
Novel combination therapies with the RNA 

Polymerase I-mediated transcription 

inhibitor CX-5461 improve efficacy in the 

treatment of multiple myeloma 
 

 

 
Kylee Maclachlan 

(ORCID: 0000-0001-7873-4854) 
 

 

Submitted in total fulfilment of the requirements for the degree of 

Doctor of Philosophy 

 

 

 

 

June 2019 

 

 

 

Faculty of Medicine, Dentistry and Heath Science 

The Sir Peter MacCallum Department of Oncology 

The University of Melbourne 



 ii 

  



 iii 

Abstract 
 
Multiple myeloma (MM) is a malignant plasma cell disorder that is incurable with currently 

available therapy. The disease is genetically heterogeneous, with many recurrently mutated genes 

only seen in small numbers of patients and multiple clones present in each patient. This has 

limited potential approaches for designing widely applicable genetically targeted therapies. 

 

rDNA transcription is consistently dysregulated in cancer, mediated through both oncogenic and 

tumour-suppressive pathways. RNA polymerase I (Pol I) transcriptional hyperactivity is observed 

in many cancers, with this dysregulation shown to provoke a survival checkpoint in 

haematological tumour cells. With the hypothesis that the therapeutic targeting of Pol I 

transcription may prove an effective strategy across a variety of malignant settings, our laboratory 

co-developed CX-5461; a highly selective small molecule Pol I-mediated transcription inhibitor, 

now in phase 1 clinical trials in relapsed / refractory malignancies.  

 

We have previously demonstrated that single-agent treatment with CX-5461 provides a 

significant survival benefit in murine models of B-cell lymphoma and acute myeloid leukaemia. 

However, despite this improvement, drug resistance and relapse eventually occur, indicating 

combination drug therapy is essential for long term disease control and implementation in the 

clinic.  

 

This thesis examines combination drug strategies in MM, centred on the therapeutic inhibition of 

Pol I transcription of ribosomal genes, with the aim of accelerating the clinical use of CX-5461 

for MM. A boutique, high-throughput screen in human myeloma cell lines (HMCLs) of CX-5461 

in combination with drugs having known clinical or promising preclinical efficacy in MM 

revealed that CX-5461 increases anti-proliferative effects when combined with a range of other 

agents, encompassing various targets. The histone deacetylase inhibitor panobinostat and the 

proteasome inhibitor (PI) carfilzomib demonstrated the most impressive synergy in vitro, both 

representing drug classes that are actively used to treat patients with MM.   

 

In vivo testing demonstrated that the combination of CX-5461 with panobinostat increases 

survival compared with the single agents in both the Vκ*MYC murine model of MM and in 

C57BL-KaLwRij mice transplanted with 5T33 myeloma cells. Prolonged combination dosing in 

the Vκ*MYC model did not cause haematological toxicity beyond that seen with single agents. 

Investigating the molecular synergistic response to CX-5461 in combination with panobinostat 
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indicated multiple potential mechanisms of synergy, including down-regulation of MYC and 

enhancement of the DDR elicited by CX-5461 alone.  

 

To extend the translation of CX-5461 and its combination with panobinostat into the clinic for 

MM, where resistance to front-line PI treatment frequently develops, we investigated the 

synergistic relationship of CX-5461 with each of these drug classes. In addition to the screen 

finding that CX-5461 synergised with each of panobinostat and carfilzomib, we showed the triplet 

was synergistic in vitro beyond the individual combinations. Moreover, modelling clinical PI 

resistance, we generated a cell line that is resistant to the front-line PI bortezomib, and 

demonstrated that CX-5461 retains its impressive efficacy in this setting, both in vitro and in vivo, 

using the 5T33-C57BL6/KaLwRij model.  

 

Taken together, the results described in this thesis will advance subsequent clinical trials utilising 

both CX-5461 and its combination with panobinostat in the treatment of relapsed multiple 

myeloma. 
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Chapter 1: Introduction 
 
1.1. Multiple myeloma 

Multiple myeloma (MM) is a malignant clonal disorder in which abnormal plasma cells (PC) 

proliferate within the bone marrow, replacing the normal haematopoietic tissue(Swerdlow SH, 

2008). Symptomatic MM (Table 1.1) is characterised by the production of an abnormal 

paraprotein, and end-organ damage including anaemia, hypercalcaemia, renal impairment, lytic 

bone lesions and susceptibility to infection(Antonio Palumbo, Avet-Loiseau, et al., 2015; 

Swerdlow SH, 2008). MM is a rare cancer, accounting for 1.3% of new cancer diagnoses in 

Australia(Cancer in Australia 2017, 2017), but one which accounts for a disproportionate 

increase in mortality, having a 5-year survival rate significantly below that of all cancers 

combined(Cancer in Australia 2017, 2017; Cancer in Australia: an overview, 2012). Recent 

advances in therapy have improved progression-free and overall survival(S. K. Kumar et al., 

2014; Antonio Palumbo, Avet-Loiseau, et al., 2015; Robinson et al., 2014), but MM remains 

incurable with current therapeutic strategies(W. J. Chng et al., 2014). 

MM is a genetically complex disease, in which the pathogenesis is only partially understood. It 

is currently accepted that myeloma uniformly develops from the pre-malignant state of 

monoclonal gammopathy of uncertain significance (MGUS)(Landgren et al., 2009), defined by 

the isolated production of a clonal immunoglobulin (Table 1.1).  This is a common condition, 

affecting around 5% of those over the age of 70(R. A. Kyle et al., 2006; Swerdlow SH, 2008). 

The majority of patients with MGUS remain in this state, while a small proportion (about 1% per 

year), with a variable latency go on to develop MM. This progression involves an accumulation 

of genetic aberrations and epigenetic changes(Boyle, Davies, Leleu, & Morgan, 2014; Kuehl & 

Bergsagel, 2012a; Morgan, Walker, & Davies, 2012), resulting in a progressive increase in 

disease complexity. It is not fully understood why some patients progress quickly while others 

remain in the premalignant state for many years, never progressing beyond MGUS. 
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Table 1.1. Diagnostic criteria of multiple myeloma (MM) 

 

Diagnosis % Clonal BM 
plasma cells 

Myeloma defining 
events 

Other 

Monoclonal gammopathy 

of uncertain significance 

(MGUS) 

<10% no nil 

Asymptomatic myeloma 10-60% no nil 

Symptomatic myeloma >10% yes nil 

Solitary plasmacytoma <10% no Single PC tumour  

Plasma cell leukaemia >10% yes or no PB PC 2×109/L, or PC > 

20% of PB WBC 

 

BM, bone marrow; myeloma-defining events, hypercalcaemia, renal impairment, anaemia, focal 

bone lesions, clonal plasma cells >60%, serum free light-chain ratio 100, >1 focal lesion by 

MRI; PB, peripheral blood; PC, plasma cell/s; WBC, white blood cells 

(Adapted from (Antonio Palumbo, Avet-Loiseau, et al., 2015; Swerdlow SH, 2008)) 

 
 

1.1.1. Normal plasma cell development 

Our current understanding of MM initiation extends from the process of normal PC development 

(reviewed in (Corre, Munshi, & Avet-Loiseau, 2015)). PC are terminally differentiated B-

lymphocytes with the ability to produce immunoglobulin (Ig) as part of the adaptive immune 

system. The process of PC differentiation involves silencing of B-cell transcription factors 

(including Pax5 and Bcl6), and activation of a PC-specific set of genes, which is coordinated by 

the transcription factors IRF4, XBP-1 and Blimp-1 / Prdm1(Nutt, Hodgkin, Tarlinton, & 

Corcoran, 2015; Tellier et al., 2016). 

 

B-cell development starts in the bone marrow with rearrangements of the immunoglobulin heavy 

chain (IGH) gene. Stochastic DNA deletions within the IGH gene are followed by rearrangements 

of the variable, diverse, joining and constant domains, which are regulated by the recombinase 

enzyme RAG. Following this, rearrangements of the light chain genes occur in the pre-B-cell, 

which then moves from the bone marrow to secondary lymphoid organs to continue 

differentiation. After antigen (Ag) is presented, B-cells within the germinal centres undergo 

somatic hypermutation (SHM) during which random mutations are produced by the enzyme 
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activation-induced deaminase (AID). If the generated mutations improve the specificity of the 

antibody (Ab) for the Ag then, through a process of selection, the B-cell will survive.  

 

Lastly, the process of class-switch recombination (CSR) occurs, whereby specific DNA segments 

undergo recombination using AID to result in B-cells which can produce the different Ab isotypes 

(IgM, IgD, IgG, IgE and IgA). These normal physiological events are mediated by double strand 

DNA breaks in the Ig loci, which provide the opportunity for abnormal re-joining, producing 

balanced chromosomal translocations.  

 

1.1.2. Primary chromosomal aberrations in multiple myeloma 

MM is associated with a number of recurrent chromosomal changes, which are most commonly 

classified as either balanced chromosomal translocations or the presence of hyperdiploidy(Lohr 

et al., 2014; G. J. Morgan et al., 2012). Translocations usually involve a relocation of the IGH 

locus on chromosome 14 to be situated adjacent to various oncogenes, placing the oncogenes 

under the control of the Ig loci enhancers. The most common translocations are t(11;14), t(4;14) 

and t(14;16), which dysregulate the expression of cyclin D1 (CCDN1), fibroblast growth factor 

receptor-3 (FGFR3) or multiple myeloma SET domain-containing protein (MMSET), and MAF, 

respectively(G. J. Morgan et al., 2012). These chromosomal changes confer prognostic 

significance (Table 1.2), and feature in the currently used MM prognostic scoring systems 

detailed in Tables 1.3 and 1.4 (W. J. Chng et al., 2014; Antonio Palumbo, Avet-Loiseau, et al., 

2015). (Further detail on genetic mutations with significance in MM etiology and / or prognosis 

is contained in Table 1.5). The detection of any of t(4;14), t(14;16) or the deletion of the small 

arm of chromosome 17 (del17p), described in the scoring systems as “high risk cytogenetic 

abnormalities”, predict for a poorer prognosis and a hazard ratio (HR) for mortality of 2.03, (or 

approximately double the rate), compared with standard risk cytogenetics (p<0.001)(Antonio 

Palumbo, Avet-Loiseau, et al., 2015). 
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Table 1.2. Clinical, laboratory and cytogenetic prognostic features of MM 

 

Prognostic factor Impact on prognosis 

Age Increased age is adverse, especially when associated with frailty(Robert A. 

Kyle et al., 2003; Antonio Palumbo, Bringhen, et al., 2015) 

Albumin Low serum albumin is adverse, reflecting tumour burden(Bataille, Durie, 

Grenier, & Sany, 1986; Greipp et al., 2005; J. E. Kim et al., 2010)  

β2MG High serum β2MG is adverse, reflecting tumour burden and renal 

function(Bataille, Boccadoro, Klein, Durie, & Pileri, 1992; Cassuto, 

Krebs, Viot, Dujardin, & Masseyeff, 1978; Greipp et al., 2005) 

LDH High serum LDH is adverse, reflecting tumour burden and 

proliferation(Dimopoulos, Barlogie, Smith, & Alexanian, 1991; Antonio 

Palumbo, Avet-Loiseau, et al., 2015) 

Leukaemia High levels of circulating plasma cells predict progression in MGUS and  

asymptomatic MM(Bianchi et al., 2012), primary plasma cell leukaemia 

has a negative prognosis compared with non-leukaemic 

forms(Dimopoulos, Palumbo, Delasalle, & Alexanian, 1994; Fernandez de 

Larrea et al., 2013) 

Plasmacytoma Isolated plasmacytomas have a better prognosis when compared with 

systemic disease(Bataille & Sany, 1981; de Waal et al., 2016; Galieni et 

al., 2000) 

MRI appearance  High numbers of focal lesions on MRI are adverse(Dimopoulos et al., 

2015; R. Walker et al., 2007) 

PET appearance High numbers of focal lesions and high standardised uptake values on PET 

imaging are adverse(Cavo et al., 2017; Zamagni et al., 2011) 

Aberrant PC 

expression 

Expression of CD19(+), CD38(lo), CD45(+), CD138(lo), CD33(+), 

CD13(+), CD221(+), CD81(+) are all negative(Arana et al., 2017; Bataille, 

Robillard, Avet-Loiseau, Harousseau, & Moreau, 2005; F. Chen et al., 

2018; K. H. Lee et al., 2016), while CD117/c-kit(+) is positive(Bataille et 

al., 2008; F. Chen et al., 2018), CD81(+) and CD229(+) are associated with 

chemoresistant clones(Arana et al., 2017; Sara Yousef et al., 2015) 

High PC labelling 

index 

A high index is adverse, and can reflect a more plasmablastic 

phenotype(Greipp, Katzmann, Fallon, & Kyle, 1988; Steensma et al., 

2001)  
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Hyperdiploidy Hyperdiploidy is positive(Avet-Loiseau et al., 2007; Chretien et al., 2015; 

Decaux et al., 2008), particularly trisomy 3 or 5(Avet-Loiseau et al., 2007; 

Chretien et al., 2015) 

Del(17p) Adverse(Avet-Loiseau et al., 2007; Antonio Palumbo, Avet-Loiseau, et al., 

2015; Sonneveld et al., 2016) 

t(4;14) Adverse(Jonathan J. Keats et al., 2003; Philippe Moreau et al., 2002; 

Antonio Palumbo, Avet-Loiseau, et al., 2015) 

t(14;16) Possibly adverse(Avet-Loiseau et al., 2011; K. D. Boyd et al., 2011; Rafael 

Fonseca et al., 2003; B. A. Walker, Wardell, et al., 2015) 

t(14;20) Adverse(Antonio Palumbo, Avet-Loiseau, et al., 2015; F. M. Ross et al., 

2010; Shah et al., 2017) 

1q amp Adverse(Avet-Loiseau et al., 2009; Brian A. Walker, 2015; Shah et al., 

2017) 

Del1p Adverse(Kevin D. Boyd et al., 2011; Hebraud et al., 2013; Qazilbash et al., 

2007) 

Response to treatment To achieve a complete response is positive(Chanan-Khan & Giralt, 2010; 

Kapoor et al., 2013; van de Velde et al., 2007), to achieve a deep response 

(where minimal residual disease is not detectable) is positive(S. Kumar et 

al., 2016; Munshi, Avet-Loiseau, Rawstron, & et al., 2017; Paiva et al., 

2008) 

 

β2MG, serum beta-2 microglobulin; CD, cluster of differentiation, LDH, lactate dehydrogenase; ISS, 

International Staging System; PC, plasma cell; R-ISS, Revised International Staging System 
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Table 1.3. International Staging System for MM  

 

ISS Stage β2MG  
(mg/dL) 

Albumin  
(g/dL) 

5-year OS  
(%) 

I <3.5 ≥ 3.5 66 

II <3.5 <3.5 45 

3.5-5.4 any 

III >5.4 any 18 

 

ISS, International Staging System, β2MG, serum beta-2 microglobulin; OS, overall survival 

(Adapted from (Greipp et al., 2005; Kastritis et al., 2009)) 

 

 
 

Table 1.4. Revised International Staging System for MM  

 

R-ISS Stage ISS stage LDH 
(>ULN) 

High risk CA 
(on iFISH) 

5-year OS (%) 

I I no no 82 

II Neither R-ISS stage I or III 62 

III III yes for at least 1 of these 40 

 

R-ISS, Revised International Staging System; LDH, lactate dehydrogenase; ULN, upper limit of 

normal; CA, cytogenetic abnormalities; iFISH, interphase fluorescent in-situ hybridisation; high 

risk CA are defined on iFISH as: presence of del(17p) and/or translocation t(4;14) and/or 

translocation t(14;16); OS, overall survival 

(Adapted from (Antonio Palumbo, Avet-Loiseau, et al., 2015)) 
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Other chromosomal changes which negatively impact prognosis include t(14;20), amplification 

of 1q and deletion of 1p. These lead to aberrant expression of MAFB (20q11-13), overexpression 

CKS1B (1q21) and ANP32E (1q21), increased copy number of MCL-1 (1q21), deletion of 

CDKN2C (1p32), FAF1 (1p32-33) and FAM46C (1p12)(Gong et al., 2016; G. J. Morgan et al., 

2012; Sawyer, 2011). As detailed in Table 1.5, these are genes which have a variety of roles 

including chromatin remodelling, transcriptional regulation and G1/S cell cycle transition. There 

is also an ultra-high risk group described, combining stage III disease (Table 1.3) with high risk 

cytogenetic abnormalities and proliferative disease, in which all patients succumb to disease 

within 24 months(H. Avet-Loiseau, 2010; Sherborne et al., 2016; Zhuang et al., 2014). 

 

Copy number aberrations are common in MM, with hyperdiploidy seen in up to 55% of patients 

(Corre et al., 2015).  In MM this is typically associated with the gain of odd-numbered 

chromosomes and while the etiology of this gain is not fully understood, mitotic catastrophe has 

been described, similar to events observed in acute lymphoblastic leukaemia (ALL). Recent 

research has documented that individual chromosomes can be gained in more than 1 event, with 

a preferred order of acquisition(Maura et al., 2018). Furthermore, the authors found that as disease 

develops there is positive selection for point mutations which differ dependent on what the initial 

driver event had been, such that the initial changes can predict for later genetic events (Maura et 

al., 2018). 
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 Table 1.5. Mutations with significance in MM etiology and / or prognosis 
	

Gene	 Location	 Function	 Change	and	

significance	in	MM		

AKT1	 alpha 

serine/threonine-

protein kinase  

	

14q32	 Protein kinase, regulates 

cell survival/apoptosis, 

insulin signalling, 

angiogenesis, tumour 

formation, downstream 

mediator of PI3K pathway, 

phosphorylated by mTOR, 

can then phosphorylate 

MDM2(Osaki, Oshimura, 

& Ito, 2004; Yiqun Zhang 

et al., 2017)	

Phosphorylated AKT1 

in 50%(G. J. Morgan et 

al., 2012), mutations are 

rare, prognostic 

significance unknown. 

AKT activation may 

predispose to 

dexamethasone 

resistance(K. D. Boyd, 

Pawlyn, Morgan, & 

Davies, 2012) 

ANP32E acidic (leucine-rich) 

nuclear 

phosphoprotein 32 

family, member E 

1q21 Has a role in chromatin 

remodelling/transcriptional 

regulation(Hammond, 

Strømme, Huang, Patel, & 

Groth, 2017; Obri et al., 

2014). 

1q gains in 40%(B. A. 

Walker et al., 2010), up 

to 70% at relapse(K. D. 

Boyd et al., 2012; 

Sawyer, 2011), giving a 

poor prognosis. 

ANP32E mutation is 

uncommon. 

Amplification gives a 

poor prognosis(B. A. 

Walker et al., 2010) 

BLIMP1 

 

aka 

PRDM1 

beta-IFN gene 

positive regulatory 

domain I-

binding/B-

lymphocyte-

induced maturation 

protein 1, aka 

positive regulatory 

domain I-binding 

factor 

6q21 Transcriptional repressor- 

binds to promotor of b-IFN 

gene, drives the maturation 

of B-lymphocytes into Ig-

secreting cells(Low, 2018; 

Nutt, Fairfax, & Kallies, 

2007).  

 

2-6% mutated, (Lohr et 

al., 2014; B. A. Walker 

et al., 2018b). Effect is 

context dependent(Bolli 

et al., 2017). 

 

BIRC3	 baculoviral IAP 

repeat containing 3	

11q22	 Regulates caspases, 

apoptosis, inflammatory 

signalling, immunity, 

mitogenic kinase 

Del(11q) in 7% MM(G. 

J. Morgan et al., 2012), 

effect on prognosis- 
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signalling, cell 

proliferation, cell invasion, 

metastases. Acts as an E3 

ubiquitin-protein ligase 

regulating NF-κB 

signalling, targets include 

TRAF1 and BCL10(Gyrd-

Hansen & Meier, 2010; 

Packham, 2008)	

possibly linked to 

progression 

	

BRAF	 rapidly activated 

fibrosarcoma, aka 

v-Raf murine 

sarcoma viral 

oncogene homolog 

B1	

7q34	 Raf kinases= 

serine/threonine kinases, 

part of RAS/ MAPK path, 

phosphorylates MEK 

(causing proliferation). 

Activation regulation 

includes SRC, ERK, AKT, 

HSP90. Most frequent 

mutation: 

V600E.(McCubrey et al., 

2006; Solit et al., 2005) 

Mutated in 4-15%(Bolli 

et al., 2014; Lohr et al., 

2014; G. J. Morgan et 

al., 2012) of MM, effect 

on prognosis unclear 

	

CCND1	 cyclin D1	 11q13	 Coordination of mitosis 

esp. G1/S transition, 

involved in AKT 

signalling. CCDN 

dysregulation thought to be 

unifying event in MM 

pathogenesis(P. Leif 

Bergsagel et al., 2005; 

Musgrove, Caldon, 

Barraclough, Stone, & 

Sutherland, 2011) 

t(11;14) in 14-17%(K. 

D. Boyd et al., 2012; G. 

J. Morgan et al., 2012; 

Sawyer, 2011), neutral- 

favourable 

prognosis(Sawyer, 

2011). CCND1 mutated 

in 2-10%(Bolli et al., 

2014; B. A. Walker et 

al., 2018b) which gives 

a poorer prognosis(B. 

A. Walker, Wardell, et 

al., 2015). 

CCND3	 cyclin D3	 6p21	 Coordination of mitosis 

esp. G1/S transition, 

phosphorylates tumour 

suppressor Rb, involved in 

response to UV damage 

and AKT 

t(6;14) in 1% MM(G. J. 

Morgan et al., 2012; B. 

A. Walker et al., 

2018b), prognostic 

significance unclear 
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signalling(Musgrove et al., 

2011). 

CDKN2C cyclin-dependent 

kinase inhibitor 2C 

(aka CDKN6, p18, 

INK4C)  

chr 1p32 Interacts with CDK4 or 

CDK6, prevents the 

activation of the CDK 

kinases. Functions as a cell 

growth regulator via 

affecting G1 

progression(Musgrove et 

al., 2011). 

Del(1p) in 30%(G. J. 

Morgan et al., 2012; B. 

A. Walker et al., 

2018b), poor 

prognosis(Manier et al., 

2016; B. A. Walker et 

al., 2010), mutated in 1-

2%(Bolli et al., 2014), 

deletion poor 

prognosis(K. D. Boyd et 

al., 2012) 

CKS1B	 CDC28 protein 

kinase regulatory 

subunit 1B	

1q21	 Binds to catalytic subunit 

cyclin-dependent kinases- 

essential for their function 

in cell cycle. 

Overexpression activates 

STAT3 and MEK/ERK 

signalling(Dos Santos et 

al., 2018; Zhan et al., 

2007). 

