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Abstract 

Primary bone cancers are rare and often fatal diseases commonly affecting children, 

teenagers and young adults, with osteosarcoma the most common in those under 25 years. 

Despite intensive multi-agent chemotherapy and limb-salvage surgery or amputation, up to 

53% of osteosarcoma patients relapse. No second-line therapies are shown to benefit these 

patients, and without complete resection this is fatal. Investigation of pre-clinical models of 

chemoresistance suggest a considerate approach is required to improve the clinical relevance 

of new models and overcome a 50 year impasse in treatment options. With this in mind, 

osteosarcoma cell lines were treated with doxorubicin continuously or by pulsed exposure. 

This produced multiple variants with increasing resistance for further investigation. Functional 

assays revealed that resistant variants had a lower proliferative and migratory potential, 

alongside observed alterations in mineralisation. Pilot investigation of a highly resistant variant 

revealed osteolysis, tibial tumour growth and pulmonary metastasis after paratibial or 

intracardiac injection, demonstrating the establishment of the first chemoresistant metastatic 

model of osteosarcoma in Balb/c nude mice. High-throughput drug screening of resistant 

models revealed that modulators of neuronal pathways commonly affected viability. 

Transcriptomic analysis revealed a common subset of clinically relevant genes expressed 

across all models. This further validated ɓ2-adrenergic and angiogenic signalling as novel 

pathways that may provide promise for many young patients with currently no alternatives. 

The efficacy of five compounds was also demonstrated in doxorubicin sensitive and resistant 

osteosarcoma in vitro and this warrants further investigation in a resistant model in vivo. 
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Chapter 1: Introduction 

Primary bone cancer (PBC) is a deadly and life-changing disease affecting children, teenagers 

and young adults. Greater research is required to advance treatment options for PBC as many 

patients respond poorly to multi-agent chemotherapy and experience relapse and metastasis. 

Initially, this chapter provides an overview to normal bone development as this is pertinent to 

the subject of PBC. Following this, an in-depth introduction to the most common PBC affecting 

children and adolescents is provided and highlights areas for further research. A more detailed 

overview of the issue of chemoresistance and the current in vitro models in use within this field 

is covered in Chapter 2. 

 

Normal bone development 

In order to understand PBC it is imperative to first understand how bone develops normally. 

Bone ossification during embryogenesis occurs by two processes both of which commence in 

mesenchymal precursor cells (Fig. 1). This continues throughout body development ending at 

around age 25. Intramembranous ossification is the formation of bone via the direct 

replacement of mesenchyme, which is the loosely aggregated connective tissue containing 

multiple stem cell populations that forms during embryogenesis (Breeland, G. et al. 2023). 

This occurs through the differentiation of mesenchymal stem cells into osteoblasts that form 

bone by the production of collagen, predominantly type I, that is mineralised by matrix vesicles 

containing calcospherulites composed of calcium and phosphate (Midura, R. J. et al. 2008). 

Some osteoblasts become embedded within this matrix where they undergo morphological 

changes and form osteocytes with mechanosensory and bone regulatory properties including 

the control of bone formation, resorption and mineralisation (Schaffler, M. B. and Kennedy, O. 

D. 2012). During embryogenesis, mesenchymal stem cells also form a membrane known as 

the periosteum, with osteoblasts on the inner surface of the periosteum depositing mineralised 

osteoid on the cortical surface of bone. Craniofacial bone formation in the developing foetus 

occurs via intramembranous ossification. In this case, mesenchymal progenitors are derived 

from neural crest cells, with some of these also differentiating into those that form blood 

vessels (Gilbert, S. F. 2000). In contrast, endochondral ossification occurs by the differentiation 

of mesenchymal precursors into chondrocytes that become hypertrophic, laying down a 

collagenous cartilage scaffold that is replaced by bone through the death of chondrocytes, 

infiltration of blood vessels and mineralising action of osteoblasts. Endochondral ossification 

occurs in the long bones during embryogenesis (Breeland, G. et al. 2023). Continued 

development of the long bones during puberty occurs by both mechanisms, with endochondral 

growth extending bone length at the epiphyseal plates, and intramembranous growth widening 
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bone at the cortex along the diaphysis (Midura, R. J. et al. 2008). Circadian rhythm plays a 

role in the regulation of bone ossification, with matrix deposition and mineralisation occurring 

at night in endochondral and intramembranous bone, respectively (McElderry, J-D. P. et al. 

