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THESIS STATEMENT 

PURPOSE 

 The work presented throughout this thesis sought to functionally, 

mechanistically, and therapeutically investigate a number of top candidate gene 

targets and associated signalling pathways in osteosarcoma (OSA) that were 

originally identified using the Sleeping Beauty (SB) transposon system. Chapter 

1 begins with a current overview of OSA biology, metastasis, therapeutic 

treatments, and mechanisms of pain. Chapter 2 focuses on how new candidate 

OSA genes were identified using the SB system. Subsequent chapters (3-5) are 

dedicated to the functional and mechanistic characterization of three top 

candidate genes (SEMA4C, CSF1R, and ZNF217) with the explicit goal of 

characterizing their biology in the context of OSA and ultimately exploiting their 

therapeutic potential. 

 

MAJOR FINDINGS 

 In brief, 1) SEMA4C was found to be implicated in promoting OSA growth 

and metastasis. Cellular transformation associated with these cancer phenotypes 

could be reversed via administration of a monoclonal antibody against SEMA4C 

in vitro; 2) Active CSF1R was found to be involved in OSA growth and metastatic 

burden in part through enhanced ERK signalling which could be disrupted 

through small molecule CSF1R kinase blockade;  3) ZNF217 was found to 

accelerate OSA progression, growth, and metastasis through regulation of PI3K-

AKT signalling, which could be therapeutically blocked via an AKT inhibitor.
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Summary 

 Osteosarcoma is the most common primary cancer of the bone and third 

most common cancer in children and adolescents with approximately 900 new 

cases annually (400 pediatric cases) in the United States. A major facet of 

osteosarcoma is its high level of genomic instability, in particular chromosomal 

instability, which is the result of increased or decreased chromosome number in 

a cell. Furthermore, pain is the most common symptomatic feature of 

osteosarcoma that lacks effective therapy. Pain in osteosarcoma is relatively 

more complicated than many other painful conditions requiring a more thorough 

understanding of its etiology, pathobiology, and neurobiology to allow the 

development of better therapies for reducing pain in osteosarcoma patients. 

Studies are underway to define the diverse modalities of presentation, growth, 

development, metastases and nociception in osteosarcoma.  New data from 

human studies in combination with data from studies incorporating transgenic 

mouse models of osteosarcoma are providing valuable insights into the 

mechanisms underlying the development of both the tumor and the tumor-

induced pain. This will undoubtedly lead to improved prognoses as well as 

significantly decreased pain in the future. 
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Introduction 

 Osteosarcoma is the most common malignant bone tumor found in 

children and adolescents and is associated with many complications including 

metastases and intractable cancer pain (Smeester, Al-Gizawiy, & Beitz, 2012; 

Smeester, Lunzer, Akgun, Beitz, & Portoghese, 2014). Typically, the prevalence 

of osteosarcoma shows a strong relationship with skeletal growth and thus, the 

main incidence peak occurs in the second decade of life and generally is 

associated with a highly defined phenotype. Osteosarcoma also occurs in elderly 

adults in the sixth and seventh decades of life and is often preceded by certain 

genetic predispositions (Franchi, 2012). Osteosarcomas predominately form in 

the metaphyses of the long bones in the major growth centers such as the distal 

femur, proximal tibia and proximal humerus. Osteosarcomas are quite 

aggressive locally, but often produce early, lethal systemic metastases 

(Raymond & Jaffe, 2009). Chest CTs have been estimated to miss nearly 25% of 

metastatic nodules found during thoracotomy and up to 14% of metastases are 

not nodular in shape, which complicates the metastatic picture in many patients 

(Ciccarese et al., 2015). With no known precursor to osteosarcoma, treatment 

options are extremely limited. Adjuvant chemotherapy and surgical resection are 

standard therapies, but treatment efficacy still remains poor for over one-third of 

osteosarcoma patients (Gelderblom et al., 2011; Tsubaki et al., 2012). Although 

our understanding of the mechanisms underlying tumor development, tumor 

progression and metastasis is improving (Al-Salihi et al., 2007; Copeland & 
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Jenkins, 2010; Kim, Lewis, & Nadel, 2011; Sueyoshi et al., 2012; Tarkkanen et 

al., 1995), the complex nature of the bone tumor microenvironment presents 

unique challenges in identifying novel drug targets and treatment strategies.  

The most common presenting symptom of osteosarcoma is pain, 

particularly with activity. Osteosarcoma pain can start in adolescence, leading to 

hospitalization, reduced survival and poor quality of life. Pain in osteosarcoma is 

unique because of unpredictable and recurrent episodes of acute pain due to 

vaso-occlusive crises (VOC), in addition to chronic pain experienced by a 

majority of adult patients on a daily basis (Ballas, Gupta, & Adams-Graves, 

2012). As detection and survival among cancer patients have improved, pain has 

become an increasing challenge, because traditional therapies are often only 

partially effective (Falk & Dickenson, 2014). In this regard, treatment of 

osteosarcoma pain is complicated because long-term treatment choices remain 

limited and generally involve opioids, which impose liabilities of their own 

including constipation, mast cell activation, addiction and respiratory depression 

(Kohli et al., 2010). Moreover, significantly larger doses of opioids are required to 

treat pain in osteosarcoma as compared to other acute and chronic pain 

conditions. Pain can be life-long in osteosarcoma and may therefore influence 

cognitive function and lead to depression and anxiety, which can in turn promote 

the perception of pain (Ballas et al., 2012). In general, treatment of chronic pain 

remains unsatisfactory, perhaps due to the diverse pathobiology in different 

diseases. Therefore, it is critical to understand the mechanisms specific to the 

genesis of osteosarcoma-related pain to develop targeted therapies.  
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Normal bone development 

 Bone is a readily adaptive, mineralized tissue that performs diverse 

functions including enabling locomotion, storing nutrients such as phosphate and 

calcium and protecting soft tissues among many others. Despite its static 

appearance, osteoclasts and osteoblasts, two major cell types abundant 

throughout bone tissue are constantly remodelling bone. Osteoblasts are the 

resident bone-producing cells of the body. Osteoblasts are derived from a 

lineage of cells arising from a mesenchymal origin (Long, 2012), while 

osteoclasts arise from a hematopoietic lineage (Yavropoulou & Yovos, 2008). 

The remodelling of bone is a tightly coupled process. From a physiological 

perspective, distinct differentiation and maturation pathways of these two cell 

types allows for uninterrupted maintenance of bone homeostasis (Sims & Martin, 

2014). The differentiation process of osteoblasts is often divided in specific 

stages: mesenchymal progenitors, preosteoblasts, and osteoblasts. Similarly, 

this process also occurs in osteoclastogenesis where cells of myeloid origin 

differentiate into one of four cell types, one being osteoclasts (Yavropoulou & 

Yovos, 2008). While differentiation stages are useful for cellular identification, the 

maturation process is not well understood. Often, the identities of cells during 

each stage are characterized by expression of various molecular markers highly 

associated with osteoblast development. Markers of cells from mesenchymal 

origin are not well defined and are still a matter of intense debate. Similarly, 

preosteoblast markers are also difficult to identify. These cells are highly 
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heterogeneous in their expression patterns, as this stage can encompass various 

cell types during maturation into osteoblasts, bone-lining cells or osteocytes. 

However, two common transcription factors, Runt-Related Transcription Factor 2 

(RUNX2) and later OSTERIX (also known as SP7) are expressed during 

maturation and are highly associated with maturation of the preosteoblast lineage 

(Fakhry, Hamade, Badran, Buchet, & Magne, 2013), while Hematopoietic 

Transcription Factor (PU.1), Microphthalmia-Associated Transcription Factor 

(MITF) and c-FOS are associated with osteoclast precursors (Yavropoulou & 

Yovos, 2008).  

 

Tumorigenesis 

 There is currently no known origin to osteosarcoma, however, much 

research has pointed to osteoblasts as the progenitor cell type. The single most 

shared feature of all osteosarcomas histologically is the presence of osteoid 

matrix, secreted by malignant cells in the growing tumor. In addition, the 

presence and quantity of this matrix does not define the disease, as 

osteosarcomas may be composed of many tissue types including chondroblastic, 

fibroblastic and osteoblastic (Quist et al., 2015). Osteosarcoma has been shown 

to be associated with loss of key tumor suppressor genes such as Tumor Protein 

P53 (TP53) and Retinoblastoma 1 (RB1) (Walkley et al., 2008) and alterations in 

p53 are associated with reduced event-free survival (Tsuchiya et al., 2000). 

Moreover, sporadic osteosarcomas are highly associated with mutations in the 

RB gene. Additionally, germline mutations in the p53 gene predisposes patients 
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with Li-Fraumeni syndrome (LFS) to osteosarcoma (Porter et al., 1992) with an 

incidence of up to 12% (Siddiqui et al., 2005). 

 

Chromosomal abnormalities 

 Despite its well-defined phenotypic characteristics, genetically speaking, 

osteosarcoma is chaotic and disordered. It is often associated with massive 

chromosomal rearrangements, cytogenetic aberrations and numerous mutations 

(Moriarity et al., 2015). Numerous cytogenetic and molecular studies of 

osteosarcoma have been conducted in recent years yielding interesting results, 

but often with conflicting findings (Ragland, Bell, Lopez, & Siegal, 2002). Many of 

these studies have limited prognostic and diagnostic value and fail to understand 

the driving events necessary for osteosarcoma development. However, the 

overall infrequency of this disease makes elucidating these factors all the more 

challenging. It has been apparent since early studies that osteosarcomas have a 

significant propensity towards aneuploidy with over 96% of high-grade cases 

being hyperploid (Ragland et al., 2002). Furthermore, cytogenetic analyses have 

provided evidence for enormous variation in karyotypic alterations. A major facet 

of osteosarcoma is its high level of genomic instability, in particular chromosomal 

instability (CIN). CIN can contribute to tumor initiation and progression through 

altering expression of proto-oncogenes or tumor suppressor genes. The rate of 

gain or loss of entire chromosomes or sections is significant in the pathogenesis 

of osteosarcoma resulting in numerous aberrations and wide variability between 

cells and tumors (Martin, Squire, & Zielenska, 2012). 
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Oncogene/tumor suppressor gene dysfunction 

 The search for specific drivers of osteosarcoma development have 

stemmed from the early cytogenetic and molecular findings. Initial genetic studies 

sought to identify important genes involved in cancers although not necessary 

specific to osteosarcoma. These early studies have implicated a number of 

important tumor suppressors, oncogenes and growth factors that are implicated 

in other sarcomas and carcinomas as well (Ragland et al., 2002). As stated 

earlier, perhaps the best two characterized examples of this are the tumor 

suppressor gene TP53 and the retinoblastoma RB1 gene. The location of TP53 

on chromosome 17p13 is an area frequently altered in osteosarcomas and is 

readily apparent in cytogenetic analyses. Alterations in the TP53 gene have 

significant effects on the downstream signaling targets, many of which are 

normally involved in cell cycle control and apoptosis. Gene rearrangements, point 

mutations, epigenetic modification (Mu, Brynien, & Weiss, 2015; Mu et al., 2014), 

and/or allelic loss can presumably lead to inactivation of normal TP53 function 

and these aberrations have been associated with the development of 

osteosarcoma. In a recent study that characterized the genomic landscape of 

osteosarcoma via whole genome sequencing (WGS), the majority of TP53 

inactivation in osteosarcoma was found to be due to translocations (Chen et al., 

2014). Furthermore, this study highlights the fact that TP53 mutation is highly 

prevalent in osteosarcoma, with >90% of all tumors containing a mutation in at 

least one allele, and upwards of 80% containing mutations in both alleles. In 
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addition to the TP53 gene, associations between osteosarcoma and RB1 are 

well recognized as well, especially in patients with hereditary retinoblastoma of 

which osteosarcoma incidence is 1000 times higher than in the general 

population. Loss of heterozygosity and/or sporadic alterations in the RB1 gene is 

apparent in >60% of osteosarcoma cases and these genetic changes have 

significant prognostic value (Sadikovic et al., 2008). As only these prototypical 

cancer genes and a few others have been definitively implicated in 

osteosarcoma, there is a pressing need to identify more genes and pathways 

governing its development and metastasis to better treat osteosarcoma patients 

and their associated pain.  

 

Axonal guidance genes in osteosarcoma 

 Recently, a new pathway has been identified using the Sleeping Beauty 

mutagenesis system in mice implicating axon guidance genes such as 

Semaphorin-4D (SEMA4D) in osteosarcoma (Moriarity et al., 2015). During 

normal bone homeostasis, osteoclasts express high levels of Sema4d, whereas 

osteoblasts do not. Instead, osteoblasts express its cognate receptor and co-

receptor, Plexin B1 (Plxnb1) and Erb-B2 Receptor Tyrosine Kinase 2 (Erbb2), 

respectively. Thus, it is possible that misexpression of SEMA4D and MET proto-

oncogene, receptor tyrosine kinase (MET) in osteoblasts might give rise to a 

subset of osteosarcomas. Similarly, the tumorigenic properties induced by 

overexpression of SEMA4D in human osteosarcoma cells are dependent on 

MET and ERBB2 levels, which has been reported (Swiercz, Worzfeld, & 
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Offermanns, 2008). Previous studies in osteosarcoma showed that high levels of 

ERBB2 are associated with a good outcome and that overexpression of MET can 

directly transform osteoblasts into osteosarcomas (Akatsuka et al., 2002; Patane 

et al., 2006). The fact that SEMA4D is a cell surface receptor makes it an 

attractive candidate for novel therapies. This will be addressed later in the 

chapter.  

 

Metastasis 

 Approximately 20-30% of osteosarcoma patients have overt metastases at 

diagnosis and about 40% of patients will develop lung metastases during the 

course of treatment (Kager et al., 2003; Kansara & Thomas, 2007; Meyers et al., 

1993). Analysis of clinical outcomes of patients without overt metastasis at 

diagnosis prior to the advent of chemotherapy demonstrated >90% of patients 

developed lung metastasis 6-36 months after surgical resection, indicating the 

majority of seemingly non-metastatic patients actually have micro-metastatic 

disease at diagnosis (Chen et al., 2014). While it is largely believed that the 

implementation of chemotherapy eradicates these developing micro-metastases 

in many cases, these data highlight the fact that metastasis is the most important 

factor associated with poor outcome in osteosarcoma (Allison et al., 2012). 

Recent work from Moriarity and colleagues identified many genes that promote 

osteosarcoma development and metastasis through a forward genetic screen in 

mice using the SB transposon-based mutagenesis system. Both classes of 

genes (oncogenes and tumor suppressors) may be critical for development of 
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detectable metastases present at diagnosis and/or the ability of latent micro-

metastases to develop to a detectable level. Subsets of genes identified via the 

SB screen were only present in the metastatic lesions, while others were found 

both in primary tumors and metastases. Among those genes identified were 

Phosphatase And Tensin Homolog (Pten), Glycogen Synthase Kinase 3 Beta 

(Gsk3b), Synaptosome Associated Protein 23kDa (Snap23), Mitogen-Activated 

Protein Kinase Kinase Kinase Kinase 3 (Map4k3), Rho GTPase Activating 

Protein 35 (Arhgap35 (Grlf1)), Rho/Rac Guanine Nucleotide Exchange Factor 18 

(Arhgef18), Axin 1 (Axin1), Raf-1 Proto-Oncogene, Serine/Threonine Kinase 

(Raf1) and Ubiquitin Associated Protein 2 Like (Ubap2l). Interestingly, these have 

been implicated in metastasis of other cancers which supports the conclusion 

that these genes are central to osteosarcoma metastasis (Moriarity et al., 2015). 

Additionally, bone metastases are also highly painful. The ability for 

osteosarcoma to successfully metastasize relies in part on its ability to exploit 

many mechanisms of normal bone remodeling (Sottnik, Hall, Zhang, & Keller, 

2012). Two such examples of this are the Wnt family of proteins and bone 

morphogenetic proteins (BMPs), both of which are critical in bone development 

and are implicated in cancer pain (Nguyen, Scott, Dry, & James, 2014; Y. K. 

Zhang et al., 2013). The evolving physiologic and pathological roles of the Wnt/b-

catenin signaling pathway may offer attractive therapeutic targets for novel 

antagonists and inhibitors for patients with primary and metastatic osteosarcoma. 

Likewise, BMPs are responsible for numerous osteoinductive cellular processes 

including bone growth, differentiation and matrix maintenance (Nguyen et al., 
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2014). In vitro examination in numerous osteosarcoma cell lines revealed highly 

abundant expression of BMPs in virtually all lines tested (Anderson et al., 1995; 

Hara et al., 1996; Ogose, Motoyama, Hotta, Watanabe, & Takahashi, 1995). 

Moreover, BMP expression has been found to correlate with metastasis in 

osteosarcoma (Arihiro & Inai, 2001), while overexpression of BMP-9 reduces 

invasion and migration properties of osteosarcoma cells (Lv et al., 2013). 

Conversely, analysis of 47 human osteosarcoma found no correlations between 

BMP expression and prognostic outcomes (Sulzbacher, Birner, Trieb, Pichlbauer, 

& Lang, 2002). Furthermore, BMPs have also been shown to induce bone 

formation in human osteosarcoma cells (Wang et al., 2013). As mentioned 

earlier, osteosarcomas can present with mixed cell lineages and differentiation 

patterns (Quist et al., 2015). These studies and others suggest that perhaps 

BMPs may be expressed at differing levels depending on the cellular state and 

their presence may offer an attractive therapeutic option for the treatment of 

osteosarcoma. While the significance of BMP signaling in osteosarcomagenesis 

is not yet fully understood, current research suggests BMPs may play an 

important role.  

 

Characteristics of pain in osteosarcoma 

 Cancer-induced bone pain is a complex pain state involving a combination 

of background, spontaneous, and incident (movement-evoked) pain (Falk & 

Dickenson, 2014; Portenoy & Hagen, 1990). Regional pain alone or in 

combination with a palpable mass are the two main reasons that osteosarcoma 
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patients consult a doctor. Patients with osteosarcoma of the jaws typically 

present with pain, swelling, ulceration or neurological deficit (J. H. Bennett, 

Thomas, Evans, & Speight, 2000), but again pain is a major symptom causing 

these patients to seek medical attention. Currently only about half of patients with 

cancer-induced bone pain experience temporary relief from conventional 

therapies (Meuser et al., 2001), which stresses the need for the development of 

more effective treatments. The following table summarizes some of the types of 

pain experienced by bone cancer patients and animal models of bone cancer 

pain (Table 1). 

 

 Peripheral and central mechanisms of pain in osteosarcoma 

While our knowledge of the mechanisms of bone cancer pain is ever 

expanding, part of our failure to adequately manage osteosarcoma and other 

forms of bone cancer pain is an inadequate understanding of the etiology and 

mechanisms involved. Cancer-induced bone pain is a mixed-mechanism pain 

state exhibiting elements of inflammatory, neuropathic and ischemic pain, but 

with distinctive effects on the tissues and nerves in the periphery, as well as 

unique biochemical changes within the spinal cord (Falk & Dickenson, 2014; Zhu 

et al., 2015). 

 

Peripheral mechanisms 

 As summarized by Falk and colleagues, the biology of cancer-induced 

bone pain involves a complex interplay among the tumor cells, peripheral nerves, 
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and cells of the bone (Falk & Dickenson, 2014). The tumor cells trigger a number 

of nociceptive and immune responses that ultimately recruit inflammatory cells 

including macrophages, neutrophils, and T cells to the bone resulting in release 

of a plethora of endogenous chemicals acting on bone cells, cancer cells and 

importantly on primary afferent nerve fibers (P. W. Mantyh, Clohisy, Koltzenburg, 

& Hunt, 2002; Ueno & Oh-ishi, 2002).  Thus, tumor and tumor-associated cells in 

the cancer microenvironment may release various peripheral mediators. These 

include adenosine triphosphate (ATP), formaldehyde, protons, proteases, 

endothelin, bradykinin, tumor necrosis factor (TNF) and nerve growth factor 

(NGF), that result in the activation and/or sensitization of peripheral and central 

neurons (Lam, 2016; Shor et al., 2015). The complexity of this neuroimmune and 

inflammatory effect on cancer pain has been recently reviewed (Brown & 

Ramirez, 2015). Ultimately this cascade of events leads to the activation and 

sensitization of nociceptors, the degradation of bone, and subsequent increased 

tumor growth (Falk & Dickenson, 2014). Furthermore, studies have shown that 

cancer cells in the bone induce a highly disorganized sprouting of sensory and 

sympathetic fibers, leading to the formation of small neuromas. These 

disorganized bundles of nerve fibers are thought to contribute to episodes of 

breakthrough pain or even movement-induced pain (Jimenez-Andrade, Ghilardi, 

Castaneda-Corral, Kuskowski, & Mantyh, 2011; W. G. Mantyh et al., 2010). In 

addition to changes in nerve fibers, bone tumors in mice have also been shown 

to be associated with changes in both blood vessels and lymphatics, which may 
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facilitate metastasis and which interestingly, can be altered by acupuncture 

treatment (Smeester et al., 2013). 

 

Central mechanisms 

 Both the spinal cord dorsal horn and dorsal root ganglia undergo unique 

changes induced by bone tumors suggesting that the peripheral alterations drive 

central alterations. Some of the bone tumor-induced changes observed in spinal 

glial and neurons are distinct, but many are reflective of changes seen with other 

chronic pain states. Thus, tumors are associated with increased expression of 

dynorphin with accompanying spinal astrocyte hypertrophy and upregulation of 

galanin and AF3 (Falk & Dickenson, 2014; Smeester et al., 2013). Clearly, the 

recent identification of a vast number of mediators and receptors that contribute 

to bone cancer-related pain, as well as more detailed knowledge of the 

peripheral and central mechanisms underlying the development of bone tumor 

nociception will provide novel therapeutic targets for treating patients with 

osteosarcoma pain. Subsets of these targets are discussed in more detail below. 

 

Treatment of osteosarcoma  

From the discussion above, it is clear that due to the complex nature of 

osteosarcoma pathobiology and the neurobiologic mechanisms that underlie the 

development of bone cancer pain, it may be necessary to target multiple 

receptors, mediators and genes to adequately treat osteosarcomas and 
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osteosarcoma-associated pain. Below we review some of the established and 

novel targets for the treatment of osteosarcoma and its associated pain.  

