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Abstract 

 
Osteosarcoma (OS) is the most commonly occurring primary bone cancer in the young. 

A combination of surgery and chemotherapy is the most effective therapeutic strategy, 

however, the survival rate for patients with metastatic disease is less than 20% at 5 years, 

a statistic that has not changed for over 30 years.  

 

To support the rapid cell growth and proliferation that are characteristic of cancer cells, 

the rate of ribosome biogenesis must increase, and the transcriptional activity of RNA 

Polymerase (Pol) I plays a key role in this process.  RNA Pol I transcription activity in 

normal cells is maintained at a lower rate compared to that observed in cancer cells, which 

is mediated by a wide range of regulators such as p53, RB, MYC, AKT, S6K and MAPK. 

In OS, however, these regulators themselves can be dysregulated, for example TP53 and 

RB1 are frequently mutated, whereas c-Myc and MDM2 are amplified. c-Myc can 

enhance RNA Pol I transcription as can MDM2 by promoting degradation of p53, albeit 

indirectly. This combination of molecular alterations reported in OS led to the proposal 

that RNA Pol I transcription is likely to be enhanced, similar to many other cancers, hence 

its inhibition may prove an effective therapeutic avenue in OS. 

  

CX-5461 and PMR-116 are novel RNA Pol I transcription inhibitors (RNA Pol Ii) in the 

early stages of clinical development. The anti-tumour effects of CX-5461 have been 

demonstrated in Phase I clinical trials for breast cancer, lymphoma, leukaemia and 

prostate cancer. PMR-116 has proven effective in murine leukaemia, prostate cancer and 

myeloma models, but has not yet been tested in humans. The overall aim of this study 

was to investigate the therapeutic potential of RNA Pol Ii, CX-5461 and PMR-116, for 

the treatment of OS.  

 

Experiments in Chapter 3 describe the molecular characterization of 10 human OS cell 

lines. The expression status of p53, c-Myc, MDM2 and RB1 in these cell lines was 

assessed. The results of this work suggest three potential mechanisms through which 

RNA Pol I transcription activity and ribosome biogenesis are enhanced, thus promoting 

OS cell proliferation.  
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In Chapter 4, the effects of CX-5461 and PMR-116 on 10 human OS cell lines were 

evaluated in-vitro. Both drugs proved cytotoxic demonstrating anti-proliferative effects 

on all the OS cell lines tested. Both drugs inhibited their primary target, rDNA 

transcription, however CX-5461 showed a more pronounced anti-tumour effect through 

G2 cell cycle arrest in comparison to PMR-116. 

 

In Chapter 5, the in-vivo effects of RNA Pol Ii were investigated using xenograft models 

of OS in Rag 2 knockout mice. The maximum tolerated drug doses in this mouse strain 

were established as 30 mg/kg for CX-5461 thrice-weekly and 80 mg/kg of PMR-116 

twice-weekly. CX-5461 demonstrated significant tumour growth inhibitory effects in the 

xenografts using the human OS tumour 143B-Luc and SJSA-1-Luc, that are p53 mutant 

and p53 wild type respectively.  

 

In conclusion, these in-vitro studies proposed three possible mechanisms contributing to 

enhanced ribosome biogenesis in OS. Also, it demonstrated that CX-5461 and PMR-116 

can suppress rDNA transcription and exerted an anti-proliferative effect on OS cell lines 

via G2 cell cycle arrest. In addition, CX-5461 demonstrated a significant reduction in OS 

tumour growth in-vivo. This research suggests that inhibition of RNA Pol I transcription 

is certainly worth pursuing as an additional therapeutic weapon in the fight against this 

aggressive cancer. 
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1. Introduction  

	
Osteosarcoma (OS) is the most common primary cancer of the bone, occurring most 

frequently between the ages of 0-24 and >60 years of age. The survival rate of OS patients 

was poor, less than 20% at 5 years post diagnosis, before advances in surgical techniques 

and chemotherapy increasing this to 60-70% in patients with localised disease (Kansara 

et al., 2014). Methotrexate, cisplatin and doxorubicin are used as standard 

chemotherapeutic agents and are combined with surgical removal of the tumour 

with/without limb sparing depending on the location of the tumour (Luetke et al., 2014, 

Lamplot et al., 2013). Although these strategies have increased the cure rate to 60-70%, 

30% of patients with localised disease have tumours that are chemotherapy resistant 

mediated by an unknown mechanism (Luetke et al., 2014, He et al., 2014). In addition, 

chemotherapy did not improve the overall cure rate in OS patients with metastatic disease 

(Jaffe et al., 1974, Meyers et al., 2011) who have a survival rate of <20% at 5 years. Even 

recent international trials with more targeted therapies such as trastuzumab (Ebb et al., 

2012) along with methotrexate, doxorubicin, and cisplatin (MAP) plus pegylated 

interferon alpha-2b (IFN-α-2b) (Bielack et al., 2015), or MAP with ifosfamide and 

etoposide (MAPIE) (Marina et al., 2016) in children with OS disappointingly have not 

improve outcomes. As these results prove, the survival rate in OS patients has not changed 

for three decades and new effective therapeutic strategies for improving the outcome in 

OS are urgently needed. This thesis will show the potential of inhibiting RNA Pol I 

transcription as a new therapeutic strategy for OS patients. 
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1.1 Bone and osteosarcoma (OS)  

 
To uncover new strategies of drug development for OS we need to understand the biology 

involved in generating and maintaining normal bone.  Bone is a specialised connective 

tissue that provides essential functions for vertebrate life, supporting and protecting 

muscles and organs, providing mobility to the joint system and a microenvironment for 

haematopoietic tissues (Grabowski, 2009). The homeostasis of human bones is 

maintained by two types of cells, osteoblasts and osteoclasts. (Sims and Martin, 2014). 

Both cells have opposite activities, bone production by osteoblasts and bone reabsorption 

by osteoclasts (Gronthos et al., 1999, Roodman, 1999). Under normal bone homeostasis, 

the balance between osteoblast and osteoclast activity results in a healthy skeletal 

structure. When the balance is disrupted, however, bone-related diseases arise including 

osteosarcoma. A small percentage of OS cases occur in people with Paget’s disease (1%), 

Li-Fraumeni syndrome (12%) and other germline mutations in TP53 or RB1 (Smith et al., 

1984, Kansara et al., 2014). The majority of OS cases, however, are associated with 

somatic mutations, particularly in the tumour suppressor genes TP53 (80%) and RB1 

(30%) (Chen et al., 2014, Wunder et al., 2005). 

 

Human OS is the most common primary malignant neoplasm of human bone (Kansara et 

al., 2014, Biermann et al., 2013) and accounts for 5 – 10% of malignancies in children, 

and 0.2% of all cancers (Biermann et al., 2013). The average international incidence of 

OS is two to four cases annually per million for all ages combined (Rosenberg, 2013). 

There are two incidence peaks at ages <24 years and greater than 60 years, especially it 

is frequently observed in male and paediatric patients and young adults when the skeleton 

is growing most rapidly (Rosenberg, 2013, Lindsey et al., 2017, Gianferante et al., 2017, 

Mirabello et al., 2009).  The most commonly occurring sites are the distal femur, the 



 
 

	 17	

proximal tibia and the proximal humerus which are nearest to the metaphyseal growth 

plates in arm and leg bones. Less commonly occurring sites are the skull, jaw and pelvis 

(Rosenberg, 2013). Interestingly, approximately 10-20% of OS patients are diagnosed 

with metastatic disease which occurs most commonly in the lung (90% of cases) (Lindsey 

et al., 2017, Luetke et al., 2014).  The specific factors contributing the OS development 

have not been clarified. However, disruption of the balance between two major bone cells, 

osteoblast and osteoclast (Kansara et al., 2014, Thomas et al., 2004), is considered one of 

the main features for OS development and it is proposed to be the consequence of 

dysregulated cell cycle in osteoblast differentiation by altered key factors, such as p53 

and RB1 (Berman et al., 2008, Miller et al., 1996, He et al., 2015, Velletri et al., 2016).  

  

1.1.1 Molecular features of OS 

 
A genetic feature of OS is chromosomal instability with high levels of somatic structure 

variations and copy number alterations and it is associated with development and 

proliferation of OS  (Bayani et al., 2007, Chen et al., 2014). As mentioned above the most 

frequently reported genetic mutations in OS occur in the retinoblastoma 1 (RB1) and 

tumour protein 53 (TP53) genes (Kansara et al., 2014, Morrow and Khanna, 2015). In the 

absence of mitogenic stimuli, RB1 binds to the E2F transcription factors and prevents cell 

cycle progression from G1 to S phase progression. Under normal mitosis, RB1 is 

phosphorylated by cyclin-dependent kinase 4 (CDK4) and then releases E2F. E2F 

increases transcription of genes that will promote cell cycle progression from G1 to S 

phase (Nevins, 2001), critical cell cycle regulatory elements such as Cyclin Dependent 

Kinase 1 (CDK1), Cell Division Cycle 25 (CDC25) and Cyclin E. The most frequent 

mutation of RB1 in OS is a deletion resulting in a loss of function, thus removes the G1 

to S phase cell cycle checkpoint (Miller et al., 1996). Loss-of-function RB1 mutations are 
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observed in up to 70% of OS cases (Miller et al., 1996, Benassi et al., 1999). Various 

rearrangements found in RB1 exons lead to the truncation or deletion of the transcripts 

resulting in loss of RB1 protein expression (Lorenz et al., 2016). TP53 is a key 

transcription factor which protects cells in response to cellular stresses, such as 

endoplasmic reticulum stress, oxidative stress, hypoxia and DNA damage (Harris and 

Levine, 2005). In a healthy cell wild type p53 is maintained at a low level by its negative 

regulator MDM2 which mediates its ubiquitination degradation (Michael and Oren, 

2003). When cellular stress is detected, one response is to release p53 from MDM2, thus 

p53 is phosphorylated and accumulates which results in activation of various responses, 

such as cell cycle arrest, apoptosis, autophagy, DNA repair and senescence, which 

prevent the replication of damaged cells  (Levine and Oren, 2009).	Similar to RB1, about 

80% of OS cases contain a loss-of-function TP53 mutation (Martin et al., 2012).  

Interestingly, TP53 gene rearrangements appear to be highly specific to OS, being 

detected in 16-40% of cases, but were not found in 1090 samples of other tumour types 

analysed. These rearrangements are frequently observed to occur in intron 1 and intron 9. 

Intron 1 rearrangements lead to loss of exons 1 to 3 resulting in loss of the transactivation 

domain (Ribi et al., 2015, Lorenz et al., 2016). Intron 9 rearrangements induce loss of 

exon 9 containing the oligomerization domain (Lorenz et al., 2016). Consequently, these 

rearrangements lead to p53 protein inactivation. Another highly mutated gene is cellular 

myelocytomatosis (c-Myc) which is a proto-oncogene that codes for a transcription factor 

and is a member of the Myc family, which includes L-Myc and N-Myc. c-Myc is amplified 

in 43% of OS (Morrow and Khanna, 2015). Other mutated genes include E3 ubiquitin-

protein ligase MDM2 (MDM2) and cyclin-dependent kinase inhibitor 2A (CDKN2A) 

(Chen et al., 2014, Sadikovic et al., 2009). Although a correlation between OS and genetic 

mutations has not yet been revealed, these genetic mutations are considered to be the 



 
 

	 19	

major contributors to OS development by induction of abnormal cell cycle progression 

and dysregulation of osteoblast differentiation (Lindsey et al., 2017, Kansara et al., 2014, 

Mutsaers and Walkley, 2014, Chen et al., 2014, Thomas et al., 2004). All these reports 

about highly mutated genes in OS are summarised in Table 1.1.  

Table 1.1 Mutated genes in OS 
Genes Names Frequency 

TP53 Tumour protein P53 80% 

RB1 Retinoblastoma 1 62% 

c-Myc Cellular myelocytomatosis 43% 

MDM2 E3 ubiquitin-protein ligase Mdm2  6% 

CDKN2A Cyclin-Dependent Kinase inhibitor 2A 20% 

The table was generated from data presented in (Chen et al., 2014, Lonardo et al., 1997, 
Stock et al., 2000, Miller et al., 1996) 
 
 

1.1.2 Current therapeutic strategies for OS 

 
The current standard treatment for OS patients includes a wide surgical resection of the 

primary tumour with significant efforts made to salvage the limb, chemotherapy and, in 

limited circumstances, radiotherapy (Lindsey et al., 2017, Luetke et al., 2014). These 

treatment strategies are depending upon the tumour site (Luetke et al., 2014). 

 
Prior to advanced imaging techniques, a margin of 5-cm around the tumour was the goal 

to minimise tumour recurrence and metastasis; however, this extent of tissue excision 

often eliminated the opportunity to salvage the limb or leave a sufficient appendage for 

prosthetic attachment (Lamplot et al., 2013). Advanced imaging techniques, such as 

Magnetic Resonance Imaging (MRI) and Computed Tomography (CT)-scanning, have 

permitted the reduction of the surgical margin and, combined with chemotherapy, has 

resulted in a decrease in tumour recurrence and increased opportunities for limb 

reconstruction (Jaffe et al., 1974, Luetke et al., 2014). 
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The current standard chemotherapies used are high-dose methotrexate, doxorubicin and 

cisplatin (MAP) (Luetke et al., 2014, Lamplot et al., 2013). Methotrexate binds to 

dihydrofolate reductase preventing the synthesis of thymidylate which is essential for cell 

growth and proliferation (Jaffe, 2009). Doxorubicin intercalates into DNA inducing 

topoisomerase II-mediated single-and double-strand breaks. Cisplatin is a platinum-

containing chemotherapeutic agents that crosslinks purine bases in DNA causing damage, 

preventing replication and inducing cell apoptosis (Dasari and Tchounwou, 2014). All 3 

drugs are most often administered intravenously (Lamplot et al., 2013) and pre- and/or 

post-surgical tumour resection (Luetke et al., 2014).  

 

While improvements have been made for patients with localised disease, the prognosis 

for patients with metastatic disease has not changed over the last thirty years. In a recent 

effort, four collaborative groups, the Children’s Oncology Group (COG), Cooperative 

Osteosarcoma Study Group (COSS) of the German Society for Paediatric Oncology and 

Hematology (GPOH), European Osteosarcoma Intergroup (EOI) and Scandinavian 

Sarcoma Group (SSG) formed the EURAMOS (European and American Osteosarcoma 

Studies) and conducted clinical trials. They found that IFN-α-2β and ifosfamide with 

etoposide also showed good histological response in OS patients and then conducted 

clinical trials combining it with standard chemotherapy (Whelan et al., 2010, Goorin et 

al., 2002).  Specifically, they compared MAP, MAP with IFN-α-2β or with ifosfamide 

and etoposide to improve the survival rate in OS patients. Unfortunately, no significant 

improvements were observed in the event-free survival rate for primary or metastatic 

cases when compared with MAP alone (Carrle and Bielack, 2009, Marina et al., 2016, 

Bielack et al., 2015). Mifamurtide, an immunomodulator which activates macrophages 

and monocytes, was combined with standard chemotherapy (Methotrexate, doxorubicin 
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and cisplatin: MAP) in Phase I-III clinical trials in OS (Meyers et al., 2005, Murray et al., 

1989, Kleinerman et al., 1992, Anderson et al., 2014, Chou et al., 2009). Although 

mifamurtide was well tolerated and demonstrated a small but significant improvement in 

event-free survival (EFS) in non-metastatic cases, it unfortunately had no beneficial effect 

in patients with metastatic disease (Jimmy et al., 2017). The results of these trials came 

as a great disappointment to everyone in the field and emphasises the need new 

therapeutic strategies to improve the outcome for OS patients. 

 

Chemotherapy can have significant unintended toxic effects including myelosuppression, 

mucositis, cardiac failure, hearing loss, nephrotoxicity, gonadal dysfunction. In addition, 

long-term chemotherapy can cause types of secondary cancers, such as leukaemia, 

myelodysplastic syndrome, breast cancer, central nervous system (CNS) tumours, 

carcinomas of various types and soft-tissue and bone sarcoma (Luetke et al., 2014, 

Janeway and Grier, 2010, Jaffe, 2009, Marina et al., 2016).   

 

Radiotherapy has been one of the most efficient therapeutic strategies for most cancers. 

However, for OS patients, the use of radiotherapy is carefully considered as OS tends to 

be a radio-resistant tumour (Schwarz et al., 2009, DeLaney et al., 2005). In addition, it 

has been reported that 3% of secondary OS arise from prior radiotherapy fields (Kansara 

et al., 2014). Despite this, radiotherapy is administered to OS patients with unresectable 

or incompletely resected tumours (Ciernik et al., 2011). Also, it can be an important 

option when tumours occur in inoperable sites including the spine or the base of the skull.  

(Schwarz et al., 2009, Dai et al., 2011).  
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New therapeutic strategies are desperately needed to improve outcomes for OS patients 

especially those with treatment-resistant and metastatic disease, and to reduce the short- 

and long-term side effects of chemotherapies for patients who achieve remission. 

Recently a first in class novel drug has successfully undergone a Phase I clinical trial, 

CX-5461. CX-5461 targets RNA Polymerase I transcription activity and ribosome 

biogenesis which may have efficacy for all cancers, including OS. 