2013; Yu, S. et al. 2022). Interestingly, changes in the production of hormones including growth 

factors and insulin are also modulated by the circadian rhythm, with night-time bone 

mineralisation coinciding with high levels of leptin, an osteogenic and sympathetic nervous 

system factor (Serin, Y. and Tek, N. A. 2019). Mechanisms of embryonic bone ossification also 

occur postnatally with fracture healing and include the control of chondrocyte differentiation 

mediated by hedgehog signalling (Vortkamp, A. et al. 1998). Normal bone formation must be 

in balance with bone resorption performed by osteoclasts derived from the macrophage 

lineage within bone marrow. Osteoclasts target both the mineral component of bone, via 

acidification mediated by a vacuolar proton pump within the ruffled border, and osteoid, via 

enzymatic digestion mediated in part by cathepsin K (Teitelbaum, S. L. 2000). 

 

The innervation and vascularisation of bone is well-known. Both sympathetic and 

parasympathetic nerves are in close proximity to blood vessels within bone. These mediate 

opposing actions within the body, with sympathetic and parasympathetic nerves functioning in 

ófight or flightô adrenergic signalling and the órestô response mediated by muscarinic 

acetylcholine receptors. This is also observed in bone, with sympathetic signalling largely 

promoting bone resorption and parasympathetic eliciting an osteogenic effect. The 

neurotransmitter neuropeptide Y (NPY) affects bone formation directly by inhibiting osteoblast 

differentiation. In contrast, loss of the endocannabinoid 2-arachidonoylglycerol (2-AG) in 

osteoblasts prevents activation of the cannabinoid receptor 1 on sympathetic neurons 

resulting in reduced bone mass. Furthermore, the anabolic process of bone mechanical 

loading affects the expression of sensory neuron markers (Tomlinson, R. E. et al. 2020). 

Normal bone is therefore regulated via the two-way cross-talk between bone cells and 

neurons. Sensory nerves present within the periosteum also play a role in the perception of 

pain during disease or injury with their abundance declining with age (Steverink, J. G. et al. 

2021). Aside from its role in endochondral bone formation, vascularisation also mediates 

fracture repair, with endothelial progenitors recruited to the site of injury coinciding with the 

upregulation of vascular endothelial growth factor (VEGF) (Lee, D. Y. et al. 2008). Together, 

this demonstrates the contribution of bone innervation and vascularisation to the regulation of 

normal bone development and repair. 
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Figure 1. Normal bone development and homeostasis.  

Intramembranous and endochondral bone formation from the developing mesenchyme, 

followed by bone homeostasis mediated by osteoblasts, osteoclasts and osteocytes. This 

figure was partly generated using Servier Medical Art, provided by Servier and freely available 

under CC BY 3.0 (https://creativecommons.org/licenses/by/3.0/). 
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Primary bone cancer 

In England, PBC accounts for approximately 4.2% of cancers affecting those under 25 years. 

During the 1997-2016 period, PBC had the second lowest survival rate at 63.5% in this 

population after hepatic cancer (57.4%). Approximately half of PBC cases in this age group 

were diagnosed as osteosarcoma (49%), followed by Ewingôs sarcoma (36%) and 

chondrosarcoma (6%), with the remaining 9% unspecified (Welham, C. et al. 2021). As the 

most common form of PBC in children, teenagers and adolescents, osteosarcoma is further 

discussed in greater detail below.  

 

Incidence 

In 2020, 124 people were diagnosed with osteosarcoma in England, equating to 2.2 cases per 

million (NHS digital, 2022). Osteosarcoma has an approximately 2-fold greater incidence in 

adolescent males of 15-24 years compared to females of the same age. There is no sex 

difference in children diagnosed with osteosarcoma (Welham, C. et al. 2021). Osteosarcoma 

is the only PBC that displays a bimodal age distribution, with more than half of cases found in 

patients aged 10-24 years. Specifically, this occurs in females at 10-14 years and in males at 

15-19 years (Cole, S. et al. 2022), which is consistent with later pubertal development in males 

(Price, C. H. G. 1958). A second smaller peak is also observed in those above 80 years and 

is associated with secondary osteosarcoma. In the US, the incidence rate of osteosarcoma is 

higher in Black and Hispanic patients across all age groups (Cole, S. et al. 2022). 