 

Immunomodulation 

Semaphorins 

VX15/2503 (Vaccinex, Inc.) is a highly novel, immunomodulatory 

monoclonal antibody that specifically targets SEMA4D (CD100), a receptor and 

soluble protein from the semaphorin family known to be involved in immune 

modulation (Evans et al., 2015) and regulation of normal bone formation 

(Negishi-Koga et al., 2011). Initial interest in this monoclonal antibody was rooted 

in results indicating that immune cell-dependent interactions were in fact 

responsible for its anti-tumor activity (Evans et al., 2015). Early preclinical studies 

have determined that high concentrations of SEMA4D are expressed at the 

invasive border of many human cancers and that this border restricts the anti-

tumor cell infiltrate from effectively combating the growing tumor. Treatment with 

anti-SEMA4D restores the inhibited immune response leading to reduced tumor 

burden and delayed growth in animal models. Furthermore, anti-SEMA4D 

blockade results in phase I clinical trials of 42 adult patients with advanced solid 

tumors have been well tolerated with many exhibiting stable disease over various 

treatment regimens. Antibody therapy targeting SEMA4D has also been shown 

to reduce tumor growth in a xenograft model of soft tissue sarcoma (STS) when 

combined with antibody therapy for Vascular Endothelial Growth Factor (VEGF) 

(H. Zhou, Binmadi, Yang, Proia, & Basile, 2012).  
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Intracellular signaling pathway inhibitors 

Hedgehog (Hh) 

 While encompassing diverse functions such as tissue homeostasis and 

embryonic development, Hedgehog (Hh) signaling is highly complex and not 

completely understood (Briscoe & Therond, 2013). Signaling through its receptor 

Patched-1 (PTCH), Smoothened is activated and promotes subsequent 

downstream signaling pathway of the Hedgehog (Hh) pathway (Lum & Beachy, 

2004). This activation has been implicated in many cancers including 

osteosarcoma where aberrant activation increases cell proliferation, but can be 

reduced through inhibition of the signaling (Paget et al., 2012). Hedgehog 

inhibitors have been successfully tested in clinical trials of other cancers such as 

chondrosarcoma (Campbell et al., 2014; Tiet et al., 2006), carcinoma (Von Hoff 

et al., 2009) and medulloblastoma (Rudin et al., 2009) providing solid evidence 

for consideration as a novel therapeutic in osteosarcoma. 

 

Mammalian target of rapamycin (mTOR) 

 The Mammalian Target of Rapamycin (mTOR) is a protein kinase that 

regulates cell survival and proliferation (Zarogoulidis et al., 2014). Due to its 

diverse functions, mTOR is implicated in many cancers making it an attractive 

target in treating tumors, including osteosarcoma. In one recent study, activated 

mTOR was visualized in osteosarcoma and the staining positively correlated to 

metastasis and necrosis (Q. Zhou et al., 2010). Targeted inhibition of the 
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signaling pathway of mTOR has been shown to reduce metastatic behaviour in a 

mouse model of osteosarcoma (Wan, Mendoza, Khanna, & Helman, 2005) as 

well as human xenograft models (Houghton et al., 2008). Current and future 

clinical trials using mTOR inhibitors may prove therapeutically fruitful in the 

treatment of osteosarcoma (Mu, Isaac, Schott, Huard, & Weiss, 2013). 

  

Tyrosine kinase receptors 

Human epidermal growth factor receptor 2 (HER2) 

 HER2 is a member of the human epidermal growth factor receptor family. 

Located on chromosome 17, activation and overexpression has been implicated 

in a number of cancers including osteosarcoma. HER2 is overexpressed in ~40% 

of osteosarcomas and has been found to occur more frequently in metastatic 

patients (Ando et al., 2013). Expression was also found to correlate with 

decreased tumor necrosis and event-free survival (Gorlick et al., 1999). Chimeric 

antigen receptor (CAR) modified T cells have been shown to kill HER2-positive 

osteosarcoma cells in xenograph and metastatic mouse models (Ahmed et al., 

2009). 

 

Vascular endothelial growth factor (VEGF) 

 VEGF expression has been shown to involved in osteosarcoma (Hassan 

et al., 2012), correlated with overall survival (Abdeen et al., 2009) and implicated 

in metastatic development (Ando et al., 2013). A recent paper by Zhou and 

colleagues found anti-VEGF strategies to be anti-angiogenic in osteosarcoma (H. 
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Zhou et al., 2012). Interestingly, SEMA4D blockade enhanced the anti-cancer 

activity of anti-VEGF treatment that provide a viable adjunct to VEGF therapy 

alone. While discussed above, development of a highly novel monoclonal 

antibody to SEMA4D is underway and may provide further insight into targeting 

VEGF-resistant tumors as well as associated malignancies. 

 

Treatment of osteosarcoma pain 

With a growing population of patients receiving inadequate treatment for 

intractable bone cancer pain, new targets need to be considered to better 

address this largely unmet clinical need for improving their quality of life. In 

general, while there are a variety of methods that are used to treat bone cancer 

pain, including bisphosphonates, radiation therapy, chemotherapy, hormone 

therapy and surgery, the clinical treatment of bone cancer pain still focuses on 

the three-step program. This program was established by the World Health 

Organization and includes NSAIDs and narcotics as therapeutic treatment 

options. However, as we learn more about the mechanisms responsible for 

cancer pain and the genetic basis for the development of osteosarcomas, there 

are several areas that offer hope for the development of novel treatments for 

bone cancer pain. It is important to point out that bone cancer pain can be 

treated by both systemic and local administration of drugs as well as alternative 

medical approaches. The obvious advantage of peripheral targets is the reduced 

potential for CNS side effects, such as the sedation and nausea that often 

accompany opiate analgesics.   
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Cytokines 

Pain is a complex trait and thus, the influence of genetics on pain 

sensitivity and the efficacy of analgesics is an ongoing challenge. A recent study 

found that polymorphisms in the Interleukin 1 Beta (IL-1b) family have a 

significant influence on cytokine serum levels and maximum pain intensity in 

cancer patients, as well as affecting cancer proliferation (Oliveira et al., 2014). IL-

1β has been shown to be expressed in astrocytes and microglia and in 

nociceptive dorsal root ganglion neurons (Copray et al., 2001) and thus may 

represent a target for the treatment of cancer pain. 

 

TRPV1 receptors 

TRP channels were first identified in Drosophilia (Montell, 2011) and 

TRPV1 denotes the transient receptor potential channel family number 1 and 

was the first mammalian TRP channel to be cloned (Caterina et al., 1997). 

Capsaicin and other TRPV1 agonists selectively stimulate nociceptive neurons 

and thus while it induces pain, it is possible to treat pain by boosting algesic 

pathways (Fattori, Hohmann, Rossaneis, Pinho-Ribeiro, & Verri, 2016). In this 

regard the use of the TRPV1 agonist, resiniferatoxin (RTX) to block cancer pain 

has recently been reviewed (Iadarola & Gonnella, 2013). In human cancer 

patients, RTX was given by intrathecal injection into the lumbar cistern and all 

patients experienced substantial analgesia without significant side effects. In 

addition, a recent study has shown that cancer cells undergo numerous 
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metabolic changes that include increased glutamine catabolism and over-

expression of the enzyme glutaminase, which mediates glutaminolysis. This 

produces large pools of intracellular glutamate (Fazzari, Linher-Melville, & Singh, 

2016). This is coupled to an up-regulation of the plasma membrane antiporter, 

system xc-. System xc- is an amino acid antiporter that typically mediates the 

exchange of extracellular l-cystine and intracellular l-glutamate across the cellular 

plasma membrane. The exchange-mediated export of l-glutamate is particularly 

important within the nervous system, since it represents a non-vesicular route of 

release through which glutamate can participate in either neuronal signaling or in 

excitotoxic pathology. With respect to osteosarcomas, the excess glutamate is 

released directly from the cancer cells and can act on peripheral glutamate 

receptors located on nerve fibers. It is known that glutamate receptors can 

modulate peripheral TRPV1 receptors [78]. Thus, the released glutamate 

converges on peripheral afferent nerve terminals to transmit nociceptive signals 

through TRPV1. Activation of TRPV1 receptors can ultimately initiate central 

sensitization in response to tumor-released glutamate (Fazzari et al., 2016). 

Thus, using RTX to block peripheral TRPV1 channels would block this excess 

glutamate effect on TRPV1 and reduce both tumor-induced peripheral and 

central sensitization. 

 

Opioid receptors 

 Three members of the opioid receptor family were cloned in the early 

1990s, including the delta-opioid receptor (DOR1), the mu-opioid receptor 
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(MOR1) and the kappa-opioid receptor (KOR1) (Przewlocki & Przewlocka, 2001). 

These three receptors and their corresponding peptide systems are significantly 

implicated in antinociceptive processes. Opiates have long been the mainstay of 

treatment for chronic bone cancer pain. However, there is increasing pressure to 

ensure that prescribing opioid analgesics is minimized to reduce not only the risk 

of dependence and illicit diversion, but also the potential harms associated with 

tolerance, side effects and complications, since opioid doses required for bone 

cancer patients are associated with adverse side effects further diminishing their 

quality of life (Remeniuk et al., 2015). This has often led to opiate under-dosing 

(Varilla, Schneiderman, & Keefe, 2015). It is important to note that while opioids 

are routinely used to treat tumor-induced bone pain, Parreca’s lab has shown 

that sustained morphine use increases pain, osteolysis, bone loss, and 

spontaneous fracture, as well as markers of neuronal damage in DRG cells and 

the expression of pro-inflammatory cytokines in a rodent model of bone cancer 

(King et al., 2007). More recent studies indicate that morphine contributes to 

chemo-resistance via expanding the population of cancer stem cells, promotes 

tumor angiogenesis and promotes tumor growth, thereby revealing a novel role 

of morphine and providing some new guidelines for the clinical use of morphine 

(Bimonte et al., 2015; Niu et al., 2015). It is also worth noting that treatment 

guidelines tend to consider morphine and morphine-like opioids comparable and 

interchangeable in the treatment of chronic cancer pain, but individual responses 

can vary. A recent clinical trial found that while there were no significant 

analgesic differences among morphine, oxycodone, transdermal fentanyl or 
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buprenorphine, the dose escalation was greater with fentanyl and switches and 

discontinuations were more frequent with morphine (Corli et al., 2016). 

Interestingly, this study identified groups of patients that were non-responders to 

opiate treatment ranging from 11.5% (morphine) to 14.4% (buprenorphine).  

Thus, subsets of patients that do not respond to opiates are found in the general 

population and like non-responders for acupuncture analgesia (discussed below), 

these patients should be considered for alternative treatments. Finally, cannabis 

may be used both to treat chronic cancer pain and importantly to significantly 

reduce opiate usage. Thus, a 2011 clinical trial that examined the administration 

of vaporized plant cannabis in chronic cancer pain patients on a daily regimen of 

morphine or oxycodone reported that inhaled cannabis augments the analgesic 

effect of opioids (Johnson et al., 2010). 

 

Complementary/alternative therapies 

While acupuncture has been around for thousands of years, only recently 

has it been evolving as a promising approach to relieve chronic cancer pain 

(Dhanani, Caruso, & Carinci, 2011; Stone & Johnstone, 2010). A recent study 

has shown that acupuncture and related therapies are effective in reducing pain, 

fatigue, and in improving quality of life when compared with conventional 

intervention alone among cancer patients (Lau et al., 2016). On the other hand, a 

subgroup analysis of 5 randomised controlled trials (RCTs) that evaluated 

acupuncture’s effect on cancer pain, did not include cancer-induced bone pain, 

because none of the studies made any reference to bone pain (Paley, Johnson, 
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Tashani, & Bagnall, 2015). At this point in time there is not convincing evidence 

that acupuncture significantly reduces cancer pain in the human literature. That 

being said there are several studies using animal models of cancer bone pain 

that suggest that acupuncture can reduce bone tumor-induced pain including 

osteosarcoma-induced pain (Ryu, Baek, Park, & Seo, 2014; Smeester et al., 

2012; R. X. Zhang et al., 2007). The animal data suggest that electroacupuncture 

can alleviate bone cancer pain, at least in part by suppressing IL-1b expression 

and by altering nerve innervation and the vasculature of osteosarcoma. However, 

the acupuncture treatment schedule can affect tumor growth and therefore the 

sequence of acupuncture treatment must be determined carefully (Smeester et 

al., 2013). Clearly, more clinical research is required to address whether 

acupuncture can reproducibly reduce pain in human osteosarcoma patients 

without unwanted tumor-related consequences. 

 

Conclusion 

Despite advances in our knowledge of osteosarcoma biology, 

development, metastasis and its associated pain, the current treatment options 

have not changed over the last four decades and continue to rely on tumor 

resection and non-specific combination chemotherapy, which results in a dismal 

5-year survival rate of 0-29% for patients with clinically detectable metastases 

(Allison et al., 2012; Jaffe, Puri, & Gelderblom, 2013). Additionally, severe lack of 

knowledge regarding osteosarcoma metastasis hinders advancement of clinical 

treatment in pediatric patients. With limited human samples available, animal 
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models hold promise for further understanding of the biology, pathways, and 

treatment options for osteosarcoma patients. While each model has its specific 

limitations, the collective insight into the genetics has proven extremely fruitful. 

With the advent of novel genetic engineering approaches, future studies will be 

instrumental in better modelling of the disease and uncovering new and valuable 

information. While conventional chemotherapy and surgical resection remain 

mainstays, in combination with new approaches will lead to highly novel 

treatments and prolonged if not remissive prognoses as well as significantly 

decreased pain for osteosarcoma patients in the future. 
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Table 1. Summary of some of the types of pain experienced by bone cancer 

patients and animal models of bone cancer pain. 
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Characteristics 
of pain 

Pain phenotyping method 

Subjects with 
OSA 

Mice with bone 
tumor 

Mechanical 
allodynia 

Patients with 
cancer pain were 
evaluated for 
mechanical 
allodynia [52].  

Paw withdrawal 
responses to von 
Frey monofilaments 
in bone cancer mice 
or rats [1, 53-55]. 

Heat hyperalgesia  Patients with 
cancer pain were 
evaluated for heat 
hyperalgesia [52]. 

Paw withdrawal 
latency and 
frequency in 
response to static 
heat stimuli in mice or 
rats [53, 54, 56]. 

Movement evoked 
pain 

Use of a pain 
verbal rating scale 
during movement 
[57]. 
 

Count the number of 
spontaneous flinches 
of the hind limb in 
bone tumor mice [55]. 
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Summary 

Transposable elements are DNA sequences with the ability to move from 

one genomic location to another (Muñoz-López & García-Pérez, 2010). The 

movement of class II transposable elements have been functionally harnessed 

and separated into two distinct DNA transposon components: the terminal 

inverted repeat sequences that flank genetic cargo to be mobilized and a 

transposase enzyme capable of recognizing the terminal inverted repeat 

sequences and catalyzing the transposition reaction (Ammar, Izsvak, & Ivics, 

2012). In particular, the Sleeping Beauty (SB) system was the first successful 

demonstration of transposon-based gene transfer in vertebrate species (Izsvak & 

Ivics, 2005). Over the years, several improvements have been made to SB 

technology and more recent studies have demonstrated the versatility of the 

system for many applications including insertional mutagenesis, gene transfer 

and transgenesis (Ammar et al., 2012; Izsvak & Ivics, 2005; Kool & Berns, 2009). 

These genetic engineering advances made available by SB both augment and 

advance large-scale efforts that have been directed towards identifying how 

genes and environmental factors influence human health in recent years (Wang, 

Jensen, & Zenklusen, 2016). In the age of personalized medicine, the versatility 

of SB provides numerous genetic engineering avenues for answering novel 

questions in basic and applied research. This chapter will discuss the use of SB-

based insertional mutagenesis in mice for the efficient identification of candidate 

cancer genes across numerous types of cancers.   
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Introduction 

 While many factors ultimately play a role in cancer development, genetic 

alterations are largely involved early on in tumor development and its subsequent 

progression (Dupuy, 2010). Identifying these alterations that lead to cellular 

transformation aid in the understanding of underlying cellular processes and 

pathways that lead to cancer. The SB mutagenesis system is derived from the 

Tc1/mariner family of class II transposable elements which operate using a cut-

and-paste mechanism (Plasterk, 1996).  In its simplest form, this two-component 

system has an enzyme and a DNA element, termed transposase and transposon 

respectively (Moriarity & Largaespada, 2015).  When both of these elements are 

expressed within the same cell, the transposase recognizes and binds to the 

specific inverted repeat/direct repeat (IR/DR) sequences that flank the 

transposon, subsequently catalyzing the excision of the transposon and its 

reintegration into a new genetic location (Ivics, Hackett, Plasterk, & Izsvak, 

1997).  The reintegration site can occur anywhere in the genome where there is 

a TA dinucleotide (Plasterk, 1996), a common sequence, giving SB the ability to 

effectively mutate every gene or genetic element at a variety of locations (Dupuy, 

2010). The genetic cargo carried by the SB transposon used for cancer gene 

discovery includes splice acceptors with polyadenylation signals oriented in both 

directions of the transposon, effectively ending transcription independent of 

insertion orientation. This can also lead to the generation of truncated mutants 

with enhanced function, as has been demonstrated with EGFRIIV in 

hepatocellular carcinoma (Plasterk, 1996). In addition, the transposon contains a 
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promoter-splice donor element giving the transposon the ability to drive gene 

over expression when insertion occurs in the positive direction of gene 

transcription and prior to the gene coding sequences (Collier, Carlson, 

Ravimohan, Dupuy, & Largaespada, 2005). These features give the SB 

mutagenesis system the ability to identify potential tumor suppressor genes and 

oncogenes, many of which have been verified to date as such (Moriarity & 

Largaespada, 2015).  Some of the reintegration sites that result in tumors 

happen more frequently than can be explained by chance and are commonly 

called common insertion sites (CIS) (Moriarity & Largaespada, 2015).  

Identification of these CIS leads to a list of potential genetic drivers of 

tumorigenesis, some of which may have not been previously reported.  Briefly, 

identification of the CIS involves development of the mouse model, tumor 

collection, followed by high-throughput PCR and sequencing.  Programs, such as 

TAPDANCE or Illumina sequencing (13 and 14) are commonly used to generate 

the CIS list, but discussion of such methods are beyond the scope of this 

chapter.            

 

Materials 

Genotyping 

1. SDS Extraction Buffer: 20mM Tris-HCL, 1mM EDTA, 0.5% (w/v) SDS, 

Millipore water. To make 500mL add 10mL of 1M, pH 7.5 of Tris-HCl, 1mL 

of 0.5M, pH 8.0 of EDTA, 25mL of 10% w/v of SDS, and 464mL of 

Millipore water.  Store at room temp indefinitely. (see note 1)  
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2. Tris-acetate-EDTA Electrophoresis buffer 1x (TAE): 40mM Tris base (pH 

7.6), 20mM acetic acid, 1mM EDTA. To make 50x stock solution of TAE 

add 242g of Tris base in Millipore water, add 57.1mL acetic acid, and 

100mL of 500mM EDTA (pH 8.0), add Millipore water until final volume is 

1L.  To make the working stock dilute the stock 50:1 with Millipore water. 

(see note 2)   

 

Methods 

Generation of transgenic animals 

1. Obtain founder transgenic animals containing the following transgenes: 

multi-copy concatemer of a gain-of-function/loss of function transposon 

vector, tissue-specific (TSP) Cre line of choice, the conditional Rosa26-

LSL-SB11 transposase line and transgenic animals containing the 

predisposing cancer background (PCB) of choice (optional) (see Figure 1 

and note 3).   

2. Typical breeding scheme is to breed the transposon containing mouse 

with the Cre/+ mice to generate transposon;TSP-Cre/+ animals.   

3. Cross transposase-containing mice with the predisposing cancer 

background (PCB) animals to generate Rosa26-LSL-SB11; PCB animals.  

4. Finally, cross transposon;TSP-Cre/+ mice to the Rosa26-LSL-SB11;PBC 

animals to generate transposon; TSP-Cre/+; Rosa26-LSL-SB11; PBC 

animals and controls. 
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5. Age the mice until tumor formation is detected or the animal shows ill 

health at which point they should be euthanized and tissue samples 

collected.   

 

DNA extraction  

1. Upon weaning the mice at 21 days collect a small portion of the tail, 0.5cm 

of tail is sufficient, for genotyping purposes.  Place the tail overnight in a 

shaker at 55oC in 500ul of SDS extraction buffer and 10µl of proteinase K.  

2. Spin down the sample for 10 min at >12000 rpm on a standard tabletop 

centrifuge and transfer the lysate to a new tube for further extraction, 

discarding the remains of the tail. 

3. Add 500µl of phenol:chloroform to the collected lysate (see notes 4 and 5) 

4. Spin in tabletop centrifuge >12000 rpm for 5min. 

5. Collect the aqueous top layer from the sample and place into a new tube 

(see note 6) 

6. Add 350µl of isopropanol to the sample and invert the tube 5-7 times to 

precipitate genomic DNA.   

7. Centrifuge the sample at >12000 rpm for 10min at 4oC (see notes 7 and 

8). 

8. Remove all liquid from tube careful to not disturb the pellet. 

9. Add 500µl of 70% ethanol to wash the pellet (see note 9).  

10. Spin down for 5min at 4oC at >12000 rpm. 

11. Remove all liquid careful to not disturb the pellet 
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12. Air dry for 5-10min (see note 10). 

13. Resuspend the sample in 200µl of Millipore water (see notes 11 and 12). 

14. Quantify DNA samples using a spectrophotometer and dilute to a 

concentration of 100ng/µl. 

 

PCR genotyping 

1. To perform PCR genotyping, each sample will require; 25µl of 1.1 ´ 

ReddyMix Taq, 2µl of each primer diluted to a working stock of 10µMol, 

19µl of DDW, and 200ng of your DNA sample (see note 13 and 14). 

2. Run the PCR with an initial denaturation step at 95oC for 2 min; 35 cycles 

of denaturing at 95oC for 25 s, annealing at 55oC for 35 s, and extension 

at 72oC for 1.5 min; and a final extension step at 72oC for 5 min. (see note 

15) 

3. Resolve PCR on a 1% TAE agarose gel.   

  

Linker-mediated PCR (LM-PCR) 

1. Upon necropsy a portion of the tumor should be snap frozen in liquid 

nitrogen and stored at -80oC until genomic DNA extraction can be 

completed. 

2. Genomic DNA should be extracted from collected tumors via the standard 

phenol:chloroform:isoamyl alcohol extraction as explained above for DNA 

extraction (section 4.2) 
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3. Anneal linkers by mixing in a 1.5mL Eppendorf tube 50µl of 10µMol of 

each BfaI Linker+ and Linker- (for left side of transposon) or NIaIII Linker+ 

and Linker- (for right side of transposon).  Add 2µl of 5M NaCl and heat to 

95oC followed by a ramp down of 5oC every one minute until 25oC is 

reached (see Table 1 for a list of all primers and linkers used for LM-PCR).   

