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ABSTRACT 

Introduction:   

Osteosarcoma (OS) is a primary bone malignancy most commonly found in children and 

adolescents. The 5-year survival rate for OS is 60%, which decreases to 27% when distant 

metastases are present. Currently no tests are available to identify those patients at risk of 

metastatic spread at the time of diagnosis. The canonical Wnt/β-catenin signalling pathway has 

been implicated in many cancers including OS, and overexpression of β-catenin has been shown 

to correlate with metastasis in OS. Recently, active β-catenin (ABC)—the transcriptionally active 

form of β-catenin—has specifically been found to be elevated in the metastatic cell lines SaOS2-

LM7 (LM7) and HOS-143B (143B) compared to their non-metastatic parent cell lines, SaOS2 and 

HOS. The present study was undertaken to develop three-dimensional (3D) cell culture and in vivo 

models to observe the effects of over-expression of both ABC and β-catenin in OS with the 

hypothesis that increased expression of ABC but not β-catenin would result in more aggressive 

cellular features in three-dimensional (3D) cell culture. 

Methods:  

OS cell lines SaOS2 and HOS underwent liposomal transfection with pEGFP-C2-ABC (SaOS2-

ABC, HOS-ABC), pEGFP-C2-β-catenin (SaOS2-βcat, HOS-βcat), and an empty vector negative 

control (SaOS2-GFP, HOS-GFP). For each transfected cell line, untransfected parent cell line, and 

the metastatic daughter cell lines LM7 and 143B, 3D cell cultures (spheroids) were established in 

a scaffold with differing proportions of an extracellular protein-rich basement membrane matrix 

(BMM) and collagen and maintained for 7-14 days. Prior to fixation, low resolution images were 

taken of the live cells to observe the spheroid morphology and interactions. These images were 
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analyzed to measure the invasion area (IA) and spheroid area (SA), which were used to calculate 

invasion length. To investigate the effects of the overexpression of ABC on OS in vivo, an 

orthotopic murine xenograft model was developed. The proximal tibial metaphysis of NOD/SCID 

mice was injected with a cell suspension containing either SaOS2, SaOS2-ABC, SaOS2-βcat, 

SaOS2-GFP, or LM7 cells. Mice were euthanized after 28 days, and the tibias and lungs were 

examined for primary and metastatic tumors. 

Results 

3D cultures conditions were optimized for the growth of all untransfected cells and for transiently 

transfected HOS spheroids. Stably transfected HOS cells formed smaller spheroids with smaller 

invasion areas (p<0.05). Transfected SaOS2 cells did not readily for spheroids in the 3D culture 

conditions. Intraosseous injection of SaOS2 and LM7 cells into the proximal tibial metaphysis did 

not result in primary or metastatic tumors for any cell line. 

Conclusions: 

We developed a 3D cell culture protocol to study the effects of ABC overexpression on OS, 

particularly in HOS cells. We anticipate this will allow us to further explore whether ABC plays a 

role in aggressive and metastatic OS that is distinct from β-catenin, which has been suggested by 

previous findings from our lab. Evaluating ABC levels at the time of diagnostic biopsy may be 

beneficial to identify patients at risk for metastasis. Additional pharmacologic and clinical 

investigations would confirm the viability of ABC as a prognostic marker and therapeutic target.  
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1 Introduction 

1.1 Overview of osteosarcoma 

Osteosarcoma (OS) has an annual incidence of 2-5 per million1,2.  It has a slight male 

preponderance3,4, a peak incidence between ages 10-19 and a second peak in adults over age 601,2,5. 

The 5-year overall survival in OS is 60% and this drops to 27% if there are distant metastases6. 

Nearly 1 in 5 people with OS have metastases at the time of diagnosis7 and a further 28% will 

develop metastases within 5 years of diagnosis8. 

OS most commonly affects the metaphysis of long bones. The most common sites of 

disease are the distal femur, proximal tibia, and proximal humerus9. It results in pain and decreased 

mobility of the affected limb and can present with a palpable mass or a pathologic fracture10,11. 

Initial investigations include radiographic and magnetic resonance imaging (MRI), and the 

diagnosis is ultimately made with a tissue biopsy12. After diagnosis, local and systemic staging is 

classified by either the American Joint Committee on Cancer (AJCC)13 or Enneking14 systems. 

The AJCC system is described in Tables 1.1 and 1.2. 

Table 1.1 AJCC Osteosarcoma Staging Manual 7th Edition13 

Anatomic Stage/Prognostic Groups 

Stage T N M Grade 

IA T1 N0 M0 Low grade (G1, G2), GX 

IB 
T2 

T3 

N0 

N0 

M0 

M0 

Low grade (G1, G2), GX 

Low grade (G1, G2), GX 

IIA T1 N0 M0 High grade (G3, G4) 

IIB T2 N0 M0 High grade (G3, G4) 

III T3 N0 M0 High grade (G3, G4) 

IVA Any T N0 M1a Any G 

IVB 
Any T 

Any T 

N1 

Any N 

Any M 

M1b 

Any G 

Any G 
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Table 1.2 Definitions of the TMN AJCC Staging Components 

Primary Tumor (T) Regional Lymph Nodes (N) 

TX Primary tumor cannot be assessed NX Regional lymph nodes cannot be assessed 

T0 No evidence of primary tumor N0 No regional lymph node metastasis 

T1 Tumor 8cm or less in greatest dimension N1 Regional lymph node metastasis 

T2 Tumor more than 8cm in greatest dimension     

T3 Discontinuous tumors in the primary bone site     

Distant Metastasis (M) Histologic Grade (G) 

M0 No distant metastasis GX Grade cannot be assessed 

M1 Distant metastasis G1 Well-differentiated - low grade 

M1a Lung G2 Moderately differentiated - low grade 

M1b Other distant sites G3 Poorly differentiated 

  G4 Undifferentiated 

After diagnosis, treatment is initiated and generally involves a combination of neoadjuvant 

chemotherapy, surgery, and adjuvant chemotherapy12. Despite this, disease survival has not 

increased in several decades15. 

1.2 Osteosarcoma cell biology 

Like all sarcomas, OS originates from mesenchymal cells. However, the exact precursor 

cell type is unknown, and hypothesized to be either osteoblast or mesenchymal stem cells prior to 

differentiation16. Regardless of the exact precursor, the resulting malignant transformation to OS 

is accompanied by any of a number of different genetic mutations, most commonly in the p53 

protein, which is a regulator of the cell cycle17. The majority of OS cases are sporadic, but a 

proportion have been linked to hereditary conditions such as Li-Fraumeni Syndrome, Werner 

Syndrome, Rothmund-Thompson Syndrome, Bloom Syndrome, Hereditary Retinoblastoma and 

Paget’s disease18,19. The majority of these conditions are systemic syndromes resulting from 

mutations affecting cell cycle regulation or DNA replication and repair17.  

The abnormal cells resulting from the malignant transformation form a mass that typically 

begins in the metaphysis of the bone, which can then spread locally into the surrounding tissues 

and metastasize either within the affected bone (“skip lesion”) or to a distant site of spread9. By 

far the most common site for distant spread is the lung, which is a site of metastasis in over 85% 
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of metastatic disease, followed by skeletal metastases in 21.3%. Fewer than 10% of patients with 

metastases had tumors located in any other site9. 

Osteosarcoma metastasis occurs in three stages: dissemination from the primary tumor, 

transit within the circulator system, and colonization and establishment of distant metastases20. In 

the first stage, OS cells invade into surrounding tissues, a process that requires dissociation from 

the basement and degradation the extracellular matrix (ECM) in the tumor microenvironment. The 

ECM in OS is comprised of a number of proteins from the collagen, fibronectin, laminin, and 

proteoglycan families21. The degradation of the ECM in OS metastasis is facilitated by the matrix 

metalloproteinase (MMP) family20,21, and both MMP-2 and MMP-9 have been linked to invasive 

OS phenotype22. While separation from the basement membrane and ECM typically triggers a 

form of apoptosis termed anoikis23, OS cells evade this fate via a complex process of anchorage-

independent growth24. 

The next step in the metastatic process is to invade into the vascular system. This is 

accomplished through cell-cell interactions of tumor and endothelial cells, which is mediated by 

runt-related transcription factor 2 (RUNX2), osteopontin, urokinase-type plasminogen activator 

(uPAR), and formyl peptide receptor type 1 (FPR1)20. Once in the systemic circulation, tumor cells 

then localize to the site of distant metastasis, most commonly lung9, and extravasate from the 

vessel. The mechanism of this is not fully understood but may involve mechanical restriction of 

the lung vessels and/or exosomes released by OS cells that preferentially interact with lung cells, 

promoting the attraction and recruitment of OS cells to the metastatic site20. 

1.3 Biomarkers for predicting osteosarcoma prognosis 

There are currently few reliable biomarkers to predict OS prognosis despite investigations into 

many candidates. Prognostic factors detectable on a routine blood draw would be an ideal tool for 

clinicians as they are minimally invasive and can be repeated at regular intervals to monitor for 

any change. Many potential serum biomarkers have been investigated though few have become 

routinely used in clinical practice. However, clinical practice guidelines recommend monitoring 

both serum alkaline phosphatase (ALP) and serum lactate dehydrogenase (LDH)12. ALP has a 

significant positive correlation with tumor volume, metastases, and decreased overall survival25–

29. LDH has similarly been associated with tumor volume and poor survival25,26,30. Other serum 

markers with potential prognostic value include hemoglobin31, red cell distribution width 
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(RDW)32, and leukocyte ratios33. However, these general indicators of poor survival do not 

necessarily provide a clear direction for change in the approach to monitoring or treating a patient 

with OS. 

Many recent investigations into potential biomarkers examine cell composition or cellular 

proteins within the tumor micro-environment or cancer cells themselves from the biopsy sample. 

With respect to cell types in the tumor micro-environment, there is a growing prognostic interest 

in the presence and relative abundance of immune cells such as tumor-associated macrophages34 

and tumor infiltrating lymphocytes35–37. There have also been recent correlations between overall 

survival and tumor vascular invasion38,39. 

Recently, dozens of proteins and non-coding ribonucleic acids (ncRNAs) have been identified 

as candidates for prognostic biomarkers in OS. The advantage of these markers as opposed to 

something such as a blood test is that they provide not only diagnostic information but also avenues 

for investigating the exact mechanism of local spread and distant metastasis as well as potential 

therapeutic targets. 

1.4 The role of Active β-catenin in osteosarcoma 

One possible biomarker to identify patients at risk of metastasis is Active β-catenin (ABC). 

The regulation of β-catenin by the canonical wnt pathway and its role in the epithelial to 

mesenchymal transition (EMT) is described in detail in Chapter 2. The wnt signalling pathway is 

highly conserved and crucial for the regulation of many cell processes. In the absence of wnt, β-

catenin is sequestered in the cytoplasm by a degradation complex consisting of Adenomatous 

Polyposis Coli (APC), Axin, Glycogen Synthase Kinase 3β (GSK3β) and Casein Kinase 1 (CK1). 

Phosphorylated β-catenin is then ubiquitinated and targeted for proteasomal degradation40. In the 

presence of wnt, the protein binds to the Frizzled receptor and initiates the wnt signalling cascade, 

resulting in the dephosphorylation of β-catenin. This can then localize to the nucleus and act as a 

transcription factor. This nuclear form of β-catenin is ABC, which is partially dephosphorylated at 

the N-terminal residues serine (S) 37 and threonine (T) 41 by protein phosphatase 2A (PP2A) via 

the phosphoinositide 3-kinase (PI3K) pathway41. The different phosphorylation states of β-catenin 

are shown in Figure 1.1. Once in the nucleus, ABC acts as a transcription factor for many target 

genes involved in cell proliferation, stem cell differentiation, cell survival, migration, and 

angiogenesis40, all key features of tumorigenesis, local invasion, and metastasis. β-catenin has a 
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well-established oncogenic potential, which can only occur if the protein is translocated to the 

nucleus42. Thus, ABC is both the active for of β-catenin as well as the potential oncogene. 

 

Figure 1.1 Phosphorylation states of β-catenin 

Specific to OS, Haydon et al. identified β-catenin accumulation in over 70% of OS tumor 

samples but unfortunately did not differentiate between cytoplasmic and nuclear subcellular 

location43. Similarly, non-specified cytoplasmic and/or nuclear accumulation was identified in 

xenograft OS tumors developed in an in vivo murine model44. Ali et al. identified a strong 

correlation between nuclear ABC levels and known metastatic cell lines in vitro as well as a 

correlation between nuclear ABC and OS tumor stage on a tissue microarray analysis45, and Fang 

et al. found ABC levels were increased in multiple OS cell lines compared to non-cancerous 

osteoblast cells, and that inhibition of the wnt pathway reduced OS cell migration and invasion in 

vitro46. 