 

Diagnosis: a lengthy patient experience 

Recently, the largest PBC charity in the UK, the Bone Cancer Research Trust, conducted a 

survey to understand the experience of those affected by PBC and identify areas for diagnostic 

improvements. This included reporting of key symptoms, common misdiagnosis and delays to 

diagnosis. Initially most patients described visiting an NHS general practitioner however, of 

the 11% of PBC patients that were admitted to the accident and emergency department upon 

initial presentation, over 60% of children and adolescents were later diagnosed with 

osteosarcoma. 78% of osteosarcoma cases were located in the lower limbs. Common 

symptoms for this included chronic or intermittent pain, pain at the tumour site, pain that 

worsens overnight, a visible lump, limp and stiffness, in addition to generalised fatigue and 

weight loss (Table 1). In osteosarcoma, pathological fractures were relatively infrequent at 

14%. Osteosarcoma also presented within the upper limb (9%), pelvis (4%), ribs (3%), 

craniofacial bones (4%) and within the spine (2%) (Bone Cancer Research Trust, 2020). A 

separate study also identified the lower long bones as the most common site for osteosarcoma 
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patients aged 0-59 years, however the pelvis was predominantly affected in those over 60 

years (Cole, S. et al. 2022). The patient survey revealed that when PBC developed in rarer 

locations symptoms were largely similar, with varying intensity in pain by tumour site. However, 

a lump was not observed in spinal osteosarcoma yet was present in 100% of osteosarcoma 

cases of the jaw. Universally, misdiagnosis for PBC included sporting injuries, growing pains 

or a pulled muscle, and this expanded to nerve damage in tumours of the pelvis and to 

toothache in those with craniofacial sarcoma (Bone Cancer Research Trust, 2020). Due to 

generalised symptoms and misdiagnosis, it has been reported that PBC patients face a 

prolonged diagnosis with a reported average time of 163 days and in some cases upon 

pathological fracture during normal activities (Goedhart, L. M. et al. 2016). The diagnostic 

interval, defined as the time taken for a patient to receive a diagnosis after first seeking medical 

advice, often exceeds 1 month (63%) in PBC. Whilst the patient interval, defined as the time 

taken for a patient to seek medical advice after first noticing symptoms, is frequently <1 month 

(67%). Interestingly, children experience both the shortest patient and diagnostic interval, 

which may be reflected in their more favourable survival rate. Conversely, patient and 

diagnostic intervals were prolonged in adolescents and adults, respectively (Bone Cancer 

Research Trust, 2020). Improvements to adult care are therefore required in order to address 

the prolonged diagnostic interval that may contribute to the worse prognosis observed in adult 

patients. 
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Symptoms Osteosarcoma 

Chronic or intermittent pain 69% 

Pain at the tumour site 63% 

Pain that worsens overnight 39% 

Visible lump 47% 

Fracture 14% 

Limp 54% 

Stiffness 47% 

Fatigue 28% 

Weight loss 16% 

Table 1. Common symptoms of osteosarcoma affecting the lower limbs. 

Percentages are based on the total number of osteosarcoma (n=232) cases regardless of 

tumour site (Bone Cancer Research Trust, 2020). 
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Subtypes 

Osteosarcoma is heterogeneous, with subtypes distinguished by cell type, matrix composition 

and either a central or surface location (Fig. 2). Conventional central osteosarcoma accounts 

for 85% of cases and may be defined as; osteoblastic, chondroblastic or fibroblastic dependent 

on the deposition of an osteoid or cartilaginous matrix, or by the presence of spindle-shaped 

cells (Fig. 3). Telangiectatic osteosarcoma occurs in <4% of cases and is characterised by 

osteolysis, aberrant ossification and an abundance of poorly formed vasculature. Rare forms 

of central osteosarcoma include low-grade, distinguished by hypocellular tissue and a 

mineralised matrix, as well as small cell osteosarcoma with small round cells and an osteoid 

matrix. Surface osteosarcomas are similarly rare and include high-grade surface, parosteal 

and periosteal (Rothzerg, E. et al. 2023).  
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Figure 2. Representative radiographic images of central and surface osteosarcoma.  