1q gains in 40%(B. A. 

Walker et al., 2010), up 

to 70% at relapse(K. D. 

Boyd et al., 2012; 

Sawyer, 2011), giving a 

poor prognosis. CKS1B 

mutation is uncommon. 

Amplification gives a 

poor prognosis(Bock et 

al., 2016; J. 

Shaughnessy, 2005; B. 

A. Walker et al., 2018a) 

CYLD Cylindromatosis 16q12 Protease/de-ubiquitinatase, 

regulates pathways leading 

to NF-κB activation. 

Negative regulator of Wnt 

signalling, has role in cell 

cycle, inflammation, innate 

immunity(Kovalenko et 

al., 2003; van Andel et al., 

2016)  

Del(16q) in 30-

35%(Manier et al., 

2016; G. J. Morgan et 

al., 2012), CYLD 

mutated in 2-4%(Lohr 

et al., 2014; B. A. 

Walker et al., 2018b), 

loss likely poor 

prognosis(van Andel et 

al., 2016) 

FAF1 Fas (TNFRSF6) 

associated factor 1  

1p32-3 Can initiate/enhance 

apoptosis(Caballero-López 

et al., 2017; Chu, Niu, & 

Williams, 1995) 

Del(1p) in 30%(G. J. 

Morgan et al., 2012; B. 

A. Walker et al., 

2018b), poor 

prognosis(Manier et al., 
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2016; B. A. Walker et 

al., 2010),  deletion 

poor prognosis(K. D. 

Boyd et al., 2012) 

FAM46C Family with 

sequence similarity 

46, member C 

1p12 Tumour-suppressor gene, 

RNA-binding protein, 

involved in regulation of 

behaviour(Kevin D. Boyd 

et al., 2011; Mroczek et al., 

2017; Zhu et al., 2017) 

Del(1p) in 30%(K. D. 

Boyd et al., 2012; G. J. 

Morgan et al., 2012),  

mutated in 11-

13%(Bolli et al., 2014; 

K. D. Boyd et al., 2012; 

B. A. Walker et al., 

2018b), poor 

prognosis(Kevin D. 

Boyd et al., 2011; Zhu 

et al., 2017) 

FGFR3	 Fibroblast growth 

factor receptor 3	
4p16	 Tyrosine kinase, regulates 

cell proliferation, 

differentiation, apoptosis, 

angiogenesis, cell 

migration. Mediates 

activation of MAP kinase 

pathway, PI3K/AKT1 

signalling and possibly 

Notch. (di Martino, 

L'Hôte, Kennedy, 

Tomlinson, & Knowles, 

2009; L'Hôte & Knowles, 

2005; Rampias et al., 

2014) 

t(4;14) in 9-15% (Bolli 

et al., 2014; G. J. 

Morgan et al., 2012), 

poor prognosis, though 

ameliorated by 

bortezomib.  FGFR3 

mutated in 3%(H. Avet-

Loiseau, Leleu, X., 

Roussel, M., 2010; B. 

A. Walker et al., 

2018b). Role of FGFR3 

is questioned- 30% with 

t(4;14) lack expression 

of FGFR3 due to loss of 

der(14), but the 

prognosis remains 

poor(K. D. Boyd et al., 

2012) 

IGH 

	
Immunoglobulin 

heavy chain locus	
14q32	 Involved in class switch 

recombination and somatic 

hypermutation for 

diversity in antibody 

production. In MM, IGH is 

the translocation partner in 

primary chromosomal 

Translocated in about 

30%(G. J. Morgan et 

al., 2012), prognosis 

depends on 

translocation partner	
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abnormalities(Early, 

Huang, Davis, Calame, & 

Hood, 1980; Fukita, 

Jacobs, & Rajewsky, 1998; 

Sawyer, 2011).	
IRF4 interferon 

regulatory factor 4 

6p25 Transcription factor, 

lymphocyte-specific- 

negatively regulates Toll-

like receptor signalling in 

innate/adaptive immune 

system, binds to IgL-LC 

enhancer. Plays a role in 

plasma cell survival, 

differentiation and class-

switching(Agnarelli, 

Chevassut, & Mancini, 

2018; Klein et al., 2006; 

Low, 2018).  

3-5% mutated(G. J. 

Morgan et al., 2012; B. 

A. Walker et al., 

2018b), commonly 

overexpressed(Agnarelli 

et al., 2018; Arthur L. 

Shaffer et al., 2008). 

Mutations confer a good 

prognosis(Brian A. 

Walker, 2015) 

KRAS	 Kirsten rat sarcoma 

viral oncogene 

homolog 

	

12p12	 Member of small GTPase 

superfamily, single amino-

acid substitution- an 

activating mutation, aids 

proliferation, cooperates 

with p53, implicated in 

multiple cancers (Bryant, 

Mancias, Kimmelman, & 

Der, 2014; Quinlan & 

Settleman, 2008)	

Mutated in 22-

28%(Bolli et al., 2014; 

Lohr et al., 2014; G. J. 

Morgan et al., 2012; B. 

A. Walker et al., 2018b) 

in MM, mutation 

associated with disease 

progression and poorer 

prognosis(Bolli et al., 

2014). 

LTB Lymphotoxin beta 

(TNF superfamily, 

member 3)  

6p21 LTB heterodimerises with 

LTA to generate the ligand 

for LTBR- positive 

regulator of NF-κB(Das et 

al., 2015; D. Wang & 

DuBois, 2010) 

Mutated in 3-4%(Bolli 

et al., 2014; B. A. 

Walker et al., 2018b), 

unclear effect on 

prognosis 

 

MAF	 avian 

musculoaponeurotic 

fibrosarcoma 

oncogene homolog	

16q22-23	 Depending on binding site 

can be a transcriptional 

activator or repressor i.e. 

oncogene or tumour 

suppressor depending on 

t(14;16) in 3%, which 

gives a poor prognosis, 

MAF is mutated in 1% 

but over-expressed in at 

least 30% (Hurt et al., 

2004; G. J. Morgan et 
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the cell context(Brundage 

et al., 2014) 

al., 2012), which is 

associated with 

resistance to 

bortezomib(Qiang et al., 

2016) 

MAFB	 avian 

musculoaponeurotic 

fibrosarcoma 

oncogene homolog	

20q11-13	 Can be a transcriptional 

activator or repressor i.e. 

oncogene or tumour 

suppressor depending on 

the cell context. Required 

for monocyte/ macrophage 

differentiation. (Aziz, 

Soucie, Sarrazin, & 

Sieweke, 2009; Kataoka, 

Fujiwara, Noda, & 

Nishizawa, 1994) 

t(14;20) in 1.5%, which 

gives a poor 

prognosis(F. M. Ross et 

al., 2010), expression 

pattern similar to 

MAF(Manier et al., 

2016) 

	

MMSET	 Multiple myeloma 

SET domain-

containing protein	

4p16	 Has chromatin binding and 

histone-lysine N-methyl-

transferase activity- 1 

isoform may act as a 

transcription regulator that 

binds DNA and suppresses 

IL-5 transcription through 

HDAC recruitment. 

(Kassambara, Klein, & 

Moreaux, 2009; Marango 

et al., 2008) 

t(4;14) in 9-15% (Bolli 

et al., 2014; G. J. 

Morgan et al., 2012), 

poor prognosis, though 

ameliorated by 

bortezomib(H. Avet-

Loiseau, Leleu, X., 

Roussel, M., 2010). 

MMSET is 

overexpressed in all 

cases with t(4;14), in 

contrast with 

FGFR3(Jonathan J. 

Keats et al., 2003).	
MYC	 avian 

myelocytomatosis 

viral oncogene 

homolog	

8q24	 Encodes multifunctional 

nuclear phosphoprotein- 

roles incl. cell cycle 

progression, apoptosis, 

cellular transformation, 

transcription factor.  

Involved in many haem 

cancers- can be mutated, 

overexpressed, rearranged 

and translocated(Amati & 

Mutations are 

uncommon. 

Translocated in 15-20% 

(Avet-Loiseau et al., 

2001; B. A. Walker et 

al., 2014). 

Amplification in over 

60%(W. J. Chng et al., 

2011). Poor 
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Land, 1994; Chi V. Dang, 

2012; D. Ruggero, 2009; 

Schick, Habringer, 

Nilsson, & Keller, 2017) 

prognosis(B. A. Walker 

et al., 2014).  

 

NRAS	 neuroblastoma RAS 

viral oncogene 

homolog	

1p13	 Membrane protein which 

shuttles between the Golgi 

apparatus and membrane, 

intrinsic GTPase activity, 

aids proliferation. Mutated 

in multiple 

cancers.(Karnoub & 

Weinberg, 2008; A. D. 

Rao, 2017) 

Mutated in 17-25% 

MM(Bolli et al., 2014; 

Lohr et al., 2014; G. J. 

Morgan et al., 2012; B. 

A. Walker et al., 

2018b), associated with 

disease progression and 

poorer prognosis 

MM(K. D. Boyd et al., 

2012). Associated with 

reduced sensitivity to 

bortezomib(Mulligan et 

al., 2014).  

PI3KCA	 Phosphatidyl-

inositol-4,5-

bisphosphonate 3 

kinase catalytic 

subunit alpha	

3q26	 PI3 kinases are lipid 

kinases which coordinate 

proliferation, cell survival, 

degranulation, vesicular 

trafficking and cell 

migration, activate 

AKT1(Benvenuti et al., 

2008; Osaki et al., 2004).  

Mutations in are low 

frequency in MM(Bolli 

et al., 2014),  more 

common is activation 

by an upstream 

regulator i.e. 

FLT3/RAS. Prognostic 

significance unknown. 

RB1 retinoblastoma 1  13q14 Tumour suppressor, 

regulator of cell cycle, 

epigenetic changes- 

recruits histone 

methyltransferases/ 

deacetylases(Di Fiore, 

D'Anneo, Tesoriere, & 

Vento, 2013). 

Del(13q) in 40-

45%(Manier et al., 

2016; G. J. Morgan et 

al., 2012), associated 

with t(4;14) prognosis 

neutral-poor with 

isolated deletion(Manier 

et al., 2016; 

Sergentanis, Kastritis, 

Terpos, Dimopoulos, & 

Psaltopoulou, 2016), 

RB1 mutated in 

3%(Lohr et al., 2014; B. 

A. Walker et al., 
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2018b), poor prognosis 

(Chavan et al., 2017) 

SP140 Nuclear body 

protein  

2q37 Susceptibility locus for 

CLL. Expressed in high 

levels in PC, possible 

tumour suppressor in 

MM(Houlston, 2010; 

Zucchelli et al., 2014). 

Mutated in 3-7%(Bolli 

et al., 2014; B. A. 

Walker et al., 2018b), 

increased risk of 

relapse(Bolli et al., 

2014)   

TRAF3 TNF R-associated 

factor 3 (aka CD40-

binding protein)  

 

14q32 TRAF proteins mediate 

signal transduction from 

TNF superfamily. CD40 = 

component of a complex 

that induces NF-kB 

activation. Required for 

isotype switching IgM-> 

IgG. Component of E3-

ubiquitin ligase complexes. 

Regulates MAP kinase 

path(G. A. Bishop, Stunz, 

& Hostager, 2018; 

Demchenko et al., 2010; 

Zarnegar et al., 2008).  

Del(14q) in 38%(G. J. 

Morgan et al., 2012), 

TRAF3 mutated in 2-

5%(Bolli et al., 2014; 

Lohr et al., 2014; B. A. 

Walker et al., 2018b), 

unclear effect on 

prognosis 

TP53 

	
Tumour protein P53	 17p13	 Tumour-suppressor protein 

and transcription factor- 

responds to cellular stress 

by regulating expression of 

target genes which induces 

cell cycle arrest, apoptosis, 

senescence, DNA repair, 

and changes in 

metabolism. Inactivating 

mutations are seen in over 

50% of all 

cancers(Aubrey, Kelly, 

Janic, Herold, & Strasser, 

2017; Leroy, Anderson, & 

Soussi, 2014; Mello & 

Attardi, 2018). 

17p is deleted in 8-12% 

at presentation, 

increasing in incidence 

with progression, while 

TP53 is mutated in 6-

15% MM(Bolli et al., 

2014; Chapman et al., 

2011; Lohr et al., 2014; 

G. J. Morgan et al., 

2012).Strongly negative 

prognostic marker in 

MM (G. J. Morgan et 

al., 2012), which 

persists in the context of 

conventional 

chemotherapy, ASCT, 

IMiDs. The effect of 

bortezomib is less 
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Hyperdiploid MM is associated with a better prognosis than non-hyperdiploid MM(R. Fonseca et 

al., 2009), although there is variation in prognosis depending on which trisomies are present, with 

patient clusters described based on which signalling pathways are affected(Wee J. Chng et al., 

2007). The presence of trisomies 3 or 5 are reported to overcome the poor prognosis related to 

t(4;14) when found in combination(Chretien et al., 2015).  

clear(K. D. Boyd et al., 

2012) 

UTX  

 

 

aka 

KDM6A 

Ubiquitously-

transcribed 

tetratricopeptide 

repeat protein on X 

chromosome, aka 

lysine (K)-specific 

demethylase 6A 

Xp11 Histone demethylase- 

specifically Lys-27 on 

histone H3(Pawlyn et al., 

2016; van Haaften et al., 

2009).  

 

Mutated in 3-10% of 

MM(G. J. Morgan et 

al., 2012; B. A. Walker 

et al., 2018b), poor 

prognosis(Pawlyn et al., 

2016) 

 

WWOX WW domain 

containing 

oxidoreductase  

16q23-24 Tumour suppressor, role in 

apoptosis, FGFB1 

signalling, TNF-mediated 

cell death, Wnt signalling. 

May act synergistically 

with TP53. t(14;16) (IgH; 

MAF) breakpoints occur 

within WWOX(Aqeilan et 

al., 2007; Lo, Chou, Lai, & 

Hsu, 2015). 

Del(16q) in 30-

35%(Manier et al., 

2016; G. J. Morgan et 

al., 2012), unclear effect 

on prognosis 

XBP1 X-box binding 

protein 1 

22q12 Transcriptional factor that 

regulates MHC class II 

genes. Essential for plasma 

cell differentiation, Ig 

secretion and unfolded 

protein response. Build-up 

of misfolded Ig triggers 

increased IREa 

endoribonuclease activity, 

which processes unspliced 

XBP1 to spliced(Arthur L. 

Shaffer et al., 2008; A. L. 

Shaffer et al., 2004).  

2-3% mutated(G. J. 

Morgan et al., 2012; B. 

A. Walker et al., 

2018b). Expression 

levels affect response to 

bortezomib(Gambella et 

al., 2014) and 

IMiDs(Bagratuni et al., 

2010). 
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Interestingly, ploidy status is usually stable when assessed repeatedly over time(W. J. Chng et al., 

2006), which together with the data finding positive selection for mutations based on the primary 

events(Maura et al., 2018), indicates a fundamental biological difference between hyperdiploid 

and non-hyperdiploid MM, which may eventually lead to the development of different therapeutic 

strategies for the different genetic clusters. It is worthwhile noting that the majority of human 

myeloma cell lines (HMCLs) used in preclinical studies are non-hyperdiploid(Allen, Jelinek, 

Bergsagel, & Keats, 2013). 

 

1.1.3. Secondary genetic events in multiple myeloma 

After the primary events, comprising chromosomal translocations and hyperdiploidy, the 

secondary genetic events occurring in MM are widely varied with recent genomic studies 

indicating a large number of recurrently mutated or dysregulated genes (Table 1.5) (Bolli et al., 

2014; Chapman et al., 2011; Lohr et al., 2014; B. A. Walker, Boyle, et al., 2015; B. A. Walker et 

al., 2010). While most genetic mutations described occur at a frequency below 5% of cases(Bolli 

et al., 2014), there is a convergence on key cellular processes and common signalling pathways, 

which provide useful clues as to how MM cells may be susceptible to therapeutic intervention. 

Dysregulation of the G1/S cell cycle transition point due to overexpression of a D-group cyclin 

is a key early molecular abnormality in myeloma(P. Leif Bergsagel et al., 2005; Kuehl & 

Bergsagel, 2012a). This can occur either due to a balanced chromosomal translocation (t(11;14) 

or t(6;14)) as described above, as a secondary event affecting CCDN1(H. Chang et al., 2010), or 

by upregulation through other mechanisms including MAF binding to the promoter of cyclin D2 

(CCND2), or the down-regulation of negative cell cycle regulators including cyclin-dependent 

kinases (CDKN2A and CDKN2C). In addition, loss of the tumour suppressor gene TP53, either 

by del17p or by point mutation, leads to cell cycle dysregulation and a loss of DNA repair capacity 

and subsequent accumulation in genetic aberrations.  

Mutations in a few key oncogenes occur with a high frequency in MM. For example, mutations 

in RAS kinases are common, with those in NRAS occurring in 17-25% of patients, KRAS in 22-

28%, and BRAF in 4-15%%(Bolli et al., 2014; Lohr et al., 2014). In contrast, mutations in MYC 

occur in only 1% of patients(G. J. Morgan et al., 2012) and while translocations involving MYC 

have been described, they are uncommon(Wardell et al., 2013), and most often seen in advanced 

stages of disease(B. A. Walker et al., 2014).  

There are a number of mutations described in MM that impact the normal function of the nuclear 

factor-κB (NF-κB) pathway(Bolli et al., 2014; Maura et al., 2018). The NF-κB family of 

transcription factors are activated by multiple stimuli, with the canonical pathway responding to 
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signalling through the B-cell receptor and tumour necrosis factor receptors (TNFR), activating 

signalling through TNFR-associated factors (TRAF), resulting in phosphorylation of inhibitory 

subunits (IκB) and subsequent proteasomal degradation(Demchenko et al., 2010; Jonathan J. 

Keats et al., 2007). The alternative pathway, critical for lymphoid development and survival, is 

activated by a range of cytokines including CD40L, BAFF and RANKL(Demchenko & Kuehl, 

2010), with signalling involving the cellular inhibitors of apoptosis (cIAP1/2)(Mahoney et al., 

2008). In the context of MM, mutations have been described in TRAF2, TRAF3, cIAP1/2  and 

IκB(Bolli et al., 2014; Lohr et al., 2014; Maura et al., 2018), and therapeutic targeting of increased 

NF-κB signalling has proven a successful strategy(James R. Berenson, Ma, & Vescio, 2001; 

Vrábel, Pour, & Ševčíková, 2018) (discussed in section 1.1.4.5).  

Other secondary genetic events that have been identified as being associated with MM are widely 

varied and are found in genes that when mutated lead to abnormalities in plasma cell 

differentiation (XBP1, BLIMP1 aka PRDM1, IRF4), in cellular localization and bone disease 

(DDK1, FRZB, DNAH), and result in aberrations affecting both energy metabolism and immune 

surveillance(Lohr et al., 2014; G. J. Morgan et al., 2012; B. A. Walker et al., 2010).  

In comparison to less heterogeneous diseases such as acute myeloid leukaemia (AML) (Marcucci, 

Haferlach, & Döhner, 2011), the abundance of genetic information discovered relating to MM is 

not yet incorporated into the most widely used prognostic scoring systems(W. J. Chng et al., 2014; 

Antonio Palumbo, Avet-Loiseau, et al., 2015) and does not yet routinely affect clinical 

management decisions. This is due to the fact that most genetic changes described in MM are low 

incidence(Bolli et al., 2014) and it is not yet established exactly how these mutations contribute 

to disease etiology and progression. In addition, it has not yet been determined how best to 

incorporate genetic information arising from the subclonal nature of MM (discussed further in 

1.1.5 below). 

 

1.1.4. Transcriptomic and epigenetic changes in multiple myeloma 

While MM-associated mutations are each present only in small percentage of cases, there is more 

commonality in the signalling pathways affected. A number of groups have examined the use of 

gene expression profiling as complementary approach to DNA-sequencing(Hose et al., 2011; 

Moreaux et al., 2011; J. D. Shaughnessy et al., 2007). Across several studies, there have been 

multiple gene signatures underlying MM identified, but these demonstrate less overlap than 

initially predicted. This variation may be due to the different methods used to derive the gene sets. 

For example, some groups compared expression profiles from patients with different survival 
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times (UAMS 70-gene signature, (J. D. Shaughnessy et al., 2007), therefore directly interrogating 

prognostic information. Other groups examined expression patterns related to underlying biology, 

such as a proliferation index (Hose et al., 2011), a centrosome index (W. J. Chng, Braggio, et al., 

2008) or chromosomal instability (Chung, Mulligan, Fonseca, & Chng, 2013), whereby gene 

signatures were subsequently validated to be prognostic. This lack of overlap in gene signatures 

may also just be another representation of the genetic heterogeneity of myeloma, and at present, 

gene expression profiling data is not included in the latest prognostic scoring systems (W. J. Chng 

et al., 2014). 

More recent publications have started defining the transcriptomic changes related to MM 

development and progression. RNA sequencing (RNA-seq) has the advantage over older 

microarray technology of being able to detect fusion transcripts, which is highly relevant in 

MM(C. Murray et al., 2013). It has been demonstrated that RNA-seq further delineates prognostic 

subgroups beyond that achieved using genetic mutation data alone(Lagana et al., 2016). In 

addition, it is possible to use transcriptomic data to predict response to therapy, with consistent 

differences detected between the transcriptomes of poor vs excellent responders to therapy(Sive 

et al., 2016). When RNA-seq-defined transcriptional profiles were examined, they predicted 

which patients would respond to the induction therapy tested, increasing the complete response 

rate and aiding the division into those requiring autologous transplant as consolidation therapy 

and those in whom it appeared unnecessary(Sive et al., 2016).   

Lastly, in addition to genetic and transcriptomic changes, MM pathogenesis also involves 

significant epigenetic modulation. DNA expression can be modified by methylation of CpG 

cytosine residues, or by chromatin modifications including histone methylation, acetylation or 

phosphorylation(Feinberg, Ohlsson, & Henikoff, 2006; Jones & Baylin, 2002). The transition 

from MGUS to MM is associated with global DNA hypomethylation(Kaiser et al., 2013; B. A. 

Walker et al., 2011), while hypermethylation in specific genes and enhancer regions increase 

plasma cell proliferation indices and promote progression from MM to the more aggressive 

plasma cell leukaemia (PCL)(Maria V. Mateos et al., 2002; G. J. Morgan et al., 2012). Patients 

with the translocation t(4:14) overexpress the histone methyltransferase MMSET, with resultant 

histone modifications leading to altered gene expression of members of key pathways involved 

in promoting cell cycle progression and resistance to apoptosis. This translocation is associated 

with poor prognosis, though it is partly ameliorated by recent changes in MM treatment(P. L. 

Bergsagel, Mateos, Gutierrez, Rajkumar, & San Miguel, 2013).  