1.5 Models to study osteosarcoma in vitro and in vivo 

 Thus far, the investigations into the role of ABC in OS have largely been performed in 

traditional two-dimensional (2D) cell culture45,46. While these methods are well-established, 

relatively simple, and possible to perform in most laboratories, they fail to capture the complex 

cell-cell interactions that occur in nature. This may be especially relevant for mesenchymal cells 

such as OS as they have a particularly complex three-dimensional structure compared to epithelial 

cells, the origin cells of carcinomas. As a result, there is a growing interest in the study of OS in a 
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three-dimensional (3D) in vitro model47–49. 3D cell-culture refers to the development of spheroids 

via a variety of methods such as allowing the cells to grow and aggregate on low binding plates or 

by cell suspension in a supportive matrix such as collagen, alginate, or solubilized basement 

membrane protein solution48. 

 Once results have been established in cell culture, the next step of investigation is often an 

in vivo model. OS is frequently investigated in a murine model, which may be either ectopic, 

orthotopic, or intravenous cellular injections. While ectopic subcutaneous implantation of cells is 

technically less challenging than an orthotopic model, it may not accurately represent the 

conditions of the tumors in nature given the separate tissue location. Intravenous cellular injection 

provides direct access of tumor cells to the vascular system, which offers a convenient model for 

metastases that would be established following tumor invasion into the vascular system. 

Orthotopic models of OS involve the implantation of cells directly into the bone and allows both 

the study of primary tumorigenesis as well as metastasis50. 

1.6 Hypothesis 

 ABC plays a role in an invasive and metastatic OS phenotype in vitro and in vivo. 

1.7 Objectives 

• Establish OS cell lines that overexpress ABC and endogenous β-catenin. 

• Develop a scaffold-based 3D culture protocol to study the effects of ABC overexpression 

on OS invasion. 

• Develop an orthotopic murine model to study the effects of ABC overexpression on 

tumorigenesis and metastasis in vivo.  
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2 Regulation of the epithelial to mesenchymal transition in osteosarcoma. 

Biomolecules 2023, 13(2), 398 

Review 

Regulation of the Epithelial to Mesenchymal Transition in 

Osteosarcoma 
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1 Division of Orthopaedic Surgery, Department of Surgery, University of Alberta,  
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2 Faculty of Medicine and Dentistry, University of Alberta, Edmonton, AB T6G 2R7, Canada;  

arkirk@ualberta.ca 

3 Department of Pediatrics, University of Alberta, Edmonton, AB T6G 2R3, Canada 

* Correspondence: sujata.persad@ualberta.ca 

Abstract: The epithelial to mesenchymal transition (EMT) is a cellular process that has been linked to the 

promotion of aggressive cellular features in many cancer types. It is characterized by the loss of the 

epithelial cell phenotype and a shift to a more mesenchymal phenotype and is accompanied by an associated 

change in cell markers. EMT is highly complex and regulated via multiple signaling pathways. While the 

importance of EMT is classically described for carcinomas—cancers of epithelial origin—it has also been 

clearly demonstrated in non-epithelial cancers, including osteosarcoma (OS), a primary bone cancer 

predominantly affecting children and young adults. Recent studies examining EMT in OS have highlighted 

regulatory roles for multiple proteins, non-coding nucleic acids, and components of the tumor micro-

environment. This review serves to summarize these experimental findings, identify key families of 

regulatory molecules, and identify potential therapeutic targets specific to the EMT process in OS. 

Keywords: osteosarcoma; epithelial-mesenchymal transition; transcriptional regulation; long non-coding 

RNAs; circular RNAs; microRNAs; tumor microenvironment; cancer therapeutics  

2.1 Introduction 

Osteosarcoma (OS) is a primary bone malignancy with an annual incidence of 2–4 per 

million2. It typically affects children, teens, and young adults5, with a peak incidence from ages 

10–192, a second peak in adults over 605, and a slight male preponderance4. The overall 5-year 

mailto:arkirk@ualberta.ca
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survival rate for OS is 60% but decreases to 27% in the presence of distant metastases51; the rate 

of metastases at diagnosis is 18%7.  

The origin of OS is poorly understood. As a sarcoma, it arises from mesenchymal cells, 

but it is not currently known whether the precursor cells are osteoblasts or mesenchymal stem 

cells16. Although the etiology of OS is largely a mystery, multiple risk factors have been identified. 

These include medical conditions such as hereditary retinoblastoma, Li-Fraumeni syndrome, 

Werner syndrome, Rothmund-Thompson syndrome, Bloom syndrome, and Paget’s disease4. Other 

risk factors include exposure to ionizing radiation and alkylating agents, both of which may have 

been used in the treatment of a prior malignancy4. 

The mainstay of treatment for osteosarcoma is surgical resection and frequently involves 

both neoadjuvant and adjuvant chemotherapy for higher grade tumors12. While advances in 

surgical techniques and chemotherapeutic regimens were associated with an initial improvement 

in outcomes, overall survival in OS has not significantly changed in several decades52. As medicine 

becomes more personalized, there is a growing interest in the identification of novel targeted 

therapies. A key component in developing targeted therapy is identifying specific pathways, 

proteins, or other molecules essential to cancer cell function. One of the cellular features often 

associated with aggressive cancers is the epithelial to mesenchymal transition (EMT).  

2.2 EMT in Cancer 

EMT is depicted in Figure 2.1. It is a process by which cells exhibiting an epithelial 

phenotype adopt a mesenchymal phenotype, which facilitates migration, invasion, and 

metastasis53. It exists in equilibrium with a reverse and complementary process, the mesenchymal 

to epithelial transition (MET), wherein cells revert back to an epithelial phenotype. Primary 

epithelial tumors exhibit epithelial cell markers such as E-cadherin. These cells demonstrate apical 

polarity, adhesion to a basement membrane, and tight cellular junctions54. For many cancers, EMT 

is critical in the early transition from normal to malignant cells. It is characterized by 

downregulation of epithelial cell markers, destabilization and loss of cell–cell junctions, loss of 

adherence to basement membrane and apical polarity, and cytoskeletal reorganization53. The result 

of these changes is a cell with mesenchymal morphology and characteristics. 

Given the migratory potential of mesenchymal cells compared to epithelial cells, EMT has 

long been linked to cancer metastasis. However, inhibition of EMT has not been shown to affect 

the establishment of cancer metastases in vivo55,56, and the cells found within metastatic tumors 
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are more likely to exhibit an epithelial phenotype56,57. Despite this, tumor cells that have undergone 

EMT appear to drive local invasion and angiogenesis of the primary tumor57. These results suggest 

that EMT is critical for tumor invasion into the local vascular system, allowing cells to migrate to 

distant organs where secondary tumors are established largely by cells with an epithelial 

phenotype, which have a greater propensity for proliferation53. These may be either cells that have 

undergone EMT and subsequently MET or primary tumor cells that did not undergo EMT57. 

 

Figure 2.1 The epithelial to mesenchymal transition (EMT) and the reverse process of the mesenchymal to epithelial 

transition (MET). EMT is characterized by a loss of epithelial cell markers, an increase in mesenchymal cell markers, 

a loss of apical cell polarity, a loss of tight cell junctions, and an increased capacity for cell migration and invasion. 

MET is characterized by a loss of mesenchymal cell markers, an increase in epithelial cell markers, increased apical 

cell polarity, tight junctions, adherence to a basement membrane, and increased cell proliferation. 

The molecular pathways associated with EMT are summarized in Figure 2.2. Zinc-finger 

E-box binding homeobox (ZEB), snail family transcriptional repressor 1 (SNAIL), snail family 

transcriptional repressor 2 (SLUG), and twist-related protein (TWIST) are well-known EMT 

transcription factors that are established downstream targets of multiple signaling pathways, 

including the canonical wnt/β-catenin pathway, the neurogenic locus notch homolog protein 

(Notch) pathway, the Transforming Growth Factor β/Suppressor of Mothers Against 

Decapentaplegic (TGFβ/SMAD) pathway, the phosphoinositide 3-kinase (PI3K)/Akt pathway, the 
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mitogen-activated protein kinase (MAPK) pathway, the Ras/Raf/Mitogen-activated protein 

kinase/ERK kinase/extracellular-signal-regulated kinase (RAS/RAF/MEK/ERK) axis, and the 

Janus kinase-Signal Transducer and Activator of Transcription JAK/STAT pathway54. These 

signaling cascades often interact, share many intermediaries, and impact the regulation of one 

another. This presents a challenge for studying and targeting EMT, as the individual pathways are 

difficult to isolate.  

 

Figure 2.2 Signaling pathways in EMT. EMT regulation is complex and affected by multiple pathways, which also 

interact with each other. Regulation is typically via the Transforming Growth Factor β (TGFβ)/SMAD, Notch, 

canonical wnt, phosphoinositide 3-kinase (PI3K)/Akt, RAS/RAF, and JAK/STAT pathways. The transcription factors 

that mediate EMT are primarily Snail, Slug, ZEB1, and TWIST. EMT is characterized by an increased production of 
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N-cadherin, vimentin, and fi-bronectin, and MET is characterized by an increased production of E-cadherin and 

Occludin. 

2.3 EMT Signaling Pathways 

2.3.1 TGFβ/SMAD Pathway 

The TGFβ family of proteins includes three TGFβ isoforms, activins, and bone 

morphogenic proteins (BMPs)58. In EMT, TGFβs bind to TGFβ receptors (1/2), which initiate a 

signaling cascade, leading to the increased transcription of genes involved in EMT. Binding of 

TGFβ to its receptors (1/2) leads to phosphorylation of SMAD2 and SMAD3, which then form a 

complex with SMAD4. BMPs also bind TGFβ receptors, activating SMAD1 and SMAD5 and then 

forming a complex with SMAD4. These trimeric complexes migrate to the nucleus to act as 

transcription factors. 

SMAD complexes activate the mesenchymal genes vimentin and fibronectin, as well as the 

EMT transcription factors Snail, Slug, Zinc finger E-box-binding homeobox 1 (ZEB1) and Twist. 

These, in turn, repress E-cadherin and can upregulate the expression of TGFβ ligands, establishing 

a positive feedback loop to maintain EMT53,59,60. 

2.3.2 Canonical wnt Pathway 

The canonical wnt pathway is considered to be a key activator of EMT53. Signaling is 

initiated by a group of wnt ligands that bind to Frizzled receptors and trigger a cascade of events, 

leading to the nuclear translocation of β-catenin. β-catenin is constitutively produced in the cell 

and stored in cytosolic pools. In the absence of wnt signaling, phosphorylated β-catenin is 

associated with a destruction complex, ubiquitinated, and degraded by proteasomes. Following 

activation of the canonical wnt pathway, β-catenin is dephosphorylated and translocates to the 

nucleus, where it acts as a transcriptional co-factor to induce the expression of genes involved in 

cell differentiation, proliferation, and tumorigenesis61,62.  

This pathway has been directly implicated in EMT via the expression of Twist, Slug, N-

cadherin, and the repression of E-cadherin63. The known EMT transcription factor Snail has been 

shown to positively regulate wnt signaling64. The inhibition of Secreted Frizzled Related Protein 

1 (SFRP), a negative regulator of wnt ligands, has also been shown to have EMT-like effects in 

breast carcinoma cells in vitro, while sensitizing them to TGFβ-induced EMT65. 
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β-catenin is also located at the cell membrane as part of an E-cadherin-containing multi-

component adherens junction complex, which is a component of cell–cell interaction junctions. β-

catenin contributes to anchoring E-cadherin, a transmembrane cell–cell adhesion protein at the cell 

surface to the intracellular actin cytoskeleton. β-catenin is released from the adherens complex 

upon disruption of these adherens junctions between cells. Once available in the cytosol, it enters 

the pathway described above and is either phosphorylated and degraded or, if the wnt pathway is 

active, dephosphorylated and translocated to the nucleus to function as a transcription factor for 

EMT-genes66. E-cadherin can therefore act as a negative regulator of the canonical wnt pathway 

by sequestering most of the β-catenin in the epithelial cell membrane. 

