harvey et al. 2003). These findings suggest a critical role for the hippo signaling 

pathway in the promotion and initiation of tumorigenesis. Importantly, tumors with robust stem 
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cell like characteristics are inherently resistant to current chemotherapy regimens. Thus, 

targeting and understanding the Hippo pathway in the context of cancer biology could provide 

insight to new therapeutic targets. Rather than having a canonical stimulatory ligand or peptide 

responsible for activation, regulation of the Hippo pathway occurs via a myriad of upstream 

regulatory proteins and mechanical cues, not all of which have been elucidated, but which also 

contribute to regulation of cell adhesion and polarity (Varelas et al. 2010). However, the core 

components of Hippo signaling are a series of serine/threonine kinases known as the Hippo 

kinases and Warts kinases (Wu et al. 2003). These kinases work together to facilitate a 

phosphorylation cascade that ultimately results in the inactivation and degradation of the 

transcriptional coactivator with PDZ-binding motif (TAZ) and its homologue Yes-associated 

protein (YAP), central downstream mediators of the Hippo pathway (Varelas & Wrana 2012). 

TAZ and YAP are involved with shuttling transcription factor complexes between the cytoplasm 

and the nucleus and facilitating the binding of transcription factors to their associated response 

elements (Kodaka & Hata 2014). The mammalian STE20-like protein kinase 1 (MST1) and 2 

phosphorylate the large tumor suppressor homolog 1 (LATS1) and 2 kinases which in turn 

phosphorylate TAZ/YAP (Lei et al. 2008).  

The Hippo pathway is composed of a myriad of interacting proteins including Salvador 

homolog 1 (SAV1) which interacts with MST1/2; the MOB kinase activators 1A and B 

(MOB1A/B), a scaffolding protein which interacts with LATS1/2; and the TEA domain-

containing sequence specific transcription factors TEAD1-4 (Santucci et al. 2015). When Hippo 

signaling is turned on, the serine/threonine kinases MST1/2 and LATS1/2 are activated and 

phosphorylated. TAZ and YAP are subsequently phosphorylated and incapable of driving 

targeted gene expression due to nuclear export, cytoplasmic retention, and β-transducin repeat-



29 

 

containing E3 ubiquitin protein ligase (β-TRCP)-induced proteasome degradation, resulting in 

growth control via apoptosis and cell cycle arrest (Lei et al. 2008). The TEAD transcription 

factors then bind to vestigial-like protein 4 (VGL4), which actively represses gene expression. 

Therefore, the activation of the Hippo pathway coincides with the degradation of the TAZ/YAP 

proteins as well as a contrasting shift in gene transcription. When the Hippo pathway is turned 

off, TAZ and YAP are free to shuttle transcription factors, such as TEADs1-4, SMADs, and 

RUNX1 and 2 into the nucleus, where they can promote targeted gene expression. Hence, TAZ 

and YAP are transcriptional co-activators whose primary function is to facilitate the shuttling 

and binding of transcription factors inside the nucleus. The Hippo signaling pathway is thus 

considered a tumor suppressor pathway. The kinase module portion of the pathway, consisting of 

MST1/2 and LATS1/2, functions as a tumor suppressor, whereas the transcriptional module 

TAZ/YAP function as an oncogene (Moroishi et al. 2015).  

 

3.1. Hippo Signaling in Organ Size and Development  
 

The Hippo pathway is intimately involved in organ size control, acting as a tumor 

suppressor pathway, and has been shown, when removed in mice models, to cause an increase in 

the size of organs such as the heart and liver (Lu et al. 2010). The lack of growth control from 

dysregulation of the Hippo pathway can lead to cancer (Lehmann et al. 2016). Two of the 

hallmarks of cancer are resisting cell death and sustaining cell proliferation, both of which are 

directly regulated by the Hippo signaling pathway (Hanahan & Weinberg 2011). When the 

Hippo pathway is lost during development, cells grow faster than wild type, ignore growth 

inhibitory cues once organs have reached a specific size, and are resistant to apoptotic death 

signals. All of factors contribute to increased organ size and corroborate the Hippo signaling 
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pathways role as a tumor suppressing pathway (Johnson & Halder 2014). In mice, loss of activity 

in regulatory kinases MST1/2 or LATS1/2 or overexpression of YAP, results in increases in 

heart and liver size due to increased cellular proliferation (von Gise et al. 2012). The interactions 

of Hippo signaling are vast, with a proteomic interactome of almost 300 known complexes, with 

a large portion involving cytoskeletal complexes, specifically involved in endocytosis and 

microtubule organization during cell division (Kwon et al. 2013). Thus, it is no surprise that 

mutations in the genes this pathway lead to diseases such as cancer. 

 

3.2. Hippo Signaling and Stem Cells 
 

Aside from promoting growth and overall organ size, the Hippo effectors TAZ and, to a 

lesser extent, YAP, are involved in the acquisition of stem cell-like characteristics (Ramos & 

Camargo 2012). In canine and feline mammary tumors, increased expression levels and nuclear 

localization of TAZ were observed in the basal cells of the cancerous mammary gland (Beffagna 

et al. 2016). This location coincides with the location of stem cells and thus is consistent with the 

role of TAZ/YAP in the regulation of stem cell maintenance and promotion of stem cell-like 

characteristics. In combination with their role in tissue regeneration and wound healing, is the 

discovery that TAZ and YAP play a key role in stem cell expansion and proliferation of 

progenitor cells with inhibition of differentiation (Lian et al. 2010). TAZ but not YAP is 

involved in human embryonic stem cell maintenance of pluripotency (Varelas et al. 2008). The 

exact difference between the two homologues is not fully understood and is likely to be different 

between human and mice, as evidenced by the role of YAP, not TAZ, in murine embryonic stem 

cell maintenance of pluripotency (Lian et al. 2010). Furthermore, TAZ is involved in the TGFβ-

induced EMT and enhanced stem cell maintenance of oral cancer cells, as well as enhancing the 
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self-renewal and seeding capability of oral CSCs and promoting CSC-like properties in 

differentiated cancer cells (Li et al. 2015).  

 

3.3. Hippo Signaling and Cancer 
 

Abnormal Hippo signaling is thought to be associated with many different cancers, with 

elevated levels of TAZ/YAP along with nuclear accumulation being seen in many cases 

(Moroishi et al. 2015). Genomic amplification of TAZ and YAP is found in numerous tumors, 

including oral, breast and liver, and is thought to be upregulated in a myriad of ways independent 

of direct gene amplification (Sebio & Lenz 2015). In breast cancer cells, TAZ is required for 

metastatic activity and chemotherapy resistance (Bartucci et al. 2014). CSCs are resistant to most 

chemotherapeutics and are one of the primary factors involved in patient relapse (He et al. 2014). 

In lung cancer cells, upregulation of TAZ caused a marked increase in gefitinib resistance (Xu et 

al. 2015). Additionally, TAZ mediates taxol resistance in breast cancer cells, further extending 

the roles of the Hippo pathway (Lai et al. 2011). In canine and feline mammary tumors, 

TAZ/YAP expression correlated positively with tumor grade, indicating that these oncogenes are 

important in the aggressiveness and clinical outcome of this cancer (Beffagna et al. 2016). Thus, 

the Hippo signaling pathway is integral in regulating stem cell biology and maintenance in both 

normal and cancer cells and is likely involved in CSC-induced chemotherapy resistance.  

 Targeting the Hippo signaling pathway for cancer treatment raises some controversial 

questions as the pathway is also involved in tissue regeneration and wound healing and might 

cause detrimental side-effects. On the other hand, promoting tissue regeneration and wound 

healing has potential for other therapeutic uses; but this comes at the cost of potentially 

upregulating a suite of tumorigenic changes, making the Hippo pathway a double-edged sword.  
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3.3.1 Hippo Signaling and Cancer Stem Cells 
 

 There is increasing evidence that suggests that Hippo signaling is involved in CSC 

regulation. Presence of CSC is elevated in high grade tumors and, interestingly, elevated levels 

of TAZ and YAP were also found in high-grade tumors (Mo et al. 2014). The downstream 

transcriptional coactivators TAZ/YAP, which act when the Hippo pathway is “off”, may have a 

role in CSC maintenance. Moreover, antagonists of the Hippo pathway drive stemness in cancer 

cells; SOX2 promotes stem cell characteristics in OSA cells by interfering with Hippo pathway 

activation and promoting YAP expression (Basu-Roy et al. 2015). TAZ promotes mesenchymal 

transition and CSC maintenance in squamous oral carcinoma cells; over-expression of TAZ 

induced CD44+ and CD133+ stem cell markers and increased resistance to chemotherapy, colony 

formation and migration (Li et al. 2015). Taxol and gefitinib resistance were promoted by TAZ 

in breast cancer (Lai et al. 2011) and lung adenocarcinoma (Xu et al. 2015) cells, respectively. 

Inhibiting active Hippo signaling and preserving functional TAZ and YAP from degradation 

promotes CSC properties by directly upregulating stem cell markers and increasing 

chemotherapy resistance and malignancy (Zanconato et al. 2016). 

 

3.3.2 Hippo Signaling and Sarcomas 
 

 Sarcomas are a subset of solid cancers derived from mesenchymal origin. Sarcomas 

constitute a number of malignancies with multiple subtypes, have no strict age of presentation 

(though relatively rare) and no strict location at which they occur, making them difficult to study 

(Burningham et al. 2012). The most common sarcomas are soft tissue sarcomas and malignant 

bone tumors (Lahat et al. 2008). The Hippo signaling pathway has been implicated in the 
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development of sarcomas; however, mutations in the pathway are rare. Rather, dysregulated 

Hippo signaling from mutations in other interacting partners contributes to the development of 

these malignancies (Deel et al. 2015). TAZ and YAP both function downstream of numerous 

signaling pathways to facilitate subsequent gene expression and these pathways can overcome 

canonical Hippo signaling to induce tumorigenesis (Zanconato et al. 2016). Thus, TAZ and YAP 

activity can be regulated independent of MST and LATS kinases. One of these alternative 

pathways involved in sarcomagenesis is the Wnt signaling pathway, which promote β-catenin-

induced formation of a protein complex consisting of β-catenin, YAP, and TBX5, which drive 

transcription of pro-survival genes in a myriad of sarcomas (Rosenbluh et al. 2012). During 

malignant transformation, Hippo signaling is repressed, thereby allowing the cells to avoid 

contact inhibition and increase growth and survival mediated mechanisms by the actions of TAZ 

and YAP (Deel et al. 2015). The role of proper TAZ and YAP regulation by Hippo signaling is 

therefore imperative. In a genetically modified mouse model lacking a functional LATS1 kinase, 

mice developed soft tissue sarcomas and ovarian stromal cell tumors, exhibited infertility and 

growth retardation, and were exceptionally sensitive to carcinogenic agents such as 9,10-

dimethyl-1,2-benzanthracene (DMBA), UVB light (St John et al. 1999). Both enhanced TAZ and 

YAP mRNA expression and correlate with reduced survival in undifferentiated pleomorphic 

sarcoma and dedifferentiated liposarcoma, and activation of TAZ and YAP correlate positively 

with tumor grade in liposarcoma. In this study, 66% and 50% of all human sarcomas 

demonstrated active TAZ and YAP, respectively (Fullenkamp et al. 2016). Without many 

mutations associated with the pathway, TAZ and YAP offer potential as targets for the treatment 

of sarcoma patients, possibly by tipping the scale back to a balanced, tumor-suppressive state. 
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4. TGFβ and Hippo Signaling Crosstalk 
 

  The TGFβ signaling pathway has been discussed in detail and a key player of active 

canonical TGFβ signaling, TAZ, has been mentioned. It is with this factor that the canonical 

TGFβ and Hippo signaling pathways converge and cross-talk. TGFβ1 induces TAZ/YAP and 

SMAD2/3 complex formation in human keratinocytes (Grannas et al. 2015). This ability to form 

functional complexes was abolished in SMAD4-absent colon cancer cells. However, SMAD4 

facilitated but was not required for complex formation in the keratinocytes. TAZ also interacts 

with TGFβ-induced genes (e.g., RUNX-related transcription factors) and facilitates EMT, one of 

the primary downstream effects of TGFβ (Lei et al. 2008). This suggests intimacy between the 

functionality of TAZ and TGFβ signaling. In breast cancer cells, TGFβ1-induced late-stage 

malignant phenotypes that required active TAZ and SMAD cooperation with TEADs (Hiemer et 

al. 2014). Hippo signaling can also regulate nuclear localization of SMADs through basal lateral 

receptor sequestration, thereby retaining polarity in polarized epithelial cells by restricting TGFβ 

induced SMAD activation (Narimatsu et al. 2015). This finding is further evidenced by the 

interaction of the Crumbs complex with TAZ/YAP activity, involved in relaying polarity and cell 

density cues (Varelas et al. 2010). The Crumbs complex is composed of the transmembrane 

protein Crb, adaptor proteins (PALS), and the Par complex (including Par 6), which act together 

to regulate apicobasal polarity (Grzeschik et al. 2010). The Crumbs complex can direct 

TAZ/YAP phosphorylation in response to high cell density, thereby marking TAZ/YAP for 

degradation and subsequently inhibiting nuclear SMAD localization. TAZ is also directly 

involved in shuttling activated SMADs into the nucleus and facilitating their binding to other 

transcriptional machinery, thereby regulating downstream TGFβ signaling (Varelas et al. 2008). 

The TGFβ and Hippo pathways are therefore intertwined in their functions in developmental, 
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stem and cancer biology; the Hippo signaling pathway working to antagonize active TGFβ 

signaling, and TGFβ requiring components of the Hippo pathway (TAZ) for induction of 

downstream gene expression.   
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Rationale  
 

 Current pharmacological strategies are hampered by chemotherapy resistance and a lack 

of novel therapies that demonstrate improved efficacy and specificity in both human and canine 

OSA. Most therapeutic agents are broad in scope and often result in collateral damage to healthy, 

rapidly dividing cells due to not being able to target cancer cells directly. Thus, investigation of 

the mechanisms of chemotherapy resistance and the identification of new therapeutic targets are 

of utmost importance for enhancing future treatment efficacy.   

Osteosarcoma (OSA) is a highly drug-resistant cancer with stem cell characteristics 

bearing a mesenchymal phenotype that contributes to its malign nature. It is an aggressive, 

malignant disease that metastasizes rapidly and often (Selvarajah & Kirpensteijn 2010). The 

TGFβ1 signaling pathway is known for promoting invasiveness/metastasis, and mediating cancer 

cell self-renewal, chemo- and radio-resistance. This, together with the abundant levels of TGFβ1 

in the bone and its importance in mediating osteoblastogenesis and general bone physiology 

during development, strongly imply a role for TGFβ1 in osteosarcomagenesis. TAZ is a key 

mediator of the TGFβ1 signaling pathway and plays a central role in bone development as well 

as in regulating organ size and driving cancer progression, the latter via its capacity to promote 

cell proliferation, cancer cell self-renewal, metastasis and chemoresistance. TAZ is also 

regulated by cell-cell adhesions and mechanotransduction, implying a role in cellular density and 

contact inhibition. Elucidating the role that the TGFβ1-TAZ signaling axis plays in osteosarcoma 

could provide information for the generation of novel therapeutics. 

Human and canine OSA both occur naturally, and are similar in their sites of 

development and high metastatic potential. The gene expression profile associated with canine 



37 

 

OSA and human pediatric OSA are virtually indistinguishable from each other (Paoloni et al. 

2009). This validates and supports the use of canine OSA as an appropriate cross-species model 

for the study of osteosarcoma. This thesis aimed to study the involvement of TGFβ1-TAZ 

signaling in osteosarcoma progression using canine osteosarcoma cell lines. Specific focus was 

placed on resistance to doxorubicin, a chemotherapy drug employed in the standard of care 

treatment in dogs and to a lesser extent, humans. Our ultimate goal is to improve our 

understanding of OSA chemoresistance, and possibly identify novel therapeutic targets that 

might improve therapy response in both humans and dogs. 
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Hypothesis 
 

TAZ is a key mediator of the TGFβ1 response, promoting stemness, malignancy and 

chemotherapy resistance in osteosarcoma cell lines. 