4. Each tumor sample will undergo digestion with both BfaI and NIaIII (New 

England Biosciences; catalog numbers R0568S and R0125S) separately, 

allowing the DNA regions to the left and right side of the transposon to be 

cloned, respectively.  Add 100ng of DNA to 0.5µl (5Units) of enzyme, 5µl 

of 10x CutSmart Buffer for a total volume of 50µl and incubate overnight at 

37oC (see note 16). 

5. Heat inactivate the digestions at 80oC for 20 min 

6. To ligate the annealed linkers onto the digested genomic DNA fragments, 

mix 6µl of annealed linker with 8µl of digested DNA to the corresponding 

restriction enzyme, 4µl of 5x ligase buffer, and 2µl of T4 DNA ligase, for a 

total volume of 20µl. Incubate reaction overnight at 16oC.  

7. Purify the ligated DNA using Qiagen MinElute 96 UF Plates, following 

manufacturer’s instructions with the exception of eluting in 40µl of Millipore 

water. 

8. Digestion with BamHI will remove any remaining transposon concatemer 

array, which would otherwise be sequenced and waste sequence read 

depth.  Use 22µl of the purified DNA from step 7, 5µl of 10x CutSmart 
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buffer, 0.5µl BamHI enzyme, and add Millipore water until total volume is 

50µl.  Incubate this reaction overnight at 37oC.  (see note 17)  

9. Purify the BamHI-digested DNA as in step 7 above.  

10. A primary PCR must be performed using 2 ´ ReddyMix. For each 

reaction, you will use 12.5µL of 2x ReddyMix PCR Master Mix, 1.25µL of 

appropriate 1o IRDR primer (specific to the left or right side of the 

transposon), 1.25µL of 1o linker primer, 100ng Purified DNA, and Millipore 

water to a total reaction volume of 25µL.  Perform PCR as follows: initial 

denaturation of 95oC for 2 min; 30 cycles of denaturing at 95oC for 25 s, 

annealing at 55oC for 35 s, and extension at 72oC for 1.5 min; and a final 

extension step at 72oC for 5 min.   

11. Dilute the primary PCR to 1:75 in Millipore water and take 1µl of this 

dilution to use for the secondary PCR. 

12. The secondary PCR is carried out with Long-Amp Taq (New England 

Biolabs).  For each reaction, you will use 10µl of 5x Long-Amp Taq 

reaction buffer, 1.5µl of 10mM dNTPs, 2µl of appropriate 2o IRDR primer 

(either left or right), 2µl of 2o linker primer, 1µl of diluted PCR product, and 

Millipore water to a total reaction volume of 50µl.  Perform PCR as follows: 

initial denaturation of 94oC for 30 sec; 35 cycles of denaturing at 94oC for 

25 s, annealing at 53oC for 35 s, and extension at 65oC for 50 sec; and a 

final extension step at 65oC for 10 min.   

13. Send in PCR product for next generation deep sequencing (see note 18. 
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14. Perform common insertion site analysis utilizing available bioinformatics 

software (see note 19). 

 

Notes 

1. SDS can come out of solution at low temperatures.  It will appear as a 

white substance, which can be dissolved with warming. 

2. All reagents must be DNase free to avoid degradation of the PCR 

amplicons. 

3. A list of previously published screens and their predisposing backgrounds 

is available here (Moriarity & Largaespada, 2015). 

4. Phenyl:chloroform is a biological hazard and steps 3-5 should be 

performed in a fume hood. 

5. We have found that shaking the tube directly after addition of 

phenyl:chloroform vigorously for 1 min gave the best results. The solution 

after shaking will be a milky white color. 

6. Care must be taken to not disturb the bottom layer or any precipitates that 

form on the interface of the two layers as this will decrease the quality of 

your purified genomic DNA.   

7. The centrifuge must be maintained at 4oC for the DNA to precipitate 

genomic DNA effectively.  

8. You should see a small pellet after the sample has been spun down.  If 

you do not see a pellet, add another 350µl of isopropanol to the sample 

and vigorously shake the sample for 30 sec and spin again. 
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9. Making fresh stocks of 70% ethanol frequently will ensure that your 

solution is properly diluted as ethanol evaporates faster than water and 

thus over time your solution may vary.  

10. Air drying the pellet allows all remaining ethanol to evaporate as any 

remaining ethanol can decrease the quality of your sample.   

11. Volume of resuspension can vary, for small pellets add as little as 75µl 

and for larger pellets up to 350µl for the initial resuspension.    

12. After you have resuspended the pellet placing the sample into a 55oC 

water bath for 15 min, followed by 30 seconds of vortexing, and a quick 

spin to collect sample in the bottom of the tube will ensure that the DNA is 

fully in solution.  

13. All primers are diluted to a working stock of 10µMol. Amount of primer to 

add may vary slightly depending on what gene you are amplifying. If PCR 

results are not of high quality, conduct a PCR optimization with varying 

amounts of primers and DNA for your particular gene. Care must be taken 

to not contaminate primers as any DNA contamination will influence PCR 

results.     

14. Controls should include a no DNA template to determine any 

contaminating DNA within reagents used.  

15.  PCR conditions given are for the T2/Onc transposon and SB11 

transposase and a PCR optimization may be required for the TSP-Cre 

transgene as well as the PCB.   
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16. Using LM-PCR to clone the transposon junctions from both the left and 

right direct repeats involves two reactions for each sample.  The primers, 

linkers, and restriction enzymes for each type of reaction (left and right) 

are different but the method for each is the same.   

17. By digesting with an enzyme that cuts within the transposon that is within 

its original concatemer you will prevent the amplification of non-

transposed transposons as the binding locations of the two primers will 

now be on separate strands of DNA and thus the only PCR product will be 

that of inserted transposons.    

18. If you do run part of the PCR product on a 1% agarose gel you may see a 

smear or many distinct bands indicating the LM-PCR was successful.  

19. There are many choices for statistical analysis on the sequencing samples 

such as TAPDANCE or Illumina sequencing (Brett et al., 2011).           

 

Conclusion 

 With respect to this thesis, SB technology was an invaluable tool to 

identify novel genes that drive OSA and metastasis. Given the genetic 

heterogeneity and complexity of OSA (Kansara et al., 2014), there is a pressing 

need for the identification, functional validation, and therapeutic targeting of 

driver genes in OSA to overcome the severe treatment limitations that have not 

significantly improved OSA long-term survival rates in over 40 years. The 

subsequent chapters of this thesis build upon the findings of our seminal SB work 

in OSA and offer therapeutic solutions to overcome these current limitations. 
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Figure 1. Basic outline of SB screen breeding strategy.  Generally, animals 

containing a tissue-specific Cre (TSP-Cre) and the multi-copy transposon 

concatamer are crossed with animals harboring the transposase and a 

predisposing cancer background (PCB) to generate cohorts of animals.    
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Table 1: List of all linkers and primers used for the linker-mediated PCR (LM-

PCR). 
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 PCR 
Primers Primer Sequence  

BfaI Linker+ GTAATACGACTCACTATAGGGCTCCGCTTAAGGGAC 

BfaI Linker- P-TAGTCCCTTAAGCGGAG-AM 

NlaIII Linker+ GTAATACGACTCACTATAGGGCTCCGCTTAAGGGACCATG 

NlaIII Linker- P-GTCCCTTAAGCGGAGCC-AM 

1° Splink IRDR 
Right GCTTGTGGAAGGCTACTCGAAATGTTTGACCC 

1° Splink IRDR 
Left CTGGAATTTTCCAAGCTGTTTAAAGGCACAGTCAAC 

1° Splink Linker GTAATACGACTCACTATAGGGC 

2° Splink IRDR 
Right (Illumina) 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT(N)10 

AAGTGTATGTAAACTTCCGACTTCAA 

2° Splink IRDR 
Left (Illumina) 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT(N)10 
AGGTGTATGTAAACTTCCGACTTCAA 

2° Linker 
(Illumina) CAAGCAGAAGACGGCATACGAGCTCTTCCGATCTAGGGCTCCGCTTAAGGGAC 
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Summary 

Semaphorins, specifically type IV, are important regulators of axonal 

guidance and have been increasingly implicated in poor prognoses in a number 

of different solid cancers. In conjunction with their cognate PLXNB family 

receptors, type IV members have been increasingly shown to mediate oncogenic 

functions necessary for tumor development and malignant spread. In this study, 

we investigated the role of semaphorin 4C (SEMA4C) in osteosarcoma growth, 

progression, and metastasis. We investigated the expression and localization of 

SEMA4C in primary osteosarcoma patient tissues and its tumorigenic functions 

in these malignancies. We demonstrate that overexpression of SEMA4C 

promotes properties of cellular transformation, while RNAi knockdown of 

SEMA4C promotes adhesion and reduces cellular proliferation, colony formation, 

migration, wound healing, tumor growth, and lung metastasis. These phenotypic 

changes were accompanied by reductions in activated AKT signaling, G1 cell 

cycle delay, and decreases in expression of mesenchymal marker genes SNAI1, 

SNAI2, and TWIST1. Lastly, monoclonal antibody blockade of SEMA4C in vitro 

mirrored that of the genetic studies. Together, our results indicate a multi-

dimensional oncogenic role for SEMA4C in metastatic osteosarcoma and more 

importantly that SEMA4C has actionable clinical potential. 
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Introduction 

Osteosarcoma is a malignant, primarily pediatric tumor, of the growing 

long bones with peak incidence in the second decade of life (Morrow & Khanna, 

2015). Derived from mesenchymal origins in the pre-osteoblastic lineage, 

osteosarcomas arise from the failure of osteoblasts to differentiate into mature 

bone-building cells (Yan, Lv, & Guo, 2016). Osteosarcomas are commonly 

typified by their heterogeneity, genomic instability, and frequency of systemic 

metastasis primarily to the lungs (Gianferante, Mirabello, & Savage, 2017; Rickel, 

Fang, & Tao, 2017). Despite advances in chemotherapy regimens and surgical 

resection, survival rates for patients with osteosarcoma have remained stagnant 

for more than four decades (Mirabello, Troisi, & Savage, 2009). The complex 

nature of osteosarcoma presents unique difficulties with respect to elucidating 

novel therapeutic targets and identifying treatment strategies that may prove 

most effective, particularly across individual patients. Given this, it is critically 

important to better understand not only the mechanisms specific to 

osteosarcoma development and progression, but most importantly metastasis, in 

order to develop better treatment options for patients with this devastating 

disease.  

Semaphorins are a family of membrane-bound and soluble proteins that 

modulate a whole host of cellular functions including differentiation, cytoskeletal 

rearrangement, and motility (Alto & Terman, 2017). Interestingly, semaphorin 

family members have been reported to mediate many hallmarks of cancer 

including cellular proliferation, angiogenesis, and immune escape (Meyer, Fritz, 
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Pierdant-Mancera, & Bagnard, 2016; Tamagnone, 2012; Worzfeld & Offermanns, 

2014). Recent evidence from studies of the SEMA4-PLXNB family of axonal 

guidance molecules in normal bone cells suggests that osteoclastic expression of 

SEMA4D inhibits osteoblastic bone formation through suppression of IGF1 

signaling  (Alto & Terman, 2017; Negishi-Koga et al., 2011), however, recent 

data from our lab suggests that high expression of SEMA4D is oncogenic in 

osteosarcoma (Moriarity et al., 2015). Given osteosarcomas retain 

mesenchymal-like characteristics (Abarrategi et al., 2016), this suggests the 

possibility of SEMA4 members signaling through similar pathways during 

osteosarcomagenesis as they do during normal bone development. 

Furthermore, activation of downstream signaling processes that involve 

the MAP kinase/PI3K pathways through heterodimerization with other receptor 

tyrosine kinases (RTKs) such as MET (MET proto-oncogene, receptor tyrosine 

kinase) and/or ERBB2 (erb-b2 receptor tyrosine kinase 2) can potentiate many of 

the invasive cellular processes associated with solid cancers (Swiercz, Worzfeld, 

& Offermanns, 2008). SEMA4C, a type IV semaphorin, and its cognate receptor 

PLXNB2, have been recently characterized as oncogenic signaling partners in 

invasive breast cancer (Gurrapu, Pupo, Franzolin, Lanzetti, & Tamagnone, 

2018), hepatocellular carcinoma (Lu et al., 2018), and glioma (Le et al., 2015). 

Moreover, SEMA4C has been shown to play diverse roles in the propagation of 

pain signaling (Paldy et al., 2017), as well as in the immune system during Th2-

driven immune responses similar to other semaphorin IV family members (Xue et 

al., 2016).  
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Here, we studied SEMA4C’s role in osteosarcoma growth and metastasis.  

We show that 1) SEMA4C is upregulated in a subset of osteosarcoma patient 

samples and cell lines; 2) high SEMA4C expression enhances properties of 

cellular transformation, mesenchymal marker expression, and that genetic 

knockdown conversely reduces those phenotypes/markers; 3) SEMA4C 

modulates osteosarcoma growth and lung metastasis and 4) targeted 

monoclonal antibody blockade of SEMA4C robustly reduces these phenotypes 

associated with high-level SEMA4C expression. Together, this study expands 

upon the current known functions of SEMA4C in a highly malignant pediatric 

solid cancer and suggests that antibody blockade of SEMA4C-PLXNB2 signaling 

may overcome the current hurdles for targeting pathways that ultimately lead to 

metastatic lung nodule formation and continued disease progression.  

 

Materials and Methods 

RNA sequencing data sets 

 SEMA4C expression levels were analyzed in normal human osteoblasts 

(NHOs) and two independent human osteosarcoma patient data sets (#1 and 

#2). Expression levels in NHOs and #1 were obtained from an existing data set 

(Moriarity et al., 2015). Expression levels in data set #2 were obtained from the 

Therapeutically Applicable Research to Generate Effective Treatments 

(TARGET) program (https://ocg.cancer.gov/programs/target/data-matrix) 

established by the National Cancer Institute’s Office of Cancer Genomics; dbGaP 

accession phs000218.v21.p7. 



 

 
49 

 

Tissue microarray (TMA) samples and scoring 

 The osteosarcoma tissue microarray was purchased from Biomax 

(Osteosarcoma: OS804c) containing 40 samples in duplicate. Slides containing 

4 μm thick formalin-fixed, paraffin-embedded sections of tumor tissue were 

deparaffinized and rehydrated. Antigen retrieval was performed in a steamer 

using 1 mM Tris base EDTA buffer, pH 9.0. After endogenous peroxidase 

blocking, a protein block was applied. Immunohistochemistry (IHC) for SEMA4C 

was performed using a rabbit anti-SEMA4C primary antibody (#AF6125, R & D 

Systems) on an autostainer (Dako). Detection was achieved using the Envision 

rabbit detection system (Dako) with diaminobenzidine (DAB) as the chromogen. 

Tissue sections were imaged on a Nikon E800M microscope at 40X 

magnification using a Nikon DSRi2 camera and Nikon Elements D Version 4 

software. Slides were evaluated and scored as previously described (Rahrmann 

et al., 2013). 

 

Cell culture 

All osteosarcoma cell lines were purchased and obtained from the 

American Type Culture Collection (ATCC). Normal human osteoblasts (NHOs) 

and primary human umbilical vein cells (HUVECs) were purchased from Lonza. 

All cell lines were grown and maintained in accordance with standard cell culture 

techniques. Both HOS and MG-63 cells were grown in DMEM. G-292 cells were 

grown in McCoy’s 5A. SJSA-1 cells were grown in RPMI-1640. NHOs were 
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grown in aMEM. Osteosarcoma cell line media was fortified with 10% fetal 

bovine serum (FBS) and 1X penicillin/streptomycin and NHO media was fortified 

with 20% FBS and 1X penicillin/streptomycin. HUVECs were cultured with EGM-

2 bullet kit media (#cc-3162, Lonza) with 1X antibiotic-antimycotic (#15240062, 

Thermo Fisher) in cell culture flasks coated with 1% gelatin (#G1383, Sigma 

Aldrich).. All cell cultures were incubated in a water-jacketed incubator set at 5% 

carbon dioxide (CO2) and at 37°C. All cell lines except NHO, G-292, and 

HUVECs were authenticated by the University of Arizona Genetics Core (UAGC) 

using short tandem repeat profiling. All cell lines were found to be free from 

mycoplasma. 

 

Generation of shRNA knockdown and overexpression cell lines 

Stable knockdown of SEMA4C was accomplished with pGIPZ lentiviral 

vectors expressing an shRNA against SEMA4C in conjunction with GFP and a 

puromycin selection marker (sh1 #V3LHS_394644, sh2 #V3LHS_413698, Open 

Biosystems). Control pGIPZ vector with non-targeting shRNA was used as a 

control (#RHS4346, Open Biosystems). Lentiviral particles were produced with 

293T cells co-transfected with pGIPZ shRNAs, pMD2.G envelope (#12259, 

addgene) and psPAX2 (#12260, addgene) packaging vectors. Stable shRNA 

knockdown lines were established via puromycin selection at 1 µg/mL. 

Overexpression vectors were generated using the human SEMA4C cDNA 

sequence (#40035253, Dharmacon) and vectors/cell lines were established 
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using previously described methodology (Marko et al., 2016; Moriarity et al., 

2014). 

 

Anti-SEMA4C antibody treatment in vitro 

 Anti-SEMA4C or isotype control antibody was administered at 10 µg/mL 

and 15 µg/mL where indicated (#sc-136445, Santa Cruz Biotechnology).  

 

RNA isolation and Quantitative RT-PCR 

Total RNA was extracted from cell lines using the High Pure RNA Isolation 

Kit (Roche, Basel). 1 µg of extracted RNA was reverse transcribed into cDNA 

using the Transcriptor First Strand Synthesis kit (Roche). Quantitative RT-PCR 

was performed in triplicate using SYBR green mix (Qiagen) on an ABI 7500 

machine (Applied Bio Systems). Primer sequences are available in Supp. Table 

1. All measurements were calculated using the DDCT method and expressed as 

fold change relative to respective control non-silencing shRNA line (shCON). 

 

ELISA 

 Quantification of levels of soluble SEMA4C secreted in the conditioned 

media (72 hours) of indicated cell lines was performed via manufacturer’s 

instructions (#MBS705730, MyBioSource). 

 

Western blot 
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Protein was extracted from cultured cells in RIPA buffer containing a 

protease inhibitor (Roche) and phosphatase inhibitors (Sigma-Aldrich). Total 

protein was quantified using BCA (Thermo Fisher). Cell lysate was loaded and 

run on 4-12% Bis-Tris gels (Thermo Fisher) and transferred to PVDF membranes 

(Bio-Rad). Membranes were blocked in 5% nonfat dry milk for 1 hour (Bio-Rad) 

and incubated gently shaking overnight at 4°C in 1° antibody/PBS-T. 

Subsequently, membranes were washed and incubated in conjugated 2° 

antibodies for 1 hour. Blots were thoroughly washed following 2° incubation and 

developed using the WesternBright Quantum detection kit (Advansta) and the 

LICOR Odyssey (LICOR). A complete list of antibodies and other reagents 

utilized is available in Supp. Table 2. Densitometry was performed on all images. 

Bands were compared to each respective loading control, normalized to 1, and 

compared. 

 

MTS cellular proliferation assay 

Cellular proliferation assays were performed as previously described 

(Moriarity et al., 2015). Briefly, modified cells (1.2 x 103) were plated per well in 

96-well plates. Cells were measured at 24, 48, 72, and 96 hours post plating. 

Absorbances at 490 nm and 650 nm were read using a SynergyMx (BioTek) 

fluorescence plate reader. 

 

Transwell migration assay 
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Modified cells (2.5 x 104) were seeded in 500 µL of serum free media in 

the upper chamber of 8 µm inserts (Corning). The lower chamber was filled with 

750 µL media fortified with 10% fetal bovine serum (FBS) as a chemo 

attractant. After 24 hours, non-migrating cells where removed with a cotton swab. 

Migrated cells located on the lower side of the chamber were fixed with crystal 

violet, air-dried, and photographed to quantify migration of cells. For anti-

SEMA4C studies, cells were seeded into the top chamber with antibody following 

a 6-hour pre-treatment at indicated concentration. 

 

Wound healing assay 

 Wound healing assays were performed as previously described (Marko et 

al., 2016). Briefly, 1 x 104 cells were plated into a removable 2-well silicone 

culture insert which generated a defined cell-free gap (ibidi). Cells were then 

incubated for 24 hours before inserts were removed and fresh cell culture media 

was added. Phase contrast images of the wounds were acquired every 10 

minutes for 16-20 hours, which was sufficient for the cells to completely close the 

simulated wound gap. A custom-written image segmentation algorithm in 

MATLAB was used to measure wound distance over time and to calculate 

closure rate.  

 

3D microfluidic cellular adhesion assay 

Cellular adhesion assays were performed as previously described (Brett et 

al., 2018). Briefly, the microfluidic model was fabricated using standard soft 
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lithography of polydimethylsiloxane (PDMS) (#4019862, Ellsworth). Rat tail 

collagen I (#CD354249, Corning) was buffered with PBS and cell culture grade 

water to create a 6 mg/mL solution. Collagen was then loaded into the lower 

channel of the microfluidic model and allowed to nucleate at 37°C for at least 1 

hour. The upper channel was coated with 1% gelatin solution for 30 minutes at 

room temperature. HUVECs were released using trypsin, resuspended in a 4% 

w/v dextran (#31392, Sigma Aldrich) solution in EGM-2 media at a concentration 

of approximately 1 x 106 cells per mL, and 50 µL of the cell solution was added to 

the inlet of the microfluidic model. HUVECs become confluent in the channel 

over 24-48 hours at 37°C. 5 x 104 green fluorescent protein (GFP)-expressing 

osteosarcoma cells were then added to the inlet of the model and allowed to 

adhere over 3 hours. Microfluidic models were imaged at 24 hours. Adhesion and 

invasion of osteosarcoma cells was quantified. 

 

Soft agar colony formation assay 

 Modified cells (1 x 104) were seeded into a 0.35% agar solution placed on 

top of a 0.5% agar in six-well plates and allowed to incubate for 2-3 weeks. The 

resultant colonies were fixed, divided into four quadrants, and imaged using 

microscopy. Colonies were quantified via ImageJ v1.52a software using a 

standard colony quantification macro (Moriarity et al., 2015). 

 

Flow cytometry 
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 Cells were fixed with 2% paraformaldehyde (Electron Microscopy 

Sciences) and permeabilized with cold 90% methanol (Sigma). Cell cycle 

analysis was performed using PI/RNase Staining Buffer (BD Pharmingen). 