2.3.3 Notch Pathway 

The Notch pathway has been implicated in inducing EMT in both normal and neoplastic 

tissues, and is involved in controlling cell fate, differentiation, and proliferation. Four isoforms 

(Notch1 through Notch4) are known to bind Delta-like or Jagged family ligands. This interaction 

triggers a series of proteolytic events leading to the active fragment Notch Intracellular Domain 

(Notch ICD), which then acts in the nucleus, where it associates with binding partners and 

transcriptional activators67. Several components of the Notch pathway are highly expressed at the 

invasive margins of tumors, which express EMT markers such as vimentin, suggesting an 

important role for the Notch pathway in the regulation of EMT68. Notch acts via transcriptional 

regulation of ZEB, Snail, and Slug, which repress expression of E-cadherin and induce expression 

of vimentin and fibronectin67–69. 

There is crosstalk between the Notch and TGFβ pathway that occurs via SMADs. As 

described above, the SMAD family of proteins are integral to TGFβ signaling. They have also 

been shown to associate with Notch-ICD. This affects the expression of genes downstream of both 

Notch and TGFβ that are required for mesenchymal differentiation, a key component in EMT70. 

Silencing components of the Notch pathway have also been shown to prevent TGFβ-induced 

EMT71. 

2.3.4 Tyrosine Kinase Pathways 

Mitogenic growth factors also play a role in the regulation of EMT. The binding of these 

growth factors causes their receptors to dimerize and induces the activation of both receptor and 

non-receptor tyrosine kinases (TKs). This enables the activation of several pathways—including 

the MAPK, JAK-STAT, and phosphatidylinositol 3-kinase-Akt (PI3-Akt) pathways. All of these 
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have been implicated in EMT, and are involved in cell growth, proliferation, and migration 72. 

PI3K/Akt has also been shown to play an important role in the regulation of transcriptionally active 

β-catenin, a key molecule in the previously discussed wnt signaling pathway41. Inhibition of TKs 

is a growing field of study in cancer therapeutics, with multiple inhibitors currently under 

investigation73. 

Inhibition of fibroblast growth factor (FGF), a mitogenic growth factor that participates in 

the induction of EMT via activation of the MAPK, induces the reverse process MET in vitro and 

delays tumor growth in vivo74. One isoform, FGF2, has been associated with reduced overall 

survival in several carcinoma types if overexpressed74. 

The binding of epidermal growth factor (EGF) to its receptor leads to activation of MAPK 

pathway and decreased expression of E-cadherin75. EGF also activates the JAK2-STAT3 pathway, 

which leads to EMT activation via Twist76. Additionally, EGF has been shown to induce EMT via 

TGFβ signaling and regulation of Snail77 and phosphorylation of SMAD2/SMAD378.  

The activation of Akt, or Protein Kinase B, has been shown to upregulate the 

phosphorylation of Twist1 and inhibit apoptosis79, and the inhibition of Akt has been shown to 

induce MET80. For example, hepatocyte growth factor (HGF) has been shown to activate EMT81, 

which can be reversed via inhibition of the PI3K/Akt pathway. HGF was found to enhance tumor 

progression and metastasis of hepatocellular carcinoma in association with the c-MET receptor 

tyrosine kinase82, a known activator of PI3K/Akt. 

2.4 EMT in OS 

As a mesenchymal cancer, the importance of EMT in OS has been disputed83,84. In fact, an 

early investigation including 4 clinical osteosarcoma samples by Sato et al. found there was no 

detectable E-cadherin expression in these cells85, suggesting that the repression/downregulation of 

E-cadherin—a classically described step in EMT—would not be possible. In contrast, Yin et al. 

found that 20.6% of OS tissue samples expressed E-cadherin and those that did were less likely to 

metastasize, whereas the expression of Twist was significantly related to metastases and poorer 

overall survival86. The promotion of EMT in OS characterized by increased migration and invasion 

in vitro has been shown to be mediated via upregulation of Snail87–100, Slug101,102, Twist103–106, and 

ZEB107–110. 

The following sections give an overview of studies that have examined the roles of 

different EMT regulatory molecules in OS. All of these were found to affect the expression of 
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EMT-related cell-markers and are correlated closely with EMT-associated cellular features such 

as increased migration and invasion. Many also showed a link between their proposed EMT-

regulatory molecule and OS metastases in vivo in animal models. Taken together, these results 

suggest that EMT does play a role in osteosarcoma and is associated with a more aggressive tumor 

phenotype. However, the term “transition” is not ideally suited to sarcoma cancers, and EMT may 

be better thought of as a set of pathways utilized to maintain and promote the existing 

mesenchymal phenotype. 

Sannino et al. posited a possible hybrid phenotype in sarcoma tumors cells, utilizing the 

EMT and MET pathways to acquire both mesenchymal and epithelial characteristics that favor the 

initiation and establishment of distant metastases83.  

The highlighted pathways important in EMT regulation have all been shown to have a role 

in OS. TGFβs promote EMT and metastases in OS111, and TGFβ inhibition has been shown to 

decrease EMT in OS101,112–117. Chen et al. also identified that estrogen-related receptor α (ERRα) 

upregulates TGF-β-mediated EMT in two OS cell lines93. Others have highlighted roles for 

MAPK106,118–120 and JAK/STAT95,121–125. 

Notch signaling promotes proliferation, migration, and invasion of OS cells, and Notch 

overexpression increased tumor growth in vivo126–129. Notch inhibition reduced chemo-resistance 

in OS in vitro130. Wnt signaling has also been shown to mediate EMT in OS92,131–146. It has been 

proposed that wnt signaling is particularly important in the pathogenesis of OS cancer stem cells147.  

TKs are of particular interest in OS, and multiple different TK proteins have been 

associated with aggressive cellular phenotypes. Many studies have demonstrated a regulatory role 

in OS for the downstream TK pathways PI3K/Akt148–156 and RAS/RAF/MEK/ERK104,157–160. 

Multiple TK inhibitors have been a part of recently completed or ongoing clinical trials in the 

treatment of OS, including Apatinib, Axitinib, Cabozantinib, Cediranib, Crizotinib, Dasatinib, 

Imatinib, Pazopanib, Regorafenib, Sorafenib, and Sunitinib161,162. 

2.5 Regulation of EMT in OS—Proteins 

As a complex and multi-faceted process, several proteins have been implicated in EMT 

regulation in OS87,91,92,96–98,104,105,107,121,131,135,136,139,142,148–151,154–156,158,163–193 and these are 

summarized in Tables 2.1 and 2.2. These proteins were found to either 

promote87,91,96,97,104,107,121,131,135,136,139,142,148–151,154–156,158,163–188  or inhibit92,98,105,133,189–193 EMT in 

vitro, and the majority were found to be correspondingly upregulated or downregulated in clinical 
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OS tissue samples and/or established cell lines compared to normal controls. Each group of authors 

found a significant correlation between the studied protein and the levels of EMT-related proteins, 

such as E-cadherin, N-cadherin, and vimentin. They also reported a significant effect on aggressive 

cellular characteristics, such as migration and invasion ability in vitro. Where noted, the results 

were confirmed in vivo with mouse xenograft experiments. 

A detailed review of the individual proteins investigated for their regulatory role in EMT 

of OS cells is outside of the scope of this review. Generally, their endogenous functions can be 

grouped into the following families: cell cycle regulation, immunity/inflammatory, cell signaling, 

cell structure, and metabolism. Each of these categories has a logical impact on EMT and/or cancer 

cell behavior.  

Changes to cell differentiation and cell cycle regulation are recognized mechanisms by 

which normal cells can become cancerous. We identified 22 proteins with a regulatory role in EMT 

in OS whose endogenous functions impact these processes96,97,105,107,121,133,139,142,154,158,168,172,173,181–

188,193. This group can be represented by several ubiquitin ligases139,185 and deubiquitinases137,187,188 

that are known to target proteins critical for cell growth, proliferation, and differentiation. These 

were all found to be upregulated in clinical samples of osteosarcoma, and the overexpression or 

inhibition of these proteins was found to correlate with markers for EMT and OS cell proliferation. 

The importance of immunity and inflammation on cancer progression is widely 

recognized194, and these systems have also been implicated in the regulation of EMT195. Twelve 

of the EMT regulatory proteins described in Tables 2.1 and 2.2 function as part of immunity and 

inflammation87,91,149,151,156,165,166,169,174,177,179,192,  many of which can be designated as “pro-

inflammatory” proteins149,156,165,166,  and others that function as part of the development and 

activation of immune cells87,91,151,169,179. For example, the Programmed Death Ligand 2 (PD-L2) 

protein is a ligand for the Programmed Death 1 (PD-1) receptor, which is protective against T cell-

mediated death in conjunction with tumor-associated macrophages196. Ren et al. found that PD-L2 

knockdown decreased EMT and inhibited migration, invasion, and colony formation of OS cells 

in vitro, and reduced OS metastases in vivo in a mouse model179. 
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Table 2.1 Effects of highly expressed proteins on EMT in OS 

Protein 

Increased 

Levels in 

Clinical 

Sample 

Promoted 

EMT 

Promoted Cell 

Migration/Invasion 

Promoted In 

Vivo Tumor 

Growth 

Promoted In Vivo 

metastasis 
Endogenous Function 

ACTL6A163      Structure 

AIM2156      Immune 

BMP-2135      Cell Signaling 

Calponin 3164      Structure 

Cathepsin E165      Immune 

COPS3158    ns  Cell Cycle Regulation 

COX2149      Inflammation 

CPE-ΔN136      Cell Signaling 

cPLA2a166      Inflammation  

CPXM2167      Cell Signaling  

Cul4A168      Inflammation 

CXCR6169      Immune 

Cyr61104,170      Cell Signaling 

E2F1121      Cell Cycle Regulation 

EPB41L3171  ↓ ↓   Structure 

Fibulin-3131       Structure 

Fibulin-4148       Structure 

HOXB7172      Cell Cycle Regulation 

HuR173      Cell Cycle Regulation 

ICSBP87      Immune 

IL-33151      Inflammation 

MAGL174      Inflammation 

Metadherin175      Cell Signaling 

NETO2155      Cell Signaling 

OLR1176      Cell Signaling 

P2X7150      Cell Signaling 

PADI4177      Inflammation 

PDGFRβ154      Cell Cycle Regulation 
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PD-L2179      Inflammation 

PGI178      Metabolism 

RIPK4142      Cell Cycle Regulation 

SenP1180      Cell Signaling 

SENP3181      Cell Cycle Regulation 

SIRT1107      Cell Cycle Regulation 

SOX396      Cell Cycle Regulation 

SOX597      Cell Cycle Regulation 

ST6Gal-1182      Cell Cycle Regulation 

TANK1183      Cell Cycle Regulation 

Tim-391      Immune 

TRIM29184      Cell Cycle Regulation 

TRIM66185      Cell Cycle Regulation 

UHRF1186      Cell Cycle Regulation 

USP7139      Cell Cycle Regulation 

USP17187      Cell Cycle Regulation 

USP22188      Cell Cycle Regulation 

 YES/Significant association; ns: No significant association; ↓ Inverse association;  Not studied/reported. 

Table 2.2 Effects of poorly expressed proteins in OS. 

Protein 

Decreased 

Levels in 

Clinical Sample 

Inhibited 

EMT 

Inhibited Cell 

Migration/Invasion 

Inhibited In 

Vivo Tumor 

Growth 

Inhibited In 

Vivo Metastasis 
Endogenous Function 

ARID1a189          Cell Signaling 

Ezrin190          Structure 

FTL191          Metabolism 

GPER98          Cell Signaling 

LAIR-1192          Immune 

RASSF4133          Cell Cycle Regulation 

SOX6105          Cell Cycle Regulation 

TSSC392      Cell Cycle Regulation 

WWOX193          Cell Cycle Regulation 

 YES/Significant association;  Not studied/reported. 
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Many of the described proteins are implicated in cell signaling98,135,136,150,155,168,176–178,181,190. In 

addition to cell–cell interactions, this broad grouping includes the regulation of multiple cell 

processes that affect multiple other pathways and functions, including but not limited to cell cycle 

regulation, inflammation, immunity, and metabolism. 

Finally, a subset of the proteins associated with EMT in OS are either structural proteins or 

regulate cell structure via interaction with the cytoskeleton131,148,163,164,171,190. This is perhaps the 

simplest and most logical grouping given the key morphological changes that take place during 

the EMT transformation, as depicted in Figure 2.1. Interestingly, Yuan et al. found that Erythrocyte 

Membrane Protein Band 4.1-like 3 (EPB41L3)—a cytoskeletal protein involved in cytoskeletal 

rearrange-ment, intracellular transport, and signal transduction—was increased in OS tissues and 

cell lines but was associated with an inhibition of EMT, migration, invasion, and cell viability in 

OS cell culture171. This pattern of expression was opposite to all of the other proteins impacting 

EMT in OS identified in this review. 