(A) Central osteosarcoma with medullary involvement and characteristic sunburst 

appearance, with presence of Codmanôs triangle (white arrows). (B) Parosteal surface 

osteosarcoma with mineralised outgrowth from the intact underlying cortical bone. (C) 

Periosteal osteosarcoma shows growth with lifting of the periosteum (red arrow). (D) High-

grade surface osteosarcoma. (A-C) Images adapted from Kundu, Z. S. et al. (2014) available 

under CC BY-NC-SA 3.0. (D) Image from Deng, Z. et al. (2020) available under CC BY-NC-

ND 4.0. 
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Figure 3. Representative images of central osteosarcoma subtypes.  

(A) Conventional fibroblastic osteosarcoma with spindle-shaped cells and low osteoid content. 

(B) Conventional chondroblastic osteosarcoma with cartilage matrix (blue). (C) Conventional 

osteoblastic osteosarcoma with osteoid (green) and mineralised matrix (black). (D) 

Telangiectatic osteosarcoma with osteoid (green) and abundance of blood vessels (red). (E) 

Low-grade osteosarcoma characterised by hypocellular tissue and abnormal mineralised 

regions (black). (F) Small cell osteosarcoma distinguished by small round cells and osteoid 

matrix (green). Images were taken at x40 magnification and were adapted from Rothzerg, E. 

et al. 2023 available under CC BY 4.0. 
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Aetiology 

Genetic basis 

Osteosarcoma is a highly heterogeneous cancer largely caused by somatic gene mutations 

(Bousquet, M. et al. 2016) and displays many hypermutated areas and copy number 

alterations (Chen, X. et al. 2014). Patients with several conditions are predisposed to a higher 

risk of osteosarcoma during their lifetime. This includes loss of tumour protein p53 (TP53/ p53) 

in Li-Fraumeni syndrome, loss of retinoblastoma transcriptional corepressor 1 in 

retinoblastoma, and loss of DNA helicases in the syndromes; Rothmund-Thompson, Werner, 

and Bloom (Savage, S. A. and Mirabello, L. 2010). Secondary osteosarcoma may also develop 

after primary cancer of the smooth muscle, adrenal gland and brain, in leiomyosarcoma, 

adrenocortical carcinoma and choroid plexus carcinoma, respectively (Cole, S. et al. 2022). 

Pagetôs disease of the bone is characterised by an imbalance in bone remodelling caused by 

the 20-fold hyperactivity of osteoclasts, followed by the rapid production of woven bone 

mediated by osteoblasts (Roodman, G. D. 1996). This is linked to 1% of osteosarcoma cases, 

however is more common in those over 60 years (4.7%) (Cole, S. et al. 2022). 

 

Cell of origin 

The cell of origin is widely debated in osteosarcoma with studies showing evidence for the 

malignant transformation of mesenchymal stem cells, osteoblast precursors and mature 

osteoblasts (Quist, T. et al. 2015). In one study, expression of osteocalcin, a marker of 

osteoblast differentiation, was absent or reduced in 74% of patient samples compared to 

normal bone. Conversely, levels of the transcription factors Msh Homeobox 2 and runt-related 

transcription factor 2 (RUNX2) expressed at the pre-osteoblastic stage, were comparable 

between samples (Hopyan, S. et al. 1999). In murine models, knockdown of p53 by shRNA 

resulted in almost complete penetrance of osteoblastic osteosarcoma and a high occurrence 

of lung metastasis. Analysis of these tumours identified a mixed expression profile in 

comparison to wild type osteoblasts, with an increase in osteoblast progenitor markers RUNX2 

and Osterix yet higher levels of differentiation markers osteocalcin and alkaline phosphatase 

(Mutsaers, A. J. et al. 2013). Interestingly, loss of p53 in pre-osteoblasts via the Cre-lox 

conditional knockout method resulted in predominantly fibroblastic tumours that only 

expressed markers of osteoblast progenitors and pre-osteoblasts (Walkley, C. R. et al. 2008). 

Together this provides evidence to suggest that osteosarcomas are derived from lineage-

committed pre-osteoblasts, with the differentiation state of the cell of origin potentially dictating 

the subtype. 
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Treatment 

Osteosarcoma treatment involves neoadjuvant and adjuvant chemotherapy based on the 

EURAMOS-1 trial, and limb-sparing surgery or amputation. Multi-agent MAP chemotherapy 

includes high dose methotrexate, doxorubicin and cisplatin which is given in two cycles prior 

to surgical resection, and followed by an additional four cycles (Whelan, J. S. et al. 2015). 