 

1.2 Ribosome biogenesis and RNA polymerase (Pol) I transcription 

	
Cell proliferation (an increase in cell number) and cell growth (an increase in cell mass) 

are exquisitely linked (Grummt, 2013). Cell growth is a pre-requisite for cell 

proliferation, and they both require a significant increase in protein production by 

ribosomes (Drygin et al., 2010). Ribosome biogenesis is one of the most complex and 

energy consuming processes in the cell (Figure. 1.1) (Hein et al., 2013). In humans, the 

ribosome is composed of two subunits, the 40S subunit which incorporates the 18S 

ribosomal RNA (rRNA) and 33 distinct ribosomal proteins (RPs) and the 60S subunit 

including three rRNA (5S, 5.8S and 28S rRNA) and 47 distinct RPs (Bywater et al., 

2013). Three RNA polymerases, RNA polymerase (Pol) I, II and III are required to 

generate a ribosome. Among these RNA polymerases, its Pol I that transcribes what is 

considered as the key component of ribosome, pre 47S rRNA which is processed to 

generate the 5.5S, 18S and 28S rRNA, from rDNA promoter regions within the nucleolus 

(Drygin et al., 2010). For the initiation of rDNA transcription, assembly of multiprotein 

complexes are required on rDNA promoter region containing RNA Pol I and pre-

initiation complex. Two RNA Pol I-specific factors, Selective factor 1 (SL-1) and 

upstream binding factor (UBF), bind to rDNA promoter and lead to the assembly of the 

pre-initiation complex. Assembled RNA Pol I complex transcribes the rDNA generating 
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the pre 47S rRNA which is processed to the 5.5S, 18S and 28S rRNA which all occurs 

within the nucleolus.	In the nucleus, RNA Pol II transcribes messenger RNA (mRNA) 

that encodes ribosomal proteins (RPs). The mRNA is translated to ribosomal proteins 

(RPs) by the ribosome in the cytoplasm and RNA Pol III transcribes 5S rRNA in the 

nucleus. These products are translocated into the nucleoplasm and assembled along with 

5.5S, 18S, and 28S rRNA to form the 90S processome. This complex is further processed 

to form the 40S and 60S subunits that are exported to the nucleoplasm. From there the 

two subunits are exported to the cytoplasm where they form the mature 80S ribosome 

(Figure 1.1). The main function of the 40S subunit is to bind, unwind and scan the 

messenger RNA (mRNA). In contrast, the 60S subunit is involved in peptide bond 

formation and quality control of peptides (Shen et al., 2015).	
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Figure 1.1 Schematic diagram of ribosome biogenesis  
All RNA polymerases (RNA polymerase I, II and III) participate in ribosome biogenesis. 
The main process of ribosome biogenesis occurs within the nucleolus. Under cell growth 
stimulation, two RNA polymerase I specific factors, upstream binding factor-1 (UBF-1) 
and promoter selectivity factor (SL-1), bind to rDNA promoter regions. These two factors 
lead to the formation of the RNA Pol I pre-initiation complex. The recruited RNA Pol I 
transcribes the pre-47S rRNA precursor (47S pre-rRNA). The 47S pre-rRNA is co-
transcriptionally processed into 5.5S, 18S and 28S rRNAs. These are assembled along 
with the 5S rRNA and RPs, which are transcribed by RNA polymerase III and RNA 
polymerase II, respectively, within the nucleoplasm to formed the 40S and 60S subunits. 
Finally, the 40S and 60S are exported to the cytoplasm and form the mature 80S ribosome 
on an mRNA, which is then translated to generate a protein (Adapted from (Hein et al., 
2013, Pelletier et al., 2018, Drygin et al., 2010)). 
Abbreviation: RNA Pol I=RNA polymerase I; RNA Pol II=RNA polymerase II; RNA 
Pol III=RNA polymerase III; UBF=Upstream binding factor; SL-1=Selective factor-1; 
RRN3=RNA polymerase I-specific transcription initiation factor RRN3; 
rDNA=ribosomal DNA; rRNA=ribosomal RNA,  
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1.3 Ribosome biogenesis and RNA Pol I transcription in cancer 

	
Ribosome biogenesis is markedly enhanced in cancer cells and is related to cancer 

pathogenesis (Pelletier et al., 2018). Compared to normal cells, cancer cells have 

enhanced growth and proliferation rates, as a consequence of genetic mutation(s) and/or 

altered signalling pathways (Hanahan and Weinberg, 2011). In order to facilitate growth 

and proliferation, cancer cells upregulate ribosome biogenesis and RNA Pol I 

transcription activity (Drygin et al., 2010), which has been reported in numerous cancers 

(Bywater et al., 2012, Rebello et al., 2016, Xu et al., 2017), and is reflected by enlarged 

nucleoli (Denais and Lammerding, 2014, Tiku and Antebi, 2018). Influencing ribosome 

biogenesis, p53 and RB1 can inhibit RNA Pol I transcription by suppressing UBF binding 

to rDNA, while c-Myc increases RNA Pol I transcription by stimulating UBF and SL-1 

binding to the rDNA promoter (Hannan et al., 2000, Zhai and Comai, 2000). Also, 

PI3K/AKT/mTOR signalling can promote ribosome biogenesis directly or via 

cooperating with c-Myc (Chan et al., 2011). In cancer cells, all these factors are 

commonly dysregulated by mutations resulting in their loss or altered function (Hanahan 

and Weinberg, 2011, Janku et al., 2018, Faivre et al., 2006, Hoxhaj and Manning, 2020, 

Polivka and Janku, 2014). The result of these genetic anomalies is enhanced RNA Pol I 

transcription and ribosome biogenesis (Drygin et al., 2010, Grummt, 2013). Based on 

these findings, the manipulation of ribosome biogenesis in cancer cells was hypothesised 

as a potential new strategy for cancer therapy (Boisvert et al., 2007, Derenzini et al., 

2009).  
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1.3.1 Ribosome biogenesis and RNA Pol I transcription in OS 

 
Several studies have revealed that factors such as c-Myc, p53, RB1 and ribosomal protein 

L34 are altered in OS and its been proposed that ribosome biogenesis may be abnormally 

enhanced (Chen et al., 2018, Montanaro et al., 2007, Luo et al., 2016) . Genetic mutations 

resulting in the loss of functional p53, the lack of regulator Cyclin-Dependent Kinase 4 

(CDK4) causing RB1 inactivation (Miller et al., 1996, Zhou et al., 2018, Kansara et al., 

2014), and c-Myc overexpression have all been described in OS (Chen et al., 2018) (Table 

1.1). An additional factor, MDM2, a negative regulator of p53, is commonly upregulated 

in OS and may induce tumorigenesis through the suppression of wild type p53 activity 

(Miller et al., 1996). Montanaro and colleagues reported that the inhibition of ribosome 

biogenesis by actinomycin D affects OS cell cycle progression in both p53 and RB1 

efficient and deficient conditions (Montanaro et al., 2007). All these results support that 

ribosome biogenesis and RNA Pol I transcription activity is altered in OS and thus maybe 

a new effective therapeutic target. 

 

1.4 Novel RNA Pol I transcription inhibitors: CX-5461, PMR-116 and BMH-21 

	
The function of the nucleolus in ribosome biogenesis was revealed in the early 1960’s, 

however, the potential of this as a new target for cancer treatment has not been recognized 

widely until the 2000’s. After confirming a therapeutic efficacy for targeting the ribosome 

by CX-5461, an RNA Pol I transcription inhibitor, studies were conducted to estimate 

whether conventional chemotherapies also had inhibitory effects on RNA Pol I 

transcription activity, such as Actinomycin D (Fetherston et al., 1984, Burger et al., 2010), 

Doxorubicin and Cisplatin (Burger et al., 2010) (Table 1.2). Interestingly, their inhibitory 

effects on ribosome biogenesis had been confirmed from many studies with many 

cancers, but the activities of these drugs are not limited to RNA Pol I transcription activity 



 
 

	 27	

(Jordan and Carmo-Fonseca, 1998a). CX-5461 and PMR-116 are a new class of RNA 

Pol I transcription inhibitors (RNA Pol Ii) with a high therapeutic efficacy on cancer cells. 

CX-5461, first generation, and PMR-116, second generation, are selective for their 

primary target, RNA Pol I (rDNA transcription), and have no noticeable effect on DNA 

(Haddach et al., 2012, Hannan, 2018). BMH-21, a third RNA Pol I transcription inhibitor, 

also demonstrated inhibitory effects on RNA Pol I transcription activity against a number 

of tumour cell types including osteosarcoma in vitro  (Fu et al., 2017, Peltonen et al., 

2014, Colis et al., 2014a) and melanoma and colorectal carcinoma in vivo (Peltonen et 

al., 2014, Colis et al., 2014b) . The tolerability and efficacy of BMH-21 remains to be 

determined in clinical trials.   

 

Table 1.2 Chemotherapies with an additional impact on ribosome biogenesis 

(Adapted from (Hein et al., 2013)) 

 

Drug Target 
Impact on 
ribosome 
biogenesis 

Cancer type(s) Refs 

Mitomycin C 
Guanosines in 
5’-CpG-3’ 
motif 

Inhibition of Pol I 
transcription 

Adenocarcinoma, stomach, 
pancreas, anal, bladder, 
breast, cervical, colorectal, 
head, neck and non- 

(Burger et al., 
2010) 

Actinomycin D GC-rich 
duplex DNA 

Inhibits Pol I 
transcription at 
low nanomolar 
concentrations 

Wilms tumour and Ewing 
sarcoma 

(Burger et al., 
2010, Fetherston 
et al., 1984) 

Cisplatin 
Adjacent 
guanosines in 
DNA 

Inhibition of Pol I 
transcription 

Testicular, bladder, lung, 
oesophagus, stomach, 
ovarian sarcoma, and 
lymphoma 

(Burger et al., 
2010, Jordan 
and Carmo-
Fonseca, 1998b) 

Doxorubicin 
DNA and 
Topoisomerase 
II 

Inhibition of Pol I 
transcription 

Bladder, breast, stomach, 
lung, ovarian, and thyroid 
cancer, leukaemia, 
myeloma 

(Burger et al., 
2010) 

5-Fluorouracil Thymidylate 
synthase 

Impairs late 
rRNA processing 

Colon, oesophageal, 
gastric, rectum, breast, 
biliary tract, head and neck, 
cervical, pancreas, renal 
cell 

(Burger et al., 
2010, Ghoshal 
and Jacob, 
1997) 
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1.4.1 CX-5461: The first generation of RNA Pol I transcription inhibitor 

	
CX-5461 was the first developed, orally bioavailable selective RNA Pol Ii which has been 

used as an anti-cancer therapy in hematologic cancers, lymphoma (Bywater et al., 2012), 

leukemia and multiple myeloma (Hein et al., 2017). CX-5461 inhibits RNA Pol I 

transcription by disrupting the interaction between SL-1 and UBF, thus preventing the 

recruitment of RNA Pol I and formation of the pre-initiation complex at the promoter 

(Drygin et al., 2011).  

 
The therapeutic efficacy of CX-5461 in human and mouse models of cancer has been 

reported in many studies (Rebello et al., 2016, Xu et al., 2017, Quin et al., 2016, Negi and 

Brown, 2015, Drygin et al., 2011, Bywater et al., 2012). In Eµ-Myc driven murine 

lymphoma, CX-5461 rapidly induced a sub-G1 cell cycle arrest and p53-mediated 

apoptotic cell death (Bywater et al., 2012). In contrast, in A375 human melanoma cells 

and MIA Paca-2 human pancreatic cells, CX-5461 mediated its anti-tumour effects via 

autophagy, in the absence of p53-mediated apoptotic cell death and sub G1 cell cycle 

arrest (Drygin et al., 2011). While, in acute lymphoblastic leukemia, CX-5461 induced a 

G2 phase cell cycle arrest mediated by the Ataxia telangiectasia mutated (ATM) and 

Ataxia telangiectasia and Rad3 related (ATR) kinase pathways, independent of p53 

activation (Negi and Brown, 2015).  

 

One publication has reported the anti-cancer effects of CX-5461 on human OS. In this 

case CX-5461 activated autophagy and inhibited mammalian target of rapamycin 

(mTOR) signalling pathways in U-2-OS and MNNG/HOS in-vitro, and also effectively 

suppressed U-2-OS tumour growth in-vivo (Li et al., 2016). 
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CX-5461 has been evaluated in a phase I clinical trial with advanced hematologic cancer 

patients (Khot et al., 2019). In this trial, 170mg/m2 of CX-5461 once a week for 3 weeks 

was determined as a maximum tolerable dose and demonstrated a rapid on target 

inhibition of rDNA transcription with manageable adverse effects in the patients. Also, 

one patient with a high-grade transformation of lymphoma achieved a clinical response 

with p53 activation in tumour cells and another one patient with anaplastic large cell 

lymphoma showed a prolonged partial response. An additional phase I clinical trial of 

CX-5461 for solid tumour and breast cancer is currently on-going in Canada 

(ClinicalTrial.gov identifier: NCT02719977).  

 

While CX-5461 is considered a selective inhibitor of rDNA transcription some recent 

studies have reported off-target activities (Xu et al., 2017, Bruno et al., 2020). Xu and 

colleagues reported that CX-5461 increased the stability of G-quadruplexes in DNA and 

induced DNA damage in breast cancer models, which would be considered an off-target 

effect (Xu et al., 2017). There is also a study suggesting Topoisomerase II activity is 

dysregulated by CX-5461 (Bruno et al., 2020). Although these off-target effects were not 

intended, inhibiting topoisomerase II by doxorubicin exhibited a therapeutic benefit (Gill 

et al., 2013). Thus, inhibiting both topoisomerase II and RNA Pol I with CX-5461 

treatment may offer greater therapeutic effects in OS patients. 

   

1.4.2 PMR-116: The second generation of RNA Pol I transcription inhibitor 

	
PMR-116 is a second-generation RNA Pol Ii. Compared to CX-5461, PMR-116 shows 

improved pharmaceutical properties in the mouse including lower plasma protein 

binding, a higher oral bioavailability and penetration of the blood-brain barrier, thus 

would be of benefit for tumours arising in, or metastasising to the central nervous system 
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(CNS) (Jacus et al., 2016). PMR-116 is less potent mole for mole, but is less toxic 

compared to CX-5461 (Hannan, Hein, Pimera: unpublished data). Thus, it is predicted 

that a higher concentration may be given to patients with less toxicity compared to that 

of CX-5461. The specific mechanism of action for PMR-116 is still to be elucidated. 

 

1.5 Experimental Hypothesis and Aims  

	
To summarise, several studies have revealed that altered pathways contribute to OS 

development, one of these being enhanced ribosome production, an essential requirement 

of cell proliferation and growth (Montanaro et al., 2007, Chen et al., 2018, Luo et al., 

2016). Increased ribosome biogenesis mediated by RNA Pol I transcription has been 

identified as a novel target for cancer treatment. In fact, the selective RNA Pol Ii, CX-

5461, mediated anti-tumour effects in several cancer models both in vitro and in vivo and 

a Phase I clinical trial (Rebello et al., 2016, Xu et al., 2017, Quin et al., 2016, Negi and 

Brown, 2015, Drygin et al., 2011, Bywater et al., 2012, Khot et al., 2019). One in-vitro 

study demonstrated that the RNA Pol Ii, CX-5461, reduced the proliferation of the OS 

cell lines, U-2-OS and SaOS. They also confirmed the efficacy of CX-5461 in an in-vivo 

study using the U-2-OS cell line (Li et al., 2016). This publication provided initial 

evidence for the effect of RNA Pol I inhibition against OS, however, was not sufficient 

to justify a clinical trial, but it justifies this thesis. 

 

Therefore, based on the above, we hypothesized that the regulation of ribosome 

biogenesis, through RNA Pol I inhibition with CX-5461 or PMR-116, would prove 

effective in reducing OS growth and proliferation in-vitro, and in-vivo.  

 
In order to evaluate this hypothesis, three aims were addressed. 
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(i) Identify the status of the key regulatory proteins involved in RNA Pol I 

transcription activity that are frequently altered in the 10 human OS cell lines 

(Chapter 3); 

 
(ii) Evaluate the effects of RNA Pol Ii, CX-5461 and PMR-116, on the growth 

and proliferation of 10 human OS cell lines in-vitro (Chapter 4); 

 
(iii) Investigate the therapeutic efficacy of RNA Pol Ii against p53 mutant and p53 

wild type human OS tumours in-vivo (Chapter 5). 
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Chapter Two 

 
Materials and Methods 



 
 

2.1 General reagents 

2.1.1 Media and buffers 
Details of reagents, including cell culture media and buffers used in thesis are listed in Table 2.1 

Table 2.1 Media and buffers used in experimental procedures 

 

  

Name Catalogue Number  Source 

Dulbecco’s Phosphate Buffered Saline (PBS) D8537 Sigma Aldrich, St Louis, MO 

Trypsin-EDTA (0.5%), no-phenol 15400054 Gibco, Waltham, MA 

Minimum Essential Medium (MEM) M2279 Sigma Aldrich, St Louis, MO 

RPMI 1640 R8758 Sigma Aldrich, St Louis, MO 

Dulbecco’s Modified Essential Medium (DMEM) D5671 Sigma Aldrich, St Louis, MO 

McCoy’s 5A 16600-082 Sigma Aldrich, St Louis, MO 

L-glutamine 100M 25030-081 Gibco, Waltham, MA 

Sodium Pyruvate 100X 11360-070 Gibco, Waltham, MA 

D-Glucose solution 200mg/L A24940-01 Gibco, Waltham, MA 

HEPES 100 mM 15630-080 Gibco, Waltham, MA 

Puromycin Streptomycin Neomycin (PSN) 100X 15640-055 Gibco, Waltham, MA 

Fetal Bovine Serum (FBS) F9423 Sigma Aldrich, St Louis, MO 



 

 

2.2 In-vitro techniques 

2.2.1 Cell lines 

Five human OS cell lines (HOS, 143B, MNNG/HOS, U-2-OS, SJSA-1) in 2017, and five 

patient-derived human OS cell lines were obtained from Prof Han-Soo Kim from the 

Seoul National University Hospital in 2017 (KOS-1, KOS-2, KOS-3 KOS-6 and KOS-7) 

and used in this thesis. Fibroblasts and mesenchymal stem cells share many cellular 

properties including morphology, cell surface markers, differentiation potential and 

immunophenotypic properties (Denu et al., 2016). In addition, fibroblasts have been used 

as a control cell line in osteosarcoma study (Chen et al., 2018, Ando et al., 2005). For 

these reasons, a human fibroblast (HF) cell line (Lonza, Basel, Switzerland) was used as 

a control cell line in this study. The SK-UT-1 cell line (purchased from the ATCC in 2017) 

is a uterine leiomyosarcoma cell line which has been shown to be TP53 mutant with a 

high level of p53 protein expression. This cell line was included in these studies as part 

of another project. Further details on these cell lines are provided in Tables 2.2 and 2.3.  

 

All cell lines were tested annually for mycoplasma contamination using a test kit (Lonza, 

Basel, Switzerland). The cells were cultured in complete medium (As detailed in Table 

2.3) in a Hepa-filtered cell culture incubator at 37°C in a humidified atmosphere 

containing 5 % CO2. 

 

The cells were checked daily using an inverted microscope. The cells were sub-cultured 

when their confluence reached 70 to 80% in the cell culture flask. Cells were washed with 

2 ml 1X PBS and trypsinized with 2 ml trypsin-EDTA solution for 5 to 10 min to harvest 

the cells from the flasks. After trypsin-EDTA treatment, the same volume of complete 

medium was added, the cells in the solution transferred into 15 ml Falcon tubes and 

centrifuged (200 g for 5 mins at 4° C). The supernatant was removed and cells 

resuspended in 3 ml of complete medium. Finally, cells were sub-cultured at an 

appropriate cell density into the cell culture flask. For a 175ml cell culture flaks, all the 

media volumes were doubled. 
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Table 2.2 Human sarcoma cell lines 
Name Disease Ethnicity Sex Catalogue 

number 
Source Reference 

HOS 

OS 

Caucasian 

F CRL-1543 

American 

Type Cell 

Collection 

(ATCC), 

Manassas, 

VA 

(McAllist

er et al., 

1971) 

143B* F CRL-1543 

MNNG/HOS* F CRL-1547 

U-2-OS F HTB-96 (Niforou 

et al., 

2008) 

SJSA-1 Black M CRL2098 (Houghto

n et al., 

1982) 

SK-UT-1 LMS Caucasian F HTB-114 (Fogh et 

al., 1977) 

KOS-1 

OS 
Oriental 

race 

M 

Obtained from Seoul 

National University 

Hospital,  

South Korea 

(Kim H S, 

2005) 

KOS-2 M 

KOS-3- F 

KOS-6 M 

KOS-7 F 

Human  

fibroblast (HF) 
 Caucasian  CC-2511 

Lonza, Basel, 

Switzerland  

OS= Osteosarcoma, LMS= Uterine Leiomyosarcoma, M= Male, F= Female 

*= 143B and MNNG/HOS cell lines were derived from the HOS cell line 

Table 2.3. Complete cell growth media used for cell culture 

Cell line Media Supplemented components 
HOS 

MEM 

 

10% FBS 

2 mM L-glutamine 

1X PSN 

143B 

MNNG/HOS 

SK-UT-1 

U-2-OS McCoy’s 5A 
10% FBS 

1X PSN 

SJSA-1 RPMI 1640 

10% FBS 

1X PSN 

2.0 mg/mL D-glucose 

KOS-1 

DMEM 

 

10% FBS 

1X PSN 

4 mM L-glutamine 

KOS-2 

KOS-3 

KOS-6 

KOS-7 

Human fibroblast 
(HF) 

DMEM 10% FBS 

1X PSN 

8 mM L-glutamine 
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2.2.2 Establishment of luciferase-expressing human OS cell lines 

MNNG/HOS and SJSA-1 cells were transduced with lentiviral particles containing a 

luciferase transgene (PerkinElmer
TM

, MA) as per the manufacturer’s instructions using 

the reagents detailed in Table 2.4. Briefly, MNNG/HOS or SJSA-1 cells (2.0 x10
3
) in 

complete cell growth medium containing supplemented components (Table 2.3) were 

seeded into 2 wells of a 24-well plate and incubated for 24 hr. The medium was replaced 

with the fresh complete medium containing hexadimethrine bromide (Polybrene) at a 

final concentration of 4 µg/mL to assist transduction of luciferase transgenes into the cells. 

Thawed lentiviral particles (30 µL) were directly added to the cells in 1 well (transduced 

cells) and the same volume of complete medium was added to the other well (control non-

transduced cells). All cells were incubated for 24 hr and then the medium was exchanged 

with 1 mL of fresh complete medium. The cells were incubated for a further 24 hr then 

the medium was exchanged with fresh complete medium containing puromycin to select 

the transduced cells. The selection process occurred over a 7-day period with the 

replacement of medium containing puromycin (1 µg/ml for MNNG/HOS-Luc and 3 

µg/ml for SJSA-1-Luc) occurring every 2 days. After 7 days with puromycin, the control 

non-transduced cells were dead, as confirmed by inverted microscope. The transduced 

cells were then expanded and frozen in an isopropanol chamber at -80°C overnight. The 

frozen cells were stored in liquid nitrogen tank. The bioluminescence intensity of the 

transduced cells was then analysed using an in-vitro bioluminescence assay to confirm 

the luciferase expression in the transduced cells (described in Section 2.2.2.1). 