Cleaved caspase 3 (Asp175, clone D3E9) PE was purchased from Cell Signaling 

Technologies and cells were stained according to manufacturer’s 

recommendations. Cells were analyzed on an LSR II or Fortessa digital flow 

cytometer (BD Biosciences) at the University of Minnesota Flow Cytometry 

Resource. Analysis was performed using FlowJo software.  

 

Orthotopic osteosarcoma mouse model  

All animal procedures were performed in accordance with protocols 

approved at the University of Minnesota in conjunction with the Institutional 

Animal Care and Use Committee (IACUC). Modified cells (2.5 x 105) were 

injected into the calcaneous of male and female 6-8-week-old 

immunocompromised mice (NOD Rag Gamma, Jackson Labs) (Khanna et al., 

2000; Smeester, Al-Gizawiy, & Beitz, 2012; Smeester et al., 2013). Tumor 

volume was calculated via caliper measurements using the formula V = 

(W*W*L)/2 where V equals tumor volume, W equals tumor width and L equals 

tumor length (Faustino-Rocha et al., 2013).  

 

Lung metastasis evaluation 

 Micrometastatic nodules were examined via H & E histology at 4X 

magnification. Quantification of nodule number and area was undertaken in 9 
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sections from four mice/group (shCON and shSEMA4C) at 4X using ImageJ 

v1.52a software. 

 

Statistical analysis 

All statistical analyses were performed using Prism v8 software 

(GraphPad). All data are presented as mean ± standard error of the mean 

(SEM). Two groups were compared using a two-tailed unpaired Student’s t-test. 

Three or more groups were compared using a One-way ANOVA with 

Bonferroni’s post hoc or Two-way ANOVA analyses were performed and 

followed with Bonferroni’s post hoc testing. All statistical analyses are individually 

indicated where applied throughout. In all cases, p < 0.05 was considered 

statistically significant.  

 

Results 

SEMA4C is highly expressed in some osteosarcoma tissues and cell lines 

In order to investigate the potential role of SEMA4C in osteosarcoma 

development and metastasis, we first examined SEMA4C mRNA expression in 

two available human osteosarcoma clinical data sets and in 3 normal human 

osteoblast control samples (Fig. 1A). Human osteosarcoma samples from both 

data sets had significantly higher SEMA4C expression when compared to normal 

human osteoblasts, (Fig. 1A; *p < 0.05). Next, we examined SEMA4C protein 

expression in a commercially available human osteosarcoma TMA (Figs. 1B and 

C). When all 40 sections were quantified, 32.5% had weak expression, 47.5% 
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had moderate expression, and 20.0% had strong expression of SEMA4C (Fig. 

1B). Representative images of each staining pattern are shown in Fig. 1C. The 

majority of osteosarcoma tissue sections stained were greater than 75% 

SEMA4C positive (Supp. Fig. 1A) and had primarily cytoplasmic/membraneous 

staining localization (Supp. Fig. 1B). These results indicate that a subset of 

osteosarcoma patient tissues express high levels of SEMA4C. We next probed a 

number of commercially available osteosarcoma cell lines for SEMA4C and 

cognate receptor PLXNB2 expression via western blot and compared them to 

normal human osteoblasts (NHO). Relative to the NHOs, most osteosarcoma cell 

lines examined expressed detectable membrane-bound SEMA4C (Fig. 1D). Both 

MG-63 and G-292 cells had no detectable expression in Fig. 1D, but was 

minimally detectable in Fig. 2A at high exposures. Since SEMA4C is known to be 

shed from the extracellular membrane (Wei et al., 2017), we also analyzed cell 

culture media of indicated cell lines for the presence of soluble SEMA4C (Fig. 

1E). Soluble SEMA4C was detectable in all lines including NHO, however, 

soluble SEMA4C was expressed at significantly elevated levels in U2OS, HOS, 

SJSA-1, and MG-63 osteosarcoma cell lines as compared to NHOs (Fig. 1E, *p < 

0.05, **p < 0.01). These data indicate that SEMA4C is upregulated in a subset of 

osteosarcoma tissues and cell lines compared to normal osteoblasts. 

 

Overexpression of SEMA4C promotes facets of cellular transformation in 

osteosarcoma cells 
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 To understand the SEMA4C-PLXNB2 signaling axis in osteosarcoma, we 

overexpressed SEMA4C in endogenous low expressing MG-63 and G-292 

osteosarcoma cell lines and confirmed by western blot (Fig. 2A). Overexpression 

of SEMA4C increased proliferation in both lines (Fig. 2B, *p < 0.05, ****p < 

0.0001). In a soft agar colony formation assay, overexpression of SEMA4C 

promoted modest increases in colony formation in both lines (Fig. 2C, *p < 0.05, 

****p < 0.0001). Interestingly, in a transwell migration assay, SEMA4C-

overexpressing MG-63 cells had increased migration while G-292 cells displayed 

slightly reduced migration (Fig. 2D, ***p < 0.001, ****p < 0.0001). Representative 

images of the migration experiments are shown in Fig. 2E. Both MAPK and PI3K 

signaling were investigated following phenotypic assays. These changes in 

proliferation, migration, and colony formation were associated with increased 

activation of AKT signaling, but not ERK signaling (data not shown) (Fig. 2F). 

Lastly, overexpression of SEMA4C significantly promoted upregulation of 

mesenchymal markers SNAI1, SNAI2, and TWIST1 in MG-63 cells, while all but 

TWIST1 remained largely unchanged in G-292 (Fig. 2G, *p < 0.05, ****p < 

0.0001). These data suggest that overexpression of SEMA4C promotes facets of 

cellular transformation and mesenchymal marker expression. 

 

Knockdown of SEMA4C reduces cellular proliferation and colony formation 

To complement our gain-of-function (GOF) studies and to elucidate the 

effects of knockdown of SEMA4C on cellular proliferation and anchorage-

independent growth, we performed loss-of-function (LOF) experiments in two 
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endogenously high SEMA4C-expressing lines (See Figs. 1D and 1E). HOS and 

SJSA-1 osteosarcoma cell lines were transduced with shRNAs against SEMA4C 

(shSEMA4C or shS4C abbreviated) or non-silencing control (shCON) and stably 

selected with puromycin. Confirmation of optimal shRNA knockdown was 

evaluated via qRT-PCR (Fig. 3A, **p < 0.01, ****p < 0.0001) and western blot 

(Fig. 3B). Following evaluation, shRNA #2 was chosen for both lines in all 

subsequent experiments. Knockdown of SEMA4C reduced cellular proliferation 

(Fig. 3C, ****p < 0.0001) and colony formation (Fig. 3D, ****p < 0.0001) in both 

lines. These reductions in 2D and 3D growth were accompanied by 

downregulation of activated AKT signaling (Fig. 3E). Lastly, silencing of SEMA4C 

was associated with G1 cell cycle delay in both lines (Fig. 3F, *p < 0.05, **p < 

0.01). Silencing of SEMA4C did not induce cleaved CASP3 activity (Supp. Figs. 

2A and 2B). Together, these data suggest SEMA4C modulates cellular growth 

and colony formation in osteosarcoma cell lines. 

 

SEMA4C promotes cellular motility and loss of adhesion  

Next, we examined the role of SEMA4C in cellular movement using 

migration chambers, wound healing assays, and 3D microfluidic chambers. 

Knockdown shSEMA4C lines displayed reduced cellular migration (Figs. 4A, **p 

< 0.01, ****p < 0.0001). Representative migration images are shown in Fig. 4B. 

Following the migration assay, we evaluated cellular adhesion and invasion using 

3D microfluidic chambers (Figs. 4C and 4D and Supp. Figs. 3A-D). Increased 

adhesion was observed in HOS, but not SJSA-1 cells (Fig. 4C, *p < 0.05). 
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Representative images 24 hours post are depicted in Fig. 4D. No changes in 

invasion were observed in either HOS or SJSA-1 knockdown cells (data not 

shown). Similarly, SJSA-1 knockdown cells showed reduced wound closure rates 

while a non-significant trend towards reduced closure rates was observed in 

HOS (Fig. 4E, p = 0.06, *p < 0.05). Representative wound healing photographs 

are shown in Supp. Fig. 4A. These changes in cell motility were associated with 

reductions in expression of mesenchymal markers SNAI1, SNAI2, and TWIST1 

in both knockdown lines (Fig. 4F, ***p < 0.001, ****p < 0.0001). Together, these 

data suggest SEMA4C promotes cellular motility and loss of adhesion in 

osteosarcoma cell lines.  

 

SEMA4C knockdown reduces tumor growth and development of lung 

metastases 

Next, we evaluated the effects of SEMA4C knockdown on osteosarcoma 

tumor growth and lung metastasis in an orthotopic mouse model. Following 

injection of either shCON or shSEMA4C knockdown cells into the calcaneous of 

immunodeficient mice, tumors were allowed to form, and caliper measurements 

were taken beginning 10 days post-implantation and every 5 days for 30 days. 

Both HOS and SJSA-1 knockdown cell lines displayed reduced tumor growth 

(Fig. 5A, *p < 0.05, ***p < 0.001, ****p < 0.0001). Representative gross images of 

lungs from HOS shCON and shSEMA4C mice are shown in Fig. 5B. Visible 

macrometastatic nodules are indicated by white arrows. Whole cell lysates were 

made from representative control and knockdown tumors from each cell line. 
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SEMA4C knockdown was confirmed in vivo and activated AKT signaling was 

also reduced in SEMA4C knockdown tumors (Figs. 5C and 5D). These results 

mirrored that of our GOF and LOF in vitro studies in Fig. 2F and Fig. 3F 

respectively. Considering metastatic capacity is often associated with increased 

cell growth, motility, and anchorage-independence (Jiang et al., 2015; Mori et al., 

2009), we investigated the effects of SEMA4C knockdown on lung nodule 

formation and size. When lung sections were examined, both SEMA4C 

knockdown lines had reduced numbers of micrometastatic nodules (Fig. 5E, ****p 

< 0.0001) and nodule area (Fig. 5F, ****p < 0.0001). Representative lung H & E 

images and high powered-insets are shown in Fig. 5G for both cell lines. Black 

arrows indicate micrometastases. Together, SEMA4C promotes tumor growth 

and lung metastasis formation in osteosarcoma. 

 

Monoclonal antibody blockade of SEMA4C reduces tumorigenic properties 

of osteosarcoma cell lines 

 Lastly, we sought to evaluate the therapeutic potential of SEMA4C 

blockade using a commercially available monoclonal antibody raised against 

amino acids 400-510 of human SEMA4C. To evaluate the effects of blockade in 

vitro, we treated wild-type normal human osteoblasts (NHO), HOS, and SJSA-1 

osteosarcoma cells with two concentrations of anti-SEMA4C or isotype control 

IgG and assayed its effects on cellular proliferation. Reduced cellular proliferation 

was observed following a 48-hour treatment in both osteosarcoma cell lines, but 

not NHOs (Fig. 6A, ****p < 0.0001). Similarly, treatment with anti-SEMA4C also 
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reduced migration in both osteosarcoma cell lines (Fig. 6B, ****p < 0.0001). 

Representative images are shown in Fig. 6C. Following treatment, G1 cell cycle 

delay was again observed similar to our genetic studies in both cell lines (Fig. 

6D, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Our findings suggest that 

anti-SEMAC treatment may prove valuable for combating osteosarcoma tumor 

growth, progression, and ultimately lung metastasis through disruption of 

oncogenic SEMA4C signaling (Fig. 6E).  

 

Discussion 

Our studies provide several new insights into the functions of the 

semaphorin 4C (SEMA4C) signaling pathway promoting osteosarcoma 

progression and metastasis. SEMA4C has been shown to be highly expressed 

relative to control tissues and cell lines. Its heightened expression and signaling 

through its cognate receptor PLXNB2 correlates to patient outcomes in some 

solid cancers (Butti, Kumar, Nimma, & Kundu, 2018). Our results demonstrate 

high level cytoplasmic/membraneous SEMA4C expression in malignant primary 

patient tissues which suggests SEMA4C is targetable on the cell surface. 

Activation of PLXNB2 signaling by its ligand SEMA4C is likely to occur via 

autocrine mechanisms in co-expressing tumor cells and via paracrine signaling 

when PLXNB2 is stimulated from SEMA4C-producing cells in the 

microenvironment. Our study demonstrates that cultured normal osteoblasts and 

osteosarcoma cell lines indeed express both soluble SEMA4C and cognate 

receptor PLXNB2, but interestingly membrane-bound SEMA4C was only found to 
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be detectable in osteosarcoma cell lines in vitro as assessed by western blot. 

This data supports both autocrine and paracrine capabilities, but at an 

exaggerated level similar to previous findings in tumor-associated lymphatic 

endothelial cells and breast cancer (Gurrapu et al., 2018; Wei et al., 2017). 

These elevated levels suggest that osteosarcoma cells are also genetically and 

phenotypically distinct from that of their normal counterparts. 

Accumulating evidence suggests that SEMA4C-PLXNB2 interactions can 

promote an oncogenic signaling axis. Recent reports from Gurrapu et al. and Le 

et al. established that SEMA4C-PLXNB2 signaling promotes cancer cell 

proliferation, migration, and tumorigenesis in breast and glioma tumor cells 

respectively (Gurrapu et al., 2018; Le et al., 2015). In our study, we 

demonstrated that SEMA4C directs both 2D and 3D growth in vitro as well as 

modulates invasive cell motility and adhesion in osteosarcoma. These 

phenotypes were associated with large perturbations in activated AKT signaling. 

In particular, genetic silencing of SEMA4C induced G1 cell cycle delay, which 

has been well-established and linked with changes in PI3K pathway signaling 

(García, Kumar, Marqués, Cortés, & Carrera, 2006). These in vitro findings were 

further substantiated by our mouse studies. We injected two SEMA4C 

knockdown cell lines into mice using a highly relevant orthotopic mouse model of 

osteosarcoma (Smeester et al., 2012; Smeester et al., 2013). SEMA4C 

knockdown tumor cells exhibited reduced tumor growth, micrometastatic nodule 

formation, and area. These data indicate a diverse role for SEMA4C in 

osteosarcoma growth, metastasis, and maintenance. 
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Among the family of SEMA4 members, several recent reports have 

demonstrated that SEMA4C also regulates EMT (Yang et al., 2015; Zhou et al., 

2013).  While this phenomenon has been well-established in cancers of epithelial 

origin (Roche, 2018), the precise and novel roles EMT factors play in a 

characteristically mesenchymal cancer such as osteosarcoma, remain to be 

determined. In agreement with other reports in controlling EMT (Yang et al., 

2015; Zhou et al., 2013), our results suggest high level SEMA4C expression 

promotes invasive cell motility, is associated with mesenchymal marker 

expression, and can be reversed through genetic disruption. Excitingly, TWIST1 

was significantly altered in both of our SEMA4C gain-of-function (GOF) and loss-

of-function (LOF) studies. Research from Yin and colleagues suggests TWIST1 

is associated with poor prognoses in osteosarcoma and can be used as a 

prognostic indicator of metastatic potency in patients (Yin, Liao, He, & Zhong, 

2012). Moreover, in a study of 206 unique bone tumors, TWIST1 expression was 

one of three markers in a panel that afforded the most sensitive and specific 

diagnostic utility among varied bone tumor types (Horvai, Roy, Borys, & 

O'Donnell, 2012). TWIST1 is also essential for tumor initiation and maintaining a 

mesenchymal state in synovial sarcomas (Lee, Lee, Ham, Roh, & Kim, 2014). 

Reactivation of TWIST1 can also promote metastasis in other sarcomas such as 

Ewing’s sarcoma (Choo, Wang, Newbury, Roberts, & Yang, 2018). The 

continued demonstration of the plasticity of TWIST1 and other mesenchymal 

markers in maintaining phenotypes associated with many aspects of 

osteosarcomagenesis, progression, and metastasis has led to the central belief 
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of skeletal cancer stem cells (Leder, Holland, & Michor, 2010; Poleszczuk & 

Enderling, 2016), of which have been just recently identified (Chan et al., 2018). 

High level expression of SEMA4C may help facilitate a hyper-mesenchymal state 

in osteosarcoma and/or even allow a plasticity that contributes to many of the 

phenotypes our study illustrates, including wound healing (Lamouille, Xu, & 

Derynck, 2014), cellular adhesion (Kumar, Das, & Sen, 2014), tumor growth, and 

metastasis (Ye & Weinberg, 2015).  

The findings of our work may be highly relevant to the clinical setting. To 

date, metastases to the lungs remains the number one cause of osteosarcoma-

related death (Meazza & Scanagatta, 2016). Our monoclonal antibody blockade 

studies support the concept of targeting SEMA4C therapeutically. Targeted 

blockade of SEMA4C-induced signaling appreciably slowed tumor cell 

proliferation and migration in vitro. These phenotypic changes were again 

accompanied by G1 cell cycle delay. Together, these data suggest a rationale for 

SEMA4C blockade as a potential novel treatment option for patients with 

metastatic osteosarcoma. Recent studies on SEMA4D, a type IV semaphorin 

member that can also signal through PLXNB2 (Deng et al., 2007), suggests high 

level expression restricts tumoricidal immune cells from entering the tumor 

microenvironment and blunts their activity, however, monoclonal antibody 

neutralization by an anti-Sema4d antibody (murine: mAb67-2, human: 

VX15/2503; Vaccinex, Inc.) could restore these deficits in combination with anti-

Ctla-4 or anti-Pd-1 checkpoint blockade (Clavijo et al., 2018; Evans, Jonason, et 

al., 2015; Evans, Paris, Smith, & Zauderer, 2015). Likewise, antibody targeting of 



 

 
66 

SEMA4C could be highly advantageous for these same reasons and others we 

posit here. This could allow expansion of the poor portfolio of therapies available 

to metastatic osteosarcoma patients and may also be applied to other cancer 

types in which high SEMA4C expression is clinically relevant.  

SEMA4C positive tumor cells are an attractive target therapeutically. 

These results suggest the possibility of SEMA4C as a novel therapeutic target for 

the treatment of incurable metastatic osteosarcoma. 
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Figure 1. SEMA4C is upregulated in a subset of osteosarcoma tissue 

samples and cell lines 

A. Relative SEMA4C RNA expression levels in normal human osteoblasts (n = 3) 

compared to two individual osteosarcoma patient sample data sets (#1: n = 12, 

#2: n = 184). Data shown are fold change compared to osteoblasts ± SEM; *p < 

0.05; unpaired Student’s T-test. B. Summary of scores identified in human 

osteosarcoma TMA following staining with anti-SEMA4C. C. Representative 

images of SEMA4C staining with each expression intensity and number of 

sections with indicated staining. Representative images are shown at 20X; insets 

are 40X. Scale bars = 25 and 50 µm where indicated. D. Western blots of 

SEMA4C and cognate receptor PLXNB2 expression in normal human 

osteoblasts (NHO) and osteosarcoma cell lines. E. ELISA analysis of soluble 

SEMA4C expression in NHOs and osteosarcoma cell supernatants. Data shown 

as mean ± SEM (n = 2/group); *p < 0.05, **p < 0.01; One-way ANOVA.  
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Figure 2. SEMA4C overexpression promotes increased cellular growth, 

colony formation, and migration in osteosarcoma cell lines 

A. Western blots confirming overexpression of SEMA4C. B. SEMA4C 

overexpression increases the proliferation of osteosarcoma cell lines. Data 

shown as fold change ± SEM (n = 18/group); *p < 0.05, ****p < 0.0001; Two-way 

ANOVA. C. SEMA4C overexpression promotes anchorage-independent growth. 

Data as fold change ± SEM (n = 36/group); *p < 0.05, ****p < 0.0001; unpaired 

Student’s T-tests. D. SEMA4C overexpression modulates migration. Data as fold 

change ± SEM (n = 12/group); ***p < 0.001, ****p < 0.0001; unpaired Student’s 

T-tests. E. Representative images of cellular migration. F. Western blots of 

activated AKT signaling in SEMA4C-overexpressing cell lines. G. Relative 

expression of mesenchymal marker genes in cell lines ± SEMA4C 

overexpression (n = 3/group); multiple Student’s T-tests. 
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Figure 3. Knockdown of SEMA4C reduces cellular growth, colony 

formation, and promotes cell cycle delay 

A. Confirmation of SEMA4C knockdown via qRT-PCR. Data shown as fold 

change ± SEM (n = 3/group); **p < 0.01, ****p < 0.0001; One-way ANOVA. B. 

Western blots of SEMA4C in control shCON and shSEMA4C cell lines. C. 

Knockdown of SEMA4C reduces cellular proliferation. Data as fold change ± 

SEM (n = 18/group); ****p < 0.0001; Two-way ANOVA. D. Colony formation in 

SEMA4C knockdown cell lines. Data as fold change ± SEM (n = 36/group); ****p 

< 0.0001; unpaired Student’s T-test. E. Western blots of activated AKT signaling 

in SEMA4C knockdown cells. F. Silencing of SEMA4C induces G1 cell cycle 

delay; Data shown as number of cells ± SEM (n = 3/group); Two-way ANOVA.  
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Figure 4. SEMA4C knockdown reduces cell motility, promotes adhesion, 

and downregulates mesenchymal marker expression  

A. Knockdown of SEMA4C reduces cellular migration. Data as fold change ± 

SEM (n = 12/group); **p < 0.01, ****p < 0.0001; unpaired Student’s T-test. B. 

Representative cellular migration images in knockdown cell lines. C. Silencing of 

SEMA4C increases cellular adhesion in HOS cells (n = 5-6/group); *p < 0.05; 

unpaired Student’s T-test. D. Representative images of cellular adhesion 24 

hours post. E. Wound closure rate in SEMA4C-deficient cells (n = 36/group); *p < 

0.05; unpaired Student’s T-test. F. qRT-PCR of mesenchymal markers. Data as 

fold change ± SEM (n = 3/group); ***p < 0.001, ****p < 0.0001; multiple Student’s 

T-tests.  
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Figure 5. SEMA4C knockdown decreases osteosarcoma tumor growth and 

lung metastasis 

A. Tumor volume measurements in SEMA4C knockdown orthotopic injections. 

Data shown as mean volume in mm3 ± SEM; *p < 0.05, ***p < 0.001, ****p < 

0.0001; Two-way ANOVA. B. Representative gross lung images from a HOS 

control and SEMA4C knockdown animal. White arrows indicate macrometastatic 

nodules. C. Representative western blot images in control and SEMA4C 

knockdown animals from each cell line. D. SEMA4C knockdown and reductions 

in p-AKT signaling were confirmed via densitometry. E. Number of 

micrometastatic lung nodules/section. Data shown as mean number of nodules ± 

SEM (n = 36/group); ****p < 0.0001; unpaired Student’s T-test. F. Area 

measurements of micrometastases in sections. Data shown as mean area ± 

SEM (n = 36/group); ****p < 0.0001; unpaired Student’s T-test. G. Representative 

H & E lung images are shown at 20X; insets are 40X. Black arrows indicate 

micrometastases, Scale bars = 100 µm.  
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Figure 6. Anti-SEMA4C monoclonal antibody blockade is effective in vitro 

A. SEMA4C antibody blockade reduces cellular growth following a 48-hour 

incubation in osteosarcoma cell lines only. Data as fold change ± SEM (n = 18); 

****p < 0.0001; One-way ANOVA. B. Antibody blockade reduces cellular 

migration. Data shown as fold change ± SEM (n = 12); ****p < 0.0001; Student’s 

T-test. C. Representative images of migration in isotype control IgG and anti-

SEMA4C treated lines. D. Anti-SEMA4C treatment induces G1 cell cycle delay. 