Further discussion of osteosarcoma treatment and the development of resistance can be 

found in Chapter 2.  

 

Prognosis 

In the UK, survival for children <15 years with osteosarcoma increased from 58-72% during 

the 1997-2016 period, whilst survival for adolescents of 15-24 years increased from 51-66% 

(Welham, C. et al. 2021). Survival also varies by tumour location with craniofacial and 

extremity osteosarcoma having the most favourable survival at 45-55% compared to 18% for 

non-extremity osteosarcoma, with the latter further lowering to 6% for those >40 years 

(Francis, M. et al. 2012). Relapse occurs in 53% of patients with localised osteosarcoma, most 

commonly in the lung (54%), followed by other distant sites (34%) and local dissemination 

(12%). Recurrence is more common in patients receiving limb-salvage versus amputation 

(15% vs 2%). Survival after relapse is lower for patients that respond poorly to neoadjuvant 

therapy. (Gelderblom, H. et al. 2011). Five year post-relapse survival is 39% if a complete 

resection is performed, however this lowers to 0% for those that receive partial resection 

(Ferrari, S. et al. 2003). In the US, five year relative survival for osteosarcoma patients 

regardless of age, sex and ethnicity ranged from 37-61% based on recently published data on 

1,946 osteosarcoma cases across the 2000-2017 period. Survival declined with age, in males, 

in those of American Indian and Alaskan descent, and in patients with axial osteosarcoma 

affecting the vertebrae and pelvis. Surface osteosarcoma showed the highest survival rate at 

75-92%, whilst small cell and Pagetic osteosarcoma had the lowest at 55% and 30%, 

respectively (Cole, S. et al. 2022). However, resection of surface osteosarcomas is not without 

difficulty, as involvement of parosteal osteosarcoma with the neurovascular bundle 

complicates surgery and increases metastatic spread (Alpan, B. et al. 2022). Across all ages, 

up to 42% of osteosarcoma cases involved regional dissemination at diagnosis, most 

commonly in those aged 0-9 years, and up to 23% of cases involved distant metastases, 

frequently seen in those over 60 years. Five year survival for metastatic osteosarcoma ranged 

from 6-36% and similarly worsened with age. Pagetic osteosarcoma in those over 60 years 

demonstrated the poorest survival rate amongst all subtypes and ages at 21% (Cole, S. et al. 

2022). Osteosarcoma patients with pathological fracture had a significantly lower five year 
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event-free and overall survival, along with a greater risk for pulmonary and bone metastasis 

compared to those without (Lee, R. K. L. et al. 2013; Zhou, Y. et al. 2017). Furthermore, levels 

of the osteoclast marker tartrate-resistant acid phosphatase 5b were elevated in metastatic 

versus non-metastatic patients (Avnet, S. et al. 2008), indicating a link between low bone 

quality, pathological fracture and tumour dissemination. Up to 68% of osteosarcoma patients 

respond poorly to chemotherapy, defined by less than 10% tumour necrosis determined at 

resection after neoadjuvant therapy (Uozaki, H. et al. 1997). Poor chemotherapy response 

has been evidenced to increase risk of metastasis (Joo, M. W. et al. 2017) whilst a favourable 

response improves rescue of osteolytic lesions as determined by radiographic imaging. 

Osteosarcoma is also known to be being highly vascularised, with a favourable response 

associated with a marked reduction in blood vessels, compared to the high vessel density 

observed in patients that respond poorly (Smith, J. et al. 1982). This supports a link between 

poor response, angiogenesis, decreased bone quality and metastasis. Five year overall 

survival for poor responders is lower than 55%, whilst in good responders is up to 80%. 

Unfortunately, addition of etoposide and ifosfamide provides no benefit to poor responders 

with event-free survival unchanged and toxicity heightened (Marina, N. M. et al. 2016). Due to 

this, there are no established second-line treatment options for osteosarcoma patients facing 

relapse or poor initial response. In osteosarcoma, advancements in treatment options may 

overcome the poor survival rates for the frequent occurrence of relapse and chemoresistance, 

and therefore improve the outcome for patients who currently have no alternative. In order to 

progress this field which has seen no new treatments to benefit since the introduction of MAP 

chemotherapy in the 1980ôs, this suggests an urgent need to understand mechanisms of 

chemotherapy resistance in osteosarcoma. 