 

Table 2.4 Reagents for luciferase gene transduction 

 

Name Catalogue Number Source 
 

Lentiviral particles 

(RediFect Rec-Fluc-

Puro) 

 

CLS960002 

 

PerkinElmer
TM

, Waltham, 

MA 

 

Hexadimethrine 

bromide  

(Polybrene) 

 

T0083 

 

Canvax Biotech, Cordoba, 

Spain 

 

Puromycin 

 

58-58-2 

 

InvivoGen, San Diego, CA 
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2.2.2.1 In-vitro assay for bioluminescence signal 

After the establishment of the luciferase-expressing OS cells, the bioluminescent signal 

intensity of each cell line was determined in-vitro. Non-transduced (5.0x10
4
) and 

transduced cells (5.0x10
3
, 1.0x10

4
, 2.5x10

4
 and 5.0x10

4
) were seeded into a black 24 well 

flat-bottom plate (PerkinElmer
TM

, Waltham, MA) (Figure 2.1 and 2.2). The cells were 

incubated for 12 hr to allow for full recovery and attachment to the bottom of the cell 

culture flask. D-luciferin solution (150 µg/mL) was added to each well containing cells. 

After 20 min, bioluminescence intensity readings were obtained using the IVIS Spectrum 

(PerkinElmer
TM

, Waltham, MA). 

 

 

Figure 2.1 Assessment of bioluminescent signal intensity of MNNG/HOS-Luc cells 
(A) MNNG/HOS and MNNG/HOS–Luc cells were seeded in a black 24-well flat-bottom 

plate. The luciferase construct was successfully transduced into MNNG/HOS cells as a 

bioluminescence signal was emitted following the addition of D-luciferin compared to 

the non-transduced parental cells. (B) Bioluminescence intensity was quantified across 

all wells with increasing numbers of transduced cells. (C) A correlation was observed 

between bioluminescence intensity and the number of transduced cells as determined by 

Pearson’s correlation coefficient. n=1 
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Figure 2.2. Assessment of bioluminescent signal intensity of SJSA-1-Luc cells 
(A) SJSA-1 and SJSA-1–Luc cells were plated in a black 24 well flat-bottom plate. The 

luciferase construct was successfully transduced into the SJSA-1 cells as a 

bioluminescence signal was emitted following the addition of D-Luciferin compared to 

the non-transduced parental cells. (B) Bioluminescence intensity was quantified across 

all wells with increasing numbers of transduced cells. (C) A correlation was observed 

between bioluminescence intensity and the number of transduced cells as determined by 

Pearson’s correlation coefficient. n=1 

 

2.2.3 Cell culture 

The cell lines were maintained in culture in a T-75 flask with the recommended complete 

medium (as detailed in Table 2.3) and incubated in a Hepa-filtered, humidified, cell 

culture incubator at 37° C with 5% CO2. The cells were monitored daily using an inverted-

microscope. The cells were sub-cultured when their confluence reached 70 to 80% in the 

cell culture flask as follows: cells were washed once with 2 mL 1X PBS, then lifted off 

the flask using 2 mL trypsin-EDTA solution and incubated at 37
o 
C with 5% CO2 for 5 to 

10 min following which 2 mL of complete medium was added to the flask. The cells in 

the solution were then transferred into a 15 mL Falcon tube and centrifuged (200 g for 5 
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mins at room temperature). The supernatant was removed and the pellet resuspended in 

3 mL of complete medium. Finally, depending upon the growth rate of the cell line, an 

appropriate proportion of the cell suspension was added to a new flask and supplemented 

with additional media. For T-175 cell culture flasks, all the media/reagent volumes were 

doubled. 

2.2.4 Cell metabolic activity-based colorimetric assay (MTT) Assay 
MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) assays were 

performed to determine the cytotoxicity of RNA Pol Ii (CX-5461 or PMR-116) on the 

sarcoma and control cell lines. The optimised cell number, was that required to achieve 

<80 to 90% on the last day of the experiment, was seeded into 96 well flat-bottom 

microplates (NUNC
TM

, Thermo Fisher Scientific, Waltham MA) and incubated for 12 hr. 

The medium was then exchanged with fresh complete medium containing vehicle or 

various concentrations of CX-5461 and PMR-116 and incubated for 72 hr. After 72hr the 

drug-containing medium was removed and 100 µL of fresh complete medium plus 10 µL 

of MTT solution (50mg/ml) (Merck Millipore, Burlington, MA) were added to each well 

and incubated for 4 hr. Isopropanol containing 0.4 nM of hydrochloric acid, 100 µL, was 

then added to the well and mixed in thoroughly by repeated pipetting. The absorbance of 

each well was measured at 570 nm with a reference wavelength of 630 nm using a 

Thermomax microplate reader. The 50% growth inhibitory concentration of both RNA 

Pol I inhibitors was determined using non-linear regression analysis in Graph-Pad Prism 

(Version 8.0). 

 

2.2.5 IncuCyte-based cell proliferation assay and doubling time 
Cell proliferation assays were conducted to estimate the anti-proliferation effects of the 

RNA Pol Ii, CX-5461 and PMR-116, on the sarcoma and control cells. The optimised 

cell number, was that required to achieve <80 to 90% on the last day of the experiment, 

was seeded into 96 well flat-bottom plates and incubated for 12 hr after which time the 

medium was exchanged with fresh complete medium containing vehicle or various 

concentrations of RNA Pol Ii. The cells were then incubated for 72 hr in an IncuCyte
®

 

Live Cell Imaging System and the confluence in each well was recorded every 12 hr. The 

50% proliferation inhibitory concentrations of CX-5461 or PMR-116 were estimated 

using non-linear regression analysis in Graph-Pad Prism (Version 8.0). The doubling time 

of each untreated cell line was determined using the confluence as measured in the 
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IncuCyte Live Cell Imaging System and the exponential growth analysis function in 

Graph Pad Prism (version 8.0). 

 

2.2.6 Quantitative Real-Time PCR 
Sarcoma and control cells (1.0 x10

5
) were seeded into 100 mm cell culture dishes and 

incubated for 12 hr following which the medium was exchanged with fresh complete 

medium containing vehicle or various concentrations of CX-5461 or PMR-116 and 

incubated for 1 hour. RNA was then extracted from the cells using a RNeasy
®

 Mini Kit 

(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA was 

quantified using a NanoDrop
TM

 2000c Spectrophotometer (Thermo Fisher scientific, MA, 

USA). To degrade any residual DNA within the samples, 500 ng of RNA was treated 

with DNase (according to kit instructions) then incubated in T100
TM 

Thermocycler (Bio-

Rad, CA, USA) using the settings indicated in Table 2.6. Following the DNase treatment, 

the reagents for cDNA synthesis (Table 2.5) were added to the sample and incubated 

according to the conditions in Table 2.6 using a Thermocycler. All synthesised cDNA 

samples were diluted with 80 µL UltraPure
TM

 Distilled Water and stored at -20° C for 

future use.  

 

To quantify RNA Pol I activity in the samples, 2 sets of primers were used that targeted 

the Internal Transcribed Spacer 1 (ITS-1) and External Transcribed Spacer-2 (ETS-2) of 

the pre-47S (Bywater et al., 2012) ribosomal RNA and primers to a housekeeping gene, 

beta-2-microglobulin (B2M) (Table 2.7) used for normalization. Primer working stocks 

were prepared using 192 µL of UltraPure
TM

 Distilled water, 4 µL of the forward primer 

(100 mM) and reverse primer (100 mM). In the qPCR reaction, 12 µL of master mix 

containing 2 µL of primer working stock and 10 µL of SYBR
TM

 Green master mix 

(Applied Biosystems, Foster City, CA) and 8 µL of the cDNA sample was loaded into a 

96 well PCR plate. The plate was then sealed, spun and transferred to a StepOne
TM

 Plus 

Real Time (RT) PCR System (Applied Biosystems, Foster City, CA) and RT-PCR was 

performed using RT-PCR conditions detailed in Table 2.6. Details of the reagents, 

incubation settings and primer sequences are listed in Tables 2.5, 2.6 and 2.7. 
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Table 2.5. Reagents for Quantification real-time PCR 
Reagents for RNA extraction 
Name Company Catalogue number 

RNeasy mini kit QIAGEN, Hilden, 

Germany 

74106 

ß-mercaptoethanol Sigma Aldrich, St Louis, 

MO 

M6025 

Reagents for DNase treatment    

Name Company 
Catalogue 
number 

Volume 
per 
sample 

RQ1 RNase free DNase 
Promega, Madison, 

WI 

M610A 1 µL 

Recombinant RNasin® Ribonuclease 
Inhibitor 

N251B 
0.2 µL 

5X SSIV buffer Invitrogen, 

Carlsbad, CA 

LT-02241 4.0 µL 

0.1M DTT LT-02241 0.15 µL 

Reagents for cDNA synthesis 
UltraPureTM Distilled Water 
(DNase, RNase free) 

Gibco, Waltham, 

MA 
10977 1.5 µL 

10 mM dNTPs 
Invitrogen, 

Carlsbad, CA  
10297018 1 µL 

0.1 M DTT 
Invitrogen, 

Carlsbad, CA 

LT-02241 
2 µL 

0.5 g/L hexamers (Random) primers Promega, Madison, 

WI 
C118A 0.5 µL 

SuperScriptTM IV Reverse 
Transcriptase 

Invitrogen, 

Carlsbad, CA 
LT-02241 0.3 µL 

Reagents for quantification real-time PCR 
Primer working stock   2 µL 

SYBR Green® master mix 

Applied 

Biosystems
®
, Foster 

City, CA 

4309158 10 µL 

cDNA samples   8 µL 

 

Table 2.6. Incubation Settings for Quantification Real-Time PCR 
 Time and Temperature setting 
DNase treatment 37° C for 15 min -> 70° C for 15 min -> 4° C  

cDNA synthesis 20° C for 5 min -> 37° C for 5 min -> 42° C for 75 min -> 70° C for 

15 min -> 4° C -> Store at -20° C 

RT-PCR Holding stage: 95° C for 20 sec   

Cycling Stage (40 cycles): 95° C for 3 sec -> 60° C for 30 sec   

Melt curve stage (Melt curve 0.7): 95° C for 15 sec -> 60° C for 1 

min -> 95° C for 15 sec 

 

Table 2.7. Primer Sequences used in Quantification Real-Time PCR 
Name of primer Company Sequence 
ETS-2 forward 

Integrated DNA 

Technologies, Coralville, 

IA 

5’-GGCGGTTTGAGTGAGACGAGA-3’ 

ETS-2 reverse 5’-ACGTGCGCTCACCGAGAGCAG-3’ 

B2M forward 5’-CCGTGGCCTTAGCTGTGCTCGC-3’ 

B2M reverse 5’-CCCACTTAACTATCTTGGGCTG-3’ 
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2.2.7 BrdU and PI staining for cell cycle analysis 
Bromodeoxyuridine (BrdU) and Propidium iodide (PI) staining was conducted to assess 

the impact on cell cycle progression in sarcoma and control cells treated with the RNA 

Pol Ii. The optimised cell number, was that required to achieve < 60% on the last day of 

the experiment, was seeded into 100 mm cell culture plate with 5 mL of the recommended 

complete media (Table 2.3) and the plates incubated at 37° C and 5% CO2 for 12 hr. The 

media was then exchanged with media containing drug or vehicle, incubated a further 72 

hr, then pulse-labelled with 10 µM BrdU (10 mM stock, Sigma-Aldrich) for 30 min at 

37° C and 5% CO2. The cells were then washed with 2 mL of ice-cold 1 X PBS and 

harvested from the plate using trypsin EDTA as previously described (Section 2.2.1) 

except that cell pellets were gently resuspended in 100 µL of ice-cold PBS. Cold ethanol 

(80%; 1mL) was then added to each tube while vortexing and the cell-containing solution 

was then transferred into 1.5 mL Eppendorf tubes. The samples were stored at 4° C for a 

minimum of 1 day and a maximum of 2 weeks before staining.  

 

For BrdU detection and PI staining, fixed cells were centrifuged (200 g for 5 min at 4° C) 

and the supernatant carefully removed. The cell pellets were then resuspended with 1 mL 

2N HCl containing 0.5% (v/v) Triton X-100 to denature the DNA for 30 min at room 

temperature following which the cells were centrifuged (200 g for 5 mins at 4° C), the 

supernatant was removed and 1 mL 0.1 M Na2B4O7.10H2O (pH 8.5) was added into each 

tube to neutralize the HCl. The cells were centrifuged (200 g for 5 min at 4° C) and the 

supernatant was removed. The pellets were resuspended in 100 µL of PBS containing 2% 

FBS and 0.5% Tween-20 and anti-BrdU antibody at a concentration of 20 µg/mL and 

incubated for 30 min at room temperature. Following the addition of 1 mL of PBS 

containing 2% FBS the tubes were centrifuged (200 g for 5 mins at 4° C). The supernatant 

was removed and the pellets in the unstained and PI-only stained groups were 

resuspended with 100 µL of PBS containing 2% FBS. For the other samples, the pellets 

were resuspended in 100 µL Alex Fluor 488 anti-BrdU goat anti-Mouse IgG (H+L) 

polyclonal antibody at 1:300 dilution in PBS containing 2% FBS and 0.5% Tween-20. 

All samples were incubated in the dark for 30 min at room temperature then washed by 

adding 1 mL PBS containing 2% FBS. The cells were centrifuged (200 g for 5 mins at 4° 

C) and the supernatant was removed. The pellets in the unstained and BrdU-only stained 

groups were resuspended with 200 µL of PBS containing 2% FBS, while for the other 
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samples the pellets were resuspended in 200 µL PBS containing 2% FBS and 10 µg/mL 

of PI. All samples were transferred into FACS tubes and incubated in the dark for 20 min 

at room temperature after which they were analysed using flow cytometry on a Becton 

Dickinson LSR II FACS machine and the data was analysed using FlowJo software 

(Version 10). The details of the reagents used for BrdU and PI staining are listed in Table 

2.8. 

 

 
Figure 2.3: Flow Cytometry gating strategy for analysis of cell cycle stage   
After treatment with RNA Pol Ii (CX-5461 or PMR-116), BrdU-labelled sarcoma and control 

cells were analysed by flow cytometry. (A) An initial gate was set for single cells, then (B) a 

second gate was set for PI stained cells. Subsequently, (C) a third gate was set for BrdU stained 

cells and (D) 3 final gates were set for G1, S, G2 & M stages of cell cycle. 

FSC = forward scatter; SSC = side-scatter; PE-A=Phycoerythrin area, PI-stained cells; PE-W= 

Phycoerythrin-width, PI-stained cells; Alex 488= BrdU-stained cells.  

 

Table 2.8. Reagents for BrdU and PI staining 

 

2.2.8 Western Blot Analysis 
Sarcoma and control cells (~1x10

6
 cells) were harvested from culture flasks, washed with 

1X cold PBS and lysed in cell lysis buffer (0.5 mM EDTA, 2% SDS, 20 mM HEPES, 

protease inhibitor (Table 2.9)). The lysates were then transferred to 1.5 mL tubes and 

incubated for 5 minutes at room temperature to ensure complete membrane disruption. 

The tubes were then incubated in a heat block at 95°C for 10 minutes to denature the 
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Name Catalogue Number Source 
 

Anti-BrdU B(44) 
 

347580 

BD Biosciences, 

Franklin Lakes, 

NJ 

 

Alex fluor 488 goat anti-mouse IgG  
 

A11001 

BD Biosciences, 

Franklin Lakes, 

NJ  

 

Propidium Iodide 
 

P4170-25MG 
Sigma Aldrich, 

St Louis, MO 
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proteins, then placed at 4°C for 5 minutes. The lysates were then sheared using a 27G 

needle and syringe. Protein concentration was measured using a Bio-Rad protein assay 

kit (Table 2.9). Bovine Serum Albumin standard (BSA) was used as a standard curve 

(Table 2.9). 30 µg of protein was loaded per sample onto a 12% SDS-PAGE gel for 

protein separation under reducing conditions, according to the manufacturer’s 

instructions. Once separated the protein in the gel was transferred to a PVDF membrane 

(Bio-Rad, Hercules, CA) using the Bio-Rad semi-dry transfer protocol (1 mA current, 30 

V constant voltage for 30 min). The membranes were rinsed in 1X TBST then blocked 

with 5% non-fat dry milk in 1X Tris-Buffer Saline Tween-20 (TBST) (1X TBS (pH 7.5, 

1 mM Tris, 10 mM NaCl) supplemented with 0.1% Tween 20) for one hour at room 

temperature. The membrane was then probed with specific primary antibodies, diluted in 

5% BSA in 1X TBST, overnight at 4°C. The antibody information, dilutions and specific 

blocking buffers are provided in Table 2.6. After primary antibody incubation, 

membranes were washed using 1X TBST buffer for 15 mins and incubated with 

horseradish peroxidase-conjugated (HRP) secondary antibodies (Table 2.10) for one hour 

at room temperature. The membranes were washed with 1X TBS for 15 mins and 

developed by enhanced chemiluminescence using Clarity Western ECL Substrate (Bio-

Rad, Hercules, CA) reagent. The chemiluminescence blots were imaged with the a 

ChemiDoc MP Imager (Bio-Rad, Hercules, CA). Densitometric analysis was performed 

using the ChemiDoc MP Imager Software. ß-actin was used as a loading control by 

probing the same blots used to determine p53, c-Myc, MDM2 and RB1 abundance. Each 

replicate was conducted using independently-generated sets of cell lysates. 
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Table 2.9. Reagents and kits for western blot analysis 

 
Name 

 
Catalogue 
Number 

 
Source 

 

Protease inhibitor  

(PhosSTOP)  

04906837001 Roche, Basel, Switzerland 

 

Bio-Rad protein 

assay kit  

(DCTM protein 

assay kit)  

5000112 Bio-Rad, Hercules, CA 

Pierce
TM

 Bovine 

Serum Albumin 

Standard 

23210 ThermoFisherScientific, Waltham, MA 

PageRuler
TM

 

Prestained Protein 

Ladder 

26616 ThermoFisherScientific, Waltham, MA 



 
 
Table 2.10. Antibodies used in western blotting 

Primary Antibodies 
Human 
Target 
Protein 

Isotype 
(Clonality) 

Raised in: Clone Recognition 
site 

MW of 
target 

protein 

Company Catalogue 
number 

Dilution Incubation  
buffer 

p53  
 

IgG2a 

(mAb) 
Mouse DO-1 11-25 amino 

acid residues at 
N-terminus of 

p53 

53 kDa Santa Cruz, 
Dallas, TX 

SC-126 1:1000 *5% BSA 

c-Myc 
 

IgG1 

(mAb) 
Mouse 9E10 171-188 amino 

acid residues of 
c-Myc 

60-67 
kDa 

Calbiochem, San 
Diego, CA 

OP10L 1:500 *5% BSA 

RB1  
 

IgG 
(pAb) 

Rabbit C-15 C-terminus of 
RB 

106 kDa Santa Cruz, 
Dallas, TX 

SC-50 1:1000 *5% BSA 

MDM2  IgG1 

(mAb) 
Mouse SMP14 54-167 amino 

acid residues of 
MDM2 

90 kDa 
(Full) 

60 kDa 
(Cleaved) 

Santa Cruz, 
Dallas, TX 

SC-965 1:1000 *5% BSA 

ß-actin  IgG 
(mAb) 

Rabbit 13E5 Amino-terminus  
of ß-actin 

46 kDa Cell Signaling 
Technology, Danvers, 

MA 

4970S 1:2000 *5% BSA 

Secondary Antibodies 
Target 
Protein 

Isotype Raised in: Company Catalogue 
number 

Dilution Incubation 
buffer 

Rabbit IgG  
(HRP conjugated) IgG Goat Bio-Rad, Hercules, CA 1706515 1:3000 *5% non-fat dry 

milk 
Mouse IgG  

(HRP conjugated) IgG Goat Bio-Rad, Hercules, CA 1706516 1:5000 *5% non-fat dry 
milk 

HRP: horseradish peroxidase; BSA: bovine serum albumin; *Made in TBST=Tris-Buffered Saline Tween-20 
mAB; monoclonal antibody; IgG=Immunoglobulin G; kDa: kilodalton 
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2.3 In-Vivo Experiments 

Table 2.11. Reagents for in-vivo experimental procedures 

 

2.3.1 Tumorigenicity of human osteosarcoma cell lines in Rag 2 knockout mouse 

The tumorigenic capacity of the human OS cell lines was determined in Rag 2 knockout 

(KO) mice. The cells were cultured in T-175 cell culture flasks and harvested as 

previously described in Section 2.2.3. The cell pellets were resuspended in 10 mL of 

Hank’s Balanced Salt Solution (HBSS). The cell concentration was determined using a 

haemocytometer and averaging triplicate counts, the cells were then centrifuged (200 g 

for 15 mins at room temperature). The pellets were resuspended with HBSS in a volume 

required to provide the desired concentration for injection. The cells were subcutaneously 

injected in a volume of 50 µL into the right flank of the mice using a 30G disposable 

syringe. After tumour injection, mice were checked daily and the tumours measured as 

detailed in Section 2.3.3.  