Mutations in other genes involved in chromatin modification, (so called ‘writers and readers’ of 

the epigenetic code(Bennett & Licht, 2018; M. A. Dawson & Kouzarides, 2012)) have also been 

found to be recurrently mutated in MM, including Lysine demethylase 6A (KDM6A)(Ezponda et 
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al., 2017; Pawlyn et al., 2016) and Mixed-Lineage Leukaemia (MLL)(G. J. Morgan et al., 2012). 

Taken together with the over-expression of MMSET in MM harbouring t(4;14), these data suggest 

that agents targeting epigenetic modifications have a therapeutic rationale in MM.  

 

1.1.5. Clonal evolution in multiple myeloma 

While MM is defined as a clonal disorder, recent publications have focused on the concept of 

subclones. It has been demonstrated that more than one clone can be present at diagnosis(Bolli et 

al., 2014; J. J. Keats et al., 2012), with the dominant clone defined on routine cytogenetic analysis, 

but minor clones detectable via exploratory molecular studies. Currently, treatment may be 

chosen based on cytogenetics abnormalities detected in the dominant clone, but minor clones may 

be intrinsically resistant to the selected treatment and subsequently expand. In addition, treatment-

related selection pressures and ongoing genetic change can lead to clonal evolution(Egan et al., 

2012; Stephenson, Benard, Klug, Christofferson, & Keats, 2014) and a phenomenon described as 

“clonal tides” whereby subclones alternate in their dominance, with the cancer composition 

switching back and forth between different clones during treatment and the emergence of 

relapse(Bahlis, 2012).  

It is interesting to note that recurrent mutations observed at the subclone level include those which 

usually act as driver mutations, i.e. NRAS, KRAS and BRAF(Bolli et al., 2017; Corre et al., 

2015). IGH translocations have also been detected within a subclone but not within the concurrent 

dominant disease clone. It is intriguing to think that a mechanism for disease acceleration is 

present, yet these cells have not outcompeted those lacking the driver mutations to become the 

dominant clone. This data suggests that the presence of a classic oncogenic driver does not predict 

disease clone dominance, indicating that additional factors (which may include genetic, 

epigenetic, microenvironmental and immune factors) are required to enable disease 

progression(Bolli et al., 2014; Bolli et al., 2017; Corre et al., 2015). 

This genetic variability and change in the genetic composition of disease over time underscores 

the rationale for combination drug therapy. The use of a single therapeutic agent is often 

associated with the rapid emergence of resistance to that agent.  This can be compared with 

chronic myeloid leukaemia, where the cancer is defined by a single activating mutation, and we 

can achieve cure with a single targeted agent(Baccarani et al., 2013).  

In addition, the evolution of some MM clones is likely enhanced by the inadvertent non-optimal 

choice of chemotherapeutic agents, with minor subclones present at diagnosis later emerging as 

dominant clones at the time of relapse (Magrangeas et al., 2013; Stephenson et al., 2014). Thus, 
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with the ongoing expansion of our knowledge of MM biology, there is increasing awareness of 

the need for continual revision of the rationale behind new drug combinations. 

 

1.1.6. Multiple myeloma and the role of MYC 

There is considerable research around the proto-oncogene and transcription factor MYC in MM. 

MYC is a nuclear transcription factor which is a homologue of the oncogene identified initially 

in the avian myelocytomatosis retrovirus(J. M. Bishop, 1982). MYC acts through 

heterodimerisation with another transcription factor MYC-associated factor X (MAX) to bind 

DNA at canonical E-box motifs (CACGTG) and subsequently regulate the transcription of 

thousands of target genes(Carla Grandori, Shaun M. Cowley, Leonard P. James, & Eisenman, 

2000; Chi V. Dang, 2012; Kress, Sabò, & Amati, 2015). In fact, MYC regulates up to 15% of 

genes in the disease-free state(C. V. Dang et al., 2006), with target genes including those involved 

in cellular metabolism, protein translation, growth, cell cycle progression, DNA repair, adhesion, 

angiogenesis and apoptosis(Carroll, Freie, Mathsyaraja, & Eisenman, 2018; Conacci-Sorrell, 

McFerrin, & Eisenman, 2014; Chi V. Dang, 2012; Kress et al., 2015).  

As a master gene regulator, MYC is one of the most frequently activated oncogenes, being 

dysregulated in up to 70% of all cancers(Chi V. Dang, 2012). Several models have been proposed 

regarding the mechanism by which MYC affects cellular transcriptomes, which involve either 

global activation of transcription(Littlewood, Kreuzaler, & Evan, 2012; E. Wolf, Lin, Eilers, & 

Levens, 2015) or differential control of specific target genes(Carroll et al., 2018; Kress et al., 

2015). 

In examining preclinical evidence for the role of MYC in tumour pathogenesis, multiple 

preclinical models of cancer have been devised which harness MYC-overactivity to promote 

tumour growth(Ellis et al., 2016; Harris et al., 1988; Pei et al., 2012). The use of conditional 

transgenic models has allowed the isolation of the effect of MYC from other oncogenic drivers, 

with conditional MYC-expression being associated with increased tumour growth(Arvanitis & 

Felsher, 2006). It has been demonstrated that in some cancer models, even a transient reduction 

in MYC level is sufficient to arrest tumour growth(Flores, Murphy, Swigart, Knies, & Evan, 

2004; M. Jain et al., 2002; Laura Soucek et al., 2008), reflecting the malignant cells “addiction” 

to sustained oncogenic stimulation(Holien, Vatsveen, Hella, Waage, & Sundan, 2012; Kuehl & 

Bergsagel, 2012b).  In other models, inhibition of MYC family proteins allows differentiation of 

malignant cells into their normal counterparts(M. Jain et al., 2002; Shachaf et al., 2004) and is 

even able to induce remission in cancers driven by other oncogenes(Laura Soucek et al., 2013), 
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suggesting that MYC plays a unique role in tumour maintenance, which cannot be assumed by 

other signalling pathways in the context of MYC inhibition. This data supports the therapeutic 

approach of targeting MYC in malignancy. 

While chromosomal translocations involving MYC are uncommon in newly diagnosed MM 

patients(Avet-Loiseau et al., 2001), they are significantly more common in HMCLs(Dib, Gabrea, 

Glebov, Bergsagel, & Kuehl, 2008) which represent advanced and usually extra-medullary 

disease. Over-expression of MYC is near-universal in HMCL(Moreaux et al., 2011; Nobuyoshi 

et al., 1991). The use of short-hairpin RNA targeting MYC have shown to be lethal in 

HMCLs(Holien et al., 2012), consistent with a reliance on constant MYC over-expression.  

Mouse models utilising MYC over-expression in MM development have also been derived. The 

Vκ*MYC model of mouse MM is a genetically engineered conditional transgenic model in which 

there is MYC activation under the control of the kappa light chain gene regulatory elements(Chesi 

et al., 2008). This model resembles human myeloma with a transition from MGUS to MM and 

the development of anaemia, renal lesions and bone lysis, demonstrating clinical fidelity in drug 

testing(Chesi et al., 2012), which supports the therapeutic strategy of targeting MYC. 

In MM patients, point mutations in MYC are uncommon and MYC-translocations are regarded 

as late progression events, but increased MYC activity is much more common(Holien et al., 

2012), with upregulation present in newly diagnosed patients and seen in over 60% of those with 

advanced disease(W. J. Chng et al., 2011). The molecular mechanisms by which MYC activity is 

increased is not always apparent, with multiple pathways including the RAS pathway converging 

on this transcription factor.  

One study that performed gene expression profiling of MGUS and MM patients has allowed 

identification of a MYC activation signature, which was present in 67% of MM patients tested, 

but was not seen in MGUS patients(W. J. Chng et al., 2011). A MYC activation index, derived 

from the median expression of the genes constituting the signature, was found to be significantly 

higher in MM patients compared with normal plasma cells or patients with MGUS. The authors 

demonstrated that MYC activation was associated with RAS mutations, but independent of 

proliferation, with shorter survival being seen even in those patients with MYC activation but a 

low proliferative index(W. J. Chng et al., 2011). 

Recent work has indicated that cancer cells may be “addicted” to MYC-overexpression, and thus 

be significantly more susceptible to a reduction in MYC activity when compared to normal 

haematopoietic cells (Chi V. Dang, 2012; Holien et al., 2012). Therapeutic targeting of MYC as 

a cancer treatment was historically thought to be challenging due to the widespread involvement 
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of MYC in normal cellular processes. In addition, until recently, transcription factors were 

generally regarded to be difficult to target, or “undruggable”, especially as MYC is intrinsically 

unstructured until it binds with MAX(Carla Grandori et al., 2000). Direct small molecule 

inhibition of MYC heterodimerisation with the transcription factor MYC-associated factor X 

(MAX) has been explored, with potential compounds including Omomyc, which dimerises with 

MYC therefore acting as a dominant negative(Jung et al., 2016; L. Soucek et al., 2002; Yin, Giap, 

Lazo, & Prochownik, 2003). Recent work has focused on modulating MYC regulation by 

targeting chromatin-dependent transcription mechanisms. MYC transcription is associated with 

acetylation of histone lysines at enhancer regions, leading to transcriptional complexes being 

recruited and MYC transcriptional activation(Mark A. Dawson, Kouzarides, & Huntly, 2012). 

The bromodomain and extraterminal (BET) domain family of proteins act as “readers” of 

acetylated histones, interacting with the acetylated histones to recruit other factors required for 

activation of transcription, thereby acting as regulatory factors for MYC. Small molecule 

inhibitors of BET proteins, which have shown promise in the clinic, have been developed to target 

this action and are thought to particularly target genes regulated by “super-enhancers”, thus 

providing selectivity for inhibiting key oncogenes (described in section 1.1.6 below) (Chaidos et 

al., 2014; Delmore et al., 2011; Loven et al., 2013). 

A number of other anti-myeloma agents recently developed have been shown to have indirect 

effects on MYC activity as one of their mechanism of action, including histone deacetylase 

inhibitors (HDACi)(Clive et al., 2012; Laubach, Moreau, San-Miguel, & Richardson, 2015) and 

the mammalian target of rapamycin inhibitors (mTORi)(B. Li & Simon, 2013; Pourdehnad et al., 

2013). The use of these drugs in the treatment of MM will be discussed further in section 1.1.8 

below. 

 

1.1.7. Multiple myeloma and the role of p53 

TP53 is located at chr17p13.1, coding for the p53 tumour suppressor protein referred to as the 

“guardian of the genome”(Lane, 1992). TP53 sits at the nexus of multiple signalling pathways 

involved in sensing and responding to cellular stress, being activated by stimuli as wide-ranging 

as hypoxia, metabolic stress, nucleolar stress, oncogene activation, DNA damage and telomere 

loss(Aylon & Oren, 2016; Mantovani, Collavin, & Del Sal, 2019; Qian & Chen, 2013).  

Under normal conditions, p53 protein has a short half-life, undergoing ubiquitination and 

degradation within the cellular proteasome.  Levels are predominantly dictated by post-

translational modifications, with mouse double minute 2 (MDM2; HDM2 in humans) acting as 

an E3 ubiquitin ligase to maintain low levels of expression in the absence of activating stimuli. 

On detection of cellular stress, a number of mechanisms lead to the disassociation of p53 from 
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MDM2, including a nucleolar stress pathway (described further in section 1.2.4 below), in which 

ribosomal proteins RPL5 and RPL11(Lohrum, Ludwig, Kubbutat, Hanlon, & Vousden, 2003; 

Yanping Zhang et al., 2003) and 5S rRNAs (Donati, Peddigari, Mercer, & Thomas, 2013; Sloan, 

Bohnsack, & Watkins, 2013) released from the nucleolus bind MDM2, releasing p53 to respond 

the cellular stress(Boulon, Westman, Hutten, Boisvert, & Lamond, 2010; N. Hein, Hannan, 

George, Sanij, & Hannan, 2013; J. E. Quin et al., 2014). Other mechanisms include 

phosphorylation of both MDM2 and p53 by the serine/threonine kinase ataxia telangiectasia 

mutated (ATM), and acetylation by histone acetyl transferases(Barlev et al., 2001; Hernández-

Monge, Rousset-Roman, Medina-Medina, & Olivares-Illana, 2016). 

Once p53 protein has accumulated and been activated, it acts to maintain genomic stability 

through transactivation of multiple downstream target genes(Bargonetti & Manfredi, 2002; Ryan, 

Phillips, & Vousden, 2001). p53 mediates cell cycle arrest at the G1/S transition point through 

regulating transcriptional targets such as cyclin-dependent kinase inhibitor 1A (CSKN1A, which 

encodes p21), allowing the activation of DNA repair proteins(Canman, Wolff, Chen, Fornace, & 

Kastan, 1994; Hartwell & Weinert, 1989). If the DNA damage is not repaired, activated p53 is 

able to initiate apoptosis via signalling pathways involving pro-apoptotic proteins BCL-XL (B-

cell lymphoma-2-associated-XL), PUMA (p53-upregulated modulator of apoptosis) and NOXA 

(Aubrey et al., 2017; Lowe, Ruley, Jacks, & Housman, 1993). In the context of some 

malignancies, p53 promotes a premature senescence-like phenotype rather than cell death, with 

the phenomenon of oncogene-induced senescence requiring functional p53 protein(Xue et al., 

2007). 

Deletions of the short arm of chromosome 17 (del17p) or mutations within the tumour suppressor 

gene TP53 predispose patients to malignancy, due the removal of the p53-mediated genome-

surveillance function(Petitjean et al., 2007). Patients with Li Fraumeni syndrome, caused by 

inherited germline mutations affecting TP53, develop a wide range of malignancies, which often 

arise at a significantly young age than each cancer type is usually seen in the general 

population(Malkin, 2011). Both del17p and TP53 mutations have prognostic significance in 

haematological and solid organ cancers(Petitjean et al., 2007), being associated with a reduced 

response to treatment and conferring a shorter overall survival (OS)(Bunz et al., 1999).  

In the context of MM, del17p is detected in 8-12% of myeloma patients at diagnosis(Bolli et al., 

2014; Chapman et al., 2011; Lohr et al., 2014), with an increasing incidence as disease 

progresses(A. Neri et al., 1993). Deletions are associated with a poorer prognosis (Sawyer, 2011), 

an increased rate of progression to plasma cell leukaemia (Tiedemann et al., 2008) and a higher 

rate of resistance to standard treatment(Drach et al., 1998). p53 activity has also been shown to 

be reduced in many cases without 17p deletion, with mechanisms including amplification of its 
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negative regulator MDM2 leading to increased proteasomal degradation of p53 and point 

mutations that render p53 transcriptionally inactive (Pichiorri et al., 2008).  

For a number of years, an active area of investigation has been in attempting to restore the normal 

function of the mutant p53 protein.  Cancer genome sequencing data from the Cancer Genome 

Atlas (TGCA) has indicated that while the incidence of TP53 mutations varied widely across 

cancer type, 75% are missense mutations which affect the DNA-binding domain, thereby 

reducing p53 structural stability and interactions with partner proteins(V. J. N. Bykov, Eriksson, 

Bianchi, & Wiman, 2017; Leroy et al., 2014). Mouse studies, with any of p53 knock-in(Martins, 

Brown-Swigart, & Evan, 2006), RNA interference(Ventura et al., 2007) or Cre-recombinase 

models(Qian & Chen, 2013), have shown that reactivation of p53 expression can induce tumour 

regression. 

These findings led to a concerted effort to develop small molecule agents able to restore native 

folding of mutant p53 proteins in order to restore p53 function. Drug compounds have been 

identified by molecular structural modelling or screens performed using chemical libraries and 

cellular screens. Examples of agents identified include p53 Reactivation and Induction of Massive 

Apoptosis (PRIMA-1) and APR-246 ( PRIMA-1Met) which are cysteine-binding compounds, able 

to cause conformational change and induction of p53 target genes (V. J. Bykov et al., 2002; D. S. 

H. Liu et al., 2015; Stühmer et al., 2005; Teoh & Chng, 2014; Q. Zhang, Bykov, Wiman, & 

Zawacka-Pankau, 2018). Clinical trials in both solid organ and haematological cancers are 

ongoing. (Deneberg et al., 2016) (NCT02999893,  NCT02098343, NCT03072043).  

In contrast, nutlin-3a is a small molecule inhibitor of MDM2, releasing p53 which can then induce 

apoptosis(Kojima et al., 2006; Stühmer et al., 2005). There are more than 20 agents in 

development aiming to recapitulate functional p53, but many remain in the preclinical space, with 

early phase trials highlighting problematic gastro-intestinal and haematological toxicity(Tisato, 

Voltan, Gonelli, Secchiero, & Zauli, 2017). In the meantime, we are left with managing patients 

with a combination of conventional and novel agents, of which many are less effective in patients 

lacking wild-type p53. 

 

1.1.8. Current treatment of multiple myeloma 

The current front-line treatment recommended for a newly diagnosed patient with MM involves 

induction with combination drug therapy(Engelhardt et al., 2014; Network, 2015), followed by 

an autologous stem cell transplant in those able to tolerate it, then consolidation and/or 

maintenance therapy. Using multiple agents upfront has been proven to increase progression-free 

survival compared with the use of single agents(H. Avet-Loiseau, Leleu, X., Roussel, M., 2010; 
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Ocio et al., 2010), as the cancer is slowed in its ability to bypass the effects of each agent used. 

Currently, the choice of induction therapy is based on clinical features such as age and 

comorbidities, and on each country’s specific regulations regarding drug access. As we discover 

increasing information describing the genetic architecture of MM and how this impacts etiology 

and response to treatment, the aim is for this information to be incorporated into prognostic scores 

and treatment decisions.  

Historically, the two main therapeutic classes for the treatment of MM were glucocorticoids and 

cytotoxic drugs, with the seminal work being with melphalan(Alexanian, Bergsagel, Migliore, 

Vaughn, & Howe, 1968; D. E. Bergsagel, Sprague, Austin, & Griffith, 1962). The 2 drug classes 

of immunomodulatory agents (IMiDs) and proteasome inhibitors (PIs) were then discovered and 

have now become standard-of-care agents. These 4 classes of medications (corticosteroids, 

alkylating agents, IMiDs and PIs) comprise the main medications used on an everyday basis in 

the Australian clinic(Eslick & Talaulikar, 2013; "Myeloma and Related Diseases Registry," 2018; 

Quach et al., 2015). Therefore, they are the logical and necessary starting point when considering 

testing for potential new drug combinations.  

 

1.1.8.1. Glucocorticoids 

Glucocorticoids belong to the corticosteroid hormone class of drugs and bind to their receptors, 

which are present on all cells and translocate to the nucleus, causing activation of metabolic 

pathways. This results in an increase in gluconeogenesis (generation of glucose from non-

carbohydrate substrates), lipolysis (breakdown of lipids to release fatty acids) and mobilisation 

of amino acids(van der Velden, 1998). Aside from their metabolic effects, glucocorticoid receptor 

activation results in pleiotropic cellular effects including upregulation of anti-inflammatory 

protein expression in the nucleus (such as lipocortin-1 and interleukin-10) and prevention of 

translocation of pro-inflammatory transcription factors from the cytosol to the nucleus(Boumpas, 

Paliogianni, Anastassiou, & Balow, 1991). An important mechanism related to clinical efficacy 

in haematological disease is the inhibition of the transcription factors nuclear factor-kappa light-

chain-enhancer of activated B cells (NF-κB) and activator protein-1 (AP-1)(Cato & Wade, 1996).  

NF-κB activation causes the synthesis of a number of cytokines and adhesion proteins, leading to 

a pro-survival signalling program, while AP-1 has a variety of roles promoting cellular 

differentiation and growth. Inhibition of these factors by glucocorticoids results in apoptotic cell 

death(Sharma & Lichtenstein, 2008). 

 

NF-κB activation also produces cytokines and proteins critical for both innate and adaptive 

immune responses. As a result of the inhibitory effects on NF-κB, glucocorticoid treatment 

reduces T-lymphocyte proliferation, suppresses B-lymphocyte antibody production and 
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interleukin secretion and affects Fc receptor expression on mononuclear cells(Ashwell, Lu, & 

Vacchio, 2000; Franchimont, 2004). These effects both contribute to efficacy in haematological 

cancers but conversely are also the cause of significant infective adverse effects with long term 

use. 

 

Glucocorticoid use (including dexamethasone and prednisolone) as single agents in MM patients 

show an impressive though temporary activity on myeloma(S Kumar, 2004), while lower doses 

used in combination with other drugs are less toxic and produce a more sustained response. 

Glucocorticoids are used in every established drug combination in MM, having demonstrated to 

increase response rates in combination with each of alkylating agents, PIs and IMiDs (all 

discussed below). 

 

 

1.1.8.2. Alkylating agents 

The chemotherapeutic agents that have been most widely used in MM management are melphalan 

and cyclophosphamide. Both of these are alkylating agents based on nitrogen mustard, with the 

main form of action being the formation of DNA crosslinks(W. E. Ross, Ewig, & Kohn, 1978). 

This alters both DNA and RNA synthesis, affecting rapidly dividing cells to a greater degree than 

non-dividing cells, and effecting cell death. Both melphalan and cyclophosphamide can be used 

as low dose oral agents which make them attractive for use in elderly patients(Fujiwara, Sano, 

Yamazaki, Hanamoto, & Tsubaki, 2013; 1998; Zhou, Guo, Shi, Lin, & Hou, 2010).  

 

Indeed for many years the standard of care for patients with elderly myeloma was dual treatment 

with melphalan and prednisolone, which produced overall response rates (ORR) of 53%(1998), 

but complete response (CR) in <5%, and a median duration of response (DOR) of only 13 

months(Jesús F. San Miguel et al., 2008). This response rate was improved by the addition of 

either thalidomide or bortezomib (see section 1.1.8.3, 1.1.8.4 and Table 1.6) but these regimens 

have been supplanted in most countries by newer generation agents. Currently the main role for 

melphalan in MM management is as a pre-conditioning treatment prior to autologous stem cell 

transplant, where it remains the standard agent(Attal et al., 1996; Child et al., 2003; Gay et al., 

2015; T. Jain et al., 2019; Network, 2015; Antonio Palumbo et al., 2014). 

 

Cyclophosphamide has been in use as a chemotherapeutic agent for more than 50 years(Emadi, 

Jones, & Brodsky, 2009). Cyclophosphamide is well tolerated, as weekly or metronomic dosing 

allows the use of combination chemotherapy even in relatively elderly patients(Fujiwara et al., 

2013). Currently cyclophosphamide is utilised together with corticosteroids and proteasome 
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inhibitors(Bringhen et al., 2014; Mai et al., 2015) or immunomodulatory agents(Kyriakou et al., 

2005) (both discussed below).  
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Table 1.6. Selected multiple myeloma treatment regimens  

 

Regimen Containing which agents Response 

MP Melphalan and prednisolone ORR 53%(1998) 

MPT Melphalan, prednisolone and 

thalidomide 

ORR 73%, ≥VGPR in 28%(A. 