 

Objectives 
 

1. Characterize the relationship, if any, between TGFβ1 treatment and TAZ 

expression in canine OSA cell lines.  

2. Assess the role of the TGFβ1-TAZ signaling axis in modulation of stemness 

and malignancy-associated genes in canine OSA cell lines. 

3. Investigate the role of the TGFβ1-TAZ signaling axis in canine OSA cell 

lines and their response to doxorubicin. 
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Methods 
 

Cell Lines, Culture Conditions and TGF treatment 

 

 The JL series of osteosarcoma cell lines were established in Dr. Geoff Wood’s lab at the 

University of Guelph, Department of Pathobiology. The Abrams cell line was graciously 

provided by Dr. Anthony J. Mutsaers (University of Guelph, Department of Biomedical 

Sciences). The D17 cell line is a commercially available osteosarcoma cell line purchased from 

the American Type Culture Collection (ATCC, Manassas, VA). All five cell lines were grown in 

high-glucose Dulbecco's Modified Eagle Medium (DMEM), purchased from Thermoscientific 

(Waltham, Massachusetts) supplemented with 10% fetal bovine serum (FBS), purchased from 

Invitrogen (Carlsbad, California) in combination with 1% penicillin/streptomycin (P/S) antibiotic 

solution, purchased from (Life Sciences, Burlington ON).  The JL-75, JL-78 and Abrams cell 

lines are all primary OSA cell lines of osteoblastic origin. The JL-31 and D17 cell lines were 

derived from pulmonary metastases. All cell lines were grown in a humidified incubator at 37°C 

in the presence of 5% CO2 and 95% atmospheric air (21% O2). Growth medium was changed 

every two to three days as needed.  

Upon reaching ~90-100% confluency, cells were either passaged or plated into an 

experiment. For passaging, fractional dilutions were used; when plating into an experiment, cells 

were counted for better accuracy and reproducibility. Prior to trypsinization, cells were washed 

with sterile phosphate buffered saline solution (PBS, Sigma-Aldrich). Then, a trypsin-EDTA 

solution was added, consisting of 0.05 % Trypsin and 0.53 mM EDTA diluted in sterile PBS, 

with the volume used proportional to the size of the culture dish/plate used. Cells were then 

placed in the incubator for ~5min, growth medium was added to deactivate the trypsin, and cells 
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were passaged in various dilution ranges from 1:4 to 1:20 based on need and time for growth. 

For counting, cells were centrifuged at 400g for 5 min; the excess medium was aspirated, leaving 

the cell pellet behind; the cells were then reconstituted in 2 to 6 mL medium (based on size of 

cell pellet); an aliquot (10µL) of the thoroughly mixed, suspended cells was then mixed with 

equal volume Trypan Blue (Life Technologies) and counted via the automated cell counter, 

CountessTM (Invitrogen) to determine cell number and viability. Cells were plated at appropriate 

seeding densities for each experiment and culture plate size being used. Prior to treatment with 

recombinant human TGFβ-1 (Invitrogen), the cells were washed with PBS, serum starved in 

0.2% FBS and 1% P/S for 6 h and washed again before treatment. TGFβ1 was added in a 

working concentration of either 0.5 or 5ng/mL diluted in starvation media. The duration of 

treatment varied from 2-48 h, depending on the experiment.  

 

Western Blotting 
 

 Once cells reached approximately 60-70% confluency, they were starved for 6 h and then 

treated with TGFβ1 at either 0.5 or 5 ng/mL for 2, 24 and 48 h as indicated. Whole cell lysates 

were then collected on ice using Cell Lysis Buffer (Cell Signaling, Cell Signaling, Danvers, MA) 

supplemented with 1 % phosphatase inhibitor cocktail 2, 1 mM PMSF, 2 µg/mL aprotinin (all 

from Sigma-Aldrich Oakville, ON), and 1 mM Na3VO4 (New England Biolabs, Whitby, ON). 

Once collected, samples were centrifuged at 12000g at 4°C for 20 min and the supernatant was 

collected, aliquoted and stored at -80°C, until proteins were quantified via the Bio-Rad Bradford 

assay protocol (Bio-Rad, Mississauga, ON). The samples were then reduced in a reducing buffer 

(see Buffers, Recipes and Preparation) and heated at 95°C for 5 min before being loaded into a 
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polyacrylamide gel at 20-30 µg protein per well depending on protein being investigated. The 

proteins were resolved in a 10% polyacrylamide gel (Bio-Rad) for approximately 90 min at 

120V and transferred via wet transfer method to a polyvinylidene difluoride (PVDF) membrane 

(Roche Roche Mississauga, Ontario, CA) for 120 min at 100V. The membrane was placed into 

Tris Buffered Saline plus 0.01 % Tween (TBS-T) and then blocked for 60 min in either 5% milk 

or 1% bovine serum albumin (BSA, Santa Cruz Biotechnology, Santa Cruz, CA) in TBS-T. After 

blocking, the membrane was incubated overnight at 4°C with primary antibody diluted in 

blocking solution at various concentrations, over a rocker platform. The next day, the membranes 

were washed three times with TBS-T for 5 min each and then incubated with horseradish 

peroxidase-conjugated secondary antibody for 60 min at room temperature. After secondary 

incubation, the membranes were again washed three times with TBS-T for 5 min, the Luminata 

chemiluminescence reagent (Roche) was then added, and the membranes were subsequently 

imaged on the Chemidoc™ MP Image System (Bio-Rad). Images were analyzed by band 

densitometry using Image Lab software (Bio-Rad). For normalization of expression of native 

proteins, α-tubulin was used; for phosphorylated proteins, normalization was done with native 

protein levels to determine the relative increase in phosphorylation status. 

 

Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) 
 

 RNA was collected from samples using the Aurum™ Total RNA Mini Kit (BioRad) after 

phase separation via Ribozol and chloroform. The resulting RNA was quantified via the 

Nanodrop ND-1000 (ThermoScientific) and purity was assessed by measuring the absorbance at 

230, 260, and 280 nM wavelengths. The RNA was then diluted to a maximum concentration of 
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250 ng/mL (when samples averaged around 115 ng/mL, 100 ng/mL was chosen as the final 

concentration). The samples were then aliquoted and stored at -80°C. Synthesis of cDNA was 

done via a thermocycler following manufacturer’s instructions for the iScript™ cDNA Synthesis 

Kit (BioRad) and loading 1µg of RNA.  The cDNA was diluted with 60 µL RNAse-free water 

and stored at -20°C. All reactions were carried out using the CFX96 Touch™ Real-time PCR 

Detection System (BioRad). Results were first analyzed using CFX Manager™ (BioRad) 

software and further analyzed and plotted using GraphPad Prism 6 software. SsoFast™ 

EvaGreen® supermix (BioRad) was used as the master mix for all reactions. Template was 

added to each well after addition of primers diluted in supermix. No-template controls (NTC) 

were utilized for each primer pair as an internal control for contamination and primer-dimer 

formation. Primers were optimized via generation of a temperature gradient and subsequent 

standard curve and efficiency was determined. The range considered to be appropriate for 

efficiencies was between 90%-115%. A detailed list of primers can be found in Error! R

eference source not found.. Experiments for the generation of the initial RNA were run in 

triplicate to generate biological replicates, and three technical replicates from each of these 

experiments were run for the actual RT-qPCR. Gene expression was normalized to up to three 

reference genes, consisting of GAPDH, HPRT and β-actin.  

  

Confocal Immunofluorescence Microscopy  
 

Cells were seeded into 4 -or 8-well chamber slides at densities of approximately 45,000 

and 20,000 cells per well, respectively. Once cells reached approximately 70-80% confluency, 

they were treated with 5 ng/mL TGF1 (as described above) for 2 or 24 h. The cells were then 
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washed once with PBS and fixed for 15 min with 4% paraformaldehyde diluted in PBS at room 

temperature. After fixation, the cells were washed three times with PBS, for 5 min each. Cells 

were permeabilized with 100% ice cold methanol for 10 min. Following permeabilization, the 

cells were gently washed with PBS three times for 5 min, after which the cells were blocked with 

5% normal donkey serum (Sigma Aldrich) in combination with 0.3% Triton X-100 (Bio-Rad) 

diluted in PBS for 60 min. Primary antibody dilution buffer consisted of 5% normal donkey 

serum in combination with primary antibody (diluted depending on product guidelines) in PBS. 

After blocking, primary antibody dilution buffer was administered and the cells were incubated 

overnight at 4°C.  The following day, the cells were washed and secondary antibody was 

administered for 60 min at room temperature diluted in 5% normal donkey serum in PBS. This 

and all subsequent steps were performed in the dark. Following secondary antibody incubation, 

the cells were washed three times for 5 min, and then counter stained with DAPI, which was 

used at concentration of 0.3 µM in PBS, and incubated at room temperature for 5 min. The cells 

were subsequently washed for the last time with PBS and mounted with coverslips using Dako 

(Dako, Burlington, ON) fluorescent mounting medium. The cells were then allowed to cure for 

approximately 30-60 min (or overnight) at room temperature in the dark, before being imaged on 

an Olympus FV1200 laser scanning confocal microscope.   

 

Clonogenic Survival Assay 
 

The clonogenic assay or colony formation assay can be broadly categorized as having 

two different modes; one in which the experiment is plated before treatment and the other, 

afterwards. Plating the experiment and then immediately treating the cells before they begin 
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replicating is a relatively quick and easy screening method that can be used to analyze the 

effectiveness of various treatments. Utilizing the pre-treatment mode, cells are treated initially in 

one dish and then subsequently counted and plated into another dish or series of dishes to 

determine their ability to form colonies and to repair sub lethal and/or lethal DNA damage. This 

method can be further subcategorized into two different protocols consisting of a delayed (DP) or 

immediate plating (IP) post-treatment. Delayed plating typically occurs 6-24 h after treatment, to 

allow cells to potentially repair lethal and/or sub-lethal DNA-damage; immediate plating occurs 

immediately after treatment (Franken et al. 2006). In the case of DP, survival of cells is usually 

increased. Details of the protocol can be found in Nature Protocols (Franken et al. 2006).  In this 

study, we opted for DP after 24 h of treatment, first to look at the effect of TGF1 pre-treatment 

on the capacity of osteosarcoma cells to recover from doxorubicin treatment given at increasing 

doses; second, to test the effect of TAZ knockdown on the ability of TGF to modify the 

response of osteosarcoma cells to doxorubicin treatment given at the IC50. In this case, the IC50 

was defined as the concentration of doxorubicin that inhibited colony formation by 50%, as 

determined in the first set of experiments. 

For the first set of experiments, the JL-31, JL-75 and JL-78 cell lines were plated into 60 

mm dishes and allowed to reach 60-70% confluency before washed with PBS, starved for 6 h, 

and then treated with or without 5 ng/mL TGFβ-1 for 24 h. Afterward, the cells were washed 

with PBS and treated with or without 5 ng/mL TGFβ1 in the presence of various concentrations 

of doxorubicin for another 24 h. The cells were then trypsinized, counted, and plated into 6-well 

plates in triplicates of 100 and 500 cells per well. These cells were then allowed to form colonies 

for two weeks, with medium changed after one week. After two weeks, the resulting colonies 

were fixed and stained with 0.5% crystal violet/ 20% methanol mixture diluted in water, for 
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approximately 25 min. After staining, the crystal violet dye was removed with a pipette and the 

plates were gently submerged in water repeatedly to remove the unbound dye. Once the plates 

were rinsed, they were inverted over paper towels to allow drying for approximately 2 days or as 

needed.  

Counting via stereomicroscope is then commonly used to determine colony number. A 

colony is defined as having at least 50 cells. This method is time-consuming, tedious and is 

prone to counter bias (except when blind to treatment) and counter fatigue (Cai et al. 2011). To 

avoid this, a pseudo-automated method was utilized whereby images of the colonies were taken 

on the Chemidoc™ MP Image System (Bio-Rad) such that all 6 wells of the 6-well plate were 

clearly visible. These images were saved as 1200 dpi TIFF files and then subsequently analyzed 

using the freely available image processing software Image J.  See Digital Counting and Image 

Processing Guideline in the appendix for details on the image processing and digital analysis. 

The number given from digitally counting is then manually checked with the duplicated image to 

ensure proper processing. Commonly, manual override is required to delete/add colonies as 

needed. This helps to expedite the process of counting manually in front of a microscope. 

However, it is still very time-consuming. 

To alleviate the issues with digital counting, an alternative method was utilized. This 

method was implemented, described, validated and used previously (Guzmán et al. 2014). 

Briefly, it involves the automatic and rapid quantification of scanned images from colony 

formation assays on ImageJ via the Java based plugin, ColonyArea.  The plugin works by 

computing the percentage of area stained by the colonies in the culture vessel, e.g., 6-well plates, 

and automatically factoring in issues such as non-uniform illumination and background 

thresholding. When automatic thresholding fails, the user can input manual thresholds to limit 
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background noise. The plugin also computes an intensity weighted area percentage which 

corresponds to the cell density of the colonies. The equations for percent area stained and percent 

intensity are as follows (Guzmán et al. 2014): 

% 𝑎𝑟𝑒𝑎 =  
# 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑔𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝑎𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑏𝑜𝑣𝑒 𝑧𝑒𝑟𝑜 

𝑡𝑜𝑡𝑎𝑙 # 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑟𝑒𝑔𝑖𝑜𝑛
 × 100 

 

% 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =  
∑ 𝑝𝑖𝑥𝑒𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑖𝑒𝑠 𝑖𝑛 𝑎 𝑟𝑒𝑔𝑖𝑜𝑛

∑ 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑖𝑒𝑠 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑟𝑒𝑔𝑖𝑜𝑛
 × 100 

 

 Use of the ColonyArea plugin involves opening the image in Image J, creating a 

rectangular selection over all wells of the image, selection of the plate type (6, 12, 24 or custom), 

and subsequently running the Colony measurer macro on the thresholded wells. The output 

values of percent area and percent intensity are then given. 

 Using the above method, colony formation was ultimately quantified and plotted relative 

to control (no treatment) and different concentrations of doxorubicin. The IC50 was calculated 

for each cell line via four-parameter-logistics fit in GraphPad Prism 6 and is described more in 

the Statistics and Analyses section (below). For siRNA-based experiments (explained below), 

the IC50 used was the one calculated for doxorubicin treatment alone. Comparisons of the digital 

colony counting method and ColonyArea plugin method are made and described in 

Supplementary Figure 2. The percent area stained is directly proportional to the number of 

formed colonies (Guzmán et al. 2014) and the differences between the two methods were 

insignificant; both exhibited similar dose-response curves and subsequent IC50 values.  
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Figure 2: Comparison of digital analysis methods used for colony formation assay. Top shows 

counting of colony number using ImageJ software. Bottom image shows the use of the ImageJ 

plugin ColonyArea for determining stained colony area as a percentage. A. Before thresholding. 

B. After thresholding, darkness of color corresponds to intensity of stain. 

 

siRNA Transfection 
 

 Lipofectamine® 3000 (Life Technologies, City, State) was used as the transfection 

reagent of choice, due to low toxicity and high efficiency for a variety of cell types. Once cells 

became approximately 60-70% confluent, the transfection protocol proceeded as follows. 

Lipofectamine® 3000 was diluted in Opti-MEM medium at 3% V/V for JL-75 and JL-31 and 

6% for JL-78 (the best dilution for each cell line was determined via of cells with fluorescent dye 

uptake) and vortexed briefly. The diluted Lipofectamine® was then added in a 1:1 ratio to the 

diluted siRNA mixture and allowed to incubate at room temperature for approximately 10 min 

before being added to the cell culture medium in 1:8 dilutions. The final working concentration, 
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15 nM, was used as the working concentration for all experiments. Negative control duplex was 

administered in the exact same way, at the same concentration. After 24 h, the medium was then 

changed for starvation medium for 6 h, following different treatments, including plus or minus 

TGF (5 ng/mL, for 2, 24 or 48 h) only, or plus or minus TGF (5 ng/mL, 24 h) in the presence 

or absence of doxorubicin (at IC50 calculated for each cell line) for an additional 24 h. Samples 

were then collected as specified above to perform qRT-PCR and Colony formation, as needed. 