 

2.3.2 Tumour measurement 

Tumour measurements commenced when the size reached ~2mm and two methods were 

applied: 1) Digital callipers; 2) In-vivo bioluminescence imaging using the IVIS Spectrum 

imaging system. 

 

2.3.2.1 Tumour measurement using digital callipers 

The mice were restrained by hand then the width and length of the tumours measured 

using digital callipers, these values were automatically entered into an Excel spreadsheet.  

The following formula was used to determine the tumour volume in mm3 (Faustino-Rocha 

et al., 2013):  

Name Catalogue Number Source 

D-Luciferin 
(XenoLight D-Luciferin) 

12799 Perkin ElmerTM, 
Waltham, MA 

Hanks’ Balanced Salt Solution (HBSS) 24020-117 Gibco, 
Waltham, MA 

MatrigelTM Matrix Basement 
Membrane 354234 CORNING, 

Corning, NY 
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Tumour volume (mm!) = 
(Tumour	width" 	× 	Tumour	length)

2 	 

2.3.2.2 In-vivo Bioluminescence Imaging of Tumours 

Mice were weighed and received an i.p. injection of D-luciferin solution (150 mg/kg) 

then placed in a clean cage and monitored for 8 min before being transferred into an 

anaesthetic induction box. Mice were anaesthetised with an isoflurane-oxygen mixture 

(Minimum alveolar concentration (MAC) 2.5 with 32% SaO2) for 4 min, or until pedal 

reflexes were absent, they were then placed into the imaging chamber of the IVIS® 

Spectrum in which they continued to receive isoflurane and oxygen via a nose cone. 

Bioluminescence intensity of the tumours was obtained using an auto-exposure setting in 

the Living Image® software (version 3.2), then the mice were transferred into a clean 

heated cage and monitored until fully recovered from anaesthesia following approved 

ANU ethics protocol (A2017/16).  

 

2.3.3 Maximum Tolerance Dose (MTD) assays 

The maximum tolerated dose of the RNA Pol Ii, CX-5461 and PMR-116, was determined 

using Rag2 KO mice. Various concentrations of each drug and vehicle (Vehicle for CX-

5461: 50 mM Na2H2PO4 pH 4.5, Vehicle for PMR-116: 50 mM citric acid pH2.0) were 

administered to mice via oral gavage at the frequencies indicated. To determine tolerance 

of the dosing schedules, the mice were weighed and checked for signs of illness daily 

before drug/vehicle was administered. Drug doses were considered not tolerated if a 

reduction in weight of 20% from the starting weight was observed or the mice received a 

morbidity score of 3, at which stage the mouse would be humanely euthanised. A 

morbidity score of 3 is based on signs of ill health such as hunched posture, reduced water 

drinking, eyelids partly closed or rough fur. The MTD assays and animal monitoring were 

conducted according to the approved ANU ethics protocol (A2017/16).  

 

2.3.4 Drug studies in tumour-bearing mice 

The therapeutic effects of RNA Pol Ii were examined in 2 human OS xenograft mouse 

models. The cell lines, 143B-Luc and SJSA-1-Luc, were injected into Rag 2 KO as 

described in Section 2.3.1. Once the tumours had reached ~2 mm in size, bioluminescence 

imaging was performed as described in Section 2.3.2.2. These measures were considered 
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the pre-treatment baseline values. The mice were then assigned to treatment or vehicle 

control groups ensuring that the average tumour volume between the groups was as equal 

as possible.  The group with the lowest average tumour volume always received the 

vehicle control, whilst the group with the highest average tumour volume always received 

the active treatment. Drug dosing was according to the dosing schedule indicated in the 

results section of Chapter 5. In the combined vehicle group, mice were administered a 

50:50% mixture of the 2 vehicles thrice weekly. The mice were checked daily for weight 

and general well-being. Calliper measurements of the tumours were undertaken at the 

frequencies indicated and bioluminescence imaging was undertaken every 7 days from 

first drug administration. Ethical cull points were as described for the maximum tolerated 

dose assays, but in addition, mice were culled when the tumours reached a size of 13 mm 

in any one direction or a tumour volume of 1000 mm3. Drug studies were conducted 

following the approved animal ethics protocol (A2017/16). 

 

2.4 Statistical analysis 

Statistical analyses were performed using GraphPad Prism software, Version 8.0 

(GraphPad Software, San Diego, CA). Differences between the values of experimental 

groups were assessed by One-way or Two-way ANOVA, as appropriate. Doubling times 

of cell lines were obtained using exponential growth analysis function. Comparison of 

doubling time was assessed by student student’s two tailed t test (Nonparametric and 

welch’s correction). Dose-response curve fit and 50% inhibitory values were obtained 

using non-linear regression analysis. The relationship between 2 variables was assessed 

using Pearson’s correlation co-efficient. Graphs were also generated using GraphPad 

Prism software.
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Chapter Three 

 
Molecular Characterization of Human Osteosarcoma Cell Lines  
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3.1 Introduction 

As discussed in chapter 1 human OS is one of the most common malignant tumours of 

human bone. While there has been an improvement in survival over the last 30 years, for 

30% of OS patients, prognosis is still dismal and novel therapeutic strategies are needed 

(Kansara et al., 2014). Ribosome biogenesis, more specifically RNA Pol I transcription 

activity, has been demonstrated to be a valid therapeutic target for human cancer. This is 

based on such drugs demonstrating anti-tumour effects in many in vitro and in vivo 

models of cancer (Drygin et al., 2011, El Hassouni et al., 2019). Most importantly one 

such drug, CX-5461, has completed a Phase I clinical trial demonstrating tolerability and 

efficacy in advanced hematologic cancers (Section 1.4.1). There is little data directly 

determining the effect of drugs such as CX-5461 on OS. By inference however in OS the 

two tumour suppressors, p53 and RB1, and two oncogenes, MDM2 and c-Myc, are 

reported as dysregulated which would promote ribosome biogenesis and RNA Pol I 

transcription activity (Kansara et al., 2014, Drygin et al., 2010). There is one research 

paper reporting that the RNA Pol Ii CX-5461 mediates an anti-tumour effect in OS via 

autophagy and up-regulation of the mTOR pathway (Li et al., 2016). While this was 

demonstrated in 2 commercially available ATCC OS cell lines the authors failed to 

examine the relationship between the efficacy of RNA Pol Ii and the status of these four 

key regulatory components. To thoroughly investigate the anti-tumour effects of RNA 

Pol Ii on OS, a total of 10 human OS cell lines were used in this thesis, including two of 

the cell lines used by Li et al (2016), and five OS cell lines (KOS) derived from patients 

attending the Seoul National University hospital. The KOS cell lines were isolated 

between 2005 and 2010 whereas the ATCC cell lines have been in culture since for 

considerably longer (HOS:1971, 143B: 1979, MNNG/HOS: 1971, U-2-OS: 1964 and 



 
 

 
	

52	

SJSA-1: 1982). Also, in contrast to the ATCC OS cell lines, the molecular features of the 

KOS cell lines have not been identified.  

 
The aims of this chapter, therefore, were to  

(i) Determine the basal level of protein abundance level of the tumour suppressors (p53 

and RB1) and oncogenes (c-Myc and MDM2) that are known regulators of RNA Pol I 

activity and often dysregulated in OS cell lines.  

(ii) Predict the possible mechanisms that could contribute to the alteration of ribosome 

biogenesis.  

 

3.2 Results  

To identify the basal protein abundance of the four proteins of interest, western blot 

analysis (see section 2.2.6) was performed on all 10 human OS cell lines, one human 

uterine leiomyosarcoma cell line (SK-UT-1) and one human fibroblast (HF) cell line. 

Protein samples were generated from exponentially growing cells (Section 2.2.8) 

 

3.2.1 The basal expression of p53 protein in OS cell lines 

As mentioned in section 2.2.8 equal protein per cell line was separated by SDS-PAGE 

and transferred to PVDF membrane. Western blotting analysis determining the 

abundance of p53 protein in the 10 OS cell lines is shown in Figure 3.1 and Figure A.1. 

Three OS cell lines, HOS, 143B and MNNG/HOS, demonstrated the highest abundance 

of p53 protein (HOS: 0.152, 143B: 0.054, MNNG/HOS: 0.416 and HF: 0.005 - Long 

exposure image in Figure 3.1) while U-2-OS and SJSA-1, and the HF cell line the lowest 

(U-2-OS: 0.060, SJSA-1: 0.027 and HF: 0.047 - Short exposure image in Figure 3.1). 

Interestingly all the KOS cell lines expressed what would be considered a low level of 
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p53, similar to that observed in HF, in fact p53 was undetectable in KOS-7 cells, even 

with longer exposures. The p53 protein expression patterns in the ATCC cell lines and 

HF are consistent with their reported genotypes according to (Ottaviano et al., 2010, Zhou 

et al., 2014). Three ATCC OS expressed mutant p53, HOS, 143B and MNNG/HOS 

indicated a high level of p53 protein expression. On the other hand, the other two ATCC 

OS, U-2-OS and SJSA-1, and HF expressed wild type p53 as demonstrated by a low level 

of abundance. Specifically, cells with mutant p53 cannot be bound by MDM2 so it 

accumulates in the cell, while those with wild type p53 the level is actively kept low by 

MDM2 promoting its degradation (Moll and Petrenko, 2003). As would be predicted cells 

that are null for p53 do not express any p53. Using the ATCC and HF cell lines as 

reference points, we predict that KOS-1, -2, -3 and -6 are wild type for TP53, and KOS-

7 is TP53 null. 
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Figure 3.1. Basal p53 protein expression in exponentially growing OS cell lines, normal 
human fibroblasts (HF), and leiomyosarcoma SK-UT-1. (A) p53 protein levels were evaluated 
by western blot analysis. Representatives of a short and long exposure time are presented to 
illustrate the full range of expression levels. (B) Quantification of p53 blots. p53 band intensities 
are shown as a normalized to β-actin on the same blot. The five lines with highest p53 expression 
were quantitated from the short exposure, and the 8 others from the long exposure image. Colours 
indicate the TP53 gene status as listed in molecular characterization of ATCC OS cell lines 
(Ottaviano et al., 2010), or as predicted from this western blot analysis. M = molecular weight 
marker (Table 2.9 in Section 2.2.8). The blots shown are representative of 3 independent 
biological repeats which are all displayed in Appendix Figure A.1. Each replicate was conducted 
using independently-generated sets of cell lysates.   
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3.2.2 The basal expression level of MDM2 protein in OS  

MDM2 is frequently altered in OS, typically the result is elevated MDM2 expression 

(Senturk and Manfredi, 2012, Ladanyi et al., 1993). Since the expression level of p53 is 

regulated by MDM2, we investigated if there was a correlation between p53 and MDM2 

protein expression in OS cell lines using western blot analysis (Figure 3.2 and Figure 

A.2). Of the OS cell lines tested only SJSA-1 showed a detectable band for full length 

MDM2 (90 kDa). This is consistent with previous reports for SJSA-1 (Freedman and 

Levine, 1999, Ottaviano et al., 2010). Alternatively spliced variants of MDM2 are usually 

found along with full-length MDM2 protein (Bartel et al., 2002). Thus, the second band 

in SJSA-1cells could represent alternatively spliced variants, MDM2-A or MDM2-C.  

Interestingly however, in the KOS cell lines, leiomyosarcoma SK-UT-1 and HF a cleaved 

version of MDM2 (55 kDa) was detected.  MDM2 can be cleaved by caspase-3 in cancer 

cells and this has been reported to contribute to tumour development (Pochampally et al., 

1998).  However, a specific reason for cleaved MDM2 in normal cells has not been 

revealed. Thus, a cleaved version of MDM2 in the KOS cell lines may have contributed 

to their tumorigenesis.  
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Figure 3.2. Basal MDM2 protein expression in exponentially growing OS cell lines, normal 
human fibroblasts (HF) and leiomyosarcoma SK-UT-1. (A) MDM2 protein levels were 
evaluated by western blot analysis. (B) Quantification of MDM2 blots. MDM2 band intensities 
are shown as a normalized to β-actin on the same blot. Colours indicate the TP53 gene status as 
listed in molecular characterization of ATCC OS cell lines (Ottaviano et al., 2010), or as predicted 
from the western blot analysis in Figure 3.1. M = molecular weight markers (Table 2.9 in Section 
2.2.8). The blots shown are representative of 3 independent biological repeats which are all 
displayed in Appendix Figure A.3. Each replicate was conducted using independently-generated 
sets of cell lysates.   
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3.2.3 The basal expression of c-Myc protein in OS cell lines  

Figure 3.3 and Figure A.3 demonstrate the expression of c-Myc in the OS cell lines. Three 

OS cell lines (HOS, 143B and MNNG/HOS) which have mutant TP53 exhibited an 

elevated c-Myc protein expression compare to the HF cell line which expresses wild type 

TP53. This is consistent with previously published data for HOS, 143B, MNNG/HOS 

and SK-UT-1 (Feng et al., 2020, Vijayakumar et al., 2011). In contrast, the two OS cell 

lines (U-2-OS and SJSA-1) expressing wild type TP53 exhibited a low or undetectable 

level of c-Myc protein expression. All five KOS cell lines, including the presumptive 

TP53 wild type (KOS-1, -2, -3 and -6) and null line (KOS-7), exhibited low or 

undetectable c-Myc protein expression, similar to that expressing in HF. The 

leiomyosarcoma cell line SK-UT-1, which also has mutant TP53, exhibited the highest 

level of c-Myc expression of all the cell lines, similar to that expressing in HOS, 143B 

and MNNG/HOS cell lines. These results suggest c-Myc protein expression is higher in 

OS cell lines with mutant p53, which is consistent with the correlation reported in 

(Rochlitz et al., 1995, Niu et al., 2002).  
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Figure 3.3. Basal c-Myc protein expression in exponentially growing OS cell lines, normal 
human fibroblasts (HF) and leiomyosarcoma SK-UT-1. (A) c-Myc protein levels were 
evaluated by western blot analysis. (B) Quantification of c-Myc blots. Band intensities are shown 
as a normalized to β-actin expression on the same blot. Colours indicate the TP53 gene status as 
listed in molecular characterization of ATCC OS cell lines (Ottaviano et al., 2010), or as predicted 
from the western blot analysis in Figure 3.1. M = molecular weight markers. Table 2.9 in Section 
2.2.8). The blots shown are representative of 4 independent biological repeats which are all 
displayed in Appendix Figure A.2. Each replicate was conducted using independently-generated 
sets of cell lysates. 
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3.2.4 The basal expression of RB1 protein in OS cell lines 

Similar to p53, the RB1 gene is frequently altered in OS which is proposed to contribute 

to malignant transformation (Miller et al., 1996, Berman et al., 2008). To evaluate the 

basal level of RB1 protein in OS, western blot analysis was conducted. Detectable RB1 

protein expression was observed in all five ATCC OS cell lines (Figure 3.4 and Figure 

A.4).	The expression of RB1 was highest in the TP53 mutant OS cell lines (HOS, 143B 

and MNNG/HOS) compared to those expressing wild type TP53 (U-2-OS, SJSA-1, HF 

and SK-UT-1) consistent with previous published data (Zhou et al., 2018).  The four KOS 

cell lines, predicted to be TP53 wild type (KOS-1, -2, -3 and -6) did not have detectable 

RB1 under these conditions, whereas the TP53 null KOS-7 cell line expressed RB1 at a 

level similar to that for HOS which is mutant for TP53.   
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Figure 3.4. Basal RB1 protein expression in exponentially growing OS cell lines, normal 
human fibroblasts (HF) and leiomyosarcoma SK-UT-1. (A) MDM2 protein levels were 
evaluated by western blot analysis. (B) Quantification of RB1 blots. RB1 band intensities are 
shown as a normalized to β-actin on the same blot. Colours indicate the TP53 gene status as listed 
in molecular characterization of ATCC OS cell lines (Ottaviano et al., 2010), or as predicted from 
the western blot analysis in Figure 3.1. M = molecular weight markers (Table 2.9 in Section 2.2.8). 
The blots shown are representative of 4 independent biological repeats which are all displayed in 
Appendix Figure A.4. Each replicate was conducted using independently-generated sets of cell 
lysates. 
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3.2.5 OS cell proliferation and ribosome biogenesis  

The western blotting results demonstrate the OS cell lines included in this project have 

varying levels of p53, MDM2, c-Myc and RB1 protein expression. These cell lines also 

showed different doubling times which is likely to be related to the mutation status and 

expression levels of these four key proteins (Table 3.1). ATCC OS cell lines that have 

mutant TP53 (HOS, 143B and MNNG/HOS) had a shorter doubling time than TP53 wild 

type ATCC OS cell lines (U-2-OS and SJSA-1) (20 ± 1 vs 29 ± 2 hours, respectively, 

p<0.05). The KOS-7 cell line, that does not express p53, had a shorter doubling time than 

the ATCC TP53 wild type OS cell lines (24 hours, p<0.05) as well as the other KOS OS 

cell lines which are predicted to be TP53 wild type (36 ± 4 hours, p<0.05) (Table 3.1).   

 

The rate of ribosome biogenesis has previously been demonstrated to correlate with cell 

proliferation rate and is influenced by TP53, MDM2, c-Myc and RB1 mutation status 

(Montanaro et al., 2007, Li et al., 2016, Chen et al., 2018). Consistent with these reports, 

the p53 mutant type OS cell lines (HOS, 143B and MNNG/HOS), that also express 

elevated levels of c-Myc and RB1, had low ΔCt values (high rDNA transcription rate) 

compared to p53 wild type OS cell line, U-2-OS. In addition, a lack of p53 expression 

but high RB1 expression (KOS-7), was also associated with a low ΔCt value. In the p53 

wild type but MDM2 overexpressed cell line, SJSA-1, lower ΔCt values were measured 

than U-2-OS (p53 wild type). Although KOS-3 is confirmed as p53 wild type with 

undetectable levels of MDM2, c-Myc and RB1, the ΔCt value was comparable to that of 

p53 mutant cell lines (Figure 3.5 A). 