When reported, the EMT pathways most implicated in these studies were wnt and PI3K/Akt. 

The nuclear localization and, therefore, transcriptional activity of the wnt/β-catenin pathway has 

also been shown to be regulated by PI3K73, suggesting overlap in these EMT control mechanisms. 

The most frequently identified downstream target was Snail, which is known to promote EMT by 

suppressing E-cadherin expression197, and further upregulates wnt signaling and EMT64. 

2.6 Regulation of EMT in OS—Non-Coding Ribonucleic Acids 

Another key group of regulatory factors of EMT/MET in OS are non-coding ribonucleic 

acids (ncRNAs). These molecules have many forms and functions198, one of which is gene 

regulation. Typically identified through queries to the Gene Expression Omnibus (GEO), the 

differential expression of multiple separate long non-coding RNAs (lncRNAs)199, microRNAs 

(miRNAs)200, circular RNAs (circRNAs)201,202, and pseudogenes203 have been found to relate to 

OS prognosis204. Tables 2.3 and 2.4 summarize ncRNAs implicated in OS EMT regulation. Again, 

they were found to have a role in either promoting100,106,109,119,128,129,132,137,140,141,143,145,151,205–238 or 

inhibiting90,92,94,108,120,134,138,144,146,153,239–266 EMT and invasive cellular behaviors of OS cells in 

vitro, and there was significant overlap in the affected pathways and ultimate downstream targets. 

Very frequently there are multiple non-coding RNAs involved in the same pathway as they can 

also regulate other nucleic acids. 
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Table 2.3 Effects of highly expressed non-coding ribonucleic acids. 

Ribonucleic Acid 

Increased 

Levels in 

Clinical 

Sample 

Promoted 

EMT 

Promoted 

Cell 

Migration/

Invasion 

Promoted In 

Vivo Tumor 

Growth 

Promoted In 

Vivo Metastasis 

Associated 

Pathways/Targets 

circ-FOXM1145          miR-320a, wnt 

circ-PRKAR1B205          miR-361-3p, FZD4 

LINC00319206          miR-455-3p, NFIB 

LINC00324207          WDR66, HuR 

LINC00460208          
miR-1224-5p, 

FADS1 

LINC02381209          
miR-503-5p, 

CDCA4 

lncRNA AFAP1-AS1106          Rho, ROCK, p38 

lncRNA BCRT1210          miR-1303, FGF7 

lncRNA CASC15143          wnt/β-catenin 

lncRNA CCAT2211          LATS2, c-Myc 

lncRNA CRNDE128,140          
Notch1, SP1, wnt/β-

catenin 

lncRNA DDX11-AS1212          
miR-873-5p, 

IGF2BP2 

lncRNA FAL1213          GSK-3β 

lncRNA GHET1141,214          Ki67, wnt/β-catenin 

lncRNA HCP5215          SP1 

lncRNA HNF1A-AS1216            

lncRNA HIF1A-AS2217          miR-33b-5p, SIRT6 

lncRNA HOXA-AS2218          miR-502c-3p 

lncRNA LMCD1-AS1219          miR-106b-5p, SP1 

lncRNA miR210HG220          miR-503 

lncRNA MNX1-AS1221          Snail 

lncRNA MSC-AS1222          
miR-142, CDK6, 

PI3K/Akt 

lncRNA NEAT1223          miR-186-5p, HIF-1α 

lncRNA PGM5-AS1224          miR-140-5p, FBN1 

lncRNA PVT1267            
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lncRNA RUSC1-AS1226           
miR-340-5p, 

PI3K/Akt 

lncRNA SNHG1227          
miRNA-101-3p, 

ROCK1, PI3K/Akt 

lncRNA SNHG4228          miR-377-3p 

lncRNA SNHG7129          

MiR-34a, Notch-1, 

BCL-2, CDK6, 

SMAD4 

lncRNA SNHG20229            

lncRNA SPRY4-IT190,109          miR-101 

lncRNA TUG1132,230          

miR-144-3p, miR-

143-5p, EZH2, HIF-

1α, wnt 

lncRNA XIST100          miR-153, SNAI1 

miR-17-5p231          SRCIN1 

miR-19119          
SPRED2, 

ERK/MAPK 

miR-31-5p137          
AXIN1, wnt/β-

catenin 

miR-93232          TIMP2 

miR-130a233          PTEN 

miR-135b234          TAZ 

miR-155235          TNFa, TP53INP1 

miR-196a236          HOXA5 

miR-199b-5p237          HER2 

miR-210-5p152          PIK3R5, Akt 

Pseudogene MSTO2P238          PD-L1 

 YES/Significant association;  Not studied/reported. 

Table 2.4 Effects of poorly expressed non-coding ribonucleic acids. 

Ribonucleic Acid 
Decreased Levels in 

Clinical Samples 

Inhibited 

EMT 

Inhibited 

Cell 

Migration/

Invasion 

Inhibited In 

Vivo Tumor 

Growth 

Inhibited In 

Vivo 

Metastasis 

Associated 

Pathways/Targets 

lncRNA FER1L4239,240          
miR-18a-5p, 

PI3K/Akt 

lncRNA GAS5268          miR-221, ARHI 
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lncRNA MEG3241          
miR-361-5p, 

FoxM1 

lncRNA NKILA242  ↑       NFκB, Snail 

lncRNA TUSC8243          
miR-197-3p, 

EHD2 

miR-7244          IGF1R 

miR-16245          RAB23 

miR-25246          SOX4 

miR-29a247          
SOCS1/NFκB, 

DNMT3B 

miR-107134          wnt/β-catenin 

miR-125a-5p248          MMP11 

miR-128249          Integrin A2 

miR-132250          SOX4 

miR-139-5p251          DNMT1 

miR-140-3p252          TRAF6, TGFB 

miR-14594          Snail 

miR-181c253          SMAD7, TGFB 

miR-203254          RAB22A 

miR-331-3p146          
MGAT1, Bcl/Bax, 

wnt/β-catenin 

miR-342-5p138          wnt/β-catenin 

miR-363255,256          PDZD2, NOB1 

miR-377-3p228          
CuL1, wnt/β-

catenin 

miR-382257          YB-1 

miR-384258          MECP2, IGFBP3 

miR-449a153           EZH2, PI3K/Akt 

miR-486259          PIM1 

miR-488260          AQP3 

miR-489261          NAA10 

miR-499a262          
TGFβ, EGFR, Akt, 

SHKBP1 

miR-503263          c-myc 
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miR-506-3p264          SPHK1, LC3II/I 

miR-708-5p108          ZEB1 

miR-761265          ALDH1B1, TGFB 

miR-765159          MTUS, ERK 

miR-CT3120          p38/MAPK 

miR-let-7d266    ↑     CCND2, E2F2 

 YES/Significant association; ↑ Inverse association;  Not studied/reported. 

Unlike the pattern observed in the majority of these findings, Yuan et al. found that 

although erythrocyte membrane protein band 4.1-like 3 (EPB41L3) was upregulated in OS cell 

lines and clinical tissue samples, knockdown of EPB41L3 significantly increased the migration 

and invasion capacity of the investigated cell lines despite decreased cell viability172. The findings 

were similarly mixed for lncRNA NKILA145 and miR-let-7d266. These studies highlight the 

complexity of EMT regulation in OS and suggest that it is only one possible factor relating to 

tumor behavior and prognosis. 

2.7 Regulation of EMT in OS—The Tumor Microenvironment 

There has been increased recognition of the importance of the tumor microenvironment on 

various cellular functions and characteristics. This is the three-dimensional structure surrounding 

tumor cells and comprises immune cells, vascular network, and extra-cellular matrix (ECM), 

among other components. The tumor microenvironment is unique not only for different cancer 

types but also for individual patients, and it is influenced by multiple factors, including patient sex 

and presence of metastases269. A better understanding of the interactions within the tumor micro-

environment is expected to lead to the development of personalized treatments targeted at 

individual patients’ tumors. 

Han et al. found that the presence of tumor-associated macrophages (TAMS) and the 

expression of the inflammatory marker cyclo-oxygenase 2 (COX2) correlated with OS metastases 

in clinical samples123. They also found co-culture of OS cells with TAMS promoted EMT and 

aggressive cellular features in vitro, which was reversible by COX2 inhibition. Additionally, 

COX2 inhibition reduced pulmonary metastases in vivo in a murine model123. Ling et al. found 

that Von Willebrand Factor (VWF)—which is secreted by the endothelial cells lining blood 

vessels—promoted EMT in vitro following OS and endothelial cell co-culture, as well as tumor 

growth and metastasis in vivo in a mouse model270. 
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In addition to the cellular and biochemical makeup of the tumor microenvironment, the 

biomechanical properties of the ECM may also play a role in regulating EMT. Dai et al. developed 

a three-dimensional cell culture model with varying degrees of ECM stiffness271. This may be of 

particular relevance when evaluating OS tumors that exist in the bone—a relatively rigid 

environment—but eventually expand into the surrounding soft tissues, which are substantially less 

rigid. It may also account for some of the differences in OS metastatic patterns as more than 85% 

of metastatic OS occurs in the lungs, a soft tissue, compared to only 21% that occurs in the bone9. 

2.8 Targeting EMT in Osteosarcoma 

Given its close association with aggressive and metastatic OS, EMT is a natural target for 

OS treatment. Treatments targeting EMT in OS include known medications, hormones, novel 

small molecules, and herbal medicines. The currently recommended chemotherapy regimen for 

OS includes doxorubicin, cisplatin, and high-dose methotrexate. At low doses, cisplatin has been 

shown to promote EMT, migration, invasion, and in vivo tumor growth130. However, these 

findings were reversible with inhibition of the EMT-related Notch pathway. EMT is recognized as 

an important factor contributing to chemotherapy resistance in multiple cancers272, which was 

shown in OS by Ding et al., who found that OS cells induced to be resistant to methotrexate 

exhibited higher levels of EMT proteins and greater migration and invasion273. 

Other drugs that have not traditionally been used to treat osteosarcoma clinically but have 

been shown to inhibit EMT in OS in vitro include the cholesterol medication lovastatin274 and 

zolendronate, a bisphosphonate medication used in the treatment of osteoporosis and other 

metabolic bone disorders275,276. In addition to the suppression of EMT, migration, and invasion, 

Kim et al. showed that OS cells and orthotopic tumors in mice had increased radiation-sensitivity 

following treatment with zolendronate, and this combination therapy was more effective than 

either treatment on its own276.  

Several hormone therapies have also been investigated for their effect on EMT in OS. 

These include estrogen, which inhibited EMT and promoted apoptosis of OS cells at high doses277. 

Treatment with irisin, a hormone derived from skeletal muscle, also suppressed OS EMT, cell 

proliferation, migration, and invasion95. Melatonin, a sleep-related hormone that is widely 

commercially available, has been shown to inhibit EMT99,278,279 and OS cell migration and 

invasion in vitro, with additional results in vivo showing reduced metastasis in mice279. In contrast, 

treatment of OS cells with visfatin88, a metabolic peptide first identified in visceral fat, induced 
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EMT and increased cell migration and invasion. While these results do not suggest a direct role 

for visfatin in treatment of OS, further studies could examine the potential therapeutic effects of 

visfatin regulation. 

Newer therapies with peptides and other small molecules allow for targeting more specific 

biologic functions, often associated with receptor inhibition. Inhibition of CXCR4 with Peptide R 

inhibited EMT, cell migration, and invasion in OS cells, and was thought to have the potential for 

less toxicity than existing CXCR4 inhibitors280. Similar suppression of EMT, inhibition of cell 

migration/invasion, and reduced tumorigenesis in vivo was observed with inhibition of vascular 

endothelial growth factor receptor-2 (VEGFR2) by Apatinib281, Krüppel-like factor 5 (KFL5), and 

early growth response gene 1 (EGR1) by ML264124, and TGF-β by RepSox113. The 4′-

aminochalcones D14 and D15 were found to inhibit EMT, cell migration, and invasion through 

upregulation of p53282. 