 

Statistics and Analyses 
 

 All data was analyzed and visualized using GraphPad Prism 6 software. Statistical 

analysis was completed utilizing an analysis of variance (ANOVA) with subsequent Tukey’s or 

Dunnet’s tests. The non-parametric Kruskal Wallis test was used when a normal distribution 

could not be assumed. The variable slope model, four-parameter logistic curve (4PL), was used 

to calculate the IC50 values from the colony formation assay after increasing doses of 

doxorubicin. This type of dose-response curve is common for log inhibitor (x) vs. response (y) 

curves because often the data follow a symmetrical sigmoidal shape. Most dose-response curves 

will assume a constant slope of -1.0, however the variable slope model used does not constrain 

the data in this way. The variable slope 4PL curve was used because of the unknown inhibitory 

potential of TGFβ1 and doxorubicin, and because of the sigmoidal nature of the curves after 

analysis (JL-31 excepted, see Discussion for details as to why this cell line may not have had a 

sigmoidal pattern). The use of this model is in agreement with a previous publication that 

developed and utilized the ColonyArea plugin for ImageJ (Guzmán et al. 2014).     



49 

 

Results 
 

All cell lines expressed both TGFβRI and TGFβRII, with cell lines derived from pulmonary 

metastasis showing more robust levels of TGFβRII. 

 Analysis of TGFβRI and TGFβRII was accomplished via Western blotting after 24 h of 

TGFβ1 treatment. The results in Figure 3 indicate that all cell lines have both receptors present 

with further evidence indicating higher levels of TGFRII in the cells derived from secondary 

lung metastasis (D17 and JL-31). D17, JL-75 and Abrams showed decreased expression of 

TGFβRII after TGFβ1 treatment. TGFβRI levels were fairly consistent across all cell lines and 

treatments. However, a decrease in expression in response to TGFβ1 treatment was more evident 

in JL-78 and Abrams. Based on these results, three cell lines, JL-75, JL-78 and JL-31, were 

chosen for comparison in subsequent experiments.   

 

TGFβ1 caused a robust dose-dependent SMAD2 activation in all three cell lines tested after 

2-hour treatment. 

Histograms were produced via densitometry from western blot analysis of whole cell 

lysate after 2 h of TGFβ1 (0.5 or 5 ng/mL) treatment (Figure 4), to demonstrate activation of 

canonical TGFβ signaling, and examine changes in the levels of known downstream targets of 

interest, TAZ (Zhao et al. 2010) and Snail (Cheng et al. 2013). Canonical signal activation was 

assessed by changes in the levels of phosphorylated SMAD2 (pSMAD2). The results indicate 

that after 2 h, pSMAD2 protein levels were significantly upregulated in a dose-dependent 

manner in all three cell lines tested, with all three cell lines showing statistically significant 

increases in phosphorylated SMAD2 at the higher dose of 5 ng/mL TGFβ1 (Figure 4 B). Of 
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note, the relative changes in pSMAD2 levels in response to treatment, were less dramatic in JL-

31 cells (Figure 4). SNAIL and TAZ protein levels however, displayed no statistically 

significant differences at the 2-hour time point, although there was a trend in JL-31 toward a 

slight dose-dependent increase in expression for both of these proteins. Taken together, these 

results suggest that after 2 h of TGFβ1 treatment, canonical signaling is activated in a dose-

dependent manner in all three cell lines, but this does not translate into a significant increase in 

SNAIL and TAZ levels. 

 

Sustained SMAD2 activation parallels an enhancement in TAZ expression after 24-hour 

treatment with 5 ng/ml TGF-1 in all of three cell lines tested.  

 Figure 5 depicts representative Western blots (A) and their respective densitometry 

analysis for pSMAD2 (B), SNAIL-1 (C) and TAZ (D) after 24h TGFβ1 treatment following 6h 

serum starvation. In all three cell lines, pSMAD2 levels were increased over 10-fold compared to 

control when treated with 5 ng/mL TGFβ1, but only JL-75 and JL-78 maintained a statistically 

significant increase (Figure 5B). Different from the results at the 2-hour point, little to no 

changes were observed in response to the 0.5 ng/mL TGFβ1 dose. SNAIL expression showed no 

statistically significant changes after 24-hour treatment with either 0.5 or 5 ng/mL. However, a 

similar albeit variable increase was observed for TAZ with TGFβ1 treatment at both doses. A 

consistent increase in TAZ levels in response to 5 ng/mL TGFβ1 was observed in all three cell 

lines (Figure 5C), with only JL-31 cells achieving statistical significance. Of interest, TAZ was 

also increased by 0.5 ng/mL TGFβ1 in this cell line. Taken together, the results indicate that 24-

hour treatment with 5 ng/mL TGFβ1 sustain SMAD2 activation and enhance TAZ levels 
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compared with control in all cell lines tested. JL-31 displayed the largest increases, with an 

average of 18.1 fold and 3.9 fold, in pSMAD2 and TAZ, respectively. 

 

TGF1 exposure for 48 hours results in variable sustainability of SMAD2 activation and 

variable changes in TAZ expression, depending on the cell line. 

Results in Figure 6 depict representative Western blots (A) and the respective 

densitometry analysis for pSMAD2 (B), SNAIL (C) and TAZ (D) after 48 h TGFβ1 treatment 

following 6 h of serum starvation. JL-78 maintained a statistically significant increase in 

pSMAD2 levels relative to untreated control after 48 h of TGFβ1 treatment, while pSMAD2 

levels remained elevated, albeit to a lesser extent at the 5 ng/mL treatment condition in JL-75 

and JL-31 cells (Figure 6A, B). Relative SNAIL levels remained unchanged at either TGFβ1 

dose after 48 h in all three cell lines (Figure 6A, C).  TAZ levels increased in response to 5 

ng/ml TGFβ1 in all three cell lines, but to a lesser extent in JL-75 cells (Figure 6A, D). Of note, 

JL-31 exhibited the highest TAZ increase, at 6.2 fold compared to control (Figure 6D). The TAZ 

increase in JL-78, although not statistically significant, was 2.1-fold compared to control (Figure 

6D). These results suggest that JL-78 and JL-31 and to a lesser extent JL-75 continue to display a 

dose-dependent relationship between TGFβ1 treatment and pSMAD2/TAZ protein expression 

after 48-hour treatment.  
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Colony forming ability after doxorubicin treatment was inhibited by TGFβ1 in JL-75 and 

JL-31 cell lines but not JL-78.  

To determine the effects of TGFβ1 treatment on doxorubicin response, the colony 

formation assay was employed. To do so, the different cell lines were first treated with or 

without TGF1 (5 ng/mL) for 24 h, followed by increasing doses of doxorubicin for an 

additional 24 h. The cells were then harvested, counted and plated at equal densities to assess 

their capacity to form colonies (see Clonogenic Survival Assay for details). The resulting 

survival curves are displayed in Figure 7. TGF-treatment resulted in a clear inhibition of 

colony formation ability in the presence or absence of doxorubicin in JL-75 and JL-31 cell lines 

(Figure 7A, C). JL-78 showed no obvious difference (other than a slight increase in colony 

forming ability with no doxorubicin) in the ability to form colonies with or without TGFβ1 

treatment (Figure 7B). Interestingly, JL-31 cells showed a statistically significant difference in 

clonogenic survival after TGFβ1 treatment and 12.5nM doxorubicin compared to control with 

12.5nM doxorubicin. Analysis of these survival curves via four-parameter logistics test gave two 

IC50 values for each cell line, one in the presence, and one in the absence of TGFβ1 (Table 1). 

The IC50 values are summarized for clarity in Table 1. These IC50 values indicate that JL-75 

and JL-31 cells were the most resistant to doxorubicin alone, but they were also the cell lines to 

show noticeable susceptibility to inhibition by TGFβ1. In contrast, JL-78 IC50 values indicate a 

higher sensitivity to doxorubicin but minimal effect of TGF1 in further inhibiting clonogenic 

survival in the presence of doxorubicin.  
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TGFβ1 increased expression of SNAIL, SLUG and RUNX2 in a time-dependent manner in 

the JL-75 cell line.  

To identify possible mediators of TGF signaling that might affect response to 

doxorubicin, we next examined the expression of genes previously shown to be modulated by 

TGF and/or TAZ, and which were shown to drive OSA progression, stemness, and/or drug 

resistance, independently or in cooperation with TGF or Hippo signaling. RT-qPCR analysis of 

such genes in JL-75 cells showed increased mRNA expression in a time dependent manner for 

SNAIL, SLUG and to a lesser extent, RUNX2 in response to 5 ng/mL TGFβ1 (Figure 8). TAZ 

mRNA expression was marginally increased (mean 1.5 fold) after 48 h of TGFβ1 treatment, 

however with only two biological replicates. Interestingly, there was little to no change in TAZ 

mRNA expression at the 2 and 24-hour time points (Figure 8). SNAIL mRNA expression was 

increased at all three time points and peaked at the 2-hour time point (3.7 fold) before tapering 

off. SLUG expression was also increased across all three time points with a peak expression after 

2 h of TGFβ1 treatment (statistically significant at 1.5 fold) followed by a subsequent decrease 

over time. RUNX2 expression displayed a different expression pattern, increasing over time and 

peaking after 48 h (1.9 fold). SOX2 and NANOG displayed little to no patterns in changes to 

expression. These results indicate that, in JL-75 cells, TGFβ1 treatment induces SNAIL, SLUG 

and RUNX2 gene expression in a time-dependent manner. 
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TGFβ1 increased expression of SNAIL and to a lesser extent, SLUG and RUNX2, in a time-

dependent manner in the JL-78 cell line. 

Similar to JL-75, RT-qPCR analysis of genes previously associated with OSA 

aggressiveness in JL-78 cells showed a time-dependent increase in mRNA expression of TAZ, 

SNAIL, SLUG and RUNX2 (Figure 9). SNAIL and to a lesser extent TAZ mRNA expression 

peaked after 2 h TGFβ1 treatment (1.5 and 2.4 fold, respectively), which was followed by a 

decrease over time. SLUG and RUNX2 mRNA expression was upregulated at the 2 and 48 h time 

points. Again, similar to JL-75, SOX2 and NANOG expression showed no significant pattern of 

expression. These results suggest that, in JL-78 cells, TGF1 upregulates TAZ and SNAIL mRNA 

transiently, while it has a more sustained enhancing effect on SLUG and RUNX2 mRNA.  

 

TGF1 increased expression of TAZ and SNAIL but not SLUG and RUNX2 mRNA over all 

three time points in the JL-31 cell line. 

RT-qPCR analysis indicated increased mRNA expression in a time-dependent manner for 

TAZ and SNAIL, with both peaking after 24 h TGFβ1 treatment (1.8 and 3.8 fold, respectively). 

SLUG, RUNX2, and SOX2 mRNA remained relatively unchanged after all three time points 

(Figure 10). NANOG expression did not change significantly after 2 and 24 h of TGFβ1 

treatment, but showed a decreased expression after 48 h (-0.44-fold change). TGFβ1 treatment 

resulted in a sustained increase in TAZ and SNAIL mRNA expression after 48 h, with a 

maximum and statistically significant effect at 24 h in SNAIL. Different from JL-75 and JL-78, 

the increase in SLUG and RUNX2 caused by TGF1 in JL-31 cells only occurred early in the 

time course, and thus appears transient.  
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TAZ protects against doxorubicin-induced cytotoxicity downstream of TGFβ signaling in a 

cell-dependent manner.  

When JL-75 cells were treated with siTAZ, colony forming ability was increased 37.3% 

relative to non-siRNA treatment control (Control) and 47.3% relative to the non-targeting siRNA 

negative control (siCtrl) (Figure 11). As expected for this cell line, doxorubicin treatment alone 

reduced colony forming ability relative to non-treated control (-30.2%, -45.6%, and -38.9% 

relative to no treatment Control group for Control, siCtrl, and siTAZ groups, respectively, 

Figure 11); however, this effect, although not statistically significant, was most pronounced on 

siCtrl-expressing cells. When cells were pre-treated with 5 ng/mL TGFβ1 for 24 hours before 

doxorubicin, colony forming ability was further reduced (-80.6%, -54.5%, -51.7% relative to no 

treatment Control group for Control, siCtrl, and siTAZ groups, respectively, Figure 11), as 

compared to doxorubicin alone in all cell lines, but statistical significance relative to untreated 

cells was only achieved in the Control group. When comparing the siTAZ group to its own 

control (siTAZ only treated cells), a substantial decrease in colony formation is observed after 

doxorubicin treatment alone and in combination with TGFβ1. When comparing the combination 

treatment of TGFβ1 and doxorubicin in the siTAZ group, a statistically significant difference 

was observed compared to control and TGFβ1 alone.  Of note, the non-targeting negative control 

duplex shows little difference from control.  This data is summarized for clarity in Table 2. 

For JL-78 cells, doxorubicin alone reduced colony formation and there were no 

noticeable differences among the siCtrl group (Figure 12). TGF-had little to no effect on the 

Control group but in the siCtrl and siTAZ group TGFβ1 alone reduced colony formation by a 

noticeable amount relative to each groups control (-3.6%, -18.31%, -27.9% in Control, siCtrl, 

and siTAZ groups, respectively). TGFβ1 reduced colony forming ability in combination with 
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doxorubicin in all groups relative to their own controls (-36.8%, -52.8%, -71.6% in Control, 

siCtrl, and siTAZ groups, respectively) as well as relative to untreated control cells (-36.8%, -

34.9%, -74.0% in Control, siCtrl, and siTAZ groups, respectively). Interestingly, the siCtrl group 

had a substantial increase in colony formation when the JL-78 cells were left untreated and there 

was little to no difference in colony formation when cells were treated with doxorubicin alone or 

in combination with TGFβ1. When these cells were exposed to siTAZ, colony formation ability 

was inhibited further by TGFβ1 and maximally by TGF1 in combination with doxorubicin 

(Figure 12) with the summary of these findings depicted in Table 3.  

JL-31 cells did not show noticeable differences in colony forming ability in response to 

doxorubicin or TGF1, unless exposed to siTAZ. Under this condition (siTAZ), JL-31 cells 

showed inhibition of colony formation after TGFβ1 (-27.2%) and doxorubicin (-19.1%) 

treatment alone and even further when these two treatments were combined (-38.1%). 

Interestingly, TGFβ1 alone inhibited colony formation more than doxorubicin alone in JL-31 

cells. This data is summarized in Table 4. 

Taken together, the results from TAZ knockdown experiments indicate that TAZ plays a 

role, albeit to different extents in colony formation in all three cell lines, and might mediate cell 

response against the cytotoxic effect of doxorubicin both independently and downstream of 

TGF. Of note, TAZ silencing enhanced the effects of doxorubicin and doxorubicin plus TGF1 

were most sensitive in JL-31 cells. TAZ silencing did not affect JL-78 and JL-31 basal colony 

forming ability, however it increased the basal survival of JL-75 cells. These findings suggest the 

involvement of TAZ in TGF and doxorubicin response in canine OSA cell lines is context- and 

cell-dependent. 
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Analysis of gene expression data from the above colony formation assay indicates that 

siTAZ was effective in inhibiting the TAZ mRNA levels and that it impeded the TGFβ1-induced 

upregulation of TAZ in JL-31 and to a lesser extent, JL-75 (Figure 14 and Figure 15). 

Interestingly, SNAIL expression seemed to be increased in both cell lines when treated with 

siTAZ with or without TGFβ treatment. Silencing of TAZ mRNA expression had no effect on 

TGFβ1-induced upregulation of RUNX2, SNAIL or SLUG. The expression of NANOG seemed to 

decrease with doxorubicin treatment in JL-31 cells but this was abrogated in the siCtrl group. 