 

A comparison of ΔCt values and doubling time, did not reveal a significant correlation 

(Figure 3.5B).   
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Figure 3.5. Comparison of rDNA transcription rate in untreated OS cell lines 
The ΔCt value allows a comparison of the rDNA transcription rates in OS cell lines with 
a higher ΔCt value indicating a lower rate of rDNA transcription. ΔCt values for each cell 
line were obtained from the qPCR results by subtracting the Ct value of the house keeping gene 
(B2M) from the Ct value for the ribosome gene (ETS-2) in the vehicle control-treated cells 
(Figure 4.6 in Chapter 4). The doubling time for each untreated cell line was determined using 
the % confluence in the IncuCyte cell proliferation assay (Figure 4.3 in Chapter 4). (A) ΔCt values 
compared with known and predicted p53 status. (B) ΔCt values compared with doubling time. 
Colours indicate TP53 gene status as listed in the ATCC information or as predicted from the 
western blot analysis in Figure 3.1. n=6 for ΔCt and n=3 for doubling time, all error bars represent 
mean +/- standard error of the mean (SEM). Pearson’s correlation coefficient in B. 
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Table 3.1: Cell division, ribosome biogenesis and key protein expression levels in 

OS  

 

*Red = TP53 mutant, Blue = TP53 wild type, Brown = predicted TP53 null, Green = 
predicted TP53 wild type, #Full length of MDM2 (90 kDa) 
¤ ΔCt  = Ct ETS-2 minus Ct B2M; ΔCt values are mean +/- standard error of the mean 
(SEM). n=6 for ΔCt values and n=3 for doubling times. 
  

Cell Line * Doubling  
time (h) 

 
ΔCt value¤ 

 
p53 c-Myc MDM2# RB1 

Osteosarcoma       

143B ~19 ± 1  -0.93 ± 0.47 +++ +++ + ++ 

HOS ~21 ± 1 0.16 ± 0.39 +++ +++ + +++ 

MNNG/HOS ~20 ± 0 -0.50 ± 0.30 +++ +++ + ++ 

KOS-7 ~23 ± 1 -3.22 ± 0.95 - - + +++ 

U-2-OS ~31± 1   0.38 ± 0.53 + - + + 

SJSA-1 ~26 ± 2 -0.62 ± 1.24 + - +++ + 

KOS-1 ~32 ± 2  + - + - 

KOS-2 ~33 ± 2  + - + - 

KOS-3 ~29 ± 1 -0.77 ± 0.48 + - + - 

KOS-6 ~48 ± 3  + - + - 

Leiomyosarcoma       

SK-UT-1 ~22 ± 0  +++ +++ + - 

Non-cancer       

Human fibroblast ~26 ± 1  + - + + 
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3.2.6 Summary 

Table 3.1 summarises the findings of this chapter including the cell doubling times, 

baseline ribosome biogenesis (from results in Chapter 4) and expression of p53, c-Myc, 

RB1 and MDM2. All p53 mutant OS cell lines (Red: Table 3.1) had a short doubling time 

compared to p53 wild type OS cell lines (Blue and Green: Table 3.1) which suggests that 

the proliferation rate in the OS cell lines correlates with p53 status.  From the Western 

blotting results, we predict that 4 of the 5 KOS cells (KOS-1, -2, -3 and -6) express wild 

type TP53 and that KOS-7 is TP53 null. High levels of c-Myc were only detected when 

mutant TP53 was present. Expression of full-length MDM2 protein was not common in 

these OS cell lines, and was only detected in SJSA-1. A cleaved MDM2 protein was 

observed in SK-UT-1 and KOS cell lines. High levels of RB1 protein were detected in 

TP53 mutant OS cell lines (i.e mutant or null TP53). An elevated rDNA transcription rate 

was found to be associated with (i) p53 mutation and elevated c-Myc expression, (ii) 

overexpression of MDM2, and (iii) the absence of p53 expression and high RB1 

expression. These results thus appear to represent three pathways that result in up-

regulation of ribosome biogenesis in OS and will be discussed further in Chapter 6. 
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Chapter Four 

 

In-vitro Effects of RNA Pol I transcription Inhibitors on  

Human Osteosarcoma Cell Lines 
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4.1 Introduction 

In Chapter 3, the expression of four often altered proteins in OS, p53, RB1, c-Myc and 

MDM2, were determined for the five commercially available ATCC OS and five patient-

derived OS (KOS) cell lines.  The expression of these proteins is important as they are 

known to modulate RNA Pol I transcription activity and thus ribosome biogenesis. 

Critically RNA Pol I transcription activity has been demonstrated as a new and effective 

target for cancer therapy, both in experimental models (Drygin et al., 2010, Hein et al., 

2013) and now in clinical trial (Khot et al., 2019). The drug CX-5461, a first-in-class 

selective inhibitor of RNA Pol I transcription, has robust therapeutic effects at low 

nanomolar ranges in lymphoma, leukemia, prostate cancer, breast cancer and pancreatic 

cancer (Bywater et al., 2012, Negi and Brown, 2015, Rebello et al., 2016, Xu et al., 2017, 

El Hassouni et al., 2019). As mentioned in previous (Section 1.4.1), an anti-tumour effect 

for CX-5461 in human OS in-vitro has been reported (Li et al., 2016); however, this 

publication was limited to 2 commercially available ATCC OS cell lines (MNNG/HOS 

and U-2-OS) and a micromolar concentration of CX-5461 was used. Furthermore, the 

effect of CX-5461 on the primary target, rDNA transcription, was not investigated.  

 

The aims of this chapter, therefore, were to evaluate the effect of two RNA Pol Ii, CX-

5461 and PMR-116 on: (i) cytotoxicity; (ii) proliferation; (iii) the cell cycle; and (iv) its 

primary target, rDNA transcription, in the ATCC and patient-derived OS cell lines. 
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4.2 Results 

4.2.1 Cytotoxicity effect of RNA Pol Ii on human OS cell lines 

To investigate the anti-tumour potential of the RNA Pol Ii, CX-5461 and PMR-116, an 

in-vitro MTT-based cytotoxicity assay was employed. Specifically, various 

concentrations of CX-5461, PMR-116 or their corresponding vehicles (50 mM NaH2PO4 

and 50 mM citric acid respectively) were administered to the OS cell lines then incubated 

for 72 hrs before 10 µL of MTT (5 mg/ml) added. MTT is reduced to an insoluble purple 

crystal (with a peak absorbance of 570 nm) only by metabolically active or viable cells 

(i.e with a functional mitochondria) and then accumulates within the cell. In this case an 

OD reading at 570 nM is considered a surrogate measure for cell viability. Both RNA Pol 

Ii reduced the viability of all the OS cell lines tested in a dose dependent manner (Figure 

4.1); however, there were differences in sensitivity based on the calculated 50% inhibitory 

concentrations (IC50: Figure 4.2A). Since p53 status has been reported in numerous cancer 

models as a marker of sensitivity to CX-5461 (Bywater et al., 2012, Quin et al., 2016, 

Drygin et al., 2011, Negi and Brown, 2015), we compared the IC50 for cell lines with p53 

WT, Mutant or null. The IC50 for CX-5461 in the p53 mutant (HOS: 242 nM, 143B: 92 

nM, MNNG/HOS: 289 nM) or null (KOS-7: 494 nM) OS cell lines were lower compared 

to those expressing wild type p53 (U-2-OS: 767 nM, SJSA-1: 1404 nM, KOS-1: 721 nM, 

KOS-2: 2159 nM, KOS-3: 1444 nM, KOS-6: 439 nM). The IC50 for PMR-116 showed a 

similar pattern to CX-5461 with a range from 2185 nM to 244 nM. These results suggest 

that both RNA Pol Ii are cytotoxic to OS cell lines and there is a correlation with the 

status of p53 (Figure 4.2 C-D). 
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Figure 4.1. RNA Pol Ii reduced OS cell viability in a dose dependent manner.  
(A-D) ATCC and KOS OS cell lines were treated with various concentrations of CX-5461, PMR 
116 or corresponding vehicle (50 mM NaH2PO4 and 50 mM citric acid respectively) for 72 hours 
and cell viability determined by MTT assay (Section 2.2.4). Colours indicate the TP53 gene status 
as predicted by the OS molecular characterization study in chapter 3: Red= p53 mutant, Blue= 
p53 wild type, Green= p53 wild type, Brown= p53 null. Statistical analysis: n=3 per cell line, 
dose-response curve determined by non-linear regression analysis, graph is mean +/- standard 
error of the mean (SEM). A: Absorbance. 
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Figure 4.2. The sensitivity of OS cell lines to RNA Pol Ii - relationship to p53 status  
(A-B) The 50% inhibitory concentration (IC50) of the two RNA Pol Ii in the OS cell lines as 
determined using the MTT assay (Fig. 4-1) are presented as bar graphs with values mean +/- SEM 
from three independent experiments (n=3). (C-D) The same IC50 in A (CX-5461) and B (PMR-
116) were compared in relation to the TP53 status of the OS cell lines. Both RNA Pol Ii exhibited 
a lower IC50 in the p53 mutant and null OS cell lines compared to p53 wild type. (E) Across all 
OS cell lines when grouped based on TP53 the IC50 for CX-5461 and PMR-116 were similar. 
Colours indicate the TP53 gene status as predicted in the OS molecular characterization study of 
chapter 3: Red= p53 mutant, Blue= p53 wild type, Green= p53 wild type, Brown= p53 null. 
Statistical analysis: n=3 per each cell line, graphs are mean +/- standard error of mean (SEM).  
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4.2.2 Anti-proliferative effect of RNA Pol Ii on human OS cell lines 

To evaluate the effect of CX-5461 and PMR-116 on human OS cell line proliferation, 

cell confluency was analysed using an IncuCyte. Similar to the MTT assay, various 

concentrations of CX-5461, PMR-116 or corresponding vehicles (50 mM NaH2PO4 for 

CX-5461 and 50 mM citric acid for PMR-116) were added to the panel of OS cell lines 

and cell confluent determined from 0 to 72 hours of treatment (12 hourly scans). The 50% 

growth inhibitory concentration (GIC50) was determined at 72 hours treatment as by this 

time the cells had under gone at least two cell divisions. Similar to the MTT assay results, 

both CX-5461 and PMR-116 reduced cell confluence in all the OS cell lines tested (Figure 

4.3) in a dose dependent manner. In this case cell confluence is the surface area of the 

well covered by adherent cells (Niepel et al., 2017, Single et al., 2015, Huyck et al., 2012), 

thus a reduction in cell confluence would suggest a decrease in OS cell proliferation or 

cell growth. Interestingly, unlike for the IC50 values determined using the MTT assay, all 

the OS cell lines were more sensitive to CX-5461 compared to PMR-116 (Figure 4.3 and 

Figure 4.4 A-B, E). For example, the highest GIC50 for CX-5461 was 188nM for the 

SJSA-1 cell line, which was similar to the lowest GIC50 for PMR-116 which was 214 nM 

for MNNG/HOS and 238 nM for 143B. Interestingly unlike with the MTT assay results 

the GIC50 for CX-5461 or PMR116 did not correlate with TP53 status (Figure 4.4. C-D).   
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Figure 4.3. The anti-proliferative effect of RNA Pol Ii on OS cell lines 
(A-D) ATCC and KOS cell lines were treated with various concentrations of CX-5461, PMR-116 
or corresponding vehicle (50 mM NaH2PO4 for CX-5461 and 50 mM citric acid for PMR-116) 
for 72 hours and the confluence of the OS cells in the well of a 96 well plate determined using 
the IncuCyte®. Cell confluence was used as a readout/measure for cell proliferation (Section 
2.2.5). CX-5461 or PMR-116 suppressed the confluence of all the ATCC and KOS cell lines in a 
dose dependent manner. Colours indicate the TP53 gene status as predicted in the OS molecular 
characterization study of chapter 3: Red= p53 mutant, Blue= p53 wild type, Green= p53 wild 
type, Brown= p53 null. Statistical analysis:  n=3 per cell line, dose-response curve determined by 
non-linear regression analysis, graph is mean +/- standard error of the mean (SEM).  
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Figure 4.4. The effect of RNA Pol Ii on OS cell proliferation - relationship to p53 status. 
(A, B) The 50% growth inhibitory concentration (GIC50) of the two Pol tis determined using the 
IncuCyte® cell proliferation assay results in Fig 4-3 are represented as bar graphs with values 
mean +/-SEM from three independent experiments (n=3). (C-D) The same GIC50 in A (CX-5461) 
and B (PMR-116) were compared in relation to the TP53 status of the OS cell lines. Both RNA 
Pol Ii GIC50 did not indicate the correlation with TP53 status in OS cell lines. (E) Across all OS 
cell lines when grouped based on TP53 the GIC50 for CX-5461 showed a significant difference 
compared to PMR-116. Colours indicate the TP53 gene status as predicted in the OS molecular 
characterization study of chapter 3: Red= p53 mutant, Blue= p53 wild type, Green= p53 wild 
type, Brown= p53 null. Statistical analysis:  n=3 per cell line, graph is mean +/- standard error of 
the mean (SEM) A-D. 
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4.2.3 Effect of CX-5461 and PMR-116 on cell cycle progression in human OS cell 

lines  

To evaluate the effect of RNA Pol I transcription inhibition on the cell cycle in the human 

OS cell lines, uptake of BrdU and PI was evaluated (Section 2.2.7). Five commercially 

available ATCC OS cell lines and two patient-derived OS cell lines were treated with the 

GIC50 for CX-5461, or PMR-116, or vehicle for 72 hours (Figure 4.5). These were chosen 

in order to evaluate the different status of p53, specifically U-2-OS, SJSA-1 and KOS-3 

are wild type (blue, green), HOS, 143B and MNNG/HOS are mutant (red) and KOS-7 is 

null (brown) for p53.  This was assessed as other publications reported that CX-5461 

induces a G1 phase cell cycle arrest in p53 wild type lymphoma cells (Bywater et al., 

2012), while it induced G2 phase cell cycle arrest in p53 knockdown cells (Quin et al., 

2016).   

 

In all cases CX-5461 mediated an increase in cells in G2 suggesting a G2 phase cell cycle 

arrest, and this was independent of p53 status (Figure 4.5 A-G). Whereas PMR116 

mediated a G2 phase cell cycle arrest in 4 (HOS, U-2-OS, KOS-3 and KOS-7) of the 7 

cell lines tested and this was independent of p53 status (Figure 4.5 A-G). For example, of 

the p53 mutant cell lines HOS responded with an G2 arrest (Figure 4.5 A), 143B 

demonstrated an S phase arrest and MNNG/HOS cell cycle progression was not affected 

(Figure 4.5 B-C). The other p53 wild type cell lines exhibited a G2 phase arrest except 

for SJSA-1 which like MNNG/HOS there was no change in cell cycle progression (Figure 

4.5 E). The p53 null type cell line KOS-7 also demonstrated a G2 phase arrest (Figure 4.5 

G).  
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Figure 4.5. Effects of RNA Pol Ii on cell cycle progression in OS cell lines.  
Following 72 hours treatment with the GIC50 for CX-5461 or PMR-116 or vehicle the population 
of cells in each phase of the cell cycle was determined using BrdU and PI staining with FACS 
analysis (Section 2.2.7). (A-G) Five ATCC OS and two KOS cell lines were analyzed. The 
colours of the bars in the graphs indicated G0/G1 (blue), S (green) and G2/M (orange) cell 
populations. The colours of the cell lines name indicate their TP53 gene status as predicted in the 
OS molecular characterization study in chapter 3: Red= p53 mutant, Blue= p53 wild type, Green= 
p53 wild type, Brown= p53 null. The graphs are mean +/-standard error of division (SD) from 
two independent experiments (n=2).  
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4.2.4  Inhibitory effect of RNA Pol Ii on rRNA synthesis 

To determine whether CX-5461 and PMR-116 are effective at hitting their primary target, 

rDNA transcription, in OS cell lines they were treated with various concentrations of the 

drug or vehicle for 1 hour. The cells were then harvested, RNA extracted and cDNA 

synthesis performed based on equal RNA. The abundance of the 5’External Transcript 

Spacer (ETS), as determined by qPCR (Section 2.2.6), was used as a surrogate measure 

for rDNA transcription rate as this is the first section of the 47s pre-rRNA that is cleaved 

and degraded (Bywater et al., 2012). Both CX-5461 and PMR-116 in a dose dependent 

manner effectively reduced the rate of rDNA transcription in all the OS cell lines 

compared to vehicle (Figure 4.6 A-B). From these curves, the drug concentration to 

decrease rDNA transcription rate by 50% (transcription inhibitory concentration: tIC50) 

was determined. The tIC50s were similar between CX-5461 (300 nM to 100 nM) and 

PMR-116 (450 nM to 60 nM) across 6 of the cell lines, also there was no correlation with 

TP53 status. There was however one exception, the KOS-3 cell line which had a tIC50 

for CX-5461 (752 nM) which was 2-12 fold higher compared to that of the other OS cell 

lines, and higher that the tIC50 for PMR-116 which was comparable to the other cell lines. 

This difference in tIC50 for KOS-3 may mean this cell line requires a longer time for the 

RNA Pol Ii to accumulate to a concentration that it can inhibit rDNA transcription, 

perhaps the drug is selectively pumped out. However, the IC50 and GIC50 for CX-

5461were not unusually increased in KOS. This means that suppression of RNA Pol I 

transcription, cytotoxicity and anti-proliferation were not tracking together and these 

relationships are unclear in the KOS-3 cell line. Irrespective of the result for CX-5461 in 

KOS-3 cells, the tIC50 for CX-5461 and for PMR-116 were similar. In the tIC50 

comparison between CX-5461 and PMR-116, both drugs exhibited a similar mean tIC50 

(Figure 4-6 E). Thus, for all the cell lines, except for CX-5461 treatment of KOS-3, 
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suggest that CX-5461 and PMR-116 can effectively inhibit their primary target at similar 

tIC50, regardless of TP53 status.  
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Figure 4.6. Effects of RNA Pol Ii on rDNA transcription in OS cell lines 
(A, B) Five ATCC and two KOS OS cell lines were treated with various concentrations of CX-
5461, PMR-116 or corresponding vehicle (50 mM NaH2PO4 for CX-5461 and 50 mM citric acid 
for PMR-116) for 1 hour and rDNA transcription rate was determined by quantification real-time 
PCR (qPCR) of 5’ETS (Section 2.2.1 in chapter 2). The 50% rDNA transcription inhibitory 
concentration (tIC50) of two Pol Ii was determined using non-linear regression analysis. (C-D) 
The tIC50 of CX-5461 and PMR-116 were analysed in relation to TP53 status. Both RNA Pol Ii 
tIC50 did not exhibit the correlation with TP53 status in OS cell lines. (E) Across all OS cell lines 
when grouped based on TP53 the tIC50 for CX-5461 and PMR-116 were similar. Colours indicate 
the TP53 gene status as predicted in the OS molecular characterization study or predicted from 
western blot analysis in chapter 3: Red= p53 mutant, Blue= p53 wild type, Green= p53 wild type, 
Brown= p53 null. Statistical analysis: n=3 per cell line, dose-response curve determined by non-
linear regression analysis A & B, graphs are mean +/-standard error of the mean (SEM) A & E, 
Student t-test E.  
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4.2.5 Summary 

Both RNA Pol Ii exhibited cytotoxicity and anti-proliferation effects on all OS cell lines. 

In the MTT assay, p53 mutant OS cell lines showed a higher sensitivity to RNA Pol Ii 

while this pattern was not observed in the IncuCyte cell proliferation assay results. In the 

BrdU and PI staining, CX-5461 demonstrated a stronger inhibitory effect on cell cycle 

progression than PMR-116. All 7 OS cell lines (p53 mutant: HOS, 143B and 

MNNG/HOS, p53 wild-type: U-2-OS, SJSA-1 and KOS-3 and p53 null-type: KOS-7) 

showed G2 phase cell cycle arrest with CX-5461 treatment. In contrast, only 4 OS cell 

lines (HOS, U-2-OS, KOS-3 and KOS-7) exhibited G2 phase cell cycle arrest with PMR-

116 treatment. In the qPCR assay, both RNA Pol Ii effectively suppressed their primary 

target, rDNA transcription activity with similar tIC50 irrespective of p53 status. Only the 

KOS-3 cell line exhibited relatively higher CX-5461 tIC50 compared to the other OS cell 

lines suggesting this cell line may require a longer time to respond to CX-5461 treatment. 

Further details on the difference between IC50, GIC50 and tIC50 and the in-vitro anti-

tumour effects of RNA Pol Ii will be discussed in Chapter 6. 
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Chapter Five 

 
Therapeutic Efficacy of RNA Pol I transcription Inhibitors in-vivo  
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5.1 Introduction 

The potential for RNA Pol Ii, CX-5461 and PMR-116, as a therapy for OS was 

demonstrated by in-vitro assays using 10 different human OS cell lines in chapter 3. 