The investigation of traditional and herbal medicines and their derivatives (both natural and 

synthetic) is a growing area of interest. The effect on EMT in OS has been studied for a number 

of these compounds89,101,112,114–118,125,157,160,283–291, with results summarized in Table 2.5. While the 

majority of these inhibited both EMT and aggressive cellular characteristics, such as migration and 

invasion, Jiang et al. found that triptolide, a compound found in the vine Tripterygium wilfordii, 

increased EMT in OS cells in vitro but inhibited proliferation and invasion291. 

Table 2.5 Traditional and herbal medicine effects on EMT in OS. 

Compound 
Inhibits 

EMT 

Inhibits Cell 

Migration/Invasion 

Inhibits In 

Vivo Tumor 

Growth 

Inhibits In Vivo 

Metastasis 

Associated 

Pathways/Targets 

3’hydroxyflavone157         MEK/ERK 

Baicalin117,160         ERK, TGF-β 

Berberine283,284         EZH2, Rad51 

Chimaphilin116         
PI3K/Akt, ERK, 

TGF-β 

Cinnamomum cassia extract112         TGF-β 

Dehydroandrogranpholide285         SATB2 

Delphinidin118         ERK, MAPK 

Gamabufotalin114         PI3K/Akt, TGF-β 

Glaucocalyxin A115         TGF-β, Smad 
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Magnoflorine286         
miR-410-3p, 

HMGB1, NF-κB 

Nitidine Chloride89         Akt, GSK-3β, Snail 

Oridonin101         TGF-β, Smad, Snail 

Piperlongumine125         

miR-30d-5p, 

SOCS3, 

JAK2/STAT3 

Polyphillin I292         NF-κB, c-Myc 

Rosmarinic acid288         DJ-1, PI3K/Akt 

Salvia clandestina extract289         Akt/PKB 

Sauchinone290         Sonic hedgehog 

Triptolide291 ↑       miR-181a, PTEN 

Significant association; ↑ Inverse association;  Not studied/reported. 

A non-pharmacological treatment targeting EMT in OS was also reported. Tumor-treating 

electrical field (TTEF) was reported to suppress EMT, cell migration, invasion, and angiogenesis 

of OS cells in culture via potential effects on VEGF and matrix metalloproteinase 2 (MMP2)293. 

1.1 Conclusions 

EMT has significant implications in OS, despite its mesenchymal origin. Multiple studies 

have correlated changes in EMT with a more aggressive OS phenotype, both in vitro and in vivo. 

More than 100 proteins and non-coding nucleic acids have been identified as having a potential 

regulatory role in the OS EMT/MET pathways, and these may prove to be viable therapeutic 

targets and/or prognostic factors. These results should be interpreted with caution. While many of 

the studies discussed in this review confirmed the presence of their specific molecule of interest in 

clinical samples, most of the cell culture and animal studies were performed with only a handful 

of established cell lines. The majority of OS samples do not exhibit any E-cadherin and would 

therefore not experience a significant change secondary to E-cadherin suppression, a key process 

in EMT. It is possible that the cell lines most frequently utilized for these investigations are in the 

minority that do express E-cadherin and therefore exaggerate the EMT effect. Unfortunately, as 

OS is a rare cancer, any findings such as these are difficult to generalize. However, a role for 

EMT/MET has clearly been shown in cell culture and may well be a viable therapeutic target. 

Further work in additional cell lines or primary cell culture would help to confirm the findings 

outlined in this review. 
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3 Materials and Methods 

3.1 Cell lines and culture conditions 

Experiments were performed with four OS cell lines: HOS, 143B, SaOS2, and SaOS2-LM7 

(LM7). HOS, 143B, and SaOS2 cells were purchased from ATCC (catalog nos. CRL-1543, CRL-

8303, and HTB-85, respectively). LM7 cells were a generous gift from Dr. Eugenie Kleinerman 

of The University of Texas M.D. Anderson Cancer Center, Houston, Texas, USA. 

HOS cells were initially derived from a 13-year-old female patient in 1971. 143B cells were 

formed from an oncogenic transformation of HOS via transfection with the ki-ras oncogene294. 

SaOS2 cells were derived from an 11-year-old female patient in 1972. LM7 was developed via 

multiple passages through a mouse model, selecting for metastatic cells295. 

All cell lines were maintained in Complete Media (CM), which was Minimal Essential 

Medium (MEM, Gibco, 10320-021) supplemented with 10% fetal bovine serum (FBS, Gibco, 

12483-020), 1% penicillin-streptomycin (Gibco, 15140-122), 1mM sodium pyruvate (Gibco, 

11360-070), and 2mM L-Glutamine (Gibco, 25030-081). Cells were cultured at 37°C, 5% CO2. 

Cells were passaged by incubating flask with 0.05% Trypsin (Gibco, 25300-054) for 5 minutes at 

37°C and 5% CO2. Trypsin activity was then inhibited by the addition of CM, and the resulting 

cell suspension was centrifuged for 5 minutes at 1300 rpm. Supernatant was discarded and the 

pellet was resuspended in CM and seeded in a new flask. 

3.2 Transfection 

3.2.1 Plasmid construct design 

Plasmids for the overexpression of ABC and β-catenin were constructed using a pEGFP-

C2 backbone (Clontech, 6083-1). The backbone has the following components: a CMV promoter 

sequence, a GFP reporter gene, a resistance gene for neomycin/kanamycin for bacterial and 

mammalian selection, and a resistance gene for geneticin for mammalian selection. For ABC, to 

mimic constitutive phosphorylation of the S33 and S45 residues of ABC, these were substituted in 

the endogenous β-catenin sequence with aspartic acid (D). To prevent phosphorylation of the S37 

and T41 residues that might ultimately result in sequestration and degradation of the protein, these 

residues were substituted by alanine (A). The ABC and β-catenin sequences were inserted 

downstream of the GFP reporter resulting in final proteins that were fused with GFP. The final 
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ABC and β-catenin plasmid constructs were created by GeneArt, Thermo Scientific and are 

pictured in Figure 3.1. 

 

Figure 3.1 pEFFPC2-ABC construct design and pEGFP-C2 backbone 

3.2.2 Liposome-based transfection 

The overexpression of ABC, β-catenin, and GFP was achieved via liposomal transfection 

with the ABC-pEGFP-C2, βcat-pEGFP-C2, and empty vector pEGFP-C2 plasmids, respectively. 

HOS and SaOS2 cells were seeded in 6-well plates and transfected once they reached 70-90% 

confluence. GenJet in vitro DNA Transfection Reagent (SignaGen, SL100488) was used according 

to the manufacturer’s recommended protocol with 1 µg of DNA and 6 µL of transfection reagent 

per well. The cells were incubated with the transfection reagent and DNA for 18-24 hours and then 

media was replaced with CM. Cells were maintained for an additional 24 hours, transfection 

efficiency was then determined with fluorescence microscopy and cells were utilized for additional 

investigations such as 3D culture and Western Blot. Transfected cell lines with ABC, β-catenin, 

and empty vector are hereafter denoted with the suffixes -ABC, -βcat, and -GFP, respectively. 

3.2.3 Stably transfected cell lines 

HOS and SaOS2 cells were transfected as described above with either ABC, β-catenin, or 

the GFP empty vector plasmid. After growing for 48 hours, CM was changed for Stable Media 

(SM), which was CM supplemented with 1mg/mL Geneticin to select for stably transfected cells. 

Media was changed every 2-3 days for 10 days. Following this, cells were imaged with a 

fluorescent microscope and colonies of fluorescing cells were isolated, scraped off of the plate, 

resuspended in SM, and added to a new plate. This process was repeated until all the cells on the 
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plate exhibited a uniform pattern of fluorescence. Stable cells were characterized by determining 

that the GFP-ABC and GFP-βcat had the same subcellular localization pattern as the endogenous 

proteins. Cells continued to be maintained in SM. These stable cell lines were then used for three-

dimensional culture and animal experiments as described below. 

3.3 Three-dimensional cell culture 

3.3.1 Establishment and maintenance of 3D cultures 

3D cultures were established in scaffolds containing different proportions of basement 

membrane matrix (BMM, Corning Matrigel®, 354234) and neutralized collagen. At the time of 

creating the cultures, the appropriate volume of collagen (Collagen I 3mg/mL Gibco, A10483-01) 

was mixed with 1mM sodium hydroxide (NaOH) and CM in the following proportions: 1,000µL 

neutralized collagen = 64µL NaOH + 100µL CM + 868µL collagen. This was then mixed with 

BMM (Corning Matrigel®, 354234) and kept on ice. Table 3.1 shows the different proportions of 

BMM and collagen that were trialled for growing spheroids of HOS, 143B, SaOS2, and LM7. 

Meanwhile, 8-chamber slides (Nunc™ Lab-Tek II Chambered Coverglass, Thermo Scientific, 

155409) and 24-well plates (Nunc™ Cell-Culture Treated Multidishes, Thermo Scientific, 

142485) were pre-warmed to 37°C. 

Table 3.1 Mixtures of basement membrane matrix (BMM) and neutralized collagen investigated for suitability in 

supporting spheroids of HOS, 143B, SaOS2, and LM7 

Scaffold 

Mixture 

Proportion 

BMM 

Proportion 

Neutralized 

Collagen 

% 

collagen 

1 1 0 0% 

2 9 1 10% 

3 4 1 20% 

4 2 1 33% 

5 1 1 50% 

6 0 1 100% 

3D cultures were established with all cell lines including 143-B, HOS, HOS-ABC, HOS-

βcat, HOS-GFP, LM7, SaOS-ABC, SaOS-βcat, and SaOS-GFP. 143-B and LM7 served as positive 

controls while the untransfected cell lines and the -GFP cell lines were negative controls. Cells 

were grown to 70-90% confluence and then lifted from the plates with the application of 0.05% 
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trypsin for 5 minutes at 37°C and 5% CO2, trypsin activity was stopped with the addition of CM 

or SM depending on the maintenance media for the culture. The cell suspension was then 

centrifuged at 1300 rpm for 5 minutes. The supernatant was discarded, and the pellet was 

resuspended in CM or SM. Cells were then counted using a Countess II FL automated cell counter.  

The appropriate volume of the cell suspension was then added to and very gently mixed 

with the gel matrix and did not exceed 20% of the final volume. The final concentration of 143-B, 

HOS and HOS transfectants was 50 cells/µL and the final concentration of LM-7, SaOS2, and 

SaOS2 transfectants was 100 cells/µL. 3D cultures intended for microscopy were plated in 8-

chamber slides and 3D cultures intended for Western Blot were plated in 24-well plates. 50 µL of 

the BMM-collagen cell-suspension was plated in each chamber/well with care not to touch the 

walls. The plates and slides were then carefully transferred to the incubator at 37°C and 5% CO2 

for 20-30 minutes to allow the gels to set. Each well was then supplemented with CM or SM 

warmed to 37°C depending on the cells. Media was changed every 2-3 days. 

3.3.2 Measuring invasion area, spheroid area, and invasion length 

After 10-14 days, live spheroids were imaged with an EVOS microscope at 4x 

magnification. The spheroid area (SA) and invasion area (IA) were calculated by the ImageJ 

software as indicated by the example in Figure 3.2. Spheroid radius (SR) and invasion radius (IR) 

were then calculated according to the following formula: 𝑟𝑎𝑑𝑖𝑢𝑠 =  √(
𝑎𝑟𝑒𝑎

𝜋
). These values were 

used to calculate invasion length (IL) according to the following equation: IL = IR – SR296.  

 

Figure 3.2 Spheroid area (SA) and invasion area (IA) were calculated by the ImageJ software based on circular figures 

drawn around the spheroid body and the ends of the longest projections, respectively. These values were used to 
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approximate spheroid radius and invasion radius, which were in turn used to calculate invasion length (IL) by the 

formula IL = IR – SR. 

3.3.3 Confocal microscopy 

The spheroids were imaged after 7 days for 143-B, HOS, and HOS-transfectants, and after 

10 days for LM7, SaOS2, and SaOS2 transfectants. Spheroids were fixed with 2% 

paraformaldehyde for 15 minutes, washed with phosphate-buffered saline (PBS), quenched with 

NH4Cl for 30 minutes, washed 3 times with PBS, permeabilized for 30 minutes with 0.5% Triton 

X-100 (Fisher, BP151-500) in PBS, blocked for 30 minutes with blocking buffer (3% bovine serum 

albumin (BSA) and 0.05% Triton X-100 in PBS), then incubated for 30 minutes with 1 µg/mL 

4’,6’-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, D9542) in blocking buffer, washed 3 

times with PBS, then incubated for 30 minutes with phalloidin (Invitrogen, A22287) mixed 1:1000 

in PBS. A think layer of antifade mounting agent (ProLong™ Gold Antifade Mountant, Invitrogen, 

P36934) was then applied to each chamber and allowed to cure overnight. Slides were stored at 

4°C and protected from light. 