However, due to only one biological replicate, these results may not accurately depict the 

changes in gene expression and therefore only speculation can be made. 
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Figure 3: Western blot analysis of TGFβ receptors in canine osteosarcoma cell lines. Western blot 

analysis of whole cell lysates depicting the levels of TGFβRI and TGFβRII in various canine osteosarcoma 

cell lines in the presence or absence of TGFβ1. The cells were serum starved for 6 h and treated for 24 

hours with TGFβ1. Alpha tubulin was used as a loading control (n=1). All cells show presence of both 

receptors. D17 and JL-31 display an increased level of TGFβRII compared to the primary OSA cell lines JL-

75, JL-78 and Abrams. 
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Figure 4:  Western blot analysis of pSMAD2, TAZ, and SNAIL after 2 h TGFβ1 treatment. Activated pSMAD levels 
were increased after 2 h TGFβ1 treatment at either 0.5 or 5 ng/mL in three cell lines. A. Representative western blots of 

JL-75, JL-78 and JL-31 displaying dose dependent modulations in pSMAD2, SMAD2, TAZ and SNAIL after 2 h TGFβ1 

treatment. B. Relative changes in pSMAD2 protein levels showing a statistically significant difference in all three cell 
lines after 2 h TGFβ1 treatment. Relative changes in TAZ levels (C) and Snail (D) displaying no statistically significant 

differences after 2 h. All native protein bands were normalized to α-tubulin loading control before being normalized to 

no treatment control samples. pSMAD2 bands were normalized to native SMAD2. Data are expressed as mean ±SE 

(n=3). *p<0.05 versus no treatment control. 
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Figure 5:  Western blot analysis of pSMAD2, TAZ and SNAIL after 24 h TGFβ1 treatment. A. Representative 
western blots of JL-75, JL-78 and JL-31 whole cell lysates displaying dose dependent modulations in pSMAD2, 

SMAD2, TAZ and SNAIL after 24 h TGFβ1 treatment. B. Relative pSMAD2 levels normalized to control depicting a 

large increase in pSMAD2 levels after 24 h TGFβ1 treatment across all three cell lines. C. Relative TAZ protein 

levels showing a dose dependent increase in TAZ in all three cell lines with JL-31 having statistical significance. D. 
Relative protein levels for SNAIL showing a slight increase in SNAIL levels with TGFβ1 treatment. All native protein 

bands were normalized to α-tubulin loading control before being normalized to control samples. pSMAD2 was 

normalized to native levels of SMAD2. Data are expressed as mean ±SE (n=3). *p<0.05 versus no treatment control. 
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Figure 6: Western blot analysis of pSMAD2, TAZ and SNAIL protein levels after 48 h TGFβ1 treatment. A. 

Representative western blots of JL-75, JL-78 and JL-31 whole cell lysates displaying dose dependent modulations in 
pSMAD2, SMAD2, TAZ and SNAIL after 48 h TGFβ1 treatment. Increase of pSMAD2 is sustained in JL-78 and JL-

31 and less so in JL-75 after 48 h TGFβ1 treatment (B). Relative TAZ levels are increased in all three cell lines with 

the most robust increase in JL-31 followed by JL-78 (C). Relative levels of SNAIL remain unchanged in JL-75 and 

JL-78 but display a dose dependent increase in JL-31 (D).  All native protein bands were normalized to α-tubulin 
loading control before being normalized to control samples. pSMAD2 was normalized to native levels of SMAD2. 

Data are expressed as mean ±SE (n=3). *p<0.05 versus no treatment control 
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Figure 7: Dose-response curve analysis of colony formation assay after doxorubicin treatment and in the presence or absence 
of TGFβ1 in JL-75, JL-78 and JL-31 cells. Colony formation assay of JL-75 (A), JL-78 (B) and JL-31 (C) after 24 hours of 

TGFβ1 treatment followed by 24 hours of varying doxorubicin treatments utilizing the delayed plating method. Results are 

expressed as percent area stained normalized to control media with no doxorubicin. JL-31 displayed a statistically significant 
TGFβ1 induced inhibition after 25nM doxorubicin treatment (C). Graphs on the right show the curve fit from the 4PL regression. 

Data are expressed as mean ±SE (n=3). **p<0.01 versus control. 
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Table 1: Doxorubicin IC50 values of JL-75, JL-78 and JL-31. The values of the four parameter dose-response curve are shown 
with TGFβ1 treatment normalized to control media group (no doxorubicin, no TGFβ1), or normalized to self (no doxorubicin) . 

JL-31 was deemed as ambiguous. 

Cell Line 

Control 

Medium IC50 

(nM) 

Control-

normalized 

TGFβ1 IC50 

(nM) 

Self-

normalized 

TGFβ1 IC50 

(nM) 

R Control 

Control-

normalized R 

Treated 

Self-

normalized R 

Treated 

JL-75 27.2 11.8 11.3 0.80 0.87 0.88 

JL-78 11.4 9.2 7.4 0.92 0.88 0.96 

JL-31 ~24.6 8.9 12.0 0.69 0.73 0.78 
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Figure 8: Gene expression analysis of various genes after TGFβ1 time course in JL-75 cells. RT-qPCR analysis of expression 
of genes associated with OSA aggressiveness after 2 (n=3), 24 (n=3) and 48 h (n=2) TGFβ1 (5 ng/mL) treatment of JL-75 cells. 

Expression of TAZ, SNAIL, SLUG, RUNX2, SOX2 and NANOG mRNA relative to control and normalized to three reference 

genes, β-Actin, HPRT and GAPDH. SNAIL and SLUG mRNA expression were increased at 2 h. Data are expressed as mean fold 

change ± SE transformed to log2. *p<0.05 **p<0.01 versus no treatment control. 
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Figure 9: Gene expression analysis of various genes after TGFβ1 time course in JL-78 cells.  RT-qPCR analysis of expression 

of OSA progressing genes after 2 (n=2), 24 (n=2) and 48 h (n=2) TGFβ1 (5ng/mL) treatment of JL-78 cells. Expression of TAZ, 
SNAIL, SLUG, RUNX2, SOX2 and NANOG mRNA is depicted relative to control and normalized to three reference genes, β-

Actin, HPRT and GAPDH. SNAIL expression initially increased after 2 h. Data are expressed as individual point values with 

mean lines transformed to log2 (n=2). 
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Figure 10: Gene expression analysis of various genes after TGFβ1 time course in JL-31 cells RT-qPCR analysis of expression 
of OSA progressing genes after 2 (n=2), 24(n=3) and 48 h (n=3) TGFβ1 (5ng/mL) treatment of JL-31 cells. Expression of TAZ, 

SNAIL, SLUG, RUNX2, SOX2 and NANOG mRNA is depicted relative to control and normalized to three reference genes, β-

Actin, HPRT and GAPDH. SNAIL gene expression was increased after 24 h TGFβ1 treatment. NANOG mRNA levels were 
downregulated after 48 h TGFβ1 treatment. Data are expressed as mean fold change ±SE transformed to log2 for two or three 

biological replicates as indicated. 
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Figure 11: Colony formation assay of JL-75 cells with or without siTAZ, TGFβ1 and 

doxorubicin treatments. Colony formation assay depicting normalized percent area of stained JL-

75 cells treated with or without TGFβ1 (5ng/mL, 24 h), with or without doxorubicin (IC50, 24 h), 

and in the presence or absence of siTAZ or a non-targeting control (siCtrl). TGFβ1, in combination 
with doxorubicin, resulted in statistically significant decrease in colony forming ability. The siTAZ 

and siTAZ+TGFβ1 group displayed statistically significant difference when compared to 

siTAZ+TGFβ1+doxorubicin group. These results suggest that TGFβ1 and TAZ play a role in the 

ability for JL-75 to form colonies. Data are expressed as mean ±SE (n=3). *p<0.05 versus control. 
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Figure 12: Colony formation assay of JL-78 cells with or without siTAZ, TGFβ1 and doxorubicin 
treatments. Colony formation assay depicting normalized percent area stained of JL-78 cells treated with or 

without TGFβ1 (5ng/mL, 24 hours), with or without doxorubicin, and in the presence or absence of siTAZ or 

a non-targeting control (siCtrl). The siTAZ group exhibited an inhibition in the ability to form colonies in the 

presence of doxorubicin and/or TGFβ1 when compared to Control. These results suggest that TGFβ1 and 
TAZ play a role in the ability for JL-78 to form colonies after doxorubicin treatment. Data are expressed as 

mean ±SE (n=3).  

 



68 

 

J L -3 1

T re a tm e n t G ro u p s

N
o

r
m

a
li

z
e

d
 C

o
lo

n
y

 F
o

r
m

a
ti

o
n

C
o

n
tr

o
l

D
o

x
o

T
G

F

1

T
G

F

1
+
D

o
x
o

C
o

n
tr

o
l

D
o

x
o

T
G

F

1

T
G

F

1
+
D

o
x
o

C
o

n
tr

o
l

D
o

x
o

T
G

F

1

T
G

F

1
+
D

o
x
o

0 .0

0 .5

1 .0

1 .5

s iC tr l

C o n tro l

s iT A Z

 

Figure 13: Colony formation assay of JL-31 cells with or without siTAZ, TGFβ1 and doxorubicin 

treatments. Colony formation assay depicting normalized percent area stained of JL-31 cells treated with or 

without TGFβ1 (5ng/mL, 24 h), with or without doxorubicin, and in the presence or absence of siTAZ or a 

negative scrambled control. In the absence of siTAZ or non-targeting control (siCtrl) duplex there was no 
change in colony forming ability with or without doxorubicin treatment or TGFβ1. The siTAZ group however, 

exhibited an inhibition in the ability to form colonies with doxorubicin and TGFβ1 treatment. These results 

suggest that TAZ plays a role in the ability for JL-31 to form colonies and may sensitize them to doxorubicin. 

Data are expressed as mean ±SE (n=3).  
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Table 2: Percent differences among treatment groups relative to different controls for JL-75 colony formation assay. CM = 

control medium. T/D = TGFβ1 + doxorubicin treatment. 

 

 

 

Table 3: Percent differences among treatment groups relative to different controls for JL-78 colony formation assay. CM = 

control medium. T/D = TGFβ1 + doxorubicin treatment. 
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Table 4: Percent differences among treatment groups relative to different controls for JL-31 colony formation assay. CM = 

control medium. T/D = TGFβ1 + doxorubicin treatment. 
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Figure 14: RT-qPCR results from JL-31 cells that were treated in parallel to the siTAZ colony formation assay. Gene expression 

data depicting levels of TAZ, SNAIL, SLUG, RUNX2, NANOG and SOX2 normalized to two reference genes, HPRT and β-Actin, 

and relative to control. TAZ levels were knocked down significantly in response to siTAZ (A). (n=1) 
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Figure 15: RT-qPCR results from JL-75 cells that were treated in parallel to the siTAZ colony formation assay. Gene expression 

data depicting levels of TAZ, Snail-1, Slug, RUNX2, Nanog and SOX2 normalized to two reference genes, HPRT and β-Actin, and 

relative to control. TAZ levels were knocked down significantly in the control+siTAZ+doxorubicin group (A). (n=1) 
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Discussion 
 

The TGFβ1 cytokine and its activated signaling pathways are known to play a role in 

canine OSA progression and development (Portela et al. 2014). TAZ is a key mediator of 

osteoblast physiology, including osteoblastogenesis and osteoblast activity, and also regulates the 

activity of osteoclasts (Janssens et al. 2005). TAZ is responsible for regulating the downstream 

mediators of TGFβ signaling, specifically through nuclear localization and accumulation of 

SMADs (Varelas et al. 2008). It has been shown that increased levels of TAZ result in increased 

bone mass in vivo (Yang et al. 2013). TAZ is also part of a broad signaling pathway; the Hippo 

signaling pathway involved in organ size control, cellular proliferation and stem cell 

maintenance and is commonly disrupted in cancer (Johnson & Halder 2014). Therefore, 

investigating the role of TGFβ and TAZ in the context of OSA could provide important 

information for understanding and treating the disease. The aim of this thesis was to elucidate the 

role of TGFβ1 and TAZ, individually and as cooperative mediators of canonical TGF signaling, 

in canine osteosarcoma cell lines. We focused on doxorubicin response, as TAZ has been shown 

to play a role in chemotherapy resistance in other malignant cell types, such as breast cancer 

stem cells (Bartucci et al. 2014) and lung adenocarcinoma cells (Xu et al. 2015). However, the 

role of TAZ in canine OSA is unclear. 

To first characterize TGFβ signaling in OSA cell lines, we analyzed the expression of 

serine/threonine kinase TGFβRI and TGFβRII in two secondary metastatic (lung derived) and 

three primary OSA cell lines via Western blotting. The results indicated that TGFβRII was 

present at higher levels in both cell lines derived from pulmonary metastasis, but the levels of 

TGFβRI were relatively unchanged across all cell lines and treatments. A slight decrease in the 
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levels of both receptors was observed after TGFβ1 treatment, suggesting that the cells respond to 

TGFβ1 by downregulating the levels of receptor available for ligand binding. This is in 

agreement with feedback mechanisms previously reported to control the extent of TGF 

signaling, whereby the receptors are targeted for ubiquitin-mediated degradation by SMAD7-

mediated recruitment of the ubiquitin ligases, SMURF1/2 (SMAD ubiquitin regulatory factors) 

(Izzi & Attisano 2004). However, the decrease in TGFRII was not seen in JL-31 cells (Figure 3). 

Given the constitutively active state of TGFβRII, and that TGFβRII transphosphorylates and 

activates TGFβRI after ligand binding, cells with increased levels of TGFβRII might have a 

more robust and sustained activation of TGFβ signaling. The result that only the cell lines 

derived from secondary pulmonary metastasis showcase this upregulation, suggests that this is 

advantageous for metastatic dissemination; however, further experiments with a larger number of 

primary and metastasis-derived cell lines would be required to build confidence in this potential 

association. It may be that cells with higher expression levels of TGFβRII are more prone to 

metastasize and/or are more likely to survive in distant sites. This involvement of TGFRII in 

OSA progression remains to be investigated, but seems in line with the previously reported role 

of  TGFβRII in proper skeletal development, including the axial skeleton (Baffi et al. 2006) and 

skull vault (Seo & Serra 2009). Interestingly, further analysis of canonical TGFβ signaling 

revealed no direct correlation between levels of TGFβRII and the extent of 

phosphorylation/activation of SMAD2 (Figure 4, Figure 5, Figure 6). Although evidence of 

increased SMAD activation with increased TGFβRII was not shown in these OSA cell lines, the 

role of TGFβRII in bone biology implicates the possibility that perturbations in its activity might 

result in aberrant development and malignancy. This possibility is additionally supported by the 

direct involvement of TGFRII in the phosphorylation and activation of non-canonical signaling 
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mediators of TGF response with demonstrated roles in metastasis, such as Par6 (Viloria-Petit et 

al. 2009).  

Analysis of phosphorylated SMAD2 (pSMAD2) in all three cell lines revealed a time- 

and dose-dependent increase in response to TGFβ1 (Figure 4, Figure 5, Figure 6). This dose- 

and time- dependent increase in pSMAD2 was paralleled by a time and dose dependent increase 

in the levels of TAZ protein as well. Thus, TGFβ1 treatment resulted in the upregulation of TAZ 

in all three cell lines, peaking after 24 hours. In addition, pSMAD2 levels were increased 

maximally after 2 hours. This robust increase in pSMAD2 levels after 2 hours in JL-75 and JL-

78 (~200-300 fold) is made more drastic when normalized to the native protein, which seems to 

undergo an inverse pattern of expression, i.e., a dose-dependent decrease. The relative increase in 

pSMAD2 levels after 2 hours are more than likely less than 200-300 fold, nonetheless, the 

observed increase remains ubiquitous across all three cell lines. Similar to TGF receptors, 

SMAD2 is known to be regulated and marked for degradation by the SMURF E3 ubiquitin 

ligases (David et al. 2013). SMURF1 and 2 are specifically involved in regulating SMADs and 

interact with inhibitory SMADs 6 and 7 which act as adaptor proteins and aid in recruiting 

SMURFs to the specific SMAD complexes as well as activated TGFβ receptor complexes, 

whereby they facilitate their degradation (David et al. 2013). Thus, the low levels of native 

SMAD2 may be due to a SMURF-mediated degradation, possibly exaggerating the observed 

increase in pSMAD2 after normalization with native SMAD2. Regardless, the data indicate that 

TGFβ1 treatment does in fact increase levels of pSMAD2 and TAZ in these OSA cell lines. The 

activation of SMADs in response to TGFβ1, with a cooperative increase in TAZ, is a well known 

phenomenon of TGFβ signaling, however we are the first group to demonstrate it in these canine 

OSA cell lines.   
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In order to drive canonical, TGFβ-induced gene transcription, TAZ must localize to the 

nucleus, whereby it can facilitate the shuttling and binding of SMAD transcription factors to 

various DNA response elements (Morikawa et al. 2012). Utilizing confocal immunofluorescent 

microscopy, we show that TAZ is not only increased in response to TGFβ1 treatment, but also 

localizes to the nucleus in both the primary OSA cell lines JL-75 and JL-78, as well as the 

pulmonary derived cell line JL-31 (Supplementary Figure 3). Thus, TGFβ1 also induces TAZ 

subcellular localization to the nucleus, and this is in accordance with previous findings by 

another research group (Varelas et al. 2008). This process of TAZ nuclear localization is also a 

known phenomenon and our group is the first to show this in thee OSA cell lines.   