Palumbo et al., 2005) 

CTD Cyclophosphamide, thalidomide and 

dexamethasone 

ORR 90%, ≥VGPR  in 17% (Kyriakou 

et al., 2005) 

CyBorD/VC

D 

Bortezomib, cyclophosphamide and 

dexamethasone 

ORR 83-88%, ≥VGPR in 56-61% 
(Philippe Moreau, Hulin, et al., 2016; 
Reeder et al., 2009) 

VTD Bortezomib, thalidomide and 

dexamethasone 

ORR 92%, ≥VGPR in 66% (Philippe 

Moreau, Hulin, et al., 2016) 

VMP Bortezomib, melphalan and 

prednisolone 

ORR 89%, ≥VGPR in 71% (M.-V. 

Mateos et al., 2006; Jesús F. San 

Miguel et al., 2008) 

Kd Carfilzomib and dexamethasone ORR (in RRMM) 81%, ≥VGPR in 

54%(M. A. Dimopoulos et al., 2016) 

KRd Carfilzomib, lenalidomide and 

dexamethasone 

ORR in 96%, ≥VGPR in 88%(Andrzej 

J. Jakubowiak et al., 2012; Korde, 

Roschewski, Zingone, & et al., 2015) 

PVd Panobinostat, bortezomib and 

dexamethasone 

ORR (in RRMM) 61%, ≥VGPR in 

17% (San-Miguel et al., 2014) 

ORR, overall response rate, in newly diagnosed patients unless indicated otherwise; VGPR, very good 

partial response; RRMM, relapsed refractory multiple myeloma 

Response according to International Myeloma Working Group criteria(S. Kumar et al., 2016)  

 
 
1.1.8.3. Immuno-modulatory agents (IMiDs) 

The main mechanism of IMiDs has been described to come from binding to the cereblon ubiquitin 

ligase(Zhu et al., 2011), which facilitates targeting two B cell transcription factors for proteasomal 

degradation; Ikaros family zinc finger proteins 1 and 3 (IKZF1 and IKZF3)(Krönke et al., 2014; 

Lu et al., 2014). Analysis of myeloma cell lines revealed that the reduction of these proteins is 

both necessary and sufficient for the therapeutic effect of IMiDs(Lu et al., 2014). Downstream 

effects of a change in cereblon activity include downregulation of interferon regulatory factor 4 

(IRF4) which is critical for MM cell survival(Zhu et al., 2012). These drugs have been described 

to work through multiple additional mechanisms including reducing inflammatory cytokines 
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within the microenvironment, inhibiting osteoclastic activity, inhibiting angiogenesis, increasing 

p21 tumour suppressor gene activity and causing G0/G1 cell cycle arrest(Kotla, 2009).  

 

Thalidomide was the first of the IMiDs class which now also includes the more potent forms 

lenalidomide and pomalidomide. Thalidomide is used with corticosteroids throughout myeloma 

treatment from induction to post-transplant consolidation, and while in some parts of the world it 

has been supplanted by second-generation agents (with lower rates of toxicity), it continues to be 

used in many countries due to its relatively low cost(Kyriakou et al., 2005; H. S. Lee et al., 2016; 

Luo, Gagne, Landon, Avorn, & Kesselheim, 2017; Gareth J. Morgan et al., 2012; Zou et al., 

2013). Thalidomide in combination with cyclophosphamide and dexamethasone has an ORR of 

90%, but produces a CR in only 17%(Kyriakou et al., 2005). Thalidomide in combination with 

melphalan and prednisolone (MPT) has an ORR of 73%, but a CR rate of only 18%(A. Palumbo 

et al., 2005). Therefore, in countries with access to newer agents, alternative regimens are 

recommended(Shaji K. Kumar et al., 2018). 

 

Lenalidomide, a derivative of thalidomide, is both more potent and less toxic than the parent drug 

and has replaced thalidomide in locations where cost is not a primary consideration(P. G. 

Richardson et al., 2010; Stewart et al., 2015). Continuous use of lenalidomide with low dose 

dexamethasone improved OS when compared with (MPT)(Benboubker et al., 2014), and this 

regimen is now in use as a front-line treatment in the elderly due to the lower incidence of 

toxicity(S. V. Rajkumar et al., 2010). In those countries with regulatory approval to combine 

IMiDs and proteasome inhibitors, these combinations have higher rates of complete 

response(Stewart et al., 2017). In addition, lenalidomide is the preferred agent for maintenance 

therapy post-autologous transplant(Attal et al., 2012).  

 

1.1.8.4. Proteasome inhibitors 

PI’s were first approved by the  US Food and Drug Administration (FDA) for clinical use in in 

MM in 2003(Kane, Bross, Farrell, & Pazdur, 2003), which revolutionised the management of 

MM. The ubiquitin-proteasome system is the primary mechanism by which cells maintain protein 

homeostasis, with the proteasome being a cylindrical complex comprising a 20S catalytic core, 

capped with 19S regulatory units(Hoeller & Dikic, 2009). Protein degradation occurs through 

polyubiquitination utilising the ubiquitin-activating enzyme E1, the ubiquitin-conjugating E2 and 

the ubiquitin E3 ligase processing and transporting protein to the proteasome(Buac et al., 2013). 

This process is essential to the survival of MM cells, which produce large quantities of abnormal 

and misfolded protein. Therapeutic targeting of protein degradation exploits the differential 
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reliance on the process between malignant and normal cells, provoking the “unfolded protein 

response” and endoplasmic reticulum stress-induced apoptosis(Obeng et al., 2006). 

 

Bortezomib was the first proteasome inhibitor approved for clinical use, and remains the 

backbone for the most commonly used induction regimen in Australia("Myeloma and Related 

Diseases Registry," 2018). Bortezomib is a boronic acid dipeptide which binds specifically to the 

ubiquitin b5 proteasomal subunits, thereby inhibiting the chymotrypsin-like activity of the 

proteasome(Buac et al., 2013). The main therapeutic action comes from inhibiting the degradation 

of the inhibitory protein I-κB, which is normally bound to the NF-κB transcription factor 

complex(D. Chen, M. Frezza, S. Schmitt, J. Kanwar, and Q.P. Dou, 2011). Bortezomib thus 

prevents the release of NF-κB, which usually would migrate into the nucleus to induce an anti-

apoptotic program.  

 

Bortezomib when added to the combination of melphalan and prednisolone (VMP) improved 

overall survival (median OS after 5 years of follow up being 56.4 vs 43.1 months)(J. F. San 

Miguel et al., 2013). Bortezomib when used in combination with cyclophosphamide and 

dexamethasone  (VCD or CyBorD), produces an overall response rate (ORR) of 83-88%(Philippe 

Moreau, Hulin, et al., 2016; Reeder et al., 2009),  with a complete response (CR) or near CR rate 

of 39%(Reeder et al., 2009). VCD is the most commonly used induction regimen in 

Australia("Myeloma and Related Diseases Registry," 2018). It provides a survival advantage even 

in the context of the adverse prognostic factor of t(4;14)(H. Avet-Loiseau, Leleu, X., Roussel, 

M., 2010; P. L. Bergsagel et al., 2013), and partially reverses the impact of del17p(Einsele et al., 

2017; Neben et al., 2012). Bortezomib is also effective in combination with thalidomide and 

dexamethasone (VTD), with this combination providing superior response rates in newly 

diagnosed MM patients (92% ORR) although being accompanied by a higher rate of occurrence 

of the adverse event, peripheral neuropathy(Philippe Moreau, Hulin, et al., 2016). 

 

Bortezomib has been followed by later generation PIs, including the irreversible PI inhibitor 

carfilzomib, and two orally active agents marizomib and ixazomib. Carfilzomib has progressed 

the furthest in clinical development, being the most commonly used front-line agent in some 

international centres. Carfilzomib is a tetrapeptide epoxyketone which binds irreversibly and 

more selectively for the β5 proteasomal subunit, and in addition has fewer off-target effects than 

bortezomib(Kuhn et al., 2007). Therefore, carfilzomib provides greater potency with fewer 

adverse events. ORRs of 81% are achieved in combination with lenalidomide and dexamethasone 

when used in relapsed patients, producing a median progression free survival of 18 months(M. 

A. Dimopoulos et al., 2016). 
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Further development of this drug class has included the orally active form ixazomib, which is also 

a boronic acid derivative, but with distinct chemical and pharmacological qualities compared with 

bortezomib(Philippe Moreau, Masszi, et al., 2016), and marizomib, an irreversible inhibitor of all 

3 proteolytic activities of the 20S proteasome subunit and is able to penetrate the central nervous 

system (CNS ) therefore retaining activity in the rare cases of MM affecting the CNS (Harrison 

et al., 2016; P. G. Richardson et al., 2016; Ruschak, Slassi, Kay, & Schimmer, 2011).  

 

1.1.9. Novel agents in the treatment of myeloma 

New drugs for treatment of myeloma have been proliferating in the research arena in recent years, 

with an explosion of new therapies under investigation(Naymagon & Abdul-Hay, 2016; Ocio et 

al., 2014). These agents include monoclonal antibodies (e.g. the anti-CD38 agent daratumumab), 

epigenetic modifiers (e.g. histone deacetylase inhibitors (HDACi) panobinostat and vorinostat), 

and various inhibitors of kinases, cell cycle and signalling pathways, (summarised in Figure 1.1).  

 

1.1.9.1. Monoclonal antibodies (MoAb) 

The development of targeted immunotherapy agents has been revolutionary in cancer 

management. With respect to haematological cancers, the monoclonal antibody (MoAb) 

rituximab which targets CD20 protein on the surface of B-cells has significantly extended survival 

in B-cell non-Hodgkin lymphoma(Ghielmini et al., 2004; Hiddemann et al., 2005; Maloney et al., 

1997). Plasma cells lose CD20 expression as part of terminal differentiation meaning rituximab 

no longer has efficacy(P. Moreau et al., 2007), so investigation of other targets has been required. 

The anti-CD38 MoAb daratumumab is the agent most advanced in clinical use in MM. CD38 is 

a transmembrane glycoprotein with functions including receptor-mediated adhesion and cell 

signalling(Deaglio, Mehta, & Malavasi, 2001). It is expressed at much higher levels on malignant 

myeloma cells compared with low surface expression on normal lymphoid and myeloid cells. 

Targeting with the human MoAb daratumumab provokes complement-mediated cytotoxicity, 

antibody-dependent cell-mediated cytotoxicity, cellular phagocytosis and apoptosis(de Weers et 

al., 2011). It has been demonstrated to have modest efficacy as a single agent in the setting of 

heavily pre-treated disease(Lonial et al., 2016), with recent research indicating that there is 

synergistic activity with each of the PIs and the IMiDs(Meletios A. Dimopoulos et al., 2016; 

Antonio Palumbo et al., 2016). 
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Figure 1.1. Drug classes in the treatment of multiple myeloma.  

Selected agents with activity against MM which were considered for investigation in combination 

with CX-5461. The selection was based on having proven clinical efficacy or promising 

preclinical efficacy in the treatment of myeloma. They act within MM cells or the 

microenvironment in a variety of ways as indicated. (Figure adapted from (Ocio et al., 2014)). 

 
  

Other examples of MoAbs progressing in clinical development are elotuzumab and siltuximab. 

Elotuzumab is directed against CS1, a glycoprotein expressed on plasma cells, and to a much 

lesser degree on natural killer and a subset of T cells(Tai et al., 2008). It has demonstrated efficacy 

in combination with lenalidomide and dexamethasone(A. J. Jakubowiak et al., 2012). Siltuximab 

is directed against IL-6, which promotes proliferation and reduces apoptosis in malignant plasma 

cells. It has less efficacy in early phase trials than agents targeting either CD38 or CS1 but may 

be able to slow the progression of asymptomatic to symptomatic MM (Kurzrock et al., 2013; 

Voorhees et al., 2013). 

 

At the time this PhD commenced, we did not have access to MoAbs to include in our experiments. 

The development of this drug class has progressed greatly recently, with daratumumab receiving 

FDA approval first in the relapsed refractory setting and then just this year in the front-line setting. 

The timing this meant that MoAb were not included in the combination studies undertaken as part 

of this thesis, but future experiments by our group would include an anti-CD38 MoAb such as 

daratumumab.		
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1.1.9.2. Histone deacetylase inhibitors (HDACi) 

Histones act to enable DNA condensation into nucleosomes, which is important for the 

performance of DNA repair, and for orderly control of gene expression(S. I. S. Grewal & Moazed, 

2003). Epigenetic modification includes two opposing groups of enzymes: histone acetylases and 

histone deacetylases, with acetylation leading to relaxation of chromatin structure, promoting 

gene transcription, while deacetylation results in compact chromatin and gene silencing(K. Maes 

et al., 2013). This balance has been found to be dysregulated in cancer, potentially promoting 

malignant progression(Shogren-Knaak et al., 2006). 

 

Deacetylase enzymes act to remove acetyl groups from multiple proteins. They have epigenetic 

activity by targeting histones, and also regulate non-histone proteins involved in tumour 

progression, including p53(Ocio et al., 2014). Histone deacetylase inhibitors (HDACi), so named 

as histones were the first known targets, exploit the reliance of malignant cells on this 

dysregulated epigenetic balance(Bennett & Licht, 2018; Carew, Giles, & Nawrocki, 2008). 

Agents within this drug class include short chain fatty acids (i.e. sodium valproate), hydroxamic 

acids (i.e. vorinostat, panobinostat), cyclic peptides (i.e. romidepsin) and synthetic benzamides 

(i.e. entinostat)(Eckschlager, Plch, Stiborova, & Hrabeta, 2017; H.-J. Kim & Bae, 2011). 

Panobinostat is the member of this drug class most advanced in clinical development for 

MM(Ocio et al., 2010; P. G. Richardson, Schlossman, R.L., Alsina, M., 2013).  It is a pan-specific 

inhibitor, active across the different classes of deacetylase enzymes. Panobinostat has histone-

specific activity, mediated by class I HDACs, which leads to reactivation of tumour-suppressor 

genes which have been epigenetically silenced, and to changes in gene expression(Laubach et al., 

2015). Panobinostat also has a non-histone targets, including inhibition of the protein aggresome, 

which is an alternative pathway for protein degradation to that achieved by the proteasome, with 

activity being mediated by HDAC6(Laubach et al., 2015). 

Panobinostat is known to affect the cell cycle, causing a typical G1-arrest/S-phase delay in human 

MM cell lines(Laubach et al., 2015). It has also been described to rapidly down-regulate MYC(T. 

Hideshima et al., 2015), which is thought to contribute to its clinical efficacy. Approved by the 

FDA for MM progressing after PIs and IMiDs, panobinostat has modest efficacy as a single agent, 

however a clinical trial combining panobinostat with dexamethasone and bortezomib has 

demonstrated efficacy in the setting of bortezomib-refractory disease(P. G. Richardson, 

Schlossman, R.L., Alsina, M., 2013). 
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Supporting the use of the drug class in MM are trials using another HDACi romidepsin, which 

when used in combination with bortezomib and dexamethasone has been shown to produce high 

rates of durable response(Harrison et al., 2011). Due to the multifaceted mechanisms of this drug 

class, and the demonstration of clinical efficacy in relapsed / refractory patients, we hypothesised 

that this drug class may have potential efficacy in combination with our targeted agent. 

 

1.1.9.3. Bromodomain and extraterminal domain protein inhibitors (BETi) 

The BET domain family of proteins interact with chromatin to promote transcription, thereby 

regulating expression of a broad range of genes. Recent work has examined small molecule 

inhibitors of BET proteins (BETi) as a mechanism through which to downregulate MYC, along 

with other key oncogenes(Mark A. Dawson et al., 2011). Studies with these BETi (JQ1, IBET-

151 and OTX-015) have demonstrated that malignant cells are particularly sensitive to blockade 

of dysregulated MYC transcription(Coudé et al., 2015; Delmore et al., 2011; Mertz et al., 2011). 

BETi have also been demonstrated to inhibit NF-κB signalling(J. Shi et al., 2018), which is critical 

to cell survival and proliferation in MM(Demchenko & Kuehl, 2010). 

In murine models of MM, JQ1 causes cell cycle arrest, cellular senescence and prolonged 

OS(Delmore et al., 2011).  In the transgenic Vκ*MYC model, where tumour development is 

driven by MYC hyperactivation, JQ1 was found to be among the top 3 most promising novel 

agents(Chesi et al., 2012). Unfortunately, due to its short half-life, JQ1 is not progressing in 

clinical trials, but other BETi look more promising.  

In MM xenograft models, each of OTX-015 and IBET-151 impair tumour growth, with 

preclinical survival studies suggesting that as single agents the survival advantage with BETi’s 

will be modest(Chaidos et al., 2014; Todaro et al., 2014). BETi have been demonstrated to have 

increased efficacy in combination with a range of drugs in several haematological malignancies 

(Bhadury et al., 2014; Moros et al., 2014; Sornkom, 2017). These promising results include 

synergy when used in combination with each of  melphalan, PIs and IMIDs in the context of MM 

cell lines(Gu et al., 2018). 

BETi’s are progressing in early phase clinical trials, with preliminary results suggesting that the 

drugs are well tolerated(Abramson et al., 2015; Odore et al., 2016). Therefore, we have included 

the drug class in our combination studies.  
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1.1.9.4. Other classes  

There has been a proliferation in potential therapeutic targets in the context of MM, which may 

be a reflection of the significant clinical and genetic heterogeneity of the disease. Examples are 

given below, which include attempts to target signalling pathways, cell survival and the immune 

system. 

Venetoclax, referred to as a BH3-mimetic, is a selective inhibitor of the pro-survival BCL-2 

protein, which has been demonstrated to have impressive single agent efficacy in the context of 

B-cell malignancies(Roberts et al., 2015). In the context of MM, venetoclax is able to induce cell 

death, particularly in the cells carrying the t(11;14) translocation, which induces high BCL-2 

expression(Touzeau et al., 2014). Trials of venetoclax monotherapy in relapsed MM 

demonstrated that responses were largely restricted to cancers with this translocation, meaning 

that it is a promising targeted therapy for those patients, but not applicable to the majority of MM 

patients(S. Kumar et al., 2017). 

In comparison to BCL-2 over-expression, in MM expression of MCL-1 has been shown to be 

more strongly correlated with cancer cell survival(Derenne et al., 2002). In clinical samples, 

MCL-1 expression levels have been associated with increased relapse rates and shorter 

OS(Wuillème-Toumi et al., 2005). In response to these observations, several MCL-1 inhibitors 

are progressing through clinical development, with phase I-II trials of 4 separate agents currently 

recruiting(Xiang, Yang, & Bai, 2018).  

The mammalian-target of rapamycin inhibitor (mTORi) everolimus has provided preclinical 

evidence of efficacy in MM, with the rationale being that signalling through the PI3K / Akt / 

mTOR pathway supports cytokine-induced malignant cell growth(Y. Shi, Hsu, Hu, Gera, & 

Lichtenstein, 2002). As with many agents, it lacks significant single agent activity, but based on 

promising preclinical data was trialled in combination therapies. Unfortunately, these studies have 

also been underwhelming, with the combination of everolimus with lenalidomide providing a 

progression-free survival just over 5 months(Yee et al., 2014). 

The Pim kinases are serine/threonine kinases that are constitutively expressed in haematological 

malignancies. Research in myeloma has suggested multiple roles including in proliferation, cell 

cycle regulation and effects on MYC protein stability(Keane, 2015). Several Pim kinase inhibitor 

compounds have entered early clinical trials(Jeyapal et al., 2018; Raab et al., 2014).  

Immunotherapies targeting the programmed death receptor-1 (PD-1) or it’s ligand (PD-L1) have 

been revolutionary in some malignancies(Antonia et al., 2016; Borghaei et al., 2015; Garon et al., 

2015; Herbst et al., 2016), rescuing a therapeutic response in patients who had progressed through 

frontline therapies. In MM, expression of PD-1 and PD-L1 on tumour cells and in the 

microenvironment (J. Liu et al., 2007; S. Yousef et al., 2015) has led to the inclusion of MM 
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patients in trials of these agents, however an unexplained increase in death in patients treated with 

the combination of checkpoint inhibitors and IMiDs has translated to several trials being halted 

by the FDA (Maria-Victoria Mateos, 2018; Saad Zafar Usmani, 2018).    

Agents targeting the B-cell maturation antigen (BCMA) look very promising for MM, with 

BCMA being a surface protein ubiquitously expressed on malignant plasma cells(Carpenter et 

al., 2013), and serum BMCA level predicting OS(Sanchez et al., 2012). Each of antibody drug 

conjugates(Tai et al., 2014), chimeric antigen receptor T-cells(Cohen et al., 2016) and bispecific 

CD3/BMCA antibodies(Topp et al., 2018) are now progressing quickly in development, though 

none were available for inclusion at the beginning of this study. 

There are many challenges in testing new drugs in a disease such as myeloma; the disease is 

heterogeneous in its genetic composition, particularly in the relapsed-refractory population where 

most clinical testing begins. It is likely that many of these new agents will only be active in a 

subset of patients, therefore it is necessary for ongoing study identify the genetic and epigenetic 

factors that mediate or predict for response to a particular drug/drug combination, in parallel to 

clinical trial data.  The achievement of personalized cancer therapy, therefore, is likely still some 

way off in myeloma.  

While the ultimate aim of current cancer therapeutics is to target patient-specific mutations, many 

novel agents currently under investigation for myeloma are targeting pathways known to be 

dysregulated(Ocio et al., 2014), rather than single gene mutations. In the context of this increasing 

knowledge regarding the pathogenesis of MM and new potential drug targets, my thesis examines 

selective targeting of RNA polymerase I-mediated transcription as a therapeutic strategy for MM. 



1.2. Dysregulation of ribosomal DNA transcription in cancer 
 
1.2.1. rDNA transcription and ribosome assembly 

The nucleolus is a nuclear substructure that coordinates the synthesis and assembly of ribosomes, 

the protein synthesis apparatus of cells (Andersen et al., 2005; Pederson, 2011). It is a dynamic 

structure, forming around actively transcribing ribosomal genes, with assembly and disassembly 

during each cell cycle(Hernandez-Verdun, 2011; Pederson, 2011; Tsai & Pederson, 2014). Each 

haploid genome contains approximately 200 copies of the ribosomal RNA (rRNA) genes 

(rDNA)(Grummt, 2003), which are found in tandem arrays located on the acrocentric 

chromosomes (13, 14, 15, 21, 22 in humans)(Henderson, Warburton, & Atwood, 1972). The 

rDNA repeat comprises external and internal transcribed sequences, with intergenic non-

transcribed intergenic sequences(D. Drygin, Rice, & Grummt, 2010). These repetitive rDNA 

sequences cluster within multiple nucleoli, in areas known as nucleolar organiser regions 

(NOR’s). Central to the process of transcribing this rDNA is RNA Polymerase I (Pol I), a 14-

subunit enzyme, comprising both unique core catalytic subunits and additional subunits 

analogous to those found in RNA Polymerase II (Pol II) and RNA Polymerase III (Pol III)(K. M. 