Data shown as number of cells ± SEM (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001; Two-way ANOVA. E. Model of SEMA4C function. SEMA4C 

promotes downstream activation of AKT signaling which ultimately leads to 

upregulation of mesenchymal genes, promotion of cellular migration, 

proliferation, tumor growth, and metastasis. Monoclonal antibody blockade can 

effectively inhibit these downstream events and induce cell cycle delay. S4CTM = 

transmembrane SEMA4C, S4Csol = soluble SEMA4C. 
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Supplementary Figure 1. Increased SEMA4C expression is associated with 

osteosarcoma 

A. Summary of the percent positive SEMA4C staining per section in a human 

osteosarcoma TMA. Data shown as number of samples with indicated percent 

staining in each of the four categories. B. Bar graph depicting percentage of 

SEMA4C staining localization (cytoplasmic/membraneous, nuclear, or both). 

SEMA4C staining was predominantly cytoplasmic/membraneous in sections. 
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Supplementary Figure 2. Silencing of SEMA4C does not induce apoptosis 

A. Representative flow cytometry plots of cleaved CASP3 positivity (cCas3+) in 

SEMA4C knockdown cell lines. B. Quantification of flow cytometry plots. Data 

shown as mean area ± SEM (n = 3); p > 0.05; unpaired Student’s T-test. 
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Supplementary Figure 3. Description of 3D microfluidic chambers and 

representative images  

A. An AutoCAD schematic of the entire device. B. Collagen (blue) is allowed to 

polymerize in the lower channel, then human umbilical vein endothelial cells 

(HUVECs, orange) are perfused through the adjacent channel. C. HUVECs are 

allowed to become confluent. Green fluorescent protein (GFP)-expressing cancer 

cells are perfused through the endothelial cell channel. D. Modified 

osteosarcoma cell lines adhere to the endothelium and may transmigrate and 

invade into the collagen. 
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Supplementary Figure 4. Representative illustration of wound closure 

assay analysis 

A. Representative photo montages of phase contrast images of wound closure 

assays in cell lines ± SEMA4C deficiency at indicated time points.  
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Supplementary Table 1. 

Table of primer sequences used in this manuscript. 
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Supplementary Table 2. 

Table of all antibodies used in manuscript. 
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CHAPTER 4 
 

PLX3397 treatment inhibits constitutive CSF1R-induced oncogenic ERK 
signaling, reduces tumor growth, and metastatic burden in osteosarcoma 
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Summary 

 Osteosarcoma (OSA) is a heterogeneous and aggressive solid tumor of 

the bone. We recently identified the colony stimulating factor 1 receptor (Csf1r) 

gene as a novel driver of osteosarcomagenesis in mice using the Sleeping 

Beauty (SB) transposon mutagenesis system. Here, we report that a CSF1R-

CSF1 autocrine/paracrine signaling mechanism is constitutively activated in a 

subset of human OSA cases and is critical for promoting tumor growth and 

contributes to metastasis. We examined CSF1R and CSF1R expression in 

OSAs. We utilized gain-of-function and loss-of-function studies (GOF/LOF) to 

evaluate properties of cellular transformation, downstream signaling, and 

mechanisms of CSF1R-CSF1 action. Genetic perturbation of CSF1R in 

immortalized osteoblasts and human OSA cell lines significantly altered 

oncogenic properties, which were dependent on the CSF1R-CSF1 

autocrine/paracrine signaling. These functional alterations were associated with 

changes in the known CSF1R downstream ERK effector pathway and mitotic cell 

cycle arrest.  We evaluated the recently FDA-approved CSF1R inhibitor 

Pexidartinib (PLX3397) in OSA cell lines in vitro and in vivo in cell line and 

patient-derived xenografts.  Pharmacological inhibition of CSF1R signaling 

recapitulated the in vitro genetic alterations. Moreover, in orthotopic OSA cell line 

and subcutaneous patient-derived xenograft (PDX)-injected mouse models, 

PLX3397 treatment significantly inhibited OSA tumor growth and lessened 

metastatic burden. In summary, CSF1R is utilized by OSA cells to promote 

tumorigenesis and may represent a new molecular target for therapy.   
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Introduction 

 Osteosarcoma (OSA) is a rare and aggressive cancer affecting the 

growing long bones of adolescents and is characterized by a high propensity to 

metastasize to the lungs (Misaghi, Goldin, Awad, & Kulidjian, 2018). While the 

current standard of care improves survival outcomes in patients with localized 

disease, neo-adjuvant chemotherapy fails to provide any substantial survival 

benefit to patients with lung metastases (Durfee, Mohammed, & Luu, 2016; 

Misaghi et al., 2018). A hallmark of OSA is widespread genomic instability, and a 

paucity of obvious activated oncogenes, making it difficult to identify specific 

drivers of OSA development and fatal metastatic spread (Kuijjer, Hogendoorn, & 

Cleton-Jansen, 2013). Also, heterogeneity between individual tumors is 

considered one of the major reasons for the lack of progress in leveraging any 

targetable drivers to date (Sayles et al., 2019). Therefore, it is imperative that we 

improve our understanding of commonly altered OSA-specific signaling pathways 

known to promote malignancy and tumor maintenance in order to develop 

effective molecularly targeted therapies for patients with metastatic disease 

(Saraf, Fenger, & Roberts, 2018). For these reasons, we performed a Sleeping 

Beauty (SB) transposon-based forward genetic screen for OSA which identified 

numerous (>250) previously unknown drivers of OSA development and 

metastasis (Moriarity et al., 2015). In particular, Csf1r (c-fms proto-oncogene) 

was identified as a candidate OSA driver oncogene in a subset of our primary 

OSA samples (Moriarity et al., 2015). 
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 CSF1R is a transmembrane, tyrosine kinase receptor known to mediate 

cellular effects of macrophage colony stimulating factor 1 (M-CSF, also known as 

CSF1) and is primarily expressed by cells in the mononuclear phagocytic lineage 

(Stanley & Chitu, 2014). In normal growing bones, osteoblasts produce CSF1, 

which stimulates proliferation and differentiation of CSF1R-expressing osteoclast 

progenitors (Wittrant, Gorin, Mohan, Wagner, & Abboud-Werner, 2009). We 

hypothesized that increased CSF1R expression could potentiate CSF1-induced 

signaling in OSA and may represent a therapeutically exploitable pro-

tumorigenic, autocrine/paracrine signaling loop. To test this hypothesis, we 

characterized CSF1R expression and signaling in OSA and coupled these 

studies with therapeutic targeting of active signaling using a small molecule 

inhibitor of CSF1R. Together, our studies demonstrate that CSF1R is highly 

expressed and constitutively active in a subset of OSA samples, CSF1R-CSF1 

signaling is oncogenic in immortalized osteoblasts and OSA cell lines, and 

CSF1R tyrosine kinase inhibition reduces properties of cellular transformation in 

vitro and OSA tumor growth and metastatic burden in vivo. Further, we provide 

rationale for continued preclinical evaluation of PLX3397 for the treatment of 

OSA.  

 

Methods and materials 

RNA-sequencing data 

 CSF1, IL-34, and CSF1R expression levels were examined in three 

independent and publicly available human OSA patient RNA-sequencing data 
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sets and compared to normal human osteoblast data (Moriarity et al., 2015; Perry 

et al., 2014; Scott et al., 2018). The results published in data set #3 are in whole 

or part based upon data generated by the Therapeutically Applicable Research 

to Generate Effective Treatments (TARGET) initiative, phs000218, managed by 

the NCI. Information about TARGET can be found at 

http://ocg.cancer.gov/programs/target.  

 

Tissue microarray (TMA) samples and scoring 

 OSA tissue microarrays (TMAs) containing 40 samples in duplicate were 

used for p-CSF1RTyr723 and total CSF1R staining (#OS804c, US Biomax). 

Immunohistochemistry (IHC) was performed as previously described (Moriarity et 

al., 2015). IHC for p-CSF1RTyr723 was performed using a rabbit anti-p-

CSF1RTyr723 primary antibody (#HPA012323, Sigma), and a rabbit c-fms 

oncoprotein primary antibody was used for total CSF1R (#CBL776, Millipore). 

Both antibodies were detected with diaminobenzidine (DAB) as the chromogen. 

Evaluation of the immunohistochemical staining was carried out using the 

CYTONUCLEAR module of the HALO imaging analysis platform (Indica labs). 

Each IHC stain was evaluated to determine the optimal thresholds for defining 

cellular staining patterns: negative and positive staining for both the 

membraneous/cytoplasmic and nuclear staining. (http://www.indicalab.com/halo/) 

 

Cell culture 
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Immortalized osteoblast cell line hFOB1.19, 293T, and OSA cell lines 

SJSA-1, 143B, HOS, and U2OS were all obtained from the American Type 

Culture Collection (ATCC). All cell lines were maintained in accordance with 

ATCC’s culture recommendations. Patient-derived xenograft (PDX) cells were 

provided under Materials Transfer Agreement by Stanford University. hFOB1.19 

cells were maintained in DMEM/F12 and 0.3 mg/mL G418, SJSA-1 were 

maintained in RPMI-1640, 143B and HOS were maintained in DMEM, and U2OS 

and SaOS-2 were maintained in McCoy’s 5A. All lines were fortified with 10% 

fetal bovine serum (FBS) and 1X penicillin/streptomycin. Cells were incubated in 

a water-jacketed incubator set at 5% carbon dioxide (CO2) and at 37°C. With the 

exception of hFOB1.19 and SaOS-2 cells, all OSA cell lines (SJSA-1, 143B, 

HOS, and U2OS) were previously authenticated by the University of Arizona 

Genetics Core (UAGC) using short tandem repeat profiling. 

 

Recombinant human CSF1 (rhCSF1) 

 Recombinant human CSF1 (#AF30025, Peprotech) was utilized at 

indicated concentrations and timepoints denoted throughout. 

 

RNAi 

Transient knockdown of CSF1 (#M-017514-00-0005, Dharmacon) and 

CSF1R (#M-003109-03-0005, Dharmacon) were accomplished with pooled 

siRNAs and compared to pooled non-silencing siRNAs as a control (#D-001206-

14-05, Dharmacon). Cells were transfected at a final working concentration of 87 
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nM using RNAiMAX (#13778150, Thermo). Downstream analyses were 

performed at times indicated throughout. 

 

RT-qPCR 

 Total RNA was extracted from cell lines using the GeneJet RNA 

purification kit (#K0731, Thermo). 500 ng of extracted RNA was DNase treated 

(#AM1906, Thermo) and reverse transcribed into cDNA using the Transcriptor 

First Strand Synthesis kit (#04379012001, Roche). Quantitative RT-qPCR was 

performed in triplicate using SYBR green mix (#4472908, Thermo) on an ABI 

7500 machine (Applied Bio Systems). Primer sequences are available in 

Supplementary Table 1. All measurements were calculated using the DDCT 

method(Schmittgen & Livak, 2008). 

 

Overexpression plasmids 

 CSF1R overexpression (CSF1R OE), ligand-independent constitutively 

active (CSF1RΔ), and empty vector (EV) control plasmids were a generous gift 

from Dr. Martine Roussel and provided by Materials Transfer Agreement. The 

CSF1R sequence from each plasmid was cloned into a pLEX-307 lentiviral 

expression vector (#41392, Addgene). Lentiviral particles were produced with 

293T cells co-transfected with the pLEX-307 vectors containing the CSF1R 

cDNA, CSF1RΔ cDNA, or EV, pMD2.G envelope (#12259, addgene), and 

psPAX2 (#12260, Addgene) packaging vectors. Virus was concentrated with 
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Lenti-X (#631232, Clontech) and stable lines were established via puromycin 

selection at 1 µg/mL following viral transduction. 

 

Flow cytometry 

 For detection of surface CSF1R, cells were washed with 1X PBS 

containing 0.2% BSA and 2 mM EDTA, and stained with anti-human CSF1R or 

isotype control. For detection of intracellular p-CSF1RTyr723, cells were first fixed 

and permeabilized using BD Cytofix/Cytoperm (BD Biosciences) according to 

manufacturer’s instructions. Cell cycle analysis was performed as previously 

described (Branden A. Smeester et al., 2019). Briefly, cells were fixed and 

permeabilized prior to staining with PI/RNase Staining Buffer (#550825, BD 

Pharmingen). For apoptosis analysis, cells were resuspended in Annexin-V 

binding buffer and stained with Annexin-V and 7-AAD according to 

manufacturer’s instructions (#BDB556547, BD Pharmingen). Cells were analyzed 

on an LSR II or Fortessa digital flow cytometer (BD Biosciences) at the University 

of Minnesota Flow Cytometry Resource. Analysis was performed using FlowJo 

software (FlowJo, LLC). A complete list of antibodies and other reagents utilized 

is available in supplementary table 2. 

 

ELISA 

 Wild-type and RNAi-modified lines were plated in 6-well dishes at 1.5 x 

105 cells/well. Quantification of levels of both soluble CSF1 (sCSF1) and/or IL-34 

secreted in the conditioned media were assessed 48-hours post-plating via 
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manufacturer’s instructions were indicated respectively (CSF1: #DMC00B; IL-34: 

#D3400, R & D Systems). 

 

Drug treatment 

 In vitro experiments: Pexidartinib (PLX3397, #S7818, Selleckchem) was 

dissolved and prepared in DMSO according to manufacturer’s instructions. 

Tumor cell viability and western blot studies following in vitro  PLX3397 treatment 

were performed in base media containing 2% FBS. In vivo experiments: 

PLX3397 drug was provided under Materials Transfer Agreement by Plexxikon 

Inc., formulated into 290 ppm PLX3397 or control chow, and was administered to 

mice ad libitum beginning when tumors reached palpable and measurable sizes 

of ~50-75 mm3.   

 

Western blotting 

 Total protein lysate was extracted from cultured cells in RIPA buffer 

(#R0278, Sigma) containing protease (#11873580001, Sigma) and phosphate 

inhibitors 2/3 (#P5726 and #P0044, Sigma). Lysates were quantified via BCA 

(#23225, Thermo Fisher) using pre-diluted albumin standards (#23208, Thermo 

Fisher), loaded into/run on Bis-Tris gels (Thermo Fisher), and transferred to 0.2 

µM PVDF membranes (#1620177, Bio-Rad). Membranes were blocked in either 

5% non-fat dry milk (#31FZ84, RPI) or 5% bovine serum albumin (BSA, #A2153, 

Sigma) diluted in PBS-T for 1 hour and incubated gently shaking overnight at 4°C 

in 1° antibody/PBS-T. Following washing, conjugated 2° antibody incubation for 1 
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hour at room temperature and subsequent washing, membranes were developed 

using the WesternBright Quantum detection kit (#K-12042-D20, Advansta) and 

the LICOR Odyssey (LICOR). A complete list of antibodies and other reagents 

utilized is available in Supplementary table 2.  

 

Immunohistochemical and H&E staining 

 Immunohistochemistry (IHC) and H&E staining procedures were 

performed as previously reported (Moriarity et al., 2015). Formalin-fixed and 

paraffin embedded tissue sectioned at 4 µM. A complete list of antibodies and 

other reagents utilized is available in Supplementary table 2. 

 

MTS cellular proliferation assay 

Cell growth assays were performed as previously described (Moriarity et 

al., 2015; Branden A. Smeester et al., 2019). Briefly, modified cells (1.2 x 103) 

were seeded in 96-well plates. Absorbance was measured at 490 nm and 650 

nm using a SynergyMx (BioTek) fluorescence plate reader at 24, 48, 72, and 96 

hours post-plating.  

 

Soft agar colony formation assay 

 Soft agar assays were performed at previously described (Moriarity et al., 

2015; Branden A. Smeester et al., 2019). Both modified and drug-treated cells (1 

x 104) were seeded into a 0.35% agar solution placed on top of a 0.5% agar in 

six-well plates and allowed to incubate for 1-4 weeks. The resultant colonies 
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were fixed, divided into four quadrants, and imaged using microscopy. Colonies 

were quantified via ImageJ v1.52a software using a standard colony 

quantification macro. 

 

Tumor cell viability almarBlue assay 

 OSA cells (2 x 103) were seeded in 96-well plates and cultured overnight. 

Cells were then treated with increasing concentrations of PLX3397 or DMSO 

control and incubated for 48 hours. almarBlue cell viability reagent (#DAL1100, 

Thermo Fisher) was added to each well (1:10) and plates were incubated at 37°C 

for 1-3 hours. Luminescence was measured at 560 nm and 590 nm using a 

fluorescence plate reader (SynergyMx BioTek). 

 

In vivo mouse models  

All animal procedures were performed in accordance with protocols 

approved at the University of Minnesota in conjunction with the Institutional 

Animal Care and Use Committee (#1808-36277A, IACUC). Human OSA cell 

lines or patient-derived xenograft (PDX) cells (2.5 x 105 and 1.0 x 106 

respectively) were injected into the calcaneus or subcutaneous respectively of 

male and female 6-8-week-old immunocompromised mice (NOD Rag Gamma, 

Jackson Labs, (B. A. Smeester, Al-Gizawiy, & Beitz, 2012; B. A. Smeester et al., 

2013)). Tumor volume was calculated via caliper measurements using the 

formula V = (W*W*L)/2 where V equals tumor volume, W equals tumor width and 

L equals tumor length (Faustino-Rocha et al., 2013).  
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Statistical analysis 

All statistical analyses were performed using Prism v8 software 

(GraphPad). All data are presented as mean +/- standard error of the mean 

(SEM). Two groups were compared using a two-tailed unpaired Student’s T-test. 

Three or more groups were compared using a One-way ANOVA or Two-way 

ANOVA analyses with Bonferroni’s post hoc. All statistical analyses are 

individually indicated throughout in all figure legends. In all cases, p < 0.05 was 

considered statistically significant.  

 

Results 

CSF1R and CSF1 are expressed in human and mouse OSA 

 We previously identified Csf1r as a significantly, recurrently mutated 

oncogene in a subset of SB-accelerated OSA (Moriarity et al., 2015; Temiz et al., 

2016). RNA-sequencing analysis confirmed that the presence of an SB 

transposon-Csf1r fusion transcript (R-CIS) (Moriarity et al., 2015; Temiz et al., 

2016) was associated with greatly increased expression of Csf1r (Fig. 1a, blue 

dots). These RNA-sequencing findings were further confirmed at the protein level 

in cell lines generated from SB-fusion positive/negative tumors when stained for 

CSF1R expression (Fig. 1b). Together, our data suggest that ectopic, high-level 

CSF1R expression can promote OSA formation in mice, and that ectopic, active 

CSF1R expression, as well as its ligand CSF-1, is a feature of a significant 
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subset of human OSA cases. Therefore, autocrine and paracrine CSF1R 

signaling may be an oncogenic driver of human OSA.  

 Next, we used three independent and published data sets to examine the 

expression of CSF1R and its ligands CSF1/IL-34 in OSA samples and compared 

them to normal human osteoblasts (NHOs). When compared to NHOs, CSF1R 

was highly expressed in all data sets (Fig. 1c), while CSF1 RNA levels were not 

significantly different (Fig. 1d) and IL-34 RNA levels were significantly lower (Fig. 

1e). Interestingly, high IL-34 expression has been previously shown to promote 

OSA tumor progression and metastasis (Segaliny et al., 2015).  

 Analysis of 40 human tissue microarray (TMA) samples in duplicate using 

the Halo quantitative pathology software platform demonstrated positive 

membranous/cytoplasmic and nuclear CSF1R staining in 54.4% and 67.4% of 

cases, respectively (Fig. 1f). To assess for constitutive activation, we stained a 

second TMA for p-CSF1RTyr723. Similar to CSF1R expression, p-CSF1RTyr723 was 

found to be positively expressed in the membrane/cytoplasm and nucleus in 

73.5% and 60.8% of cases respectively (Fig. 1g). Representative images of 

CSF1R and p-CSF1RTyr723 expression and localization are shown in Figure 1h. 

Overall, these findings demonstrate that CSF1R and CSF1 are expressed in 

OSA and that active CSF1R signaling may occur via autocrine and/or paracrine 

signaling mechanisms. 

 

Overexpression of CSF1R increases colony formation and activation of 

growth signaling in immortalized osteoblasts 
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 Next, we aimed to investigate whether ectopic CSF1R expression and 

activation is sufficient to drive properties of cellular transformation in an 

immortalized osteoblast cell line hFOB1.19 (Harris, Enger, Riggs, & Spelsberg, 

1995). While reports of endogenous CSF1R expression in osteoblasts are 

variable (Wittrant et al., 2009), soluble CSF1 production characterizes 

osteoblasts (Yao, Sun, Weir, & Insogna, 2002), which we positively confirmed via 

ELISA in hFOB1.19 cells (157.2 +/- 13.4 pg/mL). To evaluate the potential 

oncogenic properties induced by high-level CSF1R, we established both CSF1R-

overexpressing cells and a ligand-independent, constitutively active CSF1R-

overexpressing mutant (Cioce et al., 2014) (CSF1RΔ). Overexpression was 

confirmed via RT-qPCR as compared to empty vector control (EV) (Fig. 2a) and 

via western blot (Fig. 2b). Both CSF1R and CSF1RΔ-expression promoted 

anchorage-independent colony formation compared to control cells; however, 

CSF1RΔ had a more pronounced effect (Fig. 2c). Increases in colony formation 

were associated with modest increases in ERK activity (Fig. 2d). Thus, these 

data suggest a link between elevated CSF1R expression/constitutive activity in 

osteoblasts, increased colony formation, and activation of oncogenic ERK 

signaling; together triggering early cellular transformation events that could 

potentially promote OSA formation, growth, and progression.  