Fixed and stained spheroids were then imaged at 20x magnification with a spinning disk 

confocal microscope. A representative sample of spheroids from each chamber was imaged and 

analysed for qualitative morphologic characteristics. 

3.3.4 Preparation of spheroid lysate 

Spheroids were grown until the gel matrices started to become unstable (about 10-14 days) 

and then collected and lysed for Western blot. Media was removed and each well was washed with 

cold PBS, dislodging the collagen/BMM gel matrix. PBS and matrices were transferred from the 

well to a 15 mL conical tube – up to 5 wells containing spheroids of the same cell line were 

combined into a single tube. PBS/gel suspension was centrifuged at 4°C and 1000 rpm for 5 

minutes resulting in a fluid-fluid layer. The supernatant was carefully aspirated to the fluid-fluid 

meniscus, and the pellet was resuspended with 1mL of 0.05% trypsin then incubated in a 37°C 

water bath for 5 minutes. Trypsin activity was inhibited by the addition of 2mL of CM and the 

suspension was pipetted to mix. This was then centrifuged at 4°C and 1500 rpm for 5 minutes 

forming a solid pellet. The supernatant was aspirated, and the pellet was resuspended in 1mL of 

PBS to remove any residual media. It was then centrifuged at 1300 rpm for 5 minutes. The 

supernatant was discarded, and the pellet was resuspended in 100µL of lysis buffer (RIPA buffer, 

Sigma, R0278 with Protease Inhibitor Cocktail Tablet, Roche, 04693159001). This suspension was 
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then sonicated at 4°C for two 5 second pulses then centrifuged at 4°C and 7000 rpm for 10 minutes. 

Protein concentration of the supernatant was determined with Pierce™ bicinchoninic acid (BCA) 

protein assay kit (Thermo Scientific, 23227). 

3.4 Western Blot 

Whole cell lysate containing 20 µg of protein was diluted to a final volume of 40 µL 

containing 1x loading buffer. Samples were boiled in a water bath for 5 minutes then immediately 

cooled on ice. Samples were loaded into the wells of a 7.5% polyacrylamide gel, and sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed. The proteins 

were then transferred to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad, 1620177) at 100 

V and 4°C for 90 minutes. Membranes were blocked for 1 hour in 5% milk in Tris-buffered saline 

(TBS) containing 0.1% tween-20 (TBST) followed by incubation with primary antibody diluted 

in the milk-TBST solution at 4°C overnight. Membranes were then washed with TBST and then 

incubated with secondary antibody linked to horseradish peroxidase (HRP) at room temperature 

for 1 hour and then washed with TBST. The HRP-secondary antibody signal was detected using 

the Western Lightning Plus ECL (Perkin Elmer, NEL 104001) detector reagent and the bands were 

visualized with a Bio-Rad ChemiDoc™ Imaging System. Primary and secondary antibodies are 

listed in Table 3.2.  

Table 3.2 Primary and secondary antibodies for Western blots 

Primary Antibody Target 
Animal 

Source 
Product Number Dilution 

𝛽-catenin (amino-terminal antigen) Rabbit Cell Signalling 9581S 1:1000 

Active-𝛽-catenin (anti ABC), clone 8E7 Mouse Millipore 05-665 1:250 

EGFP Mouse Abcam AB184601 1:1000 

𝛽-actin Mouse Santa Cruz Biotechnology sc-69879 1:10,000 

Secondary Antibody Target 
Animal 

Source 
Product Number Dilution 

Rabbit Immunoglobulin Goat Bio-Rad 1706515 1:1000 

Mouse Immunoglobulin Goat PerkinElmer NEF822001 1:1000 
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3.5 Orthotopic murine model 

An overview of the murine model is provided in Figure 3.3. 

3.5.1 Mice 

Research ethics approval was obtained for a pilot study to examine the effects of ABC 

overexpression on osteosarcoma in vivo (AUP 00004041). Fifteen nonobese diabetic/severe 

combined immunodeficiency (NOD SCID) mice (Charles River strain 394) were transferred to the 

animal facility at age 4.5 weeks. They were maintained on a standard diet of 4.5% rodent chow, 

which was freely available. The mice were given 5 days to acclimatize to the facility and personnel.  

3.5.2 Preparation of cells for injection 

At 5 weeks, the orthotopic xenograft implantation was performed. The mice were divided 

into 5 groups of 3 to be injected with the following cells: SaOS2, SaOS2-GFP, SaOS2-βcat, 

SaOS2-ABC, and LM7. On the morning of the procedure, the cells, which had been grown to 70-

90% confluence, were lifted from the flasks with the application of 0.05% trypsin for 5 minutes at 

37°C and 5% CO2, trypsin activity was stopped with the addition of CM. The cell suspension was 

then centrifuged at 1300 rpm for 5 minutes. The supernatant was discarded, and the pellet was 

resuspended in PBS. Cells were then counted using a Countess II FL automated cell counter and 

diluted to a concentration of 105 cells/µL. These suspensions were stored on ice until the time of 

injection. 

3.5.3 Orthotopic xenograft implantation procedure 

The mice were anesthetized with inhaled isoflurane until they reached a deep surgical plane 

and closely monitored for respiratory rate, cyanosis, and pedal reflexes throughout the procedure. 

Pre-operative analgesia was provided with 5mg/kg meloxicam and 0.5 mg/kg slow-release 

buprenorphine. The hair was removed from the left hind limb with a depilatory cream (Nair™). 

The limb was then washed with iodine followed by chlorhexidine surgical scrub solutions. Once 

dry, the limb was held fully flexed and a small 3-5mm incision was made overlying the patellar 

tendon, which was incised in line with the skin to expose the tibial plateau. A sharp bevelled 18-

gauge needle was introduced through the tibial plateau into the tibial metaphysis. This needle was 

then removed and replaced with a second 18-gauge bevelled needle fitted with 10µL syringe 

containing a cell suspension of 106 cells in 10µL of PBS. The incision was then sutured closed 
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with a single 4-0 vicryl suture. Anesthetic gas was then stopped, and the mouse was monitored 

until regaining consciousness. 

3.5.4 Post-operative monitoring 

The mice received nutritional support with a gel boost diet supplement for the week 

following the procedure and post-procedure infection prophylaxis sulfamethoxazole-trimethoprim 

(Novotrimel®) for 2 days prior to procedure and 7 days afterward. Mice were observed for signs 

of wound complications, infection, and general distress daily according to the checklist outlined 

in Table 3.3. Each animal was weighed prior to the procedure, daily for three days afterward, and 

then once every three days. If weight loss greater than 5% was observed, they continued to be 

weighed daily until they were back within 5% of their pre-procedure weight then resumed the 

usual schedule. Tumors were to be measured with calipers once palpable. If a mouse had a score 

of 3 in the respiration or responsiveness category, it was euthanized within an hour. If a mouse had 

a score of 3 in the body weight or gait category or had a total score of 12 or more, it was euthanized 

by the end of the day. If a mouse had a total score of 6-11 then it was given a dose of 0.05 mg/kg 

subcutaneous buprenorphine and reassessed in 2-3 hours. If no improvement in score, the mouse 

was euthanized. 

Table 3.3 Daily Mouse Observation Scoring Checklist 

Body Weight 

0 0-5% body weight loss 

1 6-12% body weight loss 

2 13-19% body weight loss 

3 ≥20% body weight loss 

Responsiveness 

0 Bright, alert and responsive 

1 Quiet and responds to movement 

2 Lethargic, does not respond to movement, responds to touch 

3 Moribund and non-responsive (requires euthanasia) 

Respiration 

0 Normal rate (<170 breaths/minute) and effort 

1 Mild increase (170-200 breaths/minute) and increased effort visible on chest 

2 Moderate elevation in rate (200-240/minute) or increased effort obvious on chest 

3 Sever, open-mouth breathing or holding elbows out from chest (requires euthanasia) 
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Posture 

0 Normal (back extended, moves freely) 

1 Hunched (a hunched or arched back) 

Gait 

0 Normal movement and mobility 

1 Abnormal (tremors, ataxia, paresis) 

2 Lameness on 1 limb, still weight bearing 

3 Non-weight bearing, unable to use one or more limbs (requires euthanasia) 

Hair Coat 

0 Normal (smooth, groomed, glossy) 

1 Abnormal (rough, un-groomed, dull-appearing, dry, or pilo-erection) 

Nest Building 

0 Standard quality nest 

1 Poor quality of nest 

Vocalization 

0 No vocalization when handled/restrained or while mobing around the cage 

1 Vocalization when handled/restrained or while moving around the cage 

Skin Incision 

0 Healthy incision 

1 Incision open <0.5 cm with granulation tissue present 

1 Incision open >0.5cm with no granulation tissue present (incision must be resutured) 

1 Mild-moderate swelling, discharge or redness 

1 Severe swelling, discharge or redness (Contact HSLAS) 

Tumor 

0 Tumor <16mmx16mm 

4 Tumor ≥16mmx16mm 

4 Any tumor dimension >20mm 

4 Ulceration of tumor 

 

3.5.5 Euthanasia, necropsy, and pathology 

The mice were euthanized 28 days following the procedure. Each mouse was anesthetized 

to a deep surgical plane with inhaled isoflurane. Once they were unresponsive, a cervical 

dislocation was performed. After death was confirmed by the absence of pulse and respiration, 

necropsy was performed. The left hind limb was carefully dissected to remove muscle and tendon 
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and preserve as much of the femur, tibia, and knee joint (with intact capsule) as possible. The lungs 

and liver were also carefully removed. All samples were placed in 10% neutral buffered formalin 

for fixation for several days.  Following fixation, limbs were demineralized and then each was 

placed in a cassette in preparation for processing.  The liver and all lung lobes were also fixed in 

10% neutral buffered formalin and following fixation were sectioned to a thickness of 2 mm and 

placed into cassettes for processing.  All tissues in cassettes were processed and embedded into 

paraffin blocks using routine techniques. A five micron thick section was made of each paraffin 

embedded tissue, placed on a glass slide, stained with hematoxylin and eosin and cover slipped.  

Stained slides were then examined microscopically by a board-certified veterinary pathologist for 

microscopic anatomic abnormalities including, but not limited to location of experimental 

injection sites, presence/ absence of tissue reactions to injected material, presence/absence of 

tumor engraftment in bone and presence/absence of tumor metastasis to lung and liver.  All 

abnormalities were documented and assessed as to significance in terms of the experimental 

procedure.   

 

Figure 3.3 Overview of orthotopic murine model of OS 

 

3.6 Statistical analysis 

Statistical tests were performed with Microsoft Excel and Stata (StataBE 17). Two-tailed t-

tests were used to compare invasion area, spheroid area, and invasion length between transient and 
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stable transfections. One-way ANOVA was used to analyse differences in invasive length between 

cell lines in the two respective families (HOS family: HOS/HOS-GFP/HOS-βcat/HOS-ABC/143-

B; SaOS2 family: SaOS2/SaOS2-GFP/SaOS2-βcat/SaOS2-ABC/LM7). Where ANOVA indicated 

a significant difference, a Bonferroni test was done to determine which means were significantly 

different. Results were considered statistically significant at p<0.05. 
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4 Results 

4.1 HOS and SaOS2 cells were successfully transfected with ABC and β-catenin 

Figures 4.1 and 4.2 show representative brightfield and fluorescent microscope images 

demonstrating successful transfection of the GFP-fused ABC and β-catenin as well as the GFP 

empty vector into the HOS and SaOS2 cell lines. The resulting transfectants were termed HOS-

ABC, HOS-βcat, HOS-GFP, SaOS2-ABC, SaOS2-βcat, and SaOS2-GFP. Transfection efficiency 

was improved with the empty vector plasmid as well as in the SaOS2 cells though greater 

cytotoxicity was observed in the SaOS2 cells. 

Stably transfected cell lines were established through selection with geneticin. Figures 4.3 

and 4.4 show the fluorescence pattern of the stably transfected cells. The resulting transfectants 

were termed HOS-ABCs, HOS-βcats, HOS-GFPs, SaOS2-ABCs, SaOS2-βcats, and SaOS2-GFPs. 