Hannan, Hannan, & Rothblum, 1998).  

 

Transcriptional factors including the selectivity factor 1 (SL-1) complex and upstream-binding 

factor (UBF) recruit Pol I to form the pre-initiation complex (PIC) at the promotor site, in order 

to initiate transcription(K. M. Hannan et al., 1998; Sanij & Hannan, 2009) (Figure 1.2). 

Transcription-initiation factor RRN3, when associated with the RNA Pol I complex, designates a 

transcriptionally competent Pol I, which then exits the PIC complex and mediates transcription 

elongation to produce the 47S pre-rRNA precursor(Bodem et al., 2000; Hung et al., 2017). After 

rDNA transcription is terminated, the 47S pre-rRNA is processed to form mature rRNA (defined 

as 28S, 18S and 5.8S by their sedimentation rate)(Henras, Plisson-Chastang, O'Donohue, 

Chakraborty, & Gleizes, 2015; Leary & Huang, 2001).  

 

In conjunction with Pol I, Pol III transcribes the 5S rRNA and Pol II transcribes the mRNAs 

encoding for ribosomal proteins (RPs), which complex together with the rRNAs to form the 40S 

and 60S ribosomal subunits (Figure 1.2). These subunits are then exported from the nucleolus to 

nucleoplasm, and then to the cytoplasm, where they modified into mature ribosomes with the 

capacity to translate mRNA into protein(Kressler, Hurt, & Baßler, 2017; Leary & Huang, 2001). 
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Figure 1.2. Overview of Pol I transcription and ribosome biogenesis.  

Ribosome biogenesis occurs in the nucleolus, a nuclear substructure which forms around actively 

transcribed ribosomal DNA repeats. RNA polymerase I (Pol I) is recruited by the preinitiation 

complex which includes the dimer upstream binding factor (UBF) and the selectivity factor 1 

(SL-1) complex. RRN3, the RNA Polymerase I-specific transcription initiation factor, when 

associated, designates a transcriptionally competent Pol I. Pol I then exits the PIC complex and 

mediates transcription elongation to produce the 47S pre-rRNA precursor. The 47S pre-rRNA is 

processed to form mature rRNA, (28S, 18S and 5.8S), which associate with the 5S rRNA and 

ribosomal proteins, transcribed by Pol III and Pol II respectively, to form the 40S and 60S 

ribosomal subunits. These are exported from the nucleus to form mature ribosomes within the 

cytoplasm. (Figure adapted from (N. Hein et al., 2013))

 
 

1.2.2. Nucleolar functions  

The major role of the nucleolus is the production of the key components required for the assembly 

of the ribosome, as described in 1.2.1 above. Until more recently, ribosome biogenesis, (of which 

rDNA transcription is a major rate-limiting step), was considered a “house-keeping” process; 

essential for cellular growth, but largely reflective of other cellular processes rather than actively 

participating in cellular fate decisions. In the context of cancer, pathologists have described how 

the size and number of nucleoli can be both predictive of a malignant phenotype, and also a 

marker of the aggressiveness of tumours(Derenzini, Montanaro, & Treré, 2009). In malignancy 
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the nucleolus has a well described role in increased protein production to supply the expanding 

mass and proliferative capacity of malignant cells. 

However, more recently there has been published a large body of work describing how cells 

actively surveil the fidelity of rDNA transcription and ribosome formation(Boisvert, van 

Koningsbruggen, Navascues, & Lamond, 2007; Boulon et al., 2010). The responses when these 

processes are perturbed include both a p53-dependent nucleolar stress pathway (described in 

section 1.1.7) and p53-independent activation of cellular checkpoints. There is evidence for the 

nucleolus playing a role in regulating the overall cellular DNA-damage response, with the 

detection of DNA damage provoking a reduction in rDNA transcription rates and a change in 

nucleolar structure(Boulon et al., 2010; Olson, 2004; J. Quin et al., 2016). In response to 

genotoxic stress, proteins involved in DNA repair (i.e. the product of the tumour suppressor gene 

BRCA1) translocate between the nucleolus and the nucleoplasm in order to facilitate 

repair(Guerra-Rebollo et al., 2012). Other examples include nucleolin, which interacts with each 

of topoisomerase I, Rad51 and gamma-H2A.X(Edwards et al., 2000), and also poly-ADP-ribose 

polymerase 1 (PARP-1), which promotes apoptosis following DNA damage response (DDR) 

signalling activation(Rancourt & Satoh, 2009). It is thought that due to the repetitive nature of 

rDNA sequences and to their high transcriptional rate, that these repeats may be more susceptible 

to genomic insults and may have a lower threshold for eliciting a DDR(Diesch, Hannan, & Sanij, 

2014; Lindström et al., 2018; Stults et al., 2009). 

The nucleolus has also been found to contain a wide variety of proteins that are not directly 

involved in ribosomal synthesis. Direct proteomic analysis using mass spectrometry has revealed 

over 4500 proteins associated with nucleolus, of which only about 30% are directly related to 

ribosome biogenesis(Andersen et al.). The proteins quantitated in this and similar analyses 

include those involved in cellular stress signalling, regulation of cell cycle progression, DNA 

repair and induction of apoptosis(Andersen et al., 2002; Scherl et al., 2002).  

The nucleolus is known to regulate the sequestration and release of these proteins, therefore 

indirectly regulating a broad range of cellular functions(Audas, Jacob, & Lee, 2012; Lam, 

Lamond, Mann, & Andersen, 2007; Olson, 2004). This provides the biological setting for rDNA 

transcriptional network dysregulation to actively contribute to the establishment and maintenance 

of malignancy(Boisvert et al., 2007; Olson, 2004; Orsolic et al., 2016). Examples of nucleolar 

sequestration of oncoproteins and tumour suppressor proteins include the histone chaperone 

nucleophosmin (NPM1), which is implicated in both the pathogenesis of both haematological and 

solid organ malignancies(Box et al., 2016; Colombo, Alcalay, & Pelicci, 2011), and MDM2, 

which through ubiquitination regulates p53 activity(Brooks & Gu, 2006; Canman et al., 1994).  
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Taken together, these data show that nucleolar function is intrinsically linked to diverse cellular 

processes, including the formation of ribosome, nucleolar stress signalling and nucleolar protein 

sequestration, which translates to the ability of the nucleolus to play an active role in 

tumorigenesis.   

 

1.2.3. Regulation and dysregulation of Pol I transcription  

Due to the cell’s varying requirements for cellular growth and thus ribosomes, the rate of rDNA 

transcription is tightly regulated during periods of altered cell physiology, including during 

development, differentiation, and ultimately, disease. Regulation occurs as multiple levels, with 

both epigenetic modulation and also regulation of individually transcribed genes, including via 

signalling pathways acting on Pol I, allowing nucleoli to respond rapidly to cellular metabolic 

requirements and nutrient sufficiency(Grummt, 2003; Mayer, Zhao, Yuan, & Grummt, 2004; 

Murayama et al., 2008). 

Though there is a high copy number of rDNA present, the repeats are not all transcribed 

simultaneously, with less than 50% being actively transcribed at a time(Conconi, Widmer, Koller, 

& Sogo, 1989; Grummt, 2003; McStay & Grummt, 2008). The rDNA genes can exist in active 

and inactive chromatin states (Sanij & Hannan, 2009), with the ratio of active to silent rDNA 

repeats changing throughout the process of cellular differentiation and growth, altered by CpG-

methylation, association with UBF (Sanij & Hannan, 2009; Sanij et al., 2008), and various 

epigenetic and chromatin regulatory factors(McStay & Grummt, 2008). The regulation of active 

vs inactive rDNA genes during malignancy is an active area of research, with our recent data 

showing this can occur outside of canonical CpG DNA methylation (Diesch et al., 2019), which 

has previously been demonstrated to play a role in silencing rDNA genes during 

development(Grummt & Längst, 2013; Grummt & Pikaard, 2003). Therefore, our focus here will 

be on regulation of Pol I activity at the transcriptionally competent rDNA genes. There have been 

few  “gain of function” mutations described in the Pol I components(Edvardson et al., 2017), but 

rather the dynamic regulation of those genes that are transcriptionally active occurs downstream 

of signalling pathways that act on Pol I transcription factors(Bywater, Pearson, McArthur, & 

Hannan, 2013). The hyper-activation seen in these pathways has the potential to disrupt rDNA 

transcription in the oncogenic setting. Here, we will summarise the key points relating to how 

changes in these signalling pathways lead to dysregulated rDNA transcription in cancer, 

specifically in MM.  
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Activation of tumour suppressor retinoblastoma protein (pRb) by cellular stress prevents 

progression through the G1S cell cycle checkpoint(Hatakeyama & Weinberg, 1995). Under non-

malignant conditions, pRb directly interacts with UBF to inhibit Pol I by preventing UBF from 

recruiting SL-1 to the PIC(Cavanaugh et al., 1995; Di Fiore et al., 2013; K. M. Hannan et al., 

2000; J. E. Quin et al., 2014). In contrast, negative regulators of pRb such as CDK4-cyclin D and 

CDK2-cyclin E promote phosphorylation of UBF, thereby increasing Pol I transcription(Nguyen, 

Raval, Garcia, & Mitchell, 2015; Voit, Hoffmann, & Grummt, 1999). pRb is commonly 

dysregulated in cancer, either from mutation or more commonly from overexpression of D-group 

cyclins, CDK2 or CDK4, leading to cell cycle dysregulation and loss of Pol I regulation(K. M. 

Hannan, Sanij, Rothblum, Hannan, & Pearson, 2013). In myeloma, Rb and CCDN1 are each 

mutated in about 3% of patients(Lohr et al., 2014; G. J. Morgan et al., 2012), but there is a 

convergence of abnormal signalling on cyclin D dysregulation(P. Leif Bergsagel et al., 2005).  

Growth regulatory pathways affecting rDNA transcription rates include the 

RAS/RAF/MEK/ERK pathway, which regulates Pol I through a number of kinases. For example, 

ERK phosphorylates and activates key Pol I regulatory factors including via stabilization of 

MYC(Sears, Leone, DeGregori, & Nevins, 1999; Sears et al., 2000), RRN3(Blattner et al., 2011; 

J. Zhao, Yuan, Frodin, & Grummt, 2003) and UBF(V. Stefanovsky, Langlois, Gagnon-Kugler, 

Rothblum, & Moss, 2006; V. Y. Stefanovsky et al., 2001). Signalling through this pathway is 

primarily in response to growth factors and mitogens(Morrison, 2012), while inactivation of ERK 

causes a reversion of elevated rDNA transcriptions rated to basal levels. RAS/RAF/MEK/ERK 

pathway signalling is often dysregulated in cancer, with RAS mutations being one of the most 

common oncogenic mutations found(Bos, 1989; Prior, Lewis, & Mattos, 2012). KRAS and 

NRAS mutations occur in up to 30% of patients with MM (Table 1.5, (Bolli et al., 2014; Lohr et 

al., 2014)), with mutations being associated with poorer outcomes(W. J. Chng, Gonzalez-Paz, et 

al., 2008). Mutations within this pathway produce stabilisation of MYC, phosphorylation of Pol 

I transcriptional complex components and an increase in Pol I transcriptional activity. 

The PI3K/AKT/mTOR/S6K pathway coordinates a number of downstream signalling pathways 

and has a particular role in nutrient sensing, integrating multiple environmental cues including 

hormones and mitogens to regulate rDNA transcription, protein production and cellular 

growth(Efeyan, Comb, & Sabatini, 2015; Laplante & Sabatini, 2012). Increased signalling 

through this pathway increases rRNA synthesis, rRNA processing and RP synthesis by several 

mechanisms, including promotion of transcription elongation, which requires continuous AKT-

dependent signalling(Chan et al., 2011). The mTOR complex is the main effector of this pathway, 

with targets downstream of mTOR signalling include S6K(Katherine M. Hannan et al., 2003), 

which in turn promotes RRN3 and UBF phosphorylation(Mayer et al., 2004). Amplified 
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signalling through this pathway also cooperates with MYC to further increase Pol I transcription 

initiation(Chan et al., 2011). Conversely, PTEN is a negative regulator of the PI3K/AKT pathway, 

including mTOR signalling, and was demonstrated to indirectly inhibit Pol I transcription 

initiation by disrupting the SL-1 complex in a S6K-dependent manner (C. Zhang, Comai, & 

Johnson, 2005). Multiple components of the PI3K/AKT/mTOR/S6K pathway and it’s regulators 

are mutated or amplified across many cancers(Altomare & Testa, 2005; F. Chang et al., 2003; 

Yiqun Zhang et al., 2017), including in MM(H. Chang et al., 2006; S. Kumar, 2018). This 

amplification results in accelerated rDNA transcription and cellular growth(Altomare & Testa, 

2005; Davide Ruggero & Sonenberg, 2005), and is associated with resistance to anti-cancer 

therapies(Burris, 2013; McCubrey et al., 2006; V. Ramakrishnan & Kumar, 2018). 

The tumour suppressor protein p53 performs multiple roles related to sensing cellular stress and 

protecting genomic fidelity during replication(Aubrey et al., 2017; Lane, 1992; Mello & Attardi, 

2018; Ryan et al., 2001). In relation to rDNA transcription, p53 inhibits Pol I transcription by 

binding to SL-1, which inhibits the formation of the PIC(Zhai & Comai, 2000). The activity of 

p53, in turn, is regulated by the nucleolus, which under conditions of cellular stress acts through 

a number of pathways to activate and stabilise p53. The details and effects of this are described 

further in section 1.1.4 above and 1.2.4 below(N. Hein et al., 2013; J. E. Quin et al., 2014). 

 

The transcription factor and proto-oncogene MYC is also central to regulating rDNA 

transcription. It modulates the transcriptional network via multiple mechanisms and has been 

described as a “master regulator” of ribosome biogenesis (RiBi), with a role in regulating the 

transcriptional activity at each of Pol I, II and III(Gomez-Roman et al., 2006; Ji et al., 2011; 

Poortinga, Quinn, & Hannan, 2015). Most widely studied and found to be regulated by MYC 

across species and cancer types are the cohort of MYC-regulated Pol II target genes which 

contribute to ribosome production and Pol I transcription regulation (Poortinga et al., 2015). 

Targets include core components of the ribosome such as ribosomal proteins(van Riggelen, Yetil, 

& Felsher, 2010), proteins involved in processing of the nascent pre-rRNA transcript such as 

nucleolin and nucleophosmin (Schlosser et al., 2003; van Riggelen et al., 2010) and those 

involved in nucleolar function such as fibrillarin(Cheryl M. Koh et al., 2011; Schlosser et al., 

2003). Included in these MYC-regulated Pol II-transcribed genes are those important for activity 

of Pol I itself, where MYC regulates transcription of multiple Pol I machinery components 

including UBF and RRN3 (Campbell & White, 2014; S. S. Grewal, Li, Orian, Eisenman, & Edgar, 

2005; Poortinga et al., 2004; Poortinga et al., 2011). Importantly, MYC has also been shown to 

directly regulate Pol I transcription through binding at E-boxes in the rDNA promoter region, and 

subsequently recruiting and stabilising the SL-1 complex(Arabi et al., 2005; Grandori et al., 2005) 

and promoting long-distance rDNA promoter/terminator interactions(Shiue, Berkson, & Wright, 
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2009) Lastly, MYC directly upregulates transcription by Pol III, which increases the availability 

of the 5S rRNA required for ribosome assembly (Campbell & White, 2014). 

Therefore, by involvement in critical signalling and growth regulatory pathways, regulation of 

protein localization within the nucleolus and modulation of rDNA transcription contribute 

directly to the process of malignant transformation, rather than merely reacting to the increased 

demands of malignancy. This body of evidence led to the hypothesis that targeting rDNA 

transcription would be an effective strategy with which to treat cancer. 

 

1.2.4. Targeting rDNA transcription as a therapeutic strategy against cancer 

It is known that a number of conventional chemotherapeutic agents affect nucleolar morphology, 

with likely indirect and/or non-selective associated impairment of rDNA transcription (Bruno et 

al., 2017; Burger et al., 2010; N. Hein et al., 2013), shown in Figure 1.3. A screen of common 

chemotherapeutics revealed that 21 out the 36 agents screened affected rDNA transcription or 

rRNA processing, which was thought to contribute to their therapeutic efficacy(Burger et al., 

2010).  
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Figure 1.3. Targeting ribosome biogenesis as a therapeutic strategy against cancer.  

rDNA transcription and other elements of ribosome biogenesis can be inhibited at various stages 

(therapeutic agents in red). Inhibitors of upstream signalling pathways including MK-2006 acting 

at AKT and everolimus acting at mTORC can reduce Pol I transcription. Anti-metabolite agents 

including methotrexate and 5-fluorouracil inhibit rRNA processing, as do cyclin-dependent 

kinase inhibitors such as dinaciclib. Topoisomerase inhibitors including doxorubicin and 

irinotecan inhibit Pol I transcription, while intercalating agents actinomycin and cisplatin inhibit 

Pol I elongation. CX-3543 and BMH-21 also inhibit Pol I elongation by stabilising G-quadruplex 

DNA structures (G4). CX-5461 directly inhibits the initiation of Pol I transcription by preventing 

the SL-1 complex from binding to the rDNA promoter. (RP, ribosomal proteins). (Figure adapted 

from (J. E. Quin et al., 2014)). 

 
 

 

AKT

mTORC
MYC

everolimus

CX-5461
ellipticines

RAS

ERK

Pol I

p53

Coilin

UBF SL1
Top2acisplatin

Top1

RP CDK9

5S rRNA

47S pre-rRNA

NUCLEOLUS

XX

40S 60S

RIBOSOMES

NTP synthesis

methotrexate
5-fluorouracil

MK-2206

doxorubicin
etoposide

irinotecan
topotecan actinomycin

cisplatin

CX-3543
BMH-21

dinaciclib

G4



 47 

Agents included the anthracycline doxorubicin, which is widely used in managing haematological 

cancers, predominantly acting via intercalating into DNA and inhibiting topoisomerase 

II(Gewirtz, 1999; Yang, Teves, Kemp, & Henikoff, 2014) which therefore inhibits Pol I 

transcription.  The platinum-containing cisplatin and carboplatin, used across haematological and 

solid organ malignancies, form DNA cross-links by alkylating DNA bases(Dasari & Tchounwou, 

2014) which inhibits the formation of the 47S pre-rRNA. A third member of the class, oxaliplatin, 

has also been shown to cause cell death by inducing ribosome biogenesis stress pathways(Bruno 

et al., 2017). The topoisomerase I inhibitors irinotecan and topotecan inhibit rRNA synthesis and 

early rRNA processing (Burger et al., 2010).The anti-metabolite 5-fluorouracil is a thymidylate 

synthetase inhibitor (Longley, Harkin, & Johnston, 2003), incorporating into the 47S precursor 

rRNA, therefore impairing rRNA processing into the 28S, 18S and 5.8S rRNAs. Emerging anti-

cancer drugs have also been shown to affect rDNA transcription rates, particularly those targeting 

growth and proliferation pathways, which may in part contribute to their efficacy. Rapamycin and 

its analogue everolimus reduce signalling downstream of mTORC1, which subsequently inhibits 

Pol I transcription(Mayer et al., 2004). AKT protein kinase inhibitors, which act upstream of 

mTORC1, suppress rDNA gene transcription(Nguyen & Mitchell, 2013). 

None of these agents demonstrate selectivity for rDNA transcription as compared to transcription 

of Pol II-driven genes, meaning that it is difficult to analyse the degree to which the therapeutic 

benefit is due to effects on rDNA transcription and/or nucleolar specific effects per se as opposed 

other mechanisms. However, the observation that many cancer drugs appeared to impact 

nucleolar integrity and rDNA transcription contributed to investigation into ways to directly target 

these processes with a higher level of specificity. 

A screen was performed (Cylene Pharmaceuticals) by quantitating rapidly processed RNA 

transcripts (having half-lives of about 20-30 minutes) by quantitative real-time polymerase chain 

reaction (qRT-PCR) in the context of several malignant cell lines(D. Drygin et al., 2011). The 

45S pre-rRNA transcript produced by Pol I and the Pol II transcript MYC were measured 

following drug exposure, with the ratio of their transcription levels indicating molecules relative 

specificity for each polymerase, allowing for a screen to identify Pol I-specific inhibitors. These 

studies led to the subsequent development of Pol I-mediated transcription inhibitors as a novel 

class of chemotherapeutic agents with the lead compound being CX-5461(D. Drygin et al., 2011; 

D. Drygin et al., 2010). 

One agent developed was CX-3543 or quarfloxin, which binds to G-quadruplex DNA structures, 

therefore disrupting the formation of nucleolin-rDNA-G-quadruplex complexes(Denis Drygin et 

al., 2009) (Figure 1.3). This was demonstrated to inhibit the elongation stage of Pol I transcription, 

causing translocation of nucleolin into the nucleoplasm (Denis Drygin et al., 2009). In preclinical 

studies it produced apoptosis of a variety of cancer cells independent of their p53 status. CX-3543 
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was commenced in clinical trials, and reported to be well tolerated(Marschke, Ricart, Von Hoff, 

Lim, & Papadopoulos, 2006; Papadopoulos et al., 2007), but required daily intravenous infusions, 

and overall poor bioavailability led to a halt in clinical development(Bisacchi & Hale, 2016). 

However, the lead compound; the first-in-class selective small molecule Pol I inhibitor, CX-5461, 

appears greatly promising for clinical use. Rather than inhibiting transcription at the elongation 

stage, CX-5461 prevents transcriptional initiation by preventing the binding of the SL-1 complex 

to the rDNA promoter(D. Drygin et al., 2011) (Figure 1.3). Early preclinical studies demonstrated 

that CX-5461 is highly selective for Pol I inhibition, rather than Pol II or III (with more than 200-

fold difference in IC50), demonstrating strong anti-proliferative effects on a range of cancer cell 

lines, with a high therapeutic index(D. Drygin et al., 2011).  

While the TP53 status did not correlate with sensitivity to Pol I inhibition across a large panel of 

solid and haematological cancer cell lines, it was notable that the cell lines with the lowest 

inhibitory concentrations (IC50) were developed from haematological malignancies without p53 

mutations(D. Drygin et al., 2011). Subsequent to this initial study there has been a significant 

body of literature published detailing how Pol I inhibition by CX-5461 elicits both p53-dependent 

and p53-independent responses, further described in sections 1.2.4 and 1.2.5 below. 