To investigate the impact of TGF in doxorubicin response and potential resistance of 

OSA cell lines to this chemotherapeutic, the clonogenic survival assay (also called colony 

formation assay) was employed. As described in the Clonogenic Survival Assay section, this 

assay can be subdivided into different modes, with the current mode utilized being the DP pre-

treatment method, which measures the ability of cells to form colonies and to repair sub-lethal 

and/or lethal DNA damage after exposure to specific stimuli (Franken et al. 2006). Doxorubicin, 

also called Adriamycin, is an anthracycline antibiotic that is effectively used in the treatment of a 

variety of cancers in addition to OSA, such as acute leukemia, breast cancer and soft tissue 

sarcomas, to name a few (Meredith & Dass 2016).  

Doxorubicin acts in a myriad of ways to inhibit cellular replication and induce autophagy, 

senescence, apoptosis and/or necrosis. The drug is able to directly incorporate into DNA via 

intercalation between bases (stabilized by hydrogen bonds) and subsequently produce double 

strand breaks (Rivankar 2014). Furthermore, it can inhibit DNA replication by stabilizing 

topoisomerase II intermediates and preventing DNA helix formation. It can also bind to and 
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inhibit the function of DNA polymerases and induce the production of various free radicals 

(superoxide, peroxide and hydroxyls). This contributes to DNA and membrane damage via 

oxidation and lipid peroxidation, and promotes apoptosis via the intrinsic and extrinsic pathway 

by activating p53 and downregulating soluble Fas (Meredith & Dass 2016). Cardiotoxicity is the 

primary drawback to clinical doxorubicin utilization and can result in lethal cardiomyopathy. 

The effect can be acute or chronic (occurring years after doxorubicin treatment) and is thought to 

be due to doxorubicin induced lipid peroxidation in combination with other mechanisms 

(Rivankar 2014).  Importantly, the drug has been and continues to be used to treat canine patients 

with OSA, however cardiac toxicity and mixed effectiveness still remain as factors hampering its 

use (Selmic et al. 2014). Additionally, OSA cells require a functional p53 to elicit an apoptotic 

response to doxorubicin, and this mechanism occurs through the TGFβ/ SMAD3 mediated 

pathway (Sun et al. 2016).  

Here, we show the difference in sensitivities to doxorubicin and associated IC50 values in 

JL-75, JL-78 and JL-31 (Figure 7). It is important to note the values associated with the 4PL fit 

used to determine the IC50 concentrations for JL-31 were deemed to be ambiguous (Table 1). 

This is most likely due to the lack of an appropriately fitted curve because of the sudden drop in 

colony formation at the 12.5 nM and 25 nM doxorubicin concentrations. Thus, the concentration 

ranges for future experiments on JL-31 should focus around this discrepancy or perhaps an 

alternative regression model should be used for a proper dose-response curve. Doxorubicin 

functions via different mechanisms depending on the active concentration, with high doses 

causing DNA synthesis inhibition and robust free radical damage (Meredith & Dass 2016). This 

may suggest that JL-31 is resistant to low levels of doxorubicin and then becomes abruptly 

sensitive to an increased dose due to a switch in the mechanism of action. However, this can only 
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be speculated as it was not investigated and the dose required for efficacy varies considerably in 

both in vitro and  in vivo, indicating a lack of clear understanding of this chemotherapeutic 

(Meredith & Dass 2016). Because doxorubicin requires functional p53 to be successful in 

eliciting an apoptotic response, the p53 status of JL-75, JL-78 and JL-31 should be investigated 

and may provide additional information for interpretation of results.  

It is interesting to note the TGFβ1-induced inhibition of clonogenic survival in JL-75 and 

JL-31 cells, with an apparent lack thereof in JL-78 cells. The latter cell line may not be as 

responsive to TGFβ1 induced inhibition of proliferation, but did show the lowest IC50 value 

(11.45nM and 9.16nM with and without TGFβ1, respectively). Additionally, the cells that did 

respond to TGFβ1 with a reduction in clonogenic survival were also the cells that had an 

inherently higher IC50 value, suggesting that the presence of a functional TGFβ signaling 

pathway had no effect in response to doxorubicin induced cytotoxicity in JL-78 cells. 

Doxorubicin has been shown to require a functional TGFβ/SMAD3 pathway to elicit 

cytotoxicity in a p53 dependent manner (Sun et al. 2016). Indeed, the gene expression data of JL-

78 (Figure 9) would suggest a tightly regulated and potentially insensitive TGFβ1 signaling 

pathway as TAZ gene is only marginally upregulated at the 2-hour time point and then 

immediately returns to basal levels after 24 and 48 hours; a pattern echoed by SNAIL (a TGFβ1 

target gene) mRNA levels as well. In comparison, JL-75 SNAIL expression was upregulated in 

response to TGFβ1 treatment in a more consistent fashion over time; TAZ expression was also 

only marginally increased after 48hours. However, this finding in JL-78 can be immediately 

complicated by the protein analysis which suggests that JL-78 TAZ protein is upregulated after 

48 hours of TGFβ1 treatment (Figure 6). In this regard it is important to mention that TAZ 

protein levels do not necessarily represent changes in gene expression, as TAZ protein can be 
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independently modulated via phosphorylation and subsequent ubiquitin-mediated degradation by 

E3 ubiquitin ligase, β-TrCP (Meng et al. 2016).  The data presented suggests that JL-78 may 

indeed have active TGFβ signaling with short-lived upregulation in gene expression that does not 

correlate with any change in clonogenic survival by doxorubicin.   

Analyzing the ability of cells to form colonies after siRNA-mediated knockdown of TAZ 

would suggest that all three cell lines displayed a similar pattern. When TAZ was knocked down 

and cells were subsequently treated with TGFβ1 and then further treated with doxorubicin 

(corresponding to the IC50 values obtained previously, Figure 7 and Table 1), all cells exhibited 

a reduced capability for clonogenic survival, although the extent of this effect varied depending 

on the cell line. This would suggest that the basal levels of TAZ in these cell lines interfere with 

doxorubicin induced cytotoxicity, particularly in the context of active TGF signaling. 

Interestingly, JL-75 showed the most reduced clonogenic survival in response to doxorubicin 

when TAZ expression was unperturbed (Figure 11). However, when TAZ was knocked down, 

the clonogenic survival was increased in the presence or absence of TGFβ1. This finding 

accentuates the difference observed when these cells were also treated with doxorubicin. When 

comparing untreated cells in the Control and non-targeting siRNA groups (siCtrl) with the 

doxorubicin-treated subgroups within the same groups for JL-75 cells, the difference is 30% and 

36% reduction, respectively, in clonogenic survival. But, when comparing doxorubicin-treated 

JL-75 cells relative to control medium in the siTAZ group for the same cell line, the difference is 

a ~76% reduction in clonogenic survival (Figure 11). The data is summarized in Table 2 for 

clarity. This trend toward improved doxorubicin response in the presence of siTAZ was also seen 

in JL-78 cells (Figure 12) and, to a much lesser extent in JL-31 cells (Figure 13). These results 

further suggest that TAZ may also protect OSA cells from doxorubicin induced cellular toxicity 
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independent of TGFβ1 treatment. The data also point toward TGFβ1 in combination with 

doxorubicin treatment and in the presence of siTAZ, in further inhibiting JL-78 and JL-31 cells 

compared to when TAZ expression remained at basal levels. 

The chemoprotective role of TAZ in OSA cell lines discussed above, is in agreement 

with a previous study with breast cancer cell lines (Lai et al. 2011) which, together with similar 

findings in other tumor types, suggest TAZ targeting as a promising strategy for improving 

chemotherapy response (Zanconato, et al. 2016). Furthermore, because TAZ is important in 

facilitating canonical (SMAD-mediated) TGFβ signaling, and this signaling can inhibit 

proliferation in those cells where TGF tumor suppression function is preserved (Ikushima & 

Miyazono 2010), the spike in basal clonogenic survival following TAZ knockdown in JL-75 

cells might be due to a rescue of growth/survival resulting from inhibition of basal (constitutive) 

TGFβ1-induced growth suppression. The addition of TGFβ1 in combination with doxorubicin 

and siRNA knockdown of TAZ may provide an adequate functional increase in TGFβ signaling 

that enhances the cytotoxic effect of doxorubicin, as this drug has been shown to require 

functional TGFβ signaling to induce cytotoxicity in a p53 dependent manner (Sun et al. 2016).  

The negligible results in JL-31 (excluding the downward trend in clonogenic survival in 

the siTAZ group) are more than likely a product of inefficient assay optimization coupled with 

an inaccurate concentration of doxorubicin that did not reflect the true IC50 value (Figure 13). It 

is possible that JL-31, in the absence of TGFβ1, is more resistant to doxorubicin than JL-75. It is 

also likely that JL-31 undergoes a sudden shift in susceptibility to doxorubicin induced 

cytotoxicity after a certain threshold, thus warranting further studies with this cell line. Although 

nearly impossible to decipher from the results, this may be due to a shift in the mechanism of 

action of doxorubicin in response to increasing concentrations of the drug as described above.   
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TAZ has also been shown to promote self-renewal properties and contribute to the stem 

cell phenotype, which may further explain its role in chemoresistance, as the stem-like 

subpopulation of cells in a tumor is inherently resistant to standard chemotherapeutic strategies 

(Bartucci et al. 2014). To explore this possibility, we first employed RT-qPCR to assess relative 

gene expression changes in canine TAZ, SNAIL, SLUG, RUNX2, SOX2 and NANOG in response 

to TGFβ1, in a time course consisting of 2, 24 and 48 hours. This panel of genes were 

specifically chosen as they are either involved or speculated to be involved in promoting OSA 

progression, metastasis (De Craene & Berx 2013), malignancy (Dang et al. 2011) and/or stem 

cell like properties (Amaya & Bryan 2015). Because TAZ is involved in regulating the 

transcription of these genes via its function as a transcriptional coactivator, gene expression data 

for siTAZ treated cells was also produced; albeit due to time limitations, the data presented is 

representative of one biological replicate and may not recapitulate accurate gene expression that 

could be achieved with more biological replicates.  

The expression of SNAIL mRNA and to a lesser extent TAZ, was increased in all three 

cell lines (TAZ expression in JL-78 was relatively unchanged) in response to TGFβ1, albeit at 

different time points.  In JL-31 cells, TAZ expression peaked at 24 hours, and SNAIL expression 

followed the same pattern (Figure 10). In JL-78 cells both TAZ and Snail peaked at 2 hours 

(Figure 9), while JL-75 displayed consistently enhanced SNAIL expression over all 3 time 

points, and this was not directly related to TAZ expression, which was only marginally induced 

by TGF1 at the 48-hour time point (Figure 8). These results highlight cell-type specific effects 

of TGF in the pattern of induction of SNAIL and TAZ, which may translate into differences in 

cellular properties between these cell lines. 
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SNAIL is a transcription factor best known for its role in EMT, where it facilitates the 

down regulation of epithelial genes such as E-cadherin and upregulates genes associated with the 

mesenchymal lineage (Dang et al. 2011). Moreover, this transcription factor plays a key role in 

the metastasis of breast cancer, where EMT plays an important role (Tran et al. 2014). 

Additionally, the Hippo signaling kinase LATS2 can stabilize and phosphorylate SNAIL in a 

TGFβ dependent manner, thereby retaining it in the nucleus (Zhang et al. 2011). This evidence 

supports the possibility that the Hippo signaling pathway functions not only as a tumor 

suppressor but also as an EMT mediator, and potentially a tumor promoter in this context. In 

lung cancer, SNAIL promotes bone metastasis via WNT-mediated signaling (Yang et al. 2015). 

In sarcomas, SNAIL is not only thought to be required for tumorigenesis, but elevated levels of 

SNAIL correlate directly with aggressiveness, invasiveness and metastatic potential and this also 

correlates with increased TGFβ signaling (Alba-Castellón et al. 2014). Finally, SNAIL was also 

shown to play a role in stem cell maintenance (Batlle et al. 2012). Thus, one may hypothesize 

that JL-31 and JL-75 are likely to be more aggressive and malignant cell lines because they 

displayed an increased resistance to doxorubicin compared to JL-78 (Table 1) and had a greater 

SNAIL expression after TGFβ1 treatment (Lim et al. 2013). It is interesting to note that in the JL-

31 and JL-75 cell lines however, knockdown of TAZ with siRNA had no inhibitory effect on 

SNAIL mRNA expression (Figure 14, Figure 15). On the contrary, it would seem that silencing 

TAZ resulted in an increase in SNAIL gene expression. Although it is too early to interpret this 

result, given the low number of independent replicates (n=1), it is tempting to speculate that high 

levels of TAZ might limit SNAIL expression. Alternatively, when TAZ levels are reduced an 

increase in SNAIL may serve as a compensatory mechanism.  
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SLUG (also referred to as SNAIL-2), a close relative of SNAIL functions also as a zinc 

finger transcription factor involved in transcriptional repression to promote EMT (Sharili et al. 

2011). This acquisition of a mesenchymal phenotype is also associated with malignancy and 

stem cell properties (Polyak & Weinberg 2009).  However, SLUG has more intimate roles in the 

bone where it has been shown to play a role in osteoblast precursor differentiation and has been 

shown to be present in high levels in both human and canine OSA, positively correlating with 

cell motility, tissue invasion and a poor prognosis (Sharili et al. 2013). Here we show that JL-75 

and JL-78 show marginal increases in expression of SLUG in response to TGFβ1, whereas the 

cell line JL-31 does not show any obvious pattern of SLUG expression after TGFβ1 treatment 

(Figure 8,Figure 9,Figure 10). This finding may in part highlight the possible differences in 

TGFβ signaling between primary OSA cell lines and pulmonary derived, secondary OSA cell 

lines. Indeed, similar differences become apparent when investigating the expression of RUNX2 

(also called core-binding factor-1(Cbfa-1)), the master transcriptional regulator of 

osteoblastogenesis.  

The TGFβ1-induced expression of RUNX2 mRNA was very minimal in the lung 

metastasis derived cell line, JL-31, and was only increased marginally after 2 hours of TGFβ1 

treatment. Comparing this change to that of the two primary OSA cell lines JL-75 and JL-78, a 

noticeable difference can be observed. Both JL-75 (2-hour time point excepted) and JL-78 

experienced a sustained TGFβ1 induced increase in RUNX2 gene expression that was still 

increased compared to basal levels after 48 hours (Figure 8,Figure 9), while the induction of 

RUNX2 expression in JL-31 cells was transient to only a marginal increase at the 2 hour time 

point (Figure 10). Together with the findings discussed above, these observations indicate that 

JL-31, a cell line derived from a metastatic colony in the lung, do not display a noteworthy 
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TGFβ1-mediated increase in either SLUG or RUNX2, suggesting the possibility that the 

expression of these genes in these cells has become somehow independent of exogenous TGF1 

ligand stimulation. 