However, the effect of RNA Pol Ii on OS in-vivo was reported in a single publication 

which demonstrated that CX-5461 significantly (p<0.05) inhibited tumour growth in one 

mouse model of human OS; specifically U-2-OS (TP53 wild type OS) grown in nude 

mice  (Li et al., 2016). Since, as mentioned previously, the therapeutic efficacy of CX-

5461, for example against lymphoma is dependent on p53 status (Bywater et al., Drygin 

et al., 2011, Quin et al., 2016, Negi and Brown, 2015) it will be important to evaluate 

efficacy against a range of OS with different p53 backgrounds as we have in chapter 4. 

Interestingly in this thesis using human OS cell lines, CX-5461 and PMR-116 exhibited 

similar potency in-vitro irrespective of p53 status (Chapter 4). In order to evaluate our 

cell lines in a mouse model we chose the recombination activating gene 2 (Rag 2) 

knockout (KO) mouse strain which has previously been reported to support the growth 

of many human sarcomas (Nanni et al., Vormoor et al., 2014).  

 
The aims of this chapter, therefore, were to: 

(i)  Establish the tumorigenic potential of human OS cell lines in Rag 2 KO  

 mice; 

(ii)  Determine the maximum tolerated doses of CX-5461 and PMR-116 in the Rag 2  

 KO mice; 

(iii)  Investigate the therapeutic efficacy of CX-5461 and PMR-116 against tumours 

of p53 mutant and p53 wild type human OS cell lines in Rag 2 KO mice.  
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5.2 Results 

5.2.1 Tumorigenicity of human OS cell lines in Rag 2 KO mice 

Prior to investigating the therapeutic effects of RNA Pol Ii in human OS xenograft mouse 

models, the tumorigenic capacity of a variety of human OS cells was evaluated in both 

male and female Rag 2 KO mice (Section 2.3.1). The Rag 2 KO mouse is the immune-

deficient strain as the absence of Rag 2 gene prevents B and T lymphocyte maturation 

(Shinkai et al., 1992). In the initial screening process, 143B-Luc, HOS, MNNG/HOS, U-

2-OS and SJSA-1 cell lines were evaluated for tumorigenic capacity in Rag 2 KO mice. 

A number of conditions were tested such as varying the number of OS cells injected in 

HBSS buffer or in a Matrigel mixed with HBSS buffer. Only 3 of the 5 OS cell lines, 

irrespective of optimization, demonstrated robust tumour development (Table 5.1).  Out 

of these 3 MNNG/HOS (p53mut) and SJSA-1(p53wt) were transduced with the luciferase 

gene (Section 2.2.2) so they can provide accurate tumour volume by bioluminescence 

imaging. Once single cell clones were successfully transduced with luciferase gene, their 

tumorigenic capacity was retested and compared with the parental non-transfected cell 

line. SJSA-1-Luc cell line showed 100% tumour development in both sexes of Rag 2 KO 

mice within 10 days of tumour inoculation and had a similar tumour growth rate 

compared to the parental cell line (SJSA-1). In contrast, MNNG/HOS-Luc cell line 

exhibited a slower tumour growth rate in female of Rag 2 KO mice compared to male 

mice. Averagely, MNNG/HOS-Luc in female Rag 2 KO mice formed a recognizable 

tumour (50 mm3. Measured by a digital calliper. Section 2.3.2.1) 10 days following 

tumour cell injection. However, MNNG/HOS-Luc in male Rag 2 KO, tumours were not 

measurable until 20 days post tumour cell injection. Therefore, 143B-Luc and SJSA-1-

Luc cell lines were determined as the suitable OS cell lines for in-vivo study. The results 

of the tumorigenicity assays are listed in Table 5.1. 



 
 

	 85	

5.2.2 Maximum tolerated dose of RNA Pol Ii 

To avoid excessive toxicity of the drug, the maximum tolerated dose (MTD) of CX-5461 

and PMR-116 in Rag 2 KO mice was determined (Section 2.3.4). The two RNA Pol Ii 

were administered via oral gavage to Rag 2 KO mice following the schedules detailed in 

Table 5.2. From these results the MTD for CX-5461 was determined as 30 mg/kg thrice 

weekly and for PMR-116 80 mg/kg twice-weekly based on demonstrating that doses 

higher than these resulted in excessive weight loss (> 20% of baseline) that required 

euthanasia of the mice (Table 5.2). 
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Table 5.1 Tumour forming capacity of human OS cell lines in Rag 2 KO mice 

 

Cell line 

 

Tumour cell injection conditions 

 

Tumour 

development 

 

HOS 

 
3.0 x 106 cells in 50 µL HBSS 
containing 50% (v/v) Matrigel  

 

No 

143B-Luc* 

1.0 x 106 cells in 50 µL HBSS 

Yes in 100%  

(F=3, M=2) 

MNNG/HOS Yes in 100%  

(F=2, M=2) 

MNNG/HOS-Luc* Yes in 100%  

(F=1, M=2) 

U-2-OS 

 5.0 x 106 cells in 50 µL 

HBSS containing 50% (v/v) Matrigel 

No  

SJSA-1 Yes in 100% 

(F=1, M=1) 

SJSA-1-Luc* Yes in 100% 

(F=1, M=2) 

KOS-2 1.0 x 106 cells in 50 µL HBSS 

2.0 x 106 cells in 50 µL HBSS 

No 

KOS-6 2.0 x 106 cells in 50 µL HBSS No 

KOS-7 5.0 x 106 cells in 50 µL HBSS No 

*: Luc = Luciferase expressing cell line. 

F = number of female mice; M= number of male mice. 
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Table 5.2.  Maximum tolerated dose assays of RNA Pol Ii in Rag 2 KO mice 

Compound Concentration Dosing frequency and period Weight outcome 

PMR-116*∆ 

300 mg/kg Once weekly, 2 weeks 
 
3 of 4 mice had >20% 
weight loss 
 

200 mg/kg Once weekly, 2 weeks 
 
2 of 4 mice had 15% 
weight loss 
 

160 mg/kg Once weekly, 2 weeks 
 
1 of 3 mice had >15% 
weight loss 
 

120 mg/kg Thrice weekly, 2 weeks 
 
1 of 3 mice had 20% 
weight loss 
 

100 mg/kg Twice weekly, 3 weeks 
 
1 of 3 mice had >15% 
weight loss 
 

80 mg/kg Thrice weekly, 3 weeks 
 
2 of 4 mice had >20% 
weight loss 
 

80 mg/kg Twice weekly, 3 weeks 

 

1 of 6 mice had >10% 
weight reduction 
 

CX-5461*# 

40 mg/kg Thrice weekly, 2 weeks 
 
4 of 4 mice had >20% 
weight loss 
 

35 mg/kg Thrice weekly, 2 weeks 

 
4 of 4 mice had >20% 
weight loss 
 

30 mg/kg Thrice weekly, 2 weeks 

 

3 of 3 mice 10% weight 
increase 
 

*RNA Pol Ii or vehicle were administered via oral gavage 
∆Vehicle for PMR-116: 50 mM Citric acid 
#Vehicle for CX-5461: 50 mM Na2H2PO4  
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5.2.3 In-vivo therapeutic effects of RNA Pol Ii on human OS tumours in Rag 2 

KO mice 

Following establishment of the tumorigenic potential of 3 luciferase tagged OS cell lines 

and the MTD of the RNA Pol Ii in Rag2 KO mice, in-vivo experiments were undertaken 

to determine the therapeutic effects. The cell lines evaluated were 143B-Luc (p53Mut) and 

SJSA-1-Luc (p53Wt) so that any possible effect of the RNA Pol Ii based to p53 status 

could be evaluated. 

 

5.2.3.1 143B-Luc OS 

Experiment 1: 143B-Luc cells were subcutaneously injected into 12 male and 12 female 

Rag 2 KO mice. At 10 days post tumour cell injection, the tumours were measured by 

digital calliper and IVIS imaging (Section 2.3.2.1 and 2.3.2.2). Based on the 

bioluminescence signal (BLI), the mice were divided into three groups (vehicle, CX-5461 

or PMR-116) to obtain roughly equal average BLI across all groups (Vehicle: 6.12×107 

+/- 4.47×107, SEM), (CX-5461: 6.76×107+/- 4.19×107, SEM) and (PMR-116: 

1.07×108+/- 6.17×107, SEM). The RNA Pol Ii were administered for a total of 14 days 

with the experiment concluded when the tumour size in the vehicle group reached a pre-

determined ethical end point.  

 

At the termination of the experiment, the average tumour volume measured using digital 

callipers was significantly (p<0.05) reduced in the CX-5461 treated group (58 ± 26 mm) 

in comparison to the vehicle-treated controls (144 ± 49 mm). The tumour volume in the 

PMR-116 treated group (94 ± 35 mm) was reduced but not significant when compared to 

that of the controls (p=0.14) (Figure 5.1 A).  
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The bioluminescent imaging results for the tumours were not as consistent as those 

obtained using the digital callipers (Figure 5.1 C-D). The average tumour volume using 

BLI at Day 15 showed the vehicle-treated group with the smallest tumour size and the 

CX-5461 group with the largest tumour size which was in direct contrast to the digital 

calliper results. The excised tumour weights, however, correlated significantly with the 

calliper measurements (R=0.6766, p<0.0001), but not with the bioluminescent intensity 

results (R<0.001, p=0.963) (Figure 5.2). All mice were shaved in the region of tumour 

cell injection at the commencement of the experiment, however, the hair re-growth in the 

vehicle-treated group was more rapid than for the RNA Pol Ii treated groups. Surface hair 

decreases the detection of an internal bioluminescent signal thus it is possible that this 

factor explains the disparity between the two in-vivo tumour measurement techniques 

(Izumi et al., 2017).  

 

Experiment 2: The above experiment was repeated in two groups, CX-5461 and vehicle 

groups. 143B-Luc cells were subcutaneously injected into 10 male and 6 female Rag 2 

KO mice and divided into two groups (Vehicle group: 5 male and 3 female mice and CX-

5461 treated group: 5 male and 3 female mice). Very similar results to Experiment 1 were 

obtained (Figure 5.1 E-F). At Day 13, one mouse in the CX-5461 cohort was culled as 

the tumour size reached to ethical end point. At the completion of Experiment 2, the 

average tumour volume in the CX-5461 treated mice were significantly (p<0.05) lower 

in comparison to those in the vehicle treated mice (269 ± 43 mm vs 519 ± 112 mm, 

respectively). These results demonstrate a significant and reproducible therapeutic effect 

of CX-5461 on 143B-Luc OS tumour growth in vivo (Figure 5.1 G) 
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Figure 5.1 Effect of RNA Pol Ii on Human OS 143B-Luc tumours in Rag 2 KO mice. 
Following subcutaneous injection of human OS 143B-Luc cells into Rag 2 KO male and female 
mice: (A) tumour volume (mm3); and (B) tumour volume expressed as fold-change of Day 1 
measurement in mice administered CX-5461 (30 mg/kg thrice weekly), PMR-116 (80 mg/kg 
twice weekly) or equivalent volume of the combined vehicles (50% of 50 mM NaH2PO4 and 50% 
of 50 mM citric acid, thrice weekly) administered via oral gavage. (C) Tumour volume (mm3) 
and (D) bioluminescence signal (Photon/Sec/Cm2/Sr) at Day 15. (E-F) An experimental repeat 
with CX-5461 and a single vehicle to the data presented in A and B. (G) Combined CX-5461 data 
from both experiments, as depicted in B and F, demonstrating the reproducibility of the treatment 
effect. Statistical analysis: n=6-8 per group with equal sex distribution, Two-way ANOVA A & 
B; One-way ANOVA C & D; *p<0.05, **p<0.005, ****p<0.0001, error bars represent standard 
error of the mean (SEM).  
 
 
 

  
 
Figure 5.2 Correlation of tumour weight with tumour volume or bioluminescence  
 (A) In-situ tumour volume was measured using digital callipers and excised tumours were 
weighed using calibrated scales, and (B) tumour bioluminescence was determined using IVIS 
imaging prior to excision and weight determined as in A. Statistical analysis: n=18-20 (non-
measurable values excluded), Pearson’s correlation coefficient A & B. 
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5.2.3.2 SJSA-1-Luc OS 

Experiment 1: SJSA-1-Luc cells were subcutaneously injected into 16 male Rag 2 KO 

mice which were then randomized into two groups based upon the average tumour BLI 

at 10 days post tumour cell injection. The mice were treated with CX-5461 or vehicle for 

a total of 14 days with the experimental end-point determined by the tumour size in the 

control group. At the completion of the experiment, the average tumour volume in the 

CX-5461 treated mice was significantly reduced (p < 0.0001) in comparison to the vehicle 

group (49 ± 7 mm vs 239 ± 63 mm, respectively) (Figure 5.3 A-B).  

 

Experiment 2: The above experiment was repeated in 14 female Rag 2 KO mice and 

similar results were obtained (Figure 5.3 C-D). At the termination of the experiment, the 

average tumour volume in the CX-5461 treated group was significantly (p < 0.0001) 

lower than the vehicle group (49 ± 7 mm vs 361 ± 66 mm, respectively) (Figure 5.3 C-

D). These experiments again demonstrated a significant and reproducible inhibition of 

SJSA-1-Luc OS tumour growth by CX-5461 in vivo (Figure 5.3 E). 
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94	

Figure 5.3 Effects of CX-5461 on Human OS SJSA-1-Luc tumours in Rag 2 KO mice. 
Following subcutaneous injection of human OS SJSA-1-Luc cells into Rag 2 KO mice (A) 
Tumour volume (mm3) and (B) Fold change in tumour volume was measured in SJSA-1-Luc OS 
bearing male mice administered CX-5461 (30 mg/kg thrice weekly) or equivalent volume of the 
combined vehicle (50% of 50 mM NaH2PO4 and 50% of 50 mM citric acid, thrice weekly) 
administered via oral gavage. (C-D) An experimental repeat with CX-5461 and a single vehicle 
but in female mice with data presented as described in A and B. (E) Combined CX-5461 data 
from both experiments, as depicted in B and D, demonstrating the reproducibility of the treatment 
effect. Statistical analysis: n=6-8 per group, Two-way ANOVA, *p<0.05, **p<0.005, 
***p<0.0005, ****p<0.0001, error bars represent standard error of the mean (SEM). 
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Chapter Six 

 
Discussion 
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6.1  Hypothesis and aims 

The overall hypothesis of this thesis is that the inhibition of ribosome biogenesis, through 

targeting RNA Pol I transcription with CX-5461 or PMR-116, would prove effective in 

reducing OS cell growth and proliferation in-vitro and OS tumour growth in-vivo. Thus, 

inhibition of RNA Pol I transcription could be a new therapeutic strategy for OS 

treatment. 

  

In order to evaluate this hypothesis, three aims were investigated: 

(i) Identify the status of key regulatory proteins which modulate RNA Pol I 

transcription activity that are frequently altered in OS in 10 human OS cell lines; 

(ii) Evaluate the effect of RNA Pol Ii, CX-5461 and PMR-116, on growth and 

proliferation in 10 human OS cell lines in-vitro; 

(iii) Investigate the therapeutic efficacy of RNA Pol Ii against p53 mutant and p53 

wild type human OS tumours in-vivo. 

	 	
6.2 The molecular characterization of human OS cell lines for genes involved in 

transcription regulation  

	
The aim of Chapter 3 was to identify the status of key regulatory proteins which modulate 

RNA Pol I transcription and are frequently altered in OS cell lines, especially for the KOS 

cell lines as there was no genetic information available. While often the specific cause or 

initiating factor(s) responsible for the development of OS have not been identified, a 

number of dysregulated genes or proteins known to alter OS cell proliferation and 

development have been reported in studies using OS patient samples (Serra and Hattinger, 

2017, Ottaviano et al., 2010, Martin et al., 2012). The tumour suppressors p53 and RB1 

are known to be frequently altered in OS (Kansara et al., 2014), resulting in impairment 
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of osteoblast differentiation. Specifically, osteoblast cell cycle progression is 

dysregulated leading to OS development from immature osteoblasts (Velletri et al., 2016, 

Berman et al., 2008, He et al., 2015). MDM2 and c-Myc are known to be highly up-

regulated oncogenes in OS (Kansara et al., 2014). Elevated MDM2 protein abundance 

leads to tumorigenesis via the inactivation of wild type p53, while overexpression of c-

Myc promotes metastasis of OS cells via stimulating the MEK-ERK pathway (Han et al., 

2012, Lonardo et al., 1997). In addition, elevated p53, RB1 and c-Myc protein abundance 

correlates with a poor response to therapy in OS patients (Chen et al., 2016, Ren and Gu, 

2017, He et al., 2014). Recently, several studies reported that increased p53, RB1 and c-

Myc expression elevate ribosome biogenesis in OS, whereas inhibition of ribosome 

biogenesis suppresses OS cell proliferation (Montanaro et al., 2007, Li et al., 2016, Chen 

et al., 2018). Similar dysregulation has been observed in other cancers. Elevated c-Myc 

protein expression is common in aggressive prostate cancer and triple negative breast 

cancer (Gurel et al., 2008, Xu et al., 2010). Upregulated MDM2 protein expression  is 

frequently reported in human sarcoma (Oliner et al., 2016) and elevated mutant p53 

protein is common in pancreatic cancer (Jones et al., 2008). Elevated RB1 protein 

expression has been observed in colorectal cancer (CRC) (Ali et al., 1993, Lai et al., 2006). 

All these studies suggest that such changes are presenting in a variety of cancers, not 

limited to OS, and the upregulated ribosome biogenesis could be an effective target for 

cancer therapy. While the therapeutic efficacy of ribosome inhibition was shown to be 

dependent on the status of p53, which is also a key regulatory protein in OS, in murine 

lymphoma model (Bywater et al., 2012, Negi and Brown, 2015) other studies demonstrate 

efficacy independent of p53 (Quin et al., 2016). Thus, determining the basal expression 

level of these key tumour suppressors and oncogenes in the ATCC and KOS cell lines 

and comparing expression with the efficacy of inhibiting ribosome biogenesis with 
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respect to cytotoxicity, cell proliferation and cell cycle is important for understanding the 

relationship between these key factors and the efficacy of inhibiting ribosome biogenesis.   

 

The cell line expression data is summarised in Table 3.1, while in Table 6.1 these results 

are compared to the literature based on OS patient samples. Interestingly the frequency 

of alterations for the four proteins examined in the cell lines were not always consistent 

with reports using patient samples (Chen et al., 2014, Lonardo et al., 1997, Stock et al., 

2000, Miller et al., 1996). For example, TP53 mutations occur in 80% of OS patients, and 

40% of these exhibited a deletion or loss of heterozygosity for TP53 (Chen et al., 2014). 

In our results, 30% of all 10 OS cell lines exhibited upregulated p53 expression which is 

expected as the consequence of TP53 mutation. MDM2 amplification is reported to occur 

in 6 % of OS patients, and c-Myc amplification in 43% (Lonardo et al., 1997, Stock et 

al., 2000). While only 1 OS cell line of 10 (10%) exhibited detectable full length MDM2 

expression, this might be considered similar to the patient data. Although there was no c-

Myc expression in the KOS cell lines, taken together 30% of the OS cell lines showed 

upregulated c-Myc expression, presumably as a consequence of c-Myc amplification, 

which matches well with the patient data.  Whereas 60% of OS patients have an RB1 

mutation (Miller et al., 1996, Benassi et al., 1999), but 40% of all 10 OS cell lines 

exhibited upregulated RB1 expecting as the result of RB1 mutation. Any inconsistency 

in the frequency of overexpression or mutation for these four proteins between patient 

samples and our cell lines is likely to be due to the large difference in sample size (16 to 

75 of patient samples compared to 10 of cell lines in this thesis) or due to the selection 

process when the cells were adapted for culture (Table 6.1). None-the-less, our cell line 

panel does include examples of all 4 common alterations described in OS patients.   