 

Human OSA cell lines have a functional CSF1R-CSF1 autocrine/paracrine 

signaling loop 
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 To understand the function of CSF1R in OSA cells, we first probed four 

human OSA cell lines for p-CSF1RTyr723 and CSF1R surface expression. Flow 

cytometry analysis revealed a small subpopulation of cell surface p-CSF1RTyr723+ 

cells (2.2% - 4.7%, white bars) and CSF1R+ cells (2.6% - 15.5%, light blue bars). 

Representative flow plots of staining are shown to the right and in Supplementary 

Figures 1a-b. P-CSF1RTyr723 and CSF1R were also detected in cell lysates via 

western blot (Fig. 3b). Likewise, soluble CSF1 (sCSF1) was detected by ELISA 

(Fig. 3c). IL-34, another cytokine that binds CSF1R (Chihara et al., 2010) was 

below the threshold for detection via ELISA in all cell lines. Given that all cell 

lines had a subset of cells expressing both CSF1R and sCSF1, we hypothesized 

that a potential autocrine/paracrine signaling pathway may be active in OSA.  

 It has previously been reported that CSF1R+ breast and glioma tumor cells 

are responsive to sCSF1 stimulation (Coniglio et al., 2012; Morandi, Barbetti, 

Riverso, Dello Sbarba, & Rovida, 2011). To determine whether CSF1R+ OSA 

cells were responsive to exogenous sCSF1, we stimulated previously serum-

starved SJSA-1 and U2OS cells with sCSF1 or PBS control for five minutes. 

sCSF1-induced CSF1R hyperactivation was observed in both cell lines (Fig. 3d) 

and activated ERK signaling in a concentration-dependent manner (Supp. Fig. 

2a). sCSF1 knockdown was associated with reduced cell proliferation and ERK 

activity (Fig. 3e, Supp. Figs. 2b-c). Knockdown of CSF1R (Fig. 3f) in both SJSA-1 

and U2OS cells also reduced proliferation (Figs. 3g) colony formation (Fig. 3h). 

Pooled siRNA knockdown of CSF1R was also associated with downregulation of 

ERK signaling activity (Fig. 3i) and G0/G1 mitotic cell arrest (Fig. 3j). These 
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findings were further supported by gain-of-function (GOF) CSF1R 

overexpression studies (Supp. Figs. 3a-c). Together, our results argue that 

targeting sCSF1-induced CSF1R signaling may be a clinically relevant strategy in 

OSA using small molecule tyrosine kinase inhibition of CSF1R. 

 

Pharmacological manipulation of CSF1R signaling significantly alters OSA 

oncogenic properties in vitro 

 Through complementary loss- and gain-of-function studies (LOF/GOF), we 

established expression of an autocrine/paracrine signaling potential through 

active CSF1R signaling in OSA. Given this, we chose to further validate these 

studies therapeutically with the recently FDA-approved selective CSF1R kinase 

inhibitor PLX3397 (Giustini, Bernthal, Bukata, & Singh, 2018). To confirm active 

CSF1R kinase blockade following PLX3397 treatment and downregulation of 

ERK signaling (as observed in our genetic studies), we treated constitutively 

expressing CSF1RTyr723+ cell lines for 48-hours and confirmed decreased 

phosphorylation levels via western blot (Fig. 4a). Reduced receptor activation 

and ERK modulation were accompanied by concentration-dependent reductions 

in tumor cell viability (Fig. 4b) and colony formation (Fig. 4c). To understand the 

underlying mechanism(s) of these PLX3397-induced phenotypic effects, we 

further investigated its effects on the cell cycle and apoptosis. Consistent with our 

genetic studies (Fig. 3j), PLX3397 treatment induced mitotic G0/G1 cell cycle 

arrest (Fig. 4d, Supp. Fig. 4a) and modest apoptosis in U2OS, but not SJSA-1 

OSA cells (Figs. 4e-f). These findings argue that a subset of OSA cells require 
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active CSF1R signaling for growth mediated in part through initiating/maintaining 

enhanced cell cycling and/or anti-apoptotic signaling. 

 

PLX3397 reduces OSA tumor growth and metastasis 

 With the early success of PLX3397 for the treatment of tenosynovial giant 

cell tumor (TGCT) (Giustini et al., 2018), we next examined the effects of this 

treatment on human OSA cell line xenograft and PDX models in vivo. We found 

that PLX3397-containing chow treatment reduced OSA tumor growth in SJSA-1 

and U2OS cell line xenografts as compared to control chow in an orthotopic 

mouse model (Fig. 5a). Representative tissue sections confirming decreased p-

CSF1RTyr723 and p-ERK in PLX3397-treated SJSA-1 animals are shown in Figure 

5b. While no discernable differences in the number of microscopic lung 

metastases between control and treated animals were found, PLX3397-treated 

SJSA-1-bearing animals had reduced nodule area burden by 24.7% (Fig. 4c). 

These effects are demonstrated in representative H & E lung sections in Figure 

5d. These tumor-reducing effects were mirrored in CSF1+/CSF1R+ OSA PDX 

cells (Fig. 5e) in a subcutaneous mouse model (Fig. 5f). Representative tissue 

sections confirming decreased p-CSF1RTyr723 in PLX3397-treated PDX animals 

are shown in Figure 5g. No lung metastases were detected in any PDX-bearing 

animals macroscopically or microscopically via H&E staining (Fig. 5g, rightmost). 

Together, these data indicate that active CSF1R inhibition can effectively reduce 

OSA tumor growth and metastatic burden (Fig. 6). 
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Discussion 

 In our previously published Sleeping Beauty (SB) transposon-based 

screen (Moriarity et al., 2015), the Csf1r gene was identified as a common 

insertion site (CIS) locus in a subset of accelerated OSA samples.  Evaluation of 

RNA-sequencing data from this set of OSA samples (Temiz et al., 2016) 

revealed high expression levels of Csf1r mRNA in the same tumor samples that 

had been identified to carry putative Csf1r driving SB transposon insertion 

mutations. It is well-established that human OSAs are remarkably heterogeneous 

from a genetic standpoint (Wang et al., 2019). Given the known potential of 

receptor tyrosine kinases in driving oncogenesis (Lemmon & Schlessinger, 

2010), it is not surprising that we have found strong evidence they can drive OSA 

and here we provide evidence for the existence of CSF1R+ cells in human OSA 

patient samples and cell lines. But, in contrast to the heterogeneity for many 

features of OSA, we found that the majority of OSA cases examined had positive 

CSF1R staining, which was found in both the membrane/cytoplasm and nuclear 

compartments. Most OSA samples were also positive for p-CSF1RTyr723 found 

similarly in the membrane/cytoplasm and nuclear compartments. Recent reports 

in breast cancer and primary human monocytes provide new evidence for 

cytoplasmic and nuclear localization of CSF1R, as does our new data reported 

here, suggesting dynamic non-canonical functions for CSF1R that are previously 

unappreciated (Barbetti et al., 2013; Bencheikh et al., 2019). Furthermore, 

chromatin-bound CSF1R in mesothelioma has been shown to induce a functional 

transcriptional program directly promoting chemo-resistance, pluripotency, and 
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epithelial-to-mesenchymal transition (EMT) (Cioce et al., 2014). The specific 

roles of CSF1R in the plasma membrane, cytoplasmic, and nuclear 

compartments must be addressed in OSA through future research. Our results 

confirm the presence of constitutively activated CSF1RTyr723 expression in 

malignant primary patient tissues which suggests an active autocrine/paracrine 

signaling loop that is therapeutically targetable. 

The oncogenic potential of CSF1R has long been recognized since its 

early report by Roussel and colleagues more than thirty years ago (Roussel et 

al., 1987). CSF1R has since been shown to promote tumorigenesis in other 

cancers including lung (Hung et al., 2014), epithelial (Wrobel et al., 2004), in a 

chondrosarcoma cell line (Wen, Li, Zhang, Ling, & Lin, 2017), and recently in 

peripheral T cell lymphomas (PTCLs) (Murga-Zamalloa et al., 2019). Ectopic 

expression of wild-type CSF1R or a constitutively active mutant in normal 

immortalized osteoblasts allows dependent, and independent, mitogenic 

response to endogenous CSF1 respectively and fosters properties of cellular 

transformation. These data demonstrate a role for CSF1R expressing cells in 

promoting osteosarcomagenesis, as found in our SB studies (Moriarity et al., 

2015; Temiz et al., 2016) and recently in inducing high levels of telomerase 

reverse transcriptase (hTERT) promoting immortalization of epithelial cells (Li et 

al., 2009). Our data demonstrate that CSF1R promotes and sustains cellular 

proliferation, 3D colony formation, and ERK activation in OSA cell lines. Our 

studies with exogenous CSF1 stimulation and RNAi-mediated knockdown of 

CSF1 further confirm these findings. We also found that RNAi disruption of 
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CSF1R signaling induces early G0/G1 cell cycle arrest, as previously described in 

epithelial cancer and others (Azzam, Wang, Bell, & Murphy, 2013; Roussel, 

1994). 

 The findings of this work may be clinically important as well. Tyrosine 

kinase inhibitor (TKI) treatment in vitro and in vivo with the small molecule 

CSF1R inhibitor PLX3397 exerted cytostatic and cytotoxic effects that led to 

reduced tumor cell viability, colony formation, ERK signaling, and tumor growth in 

an orthotopic mouse model with OSA cell lines and in a subcutaneous PDX 

xenograft model. It is highly encouraging that PLX3397 specifically has been 

used clinically to treat tenosynovial giant cell tumor (TGCT) with success 

(Giustini et al., 2018) considering other CSF1R inhibitors such as JNJ-40346527 

have been tried for Hodgkin’s lymphoma (HL) with limited anti-tumor results 

despite being well-tolerated (von Tresckow et al., 2015). Further, preclinical 

evidence in PTCLs (Murga-Zamalloa et al., 2019) and lung cancer suggests that 

CSF1R can potentiate oncogenic signaling through phospho-proteomic 

alterations and drive bone metastases respectively (Hung et al., 2014) and that 

TKI treatment can reduce tumor growth and sensitize tumors to clinically relevant 

levels of chemotherapy agents (Pass et al., 2016). While PLX3397 treatment did 

not alter the number of metastatic nodules present, it did reduce the size of those 

nodules, which was encouraging. Many previous studies involving small 

molecule CSF1R blockade attributed reduced cell invasion and metastasis in part 

through inhibition of CSF1R-expressing tumor-associated macrophages (TAMs), 

which are known to foster tumor development and metastasis in other solid 
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cancers (Sharma et al., 2014; Wesolowski et al., 2019; Wesolowski et al., 2016). 

Our studies here solely focused on the tumor cell-autonomous properties of 

CSF1R-CSF1 signaling and did not seek to examine CSF1R signaling or 

blockade in the context of an intact immune system. Yet, while it is well-

established that aggressive chemotherapy followed by surgical resection is 

beneficial to patients with low metastatic burden, this strategy is not effective for 

patients with higher burdens at clinical presentation (Bacci et al., 2000). This 

suggests a strong clinical rationale for PLX3397 treatment in patients with 

positive active CSF1R expression, which may overcome these current limitations  

 In summary, our genetic and pharmacological studies illuminate the tumor 

autonomous effects of CSF1R-CSF1 autocrine/paracrine signaling and provide 

rationale for continued study of CSF1R signaling in OSA and the potential for 

small molecule CSF1R TKI for the treatment of OSA. 
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Figure 1. CSF1R is upregulated in OSA 

(a) Associated log10 transformed FPKMs from SB-mutagenized tumors driving 

Csf1r expression (blue dots). (b) Western blot confirming CSF1R positivity in cell 

line made from SB-fusion+ mouse tumor. Violin plots of RNA-seq log10 

transformed FPKM values of (c) CSF1R, (d) CSF1, and (e) IL-34 in 3 

independent OSA patient data sets compared to normal human osteoblasts 

(NHOs); NHOst (n = 3), #1 (n = 20) , #2 (n = 35), #3 (n = 117). Quantification of 

positive and negative (f) CSF1R and (g) p-CSF1RTyr723 staining in human TMAs.  

(h) Representative images of positive staining localization. Data shown as mean 

+/- SEM. Magnification and scale bars are indicated in lower right area of images 

(20X, 50 µM). Panels (a,b) Student’s T-test. *p< 0.05, ****p < 0.0001.  
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Figure 2. Overexpression of CSF1R induces properties of cellular 

transformation in immortalized osteoblasts 

Overexpression of CSF1R or constitutively active, ligand-independent CSF1R 

(CSF1RΔ) were confirmed via (a) RT-qPCR and (b) western blotting. CSF1R OE 

and CSF1RΔ increases the (c) colony formation potential of immortalized 

osteoblasts. Representative images of colonies shown to right of graph (n = 36). 

(d) CSF1R OE/CSF1RΔ overexpressing osteoblasts have a modest increase in 

active ERK signaling. All data shown as mean +/- SEM. Panels (a,c) Student’s T-

test. **p < 0.01, ****p < 0.0001. 
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Figure 3. Oncogenic CSF1R-CSF1 autocrine/paracrine signaling in OSA cell 

lines 

Flow analyses of positive (a) p-CSF1RTyr723 and CSF1R surface expression in 

human OSA cell lines gated on live, single cells (n = 3). Representative flow plots 

of SJSA-1 cells are shown to the right. (b) Total cell lysates were subjected to 

western blotting using p-CSF1RTyr723-specific and c-terminal CSF1R-specific 

antibodies. (c) Soluble CSF1 was detectable via ELISA in cell culture 

supernatants (n = 2). (d) Cells were stimulated with 25 ng/mL CSF1. Stimulation 

induced CSF1R hyperactivation 5 minutes post stimulation. (e) CSF1 knockdown 

reduced cellular proliferation (n = 18). (f) Conformation of CSF1R knockdown. 

CSF1R silencing reduced (g) cell proliferation (n = 18) and (h) colony formation 

(n = 24-36). (i) Silencing of CSF1R was associated with reduced ERK activity. All 

data shown as mean +/- SEM. Panel (e) Two-way ANOVA; Panels (e,h) 

Student’s T-test; Panels (g,j) Two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001. 
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Figure 4. Pharmacological blockade of CSF1R signaling with PLX3397 is 

cytostatic and cytotoxic in vitro 

(a) A 48-hour PLX3397 treatment inhibits constitutive CSF1R signaling and 

reduces ERK activity. (b) PLX3397 reduces tumor cell viability (n = 18) and (c) 

colony formation (n = 24-36) in a concentration-dependent manner. 

Representative colony formation images shown to the right. PLX3397 treatment 

(3µM) promoted (d) cell cycle arrest (n = 3) and (e-f) apoptosis (n = 3). All data 

shown as mean +/- SEM. Panels (b,c) One-way ANOVA; Panel (d) Two-way 

ANOVA; Panel (e) Student’s T-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001. 
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Figure 5. PLX3397 has potent anti-tumor effects in vivo 

(a) PLX3397 chow-treated OSA cell lines displayed reduced tumor growth 

compared to control chow-treated animals. (b) Representative IHC staining of p-

CSF1RTyr723 and p-ERK in SJSA-1 treated and control animals. (c) Micro-

metastatic lung nodule counts and area per section (n = 3/group). (d) 

Representative H&E staining in lung sections. (e) RT-qPCR of CSF1/CSF1R 

expression and western blot of CSF1R using n- and c-terminal specific 

antibodies in a human patient-derived xenograft line (PDX). (f) PDX-bearing mice 

with access to PLX3397 chow had reduced tumor growth as compared to control 

chow-treated mice. (g) Representative IHC images of p-CSF1RTyr723 (leftmost) 

and H&E images of lung sections (rightmost) in treated and control PDX-bearing 

animals. All data shown as mean +/- SEM. Magnification and scale bars are 

indicated in lower right area of images (IHC: 20X, 50 µM; H&E: 10X, 200 µM). 

Black arrows indicate micro-metastatic nodules. Panels (a, f) Two-way ANOVA; 

Panel (c) Student’s T-test; *p < 0.05, ***p < 0.001, ****p < 0.0001.  
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Figure 6. CSF1R/CSF1 autocrine signaling axis in OSA 

Proposed mechanism of CSF1R-CSF1 autocrine signaling in OSA cells to 

promote transformation and cell cycle entry. Active CSF1R signaling blockade 

with PLX3397 treatment inhibits cellular transformation, promotes cell cycle 

arrest, apoptosis, reduces tumor growth and micro-metastatic nodule area. 
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Supplementary Figure 1. Flow plots of positive CSF1R staining in OSA cell 

lines 

Representative flow plots of (a) CSF1R+ surface and (b) p-CSF1RTyr723 staining 

in HOS, 143B, and U2OS OSA cell lines. 
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Supplementary Figure 2. Soluble CSF1 (sCSF1) signaling 

(a) A 5-minute rhCSF1 stimulation induces ERK activity in a concentration 

dependent manner in SJSA-1 and U2OS cells. (b) RNA-mediated knockdown of 

sCSF1 signaling was confirmed via ELISA (n = 2). (c) sCSF1 knockdown 

reduces active ERK signaling. Data shown as mean +/- SEM. LD indicates below 

limit of detection. 
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Supplementary Figure 3. Overexpression of CSF1R in SJSA-1 OSA cells  

(a) Overexpression of CSF1R and activation of ERK signaling in SJSA-1 OSA 

cells was confirmed via western blot. Overexpression modestly increases (b) 

cellular proliferation (n = 18) and (c) colony formation (n = 36). Data shown as 

mean +/- SEM. Panel (b) Two-way ANOVA; Panel (c) Student’s T-Test. *p < 

0.05, ****p < 0.0001. 
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Supplementary Figure 4. Cell cycle flow plots in PLX3397-treated cell lines 

PLX3397 treatment induces G0/G1 mitotic cell cycle arrest in SJSA-1 and U2OS 

OSA cell lines. (a) Representative flow plots of cell cycle staining.  
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Supplementary Table 1. 

RT-qPCR primer sequences utilized. 
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Supplementary Table 2. 

Antibodies and other reagents utilized. 
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CHAPTER 5 
 

Targeted suppression of ZNF217-induced AKT signaling inhibits tumor 
growth and metastasis in osteosarcoma 
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Summary 

 We previously identified ZNF217 as an oncogenic driver of a subset of 

osteosarcomas (OSAs) using the Sleeping Beauty (SB) transposon system. 

Here, we followed up investigating the role of candidate osteosarcoma cancer 

gene ZNF217 and combined these studies with an orthotopic preclinical animal 

model and culture experiments targeting ZNF217-induced AKT signaling with a 

small molecule inhibitor as a novel approach to treating ZNF217+ OSAs. Here, 

we demonstrate that ZNF217 is involved in numerous facets of cellular 

transformation including proliferation, cell motility, colony formation, and 

ultimately promoting OSA growth, progression, and metastasis in part through 

AKT survival pathway modulation. Preclinical blockade of AKT signaling with 

nucleoside analogue triciribine (TCN) in ZNF217+ orthotopically-injected OSA cell 

lines reduced tumor growth, metastasis, and was well-tolerated. TCN treatment 

was also found to synergize with common broad-spectrum chemotherapeutic 

doxorubicin. Our data demonstrate that TCN treatment may be a relevant and 

efficacious therapeutic strategy for OSA patients with ZNF217+ and p-AKTSer473-

rich tumors. With the recent revitalization of triciribine for clinical studies in other 

solid cancers (PTX-200, Prescient Therapeutics), our study provides rationale for 

further evaluation preclinically with the purpose of clinical evaluation in patients 

with incurable OSA.  
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Introduction 

 Osteosarcoma (OSA) is a heterogeneous, rare malignancy of the bone 

most often arising in children and adolescents (Kansara, Teng, Smyth, & 

Thomas, 2014). Surgical resection and combinatorial chemotherapy are 

beneficial to ~70% of localized cases, however, patients with advanced 

metastatic and/or relapsed disease continue to have poor survival outcomes 

(Kansara et al., 2014; Misaghi, Goldin, Awad, & Kulidjian, 2018). Despite 

remarkable progress in advancing our knowledge of OSA, disease recurrence 

(Leary et al., 2013) and chemotherapeutic resistance (Yang et al., 2019; Y. 

Zhang et al., 2018) continue to be major roadblocks to curative successes. This 

significantly underlines the need for new genetic targets and therapeutics. For 

these reasons, we performed a Sleeping Beauty (SB) transposon-based forward 

genetic screen for OSA which identified >250 previously known and unknown 

drivers of OSA development and metastasis (Moriarity et al., 2015). In particular, 

zinc finger protein transcription factor (TF) ZNF217 (murine Zfp217) was 

identified as a candidate OSA driver oncogene in a subset of our primary murine 

OSA samples (Moriarity et al., 2015). 

 ZNF217 is a member of the Kruppel-like transcription factor family that 

was originally described with repressive transcriptional function (Quinlan, Verger, 

Yaswen, & Crossley, 2007). Recent reports have demonstrated that ZNF217 

interacts with and can influence endogenous signaling networks governing 

hallmarks of cancer (Hanahan & Weinberg, 2000, 2011) including sustained 

proliferation, invasion/metastasis, and resistance to chemotherapy-induced cell 
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death (Huang et al., 2005; J. Li, Song, Qiu, Yin, & Zhong, 2014; Thollet et al., 

2010; Vendrell et al., 2012). Emerging evidence suggests TFs could represent 

novel candidates for therapy in OSA (Morrow & Khanna, 2015). However, many 

of these TFs are not currently directly targetable demonstrating the necessity of 

identifying upstream mediators regulating their biological function or downstream 

effectors of their activity. 

 In this report, we describe a distinct oncogenic role for ZNF217 in driving 

OSA growth, progression, and metastasis. This occurs in part through 

transcriptional changes that lead to hyperactivation of PI3K-AKT signaling. 

Importantly, we show that blockade of AKT signaling with a clinically relevant 

small molecule inhibitor (triciribine, TCN) is effective at reducing tumor 

progression and metastasis in ZNF217+ tumors, and synergizes with doxorubicin 

treatment. Together, our results suggest continued preclinical evaluation of TCN 

as a neoadjuvant therapy for patients with incurable OSA. 

 

Materials and methods 

ZNF217 expression in OSA data sets 

 RNA-sequencing data was analyzed from data sets previously published 

(Moriarity et al., 2015; Branden A. Smeester et al., 2019) and compared to 

normal human osteoblasts (NHOs). The results published in Figure 1a, data set 

#3, are in whole or part based upon data generated by the Therapeutically 

Applicable Research to Generate Effective Treatments (TARGET) initiative, 
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phs000218, managed by the NCI. Information about TARGET can be found at 

http://ocg.cancer.gov/programs/target.  