 RUNX2 has been shown to play a role in chemotherapy resistance in OSA, specifically 

with regard to doxorubicin treatment. Indeed, when RUNX2 was knocked down in OSA cell 

lines, doxorubicin efficacy was increased, suggesting the possibility for therapeutic targeting of 

this factor (Roos et al. 2015). Interestingly, and contrary to the IC50 value generated, JL-31 

displayed the highest level of doxorubicin resistance (Figure 13) but also negligible increases in 

RUNX2 mRNA.  Further, RUNX2 has also been shown to be co-activated by TAZ, and to 

facilitate OSA progression, proliferation and metastatic potential (Cui et al. 2003). Thus, it is 

intriguing that JL-31 does not respond to TGFβ1 with an increase in RUNX2. One possible 

reason for this could be that the expression of this factor has become independent of exogenous 

TGFβ1 stimulation in JL-31 cells, which in turn could be the result of high levels of autocrine 

TGF signaling in JL-31 cells (a possibility we did not test directly). Alternatively, JL-31 cells 

could have overly high basal levels of SLUG and RUNX2 expression as a result of signaling 

mechanisms that are completely independent of TGF- signaling. The latter scenario could 

potentially explain the reduced impact of TAZ knockdown in doxorubicin-induced cytotoxicity 

in this cell line. 

Unfortunately, the stem cell markers SOX2 and NANOG did not show consistent 

expression patterns with TGFβ1 treatment and had substantial variability among replicates. 

However, a couple of intriguing observations were drawn from our preliminary analysis of the 

expression of these genes in one replicate of the TAZ silencing experiment. For instance, in JL-

75 cells, TAZ knockdown resulted in NANOG mRNA up-regulation both under basal conditions 
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and in the presence of TGF (Figure 15), and in a reduction in SOX2 mRNA expression in the 

presence of both TGFand doxorubicin. The latter results are of particular interest, given the 

reported role of SOX2 in maintaining the stem cell phenotype in OSA (Basu-Roy et al. 2012) 

and as an antagonist of tumour-suppressive Hippo signaling (Basu-Roy et al. 2015). Analysis of 

gene expression patterns in additional replicates will ultimately be needed to determine the 

reproducibility of these results and will provide ideas for further investigation. 
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Conclusions and Future Directions 
 

The data summarized and discussed in this thesis suggest that TAZ mediates doxorubicin 

resistance downstream of TGFβ, but this effect is cell line dependent. The results also indicate 

intriguing differences between the primary OSA cell lines and secondary lung derived OSA cell 

lines with regard to TGFRII expression, TGFβ1-induced gene expression, and the impact of 

TAZ knockdown on such gene expression. Because TAZ is seen to mediate doxorubicin 

resistance downstream of TGFβ, targeting of this molecule could provide a therapeutic benefit in 

treating a subset of canine OSA patients with demonstrated high TGFβ signaling. Moreover, the 

genetic similarities between canine and human versions of OSA emphasize the use of canine cell 

lines as an excellent tool with which to study the disease and may provide novel discoveries for 

the treatment of OSA in humans (Morello et al. 2011). Thus, targeting TAZ in human OSA cell 

lines may provide a similar effect and should be explored. 

The potential for targeting the Hippo signaling pathway and its downstream mediators is 

a subject of current clinical investigation (Zanconato et al. 2016). However, current research has 

focused on Verteporfin, a known YAP inhibitor that acts to sequester YAP in the cytoplasm and 

subsequent targeting for proteasomal degradation (Wang et al. 2016). Additional research should 

investigate the role of YAP in canine OSA in response to doxorubicin as this has not been 

investigated and the two are known to have overlapping functions (Fullenkamp et al. 2016). The 

effects of Verteporfin on TAZ however, remain to be elucidated, highlighting potential for future 

research. A comparison between secondary and primary OSA cell chemoresistance should also 

be investigated, as TGFβ-induced gene expression was different between the two and the 

response to doxorubicin did not show a clear pattern between primary and lung derived cell lines. 
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Further analysis should also focus on other chemotherapeutic drugs, as doxorubicin 

utilization is presently limiting due to cardiac toxicity in vivo (Thorn et al. 2011). Carboplatin 

and cisplatin are platinum based chemotherapeutic agents that interact with and interfere with 

DNA repair mechanisms (Robson et al. 2002). These agents are used currently to treat canine 

patients with OSA, however increasing doses to reach efficacious levels are associated with 

increased risk of toxicity with cisplatin; carboplatin requires approximately four-times the 

concentration compared to cisplatin to reach effectiveness and can result in toxicity at these high 

doses as well (Robson et al. 2002). Carboplatin resulted in dogs receiving the least amount of 

adverse effects but did not result in significantly different survival times compared to other drugs 

(Selmic et al. 2014). Whether or not TAZ targeting via siRNA may increase their efficacy 

similar to that seen with doxorubicin in this study has yet to be elucidated. The mechanisms by 

which TAZ protects against chemotherapy induced cytotoxicity may be tumor type and drug 

dependent and thus warrant further investigation.   

In high risk human OSA patients (multiple sites of metastasis incapable of surgical 

removal), high dose chemotherapy regimens have little to no difference on survival compared to 

conventional methods and in fact, patients suffered from significant toxicity (Meazza & 

Scanagatta 2016). Moreover, canine patients still experience poor outcomes with little difference 

being made with regard to which chemotherapeutic drug used and regardless if the drug is used 

in combination with other drugs (Chun et al. 2005). However, in humans, multi-agent 

chemotherapy seems to provide improved outcomes but ultimately patients still suffer from 

chronic side-effects (D’Adamo 2011). An improved understanding of this disease and the 

development of proper screening methods to determine who will and who will not benefit from 

chemotherapy is warranted. Furthermore, identifying novel targets for pharmacological 
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intervention in OSA could aid in the development of new therapies or enhance therapies being 

currently utilized. Understanding the function of TAZ in OSA chemotherapy resistance could 

provide clinicians with novel information to help tackle this debilitating disease and could 

potentially be targeted with small molecule inhibitors. Taken together, the results of this study 

indicate TAZ, and its interactivity with the TGFβ signaling pathway, as important mediators in 

the response of canine OSA to doxorubicin.    

 

 

 

 

  



89 

 

References 
 

Alba-Castellón, L. et al., 2014. Snail1 expression is required for sarcomagenesis. Neoplasia, 

16(5), pp.413–21. 

Allegra, A. et al., 2014. The cancer stem cell hypothesis: a guide to potential molecular targets. 

Cancer Investigation, 7907, pp.470–495.  

Amaya, C.N. & Bryan, B.A., 2015. Enrichment of the embryonic stem cell reprogramming 

factors Oct4, Nanog, Myc, and Sox2 in benign and malignant vascular tumors. BMC 

Clinical Pathology, 15(1), p.18–26. 

Arai, K. et al., 2013. Proteomic approach toward molecular backgrounds of drug resistance of 

osteosarcoma cells in spheroid culture system. Proteomics, 13(15), pp.2351–2360. 

Argast, G.M. et al., 2011. Inducible expression of TGF-beta, Snail and Zeb1 recapitulates EMT 

in vitro and in vivo in a NSCLC model. Clinical and Experimental Metastasis, 28(7), 

pp.593–614. 

Bacci, G. et al., 2006. Prognostic factors for osteosarcoma of the extremity trerated with 

neoadjuvant chemotherapy: 15-Year experience in 789 patients treated at a single 

institution. Cancer, 106(5), pp.1154–1161. 

Baffi, M.O., Moran, M.A. & Serra, R., 2006. Tgfbr2 regulates the maintenance of boundaries in 

the axial skeleton. Developmental Biology, 296(2), pp.363–374. 

Bartucci, M. et al., 2014. TAZ is required for metastatic activity and chemoresistance of breast 

cancer stem cells. Oncogene, pp.1–10.  

Basu-Roy, U. et al., 2015. Sox2 antagonizes the Hippo pathway to maintain stemness in cancer 

cells. Nature Communications, 6, pp.6411.  

Basu-Roy, U. et al., 2012. Sox2 maintains self renewal of tumor-initiating cells in 

osteosarcomas. Oncogene, 31(18), pp.2270–2282. 

Batlle, R. et al., 2012. Snail1 controls TGF-β responsiveness and differentiation of mesenchymal 

stem cells. Oncogene, 32, pp.3381–3389.  

Beffagna, G. et al., 2016. A preliminary investigation of the role of the transcription co-

activators YAP/TAZ of the Hippo signalling pathway in canine and feline mammary 

tumours. Veterinary journal, 207, pp.105–111.  

Britt, T. et al., 2007. Diagnosing appendicular osteosarcoma with ultrasound-guided fine-needle 

aspiration: 36 cases. Journal of Small Animal Practice, 48(3), pp.145–150. 

Burningham, Z. et al., 2012. The epidemiology of sarcoma. Clinical Sarcoma Research, 2(1), 
p.14. 

Cai, Z. et al., 2011. Optimized digital counting colonies of clonogenic assays using ImageJ 

software and customized macros: Comparison with manual counting. International Journal 

of Radiation Biology, 87(11), pp.1135–1146. 



90 

 

Challen, G.A. et al., 2010. Distinct hematopoietic stem cell subtypes are differentially regulated 

by TGF-β1. Cell Stem Cell, 6(3), pp.265–278.  

Chen, G., Deng, C. & Li, Y.P., 2012. TGF-beta and BMP signaling in osteoblast differentiation 

and bone formation. International Journal of Biological Sciences, 8(2), pp.272–288. 

Cheng, J.C., Chang, H.M. & Leung, P.C.K., 2013. Transforming growth factor-beta 1 inhibits 

trophoblast cell invasion by inducing snail-mediated down-regulation of vascular 

endothelial-cadherin protein. Journal of Biological Chemistry, 288(46), pp.33181–33192. 

Cheng, L. et al., 2014. Transforming growth factor-β1 (TGF-β1) induces mouse precartilaginous 

stem cell proliferation through TGF-β receptor II (TGFRII)-Akt-β-catenin signaling. 

International Journal of Molecular Sciences, 15(7), pp.12665–12676. 

Chun, R. et al., 2005. Toxicity and efficacy of cisplatin and doxorubicin combination 

chemotherapy for the treatment of canine osteosarcoma. Journal of the American Animal 

Hospital Association, 41(6), pp.382–387. 

De Craene, B. & Berx, G., 2013. Regulatory networks defining EMT during cancer initiation and 

progression. Nature Reviews. Cancer, 13(2), pp.97–110.  

Cui, C. Bin et al., 2003. Transcriptional coactivation of bone-specific transcription factor Cbfa1 

by TAZ. Molecular and Cellular Biology, 23(3), pp.1004–1013. 

D’Adamo, D.R., 2011. Appraising the current role of chemotherapy for the treatment of 

sarcoma. Seminars in Oncology, 38(5), pp.19–29. 

Dang, H. et al., 2011. Snail1 induces epithelial-to-mesenchymal transition and tumor initiating 

stem cell characteristics. BMC Cancer, 11(1), p.396–409. 

Datto, M.B. et al., 1995. Transforming growth factor beta induces the cyclin-dependent kinase 

inhibitor p21 through a p53-independent mechanism. Proceedings of the National Academy 

of Sciences of the United States of America, 92(12), pp.5545–5549.  

David, D., Nair, S.A. & Pillai, M.R., 2013. Smurf E3 ubiquitin ligases at the cross roads of 

oncogenesis and tumor suppression. Biochimica et Biophysica Acta (BBA) - Reviews on 

Cancer, 1835(1), pp.119–128. 

Dean, M., Fojo, T. & Bates, S., 2005. Tumour stem cells and drug resistance. Nature Reviews. 

Cancer, 5(4), pp.275–284. 

Deel, M.D. et al., 2015. A review: molecular aberrations within Hippo signaling in bone and 

soft-tissue darcomas. Frontiers in Oncology, 5, p.190–210.  

Dotor, J. et al., 2007. Identification of peptide inhibitors of transforming growth factor beta 1 

using a phage-displayed peptide library. Cytokine, 39(2), pp.106–115. 

Fenger, J.M., London, C.A. & Kisseberth, W.C., 2014. Canine osteosarcoma: A naturally 

occurring disease to inform pediatric oncology. ILAR Journal, 55(1), pp.69–85. 

Di Fiore, R. et al., 2013. Genetic and molecular characterization of the human osteosarcoma 

3AB-OS cancer stem cell line: A possible model for studying osteosarcoma origin and 

stemness. Journal of Cellular Physiology, 228(6), pp.1189–1201. 



91 

 

Fortunel, N. et al., 2000. Release from quiescence of primitive human hematopoietic 

stem/progenitor cells by blocking their cell-surface TGF-beta type II receptor in a short-

term in vitro assay. Stem cells, 18, pp.102–111. 

Franchi,  a et al., 1998. Expression of transforming growth factor beta isoforms in osteosarcoma 

variants: association of TGF beta 1 with high-grade osteosarcomas. The Journal of 

pathology, 185(3), pp.284–289. 

Franken, N. a P. et al., 2006. Clonogenic assay of cells in vitro. Nature Protocols, 1(5), pp.2315–

2319.  

Frimberger, A.E., Chan, C.M. & Moore, A.S., 2016. Canine osteosarcoma treated by post-

amputation sequential accelerated doxorubicin and carboplatin chemotherapy: 38 cases. 

Journal of the American Animal Hospital Association, 52, pp.3–11.  

Fullenkamp, C.A. et al., 2016. TAZ and YAP are frequently activated oncoproteins in sarcomas. 

Oncotarget, 7(21), pp.30094–30108. 

Fuxe, J., Vincent, T. & De Herreros, A.G., 2010. Transcriptional crosstalk between TGFβ and 

stem cell pathways in tumor cell invasion: Role of EMT promoting Smad complexes. Cell 

Cycle, 9(12), pp.2363–2374. 

von Gise, A. et al., 2012. YAP1, the nuclear target of Hippo signaling, stimulates heart growth 

through cardiomyocyte proliferation but not hypertrophy. Proceedings of the National 

Academy of Sciences of the United States of America, 109(7), pp.2394–2399. 

Goto, A. et al., 1998. Association of loss of heterozygosity at the p53 locus with chemoresistance 

in osteosarcomas. Japanese Journal of Cancer Research : Gann, 89(5), pp.539–547.  

Grannas, K. et al., 2015. Crosstalk between Hippo and TGFβ: subcellular localization of 

YAP/TAZ/Smad complexes. Journal of Molecular Biology, 427(21), pp.3407–3415.  

Grzeschik, N.A. et al., 2010. Lgl, aPKC, and Crumbs regulate the Salvador/Warts/Hippo 

pathway through two distinct mechanisms. Current Biology, 20(7), pp.573–581.  

Gurung, S., Werkmeister, J.A. & Gargett, C.E., 2015. Inhibition of transforming growth factor-β 

receptor signaling promotes culture expansion of undifferentiated human endometrial 

mesenchymal stem/stromal cells. Scientific Reports, 5, pp.15042–15054.  

Guzmán, C. et al., 2014. ColonyArea: An ImageJ plugin to automatically quantify colony 

formation in clonogenic assays. PLoS ONE, 9(3), pp.92444–92453.  

Hanahan, D. & Weinberg, R. a, 2011. Hallmarks of cancer: the next generation. Cell, 144(5), 

pp.646–674. 

Harvey, K.F., Pfleger, C.M. & Hariharan, I.K., 2003. The drosophila Mst ortholog, hippo, 

restricts growth and cell proliferation and promotes apoptosis. Cell, 114(4), pp.457–467. 

He, H., Ni, J. & Huang, J., 2014. Molecular mechanisms of chemoresistance in osteosarcoma 

(Review). Oncology letters, 7(5), pp.1352–1362.  

Hiemer, S.E., Szymaniak, A.D. & Varelas, X., 2014. The transcriptional regulators TAZ and 

YAP direct transforming growth factor beta-induced tumorigenic phenotypes in breast 



92 

 

cancer cells. Journal of Biological Chemistry, 289(19), pp.13461–13474. 