  



 
 

	 99	

Table 6.1 Altered tumour suppressors and oncogenes in human OS 

Names OS Patient  KOS* ATCC 

Freq (n) Refs Expression 
compared to HF 

Expression 
compared to HF 

Tumour protein 53 

(TP53) 

80 % (28/34) 

(Mut) 

(Chen et al., 

2014) 

80% Similar (4/5)  

20% NE (1/5) 

60% up (3/5) 

40% down (2/5) 

MDM2 p53 binding 

protein homologue 

(MDM2) 

6% (5/75) 

(Amp) 

(Lonardo et 

al., 1997) 
100% NE (5/5) 

20% up (1/5)  

80% non (4/5) 

Cellular 

myelocytomatosis 

(c-Myc) 

43 % (7/16) 

(Amp) 

(Stock et al., 

2000) 
100% NE (5/5) 

60% up (3/5) 

40% non (2/5) 

Retinoblastoma 1 (RB1) 

62% (26/42) 

(Mut) 

54% 21/39 

(Mut) 

(Miller et al., 

1996, 

Benassi et 

al., 1999) 

 

20% up (1/5)  

80% Similar (4/5) 

60% up (3/5) 

40% down (2/5) 

Mut = Mutation Amp = Amplified Freq = Frequency of dysregulation  
HF= Human Fibroblast  Refs = References  NE = Not expressed 
Similar = A similar level of expression  
*The genetic information for the KOS cell lines has not been determined. 
 

The alterations in the four key proteins examined would be predicted to enhance both OS 

cell proliferation and RNA Pol I transcription activity. For example, c-Myc is a key 

upstream regulator of RNA Pol I transcription activity, resulting in elevated ribosome 

biogenesis (van Riggelen et al., 2010). On the other hand, p53 and RB1 act as suppressors 

of RNA Pol I transcription activity by disrupting RNA Pol I binding to the rDNA gene 

promoter (Hannan et al., 2000, Zhai and Comai, 2000). Consistent with these findings, in 

this study, two p53 mutant OS cell lines (HOS and MNNG/HOS) expressing elevated 

levels of c-Myc demonstrated high rDNA transcription rates with short doubling times. 

In addition, MDM2 overexpression, as seen in SJSA-1, and the absence of p53 in 

combination with high levels of RB1, as in KOS-7, were associated with high rDNA 

transcription rates and short doubling times. In comparison, when wildtype p53 

expression is normal, c-Myc and RB1 expression are absent or low, as in U-2-OS, rDNA 
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transcription rate and doubling time are also low (Table 3.1 and Figure 3.5). Based on the 

basal abundance of four key proteins and basal rDNA transcription rates we propose three 

mechanisms of regulation by which they promote OS cell proliferation, all of which 

converge on increasing RNA Pol I transcription activity and thus ribosome biogenesis. 

Specifically, ribosome biogenesis can be up regulated by: i) accumulation of mutant p53 

and c-Myc protein (Figure 6.1); ii) suppression of functional p53 by overexpressed 

MDM2 protein (Figure 6.2); and iii) inhibition of rDNA transcription by RB1 (Figure 

6.3).  

 

i) Up-regulation of ribosome biogenesis mediated by elevated mutant p53 and c-Myc 

protein (Figure 6.1).  

When p53 is mutated it loses some functions compared to wild type p53, and typically it 

is protected from MDM-2 mediated ubiquitination thus will accumulate (Prives and Hall, 

1999) (Section 1.1.1). In addition over 80% of mutations in TP53 occurred in the 

sequence-specific DNA binding domain which is essential for binding its target gene 

promoters (Zhou et al., 2019) which would alter the genes expressed (Levine, 1997). 

Mutant p53 can also form a complex with other transcription factors or proteins, such as 

a peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (PIN1) which in turn increases 

the expression of c-Myc (Liao et al., 2017), and promotes ribosome biogenesis (van 

Riggelen et al., 2010). Mutant p53 can also lose the ability of wild type p53 to suppress 

RNA polymerase I transcription (Zhai and Comai, 2000). Thus, together this means that 

mutant p53 may promote cell proliferation through both altering gene expression, such 

as increasing c-Myc expression, and also directly releasing suppression of RNA 

polymerase I transcription (Figure 6.1). The mutant p53 OS cells (HOS, 143B and 

MNNG/HOS) exhibited elevated c-Myc protein compared to those with wild type p53 

(Figure 3.1, 3.2, A.1 and A.2) and these cell lines also had the fastest growth rates in the 
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cell proliferation assay (Table 3.1). These results are consistent with previous descriptions 

(Ottaviano et al., 2010). Similarly, SK-UT-1 cell line which is mutant for p53 exhibited 

elevated c-Myc protein expression and a faster growth rate compared to wild type p53 

OS cell lines. In contrast, the p53 null KOS-7 cell line proliferated faster than the p53 

wild type OS cells but did not have elevated c-Myc expression. This is consistent with 

the proposed model of two points of involvement for p53 – one through mutant p53 

increasing c-Myc expression and a second via the direct effects of p53 on Pol I 

transcription activity (Figure 6.1). 

	  
Figure 6.1 Schematic diagram of mutant p53 and c-Myc mechanism of regulating OS 
Unlike wild type p53, MDM2 cannot bind mutant p53 which escapes MDM2-mediated 
ubiquitination and accumulates in the cell. Accumulated mutant p53 promotes c-Myc protein 
expression via increasing c-Myc mRNA transcription and it subsequently increases RNA Pol I 
transcription activity. Mutant p53 also lacks the ability to inhibit RNA Pol I transcription activity, 
further increasing ribosome biogenesis. 
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ii) Up-regulation of ribosome biogenesis mediated by suppression of p53 function 

through overexpression of MDM2 protein (Figure 6.2). Upregulated expression of 

MDM2 can lead to tumorigenesis in the presence of wild type p53 by suppressing the 

p53-mediated cell protective and apoptotic pathways (Section 1.1.1), and this has been 

reported in several OS patient analyses (Moll and Petrenko, 2003, Miller et al., 1996, 

Freedman and Levine, 1999). Elevated MDM2 protein expression has the same effect as 

lack of the ARF tumour suppressor (p14ARF) (Ottaviano et al., 2010). p14ARF is encoded 

by the CDKN2A gene and when expressed it binds MDM2 thus suppressing MDM2-

mediated ubiquitination by preventing its exportation from the nucleus to cytoplasm 

(Orlando et al., 2014, Inoue et al., 1999). Elevated MDM2 protein expression was 

observed in SJSA-1 cells (Figure 3.3). In SJSA-1, the homozygous deletion of CDKN2A 

gene has been reported and as a result they do not express p14ARF, thus MDM2 binds p53 

and enhances its degradation resulting in elevated cell proliferation and reduced apoptosis 

(Silva et al., 2003). Thus, overexpressed MDM2 in this case could promote ribosome 

biogenesis via inhibiting the function of p53.  

 

Interestingly all the KOS cell lines showed a low level of cleaved MDM2 protein (60 

kDa) compared to human fibroblasts (HF) (Figure 3.3 and Figure A.3). It has been 

reported that MDM2 can be cleaved by caspase-2 in the absence of apoptosis or the p53-

mediated cell protective pathway (Oliver et al., 2011, Pochampally et al., 1998). Perhaps 

in these cases the ability of MDM2 to mediate tumorigenesis has been lost due to it being 

cleaved. In the SK-UT-1 cell line there was a low or undetectable level of full length or 

cleaved MDM2 (Figure 3.3 and Figure A.3), suggesting in this case that MDM2 did not 

mediate tumorigenesis. Thus, in of all the cell lines investigated only SJSA-1 exhibited 
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the potential for MDM2 to promote cell proliferation via inhibiting p53-mediated 

signaling pathways and enhancing ribosome biogenesis (Figure 6.2). 

 
Figure 6.2 Schematic of overexpressed MDM2-mediated mechanism in OS 
The predicted overexpressed MDM2-mediated mechanism in MDM2 amplified OS cell line 
(SJSA-1). SJSA-1, is reported to express wild type p53 and overexpress MDM2, due to a 
homozygous deletion of the CDKN2A gene, which encodes the MDM2-regulator p14ARF. The 
absence of p14ARF promotes MDM2 activity which in turn suppresses the function of wild type 
p53. Wild type p53 is a negative regulator of RNA Pol I transcription and thus ribosome 
biogenesis, so overexpression of MDM2 would mediate an increase in RNA Pol I transcription 
by reducing p53 abundance. 
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iii) Up-regulation of ribosome biogenesis by inhibition of RB1 (Figure 6.3). The 

canonical function of RB1 is to control cell cycle progression via inhibitory binding to 

E2F, which is regulated by phosphorylation of RB1 (Giacinti and Giordano, 2006) 

(Section 1.1.1). Similar to p53, RB1 suppresses ribosome biogenesis by disrupting the 

interaction between UBF and SL-1, thus inhibiting RNA Polymerase I transcription 

(Hannan et al., 2000). This means that RB1 could alter cell proliferation by either 

regulating cell cycle progression via E2F or ribosome biogenesis via the UBF/SL-1 

interaction. In cancers, the function of RB1 is typically inactivated by a genetic mutation 

or altered phosphorylation (Paternot et al., 2010, Knudsen and Knudsen, 2008). In OS, 

overexpression of CDK4, which is a RB1 inhibitor, occurs in 8% of patients and 

correlates with disease progression and poor response to therapeutic treatment (Zhou et 

al., 2018, Wei et al., 1999). Typically in OS the overexpression of CDK4 is a consequence 

of the absence of its regulator, p16INK4A , due to homozygous deletion of the CDKN2A 

gene (Benassi et al., 1999). In all the ATCC OS cell lines, the homozygous deletion of 

CDKN2A gene has been reported (Ottaviano et al., 2010). The absence of this gene could 

lead to overexpression of CDK4 and inactivation of RB1 in OS (Nielsen et al., 1998, 

Zhou et al., 2018, Levine and Fleischli, 2000). Inactivated RB1 can mediate malignant 

transformation via promoting E2F1-mediated gene expression, while loss of RB1 

expression could induce the same result by dysregulating cell cycle progression 

(Herschkowitz et al., 2008, Dunn et al., 1988, Giacinti and Giordano, 2006). Taken all 

together, the low or undetectable abundance of RB1 in U-2-OS, SJSA-1 and four of the 

KOS cell lines could promote OS cell growth and proliferation through increasing RNA 

Pol I transcription activity and cell cycle progression by E2F1-mediated gene expression. 

(Figure 3.4, Appendix Figure A.4 and Figure 6.3). Therefore, up-regulation of RNA 
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Polymerase I transcription and ribosome biogenesis by low levels of RB1 protein 

expression may regulate OS cell proliferation. 

 
Figure 6.3 Schematic diagram of down-regulated RB1-mediated mechanism in OS 
The homozygous deletion of the CDKN2A gene, which encodes the inhibitor of CDK4, p16INK4A, 
results in the absence of p16INK4A, thus increases CDK4 activity and consequently reduces RB1 
activity by phosphorylation. The inactivated RB1 releases transcription factor E2F1 and increases 
E2F1-mediated gene expression and cell cycle progression. In ribosome biogenesis, RB1 plays 
as an inhibitor of RNA Pol I transcription, thus inactivation of RB1 would increase RNA Pol I 
transcription activity. 
 

Thus, these three mechanisms based on the expression of p53, MDM2, MYC and RB1 

demonstrate how RNA Pol I transcription activity can be modulated thus impacting on 

ribosome biogenesis in OS. Furthermore, they support the idea of targeting RNA Pol I as 

a new effective therapeutic strategy for OS.   
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6.3  In-vitro anti-tumour effects of RNA Pol Ii on human OS cell lines 

The aim of Chapter 4 was to investigate the effect of RNA Pol Ii (CX-5461 and PMR-

116) on OS cell lines with respect to downstream processes such as cell viability, 

proliferation and cell cycle progression. Ideally in this system both drugs would reduce 

cell proliferation, which would indicate a potential benefit for the treatment of OS. We 

also determined if these drugs were hitting their primary target, rDNA transcription.  

 

Cell viability and proliferation were measured using an MTT assay and IncuCyte® 

respectively, after 72 hours of drug treatment. The effects of these drugs on cell cycle 

progression were evaluated by BrdU and PI staining and the impact on rDNA 

transcription determined by qPCR. Both CX-5461 and PMR-116 demonstrated 

cytotoxicity and anti-proliferation effects in a dose dependent manner in all of the human 

OS cell lines tested, irrespective of p53 status. Furthermore, CX-5461 induced a G2 phase 

cell cycle arrest in 7 OS cell lines but only in 4 OS cell lines with PMR-116 treatment. 

Additionally, CX-5461 and PMR-116 effectively suppressed 47S pre-rRNA synthesis, 

the product of RNA polymerase I transcription, with similar tIC50 across all the OS cell 

lines, independent of p53 status. 

 

CX-5461 and PMR-116 reduced both the number of viable cells and cell proliferation in 

all of the OS cell lines, predominantly via a G2 cell cycle arrest, which supports these 

drugs as effective anti-cancer agents. Specifically, in the MTT assay, both drugs exhibited 

cytotoxicity in all the OS cell lines with the p53 mutant cell lines being more sensitive 

compared to p53 wild type OS cell lines (Figure 4.2). Whereas the IncuCyte data, 

demonstrated that both drugs reduced cell proliferation, but the GIC50 did not correlate 

with p53 status (Figure 4.4). In addition, the IC50 and GIC50 for each cell line were not 
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similar with either drug. Overall, typically the GIC50 was lower than the IC50 for each cell 

line. This trend may be attributed to the different target or methodology of the assays 

used. The MTT assay is designed to measure mitochondrial metabolic activity as a 

surrogate for cell viability, whereas the IncuCyte measures cell confluence as a surrogate 

for cell proliferation (Single et al., 2015). Although mitochondrial activity and cell 

confluence are influenced by the number of viable cells, there are situations where they 

might not correlate (Niepel et al., 2017, Single et al., 2015, Huyck et al., 2012). One 

research paper testing the growth inhibitory effects of radiation revealed that 

mitochondrial activity can actually increase during cell death (Rai et al., 2018). Similar 

to radiation, the natural compound genistein exhibited a disconnect between the results 

of an MTT assay and a cell proliferation assay (Pagliacci et al., 1993).  These two studies 

suggest that the MTT assay may underestimate the cytotoxicity of a chemotherapy on 

cells. Another considerable cause is the effects of RNA Pol Ii on OS cells. In the Li et al 

(2016) study RNA Pol I inhibition led to the anti-tumour effects on OS cells via 

autophagy and thy confirmed that CX-5461 induced morphological change compared to 

non-treated cells, which is a characteristic of autophagy. Autophagy would increase cell 

size and stopping cell proliferation and these could result in the underestimation in Cell 

proliferation using IncuCyte® (Miettinen and Björklund, 2015), as it was determined by 

the cell coverage area no the number of proliferating cells. However, measuring cell 

confluence have been reported as more suitable in-vitro viability assay in evaluating the 

toxicity of therapeutic compounds compared to estimating metabolic activity (Single et 

al., 2015). Therefore, the difference between the IC50 and GIC50 values for CX-5461 and 

PMR-116 may be due to the assays used, perhaps an underestimate of IC50 when using 

the MTT assay, which means the GIC50 values from the cell proliferation assay may be 

more reliable data. Therefore, based on these reasons, we could interpret that all OS cell 



 
 

 
	

108	

lines are more sensitive to CX-5461 than PMR-116 and the anti-proliferation effects of 

RNA Pol Ii does not correlate with p53 status.  

 

Several studies using CX-5461 have reported cell cycle arrest depending on p53 status. 

In lymphoma cells expressing wild type p53, CX-5461 induced a sub-G1 cell cycle arrest, 

which is a feature of apoptotic cell death (Bywater et al., 2012). In contrast, CX-5461 

induced a G2 phase cell cycle arrest in p53 mutant leukaemia cells (Quin et al., 2016, 

Negi and Brown, 2015). Based on these results, we predicted alterations in the cell cycle 

based on p53 status. In fact, this was not the case; although CX-5461 did induced a G2 

phase cell cycle arrest, it was not dependent on p53 status (Figure 4.5).  On the other 

hand, PMR-116 also induced a G2 cell cycle arrest but not in all the OS cells lines, it was 

only observed in two ATCC OS (HOS and U-2-OS) and two KOS (KOS-3 and KOS-7) 

cell lines. The differences in response of the OS cell lines to CX-5461 and PMR-116, as 

well as this not being dependent on p53 status may be due to the expression of other 

proteins. For example, the SJSA-1 cell line expresses elevated MDM2 protein mediated 

by MDM2 amplification (Freedman and Levine, 1999, Hu et al., 2006). While SJSA-1 

express wild type p53, elevated MDM2 may reduce p53 expression enough that it 

functionally resembles a p53 null cell line. In this case CX-5461 and PMR-116 could 

only mediate its effects via a p53 independent pathway, thus explaining the observed G2 

cell cycle arrest. 

 

CX-5461 and PMR-116, were designed as selective RNA Pol Ii. While the mechanism 

of action for CX-5461 has been reported to be mediated at the preinitiation complex (PIC) 

a comprehensive analysis of PMR-116 mechanism of action has not been performed. Our 

group has preliminary data suggesting, however, that PMR-116 also mediates its effects 
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at the level of the preinitiation complex (PIC) (Hannan, Hein, Pimera: personal 

communication). Consistent with the intended primary target of these drugs, both CX-

5461 and PMR-116 effectively reduced rDNA transcription in a dose dependent manner 

in all the OS cell lines with a similar tIC50 after 1 hour of treatment (Figure 4.6). This is 

interesting as the anti-proliferation studies (Figure 4.4 E) demonstrated that the cells were 

more sensitive to CX-5461 than PMR-116, based on a lower GIC50, (Figure 4.4 E). A 

recent study reported that CX-5461 can increase the stability of G-quadruplexes in DNA 

and induce DNA damage in breast cancer cell lines, which would be considered an off-

target effect (Xu et al., 2017). There is also a study suggesting Topoisomerase II activity 

is dysregulated by CX-5461 (Bruno et al., 2020). These off-target activities may also 

contribute to the efficacy of CX-5461, which in these studies may not be mimicked by 

PMR-116 and this could explain the discrepancy between the GIC50. Ideally a drug is 

very selective for its target, issues can arise when off-target effects occur including severe 

toxicity (Oronsky et al., 2016, Shoshan and Linder, 2008). Thus, the lower GIC50 of CX-

5461 compared to PMR-116 determined using the cell proliferation assay maybe also the 

results of both its on- and off-target activities. 

 

In this thesis, all the OS cell lines used were classified based on their TP53 gene status, 

that is wild type, mutant or null. Of the two RNA Pol Ii, only CX-5461 increased G2 

phase cell cycle in OS cell lines regardless of p53 status. However, further analysis and 

an increase in the number of OS cell lines, especially those that are p53 null, would be 

required to be definitive as to what differentiated these responses. Interestingly, as 

mentioned above, one study reported that CX-5461 induces autophagy and down-

regulation of mTOR pathway in OS cell lines, however we did not evaluate this in our 

experiments. What we can consider, however, is that a concentration of 5 µM was used 
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in this study which according to our results would be almost 45-fold higher than the tIC50 

(110 nM) and the GI50 (114 nM) we obtained for CX-5461 suggesting their results may 

have been influenced by cytotoxicity and the potential off-target DNA damage.  

 

6.4  Therapeutic efficacy of RNA Pol Ii in-vivo tumour bearing mice model  

The key discoveries described in Chapter 5 were that: (i) 143B-Luc and SJSA-1-Luc OS 

cell lines can be established as a human xenograft model in Rag 2 KO mice for the 

purpose of therapeutic studies; (ii) the maximum tolerated doses of the RNA Pol Ii, CX-

5461 and PMR-116, in the Rag 2 KO mouse strain were determined; and (iii) CX-5461 

had a significant and reproducible inhibitory effect against 143B-Luc (p53 mutant) and 

SJSA-1-Luc (p53 wild type) tumour growth.  

 

The establishment of mouse models of OS, achieved through genetic engineering or 

allografts or human xenografts, have enabled us to understand the pathogenesis of OS 

and to assess new treatment strategies. (Uluçkan et al., 2015, Lauvrak et al., 2013). 