 

Tissue microarray staining (TMA) and analysis 

 TMA staining and quantification was performed with methods previously 

described (Branden A. Smeester et al., 2019). Briefly, two individual OSA TMAs 

containing 40 samples in duplicate were stained for ZNF217 and p-AKTSer473 

respectively and evaluated using the HALO imaging analysis platform (Indica 

labs). Antibodies and other reagents used are available in Supplementary Table 

1. 

 

Cell lines and culturing  

All OSA cell lines, immortalized osteoblasts (hFOB1.19), and HEK 293Ts 

were obtained and maintained in accordance with American Type Culture 

Collection’s (ATCC) recommendations. All cell lines were cultured as previously 

described (Branden A. Smeester et al., 2019). Normal human osteoblasts 

(NHOs) were obtained from Lonza and cultured in osteoblast growth medium 

(#CC-3207, Lonza). With the exception of hFOB1.19, NHOs, and SaOS-2 cells, 

cell lines were authenticated by the University of Arizona Genetics Core (UAGC) 

using short tandem repeat profiling. 

 

RNAi and overexpression 
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ZNF217 (#M-004987-00-0005, Dharmacon) and/or control non-silencing 

(#D-001206-14-05, Dharmacon) pooled siRNAs were used for all transient 

knockdown studies. OSA cells were transfected at a final working concentration 

of 17 nM using RNAiMAX (#13778150, Thermo) and all analyses were 

performed 48 hours post-transfection. Stable knockdown and overexpression of 

ZNF217 were achieved with methods previously described (Branden A. 

Smeester et al., 2019). Briefly, stable knockdown of ZNF217 was accomplished 

with pGIPZ lentiviral vectors expressing an shRNA against ZNF217 in 

conjunction with GFP and a puromycin selection marker (shZNF217: 

#V2LHS_196547, Open Biosystems). Control pGIPZ vector (shCON) with non-

targeting shRNA was used as a control (#RHS4346, Open Biosystems). Stable 

overexpression (OE) was achieved via a lentiviral ZNF217 vector (#98384, 

addgene) or empty vector (EV) control (#41392, addgene). Lentiviral particles 

were produced with HEK 293T cells co-transfected with shRNA- or OE-

containing vectors, pMD2.G envelope (#12259, addgene), and psPAX2 (#12260, 

addgene) packaging vectors. Viruses were concentrated with Lenti-X (#631232, 

Clontech) and stable lines were established via puromycin selection at 1 µg/mL 

following viral transduction. 

 

RT-qPCR 

 RT-qPCR was performed as previously described (Branden A. Smeester 

et al., 2019). Following RNA extraction, 1 µg of total RNA was reverse 

transcribed into cDNA (#04379012001, Roche) and RT-qPCR was performed in 
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triplicate using SYBR green mix (#4472908, Thermo) on a CFX96 Touch System 

(Bio-Rad). All measurements were calculated using the DDCT method 

(Schmittgen & Livak, 2008). 

ZNF217 Forward: 5’-GATGTTACTCCTCCTCCGGATG-3’           

ZNF217 Reverse: 5’-CACACTTGGCCTGTATCTGCA-3’            

ACTB Forward: 5'-CACAGGGGAGGTGATAGCAT-3’ 

ACTB Reverse: 5'-CTCAAGTTGGGGGCACAAAA-3' 

 

Western blotting 

 Western blotting was performed as previously described (Branden A. 

Smeester et al., 2019). Briefly, total lysates were transferred to PDVF 

membranes, incubated with 1° and 2° antibodies, developed, and imaged using a 

LICOR Odyessy. A complete list of antibodies and other reagents utilized is 

available in Supplementary Table 1.  

 

Immunohistochemistry (IHC) 

 IHC and H&E staining procedures were performed as previously reported 

(Moriarity et al., 2015). Formalin-fixed and paraffin embedded tissue was 

sectioned at 4 µM. A complete list of antibodies and other reagents utilized is 

available in Supplementary Table 1. 

 

Immunofluorescence (IF) 
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 OSA cells (HOS and SJSA-1) were plated onto sterile glass coverslips 

and incubated overnight at 37°C in normal media. Cells were washed with PBS 

and fixed with 10% neutral buffered formalin (NBF) for 10 minutes at room 

temperature. Following 3X washing with PBS, cells were permeabilized in 0.1% 

Triton X-100/PBS (#T8787, Sigma Aldrich) for 10 minutes. After 3X washes in 

PBS, cells were blocked for 1 hour at room temperature in 4% FBS/PBS followed 

by incubation in 1° antibody/blocking buffer overnight at 4°C. Post-1° incubation, 

cells were washed 3X in PBS and then incubated in conjugated 2° 

antibody/blocking buffer for 2 hours at room temperature. Following a gentle PBS 

wash, antifade mountant containing DAPI (#P36931, Thermo Fisher) was added, 

coverslips were mounted on glass slides, and imaged using the Cytation 5 cell 

imaging reader (BioTek). Cytation 5 software was utilized to acquire and merge 

IF and DAPI channels. Incubation with 2° only controls yielded no significant IF 

staining. 

 

Cell fractionation 

 Cell fractionation was performed according to manufacturer’s instructions 

using the subcellular protein fractionation kit for cultured cells (#78840, Thermo 

Fisher). 

 

Compounds 

 Both triciribine (TCN, #S1117, Selleckchem) and LY294002 (#S1105, 

Selleckchem) were prepared according to manufacturer’s instructions. Both 
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compounds were dissolved in DMSO for all in vitro experiments. TCN was 

prepared in a 1% DMSO/30% polyethylene glycol/1% Tween-80 solution for all in 

vivo studies. Animals received 40 mg/kg TCN or control three times weekly (3X) 

intraperitoneally (IP). 

 

MTS proliferation assay 

Cell growth assays were performed as previously described (Moriarity et 

al., 2015; Branden A. Smeester et al., 2019). Briefly, modified cells (1.2 x 103) 

were seeded in 96-well plates. Absorbance was measured at 490 nm and 650 

nm using a SynergyMx (BioTek) plate reader at 24, 48, 72, and 96 hours post-

plating.  

 

Transwell migration assay 

RNAi-modified or drug-treated cells (2.5 x 104) were seeded in 500 µL of 

serum free media in the upper chamber of 8 µm inserts (#353097, Corning). 

The lower chamber was filled with 750 µL media fortified with 10% fetal bovine 

serum (FBS) as a chemo attractant. After 24 hours, non-migrating cells where 

removed with a cotton swab. Migrated cells located on the lower side of the 

chamber were fixed with crystal violet, air-dried, and photographed to quantify 

migration of cells.  

 

Soft agar colony formation assay 

 RNAi-modified or TCN-treated cells (1 x 104) were seeded into a 0.35% 
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agar solution placed on top of a 0.5% agar in six-well plates and allowed to 

incubate for 1-4 weeks. The resultant colonies were fixed, divided into four 

quadrants, and imaged using microscopy. Colonies were quantified via ImageJ 

v1.52a software using a standard colony quantification macro (Moriarity et al., 

2015). 

 

Flow cytometry 

 Apoptosis assays were performed as previously described (Branden A. 

Smeester et al., 2019). Briefly, cells were resuspended in Annexin-V binding 

buffer and stained with Annexin-V and 7-AAD according to manufacturer’s 

instructions (#BDB556547, BD Pharmingen). Cells were analyzed on an LSR II 

or Fortessa digital flow cytometer (BD Biosciences) at the University of 

Minnesota Flow Cytometry Resource. Analysis was performed using FlowJo 

software (FlowJo, LLC).  

 

Fluorescence in situ hybridization (FISH) 

 Suspension cultures from fresh mouse spleen cells were initiated:  after 

48-hr incubation with Concanavalin A, cells were harvested using standard 

cytogenetic methods (colcemid arrest, followed by treatment with 0.75 M KCl 

hypotonic solution, and fixation with 3:1 methanol:acetic acid).  Harvested cells 

were spread onto glass slides. ZNF217 DNA probes were labeled by nick 

translation reaction (Nick Translation Kit - Abbott Molecular) using Orange 552 

dUTP (Enzo Life Science). Sizes of the nick translated fragments are checked by 
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electrophoresis on a 1% TBE gel.  The labeled DNA is precipitated in COT-1 

DNA, salmon sperm DNA, sodium acetate and 95% ethanol, then dried and 

resuspended in 50% formamide hybridization buffer. The probe/hybridization 

buffer mix and slide were denatured, probe was applied to the slide, and slide 

was hybridized for 48 hours at 37° in a humidified chamber. After hybridization, 

the FISH slides were washed in a 2xSSC solution at 72° for 15 seconds, and 

counterstained with DAPI stain.  Fluorescent signals were visualized on an 

Olympus BX61 microscope workstation (Applied Spectral Imaging, Vista, CA) 

with DAPI and Texas Red filter sets.  FISH images were captured using an 

interferometer-based CCD cooled camera (ASI) and FISHView ASI software. 

 

Genotyping 

 Control animals (Trp53R270H and Sp7-cre) utilized have been described 

previously (Moriarity et al., 2015). With the use of many transgenes, all animals 

had mixed genetic backgrounds. Animals were aged until tumor development or 

until moribund. Small tail biopsies from weaned animals were collected and 

genomic DNA (gDNA) was extracted using phenol:chloroform:isoamyl alcohol 

extraction following overnight digestion in SDS extraction buffer(Moriarity et al., 

2015). PCR was performed using GoTaq green master mix (#M7121, Promega). 

Amplicons were resolved on 1% agarose gels and analyzed for the presence of 

transgenes.  

ZNF217 Forward: 5’-TCCAGCTCGACGTTAGAAGG-3’           

ZNF217 Reverse: 5’-AGGAACTGCTTCCTTCACGA-3’            
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Trp53R270H Forward: 5’-TTACACATCCAGCCTCTGTGG-3’ 

Trp53R270H Reverse: 5’-CTTGGAGACATAGCCACACTG-3’ 

Trp53R270H LSL: 5’-AGCTAGCCACCATGGCTTGAGTAAGTCTGCA-3’ 

Sp7-cre Forward: 5’-CTCTTCATGAGGAGGACCCT-3’ 

Sp7-cre Reverse: 5’-GCCAGGCAGGTGCCTGGACAT-3’ 

 

Bioluminescent imaging 

 Animals were injected intraperitoneally (IP) with luciferin (#XR- 1001, 

Xenogen) in sterile PBS at 10 µl/g body weight 10-15 minutes prior to imaging. 

Following administration, animals were gently anesthetized using a mixture of 

isoflurane and oxygen and imaged using the IVIS 50 in vivo bioluminescent 

system (BLI). 

 

ZNF217 knockdown RNA sequencing and analysis 

 Raw fastq sequencing data (2x75bp PE, ~20M reads per sample) was 

trimmed for low quality and adapter specific sequences. Quality sequence was 

aligned to GRCh38 using HISTAT2 and gene level count data was produced by 

subread featurecounts using an GTF file containing protein coding Ensembl 

genes. DESeq2 was used for differential expression analysis. TPMs were 

calculated using a custom R script and the lengths and counts from the 

featurecount output. PCA was done using the R function prcomp and heatmaps 

were generated using the R library pheatmap. STRINGDB was used for pathway 

enrichment analysis using the top 150 DEGs based on adjusted p-value. 
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In vitro drug inhibition analysis 

 OSA cells were seeded into 384-well plates at 2 x 103 cells/well using a 

Biomek 2000 24 hours prior to experiments. Drug compounds (TCN/doxorubicin 

and associated controls) were added in quadruplicate wells per dose in a 12-

point two-fold dose-response manner using the acoustic Echo 550 liquid 

dispenser (Labcyte). Drug combinations were plated in a constant ratio as 

indicated in each legend. 48 hours post drug treatment, cells were incubated with 

alamarBlue reagent (#Thermo Fisher) and fluorescence was read on a 

CLARIOstar microplate reader (BMG LABTECH). Cell viability was calculated by 

fluorescence of experimental wells in percent of unexposed control wells with 

blank values subtracted. Dose-response curves were generated using nonlinear 

regression log(inhibitor) vs. response-variable slope model. Drug interactions 

were determined using the median-effect principle of Chou-Talalay (Chou, 2006, 

2010). CI values were calculated using CalcuSyn software (Biosoft) as previously 

described (Matthews, Deakin, Rajab, Idris-Usman, & Nirmalan, 2017). CI<1, =1, 

and >1 indicate synergism, additive effect, and antagonism, respectively. 

 

Orthotopic mouse model  

All animal procedures were performed in accordance with protocols 

approved at the University of Minnesota (#1905-37099A) in conjunction with the 

Institutional Animal Care and Use Committee (IACUC). OSA cells (2.5 x 105) 

were injected into the calcaneus of 6-8-week-old male and female 
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immunocompromised mice (NOD Rag Gamma, Jackson Labs, (B. A. Smeester, 

Al-Gizawiy, & Beitz, 2012; B. A. Smeester et al., 2013)). Tumor volume was 

calculated via caliper measurements using the formula V = (W*W*L)/2 where V 

equals tumor volume, W equals tumor width and L equals tumor length 

(Faustino-Rocha et al., 2013).  

 

TCN treatment in vivo 

 Once orthotopic OSA tumors were established (PID 10), animals were 

randomized and enrolled onto study. Previous clinical research indicated that 

adult cancer patients received doses of TCN between 20-48 mg2/m2/d, however; 

cumulative toxicity was noted in adult patients receiving 30 mg2/m2/d (~10 

mg/kg/d in mice(Nair et al., 2016)) despite no toxicities with a 45 mg/m2 single 

administration (Garrett et al., 2011). Given the majority of OSA cases are in 

adolescence (Kansara et al., 2014) and that higher dosages can be required for 

efficacy in pediatric patients (Ivanovska et al., 2016; O’Hara et al., 2016), we 

rationalized that a less frequent, higher-dose regimen of TCN may overcome 

these clinical limitations to date in adults and better serve future pediatric 

patients.  As such, animals received 40 mg/kg TCN or control treatment three 

times weekly (3X) IP beginning PID 10. TCN was prepared in a 1% DMSO/30% 

polyethylene glycol/1% Tween-80 solution for all in vivo studies. 

 

Statistical analyses 
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All statistical analyses were performed using Prism v8 software 

(GraphPad). Two groups were compared using a two-tailed unpaired Student’s 

T-test. Three or more groups were compared using a One-way ANOVA or Two-

way ANOVA analyses with Bonferroni’s post hoc. All statistical analyses are 

individually indicated throughout. In all cases, p < 0.05 was considered 

statistically significant.  

 

Results 

ZNF217 is expressed in primary OSA tumors and cell lines 

 First, we explored the expression of ZNF217 in available human OSA data 

sets and compared them to normal human osteoblasts (NHOs). RNA-seq 

analysis of three independent data sets found no significant expression 

differences when OSA samples from each data set were compared to NHOs 

(Fig. 1a), though there were many outlier samples with high ZNF217 expression. 

Next, using TMA sections, we evaluated ZNF217 expression across a series of 

patient samples in duplicate using immunohistochemical (IHC) staining. Positive 

ZNF217 staining was detectable in 51.2% of samples (41/80) (Figs. 1b-c). As 

expected, ZNF217 was found in the nucleus of positive cells, but interestingly, 

was also detected in the cytoplasm (Figs. 1d-e). Consistent with these findings, 

ZNF217 was aberrantly expressed in OSA cell lines as compared to NHOs and 

an immortalized osteoblast cell line (hFOB1.19) (Fig. 1f). Likewise, ZNF217 was 

also found localized in both the nucleus and the cytoplasm of cell lines (Supp. 

Figs. 1a-b). Overall, this data supports the existence of ZNF217+ OSA cells in 
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human samples and OSA cells localized in both the nuclear and cytoplasmic 

compartments.  

 

ZNF217 accelerates OSA tumor development and contributes to metastasis 

 Having established positive ZNF217 expression in human samples and 

cell lines, we adopted a loss-of-function (LOF) strategy using pooled siRNAs to 

understand the potential oncogenic role of ZNF217 in OSA. Transient knockdown 

of ZNF217 (Supp. Figs. 2a-b) reduced cellular proliferation (Fig. 2a), colony 

formation in soft agar (Fig. 2b), and cellular migration (Fig. 2c). As further 

evidenced in our gain-of-function (GOF) studies, overexpression of ZNF217 in 

immortalized osteoblasts and in SJSA-1 OSA cells increased proliferation (Supp. 

Figs. 3a-b). These phenotypes were further investigated in vivo following 

establishment of a stable shZNF217 SJSA-1 cell line (Supp. Fig. 2c). Similar to 

our in vitro experiments, shRNA knockdown of ZNF217 led to reduced OSA 

tumor growth (Fig. 2d) and metastasis (Fig. 2e). Together, these data indicate a 

potential driver role for ZNF217 in OSA progression, and metastasis. 

 

Development of a conditional, tissue specific ZNF217 overexpression 

model 

Given the strong phenotypic and cellular signaling responses observed in 

ZNF217 knockdown cell lines and the fact that a subset of SB-mutagenized 

tumors were driven by ZNF217 insertions in our previous work (Moriarity et al., 

2015), we hypothesized that ZNF217 may be a driver gene in 
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osteosarcomagenesis. To study this hypothesis, we generated a novel model 

relevant to human OSA disease in the context of conditional, tissue-specific 

ZNF217 expression by combining ZNF217 and Trp53R270H alleles with Sp7-cre 

mice (Fig. 3a, Sp7-cre;Trp53R270H;ZNF217 mice). ZNF217 transgene cassette 

integration was confirmed via fluorescence in situ hybridization (FISH) (Fig. 3b) 

and polymerase chain reaction (PCR, Fig. 3c) in generated animals. Functional 

ZNF217 expression was validated in vivo using bioluminescent imaging (Fig. 3d). 

ZNF217 overexpression accelerated tumor development compared to control 

animals (Sp7-cre;Trp53R270H) (Fig. 3e). No OSAs were observed in Sp7-cre or 

Trp53R270H alone animals (data not shown). Accelerated tumors were confirmed 

histologically to be consistent with OSA (Moriarity et al., 2015) (Fig. 3f, H & E) 

and contained positive ZNF217 expression via western blot (Fig. 3g). In sum, 

these data indicate a potential driver role for ZNF217 in accelerating OSA. 

 

Global transcriptome analysis reveals ZNF217 is associated with regulation 

of PI3K-AKT signaling, cytoskeletal rearrangement, and apoptosis  

 In order to characterize the OSA transcriptome influenced by ZNF217 

expression, we subjected SJSA-1 OSA cells to RNA-sequencing following 

ZNF217 knockdown and analyzed mRNA libraries generated. Scaled gene 

expression from differentially expressed genes (DEGs) were clustered from two 

biological replicates, demonstrating that ZNF217 knockdown cells (si-ZNF217) 

formed distinct clusters when compared to non-silencing controls (si-NS) (Supp. 

Fig. 4a, heatmap). We obtained a total of 240 DEGs in our dataset. This included 
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145 upregulated DEGs and 31 downregulated DEGs (padj < 0.05, FC +/- 1.5). 

The top 25 DEGs are shown in Supplementary Table 2. 

 To identify biological attributes and functional categories of the DEGs 

identified, Gene Ontology (Biological process GO) and Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathway analyses were performed on the top 150 

out of 240 DEGs (padj < 0.05, FC +/- 1.5) altered using Stringdb (https://string-

db.org). Among the most significantly enriched GO terms were DEGs involved in 

cell migration/adhesion, proliferation, surface receptor signaling, localization, 

signaling transduction, and apoptosis (Fig. 4a). Significant KEGG pathways 

enriched included TNF signaling, PI3K-AKT signaling, focal adhesion, ECM-

matrix regulation, and apoptosis among others (Fig. 4b).  

 An increasing body of literature suggests PI3K-AKT signaling is highly 

important in OSA biology and contributes to numerous facets of transformation 

including epithelial-to-mesenchymal transition (EMT), tumor progression, and 

metastasis (Cohen, Donini, Nguyen, Lincet, & Vendrell, 2015; Krig et al., 2010; 

Littlepage et al., 2012; Vendrell et al., 2012; Moriarity et al, 2015). Since our 

transcriptome analysis implicated the PI3K-AKT pathway and we previously 

established a significant role for ZNF217 in osteosarcomagenesis/metastasis, we 

validated and examined the role of PI3K-AKT signaling in the context of ZNF217 

further. Similar to our RNA and IHC analyses on ZNF217, we explored the 

expression of AKT1, AKT2, and AKT3 in available human OSA data sets and 

compared them to normal human osteoblasts (NHOs). RNA analysis of three 

independent data sets found significantly increased expression of AKT1 and 
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AKT2 when OSA samples from each data set were compared to NHOs (Supp. 

Fig. 5a). When TMA sections were evaluated, positive p-AKTSer473 staining was 

detectable in 96.3% of samples (77/80) (Supp. Figs. 5b-c) and was localized to 

both the nucleus and cytoplasm (Supp. Fig. 5d). In further agreement with our 

transcriptomics data, knockdown of ZNF217 was also associated with reduced p-

AKTSer473 signaling (Fig. 4c) and increased apoptosis (Fig. 4d). Together, these 

alterations in the gene expression signature suggest that ZNF217 promotes a 

highly invasive and proliferative signaling program that enhances OSA 

malignancy and metastasis in part through regulation of PI3K-AKT signaling. 

   

AKT blockade is cytotoxic in OSA cells in vitro 

 Recent studies have sought to identify candidate small molecules and 

miRNA-based therapeutics for combating ZNF217-induced oncogenic signaling, 

particularly in breast cancer (Cohen et al., 2015). To date, one such compound, 

triciribine (TCN), has been identified and shown to effectively reduce tumor 

growth and metastases in ZNF217+ breast tumor cells (Littlepage et al., 2012). 

We hypothesized that TCN treatment would be an effective therapy for treatment 

of ZNF217-expressing OSAs. When evaluated in vitro, TCN treatment effectively 

reduced soft agar colony formation (Fig. 4a), cellular migration (Fig. 4b), and cell 

viability (Fig. 4c). Similar to our genetic findings, TCN treatment reduced p-

AKTSer473 signaling (Fig. 4d), ZNF217 protein expression (Fig. 4e), and induced 

apoptosis (Fig. 4f). Treatment with PI3K inhibitor LY294002 also inhibited cell 

viability (Supp. Fig. 6a), ZNF217 protein expression (Supp. Fig. 6b), and 
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produced a modest induction of apoptosis (Supp. Fig. 6c). This data suggests 

that targeting the PI3K-AKT signaling pathway has robust cytotoxic effects on 

ZNF217-expressing OSA cell lines treated in vitro and that ZNF217 is part of a 

feedforward loop involving PI3K-AKT signaling. 