Another high-throughput screen of a chemical library using p53 transcriptional activity as the 

measure of efficacy led to the identification of the compound BMH-21(Peltonen et al., 2010). It 

was found to have anti-proliferative activity across a wide range of cancer cells lines, and to 

inhibitor tumour growth in in vivo models. BMH-21was found to bind to CG-rich sequences, 

which are located in high frequency in rDNA genes, with subsequent inhibition of Pol I 

transcription(Peltonen et al., 2014) (Figure 1.3). Further investigation is ongoing, but this agent 

is not yet in clinical trials. 

 

1.2.5. CX-5461-induced p53-mediated nucleolar stress response 

 

In conditions of cellular stress, be it from nutrient insufficiency, changes in temperature, pH, 

hypoxia or DNA-damaging agents, the usual cellular response is cell cycle arrest or cell 

death(Canman et al., 1994; Ryan et al., 2001), with the mechanism depending on the source and 

severity of the stress. One type of cellular response to stress is the nucleolar stress response, 

introduced in section 1.1.7 above, whereby disruption of rDNA transcription results in a loss of 

nucleolar structural integrity and the subsequent release of nucleolar and ribosomal proteins into 

the nucleoplasm and cytoplasm (Figure 1.4)(Boulon et al., 2010; N. Hein et al., 2013). As 



 49 

described in section 1.1.7, a subset of these RP’s (particularly RPL5 and RPL11) directly bind to 

and sequester the E3 ubiquitin ligase MDM2 in mice (HDM2 in humans) thereby inhibiting its 

activity and preventing MDM2-degradation of p53, resulting in p53 accumulation and 

stabilisation(Boulon et al., 2010; Lohrum et al., 2003; J. E. Quin et al., 2014; Yanping Zhang et 

al., 2003). 
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Figure 1.4. Nucleolar stress response.  

Under normal conditions, levels of the tumour suppressor protein p53 are reduced by binding to 

the E3 ubiquitin-protein ligase MDM2, with consequent ubiquitination (Ub) and degradation of 

p53. Under conditions of nucleolar stress, ribosomal proteins (RP; namely L5 and L11) and the 

5S rRNA are released from the nucleolus and form a complex with MDM2, (MDM2 in mice; 

HMD2 in humans), resulting in release of p53. p53 protein accumulation and activation leads to 

cell cycle arrest, senescence and apoptosis. (Figure adapted from (J. E. Quin et al., 2014)). 
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Expression and/or activity of p53 can also be regulated by other mechanisms, including 

stabilisation of p53 mRNA by nucleolin(Bhatt, d'Avout, Kane, Borowiec, & Saxena, 2012) and 

upregulation of mRNA expression by free RPL26(Ofir-Rosenfeld, Boggs, Michael, Kastan, & 

Oren, 2008) Therefore, the nucleolus has been demonstrated to play a direct role in p53 

sequestration, transport and degradation(M. T. Boyd, Vlatkovic, & Rubbi, 2011). The resultant 

increase in p53 stability and activity leads to cell cycle arrest, apoptosis or senescence depending 

on the cellular context. 

In the Eµ-Myc lymphoma model, (which recapitulates many aspects of human Burkitt 

lymphoma)(Harris et al., 1988), treatment with CX-5461 was demonstrated to induce a period of 

complete disease remission while maintaining a normal B-cell population(Bywater et al., 2012). 

Tumour cell death was due to rapid induction of apoptosis, occurring within hours of treatment, 

prior to any observed changes in ribosome levels as measured by total RNA. This was associated 

with the rapid (within hrs) activation of p53 in pre-malignant and malignant cells, but not in the 

normal B-lymphocytes. When MDM2 was immunoprecipitated from Eµ-Myc cells following 

CX-5461 treatment, we found a significant increase in RPL5 and RPL11 associated with 

MDM2(Bywater et al., 2012). In this setting of MYC-driven B-cell lymphoma, which is highly 

sensitive to perturbations of the p19ARF-MDM2-p53 axis that mediates apoptosis, Eµ-Myc 

tumour cells either mutant or null for p53 were significantly less sensitive to the action of CX-

5461 than those that were p53 wild type, both in vitro and in vivo(Bywater et al., 2012; Devlin et 

al., 2016; J. Quin et al., 2016).  

An impressive therapeutic response was also observed in the setting of acute myeloid leukaemia 

(AML), with stabilisation and phosphorylation of p53 seen in vitro in AML models driven by 

MLL translocations (MLL-ETO and MLL-AF8) that are wildtype for p53(Nadine Hein et al., 

2017). When transplanted into C57BL/6 mice, CX-5461 promoted apoptosis and produced a 

survival advantage, which was significantly greater than that seen with the comparable standard 

of care agents cytarabine and doxorubicin(Nadine Hein et al., 2017).  However, in the setting of 

AML, p53 was not necessarily required, as across the AML cell line panel there was no significant 

difference in sensitivity to CX-5461 based on p53-status(Sornkom, 2017), and a survival 

advantage was also demonstrated in the absence of p53(Nadine Hein et al., 2017). Taken together, 

these data demonstrate a robust p53-dependent response to Pol I inhibition, which predominates 

in some cancer settings, but also indicates that the effects of CX-5461 are not solely dependent 

on a functional p53 protein.  
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1.2.6. CX-5461-induced p53-independent DNA-damage-like response 

Our group has identified the nucleolar response to nucleolar-localised and/or -initiated DNA 

damage, leading to a DNA-damage-like response signalling, which is not reliant on p53-status 

(introduced in section 1.2.2(J. Quin et al., 2016)). It is thought that due to the repetitive nature of 

rDNA sequences and to their high transcriptional rate, that these repeats may be more susceptible 

to genomic insults and may have a lower threshold for eliciting a DDR(Diesch et al., 2014; 

Lindström et al., 2018; Stults et al., 2009). Studies by our group in a non-transformed telomerase-

immortalised fibroblast model (BJ-T) without functional p53 protein demonstrated that CX-5461 

elicited cell cycle arrest by activation of p53-independent DDR pathways(J. Quin et al., 2016). 

This was also demonstrated in preclinical models of acute lymphoblastic leukaemia (ALL), where 

non-canonical activation of ATM and ATM-Rad3-related (ATR) proteins led to phosphorylation 

of the checkpoint kinases CHK1 and CHK2, and subsequent p53-independent cell cycle arrest 

(Figure 1.5)(S. S. Negi & P. Brown, 2015). Pre-treatment or concurrent treatment with ATM/ATR 

inhibitors abrogated this cell cycle arrest and led to mitotic catastrophe(S. S. Negi & P. Brown, 

2015; J. Quin et al., 2016).  

 

 
Figure 1.5. Inhibition of Pol I transcription elicits DNA damage response signalling 

Inhibition of Pol I transcription by CX-5461 elicits a canonical p53-dependent nucleolar stress 

response involving inhibition of HDM2. This results in p53 accumulation and stabilisation with 

subsequent G1 cell cycle arrest. There are other stress response pathways which do not require 

p53, in which DNA damage response signalling is activated by rDNA chromatin replication 

defects and other mechanisms which remain undefined. This signalling is mediated by ATR and 

CHK1, ATM and CHK2 with subsequent cell cycle arrest. (Figure adapted from (Yan, Frank, et 

al., 2017) 
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These p53-independent responses are also seen in other cancer settings; in AML preclinical 

models, across a panel of AML cell lines CX-5461 again elicited phosphorylation of CHK1 and 

CHK2, irrespective of p53 status(Nadine Hein et al., 2017; Sornkom, 2017). When MLL-ETO 

p53-null AML tumour cells were transplanted into C57BL/6 mice, treatment with CX-5461 

resulted in cell cycle arrest with an increased G2/M population(Nadine Hein et al., 2017). This 

was associated with a reduction in peripheral tumour cells within 72 hr, a reduction in spleen 

weight and an increased in OS, analogous to that seen in the p53-WT cancer models.  

Another potential mechanism in which CX-5461 may exploit DDR-signalling has been described 

in BRCA-deficient solid organ cancers. Here, CX-5461 was demonstrated to stabilise G-

quadruplex DNA structures; reversible secondary DNA structures that form in guanine-rich 

regions. Stabilisation was shown to block replication forks thereby inducing single stranded 

(ssDNA) and dsDNA breaks(H. Xu et al., 2017). As the BRCA repair pathway is required for the 

reversal of these replication defects, the cancer cells are unable to recover in the absence of 

functional repair mechanisms, and therefore undergo apoptosis(H. Xu et al., 2017). Following on 

from these discoveries, a clinical trial has commenced using CX-5461 in BRCA-deficient 

cancers(Hilton et al., 2018). It must be noted, however, in our laboratory we have failed to verify 

that CX-5461 mediates any of its therapeutic effects via G-quadruplex stabilisation (R. Hannan, 

G. Poortinga, E. Sanij, R. Pearson, personal communication and manuscripts submitted). We 

conclude that the therapeutic efficacy of CX-5461 is mediated via inhibition of Pol I and its ability 

to induce a DNA-damage like response, where G-quadruplex stabilisation may occur, but is not 

coincident with the signalling response that is required for CX-5461-mediated cellular effects.    

As we continue to explore the cellular response to inhibition of rDNA transcription by CX-5461, 

it seems evident that multiple mechanisms may be at play, with the predominance likely varying 

with cancer subtype, molecular drivers and clinical context. 

 

1.2.7. CX-5461 and the role of MYC 

The transcription factor and oncogene MYC promotes transcription at both Pol I and III targets, 

in addition to driving a Pol II-mediated signature of ribosome biogenesis and cellular growth, 

consistent across metazoans and different cancer types(Ji et al., 2011). We have described in 

section 1.2.1.2 above how MYC regulates rDNA transcription, both directly and indirectly. As 

MYC is intimately involved in transcription by all three RNA polymerases, our laboratory has 

been interested in examining the effect of MYC expression on Pol I inhibition. 
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Interestingly, MYC overexpression appears to increase cellular susceptibility to the effects of Pol 

I inhibition, independent of actual transformation to malignancy(Bywater et al., 2012). Tumours 

in the Eµ-Myc lymphoma model develop from an initial premalignant stage (analogous to MGUS 

preceding clinically overt myeloma) where there is MYC overexpression in the absence of many 

other signalling changes, prior to additional mutational events. These premalignant cells 

demonstrate p53 activation and apoptosis upon treatment with CX-5361, in comparison with the 

normal B-cell populations which were unaffected(Bywater et al., 2012).  

Examining the differential gene expression in response to Pol I inhibition across a panel of ovarian 

cell lines revealed that susceptibility to CX-5461 was associated with increased MYC 

signalling(Sheppard et al., 2014). Following this hypothesis, CX-5461 has been tested in other 

malignancies associated with MYC hyperactivity. MYC mRNA is elevated in most cases of 

prostate cancer, even early stage cancers of low proliferative grades, with increased nuclear 

expression of MYC thought to drive cancer initiation and progression(Gurel et al., 2008; C. M. 

Koh et al., 2010). CX-5461 treatment in genetically engineered models of prostate cancer 

demonstrated that Pol I inhibition reduced proliferation in high MYC-expressing tumours, but not 

in PTEN-null (low MYC-expressing) analogues, consistent with the hypothesis the hypothesis 

that MYC activity confers sensitivity to CX-5461(Rebello et al., 2016). 

In terms of the effects of Pol I transcription inhibition on MYC; in vivo testing with the MYC-

driven lymphoma model, where MYC levels are being driven by an endogenous promotor, 

demonstrated, (as expected), that MYC protein levels remained high following exposure to CX-

5461. In AML cell lines, MYC transcript and protein levels are unaffected by CX-5461 at 1 hr, 

thus ruling out direct effects of CX-5461 on MYC itself; however, at longer treatment time points, 

downregulation of MYC mRNA indeed occurs(Sornkom, 2017). Considering the established 

functional interplay between MYC and differentiation(Amati & Land, 1994; Chi V. Dang, 2012; 

Wilson et al., 2004), and the finding in AML models that CX-5461 caused a differentiation of the 

myeloblasts into more mature forms (Nadine Hein et al., 2017), the indirect effects of CX-5461 

on MYC and a potential role for this in drug efficacy require further investigation.  Moreover, 

these findings suggest that potential indirect effects on MYC may be relevant when considering 

drug combinational effects, as seen with the combination of the BETi IBET-151 and CX-5461 in 

AML(Sornkom, 2017).  

In the context of MM, CX-5461 has been shown to rapidly reduce MYC mRNA and protein levels 

in one cell line (MM.1S) (Lee et al., 2017). The authors demonstrated increased binding of RNA-

induced silencing complex subunits, ribosomal proteins and MYC mRNA, with a subsequent 

increase in MYC degradation. In addition, they overexpressed MYC in a HMCL with unusually 

low MYC expression, resulting in an increased susceptibility to CX-5461 induced cell death(Lee 
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et al., 2017). Given this specific MYC-related mechanism observed in MM, this thesis will 

include an examination of the effects of Pol I inhibition and subsequent combination therapy on 

MYC in MM preclinical models. 

 

1.2.8. The rationale for investigating CX-5461 in multiple myeloma 

Despite the improvement in OS seen with combination therapies involving proteasome inhibitors, 

immunomodulatory agents and monoclonal antibodies, MM still remains an incurable 

malignancy. If patients relapse after these agents, or are refractory to frontline care, their 

prognosis is very poor. Therefore, there remains a clinical need for alternative strategies of 

treatment.  

rDNA transcription is hyperactive in malignancy, and the dysregulation of this process actively 

contributes to cellular transformation and proliferation. Targeting RNA Polymerase I with CX-

5461 has been demonstrated to be an effective strategy across numerous cancer settings, including 

other models of haematological malignancy, with cancers evolving from either lymphoid or 

myeloid lineages demonstrating sensitivity.  

The central involvement of both the MYC oncogene and the TP53 tumour suppressor gene to 

both rDNA transcription and myeloma pathogenesis indicate that the use of the Pol I inhibitor 

CX-5461 makes rational sense. We have preliminary data suggesting that MYC hyper-activation 

confers a sensitivity to CX-5461, and it is known that MYC activation is common in MM, with 

dysregulation being more prominent with disease progression. 

Following on from this encouraging preclinical data, a first-in-class, first-in-human clinical trial 
of CX-5461 in patients with relapsed/refractory haematological malignancies commenced at the 
Peter MacCallum Cancer Centre, Melbourne, Australia (Australia and New Zealand Clinical 
Trials Registry, #12613001061729). Administration of CX-5461 by intravenous injection was 
shown to produce a predictable pharmacokinetic profile(Khot et al., 2019). Rapid inhibition of 
Pol I transcription was observed in a variety of tumour tissues, and activation of p53 was detected 
in tumour cells from patients achieving a clinical response. It was well tolerated, with one patient 
remaining on treatment for over a year. The trial has undergone a protocol amendment based on 
the early data to allow weekly administration of the drug, with subsequent plans being for trials 
involving rationally-designed combination therapy based on data from this thesis and the work of 
our group in other malignancies(Devlin et al., 2016; Sornkom, 2017; Yan, Frank, et al., 2017). 
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As combination drug therapy is regarded as an essential strategy in MM to prevent drug 

resistance, testing CX-5461 in combination with other myeloma therapies is the best way to 

progress this drug in the clinical arena. Understanding which drugs synergise with CX-5461 to 

prevent the emergence of drug-resistant clones and extend survival in preclinical studies is a 

highly efficient path to achieve clinical use. In this thesis, we focussed our combinatorial efforts 

on drugs already (or close to being) in use in the clinical management of MM. We examine key 

clinical questions facing new drugs for MM in the clinic, and test if we can model these to 

investigate CX-5461 in this setting. These questions have been investigated concurrently with the 

phase I trial, by the use of human myeloma cell lines, and murine models of multiple myeloma.  

 

1.3. Hypotheses 

We hypothesise that novel drug combination therapies with the Pol I inhibitor CX-5461 in the 

treatment of MM will delay acquired resistance and extend overall survival, thereby increasing 

the clinical utility of CX-5461 in MM patients. As with other disease settings and drug 

combinations described above, we hypothesise combination therapy with CX-5461 in MM may 

further leverage the CX-5461-mediated DDR.  

 

1.4. Aims 

The specific aims I have formulated to address the questions and hypotheses above are: 

Aim I:  To screen for synergy in vitro, using CX-5461 in combination with standard and 

emerging therapies for myeloma  

Aim II:  To test for in vivo synergy with current frontline agents and with those agents most 

promising from Aim I 

Aim III:  CX-5461 with panobinostat (prioritised from Aims I and II) in MM: characterisation 

of cellular response and mechanisms of synergy 

Aim IV:  To translate the combination of CX-5461 and panobinostat in MM into the clinic 

including- investigating CX-5461 in the setting of bortezomib-resistance, and testing 

the triplet regimen of CX-5461 with panobinostat and carfilzomib  
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Chapter 2: Materials and Methods 
 
2.1. Cell Culture 

Fourteen human myeloma cell lines (HMCLs; AMO-1, U-266, MM.1S, MM.1R, NCI-H929, 

JJN-3, KMS-12-PE, KMS-28-BM, KMS-28-PE, EJM, L-363, MOLP-8, RPMI-8226, LP-1) were 

purchased from either the DSMZ (German Collection of Microorganisms and Cell Cultures) or 

the ATCC (American Type Culture Collection) as detailed in Table 2.1. Murine myeloma cell 

lines 5T33 and 5TGM1 were kindly supplied by Prof. Ricky Johnstone (Peter Mac).  

All cell lines were cultured in the media recommended by the cell line provider (Table 2.1) and 

were routinely tested for mycoplasma contamination by PCR. Cell lines were kept in a humidified 

5% CO2 incubator at 37°C and were passaged into fresh media at a concentration of 0.5-1 x 106 

every 2-4 days depending on growth kinetics. Cell counts for routine culture and experimental 

seeding were performed by diluting 100µL of cell suspension in 10mL of Isoflow sheath fluid 

and counted with a Z2 Coulter Counter (Beckman Coulter 383550).  

HMCL and 5T33 lines were transduced with a FUL2-TG lentivirus vector by Dr Andrew Cuddihy 

(Peter Mac).  This vector (which was a kind gift from Dr Marco Herald, Walter and Eliza Hall 

Institute, Melbourne, Australia) contains Luciferase-2 and eGFP genes with expression of both 

transcripts driven by an upstream ubiquitin promoter(Kelly et al., 2014). The stability of 

transduction was measured by flow cytometric assessment of GFP-expression.  

HMCL and 5T33 cell lines resistant to the proteasome inhibitor bortezomib were selected for by 

continuous maintenance in drug while incrementally increasing the drug concentration over 4-6 

months. The cell lines were initially placed in bortezomib at the IC20 concentration for the most 

sensitive cell line (MM.1S), with the drug exposure sequentially increased as the cell lines adapted 

and demonstrated a reducing percentage of cell death.  Parental cell lines (i.e. originating lines) 

were maintained in DMSO vehicle at the same concentration as the drug-exposed cells and 

passaged in an identical fashion to the resistant cells.  

 

2.2. Compounds for in vitro studies 

CX-5461 was commercially synthesised by SYNkinase. Bortezomib, carfilzomib, panobinostat, 

dexamethasone, cyclophosphamide, everolimus and palbociclib were purchased from 

SelleckChem. Dinaciclib and JQ-1 were gifts from Prof. Ricky Johnstone.  IBET-151 

(GSK1210151A) was a gift from Prof. Mark Dawson (Peter Mac). CX-5461 stocks were prepared 

as a 10mM solution in 50mM NaH2PO4 (pH 4.5). All other drugs were prepared in DMSO (Sigma 

Aldrich Cat# D8418).  Drug aliquots were stored at -20°C.  
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2.3. In vitro cell death and dose response assays 

Exponentially growing cells were seeded into 96-well plates at 20,000 cells in 100µL per well in 

technical triplicate for cell death assays. After 24 hr incubation, 100µL of drug dilutions (prepared 

at 2x final concentration) were added to the cell culture. At 24, 48 or 72 hr after drug treatment, 

40µL of 1mg/mL propidium iodide stock solution (PI; Sigma Aldrich Cat# 287075) was diluted 

in 2960µL of media, then 10µL was added to each well. Following 15 min incubation at 37°C in 

the dark, data was obtained on the FACS-Verse flow cytometer (BD Biosciences).  

Single cells were gated by size (forward-scatter) and complexity (side-scatter), then cell death 

assessed by PI-positivity. The percentage of PI-positive cells were graphed against the 

corresponding drug concentration to generate dose response curves, allowing the calculation of 

IC50 values (inhibitory concentration causing 50% of cell death).  As preliminary experiments 

demonstrated that the dose response curves and IC50 values at 48 hr lay in between those for 24 

hr and 72 hr (Figure 2.1), later experiments excluded 48 hr. Gating and data analysis were 

performed with FlowLogic software (Inivai Technologies), with graphs produced using Prism 

GraphPad 6.0/7.0 software. Assays were run with biological replicates as indicated in each Figure.  

 

2.4. In vitro assessment of proliferation and cell death using Real-Time Glo® 

A schema detailing the boutique high-through screen is in Figure 2.2. Exponentially growing cells 

were seeded into 384-well plates at 2500 cells in 20µL per well in technical triplicate using an 

automated micropipette liquid handling system (Biotek). After 24 hr incubation, 10µL of each of 

the Promega Real-Time Glo® enzyme and substrate were added (reconstituted as 10µL of each of 

the enzyme and the substrate in 8mL of media). Drug solutions were prepared at 10x final 

concentration, allowing serial dilution by the ALH3000 robot (Biotek) then 5µL of drug dilutions 

were added. Where the desired drug concentrations were too close to allow dilution by the robot, 

drug suspensions were diluted and pipetted by hand into the 384-well plates. Assessment of 

bioluminescence was taken at baseline (15 min) and then every 24 hr using the Cytation plate 

reader (Biotek). The bioluminescent values were normalized to vehicle-treated and to baseline 

luminescence before GI50 values (inhibition of 50% of cellular growth/proliferation) were 

calculated using Prism GraphPad 6.0/7.0 software.  

In the initial experiments optimizing this assay, bioluminescence was measured out to 120 hr. 

While some cell lines continued to proliferate (Figure 2.3a), other cell lines displayed mitigated 

luminescence in the vehicle-treated cells (Figure 2.3b) indicating that either the wells had become 

too dense to support ongoing growth or that the luminescent substrate had been exhausted by 

these long-term time points. A few HMCLs (EJM, LP-1, JJN-3) did not proliferate well in this 

assay (Figure 2.3c), therefore were not included in the screen. As part of optimisation, and due in 
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part to the expense of the reagents, we tested the linearity of bioluminescence produced by 

diluting the reagent beyond what was recommended by the manufacturer  (Figure 2.3d) and by 

freezing the excess reconstituted reagent to defrost and use at a later date (Figure 2.3e) These pilot 

studies demonstrated that a 1:2 dilution produced comparable luminescent values and was 

therefore suitable to use, while freezing and defrosting produced a reduction in luminescence in 

cell lines that proliferated at a higher rate and was therefore not suitable to perform. 