Hunter, K.W., 2004. Ezrin, a key component in tumor metastasis. Trends in Molecular Medicine, 

10(5), pp.201–204. 

Ikushima, H. et al., 2008. An Id-like molecule, HHM, is a synexpression group-restricted 

regulator of TGF-beta signalling. The EMBO Journal, 27(22), pp.2955–2965. 

Ikushima, H. & Miyazono, K., 2010. Cellular context-dependent “colors” of transforming 

growth factor-β signaling. Cancer Science, 101(2), pp.306–312. 

Ikushima, H. & Miyazono, K., 2010b. TGFβ signalling: a complex web in cancer progression. 

Nature Reviews Cancer, 10(6), pp.415–424.  

Iwata, J. et al., 2010. Transforming growth factor-β regulates basal transcriptional regulatory 

machinery to control cell proliferation and differentiation in cranial neural. Journal of 

Biological Chemistry, 285(7), pp.4975–4982. 

Izzi, L. & Attisano, L., 2004. Regulation of the TGFbeta signalling pathway by ubiquitin-

mediated degradation. Oncogene, 23(11), pp.2071–2078. 

Janssens, K. et al., 2005. Transforming growth factor-beta1 to the bone. Endocrine Reviews, 

26(6), pp.743–774. 

Johnson, R. & Halder, G., 2014. The two faces of Hippo: targeting the Hippo pathway for 

regenerative medicine and cancer treatment. Nature Reviews. Drug Discovery, 13(1), 

pp.63–79.  

Kansara, M. & Thomas, D.M., 2007. Molecular pathogenesis of osteosarcoma. DNA and Cell 

Biology, 26(1), pp.1–18.  

Kavsak, P. et al., 2000. Smad7 binds to Smurf2 to form an E3 ubiquitin ligase that targets the 

TGFβ receptor for degradation. Molecular Cell, 6(6), pp.1365–1375. 

Khanna, C. et al., 2001. Metastasis-associated differences in gene expression in a murine model 

of osteosarcoma. Cancer Research, 61(9), pp.3750–3759.  

Khanna, C. et al., 2004. The membrane-cytoskeleton linker ezrin is necessary for osteosarcoma 

metastasis. Nature Medicine, 10(2), pp.182–186.  

Kirpensteijn, J. et al., 2008. TP53 gene mutations in canine osteosarcoma. Veterinary Surgery, 

37(5), pp.454–460. 

Kleinerman, E., 2014. Avances in experimental medicine and biology: Current advances in 

osteosarcoma. Switzerand: Springer International Publishing, pp.1–358. 

Kodaka, M. & Hata, Y., 2014. The mammalian Hippo pathway: regulation and function of YAP1 

and TAZ. Cellular and Molecular Life Sciences, 72(2), pp.285–306. 

Kokudo, T. et al., 2008. Snail is required for TGFbeta-induced endothelial-mesenchymal 

transition of embryonic stem cell-derived endothelial cells. Journal of Cell Science, 

121(20), pp.3317–3324. 

Kunz, P. et al., 2016. Elevated ratio of MMP2/MMP9 activity is associated with poor response to 



93 

 

chemotherapy in osteosarcoma. BMC Cancer, 16(1), p.223. 

Kwon, Y. et al., 2013. The Hippo signaling pathway interactome. Science, 342(6159), pp.737–

740.  

Lahat, G., Lazar, A. & Lev, D., 2008. Sarcoma epidemiology and etiology: Potential 

environmental and genetic factors. Surgical Clinics of North America, 88(3), pp.451–481. 

Lai, D. et al., 2011. Taxol resistance in breast cancer cells is mediated by the hippo pathway 

component TAZ and its downstream transcriptional targets Cyr61 and CTGF. Cancer 

Research, 71(7), pp.2728–2738. 

Lamora, A. et al., 2014. Overexpression of Smad7 blocks primary tumor growth and lung 

metastasis development in osteosarcoma. Clinical Cancer Research, 20(19), pp.5097–5112. 

Lamouille, S., Xu, J. & Derynck, R., 2014. Molecular mechanisms of epithelial-mesenchymal 

transition. Nature reviews. Molecular and Cellular Biology, 15(3), pp.178–196.  

Lehmann, W. et al., 2016. ZEB1 turns into a transcriptional activator by interacting with YAP1 

in aggressive cancer types. Nature Communications, 7, pp.1–15.  

Lei, Q.-Y. et al., 2008. TAZ promotes cell proliferation and epithelial-mesenchymal transition 

and is inhibited by the hippo pathway. Molecular and Cellular Biology, 28(7), pp.2426–

2436. 

Li, Z. et al., 2015. The Hippo transducer TAZ promotes epithelial to mesenchymal transition and 

cancer stem cell maintenance in oral cancer. Molecular Oncology, 9(6), pp.1091–1105.  

Lian, I. et al., 2010. The role of YAP transcription coactivator in regulating stem cell self-

renewal and differentiation. Genes and Development, 24(11), pp.1106–1118. 

Lim, S. et al., 2013. SNAI1-Mediated Epithelial-Mesenchymal transition confers 

chemoresistance and cellular plasticity by regulating genes involved in cell death and Stem 

cell maintenance. PLoS ONE, 8(6), pp.1–9. 

Loukopoulos, P. et al., 2004. Characterisation of three novel canine osteosarcoma cell lines 

producing high levels of matrix metalloproteinases. Research in Veterinary Science, 77(2), 

pp.131–141. 

Loukopoulos, P., Rozmanec, M. & Sutton, R.H., 2005. Cytological versus histopathological 

diagnosis in canine osteosarcoma. Research in Veterinary Science, 157(24), p.784. 

Lu, L. et al., 2010. Hippo signaling is a potent in vivo growth and tumor suppressor pathway in 

the mammalian liver. Proceedings of the National Academy of Sciences of the United States 

of America, 107(4), pp.1437–1442. 

Luo, J. et al., 2010. TGFβ/BMP type I receptors ALK1 and ALK2 are essential for BMP9-

induced osteogenic signaling in mesenchymal stem cells. Journal of Biological Chemistry, 

285(38), pp.29588–29598. 

Ma, Y. et al., 2013. Inhibition of the Wnt-β-catenin and Notch signaling pathways sensitizes 

osteosarcoma cells to chemotherapy. Biochemical and Biophysical Research 

Communications, 431(2), pp.274–279. 



94 

 

Mani, S.A. et al., 2008. The Epithelial-Mesenchymal Transition generates cells with properties 

of stem cells. Cell, 133(4), pp.704–715. 

Gemei, M. et al., 2013. Surface proteomic analysis of differentiated versus stem‐like 

osteosarcoma human cells. Proteomics, 13(22), pp.3293–3297. 

Martins-Neves, S.R. et al., 2015. Osteosarcoma stem cells have active Wnt/β-catenin and 

overexpress SOX2 and KLF4. Journal of Cellular Physiology, (August), pp.876–886.  

Massagué, J., 2008. TGFβ in Cancer. Cell, 134(2), pp.215–230. 

Matsunobu, T. et al., 2009. Critical roles of the TGF-β type I receptor ALK5 in perichondrial 

formation and function, cartilage integrity, and osteoblast differentiation during growth 

plate development. Developmental Biology, 332(2), pp.325–338.  

McAndrews, K.M. et al., 2015. Mesenchymal stem cells induce directional migration of invasive 

breast cancer cells through TGF-β. Scientific Reports, 5, pp.16941–16954. 

Meazza, C. & Scanagatta, P., 2016. Metastatic osteosarcoma: a challenging multidisciplinary 

treatment. Expert Review of Anticancer Therapy, 7140, pp.14737–14752. 

Mele, V. et al., 2014. Mesenchymal stromal cells induce epithelial-to-mesenchymal transition in 

human colorectal cancer cells through the expression of surface-bound TGF-β. 

International Journal of Cancer, 134(11), pp.2583–2594. 

Meng, Z., Moroishi, T. & Guan, K.-L., 2016. Mechanisms of Hippo pathway regulation. Genes 

& Development, 30(1), pp.1–17. 

Meredith, A.M. & Dass, C.R., 2016. Increasing role of the cancer chemotherapeutic doxorubicin 

in cellular metabolism. Journal of Pharmacy and Pharmacology, 68, pp.729–741. 

Messerschmitt, P.J. et al., 2008. Specific tyrosine kinase inhibitors regulate human osteosarcoma 

cells in vitro. Clinical Orthopaedics and Related Research, 466(9), pp.2168–2175. 

Mintz, M.B. et al., 2005. An expression signature classifies chemotherapy-resistant pediatric 

osteosarcoma. Cancer research, 65(5), pp.1748–1754.  

Mo, J.-S., Park, H.W. & Guan, K.-L., 2014. The Hippo signaling pathway in stem cell biology 

and cancer. EMBO reports, 15(6), pp.642–656. 

Mohseny, A.B. et al., 2011. Functional characterization of osteosarcoma cell lines provides 

representative models to study the human disease. Laboratory Investigation, 91(8), 

pp.1195–1205. 

Morello, E., Martano, M. & Buracco, P., 2011. Biology, diagnosis and treatment of canine 

appendicular osteosarcoma: Similarities and differences with human osteosarcoma. 

Veterinary Journal, 189(3), pp.268–277. 

Morikawa, M. et al., 2012. Genome-wide mechanisms of Smad binding. Oncogene, 32, pp.1–7.  

Moroishi, T., Hansen, C.G. & Guan, K., 2015. The emerging roles of YAP and TAZ in cancer. 

Nature Publishing Group, 15(2), pp.73–79 

Moustakas, A. & Heldin, C.H., 2007. Signaling networks guiding epithelial-mesenchymal 



95 

 

transitions during embryogenesis and cancer progression. Cancer Science, 98(10), pp.1512–

1520. 

Narimatsu, M. et al., 2015. Distinct polarity cues direct Taz / Yap and TGF-beta receptor 

localization to differentially control TGF-beta-induced smad signaling. Developmental Cell, 

32(5), pp.652–656.  

Nishimura, E.K. et al., 2010. Key roles for transforming growth factor β in melanocyte stem Cell 

Maintenance. Cell Stem Cell, 6(2), pp.130–140. 

O’Day, K. & Gorlick, R., 2009. Novel therapeutic agents for osteosarcoma. Expert Review of 

Anticancer Therapy, 9(4), pp.511–523.  

Oshimori, N. & Fuchs, E., 2012. The harmonies played by TGF-β in stem cell biology. Cell Stem 

Cell, 11(6), pp.751–764.  

Ozaki, T. et al., 2015. Runt-related transcription factor 2 attenuates the transcriptional activity as 

well as DNA damage-mediated induction of pro-apoptotic TAp73 to regulate 

chemosensitivity. FEBS Journal, 282(1), pp.114–128. 

Paoloni, M. et al., 2009. Canine tumor cross-species genomics uncovers targets linked to 

osteosarcoma progression. BMC Genomics, 10(1), p.625. 

Park, S. et al., 2011. Esculetin inhibits cell proliferation through the Ras/ERK1/2 pathway in 

human colon cancer cells. Oncology Reports, 25(1), pp.223–230. 

Patel, S.A. et al., 2010. Mesenchymal stem cells protect breast cancer cells through regulatory T 

cells: role of mesenchymal stem cell-derived TGF-β . The Journal of Immunology, 184(10), 

pp.5885–5894.  

Piccolo, S., Dupont, S. & Cordenonsi, M., 2014. The biology of YAP/TAZ: hippo signaling and 

beyond. Physiological Reviews, 94(4), pp.1287–1312.  

Pirozzi, G. et al., 2011. Epithelial to mesenchymal transition by TGFβ-1 induction increases 

stemness characteristics in primary non small cell lung cancer cell line. PLoS ONE, 6(6), 

pp.21548–21559. 

Polyak, K. & Weinberg, R.A., 2009. Transitions between epithelial and mesenchymal states: 

acquisition of malignant and stem cell traits. Nature Reviews. Cancer, 9(4), pp.265–273. 

Portela, R.F. et al., 2014. Pro-tumorigenic effects of transforming growth factor beta 1 in canine 

osteosarcoma. Journal of Veterinary Internal Medicine, 28(3), pp.894–904.  

Ragland, B.D. et al., 2002. Cytogenetics and molecular biology of osteosarcoma. Laboratory 

Investigation, 82(4), pp.365–373. 

Ramos, A. & Camargo, F.D., 2012. The hippo signaling pathway and stem cell biology. Trends 

in Cell Biology, 22(7), pp.339–346. 

Ranganathan, P. et al., 2007. Expression profiling of genes regulated by TGF-beta: differential 

regulation in normal and tumour cells. BMC Genomics, 8(98), pp.1–18. 

 



96 

 

Rivankar, S., 2014. An overview of doxorubicin formulations in cancer therapy . Journal of 

Cancer Research and Therapeutics, 10(4), p.853–859. 

Robson, H. et al., 2002. Platinum agents in the treatment of osteosarcoma: Efficacy of cisplatin 

vs. carboplatin in human osteosarcoma cell lines. Medical and Pediatric Oncology, 39(6), 

pp.573–580. 

Roos, A. et al., 2015. Loss of Runx2 sensitises osteosarcoma to chemotherapy-induced 

apoptosis. British Journal of Cancer, 113(9), pp.1289–1297. 

Rosenbluh, J. et al., 2012. β-Catenin-driven cancers require a YAP1 transcriptional complex for 

survival and tumorigenesis. Cell, 151(7), pp.1457–1473. 

Rowell, J.L., McCarthy, D.O. & Alvarez, C.E., 2011. Dog models of naturally occurring cancer. 

Trends in Molecular Medicine, 17(7), pp.380–388.  

Sakaki-Yumoto, M., Katsuno, Y. & Derynck, R., 2013. TGF-β family signaling in stem cells. 

Biochimica et Biophysica Acta, 1830(2), pp.2280–96. 

Sánchez-Elsner, T. et al., 2001. Synergistic cooperation between hypoxia and transforming 

growth factor-beta pathways on human vascular endothelial growth factor gene expression. 

The Journal of Biological Chemistry, 276(42), pp.38527–38535. 

Santibanez, J.F. & Kocic, J., 2012. Transforming growth factor-β superfamily, implications in 

development and differentiation of stem cells. BioMolecular Concepts, 3, pp.429–445. 

Santucci, M. et al., 2015. The hippo pathway and YAP/TAZ-TEAD protein-protein interaction 

as targets for regenerative medicine and cancer treatment. Journal of Medicinal Chemistry, 

58(12), pp.4857–4873. 

Schmidt, A.F. et al., 2016. Chemotherapy effectiveness and mortality prediction in surgically 

treated osteosarcoma dogs: A validation study. Preventive Veterinary Medicine, 125, 

pp.126–134. 

Schmidt, A.F. et al., 2015. Which dogs with appendicular osteosarcoma benefit most from 

chemotherapy after surgery? Results from an individual patient data meta-analysis. 

Preventive Veterinary Medicine, 125, pp.116–125.  

Sebio, A. & Lenz, H.-J., 2015. Molecular pathways: Hippo signaling, a critical tumor suppressor. 

Clinical Cancer Research, 21(22), pp.5002–5007.  

Selmic, L.E. et al., 2014. Comparison of carboplatin and doxorubicin-based chemotherapy 

protocols in 470 dogs after amputation for treatment of appendicular osteosarcoma. Journal 

of Veterinary Internal Medicine, 28(2), pp.554–563. 

Selvarajah, G.T. & Kirpensteijn, J., 2010. Prognostic and predictive biomarkers of canine 

osteosarcoma. Veterinary Journal, 185(1), pp.28–35. 

Seo, H.S. & Serra, R., 2009. TGFβR2 is required for development of the skull vault. 

Developmental Biology, 334(2), pp.481–490. 

Sharili, A.S. et al., 2011. Expression of Snail2 in long bone osteosarcomas correlates with 

tumour malignancy. Tumor Biology, 32(3), pp.515–526. 



97 

 

Sharili, A.S. et al., 2013. Snail2 promotes osteosarcoma cell motility through remodelling of the 

actin cytoskeleton and regulates tumor development. Cancer Letters, 333(2), pp.170–179. 