 

Triciribine effectively reduces growth and metastasis in OSA tumors 

 Lastly, the therapeutic potential of TCN was evaluated in an orthotopic 

mouse model of OSA using two different OSA cell lines. Tumor-bearing animals 

were treated three times weekly (3X) with TCN or control and tumors were 

measured until endpoint (post-implantation day 31, PID31). Both tumor volume 

(Fig. 5a) and tumor weights at endpoint (Fig. 5b) were significantly reduced in 

animals receiving TCN. No appreciable toxicity was observed as evidenced by 

animals’ body weights during treatment (Fig. 5c). IHC analysis of tumor tissue 

confirmed that ZNF217 was significantly reduced in TCN-treated animals (Fig. 

5d). TCN treatment was also associated with reduced micro-metastatic nodule 

formation (Fig. 5e). In sum, AKT signaling blockade with TCN effectively reduces 

ZNF217+ OSA tumor growth and metastasis (Supp. Fig. 7). 

 

Combination chemotherapy and AKT blockade is synergistic  

 Recent evidence suggests that tumor cells expressing ZNF217 are 

chemo-resistant (Frietze et al., 2014; Littlepage et al., 2012; Thollet et al., 2010). 

We examined the in vitro efficacy of combination therapy targeting the AKT 

signaling axis and traditional standard of care chemotherapy on human OSA cell 
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lines. This was done with the AKT inhibitor TCN and the broad-spectrum 

chemotherapeutic doxorubicin. In all cases, significant synergy was observed 

with the combination treatment, particularly at an effective dose 90 (ED90) (Fig. 

6a-b). Cell lines SJSA-1 and SaOS-2 show extremely strong susceptibility to the 

combination therapy with combination index (CI) values at ED90 of ~0.1 or lower 

(Fig. 6b). Together, these results suggest that combination therapy is highly 

effective in vitro.  

 

Discussion 

 It is undeniable that novel treatment options are urgently needed for OSA 

patients. Here we find that ZNF217 is responsible for the regulation of a 

malignant gene network involved in OSA development, progression, and 

metastasis. We recently identified ZNF217 (murine Zfp217) as an important 

driver of a subset of SB-induced OSAs (Moriarity et al., 2015), which suggests 

ZNF217 may be important in osteosarcomagenesis during osteoblastic 

development. Encouragingly, other ZNF family members have been implicated in 

osteoblastic differentiation (Twine, Harkness, Kassem, & Wilkins, 2016), 

facilitating commitment to the osteoblast lineage (Qi et al., 2003) and were also 

found to be putative drivers in some of our SB-induced OSAs (Moriarity et al., 

2015) (ZNF592). This is further supported by complementary reports of 

oncogenic ZNF217 signaling in colon (Rooney et al., 2004), prostate (Sehrawat 

et al., 2018), breast (Littlepage et al., 2012), and ovarian (J. Li et al., 2014) solid 

tumors. Here, we provide new information on the oncogenic roles ZNF217 plays 
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in OSA. While ZNF217 RNA levels were relatively similar to NHOs, ZNF217 

protein was abundantly detectable (>50% of samples probed) in OSA tumors in a 

subset of human samples and cell lines. Both human samples and cell lines had 

detectable nuclear and cytoplasmic localization. Interestingly, aberrant 

cytoplasmic ZNF217 expression has recently been reported in solid tumors of the 

breast and colon (Z. Li et al., 2015; Messana, Yang, & Littlepage, 2014) and has 

been functionally linked to estrogen receptor alpha trafficking in MCF-7 breast 

cancer cells (Nguyen et al., 2014). In combination with our findings, further 

investigation into the mechanisms of ZNF217 localization are needed. This could 

be approached through the use of structure-function studies where site-directed 

mutagenesis is utilized systematically to determine the functional importance of 

key molecular domains within ZNF217 and how cytoplasmic and nuclear ZNF217 

may be playing distinct or redundant roles as they relate to OSA tumor 

development, progression, and metastasis. 

 Given the diverse roles ZNF217 can play, it is not surprising that genetic 

knockdown of ZNF217 significantly inhibited hallmarks of cellular transformation, 

ultimately culminating in reduced OSA tumor progression and metastasis in our 

orthotopic mouse model. Moreover, ZNF217 also protected cells from death, as 

knockdown readily induced apoptosis. In combination with our transcriptomics 

data, our studies suggest ZNF217 promotes tumorigenesis and metastasis in 

part through regulation of PI3K-AKT signaling. Our group and others have 

demonstrated dysregulated PI3K-AKT signaling can drive a subset of murine 

(Moriarity et al., 2015), canine (Levine, Forest, & Smith, 2002; Russell, Jaworski, 
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& Kisseberth, 2018), and human OSAs (Xi & Chen, 2017; Xi, Qi, Ma, & Chen, 

2020; J. Zhou, Xiao, Wang, & Luo, 2019). Moreover, this dysregulation is present 

in a majority of localized OSA cases and in all advanced-stage cases (J. Zhang, 

Yu, Yan, Wang, & Wang, 2015; W. Zhou et al., 2014). Mirroring these previous 

studies, we found upregulation of AKT1 and AKT2 transcripts when compared to 

NHOs across available OSA data sets; isoforms known to be involved in the 

proliferation and metastasis of OSAs (J. Zhu et al., 2017; Y. Zhu, Zhou, Ji, & Yu, 

2014). Additionally, significant presence of active AKT staining (p-AKTSer473) in 

our OSA TMA was apparent. Given our identification of PI3K-AKT signaling as a 

therapeutically targetable axis in ZNF217-expressing OSA cells, these data 

provided an attractive rationale for investigating small molecule AKT inhibitors 

preclinically for the treatment of OSA.  

 Transcription factors account for approximately 20% of all oncogenes 

identified to date and historically have been difficult to drug directly (Lambert, 

Jambon, Depauw, & David-Cordonnier, 2018). Despite this, recent work has 

identified a candidate small molecule for combating ZNF217-induced oncogenic 

AKT signaling. Triciribine (TCN) is a nucleoside analog with strong selectivity for 

AKT (Yang et al., 2004). TCN is thought to mechanistically inhibit the activation 

of the AKT signaling pathway directly as TCN was not found to act as an 

ATP/substrate inhibitor of the enzyme directly (Yang et al., 2004). In support of 

our genetic findings, cytotoxic TCN treatment significantly reduced phenotypes of 

cellular transformation in vitro, ZNF217 expression, and tumor growth/metastasis 

in vivo. We also found that treatment of OSA cells with PI3K inhibitor LY294002 
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also inhibited cell viability, ZNF217 protein expression, and produced a modest 

induction of apoptosis. This suggests a positive feedforward mechanism for 

ZNF217-induced AKT signaling which agrees with our overexpression studies 

that demonstrate hyperactivation of AKT (p-AKTSer473) in ZNF217-overexpressing 

immortalized osteoblasts and SJSA-1 OSA cells.   

 Both Phase I and II clinical trials of TCN have been conducted in 

advanced malignancies previously (Feun, Blessing, Barrett, & Hanjani, 1993; 

Feun et al., 1984; Garrett et al., 2011; Hoffman et al., 1996; Schilcher, Haas, 

Samson, Young, & Baker, 1986). While treatment was associated with some side 

effects, including hepatotoxicity and hyperglycemia, modest benefits in stabilizing 

disease were observed in at least 1 breast cancer patient undergoing treatment 

(Hoffman et al., 1996). More recent work suggests that TCN bioavailability may 

explain the poor clinical results to date (Berndt et al., 2010). A new activated form 

of TCN (TCN-P) has been developed (PTX-200, Prescient Therapeutics) and is 

currently recruiting patients with refractory or relapsed acute leukemia 

(NCT02930109) and has active status for Phase I treatment of ovarian 

(NCT01690468) and Phase I/II treatment of stages II-IV breast cancer 

(NCT01697293) in combination with chemotherapy.  

 Although TCN was well-tolerated in our animal studies as evidenced by 

statistically insignificant differences in weekly body weight measurements, we 

sought to build upon our TCN monotherapy experiments through combinatorial 

studies with doxorubicin. Excitingly, strong synergy was observed in all OSA 

lines treated in combination. Interestingly, the HOS cell line and its KRAS-
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activated derivative 143B (Ottaviano et al., 2010) had CI values that were slightly 

higher than SJSA-1 and SaOS-2 cell lines (CI at ED90 ~0.6). Previous work from 

She and colleagues has demonstrated that concurrent activation of RAS-MAPK 

and PI3K-AKT signaling induced resistance to AKT blockade (She et al., 2010). 

This was also observed in breast cancer cell lines with mutations in RAS-MAPK 

and PI3K-AKT pathways (Littlepage et al., 2012).  

 In summary, our diverse biological data demonstrate a role for ZNF217 in 

promoting osteosarcomacogenesis and metastasis through modulation of an 

oncogenic gene network regulated in part through active PI3K-AKT signaling. 

Importantly, our work has uncovered the therapeutic potential of targeting the 

PI3K-AKT signaling axis in OSA through the use of the small molecule AKT 

inhibitor TCN and the excellent synergism observed when combined with the 

broad-spectrum chemotherapy agent doxorubicin. Together, this supports the 

use of TCN as a neoadjuvant therapy in OSA patients with ZNF217+ and active 

AKT tumors. 
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Figure 1 ZNF217 is expressed in OSAs 

(a) Violin plots of RNA-seq log10 transformed FPKM values of ZNF217 in 3 

independent OSA patient data sets compared to normal human osteoblasts 

(NHOs); NHOs (n = 3), #1 (n = 20) , #2 (n = 35), #3 (n = 117). (b) Quantification 

of positive and negative ZNF217 staining in a human OSA TMA. (c) 

Representative images of positive and negative staining for ZNF217; mag 20X, 

insets 40X, scale bars 50 µm and 25 µm respectively. (d) Table indicating the 

number of positive cells at the indicated percentages that express ZNF217 and 

localization. (e) Representative images of ZNF217 localization; mag 40X, scale 

bars 26 µm. Black arrows indicate positive staining. (f) Total cell lysates were 

subjected to western blotting using ZNF217-specific antibody.  
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Figure 2 ZNF217 is associated with OSA tumor progression and 

contributes to metastasis 

(a) Transient knockdown of ZNF217 reduces cellular proliferation (n = 18/group), 

(b) colony formation (n = 36/group), and (c) migration (n = 12/group). Stable 

ZNF217 knockdown reduces (d-e) tumor growth and (f) metastasis. 

Representative images of ZNF217 in tumors and H & E images of lung sections 

shown to the right respectively; mag 4X, scale bars 1000 µm, black arrows 

indicate micro-metastatic nodules. Data shown as mean ± SEM. Panels (a,d) 

Two-way ANOVA; Panels (b,c,f) Student’s T-test. *p < 0.05, **p < 0.01, ****p < 

0.0001. 
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Figure 3 Generation and validation of ZNF217 genetically engineered 

mouse model (GEMM) 

(a) Breeding schematic used for generating transgenic animals. (b) Confirmation 

of ZNF217-IRES-Luciferase transgene cassette integration via FISH. (c) 

Example PCR genotyping confirmation of ZNF217;Trp53R270H;Sp7-cre+ animals.  

(d) Functional validation of positive transgene expression via bioluminescence in 

ZNF217;Trp53R270H;Sp7-cre+ animals. Red arrows indicate positivity in all 

images. (e) Overexpression of ZNF217 in mouse osteoblasts accelerates 

tumorigenesis (n = 9/group). (f) H & E image confirming OSA-like appearance in 

ZNF217-overexpressing tumor; mag 20X, scale bars 200 µm. (g) Total cell 

lysates from representative tumors were subjected to western blotting using 

ZNF217-specific antibody (n = 2 lysates/group). Panel (e) Log rank test. *p < 

0.05. 
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Figure 4 Global transcriptome analysis reveals ZNF217 is associated with 

regulation of PI3K-AKT signaling, cytoskeletal rearrangement, and 

apoptosis  

(a) Functional GO analysis and (b) KEGG pathway enrichment of highly 

significant biological processes following ZNF217 knockdown. (c) 

Phosphorylation of AKT (p-AKTSer473) was evaluated after ZNF217 knockdown. 

(d) ZNF217 knockdown induces apoptosis (n = 3/group). Representative 

Annexin-V+ flow plots are shown to the right.  
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Figure 5 AKT blockade is cytotoxic in OSA cells in vitro 

A 48-hour treatment with triciribine (TCN) reduces (a) colony formation (n = 20-

24/group), (b) cellular migration (n = 12/group) and (c) cell viability (n = 

18/group). (d) Phosphorylation of AKT (p-AKTSer473) and (e) expression of 

ZNF217 was evaluated after TCN treatment. (f) TCN treatment induces 

apoptosis (n = 3/group). Representative Annexin-V+ flow plots are shown to the 

right. All data shown as mean ± SEM. Panels (a,b) One-way ANOVA. *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 6 Triciribine effectively reduces growth and metastasis in OSA 

tumors 

(a) Triciribine (TCN)-treated OSA cell lines displayed reduced tumor growth 

compared to control-treated animals (n = 6-8/group). (b) TCN treatment reduced 

tumor weight at endpoint. (c) Weekly body weights of animals undergoing 

treatment. (d) Representative IHC staining of ZNF217 in TCN- or control-treated 

animals; mag 40X, scale bars 100 µm. (e) Micro-metastatic burden analysis (n = 

3/group). Representative H&E staining in lung sections shown to the right; mag 

4X, scale bars 1000 µm, black arrows indicate micro-metastatic nodules. All data 

shown as mean +/- SEM. Panel (a) Two-way ANOVA; Panel (b) Student’s T-test. 

**p < 0.01, ***p < 0.001, ****p < 0.0001.  
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Figure 7 Combination chemotherapy and AKT blockade is synergistic in 

vitro 

(a) Representative cell viability plots in cells treated with triciribine alone (TCN), 

doxorubicin alone, or in combination (green line). (b) Triciribine (TCN) in 

combination (400:1, 2000 – 50 µM TCN/doxorubicin) with doxorubicin exhibits 

synergism at each effective dose (ED50, ED75 and ED90). The r value indicates 

the correlation coefficient of the data to the mass-action law. 
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Supplementary Figure 1. Localization of ZNF217 in OSA cells 

(a) Western blot staining of cytoplasmic extract (CYTO) and chromatin-bound 

nuclear extract (CBE) using a ZNF217-specific antibody. (b) Determination of 

ZNF217 localization by immunofluorescence (IF) staining; mag 40X, scale bars 

100 µm, white arrows indicate positive staining. 
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Supplementary Figure 2. Confirmation of ZNF217 knockdown in OSA cells 

(a) RT-qPCR for ZNF217 in transient control (si-NS) and knockdown cell lines 

(si-ZNF217) (n = 3/group). (b) Western blot confirming ZNF217 transient 

knockdown in SJSA-1 and HOS OSA cell lines. (c) Confirmation of stable 

ZNF217 knockdown in SJSA-1 cells.  
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Supplementary Figure 3. Activation of p-AKTSer473 and increased cellular 

proliferation in ZNF217-overexpression cell lines 

(a) Overexpression of ZNF217 hyperactivates p-AKTSer473 in immortalized 

osteoblasts (hFOB1.19) and SJSA-1 OSA cells. (b) Overexpression of ZNF217 

increases cell proliferation 48 hours post plating (n = 18). All data shown as 

mean +/- SEM. Panel (b) Student’s t-test. ****p < 0.0001. 
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Supplementary Figure 4 Heatmap of scaled gene expression 

(a) Heatmap of scaled gene expression clustering in ZNF217 knockdown (si-

ZNF217) and control (si-NS) replicates. 
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Supplementary Figure 5. Characterization of AKT signaling in human OSA 

samples 

(a) Violin plots of RNA-seq log10 transformed FPKM values of AKT1, AKT2, and 

AKT3 in 3 independent OSA patient data sets compared to normal human 

osteoblasts (NHOs); NHOs (n = 3), #1 (n = 20) , #2 (n = 35), #3 (n = 117). (b) 

Quantification of positive and negative p-AKTSer473 staining in a human OSA 

TMA. (c) Representative images of positive and negative staining for p-AKTSer473; 

mag 20X, scale bars 50 µm. (d) Table indicating the number of positive cells at 

the indicated percentages that express p-AKTSer473 and localization. 
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Supplementary Figure 6. PI3K blockade in OSA cells 

(a) PI3K inhibition with LY294002 reduces cell viability 48 hours post-treatment 

(n = 18/group), (b) ZNF217 expression, and (c) induces modest apoptosis (n = 

3/group). Representative Annexin-V+ flow plots are shown to the right. All data 

shown as mean ± SEM. Panels (a,c) Student’s t-test. *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001. 
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Supplementary Figure 7. Proposed model for oncogenic ZNF217-driven 

signaling in OSA 

Illustration of the model. 
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Supplementary Table 1. 

Antibodies and other reagents utilized. 
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Supplementary Table 2. 

Detailed list of the top 25 differentially expressed genes (DEGs) identified in 

transient ZNF217 knockdown SJSA-1 OSA cells.  
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CHAPTER 6 

CONCLUDING REMARKS 

 This thesis sought to explore the therapeutic potential of three novel OSA 

driver genes identified previously via the Sleeping Beauty (SB)-mutagenesis 

system in our laboratory, namely SEMA4C, CSF1R, and ZNF217. These three 

genes were selected as top candidates to pursue further given: 1) their high 

statistical prevalence found in our previous SB work, 2) that each gene 

represented a previously unappreciated candidate in OSA with therapeutic 

potential, and 3) the availability of existing therapeutics for preclinical studies in 

the context of each candidate.  

 Axonal guidance signaling molecules were previously identified in our SB-

screen (Chapter 1, 2 and Moriarity et al., 2015). Immunohistochemical analyses 

of human patient samples demonstrated overexpression of SEMA4C staining in 

a subset of samples. Functional validation in SEMA4C-expressing OSA cells 

uncovered previously unappreciated roles for SEMA4C in cellular transformation, 

tumor progression, and metastasis in part through regulation of AKT survival 

signaling. Given the surface expression of SEMA4C in OSA patient samples and 

cell lines, this led to the trial of a commercially available monoclonal antibody 

(mAb) specific for SEMA4C as a therapeutic strategy. We confirmed mAb 

treatment could control OSA cellular proliferation, migration, and interrupted 

mitotic cell cycle regulation in vitro. Together, this work simultaneous uncovered 

novel functions for a previously unappreciated gene in OSA and posited a 

strategy for therapeutically inhibiting its function.  
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 Chapter 4 of this thesis explored the signaling biology of the colony 

stimulating factor 1 receptor (CSF1R) gene in OSA and the evaluation of an 

FDA-approved small molecule inhibitor of active CSF1R signaling for treatment 

of CSF1R-expressing OSAs. Our studies demonstrated that ectopic expression 

of CSF1R in immortalized osteoblasts elicited properties of cellular 

transformation providing further evidence for its role in osteosarcomagenesis 

previously uncovered in our SB screen. Genetic studies using transient RNAi 

against CSF1R revealed a role for ERK signaling in transmitting CSF1R-induced 

oncogenic signaling. Pharmacological blockade (PLX3397) of autocrine CSF1R 

signaling reduced cell proliferation, colony formation, and active ERK signaling in 

vitro. When OSA-bearing animals were treated in vivo, CSF1R blockade 

produced modest reductions in tumor progression as well as the number of 

metastatic nodules present in the lungs.  

 The last chapter of this thesis (Chapter 5) focused on the Zinc Finger 

Protein 217 transcription factor (ZNF217) and characterizing its role in OSA 

biology. In human cancers, ZNF217 amplification occurs frequently (Cohen et al., 

2015) and has been previously found to be oncogenic in breast cancer 

(Littlepage et al., 2012).  To understand ZNF217 in OSA, we first generated a 

new mouse model to study its role in OSA development and ultimately 

metastasis. Overexpression of ZNF217 in the osteoblast lineage (Sp7+) 

accelerated tumor development on a predisposing background using the 

Trp53R270H mutant allele. Knockdown and overexpression studies further 

confirmed the oncogenic potential of ZNF217 in OSA. RNA sequencing results 
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elucidated PI3K-AKT signaling as a major signaling pathway altered by reduction 

in ZNF217 expression. With these findings, we evaluated a clinically relevant 

inhibitor of AKT signaling, triciribine (TCN) and found that TCN treatment 

drastically reduced tumor growth and metastasis in orthotopically-injected OSA 

tumors. In addition, TCN was combined with broad-spectrum chemotherapy 

agent doxorubicin and combinatorial studies were performed in vitro. Drug 

synergy between TCN and doxorubicin was observed in four independent OSA 

cell lines suggesting TCN may be an excellent candidate for neoadjuvant therapy 

in OSA patients.  

 Many questions were provoked from the results of these studies and 

remain to be explored. Highlighted below are a series of questions and future 

studies to be performed with respect to each gene explored throughout this 

thesis. 

 

Chapter 3: SEMA4C 

What role does SEMA4C play in osteosarcomagenesis?   

What are the contribution(s) of the PLXNB2 receptor in transmitting SEMA4C-

induced oncogenic signaling? 

Does anti-SEMA4C monoclonal antibody treatment in in vivo orthotopic models 

of OSA effectively reduce tumor growth and metastasis? 

Chapter 4: CSF1R 

What role does CSF1R play in osteosarcomagenesis?   
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What are the specific functions of intracellular p-CSF1RTyr723 and is its signaling 

redundant and/or distinct from that of membrane bound p-CSF1RTyr723? 

What other downstream pathways beyond that of ERK can CSF1-CSF1R 

signaling activate?  

How might these pathways be further explored for multimodal therapeutic 

opportunities? 

Chapter 5: ZNF217 

What are the direct gene targets of ZNF217 in OSA? 

Does PI3K-AKT signaling regulate ZNF217 directly or indirectly and how? 

Is there synergism between TCN and chemotherapy treatment in vivo? 

 

 In sum, further evaluation of top gene candidates identified via SB 

mutagenesis uncovered new knowledge on the signaling networks and cancer 

phenotypes associated with expression of SEMA4C, CSF1R, and ZNF217 in 

vitro and in vivo. Importantly, this thesis evaluated new therapeutic approaches 

for treatment of OSA patients and posited promising personalized therapies for 

eventual clinical trials in human OSA patients with abnormal expression of the 

genes discussed throughout this thesis.  

 Ultimately, these combined findings illustrate the use of personalized 

targeted therapy approaches that consider deeper understanding of important 

driver genes/pathways through mechanistic and functional study in conjunction 

with conventional treatment modalities as a strategy to enhance the dismal OSA 

survival rates which desperately need improvement. 
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