 

Mechanisms of chemoresistance in osteosarcoma 

Within the literature there have been several proposed mechanisms of chemoresistance in 

osteosarcoma however targeting has yielded poor clinical success. Firstly, impaired drug entry 

into the cell by reduced expression of the methotrexate transporter reduced folate carrier 

(RFC) is widely reported (Serra, M. et al. 2004). However, little efficacy has been found in 

osteosarcoma patients treated with an altered form of methotrexate called trimetrexate that 

enters the cell by bypassing RFC (Chou,  A. J. and Gorlick, R. 2006). In addition, no results 

have been posted since a 2007 phase I trial using trimetrexate in refractory osteosarcoma 

(PEV2233;523+, suggesting this is not a key route to target chemoresistance. Secondly, 

decreased expression of dihydrofolate reductase (DHFR), the target of methotrexate, has 

continued to provide a rationale for research (Hattinger, C. M. et al. 2009) however, DHFR 
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levels failed to predict response to MAP in osteosarcoma patients (Scionti, I. et al. 2008). 

Thirdly, in vitro resistance to doxorubicin and cisplatin is commonly identified alongside 

reduced intracellular drug accumulation through the upregulation of multi-drug transporters 

such as P-glycoprotein (MDR1/PGP). Despite this, in the clinic there fails to be a link between 

PGP expression and chemoresistance, in direct contrast to that identified in chemoresistant 

cell lines. Furthermore, inhibition of PGP has shown little effect in osteosarcoma patients 

(Tippett, V. L. et al. 2023). Other common mechanisms include drug detoxification through the 

upregulation of glutathione-s-transferase in the nucleus, which acts to modify doxorubicin and 

cisplatin promoting their removal from the cell and subsequently preventing DNA damage 

(Townsend, D. M. et al. 2019; Goto, S. et al. 2001). Upregulation has been shown in 

chemoresistant cell models of osteosarcoma (Han, T. et al. 2014; Song, L. et al. 2017) with 

some evidence to suggest a role in acquired drug resistance in osteosarcoma patients 

(Uozaki, H. et al. 1997). A phase III trial using the GST inhibitor canfosfamide in combination 

with doxorubicin improved median progression free survival in cisplatin resistant ovarian 

cancer patients (Vergote, I. et al. 2010). However, this met controversy when it was later 

reported that; 25% of patients were discontinued from the trial early on, an independent review 

failed to agree with scans measuring progression, and parallel trials in non-small cell cancer 

and ovarian cancer failed to meet their primary endpoints (PharmaTimes, 2006). Overall, 

targeting classical resistance mechanisms such as drug; entry, target expression, 

accumulation and detoxification, as identified in pre-clinical cell models, often fails to translate 

into efficacy in the clinic. This presents an opportunity to develop models that better replicate 

the clinical situation and identify novel mechanisms that contribute to chemoresistance for 

drug targeting and patient benefit. 

 

In vitro models of osteosarcoma 

As mentioned there is an urgent need to identify new treatment options for osteosarcoma 

patients. However, due to the rarity of osteosarcoma within England, the application of pre-

clinical in vitro models is paramount to research particularly for high-throughput experiments. 

In the literature, the osteosarcoma cell lines MG63, U2OS and SAOS-2 are widely used and 

further discussed in Chapter 2. The HOS cell line, also known as TE-85, is also commonly 

used within this field and was isolated prior to chemotherapy from a 13 year old Caucasian 

female with osteosarcoma that died of pulmonary metastasis within 3 months. HOS cells are 

adherent, polygonal, multinucleated, approximately 15Õm in diameter, with low mineralising 

ability and ameboid-like membrane protrusions (McAllister, R. M. et al. 1971) and are unable 

to form tumours in nude mice (Rhim, J. S. 2000). HOS-143b, referred herein as 143b, is 
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derived from transformation of HOS with the Kirsten murine sarcoma virus resulting in mutated 

Kirsten rat sarcoma viral oncogene homolog (KRAS) and oncogenic growth (Hensler, P. J. et 

al. 1994). 143b is regarded as a metastatic, osteolytic and undifferentiated cell line, with it 

readily forming bone lesions 5-weeks post-intratibial injection in NOD/SCID mice. This 

contrasts with SAOS-2, which is non-metastatic and osteoblastic, and HOS, which is unable 

to form tumours in vivo (Yuan, J. et al. 2009). Treatment of HOS cells with N-methyl-Nǋ-nitro-