Intracellular location of the fluorescence was confirmed to be the same as the transient 

transfections at 10x magnification (not shown). Western blot and immunofluorescence 

experiments completed by a previous student confirmed production of the fused GFP-ABC and 

GFP-β-catenin proteins and the colocalization of the fluorescent proteins with their endogenous 

counterparts 297. The overall fluorescence of the stably transfected cells became less bright through 

the selection process. 
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Figure 4.1 HOS cells were successfully transfected with ABC (HOS-ABC), β-catenin (HOS-βcat), and GFP (HOS-

GFP). Images were taken at 10x and scale bars represent 400 µm. 
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Figure 4.2 SaOS2 cells were successfully transfected with ABC (SaOS2-ABC), β-catenin (SaOS2-βcat), and GFP 

(SaOS2-GFP). Images were taken at 10x and scale bars represent 400 µm. 
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Figure 4.3 Stably transfected HOS cells with ABC (HOS-ABCs), β-catenin (HOS-βcats), and GFP (HOS-GFPs). 

Images were taken at 4x and scale bars represent 1000 µm. 
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Figure 4.4 Stably transfected SaOS2 cells with ABC (SaOS2-ABCs), β-catenin (SaOS2-βcats), and GFP (SaOS2-

GFPs). Images were taken at 4x and scale bars represent 1000 µm. 
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4.2 A 20% collagen in BMM mixture was superior for OS 3D culture scaffold 

 Initially, 3D cultures of the untransfected cell lines were successfully established in a pure 

BMM scaffold (Figure 4.5). Qualitatively, 143B cells established larger spheroids than HOS cells, 

and LM7 cells established larger spheroids than SaOS2. In contrast, both HOS and SaOS2 formed 

an interconnected network of tubules between spheroids that was not observed in the metastatic 

daughter lines. Unfortunately, the matrix scaffold dissolved during the fixation process and the 

orientation and interactions between spheroids was lost. No quantitative analysis was performed 

on these samples. This also occurred with the use of a 10% collagen in BMM mixture. As the 

percentage of collagen increased, the spheroids universally displayed a more invasive phenotype 

as demonstrated by increased projections (Figure 4.6). At 20% collagen in BMM, spheroids were 

successfully established, and the scaffold was maintained throughout the fixation process. This 

was selected for all subsequent experiments. 

 

Figure 4.5 Preliminary spheroids of HOS, 143B, SaOS2, and LM7 cells established in a 100% BMM scaffold. 
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Figure 4.6 HOS spheroids grown for 7 days in different concentrations of collagen in BMM. As collagen percentage 

increased, size of the spheroids increased along with the number and size of projections. Images were acquired at 20x 

magnification, F-actin is stained red, and nuclei are stained blue. 

4.3 Metastatic cell lines formed larger spheroids compared to non-metastatic cell lines 

Figures 4.7 and 4.8 show representative images of 143B, HOS, LM7, and SaOS2 spheroids 

that were live-imaged at 2 weeks. Average IA, SA, and IL are given for each cell line in Table 4.1. 

The IA and SA of HOS cells were significantly smaller than the metastatic daughter line 143B 

(p<0.05); IL was also smaller in HOS compared to 143B but this did not reach statistical 

significance. Though not quantified, 143B spheroids were observed to be denser (i.e. appeared to 

contain more tightly-packed cells) than HOS spheroids. The IA, SA and IL were all significantly 

smaller in SaOS2 compared to its metastatic daughter line LM7 (P<0.05). 

100% BMM

100% Collagen

20% Collagen 33% Collagen
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Figure 4.7 Representative images of 143B and HOS spheroids. Images were taken at 4x magnification and scale bars 

represent 1000 µm. 
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Figure 4.8 Representative images of LM7 and SaOS2 spheroids. Images were taken at 4x magnification and scale 

bars represent 1000 µm. 

Table 4.1 Average invasion area, spheroid area, and Invasion length of HOS, 143B, SaOS2, and LM7. 

Cell 

Line 

Invasion Area 

(x104µm²) 

Spheroid Area  

(x104µm²) 

Invasion Length 

(µm) 

HOS 47.8 ± 37.6 16.6 ± 16.7 160.2 ± 54.0 

143B 88.6 ± 36.8 35.4 ± 25.1 200.6 ± 59.5 

p <0.05 <0.05 0.11 

SaOS2 9.15 ± 5.20 1.21 ± 1.16 106.3 ± 39.1 

LM7 66.2 ± 60.2 13.8 ± 14.8 239.6 ± 92.5 

p <0.05 <0.05 <0.05 

    

4.4 Stable and transient transfections did not form equivalent spheroids 

Figures 4.9, 4.10, and 4.11 show representative images of spheroids formed from transiently and 

stably transfected HOS cells, HOS-GFP, HOS-ABC, and HOS-βcat. Also shown are box-and-
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whisker plots of the IA, SA, and IL for each cell line. While these values were all statistically 

similar for HOS-βcat, there were significant differences between transient and stable transfectants 

of HOS-ABC and HOS-GFP.  Transiently transfected SaOS2 cells did not form any dectectable 

spheroids. Stably transfected SaOS2 cells formed very few spheroids, which are shown in Figure 

4.12. There were insufficient spheroids generated from transfected SaOS2 cells for analysis. 

 

Figure 4.9 Representative brightfield and fluorescent images, IA, SA, and IL of transient and stable HOS-GFP 

transfections. Images were taken at 4x magnification and scale bars represent 1000 µm. Box and whisker plots 

representing invasive area, spheroid area, and invasion length. Invasion length was found to be significantly different 

difference transient and stably transfected spheroids (p<0.05). No significant difference was found in invasive area or 

spheroid area (p>0.05). 

 



48 

 

 

Figure 4.10 Representative brightfield and fluorescent images, IA, SA, and IL of transient and stable HOS-ABC 

transfections. Images were taken at 4x magnification and scale bars represent 1000 µm. Box and whisker plots 

representing invasive area, spheroid area, and invasion length. All parameters were found to be significantly 

different difference transient and stably transfected spheroids (p<0.05). 
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Figure 4.11 Representative brightfield and fluorescent images, IA, SA, and IL of transient and stable HOS-ABC 

transfections. Images were taken at 4x magnification and scale bars represent 1000 µm. Box and whisker plots 

representing invasive area, spheroid area, and invasion length. No significant difference was found in any parameters 

between transient and stably transfected spheroids (p>0.05). 
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Figure 4.12 Representative brightfield and fluorescent images of spheroids generated from stably transfected SaOS-

GFP, SaOS-ABC, and SaOS-βcat. Images were taken at 4x magnification and scale bars represent 1000 µm. 
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4.5 Spheroids generated from HOS cells overexpressing ABC or β- are similar in size and 

have a similar invasion length to negative controls 

Given the significant differences in morphology between spheroids generated from stably 

transfected cells and those generated from transient transfections, values were not pooled for 

further analyses. To validate the use of HOS-GFP spheroids as a negative control, ANOVA testing 

was performed to detect any difference between the IA, SA and IL of spheroids generated from 

untransfected HOS, transiently transfected HOS-GFP, and stably transfected HOS-GFP. Table 4.2 

demonstrates that the size and morphology of spheroids made from transiently transfected cells 

are similar to the untransfected parent cells whereas the stably tranfected spheroids had a 

significantly smaller invasion area and length (p<0.05) and trended toward a smaller SA (p=0.06). 

All further analysis was therefore performed only with the results of transient transfections for all 

cell lines.  

Table 4.3 shows the effect of ABC and β-catenin transfection on the morphological 

characteristics of HOS spheroids. No significant difference was found in IA, SA, and IL of the 

different HOS transfectant lines (HOS-GFP, HOS-ABC, and HOS-βcat) compared to 

untransfected HOS.  

Table 4.2 Mean invasion area, spheroid area, and invasion length of transient and stable GFP-transfected HOS cells 

(HOS-GFPt and HOS-GFPs, respectively) compared to untransfected HOS cells. 

Cell Line 
Invasion Area 

(x104µm²) 

Spheroid Area 

(x104µm²) 

Invasion Length 

(µm) 

HOS 47.8 ± 37.6 16.6 ± 16.7 160.2 ± 54.0 

HOS-GFPt 31.7 ± 41.2 10.6 ± 15.6 124.6 ± 65.6 

p 0.81 0.96 0.37 

HOS-GFPs 3.52 ± 2.84 0.99 ± 6.23 44.6 ± 29.7 

p <0.05 0.06 <0.05 
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Table 4.3 Mean invasion area, spheroid area, and invasion length of spheroids generated from untransfected HOS, 

HOS-GFP, HOS-ABC, and HOS βcat 

Cell Line 
Invasion Area 

(x104µm²) 

Spheroid Area  

(x104µm²) 

Invasion Length 

(µm) 

HOS 47.8 ± 37.6 16.6 ± 16.7 160.2 ± 54.0 

HOS-GFP 31.7 ± 41.2 10.6  ± 15.6 124.6 ± 65.6 

HOS-ABC 46.4 ± 34.6 12.7 ± 11.0 175.9 ± 63.5 

HOS-βcat 23.9 ± 21.3 54.8 ± 54.8 135.4 ± 56.1 

p 0.44 0.41 0.20 

Planned Western Blots for ABC, β-catenin, GFP, E-cadherin, and vimentin could not be 

performed on spheroids due to insufficient protein in the spheroid lysates. 

4.6 Intratibial injection of SaOS2 and LM7 cells did not form primary or metastatic 

tumors  

Technically successful intraosseous injection of cell suspension was achieved in 13 of 15 

mice. One mouse died suddenly under anesthesia. Another underwent an apparently successful 

injection at the time of procedure but did not have any signs of knee trauma on microscopic 

examination after necropsy. The remainder of the mice had signs of successful intra-osseus 

injection on microscopic examination as demonstrated in Figure 4.13. However, no mouse in any 

group developed a primary tumor. There were no metastatic tumors in the lungs or liver tissues of 

the mice on gross and microscopic examination by a veterinary pathologist. 
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Figure 4.13 Sagittal cross-section of a mouse knee showing evidence of successful injection into the proximal tibia. 

F indicates the femur, T indicates the tibia, and the star marks focal cartilage damage consistent with a needle passing 

through the cartilage into the bone of the proximal tibia. 
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5 Discussion 

This study explored the feasibility of 3D and in vivo modelling of OS to study the role of 

ABC in OS progression and metastasis. Previous work in our lab has demonstrated that higher 

levels of ABC correlate with clinical disease stage and that levels are higher in known metastatic 

cell lines compared to less aggressive parent lines45. We have further shown that the overexpression 

of ABC in HOS and SaOS2 increases colony formation and cellular invasion in 2D cell culture297.  

Consistent with these results, Fang et al identified elevated levels of ABC in multiple OS 

cell lines and found that wnt inhibition led to decreased OS proliferation, migration, and invasion 

in vitro in two OS cell lines, 143-B and SJSA-146. While many investigators do not distinguish 

between ABC and β-catenin in their methods and results, multiple studies have found an increase 

in nuclear β-catenin in OS44,45,298–301, which is most likely ABC. This supports the proposed role 

of ABC in OS that is distinct from β-catenin. In contrast, however, Cai et al examined 52 OS 

biopsy specimens via immunohistochemistry (IHC) and found that the majority of the samples 

lacked nuclear β-catenin302, suggesting ABC levels and therefore wnt signalling patterns are not 

uniform across all OS tumors. 

These previous results highlight a potential role for ABC as a prognostic factor in OS. Up 

to 28% of OS patients who have non-metastatic disease at diagnosis will develop metastases within 

5 years8, which significantly reduces overall survival51. The ability to identify individuals in this 

at-risk group could lead to changes in the approach to treatment or monitoring of these patients in 

order to minimize disease progression. ABC has also been identified as a potential therapeutic 

target in OS. ABC is the form of β-catenin that mediates signalling of the canonical wnt pathway303. 