 

2.5. Analysis of synergy by combination index (CI) analysis 

Results from the PI exclusion assays and the Real-Time Glo® assays were used to calculate 

combination indices using CalcuSyn software 2.1 (Biosoft). This software uses the Chou-Talalay 

method for assessing drug synergy by comparing the measured effect attained with 2 drugs 

together to the effect predicted based on the single agent activity(Bijnsdorp, Giovannetti, & 

Peters, 2011; Chou, 2010). The fraction affected (Fa), being cell death or growth inhibition, from 

a range of drug concentrations are entered for the single agents and in parallel for the drug 

combinations. Resultant CI values < 1 indicate synergistic activity, CI values > 1 indicate 

antagonism, and CI values = 1 indicate additive effect.. 

 

2.6. Quantitative RT-PCR (qRT-PCR)  

Total RNA was extracted from HMCL’s following treatment with either single agents or drug 

combinations according to the NucleoSpin RNA extraction kit protocol (Mecherey-Nagel). Cell 

were pelleted and washed with PBS, lysed with a proprietary lysis buffer and β-mercaptoethanol 

then filtered. RNA binding conditions were adjusted with 70% ethanol, bound using proprietary 

columns, desalted, washed 3 times, eluted and the RNA lysates frozen.  

An equal absolute amount of total RNA was treated with DNase at 37°C for 15min followed by 

65°C for 15min. cDNA was synthesised as per the SuperScript III kit (Life Technologies Cat# 

18080-044) using random hexamer primers (Promega Cat# C1181). qRT-PCR analysis was 

performed on the StepOne Plus System (Applied Biosystems) using FAST SYBR green (Applied 

Biosystems cat# 4376600).  

The formula 1/2Ct transformed Ct values from each treatment condition to a linear form.  The 

expression of target genes was normalised to β-2-microglobulin (B2M) and compared to 

untreated or vehicle control. As B2M is known to correlate with tumour mass and proliferation 

in MM(Bataille, Grenier, & Sany, 1984; Greipp et al., 2005), GAPDH was compared to B2M as 
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a potential reference gene to use during analysis, but in preliminary experiments this demonstrated 

more variation with drug treatment as compared to B2M (Figure 2.4). Statistical differences in 

expression were determined using Student’s t-tests within GraphPad Prism 6.0/7.0. Primer 

sequences used in this study are presented in Table 2.2. 

 

2.7. Western blot protein analysis 

Following drug treatment, cells were pelleted, washed in cold PBS, and lysed in western 

solubilisation buffer (10 parts buffer to 1 part of cells) (Table 2.3). DNA was sheared using a 26-

gauge needle, then frozen. Protein quantification was performed using a detergent-compatible 

(DC) assay (Biorad Cat# 500-0112) and analysed on a Biorad iMark plate reader.  

Equal amounts of protein (10-30ng) were resuspended in sample loading buffer along with 5x 

sample buffer and boiled at 95°C.  Protein lysates were run by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) in Tris-Glycine-SDS running buffer (Table 2.3) 

using Biorad 4-15% precast gels. Relative protein loading and separation was confirmed using a 

stain-free blot image in the ChemiDoc Touch system (Biorad) prior to transfer to polyvinylidene 

fluoride (PVDF) membranes using the Transblot Turbo system (Biorad).  

Membranes were blocked with 5% milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T) 

blocking buffer at room temperature for a minimum of 1 hr. Membranes were then incubated at 

4 degrees overnight with primary antibodies (Table 2.4) diluted in blocking buffer. The following 

morning the membranes were washed three times with TBS-T, then incubated with mouse or 

rabbit horseradish peroxide-bound secondary antibodies (Table 2.4) prior to washing a further 

three times.  

Protein was visualized using the Western Lighting Plus ECL kit (Perkin Elmer Cat# 

NEL104001EA) according to the manufacturer’s instructions. Images were acquired using 

ChemiDoc Touch system (Biorad) and processed by Image Lab software (Biorad). Each assay 

was performed with biological replicates as stated, with representative images presented.  

 

2.8. Cell cycle analysis 

Exponentially growing cells were treated with vehicle, single agents or a drug combination for a 

period of 24, 48 or 72 hr. Prior to harvesting, cells were incubated with media containing 3µM 

BrdU (BD Pharmigen Cat# 55089) for 30 min. Cells were then washed three times in cold PBS, 
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fixed with cold 80% ethanol and stored at 4°C for a maximum of one month. On the day of 

analysis, the cells were resuspended in 2N HCL with 0.5% (v/v) Triton X-100 and incubated for 

30 mins at room temperature (RT). 0.1M Sodium Tetraborate was added to neutralize the acid 

and by incubated at RT for 5 min.   

Anti-BrdU antibody (BD Biosciences Cat# 347580) diluted in PBS containing 2% FBS and 0.5% 

Tween20 at 1:50 dilution was added, then incubated in the dark at RT for 30min. Cells were 

washed with 2% FBS in PBS, then incubated with fluorescein-labelled (FITC) sheep anti-mouse 

IgG (MP Biomedicals cat# 55520) at 1:100 dilution in PBS containing 2% FBS and 0.5% 

Tween20 for 30min, again at RT in the dark. Cells were then washed and resuspended in PBS 

containing 2% FBS and 10µg/mL PI.  

Analysis was performed on the FACSVerse flow cytometer (BD Biosciences), then the data was 

analysed using FlowLogic 600.0A software (Inivai Technologies) and plotted using Prism 

GraphPad 6.0/7.0 software. 

 

2.9. Apoptosis assays 

Exponentially growing cells were treated with vehicle, single agents or a drug combination for a 

period of 24, 48 or 72 hr prior to harvesting. Cells were then stained with an allophycocyanin 

(APC)-conjugated Annexin V antibody (BD Biosciences Cat# 550474) at 1:100 dilution with 

1µg/mL PI (Sigma Aldrich Cat# 287075) in Annexin-V binding buffer (Table 2.3). Stained cells 

were analysed using the FACSVerse flow cytometer (BD Biosciences) then gated and analysed 

using FlowLogic 600.0A software (Inivai Technologies) and plotted using Prism GraphPad 

6.0/7.0 software. For the analysis, cells negative for both Annexin V and PI were considered 

viable, cells positive for Annexin-V but negative for PI were classified as early apoptosis, and 

dual positive were classified as late apoptosis.  

 

2.10. Immunostaining and fluorescence microscopy 

Exponentially growing cells were treated with vehicle, single agents or the drug combination for 

a period of 1 hr or 3 hrs. Cells were then washed twice in PBS and fixed with 4% 

paraformaldehyde (PFA; Electron Microscopy Sciences Cat# 15710) at RT for 5 min. Cells were 

then spun onto SuperFrost Plus microscope slides (Fisherbrand Cat# 12-550-15) using a 

Cytospin3 (Shandon) for 5min at 800rpm and stored at -20°C. 
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Fixed cells were permeabilised with 0.3% (v/v) Triton X-100 in PBS for 10 min on ice and 

blocked in 5% (v/v) goat serum with 0.3% Triton X-100 in PBS for 30 min at 37°C. The slides 

were then incubated with primary antibodies (Table 2.4) diluted in 1% (w/v) BSA with 0.3% 

Triton X-100 in PBS for 1 hr at 37°C. After incubation, slides were washed three times in PBS 

(5 min each). Cells were then stained with secondary antibodies (Table 2.4) diluted in 1% (w/v) 

BSA with 0.3% Triton X-100 in PBS for another 1 hr at 37°C. The slides were again washed three 

times in PBS, (5 min each, protected from light), then mounted using 4' 6-diamidino-2-

phenylindole (DAPI) Vectashield media to counterstain the nuclei (Vector Laboratories Cat# H-

1200). 

Immunofluorescence was visualised with an Olympus BX-61 microscope equipped with SPOT 

Advanced software (Diagnostic Instruments). Images were processed and analysed by Image-J 

and Cell-Profiler Software. At least 100 nuclei were analysed for each condition, with biological 

replicates performed and representative images presented. 

 

2.11. Animal Studies 

All mice were used in accordance with the institutional guidelines of Peter Mac. All procedures 

and protocols used in this study were approved by the Animal Experimentation Ethics Committee 

(AEEC; ethics approval numbers E462 and E557). Mice were housed a maximum of 6 to a box, 

with free access to water and food, and with each box having a filtered lid. Mice were weighed at 

least twice a week, on each day that a drug was administered, and daily if mice were losing weight 

or general condition. 

Drug tolerability studies were performed in non-diseased animals prior to use in tumour-bearing 

mice, and as single agents prior to testing drug combinations. Tolerability was assessed by daily 

measurement of weight, with a loss of less than 15% of the baseline weight indicating that the 

drug, or drug combination, was tolerable to the mice. We administered agents individually 

(examples in Figures 2.5 and 2.6), followed by drug combinations in a separate cohort of mice 

(examples in Figure 2.7). 

All therapy experiments had the common ethical end-points of early hind-limb paralysis, 20% 

weight loss or general debility (hunched, ruffled or reduced mobility). Once an end-point was 

reached, mice were culled by cervical dislocation or CO2 intoxication. Blood was collected by 

cardiac puncture to assess the extent of bone marrow toxicity by full blood estimation (FBE) 

comprising haemoglobin concentration and enumeration of each of white cells, neutrophil and 

platelets. Samples were collected in EDTA-coated collection tubes, processed by diluting 10µL 
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of whole blood in 240µL of PBS prior to analysis on the Sysmex-XP300 Hematology Analyser 

(Sysmex). 

Tissue samples of interest, (femurs, spleens, kidneys, extra-medullary tumour masses), were fixed 

in 10% normal buffered formalin.  Bones were decalcified in an EDTA solution for a minimum 

for 7 days prior to processing and embedding in paraffin wax. The formalin-fixed paraffin-

embedded (FFPE) tissues were sectioned onto SuperFrost Plus microscope slides (Fisherbrand 

Cat# 12-550-15) prior to staining with hematoxylin and eosin (H&E) or performing 

immunohistochemistry for CD138 surface expression. The tissue sectioning and staining was 

performed by the histology and microscopy core facility at Peter Mac. 

Treatment efficacy was determined based on the time for mice to reach the ethical end-points, 

which were surrogate markers of the survival benefit from each drug treatment. Differences in 

Kaplan-Meier survival curves were analysed using the Mantel-Cox log-rank test. 

 

2.11.1. Compounds for in vivo studies.  

CX-5461 was commercially synthesised by SYNkinase, freshly prepared each day of dosing in 

25mM NaH2PO4 (final pH 4.5-5.0). Dexamethasone (Hospira), bortezomib (Velcade, Celgene) 

and carfilzomib (Kyprolis, Amgen) were all obtained from the Peter Mac cytotoxic pharmacy. 

Dexamethasone was diluted in sterile water, bortezomib in saline, and carfilzomib in 5% dextrose. 

Carfilzomib was prepared up to a maximum of 2 weeks in advance and stored at 4 degrees.  

Panobinostat (Farydak, Novartis) was a gift from Prof. Ricky Johnstone initially, then purchased 

from SelleckChem for later experiments. It was diluted in 5% dextrose, prepared up to a 

maximum of 2 weeks in advance, stored at 4 degrees. Panobinostat sourced from SelleckChem 

required the addition of 4-5µL of lactic acid / mL of prepared drug to assist suspension; pH was 

assessed to be physiological prior to drug administration. 

 

2.11.2. The Vκ*MYC model of multiple myeloma 

The #4929 clone of the Vκ*MYC murine model(Chesi et al., 2008) was kindly provided by Prof. 

Ricky Johnstone. A tumour-bank was established by transplanting these cells into C57BL/6 

recipient mice, (aged 6-10 weeks), purchased from the Walter and Eliza Hall Institute of Medical 

Research. Mice were irradiated on the day prior to transplant to improve engraftment (3Gy, 6 hrs 
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apart). Following irradiation, they were given access to Ensure dietary supplement. Cells were 

defrosted, washed, resuspended in sterile PBS and injected via the tail vein in 200µL per mouse.  

When early hind-limb paralysis developed, bone marrow and spleen were harvested and stored 

for future experiments. Cells from the bone marrow were flushed using 26g needles and spleen 

tissue was passed through a 0.40µm filter, both using PBS containing 2% fetal calf serum (FCS). 

The resultant cell suspension was centrifuged, then the cell pellet resuspended in FCS containing 

10% DMSO to store in liquid nitrogen. Transplantation experiments were performed by thawing 

vials of either bone marrow or spleen cells, washing and resuspending in sterile PBS, counting 

with trypan blue (50:50 trypan blue:cells in suspension), and injecting via the tail vein. Recipients 

were female C57BL/6 mice aged 6-8 weeks who had received 2 doses of pre-transplant 

irradiation.  

Disease burden was monitored via testing peripheral blood by serum protein electrophoresis 

(SPEP) for the presence of a clonal immunoglobulin. Whole blood was allowed to clot then 

centrifuged (maximum speed, 5 mins) to obtain serum. 10µL of serum was pipetted onto multi-

channel cartridges, processed using the Hydasys 2 Scan (Sebia) then analysed by Dr David 

Faulkner in the Biochemistry department of Peter Mac. Disease-bearing mice were randomized 

into 4 groups based on the size of the paraprotein detected, then treated with vehicle, drug A, drug 

B or drugs A + B until the development of an ethical end-point. CX-5461 was administered 

weekly by oral gavage (OG) using plastic feed tubes (Walker Scientific Cat# FTP-20-38). 

Dexamethasone and panobinostat were administered by intraperitoneal (IP) injection using 26g 

needles; weekly for dexamethasone and Mon/Wed/Fri for panobinostat. Control mice received 

the equivalent volume of drug vehicles.  Disease burden was monitored every 2 weeks using 

SPEP assessment on peripheral blood. At pre-determined, select time-points, blood was also 

collected for an FBE assessment of treatment-associated bone marrow suppression (detailed in 

2.11, above). 

 

2.11.3. The 5T33-C57BL/KaLwRij model of multiple myeloma 

5T33 murine myeloma cells for the 5T33-C57BL/KaLwRij model (Asosingh, 2000) were kindly 

provided by Prof. Ricky Johnstone. C57BL/KaLwRij breeding pairs to establish a colony were 

provided by both Prof. Andrew Zannettino (Centre for Cancer Biology, Adelaide, Australia) and 

Dr Tiffany Khong (Australian Centre for Blood Diseases, Melbourne, Australia). Cells were 

grown in vitro for a maximum of 2 weeks, then counted using the Z2 Coulter Counter prior to 

transplantation by intravenous tail vein injection of 200µL per mouse. Transplant recipients were 
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syngeneic C57BL/KaLwRij mice (female, aged 5-12 weeks). Disease was monitored by SPEP as 

described in section 2.11.2 above in the pilot experiments, then once stably transduced with the 

FUL2-TG vector (described in section 2.1 above), was assessed by bioluminescence imaging. 

Mice were injected with 200µL of 15mg/mL D-Luciferin (Promega ViviGlo) intraperitoneally 5 

mins prior to imaging with the IVIS100 bioluminescence imaging system (PerkinElmer). 

Bioluminescence (total flux, photons/sec) was assessed using Living Image software 

(PerkinElmer). One experiment was performed transplanting the murine 5T33 cells into NOD-

scid IL2Rgnull (NSG) mice. All experimental details were as per the syngeneic 5T33-KaLwRij 

experiments. 

Drug treatment of mice commenced 12-14 days post transplantation, with mice randomised to 

groups based on their bioluminescent signal (i.e. disease burden). Mice were treated with vehicle, 

drug A, drug B or drugs A + B until the development of an ethical end-point. CX-5461 was 

administered Mon/Wed/Fri by OG, panobinostat and carfilzomib were administered by IP 

injection; 3 days per week for panobinostat and weekly for carfilzomib. Control mice received 

the equivalent volume of drug vehicles. Disease burden was monitored throughout treatment by 

weekly bioluminescent imaging.  

For in vivo studies using the 5T33 cells generated to have resistance to bortezomib, fresh vials of 

cells were defrosted and expanded, then bortezomib was reintroduced, with stable drug 

concentrations being maintained until removal of the drug 24 hr prior to transplantation. Cells 

were grown in vitro for a maximum of 2 weeks prior to injection. To improve and standardise 

tumour engraftment, mice in this model were irradiated the day prior to transplant (3Gy, 6 hours 

apart). Following irradiation, they were given access to Ensure dietary supplement. Mice were 

randomised based on bioluminescent signal at 7 days post-transplant for treatment with 0.7mg/kg 

bortezomib by IP injection or an equal volume of the vehicle control. The parental cells were 

demonstrated to retain sensitivity to bortezomib in vivo with a survival advantage obtained when 

treated with bortezomib (Figure 2.8a) and the resistant-cells were demonstrated to retain 

resistance to bortezomib in vivo, with the same median survival as the vehicle-treated cells (Figure 

2.8b). 

 

2.12.4. Xenograft models of multiple myeloma 

HMCLs were stably transduced with the FUL2-TG vector as described in section 2.1 above. Cells 

were grown in vitro for a maximum of 2 weeks prior to transplantation by intravenous tail vein 

injection into NSG mice. Disease burden was assessed by bioluminescence imaging using the 

IVIS100 bioluminescence imaging system (PerkinElmer) using D-luciferin and Living Image 

software (PerkinElmer) as described in section 2.12.3 above.  
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Drug treatment of mice commenced 7 days post transplantation, with mice randomised into 

treatment groups (vehicle vs CX-5461) based on bioluminescent signal (i.e. disease engraftment). 

CX-5461 was administered by OG and control mice received the equivalent volume of the drug 

vehicle, both 3 days per week. Disease burden was assessed by bioluminescence weekly, and 

treatment continued until the development of an ethical end-point.  
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Table 2.1. Multiple myeloma cell line source and media   
 

Cell line name Source / catalogue # Media condition 
AMO-1 DSMZ, ACC 538 RPMI-1640, 20% hiFBS 
EJM DSMZ, ACC 560 80% Iscove's MDM, 20% hiFBS 
JJN-3 DSMZ, ACC 534 40% Dulbecco's MEM, 40% Iscove's 

MDM, 20% hiFBS 
KMS-12-PE DSMZ, ACC 606 RPMI-1640, 20% hiFBS 
L-363 DSMZ, ACC 49 RPMI-1640, 20% hiFBS 
LP-1 DMSZ, ACC 41 80% Iscove's MDM, 20% hiFBS 
MM.1S ATCC, CRL 2974 RPMI-1640, 10% hiFBS 
MM.1R ATCC, CRL 2975 RPMI-1640, 10% hiFBS 
MOLP-8 DSMZ, ACC 569 RPMI-1640, 20% hiFBS 
NCI-H929 ATCC, ACC 163 RPMI-1640, 10% hiFBS, 0.05mM 2-ME  
OPM-2 DSMZ, ACC 50 RPMI-1640, 10% hiFBS 
RPMI-8226 ATCC, CCL 155 RPMI-1640, 10% hiFBS 
U-266 DSMZ, ACC 9  RPMI-1640, 20% hiFBS 
5T33 Prof. Ricky Johnstone RPMI-1640, 10% hiFBS 
5TGM1 Prof. Ricky Johnstone RPMI-1640, 10% hiFBS 

 

ATCC, American Type Culture Collection; DSMZ, German Collection of Microorganisms and 

Cell Cultures; hiFBS, heat-inactivated fetal bovine serum; ME, mercaptoethanol; MEM, 

modified Eagle medium; MDM, modified Dulbecco’s medium, RPMI-1640, Roswell Park 

Memorial Institute culture medium.  

 

All cell lines had 4mM glutamax supplement (Life Technologies 35050-061) and 1% antibiotic 

/ antimycotic supplement (Life Technologies 15240-062) 

 
 
 

Table 2.2. Primer sequences for qRT-PCR 

 

Gene Direction Sequence 

ETS1  Forward 5’CCAAGTGTTCATGCCACGTG3’ 
 Reverse 5’CGAGCGACTGCCACAAAAA3’ 
 ITS Forward 5’CCGGCTTGCCCGATTT3’ 
 Reverse 5’GCCAGCAGGAACGAAACG3’ 
MYC Forward 5’GGATCCTCTGCTCTCCTC3’ 
 Reverse 5’CTTGTTCCTCCTCAGAGTC3’ 
 B2M Forward 5’TCACCCCCACTGAAAAAGATGAGTA3’ 
 Reverse 5’GAATTCTCTGCTCCCCACCTCTAAG3’ 
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Table 2.3. Buffers and reagents 

 

Reagent/Buffer Composition  

Phosphate buffered saline (PBS) 137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 
1.8mM KH2PO4 

Tris-buffered saline (TBS) 50mM Tris, 150mM NaCl 
5x sample buffer 2% (w/v) SDS, 0.4M Tris-HCl pH 6.8, 48% (v/v) 

Glycerol, 58mM β-Me, 0.25% (w/v) 
Bromophenol Blue 

Tris-glycine-SDS running buffer 25mM Tris, 192mM Glycine, 0.1% (w/v) SDS 
pH 8.7 

Western solubilisation buffer 144mM NH4Cl, 17mM Tris-HCl pH 7.65 
TBS-Tween20 (TBS-T) 0.1% (v/v) Tween20 in TBS 
Blocking buffer 5% (w/v) skim milk in TBS-T 
Annexin-V binding buffer 10nM HEPES pH7.4, 140mM NaCl, 5mM CaCl2 

 
* Solutions were prepared in MilliQ-H2O (MQ-H2O) unless otherwise indicated 
 
 

 

Table 2.4. Antibodies 

Protein 

 

Clone 

 

Host 

 

Source (catalogue #) Mw (kDa) dilution 

c-MYC 

 

Y69 rabbit Abcam (ab32072) 48 (observed 

band = 57) 

1:1000 

 

p53 DO-1 mouse Santa Cruz (sc-126) 53 1:1000 

phospho-p53 

(serine-15) 

Polyclonal rabbit Cell Signalling (9284) 53 

 

1:1000 

 

pCHK1 

(serine-345) 

133D3 rabbit Cell Signalling (2348) 56 1:1000 

 

pCHK2 

(threonine-68) 

C13C1 rabbit Cell Signalling (2197) 62 1:1000 

 

pATM 

(serine-1981) 

EP1890Y rabbit Abcam (ab81292) 370 1:1000 

 

      

actin C4 mouse MP Biosciences (691002) 42 1:10,000 

gH2AX EP854(2)Y rabbit Abcam (ab81299) 15 1:200 

GADPH 6C5 mouse Abcam (ab8245) 40.2 

(observed 

band = 37) 

1:2000 

Fibrillarin polyclonal rabbit Abcam (ab5821) 34 1:200 

H3K9Ac C5B11 rabbit Cell Signalling (9649) 17 1:1000 
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Figure 2.1. Cell death assays.  