Human xenograft mouse models are considered to be superior to genetically engineered 

mice models (GEMM) and chemically induced mice models as they are reproducible and 

more relevant to human disease (Uluçkan et al., 2015, Dass et al., 2007). For example, by 

utilizing human cancer cells, the complexity of genetic and epigenetic changes can be 

reproduced and typically tumours in these models develop faster compared to GEMM 

making experiments feasible. However, human xenograft models cannot recapitulate all 

the disease features of OS, such as the cancer initiating events and interactions with the 

tumour microenvironment (Guijarro, 2014, Jacques et al., 2018). Additionally, as 

immunocompromised mice are required for human xenograft models to prevent graft 

rejection, the impact of the immune system on tumour growth is missing (Cekanova and 
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Rathore, 2014). Furthermore, any effect of novel anti-cancer drugs on immune cells 

cannot be determined.  

 

A number of different immunocompromised mouse strains have been used for human cell 

xenograft experiments. Nude mice have a defect in the thymus impacting upon T cell 

maturation as a result of a FOXN1 gene mutation, although they do have functional B- 

and Natural Killer (NK) cells. Non-obese diabetic (NOD)-severe combined 

immunodeficiency gamma (NSG) mice have a deficiency in T, B and NK cells as a result 

of a loss-of-function mutation in the DNA-dependent protein kinase (PRKDC) and a null 

mutation in the interleukin 2 receptor gamma chain (IL2Rγ) (Shultz et al., 2005, Blunt et 

al., 1995, Cao et al., 1995). These differences in the immune cell repertoires can influence 

the ability of a tumour cell line to establish. For example, the OS cell line HOS failed to 

form solid tumours in nude mice (Luu et al., 2005), but exhibited 100% tumour 

development in NSG mice (Lauvrak et al., 2013). The immune deficient mouse strain 

used in these experiments, Rag 2 KO mice, have a deficiency in B and T lymphocyte 

maturation due to the absence of the recombination activating gene 2 (Rag2) which 

mediates the recombination of immunoglobulin (Ig) and the T cell receptor (TCR) 

(Shinkai, 1992). This strain has what is known as a severe combined immune deficient 

(SCID) phenotype as it has a deficiency in B and T cells, but normal NK cells, and is 

suitable for xenograft experiments (Shinkai et al., 1992). Sarcoma cell lines have been 

reported to establish as a xenograft model well in this strain, hence it was used in these 

experiments (Shinkai, 1992, Nanni et al., 2010).  

 

The results obtained with the OS cell lines purchased from the ATCC were consistent 

with the published literature in that 143B, MNNG-HOS and SJSA-1 were all highly 
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tumorigenic while Saos-2 and HOS were not (Dass et al., 2007, Luu et al., 2005, 

Hoffman-Luca et al., 2015). In contrast, 3 of 5 OS cell lines obtained from South Korea 

(KOS) that were tested in Rag 2 KO mice lacked tumorigenic capacity (Table 5.1). The 

Investigator from whom these cell lines were obtained had not previously attempted to 

inject them into mice (Prof. Hansoo Kim, personal communication). Previous studies 

revealed that the success rate of tumour development in mice can be influenced by: i) the 

cancer cell line growth rate; ii) the number of implanted cancer cells; and iii) the ability 

of the cancer cell to adapt to the host microenvironment (Jung et al., 2018). The KOS cell 

lines demonstrated relatively slow growth rates in-vitro compared to the ATCC OS cell 

lines (Table 3.1), potentially due to the number of passages that the cell lines have 

undergone prior to being obtained by us, with a higher number of passages selecting for 

more rapidly growing cells (Hughes et al., 2007). However, the lack of tumorigenicity 

could equally be due to their p53 status. Western blotting indicated that 4/5 KOS cell 

lines were p53 wild type and the 5th cell line, KOS-7, was p53 null (Figure 3.1). The p53 

wild type OS cell lines had extended doubling times (30 ± 3.9 hours) compared to the p53 

mutant OS cell lines (14 ± 1.7 hours) thus consistent with the function of p53 as a cell-

cycle regulator. In agreement with the suggestion that enhanced cell growth rate increases 

tumorigenic capacity, 2/3 p53 mutant OS cell lines were tumorigenic, whereas, only 1/4 

p53 wild type OS cell lines formed tumours in Rag2 KO mice (Table 5.1). In contrast, 

the p53 null KOS-7 cell line demonstrated an in-vitro growth rate in between that of the 

p53 mutant and p53 wild type cell lines but also lacked tumorigenic capacity in Rag2 KO 

mice under the conditions tested (Table 5.1).  Although only one p53 null type OS cell 

line was tested, this result suggests that an absence of p53 in OS does not mediate the 

same effect on cell proliferative and tumorigenic potential as the expression of mutant 

p53.   
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The finding that cancer cells, in comparison to normal cells, have elevated RNA Pol I 

transcription rates and ribosome biogenesis to support their rapid growth rates (Drygin et 

al., 2010), motivated the development of RNA Pol Ii. CX-5461 was the first inhibitor of 

RNA Pol I transcription developed, showing a 200-fold selectivity for RNA Pol I in 

comparison to RNA Pol II in cancer cells, and 24% oral bioavailability demonstrated in 

mice (Haddach et al., 2012). However, adverse effects, including anaemia, skin 

photosensitivity and palmar-plantar erythrodysesthesia (also known as hand-foot 

syndrome) were reported in the Phase I study in heavily pre-treated patients with 

advanced hematologic malignancies (Khot et al., 2019). Furthermore, toxicity studies in 

CX-5461 treated mice revealed the presence of DNA damage markers, gamma histone 

2AX (g-H2AX) and G-quadruplex stabilization (Haddach et al., 2012, Drygin et al., 2011, 

El Hassouni et al., 2019, Xu et al., 2017). While the induction of DNA damage would be 

detrimental to cancer patients what the clinical trial with CX-5461 did demonstrate was 

that the concept of targeting RNA Polymerase I transcription can provide a therapeutic 

window. 

 

PMR-116 was developed as a second-generation RNA Pol Ii to improve on the drug like 

properties of CX-5461. Similar to CX-5461, PMR-116 demonstrated a high selectivity 

for RNA Pol I compared to RNA Pol II. PMR-116 showed improved pharmaceutical 

properties, such as a higher bioavailability (82%), penetration of the blood brain barrier 

(BBB) and low plasma protein binding (Hannan, Hein, Pimera: unpublished data). 

C57BL/6 mice were substantially more tolerant of PMR116 than Rag2 KO mice with a 

maximum tolerated dose of 300 mg/kg once weekly compared to 80mg/kg twice weekly 

in the Rag2 KO mice. The MTD dose of CX-5461 was the same in both mouse strains. 
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the Rag2 KO mice appear to have an enhanced sensitivity to the toxic effects of both CX-

5461 and PMR-116 in comparison to other mouse strains for an unknown reason. Routine 

health screening on this mouse strain have not detected any abnormalities. In C57BL/6 

mouse models of acute myeloid leukaemia and B-cell lymphoma, PMR-116 was more 

effective than CX-5461 when administered at the MTD for this strain (Hannan, Hein, 

Pimera: unpublished data), thus demonstrating the significant anti-cancer potential of this 

drug despite the findings in the Rag2 KO OS studies.  

 

From the in-vitro results described in Chapter 4, we expected to observe an inhibition of 

143B-Luc (p53mut) and SJSA-1-Luc (p53wt) tumour growth in Rag2 KO mice treated with 

CX-5461 and PMR-116. These expectations were met with CX-5461, as significant 

reductions in 143B-Luc (p53mut) and SJSA-1-Luc (p53wt) tumour growth were observed. 

CX-5461 has been previously reported to inhibit the growth of the p53 wild type, U-2-

OS, tumours in nude mice (Li et al., 2016), thus, our results with SJSA-1 (p53wt)  tumours 

are consistent with this previous study. In addition, we demonstrated that tumours of the 

faster growing 143B (p53mut) cell line were also sensitive to CX-5461 treatment. In 

contrast, PMR-116 was not effective in reducing 143B-Luc (p53mut) tumour growth and, 

given the ongoing problems with toxicity in the Rag2 KO mice manifesting as weight 

loss, testing of this drug was not continued. In a prior experiment with 143B-Luc in Rag2 

KO mice (data not shown) during which a higher dose of PMR-116 was administered 

(120 mg/kg thrice weekly), a significant anti-tumour effect was observed, however, again 

the mice were culled due to an unacceptable level of toxicity. These toxicity issues appear 

to be specific to the Rag2 KO mouse strain as other researchers within the same institution 

have administered higher doses of the same preparation of PMR-116 to C57BL/6 mice 

without significant toxicity. Future experiments using this drug should be performed in 
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human OS models established in other immunodeficient mouse strains. Additionally, 

PMR-116 could be tested against the murine OS cell lines K7M2 in BALB/c mice that 

have an intact immune system. 

 

The use of digital callipers for the measurement of tumour volume is broadly accepted as 

the quantitative method for monitoring tumour progress (Faustino-Rocha et al., 2013), 

however, it measures the tumour in only two dimensions (width and length) and includes 

all cells within the tumour, such as dead or non-cancerous cells (eg: stromal cells, immune 

cells and interstitial fluid) (Girit et al., 2008). In contrast, bioluminescence imaging 

detects the signal emitted from only viable transduced cancer cells (Zinn et al., 2008, Kim 

et al., 2015). For these reasons, we anticipated that the bioluminescent imaging would 

yield the most accurate results, however, this was not the case. At the conclusion of 

Experiment 1 using the 143B-Luc tumours, the average tumour volumes obtained with 

digital callipers and BLI were compared. The vehicle-treated group exhibited the lowest 

BLI despite having the largest tumours measured via callipers (Figure 5.1 C-D). The 

weights of the excised tumours correlated significantly with the digital calliper 

measurements but not with the BLI results (Figure 5.2). The discrepancy is most likely 

due to the fact that the vehicle group had rapid hair regrowth in comparison to the drug 

treated groups and surface hair can reduce the bioluminescence signal from tumours, 

(Izumi et al., 2011, Izumi et al., 2017, Ahn, 2011). Hair growth occurs in follicles and 

undergoes three cycles termed anagen, catagen and telogen. Of these phases it is the 

anagen stage when rapid proliferation occurs to generate the hair fibre (Plikus and 

Chuong, 2008). As ribosome biogenesis and RNA Pol I transcription activity are 

increased in fast-growing cells (Laferté et al., 2006, Drygin et al., 2010), the hair follicles 

at anagen stage may be preferentially killed or arrested by CX-5461 thus reducing hair 
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production. RNA Pol Ii would, therefore, appear to slow hair growth thus the BLI signal 

impeding factors were not equal across the groups at the termination of the experiment. 

If hair growth was influencing the BLI results, shaving the mice before imaging may 

improve the consistency of the results but could prove difficult around the tumours. 

Another possible explanation for these results is that differences in the vascularity of the 

tumours may occur between vehicle and CX-5461 treated groups. This could be 

determined by staining the tumours for an endothelial marker, such as CD31, to assess 

the extent of angiogenesis between the control and treated tumours.  

  

In conclusion, the growth of the 143B-Luc and SJSA-1-Luc tumours in Rag2 KO mice 

were significantly inhibited by CX-5461, while the mice remained in good health. In 

contrast, the maximum tolerated dose of PMR-116 in the Rag2 KO mice was not 

sufficient to elicit an anti-tumour effect. These data suggest that CX-5461 is a promising 

novel therapeutic strategy for OS treatment thus warranting studies to be conducted in 

patients suffering from this aggressive cancer. 

 

6.5  Future directions 

The results presented in this thesis suggest that the inhibition of RNA Pol I transcription 

activity by RNA Pol Ii may provide a new effective therapeutic strategy for human OS 

treatment. To advance these studies further, the following areas of investigation are 

suggested. 

 

(i) Sarcomas are cancers that arise in cells of mesenchymal origin and are known to 

respond quite differently to treatments in comparison to other cancer types (Dancsok et 

al., 2017, Ordóñez et al., 2008). Given the cell cycle arrest studies and the relationship of 
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the drug response to p53 status in OS cell lines differed to published studies undertaken 

in lymphoma and leukaemia cell lines (Bywater et al., 2012, Negi and Brown, 2015), it 

is important to know what other molecular mechanisms are involved in the OS cellular 

response to the 2 RNA Pol Ii. Using co-immunoprecipitation and immunofluorescence 

staining, previous studies in lymphoma revealed that CX-5461 treatment led to the 

disruption of the nucleolus and cell cycle arrest via the p53-mediated nucleolar stress 

pathway, with increased association of the nucleolar stress pathway related factors, 

ribosomal proteins L5 (RPL5) and RPL11, to MDM2 (Quin et al., 2016, Bywater et al., 

2012, Drygin et al., 2011). Consequently, it led to cell cycle arrest, senescence or cell 

cycle arrest depending on the system and severity of insult.  Similar methods could be 

undertaken to elucidate the molecular responses in OS cells. Molecular markers of rDNA 

transcription (ETS, UBF, POLR1A or RRN3 etc) (Bywater et al., 2013, Drygin et al., 

2010), or G2 phase cell cycle, (total and phosphorylated Chk1/2 or cyclin D1) would also 

be of interest (Bucher and Britten, 2008).  

 

(ii) The therapeutic effects of CX-5461 were demonstrated in-vivo using both p53 wild 

type and mutant OS tumour models (Figures 5.1 and 5.3). The tumours from these 

experiments have been excised and preserved thus should be examined for gross changes, 

such as decreased vascularisation, increased immune cell influx, and the extent of tumour 

necrosis. Additionally, changes at the cellular level such as the size of the nucleolus, 

evidence of proliferation, and the expression of particular proteins of interest identified 

in point (i) above could be undertaken using immunohistochemistry to investigate 

whether CX-5461 induces the same therapeutic effects in-vivo. 
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(iii) The Rag2 KO mouse strain used in these experiments demonstrated significant 

sensitivity to PMR-116 in comparison to other mouse strains but comparable sensitivity 

to CX-5461. This heightened sensitivity to PMR-116 prevented a therapeutic dose from 

being administered in these studies. To adequately test this drug, the experiments with 

human OS cell lines could be repeated in NOD/SCID gamma mice which have not 

demonstrated intolerance to PMR-116 (Dr Kate Hannan, personal communication).  

Furthermore, as the immune system plays a significant role in both controlling and 

enhancing tumour growth, and drugs may impact upon these immune effects, it is 

important to test new anti-cancer drugs in an immune competent mouse model. The 

K7M2 OS cell line can be grown in wild type BALB/c mice, thus would provide a useful 

immune competent model for this purpose. 

 

(iv) Due to the chemo-resistance of OS cells, high dose chemotherapy and combination 

chemotherapy are considered the most effective strategies for OS treatment (Bielack et 

al., 2015, Luetke et al., 2014). In this study, CX-5461 effectively suppressed rDNA 

transcription with a tIC50 < 800 nM in all OS cell lines and exhibited anti-tumour effects 

in-vivo. Combining RNA Pol Ii with standard chemotherapies may result in more 

pronounced therapeutic effects in OS patients and may also permit lower concentrations 

to be administered to try to reduce any short- or long-term complications of these 

treatments. This has been achieved with other drugs combinations with CX-5461 for other 

cancers such as prostate cancer, leukemia and breast cancer  (Rebello et al., 2016, Negi 

and Brown, 2015, Xu et al., 2017). 

 

 (v) The five commercially available ATCC OS cell lines used have been the subject of 

many genetic studies. The mutational status of the four key proteins of interest in these 
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cell lines is well established and was, therefore, used as a reference for the western 

blotting analysis to predict their status in the five new KOS cell lines (Chapter 3). To 

confirm these predictions and to gain additional information on these cell lines, DNA 

sequencing should be undertaken. This is currently taking place as a collaborative project 

with paediatric oncology clinicians in Singapore who are performing an in-house 

Oncomine paediatric panel on the 10 OS cell lines. Preliminary results have shown that 

KOS cell lines 1, 2 and 3 are wild type TP53 thus supporting our western blotting results. 

Additional analysis of the sequencing data will allow us to identify other altered genes in 

these OS cell lines that will be useful to evaluate the three possible pathways proposed 

from Chapter 3.  

 

6.6 Conclusion 

The aim of this thesis was to investigate the therapeutic potential of RNA Pol Ii as a new 

treatment for OS patients. As a first step, three possible pathways that may alter RNA Pol 

I transcription were proposed based on the analysis of 5 commercially available ATCC 

OS and 5 patient-derived KOS cell lines in Chapter 3. The effects of two RNA Pol Ii, 

CX-5461 and PMR-116, on these OS cell lines were evaluated in vitro in Chapter 4. Both 

drugs effectively inhibited their primary target, rDNA transcription, and exerted an anti-

proliferative effect via G2 cell cycle arrest on the OS cell lines. The in vivo effects of 

RNA Pol Ii were determined using a xenograft model of OS in Rag2 KO mice in Chapter 

5. Although 80 mg/kg of PMR-116 twice-weekly did not reduce the tumour volume, CX-

5461 exhibited significant tumour growth inhibitory effects on the human OS cell lines, 

143B-Luc and SJSA-1-Luc, that are p53 mutant and p53 wild type, respectively. This 

research suggests that inhibition of RNA Pol I transcription is certainly worth pursuing 

as a new therapeutic weapon in the fight against OS.	  
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Figure A.1. Western analysis of basal p53 protein expression in exponentially 

growing OS cell lines, normal human fibroblasts (HF) and leiomyosarcoma SK-UT-

1, for 3 independent biological repeats. (#1 is also presented in Figure 3.1.) (A) p53 
protein levels were evaluated by western blot analysis. Representatives of a short and 
long exposure time are presented to illustrate the full range of expression levels. (B) 
Quantification of p53 blots. p53 Band intensities are shown as a ratio normalized to β-
actin on the same blot. The five lines with highest p53 expression were quantitated from 
the short exposure, and the 8 others from the long exposure. Colours indicate the TP53 
gene status as listed in the ATCC information (Ottaviano et al., 2010), or as predicted from 
this western blot analysis. M = molecular weight markers. Each replicate was conducted 
using independently-generated sets of cell lysates. 
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Figure A.2. Western blot analysis of basal MDM2 protein expression in 

exponentially growing OS cell lines, normal human fibroblasts (HF) and 

leiomyosarcoma SK-UT-1, for 3 independent biological repeats. (#1 is also presented 
as Figure 3.3.) (A) MDM2 protein levels were evaluated by western blot analysis. (B) 
Quantification of MDM2 blots. MDM2 band intensities are shown as a ratio normalized 
to β-actin on the same blot. Colours indicate the TP53 gene status as listed in the ATCC 
information (Ottaviano et al., 2010), or as predicted from the western blot analysis in 
Figure 3.1. M = molecular weight markers. Each replicate was conducted using 
independently-generated sets of cell lysates. 
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Figure A.3. Western analysis of basal c-Myc protein expression in exponentially 

growing OS cell lines, normal human fibroblasts (HF) and leiomyosarcoma SK-UT-

1, for 4 independent biological repeats. (#1 is also presented as Figure 3.2.) (A) c-Myc 
protein levels were evaluated by western blot analysis. (B) Quantification of c-Myc blots. 
c-Myc band intensities are shown as a ratio normalized to β-actin on the same blot. 
Colours indicate the TP53 gene status as listed in the ATCC information (Ottaviano et al., 
2010), or as predicted from the western blot analysis in Figure 3.1. M = molecular weight 
markers. Each replicate was conducted using independently-generated sets of cell lysates. 
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Figure A.4. Western blot analysis of basal RB1 protein expression in exponentially 

growing OS cell lines, normal human fibroblasts (HF) and leiomyosarcoma SK-UT-

1, for 4 independent biological repeats. (#1 is also presented as Figure 3.4.) (A) RB1 
protein levels were evaluated by western blot analysis. (B) Quantification of RB1 blots. 
RB1 band intensities are shown as a ratio normalized to β-actin on the same blot. Colours 
indicate the TP53 gene status as listed in the ATCC information (Ottaviano et al., 2010), 
or as predicted from the western blot analysis in Figure 3.1. M = molecular weight 
markers. Each replicate was conducted using independently-generated sets of cell lysates. 
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