This pathway is vital in the development and progression of many cancers including OS and is a 

popular target in the development of novel therapeutics304. Given the complex and ubiquitous role 

of wnt signalling throughout normal tissues, the safety of targeting this pathway has been called 

into question305. Despite this, multiple early phase clinical trials examining wnt inhibition have 

been undertaken or are currently underway306. This includes an investigation of the use of 

Tegavivint therapy for treatment-refractory solid tumors including osteosarcoma307. This 

medication blocks the association of β-catenin with transducing beta-like protein 1 (TBL1), an 

interaction necessary for the transcriptional regulation and tumorigenesis associated with this 

pathway308.  
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One of the likely mechanisms by which increased ABC leads to OS progression and 

metastasis is via the epithelial to mesenchymal transition (EMT). EMT is a process by which cells 

with an epithelial phenotype take on the characteristics and cell-surface markers of mesenchymal 

cells, and is known to lead a greater migration, invasion, and metastasis309. The canonical wnt 

pathway is a well known and key activator of this process310. EMT is classically described for 

carcinomas—cancers originating from epithelial cells—and its relevance in sarcomas has been 

debated83,84. However, many studies have found that regulation of EMT in OS is associated with 

changes in cell behaviour consistent with a more invasive and metastatic phenotype311. Sannino et 

al have proposed that sarcoma tumors such as OS use the EMT pathways to acquire features of 

both epithelial and mesenchymal cells to promote both the initiation and establishment of 

metastases83. Activation of β-catenin is a key component of EMT regulation312. 

This study was the first to our knowledge that examined the role of ABC in OS in 3D cell 

culture, which allows the cells to organize and migrate in three dimensions rather than the 

traditional two-dimensional monolayer. This is a closer mimic to the cells’ natural environment 

and is potentially vital for understanding the behaviours of mesenchymal cells such as those that 

form OS, which are less likely than epithelial cells to organize into discrete layers in vivo. 3D 

culture also allows for cancer cell organization into small tumoroids (spheroids). Depending on a 

cell’s location within the spheroid, it may exhibit altered characteristics and may react differently 

to external stimuli. The complex interactions between cells within the spheroid play an important 

role in understanding cancer biology and studying therapeutic response or resistance. A benefit to 

our scaffold-based 3D culture model is that it provides extracellular proteins found in the tumor 

environment. Recent studies have also suggested adding hydroxyapatite to the scaffold for 3D OS 

models to mimic the unique environment found in bone tissue313,314.  

There are limitations to the 3D cell culture method. In addition to being more expensive, it 

is much more technically challenging and time consuming than 2D culture. The 3D cultures also 

lack associated cells and structures such as tumor-associated macrophages, blood vessels, and 

lymphatic vessels. While different co-culturing techniques have been developed in an attempt to 

replicate some of these conditions48, in vitro techniques will never be a perfect mimic of the natural 

tumor environment. 
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Of all of the 3D scaffold solutions studied, growth in pure BMM resulted in the most 

discrete spheroids that would arguably be the easiest to study and to discern differences between 

conditions. However, the scaffold fully dissolved during fixation resulting in the loss of the 

majority of the spheroids in the washing solution as well as the loss of the orientation and any 

connections between cells of neighbouring spheroids. This issue has been previously reported with 

BMM scaffolds315. We therefore trialled different mixtures of BMM and neutralized collagen to 

develop a less fragile scaffold. Collagen scaffolds have been used to induce a more invasive 

spheroid phenotype than BMM315, and this was supported by our observations that spheroids were 

larger and more branched as collagen concentration increased (Figure 4.6). To minimize this effect, 

we sought the lowest concentration of collagen in BMM that would withstand the fixation process 

at the appropriate time period, which was a 4:1 BMM-collagen mixture. This resulted in more 

reliable and reproducible experiments. 

Despite this, there was a very wide range in the size and morphology of different spheroids 

within each cell line even when grown under the same conditions and contained within the same 

scaffold/well. This is exemplified by the wide standard deviations reported for the invasion areas 

and spheroid areas reported for every cell line. In the future, to improve the likelihood of finding 

significant results, this protocol would benefit from increased observances and potentially a size 

cut-off to determine which spheroids would qualify for analysis. For example, Tanaka et al 

classified OS spheroids grown for 7 days as having a diameter greater than or less than 300 µm 

and used this classification as an investigative tool316. 

Two recent reviews of 3D OS culture systems delineate dozens of different protocols 

including differing scaffolds, scaffold-free techniques, cell concentrations, culture conditions, and 

other technical considerations48,317. The ongoing investigations into such a wide variety of methods 

suggests there is still no method that has been identified as an ideal model that is economical, 

reliable, and reproducible. 

In addition to the size variability of our spheroids, there were two other concerns with the 

3D culture system. The first was that transfected SaOS2 cells did not form spheroids even after 10 

days of incubation and regular media changes. SaOS2 is a more indolent cell line318, and it is 

possible they were more susceptible than the HOS cells to the adverse effects of liposomal 

transfection, which includes cytotoxicity and slow growth in some cells even after transfection of 
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only an empty vector containing a fluoresce reporter319, which was our negative control in this 

series of experiments. The second concern was the statistically smaller size of the spheroids formed 

from stably transfected HOS cells compared to transient transfections. Stably transfected cells and 

spheroids were maintained in culture containing geneticin, which is known to interfere with 

cellular growth and metabolism319,320. The spheroids formed for transiently transfected HOS cells 

in this study were persistently fluorescent at 2 weeks (Figures 4.10, 4.11, and 4.12), suggesting 

they continued to produce the target proteins despite being grown in our normal maintenance 

media rather than a selection media. The transient HOS-GFP cells formed spheroids similar in size 

to untransfected HOS, suggesting the transient transfection conditions did not alter the spheroid 

characteristics. Further investigations should therefore focus on spheroids generated from transient 

rather than stable HOS transfections. 

Our study attempted to examine the role of ABC in OS metastasis in vivo in an orthotopic 

murine model via injection of a cell suspension in PBS into the proximal tibial metaphysis. This 

is a well-established method of studying OS321–325. Unfortunately, none of our mice developed 

primary or metastatic tumors, indicating there was likely a problem either with the mice, the 

technique, and/or the cell suspension.  

We selected male adolescent mice with open physes as this represents the group most 

affected by OS5. However, we do note the cell lines used in our lab were originally derived from 

female patients. While we are not aware of any sex-specific characteristics of the cells, future use 

of female mice may optimize the tumour microenvironment. Given the deficiency of both innate 

and acquired immunity in NOD/SCID mice326, they are unlikely to have mounted a host versus 

graft response to reject injected tumor cells. This could also be a potential drawback in a successful 

murine model as immune cells play a critical role in the OS tumor microenvironment269,327. 

The proximal tibia was selected as the injection site for multiple reasons. It is the second 

most common site for OS in humans9, and the most common site for orthotopic OS xenograft 

reported in the literature179,321–325,328–331.  PBS was similarly the most commonly reported cell 

vehicle. However, some authors have used cell suspensions in BMM or collagen325,332. The use of 

a protein-rich matrix such as these not only provide additional nutritive support for the cells while 

they are establishing a primary tumor, but the increased viscosity may help prevent extravasation 

of the cell suspension into the vasculature or surrounding soft tissues325,332. Conversely, higher 
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viscosity vehicles have also been associated with increased shear stress of injected cell solutions 

and decreased cell viability333. To reduce shear stress in our procedure, we utilized a low-viscosity 

vehicle (PBS) and a relatively large-bore 18-gauge needle. 

With respect to the cells used for the in vivo experiments, SaOS2 was selected after careful 

consideration. While HOS is not as aggressive and metastatic as 143B, it is still a very locally 

aggressive cell line318. We felt that, compared to HOS/143B, the SaOS2/LM7 paired cell lines 

would have less potential for pain and disability caused to the animals. We also theorized that 

differences caused by the overexpression of ABC may be easier to detect from a more indolent 

baseline. The 3D cell culture and mouse studies were done simultaneously. At the time of cell 

injection, we were unaware that SaOS2 transfectants would not reliably form spheroids in 3D 

culture. Had we had these results at that time, we may have selected HOS cells for our orthotopic 

xenograft rather than SaOS2. However, the untransfected SaOS2 and LM7 cells also failed to form 

primary or metastatic tumors in our mice despite forming spheroids in 3D culture.  

Many researchers have raised concerns about the effect of multiple passages on the 

reliability of results when working with cell lines334–336. LM7 cells had been recently thawed from 

a frozen low-passage vial. SaOS2 cells were purchased new and had been passaged fewer than 

four times prior to injection, which should reduce contamination and/or altered phenotype. 

Regardless, cells will be sent for characterization prior to performing any new animal experiments. 

The aim of the mouse model is to study the effects of ABC overexpression on both primary 

tumor characteristics as well as the size and number of metastases. Some investigators contend 

that intra-osseous injection of tumor cells is not truly representative of spontaneous metastases as 

it could lead to the introduction of tumor cells directly into the circulatory system rather than from 

invasion of the primary tumor. This is based on the finding of pulmonary metastases that developed 

by 4 weeks following OS cell injection despite the injected limb being amputated within 30 

minutes337. This time frame would not allow for the development of a primary tumor that then 

spontaneously metastasized to the lungs. However, this is disputed by the results of another group 

with a similar protocol whose mice only developed metastases if the limb was retained for more 

than 7 days322. We aimed to minimize the possible effect of this in our protocol by injecting a small 

volume of cells into the metaphyseal bone via a pre-drilled hole. Maloney et al. found the 

maximum volume that a mouse tibia could contain prior to extravasation into the soft tissues or 
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systemic circulation was 10 µL337, which why we chose that volume for injection. However, we 

noted during the procedure that the 10 µL Hamilton syringe selected for precise injection in our 

protocol did not provide much tactile or visual feedback to confirm a successful injection. Future 

experiments would likely be done with a more traditional syringe and possibly a higher injection 

volume. While injection of more than 10 µL may provide direct seeding to the lungs, this is still a 

relevant model to study the establishment and growth of pulmonary metastases, especially 

considering the fact that some studies of OS metastases are done via direct vascular access through 

a tail vein injection122,338,339. The added advantage of the orthotopic model rather than tail vein 

injection is that it allows us to study both the primary and metastatic tumors and provides a more 

representative microenvironment for the primary tumor. 
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6 Conclusions and Future Directions 

We were able to successfully culture spheroids of HOS cells overexpressing ABC and β-

catenin. The continued overexpression of these proteins even after a week of culture was suggested 

by ongoing fluorescence but should be confirmed with Western Blot looking at ABC, β-catenin, 

and GFP levels and comparing these to freshly transfected cells. Unfortunately, we were unable to 

collect adequate protein from the spheroids in this study to carry out this confirmatory testing. 

While our limited data did not show any differences in spheroids induced by the 

overexpression of ABC, the present investigations were focused on optimizing the 3D model. Now 

that the culture conditions have been established, further investigations are needed to explore the 

potential differences between cell lines. Specifically, we would like to acquire more accurate 

information on the effects of ABC and β-catenin overexpression on morphology via confocal 

microscopy of fixed spheroids. Cytoskeletal morphology and 3D architecture can be characterized 

through the staining of F-actin with phalloidin as seen in Figure 4.6. We would also like to visualize 

the EMT transformation by incubating fixed spheroids with immunofluorescent antibodies to key 

EMT markers such as E-cadherin, N-cadherin, and Vimentin. 

Our in vivo model of OS was unsuccessful. Our next steps will be to perform a new pilot 

study using low-passage HOS cell lines, which we will first characterize to ensure they have not 

been contaminated or altered in some way from their baseline. We will continue to use an 

orthotopic model via intra-osseus injection but may explore the effects of distal femur injection, 

performing the procedure on both male and female mice, and using a BMM or collagen matrix for 

cell suspension. After ensuring the procedure is successful with all cell lines (including transfected 

cells), we will complete a full series of six animals per group to study the effects of ABC 

overexpression on OS tumorigenesis and metastasis in vivo. 

To further validate the role of ABC in OS progression and metastasis, it will be important 

to elucidate the exact downstream targets of ABC transcriptional regulation that result in 

phenotypic changes, local invasion, and metastasis. We are currently in discussions with another 

group regarding a proteomic analysis to identify the most likely candidates.  
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To identify whether ABC or the wnt pathway are viable therapeutic targets, both in vitro 

(2D and 3D) and in vivo experiments would ideally be repeated with ABC knockdown and/or wnt 

inhibition. Additionally, human studies will need to be undertaken to evaluate whether our results 

are generalizable to multiple presentations of OS and whether ABC inhibition could be an effective 

treatment to prevent OS progression without causing overwhelming systemic side effects.  

With respect to the role of ABC as a potential biomarker for OS metastasis, we are currently 

pursuing a study of paired biopsy and tumor specimens to validate a clinical role for ABC testing. 

A pilot study in our lab examining 30 specimens with immunohistochemistry targeting ABC has 

yielded promising results (not yet published), and we are set to receive additional samples to 

complete the study. This could eventually lead to the development of a test for tumor ABC levels 

at the time of OS diagnosis to identify patients at risk for metastasis and potentially modify 

treatment or surveillance for this group. 
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