Shi, R. et al., 2015. Identification and functional study of osteosarcoma metastasis marker genes. 

Oncology letters, 10(3), pp.1848–1852. 

St John, M.A. et al., 1999. Mice deficient of Lats1 develop soft-tissue sarcomas, ovarian tumours 

and pituitary dysfunction. Nature Genetics, 21(2), pp.182–186.  

Sun, Y. et al., 2016. P53 is required for Doxorubicin-induced apoptosis via the TGF-beta 

signaling pathway in osteosarcoma-derived cells. American Journal of Cancer Research, 

6(1), pp.114–125.  

Tan, A.R., Alexe, G. & Reiss, M., 2009. Transforming growth factor-beta signaling: emerging 

stem cell target in metastatic breast cancer? Breast Cancer Research and Treatment, 115(3), 

pp.453–495.  

Tang, N. et al., 2008. Osteosarcoma development and stem cell differentiation. Clinical 

Orthopaedics and Related Research, 466(9), pp.2114–2130. 

Thorn, C.F. et al., 2011. Doxorubicin pathways: pharmacodynamics and adverse effects. 

Pharmacogenetics and Genomics, 21(7), pp.440–446.  

Tran, H.D. et al., 2014. Transient SNAIL1 expression is necessary for metastatic competence in 

breast cancer. Cancer Research, 74(21), pp.6330–6340. 

Tu, B. et al., 2014. Osteosarcoma cells promote the production of pro-tumor cytokines in 

mesenchymal stem cells by inhibiting their osteogenic differentiation through the TGF-

β/Smad2/3 pathway. Experimental Cell Research, 320(1), pp.164–173.  

Tuxhorn, J.A. et al., 2002. Inhibition of transforming growth factor-β activity decreases 

angiogenesis in a human prostate cancer-reactive stroma xenograft model. Cancer 

Research, 62(21), pp.6021–6025. 

Varelas, X. et al., 2008. TAZ controls Smad nucleocytoplasmic shuttling and regulates human 

embryonic stem-cell self-renewal. Nature Cell Biology, 10(7), pp.837–848. 

Varelas, X. et al., 2010. The Crumbs complex couples cell density sensing to hippo-dependent 

control of the TGF-β-SMAD pathway. Developmental Cell, 19(6), pp.831–844.  

Varelas, X. & Wrana, J.L., 2012. Coordinating developmental signaling: Novel roles for the 

Hippo pathway. Trends in Cell Biology, 22(2), pp.88–96. 

Vega, S. et al., 2004. Snail blocks the cell cycle and confers resistance to cell death. Genes and 

Development, 18(10), pp.1131–1143. 

Viloria-Petit, A.M. et al., 2009. A role for the TGFbeta-Par6 polarity pathway in breast cancer 

progression. Proceedings of the National Academy of Sciences of the United States of 

America, 106(33), pp.14028–14033. 

Wang, C. et al., 2016. Verteporfin inhibits YAP function through up-regulating 14-3-3σ 

sequestering YAP in the cytoplasm. American Journal of Cancer Research, 6(1), pp.27–37.  



98 

 

Wang, D.-Y. et al., 2016. Hippo/YAP signaling pathway is involved in osteosarcoma 

chemoresistance. Chinese Journal of Cancer, 35(1), pp.47–65.  

Wang, H. et al., 2012. Transforming growth factor β-induced epithelial-mesenchymal transition 

increases cancer stem-like cells in the PANC-1 cell line. Oncology Letters, 3(1), pp.229–

233. 

Watabe, T. & Miyazono, K., 2009. Roles of TGF-β family signaling in stem cell renewal and 

differentiation. Cell Research, 19(1), pp.103–115. 

Wrana, J.L., 2013. Signaling by the TGFβ Superfamily. Cold Spring Harbour Perspectives in 

Biology, 5:a011197. 

Wrana, J.L. & Attisano, L., 2000. The Smad pathway. Cytokine and Growth Factor Reviews, 

11(1–2), pp.5–13. 

Wrighton, K.H., Dai, F. & Feng, X.H., 2008. A new kid on the TGFβ block: TAZ controls Smad 

nucleocytoplasmic shuttling. Developmental Cell, 15(1), pp.8–10. 

Wu, S. et al., 2003. hippo encodes a Ste-20 family protein kinase that restricts cell proliferation 

and promotes apoptosis in conjunction with salvador and warts. Cell, 114(4), pp.445–456. 

Xu, S. et al., 2014. Transforming growth factor-beta polymorphisms and serum level in the 

development of osteosarcoma. DNA and Cell Biology, 33(11), pp.802–806. 

Xu, W. et al., 2015. Up-regulation of the Hippo pathway effector TAZ renders lung 

adenocarcinoma cells harboring EGFR-T790M mutation resistant to gefitinib. Cell & 

Bioscience, 5(1), p.7. 

Yagi, K. et al., 2002. c-myc is a downstream target of the Smad pathway. Journal of Biological 

Chemistry, 277(1), pp.854–861. 

Yamashita, T. et al., 2009. EpCAM-positive hepatocellular carcinoma cells are tumor-initiating 

cells with stem/progenitor cell features. Gastroenterology, 136(3), p.1012–1024. 

Yamazaki, S. et al., 2012. TGF- β as a candidate bone marrow niche signal to induce 

hematopoietic stem cell hibernation TGF-β as a candidate bone marrow niche signal to 

induce hematopoietic stem cell hibernation. Hematopoiesis and Stem Cells, 113(6), 

pp.1250–1256. 

Yan, G.-N., Lv, Y.-F. & Guo, Q.-N., 2016. Advances in osteosarcoma stem cell research and 

opportunities for novel therapeutic targets. Cancer letters, 370(2), pp.268–274. 

Yang, H. et al., 2011. Snail-1 regulates VDR signaling and inhibits 1,25(OH)-D 3 action in 

osteosarcoma. European Journal of Pharmacology, 670(2–3), pp.341–346.  

Yang, J.Y. et al., 2013. Osteoblast-targeted overexpression of TAZ increases bone mass in vivo. 

PLoS ONE, 8(2), pp.1–13. 

Yang, X. et al., 2015. Wnt signaling through Snail1 and Zeb1 regulates bone metastasis in lung 

cancer. American Journal of Cancer Research, 5(2), pp.748–755. 

You, H., Ding, W. & Rountree, C.B., 2010. Epigenetic regulation of cancer stem cell marker 



99 

 

CD133 by transforming growth factor-β. Hepatology, 51(5), pp.1635–1644. 

Yue, D. et al., 2015. Transforming growth factor-beta1 promotes the migration and invasion of 

sphere-forming stem-like cell subpopulations in esophageal cancer. Experimental Cell 

Research, 336(1), pp.141–149.  

Zanconato, F., Battilana, G., et al., 2016. YAP/TAZ as therapeutic targets in cancer. Current 

Opinion in Pharmacology, 29, pp.26–33. 

Zanconato, F., Cordenonsi, M. & Piccolo, S., 2016. YAP / TAZ at the roots of cancer. Cancer 

Cell, 29(6), pp.783–803. 

Zhang, H. et al., 2013. Transforming growth factor β1 signal is crucial for dedifferentiation of 

cancer cells to cancer stem cells in osteosarcoma. Stem Cells, 31(3), pp.433–446. 

Zhang, K. et al., 2011. Lats2 kinase potentiates Snail1 activity by promoting nuclear retention 

upon phosphorylation. The EMBO Journal, 31(1), pp.29–43. 

Zhang, S. et al., 2007. Smad7 antagonizes transforming growth factor beta signaling in the 

nucleus by interfering with functional Smad-DNA complex formation. Molecular and 

Cellular Biology, 27(12), pp.4488–4499. 

Zhao, L., Jiang, S. & Hantash, B.M., 2010. Transforming growth factor β1 induces osteogenic 

differentiation of murine bone marrow stromal cells. Tissue Engineering, 16(2), pp.725–

733.  

Zubeldia, I.G. et al., 2013. Epithelial to mesenchymal transition and cancer stem cell phenotypes 

leading to liver metastasis are abrogated by the novel TGFβ1-targeting peptides P17 and 

P144. Experimental Cell Research, 319(3), pp.12–22. 

 

 

  



A 

 

APPENDIX: SUPPLEMENTARY DATA 
 

Digital Counting and Image Processing Guideline 
 

The digital analysis was modified from a previously described protocol (Cai et al. 2011) 

and was as follows: 1) the image was duplicated (for later comparison); 2) the image was 

converted to 8-bti gray scale (Image  Type 8-bit); 3) the threshold was determined for 

maximum value with minimum background, typically around 190-210 

(ImageAdjustThreshold); 4) the image was then made binary (ProcessBinaryMake 

Binary); 5) the image was then processed to ‘close’ any open and non-circular colonies 

(ProcessBinaryClose); 6) outliers were removed (ProcessNoiseRemove Outliers10 

pixels, dark); 7) the image was then run through a watershed algorithm to facilitate proper 

segmentation of colonies, specifically for merged colonies and this process can be done before or 

after removing outliers (ProcessBinaryWatershed); 8)  a circular selection was then drawn 

over the specific well to be analyzed; 9) the resulting section of the image was then analyzed to 

determine the number of colonies (AnalyzeAnalyze Particlessize: 250-infinity, pixel units, 

circularity: 0.4-1.0, show: masks). This process, once optimized for the cell line, is then recorded 

as a macro for rapid image processing. 

 

Antibodies, Kits and Other Reagents 
 

α-Tubulin mouse monoclonal antibody Sigma-Aldrich 

Aurum TM Total RNA Mini Kit BioRad, Mississauga, ON 

Alexa Fluor donkey anti-mouse 546 IgG Invitrogen, Camarillo, CA  

Alexa Fluor donkey anti-rabbit 488 IgG Invitrogen, Camarillo, CA 
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Chloroform Sigma-Aldrich, Oakville, ON 

Crystal Violet Thermo Fisher Scientific, Nepean, ON 

DMSO Fisher Scientific, Nepean, ON 

Donkey Serum Sigma-Aldrich, Oakville, ON  

Dulbecco’s modified eagle’s medium (DMEM) Sigma-Aldrich, Oakville, ON 

Fetal bovine serum, Life Technologies, Burlington, ON 

iScript cDNA synthesis kit BioRad, Mississauga, ON 

Paraformaldehyde (4 %) MJS BioLynx Inc., Brockville, ON 

Penicillin-Streptomycin (10,000 U/mL), Thermo Fisher Scientific 

Phospho-Smad2 rabbit polyclonal antibody, Cell Signaling, Danvers, MA 

Cell Signaling Technology, Beverly, Massachusetts, USA 

Phosphate buffered saline (PBS) Sigma-Aldrich, Oakville, ON 

PMSF Sigma, Aldrich 

Rabbit Anti-WWTR1, Sigma-Aldrich, Oakville, ON 

Recombinant Human TGFβ1   Invitrogen, Camarillo, CA 

RiboZol RNA extraction reagent Amresco, LLC, Solon, OH, USA 

siRNA kit, Integrated DNA Technologies, San Diego, California 

Smad2 mouse monoclonal antibody, Cell Signaling, Danvers, MA 

SsoFast SYBR Green Master Mix BioRad, Mississauga, ON 

TAE buffer Life Technologies, Burlington, ON 

Trypan blue, Thermo Fisher Scientific, Nepean, ON 

Trypsin-EDTA solution 10X, Sigma-Aldrich, Oakville, ON 
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Buffers, Recipes and Preparation 
 

10% Resolving Gel:   

9.7 mL Milli-Q water  

5 mL 40% acrylamide solution  

5 mL Tris buffer (1.5 M, pH 8.8)  

200 µL 10% SDS  

10 µL TEMED  

240 µL 10% APS  

 

Stacking Gel:  

3.2 mL Milli-Q water  

500 µL 40% acrylamide solution  

1.26 mL Tris buffer (0.5 M, pH 6.8)  

50 µL 10% SDS  

5 µL TEMED  

50 µL 10% APS  

  

10X Electrophoresis Buffer (1L): 

30.25 g Tris-base  

144.1 g Glycine  

10g SDS  

Dissolved in MiliQ water and adjusted to pH = 8.3. Dilute 100mL of electrophoresis buffer into 

900mL of Milli-Q water for 1X solution. 

  

8X Protein Loading Buffer:  

400 mM Tris-HCl (pH 6.8)  

16% SDS  

0.8% Bromophenol blue  

40% Glycerol  

0.4 M DTT  

  

TBS (10X):  

24.2 g Tris-base  

80 g NaCl   

Dissolve in Milli-Q water to a volume of ~800 ml. Adjust pH to 7.6. Adjust final volume to 1L.  

Store at room temperature.  

 

1X TBS-Tween Solution:  

100 mL of TBS was dissolved in 900 mL MiliQ water, and 1mL of Tween was added. 

  



D 

 

Towbin Solution (1L):  

30.25 g Tris-base  

144.1 g Glycine  

Dissolve in water to a final volume of 1L. Store at room temperature.  

  

Transfer Buffer:  

100 mL Towbin solution  

200 mL Methanol  

2.5 mL 10% SDS  

Adjust volume to 1L with Milli-Q water. Chill at 4°C or colder and use immediately.  
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Gene 
 

Primer Sequence 

Product 

Length (pb) 
Efficiency R2 Slope 

Snail 1 
F CAGCTATGTCAGCGTCCTGT 

142 98% 0.995 -3.307 
R TGGGAGACACATTGGTTGGG 

Snail 2 
F AGAGCATTTGCAGACAGGTC 

133 94.60% 0.98 -3.457 
R AGCCAGATTCCTCATGTTTG 

Bactin 
F CAGCCTTCCTTCCTGAGCAT 

137 101.80% 0.995 -3.28 
R CCAGGGTACATGGTGGTTCC 

GAPDH 
F GCCTCATGACCACCGTCC 

206 97.10% 0.996 -3.392 
R TGATACATTGGGGGTGGGGA 

HPRT 
F CAGCCTTGGCGTCGTGATTAG 

173 111.80% 0.989 -3.069 
R GAGGGCTACGATGTGATGGC 

Runx2 
F TTAGGGCGCATTCCTCATCC 

172 99.80% 0.995 -3.326 
R AGGACGGGTAAGACTGGTCA 

Nanog 
F CTATAGAGGAGAGCACAGTGAAG 

160 106.20% 0.957 -3.183 
R GTTCGGATCTACTTTAGAGTGAGG 

Sox2 
F AACCCCAAGATGCACAACTC 

155 107.80% 0.97 -3.147 
R CGGGGCCGGTATTTATAATC 

TAZ 
F GGAGCTCATGAGGCAGGAAG 

173 100.10% 0.998 -3.32 
R GCTCCCTTGAGTGATAGGGC 
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Supplementary Figure 1: Comparison of digital analysis methods using ImageJ on JL-78. On the left, analysis of survival 

fraction via digital counting, and on the right is the analysis of survival via ColonyArea for the same set of experiments. Both 

graphs show very similar 4PL regressions with similar IC50 values. Data are expressed as mean ±SE (n=3) 
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Supplementary Figure 2:  Survival curve analysis via colony formation assay after 24 h TGFβ1 and/or doxorubicin treatment 

on JL-75, JL-78 and JL-31 cells. Colony formation assay of JL-75 (A), JL-78 (B) and JL-31 (C) after 24 hours of TGFβ1 

treatment followed by 24 hours of varying doxorubicin treatments utilizing the delayed plating method. Results are expressed as 
percent area stained normalized to their own respective control medium with no doxorubicin. JL-31 displayed a statistically 

significant TGFβ1 induced inhibition after 25nM doxorubicin treatment (C). Graphs on the right show the curve fit from the 4PL 

regression. Data are expressed as mean ±SE (n=3). **p<0.01 versus control 
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Supplementary Figure 3: Immunofluorescent images of JL-75, JL-78 and JL-31 depicting TAZ localization in response to 

5ng/mL TGFβ1 for 24 hours. Representative confocal microscopy images of JL-75 (n=3), JL-78 (n=3) and JL-31 (n=2) 
depicting TAZ localization after 24 hours of TGFβ1 treatment showing increased nuclear localization in all three cell lines. 