N-nitrosoguanidine (MNNG) resulted in aggregate growth in the MNNG-HOS cell line and 

increased tumorigenicity in nude mice (Rhim, J. S. et al. 1975; Rhim, J. S. 2000). 143b 

demonstrates a 50-fold increase in pulmonary metastatic ability compared to MNNG-HOS and 

is able to develop brain metastases after intramuscular injection in nude mice (Mohseny, A. B. 

et al. 2011; Luu, H. H. et al. 2005). The HOS cell line and its derivatives 143b and MNNG-

HOS harbour a p.Arg156Pro mutation in the p53 protein which promotes cell growth (Diller, L. 

et al. 1990; Mohseny, A. B. et al. 2011). Variations of the HOS cell line are therefore a useful 

tool for investigating metastatic (143b) and non-metastatic (MNNG-HOS) osteosarcoma. The 

high frequency of relapse and poor response to neoadjuvant therapy coupled with a lack of 

beneficial second-line treatment options in osteosarcoma suggests a requirement to model 

chemotherapy resistance. Many of these models exist within the literature although the clinical 

relevance is debated (Chapter 2).  

 

Thesis aims 

Due to the high occurrence of chemotherapy resistance in osteosarcoma despite aggressive 

therapy, and its link to poor patient outcome, the identification of key resistance related 

mechanisms is required for the successful development of second-line treatment options. 

Currently, osteosarcoma patients have no alternatives when resistance develops and 

treatments are brutal with chronic life-changing side effects. Recent review of clinical trial 

outcomes across 390 osteosarcoma patients revealed that modern therapeutic interventions 

yielded a 0.77% complete response rate, a 19% partial response rate, and stable disease in 

28% of patients (Omer, N. et al. 2017). Such dismal progress leaves predominantly young 

patients without options and strongly suggests an urgent need for improvements in the clinical 

relevance of pre-clinical models. 

 

In order to address this need, this study aims to; 

 Scope the literature to understand current methods used to generate chemotherapy 

resistance in osteosarcoma and develop a strategy to improve the clinical relevance 

of future models. 
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 Develop several novel chemoresistant osteosarcoma cell lines for comparison based 

on prior systematic review of the literature. 

 Characterise sensitive and chemoresistant osteosarcoma cell lines to understand how 

the level of resistance affects growth, migration and mineralisation in vitro. 

 Run a pilot study to assess whether a novel chemoresistant osteosarcoma cell line is 

able to form primary and metastatic tumours in vivo via different injection routes. 

 Perform high-throughput drug screening of a tool compound library to identify key 

molecular mechanisms that affect viability in sensitive and chemoresistant models of 

osteosarcoma that may be exploited for therapeutic benefit. 

 Test the in vitro effectiveness of several promising novel compounds identified in a 

high-throughput drug screen in sensitive and chemoresistant osteosarcoma to further 

validate their efficacy and determine their effectiveness across a wider range of 

concentrations in these models.  

 Perform RNA-sequencing and bioinformatic analysis to understand changes in the 

transcriptomic profiles of sensitive and chemoresistant osteosarcoma models that may 

be exploited for future drug development.  

 Compare transcriptomic data with publicly available patient datasets to provide 

commentary on the clinical relevance of the newly generated chemoresistant models. 

 Combine transcriptomic and high-throughput data to identify key targets and pathways 

associated with chemoresistance for future research. 

 Elucidate the clinical relevance of potential targets and novel drugs within the wider 

literature to understand their therapeutic potential in the clinic. 

 

The development and characterisation of more clinically relevant models will provide an 

invaluable resource for the identification of chemoresistance related targets and pathways via 

high-throughput screening and transcriptomic analysis. Further validation of these promising 

targets and new compounds through wider research within the literature will then elucidate 

their therapeutic and clinical potential. Overall, this will contribute to the improved 

understanding of chemoresistance in osteosarcoma, with further research using these newly 

generated models and discoveries having the potential to improve patient outcome and 

progress the field of osteosarcoma after a 50 year wait.  
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Chapter 2: The strategy and clinical relevance of in vitro 

models of MAP resistance in osteosarcoma: a systematic 

review 

 

Statement of attribution 

 

In the following published paper, Tippett, V. L. performed article selection, synthesis, figure 

generation and discussion. Further information is provided in author contributions on page 52.  
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