Exponentially growing human myeloma cell lines (HMCL) were seeded into 96-well plates for 

cell death assays. After 24 hr incubation, a range of concentrations of CX-5461 were added to the 

cell culture. At 24, 48 or 72 hr after drug treatment, cell death was assessed by propidium iodide 

(PI) inclusion. Preliminary experiments demonstrated that the dose response curves and IC50 

values at 48 hr lay in between those for 24 hr and 72 hr, demonstrated here with KMS-12PE cells, 

(mean +/- s.d. from n=2-3 biological replicates). Therefore, later experiments focused on 24 hr 

and 72 hr only. 
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Figure 2.2. Schema of the work-flow for the combination drug screen.  

Human myeloma cell lines (HMCLs) were seeded into 384-well plates. After 24 hr incubation, 

screen compounds and Promega Real-Time Glo® enzyme / substrate were added. Assessment of 

bioluminescence was taken at baseline and then every 24 hr. GI50 values and proliferation curves 

were calculated using Excel and Prism GraphPad software (demonstrated here with CX-5461 

treatment of MM.1S cells, mean +/- s.e.m. of n=3 technical replicates).  
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Figure 2.3. Optimising the high-throughput screen. 

In the initial experiments, bioluminescence was measured out to 120 hr. (a) Some cell lines 

continued to proliferate to this time point (demonstrated here by 5T33, KMS-28PE, U266). (b) 

Other cell lines demonstrated luminescence in the vehicle-treated cells that peaked prior to 

decreasing (L-363, AMO-1, NIC-H929), suggesting substrate depletion; particularly observed in 

HMCLs which proliferated quickly and/or produced overall high luminescence values (i.e. AMO-

1 peaking at 25,000-30,000 relative light units). (c) A few HMCLs (EJM, LP-1, JJN-3) did not 

proliferate well in this assay and therefore were not included in the screen. We demonstrated the 

linearity of bioluminescence produced by diluting the reagent at 1:2 from what was recommended 

by the manufacturer (d) but freezing the excess reconstituted reagent to defrost and use at a later 

date produced a reduction in luminescence (e) and therefore was not utilized. (Mean +/- s.e.m. of 

n=3 technical replicates) 
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Figure 2.4. Comparison of reference genes B2M and GAPDH in response to CX-5461. 

The expression of target genes was normalised to changes in the reference gene β-2-microglobulin 

(B2M) after exposure to drug treatment. (a) As B2M is known to correlate with tumour mass and 

proliferation in MM(Bataille et al., 1984; Greipp et al., 2005), we confirmed that expression of 

B2M was not significantly changed in response to CX-5461. (This data is presented as part of 

Figure 3.2). (b) An additional potential house-keeping control gene GAPDH was tested, however 

in preliminary experiments this demonstrated more variation with drug treatment as compared to 

B2M. (Mean +/- s.d. for n=2-3 biological replicates for B2M, n=1 for GAPDH, dotted line 

references no change), therefore B2M was used as the reference gene in qPCR assays throughout 

this thesis. 
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Figure 2.5. Drug tolerability of CX-5461 in C57BL/6 and C57BL-KaLwRij mice. 

Absolute (left panels) and percentage weight change (right panels) observed in response to CX-

5461 treatment of mice as a measure of drug tolerability. In preparation for the Vκ*MYC model 

of MM, non-diseased C57BL/6 mice were exposed to CX-5461 weekly by oral gavage (OG), at 

(a) 35mg/kg and (b) 50mg/kg. (3 mice in each group, vertical dotted lines indicate the days of 

drug treatment, horizontal dotted lines indicate baseline (0), 15% (-15) and 20% (-20) loss of 

weight). 35mg/kg CX-5461 was well tolerated, and while mice did recover their baseline weight 

when exposed to 50mg/kg CX-5461, the initial weight drop indicated that this dose may result in 

greater weight loss / higher toxicity when used in combination with other drugs. The tolerability 

of CX-5461 in the C57BL-KaLwRij model of MM was demonstrated to be comparable to that 

observed in the genetically-related C57BL/6 mice. (c) Non-diseased C57BL-KaLwRij mice were 

exposed to CX-5461 35mg/kg weekly OG. (3 mice in each group, vertical dotted lines indicate 

the days of drug treatment, horizontal dotted lines indicate baseline (0), 15% (-15) and 20% (-20) 

loss of weight).  
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Figure 2.6. Tolerability studies with single agents. 

Absolute (left) and percentage (right) weight change observed in response to single agent 

treatment of mice as a measure of drug tolerability. Non-diseased C57BL/6 mice were exposed 

to (a) dexamethasone 20mg/kg weekly and (b) bortezomib 1mg/kg weekly by intraperitoneal (IP) 

injection. In preparation for the bortezomib-resistant models of MM, where a dose-intense 

regimen was required due to the short dosing interval available, irradiated non-diseased C57BL-

KaLwRij mice were exposed to bortezomib at (c) 0.8mg/kg and (d) 0.7mg/kg IP 2 days per week. 

Bortezomib 0.7mg/kg IP was selected to use in experiments described in Figures 2.9 and 5.7. (3 

mice in each group, vertical dotted lines indicate the days of drug treatment, horizontal dotted 

lines indicate baseline (0), 10 % (-10), 15% (-15) and 20% (-20) loss of weight). 
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Figure 2.7. Tolerability studies with drug combinations 

Absolute (left) and percentage (right) weight change observed in response to treatment of mice 

with drug combination as a measure of drug tolerability. Non-diseased C57BL-KaLwRij mice 

were exposed to (a) carfilzomib 3mg/kg IP (days 1, 2, 8, 9) and panobinostat 5mg/kg IP (days 1, 

3, 5, 8, 10, 12) and a separate group of mice were then exposed to (b) CX-5461 35mg/kg OG 

(days 1, 3, 5, 8, 10, 12), carfilzomib 5mg/kg IP weekly and panobinostat 5mg/kg IP (days 1, 3, 5, 

8, 10, 12). (3 mice in each group, vertical dotted lines indicate the days of drug treatment, 

horizontal dotted lines indicate baseline (0), and 10% (-10) loss of weight). The drug doses 

presented in (b) were tolerated by the mice (<10% weight loss) and therefore were used in the 

triplet drug survival experiment presented in Figure 5.9. 
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Figure 2.8. Demonstration of bortezomib-sensitivity and -resistance in the 5T33-

C57BL/KaLwRij model of MM. For in vivo studies modelling bortezomib-resistance, 5T33 

cells were generated to have resistance to bortezomib by long-term drug exposure in culture, with 

parental 5T33 cells passaged identically with drug vehicle in parallel for comparison. In order to 

demonstrate the validity of these in vitro-derived cells as an in vivo model of bortezomib-resistant 

MM, C57BL-KaLwRij mice were transplanted the day after sub-lethal irradiation, 

bioluminescent imaging performed to confirm engraftment, then randomised for treatment with 

bortezomib 0.7mg/kg IP twice weekly or the vehicle control. Kaplan Meier plots demonstrating 

that (a) the parental cells retained sensitivity to bortezomib in vivo with a survival advantage 

obtained with bortezomib treatment while (b) bortezomib resistant-cells remained so in vivo, with 

the same median survival as the vehicle-treated cells (n=6-8 per group, statistical significance 

determined by Log-rank Mantel-Cox test, ns; no significant difference). This data is presented as 

part of the combination survival study in Figure 5.7b. 
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Chapter 3: Elucidation of the therapeutic utility of 

rDNA transcription inhibition in MM: single agent and 

combination therapies.  
  

 
3.1. Introduction 

The plasma cell malignancy multiple myeloma (MM) demonstrates marked genetic 

heterogeneity(Bolli et al., 2014; Chapman et al., 2011), with multiple subclones being present at 

diagnosis, and changes in the clonal architecture over time(J. J. Keats et al., 2012). Thus, in 

developing therapeutic strategies, rather than attempting to target the products of specific driver 

mutations, a number of successful MM therapies have targeted cellular processes that are broadly 

dysregulated across the entire malignant plasma cell population but which still provide a 

therapeutic window. For example, proteasome inhibitors target the ability of cells to process 

unfolded proteins, which has proven successful in MM cells due to the reliance of malignant cells 

on the proteasome to clear the large quantities of misfolded protein(Buac et al., 2013; Jesús F. 

San Miguel et al., 2008).  

rDNA transcription is a process which is broadly hyperactive and dysregulated in malignant 

cells(Bywater et al., 2013; D. Drygin et al., 2010). We hypothesized that malignant cells rely on 

high rates of rDNA transcription due to their rapid cell growth and division and are likely 

vulnerable compared to non-malignant cells to its selective inhibition. Indeed, selective inhibition 

of RNA Polymerase I (Pol I)-mediated transcription of rDNA in a wide range of cancer cell types 

leads to nucleolar stress responses and subsequent checkpoint activation, resulting in cell cycle 

arrest and/or apoptosis(Bywater et al., 2012; Nadine Hein et al., 2017; J. Quin et al., 2016). We, 

and others, have demonstrated that it is possible to target rDNA transcription to selectively affect 

cancer cells(D. Drygin et al., 2011), which has been demonstrated in B-cell lymphoma(Bywater 

et al., 2012), acute myeloid leukaemia (AML)(Nadine Hein et al., 2017), acute lymphoblastic 

leukaemia(S. S. Negi & P. Brown, 2015), neuroblastoma(Niemas-Teshiba, 2018), ovarian 

cancer(Cornelison et al., 2017; Yan, Frank, et al., 2017), breast, prostate and colorectal cancer(H. 

Xu et al., 2017). This strategy has been confirmed in in vivo studies to provide a therapeutic 

window. In the initial significant body of work in an in vivo model, (the Eµ-Myc model of MYC-

driven B-cell lymphoma(Harris et al., 1988)), the use of the Pol I inhibitor CX-5461 provoked 

rapid apoptosis in the malignant B-cells(Bywater et al., 2012). In comparison, there was 

preservation of the non-malignant B cell population, indicating that these cells were better able 

to withstand the reduction in rDNA transcription rate.  
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Following on from this body of evidence showing promising preclinical efficacy, two phase I 

clinical trials were commenced; one now completed at Peter MacCallum Cancer Centre in 

patients with relapsed and refractory haematological malignancies(Khot et al., 2019), and one 

ongoing (Canadian Cancer Trials Group; NCT02719977) recruiting patients with solid organ 

malignancies(Hilton et al., 2018). Data from these trials indicates that CX-5461 is well tolerated 

and has predictable pharmacokinetics. While these phase I trials included heavily pre-treated 

relapsed/refractory patients, there are early signals of clinical benefit, as described in Chapter 1. 

The next phase of clinical trials will likely test combination drug therapies with CX-5461 in 

specific disease settings.  

Preclinical studies indicate that CX-5461 has synergy with agents representing a wide range of 

mechanisms of action in a range of malignancies. Candidate-specific screening aimed at targeting 

ribosome biogenesis at multiple levels demonstrated that dual inhibition of rDNA transcription 

with CX-5461 and mRNA translation with the mTOR inhibitor everolimus provided a marked 

increase in overall survival (OS) in the Eµ-Myc B-cell lymphoma model compared with the single 

agents(Devlin et al., 2016). This combination triggered synergistic cellular death through two 

independent signalling pathways simultaneously, with inhibition of PI3K-AKT-mTOR signalling 

causing an upregulation in the translation of specific mRNAs, including BCL2 and the pro-

apoptotic BH3-only protein, BCL2-modifying factor (BMF), in addition to the p53-mediated 

nucleolar stress response elicited by CX-5461(Devlin et al., 2016; Grespi et al., 2010; Shortt et 

al., 2013). A similar candidate approach in solid organ models demonstrated CX-5461 to have 

synergy with the Pim kinase inhibitor CX-6258 in MYC-driven prostate cancer models(Rebello 

et al., 2016). 

Investigation of mechanisms that directly synergise with rDNA transcription inhibition i.e. by 

amplifying the response to replication stress and DNA-damage, demonstrated impressive synergy 

between CX-5461 and the bromodomain inhibitor IBET-151 in AML preclinical models, with 

the combination producing significant increases in survival in both the MLL-AF9:NRASG12D and 

the AML1-ETO:NRASG12D models(Sornkom, 2017). The synergistic mechanism of this drug 

combination is associated with increased rDNA chromatin accessibility provoked by IBET-151-

mediated BRD4 loss, demonstrated in part by increased digestion with micrococcal endonuclease, 

which cuts accessible DNA between nucleosomes. This change in chromatin accessibility 

correlates with accentuated CX-5461-mediated rDNA-localized DDR-signalling, with an 

increase in phospho-γH2A.X foci number, and an increase in DNA damage as assessed by 

alkaline comet assay(Sornkom, 2017). Similar amplification of DNA-damage response pathways 

and increased survival in was shown in homologous recombination-deficient ovarian cancer 
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models using CX-5461 in combination with the poly-ADP-ribose polymerase inhibitor (PARPi) 

olaparib(Sanij et al., 2019). 

Our candidate and screen approaches have identified that CX-5461 synergises with a range of 

inhibitors, consistent with the many signalling pathways which converge on Pol I transcription 

and its regulation. We incorporated this finding into our hypothesis, rationalizing that in the 

context of a heterogeneous cancer such as MM(Lohr et al., 2014; G. J. Morgan et al., 2012; B. A. 

Walker et al., 2018b) (Table 1.1, Table 1.5) which is currently treated with agents acting on a 

variety of cellular targets(Ocio et al., 2014) (Table 1.6, Figure 1.1), CX-5461 may synergise when 

combined with drugs targeting a broad range of molecules and/or pathways. 

Coinciding with the planned clinical trial expansion into combination therapies, here we aim to 

characterize CX-5461 efficacy and mechanism as a single agent in the context of MM, then 

critically identify other currently utilised and/or promising anti-MM agents which demonstrate 

synergy in combination with CX-5461. Specifically, this chapter characterizes the cellular 

response to single-agent CX-5461-mediated Pol I inhibition in a panel of human myeloma cell 

lines (HMCLs). We examined the sensitivity of this panel to CX-5461-induced cell death and 

assessed the effects of CX-5461 on cell cycle progression and DNA-damage response signalling.  

Following this, rather than a candidate approach in this heterogeneous cancer, we performed a 

tailored screen with a select group of other drugs to identify synergistic drug combinations 

specific to MM. In focusing on clinical translation, this group comprised agents currently used to 

treat MM in the front-line setting in Australia, those with promising pre-clinical data in early 

clinical trials, and those currently in use in relapsed and refractory patients. From this boutique 

high-throughput screen we prioritised two drug classes demonstrating synergy with CX-5461 for 

further investigation: histone deacetylase inhibitors and proteasome inhibitors. 

 

3.2. Results 

3.2.1. Establishment of a MM cell line panel  

To examine the efficacy of inhibiting Pol I-mediated rDNA transcription with CX-5461 in MM, 

we established a panel of HMCLs to include the most common molecular drivers and cytogenetic 

events of known prognostic significance (Table 3.1). This panel included cell lines wild-type 

(WT), mutant (MUT) and null for p53, mutations in secondary oncogenic drivers (i.e. KRAS, 

NRAS, RB1), chromosomal translocations involving the immunoglobulin heavy chain and 

rearrangements involving the transcription factor MYC. 
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This panel demonstrated a range of proliferation rates (Figure 3.1a), with doubling times being 

between 22.4-57.6 hr (Figure 3.1b). For all cell lines, the growth kinetics were very responsive to 

changes in cell density and vessel size. A reduction in proliferation rate was observed if the cells 

were seeded too sparsely or were allowed to become too dense. 

The entire panel of cell lines was used for examining the effect of CX-5461 on proliferation and 

cell death, and to perform the combination drug screen. For some of the experiments confirming 

that the cellular response to and downstream signalling from rDNA transcription inhibition was 

the same in MM as previously demonstrated in other malignancies, we used a smaller 

representative panel. This comprised 4 HMCLs (MM.1S, AMO-1, L-363 and JJN-3) representing 

p53-WT (MM.1S, AMO-1), -MUT (L363) and null (JJN-3) status and reflecting a range of 

HMCLs sensitivity to CX-5461 as detailed in section 3.2.3 below. In anticipation of in vivo 

studies, we also included in some experiments 2 murine myeloma cell lines 5T33 and 5TGM1. 

These cell lines can be grown in vitro and are transplanted into C57BL/KaLwRij mice to form a 

murine model of MM (described fully in chapter 4). 

 

3.2.2. Inhibition of Pol I-mediated rDNA transcription with CX-5461 reduces pre-RNA 

levels and alters nucleolar morphology  

CX-5461 is a selective and specific inhibitor of Pol I(D. Drygin et al., 2011). Before 

characterising the cellular response of inhibiting Pol I-mediated transcription in HMCLs, we 

confirmed that CX-5461 is on target in this setting. Pol I solely transcribes the 47S precursor 

rRNA which is subsequently processed into the 18S, 5.8S and 28S forms of rRNA by excising 

the external and internal transcribed sequences (ETS and ITS, see schematic in Figure 3.2a). ETS 

and ITS have very short half-lives (minutes) compared to mature rRNA (hours-days). We have 

established that the rate of 47S-pre-rRNA transcription can be assessed indirectly by measuring 

the amount of rapidly processed 5’ETS and ITS by qRT-PCR in response to drug exposure(D. 

Drygin et al., 2011), which produces results faithful to direct measurement by metabolic labelling 

of newly synthesized rRNA(Bywater et al., 2012).   

The abundance of 5’ETS and ITS showed overall dose-dependent reduction following 1 hr 

exposure to CX-5461 at doses of 500nM and 1000nM, confirming that Pol I transcription was 

rapidly inhibited, and indicating a direct effect in HMCLs (Figure 3.2b and c). In comparison, 

transcription of the house-keeping gene beta-2-microglobulin (B2M) was not reduced following 

1 hr exposure to CX-5461 (Figure 3.2d). The reduction in rRNA transcription levels were similar 

in the 3 cell lines tested, including in the p53 null line JJN-3, in keeping with previously 
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observations (Nadine Hein et al., 2017; Sornkom, 2017) and demonstrating that CX-5461 is on-

target in MM cell lines. 

Our group has demonstrated that CX-5461 elicits a canonical nucleolar stress response, resulting 

in changes in nucleolar structure and the release of ribosomal proteins, which in turn inhibit the 

degradation of p53(Boulon et al., 2010; Bywater et al., 2012; N. Hein et al., 2013). As the site of 

rRNA transcription, the nucleolus forms around actively transcribed rDNA, with assembly and 

disassembly occurring during each cell cycle(Hernandez-Verdun, 2011; Pederson, 2011; Tsai & 

Pederson, 2014). Moreover, the number and size of nucleoli is reflective of hyperactive rDNA 

transcription rates observed in rapidly dividing cells(Derenzini et al., 2009).  

To determine the effects of rDNA transcription inhibition on nucleolar morphology in HMCLs 

we performed immunofluorescent (IF) imaging to assess localization of fibrillarin, a protein 

required for rRNA processing and used here as a nucleolar marker. Exposure for 3 hr to CX-5461 

at 500nM elicited disruption in nucleolar structure, including the appearance of either 

condensation/collapse or dispersion, depending on the cell line, when compared with the vehicle 

control in all 4 cell lines tested (Figure 3.3). This is further evidence of CX-5461 being on-target 

in changing nucleolar morphology in the context of MM. 

 

3.2.3. CX-5461 induces anti-proliferative effects and cell death in HMCLs  

Inhibition of rDNA transcription with CX-5461 across a number of preclinical models provokes 

apoptotic cell death, cell cycle arrest and in some malignancies senescence(Bywater et al., 2012; 

Lindström et al., 2018; Sandeep S. Negi & Patrick Brown, 2015). To determine the sensitivity of 

MM cells to CX-5461, we first assessed cell viability (or membrane impermeability) by exposing 

the entire panel of HMCLs to increasing doses of CX-5461 then measuring propidium iodide (PI) 

exclusion by flow cytometry. Investigation after 24 and 72 hr of drug exposure demonstrated an 

average of a log-fold reduction in the concentration able to kill 50% of cells (inhibitory 

concentration, IC50) when testing at 72 hr compared with 24 hr (Figure 3.4a/b). As expected, 

IC50 values obtained at 48 hr were between those measured at 24 hr and 72 hr (Figure 2.1). The 

concentrations of drug required to kill 50% of cells at 24 hr was as high as 10µM in one cell line 

(JJN-3), indicating the possibility that we were measuring non-targeted effects of CX-5461 on 

the cells rather than Pol I inhibition per se. Due to the potential for off target effects at 24 hr IC50 

values, we did not return to these high doses for subsequent studies. In contrast, measuring PI-

exclusion at 72 hr demonstrated that CX-5461 was able to effect cell death across the panel of 
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cell lines at IC50 concentrations ranging from 112nM in the most sensitive cell line (MOLP-8) to 

2160nM in the least sensitive line (JJN-3) (Figure 3.4b/c). 

CX-5461 is known to cause apoptotic cell death so to determine this in the context of MM cells, 

we assayed annexin-V staining using 500nM at time points prior to cell death at 72 hr in 

representative cell lines (Figure 3.5). Here, we observed a time-dependent increase in annexin-V 

staining, with an increased percentage of annexin-V(+) cells at 24 hr and 48 hr, and with both 

early apoptosis (annexin-V(+)/PI(-)) and late apoptosis (dual annexin-V/PI(+)) observed. The 

effect was most prominent in the MM.1S cells, which are wild-type for p53, and highly sensitive 

to CX-5461-induced cell death (IC50 202nM), with smaller annexin-V (+) populations observed 

in the other cell lines tested. This supports that hypothesis that CX-5461 is able to effect apoptotic 

cell death in MM, as is seen in other malignant contexts(Bywater et al., 2012; Nadine Hein et al., 

2017; Sornkom, 2017). 

As previous published work demonstrated inhibition of cell cycle progression, we also wanted to 

assess the effects of CX-5461 on proliferation in MM cells.  Administration of CX-5461 at lower 

concentrations than those producing cell death led to a slowing in cellular proliferation (Figure 

3.6). This was assessed using the Promega Real-Time Glo® assay, which measures the reducing 

potential of cells. Importantly, as this is a non-lytic assay, it provides the opportunity to measure 

the bioluminescent output repeatedly over time, incorporating both cell death and anti-

proliferative effects. Here we found that growth inhibition was seen with doses of CX-5461 

significantly below those effecting cell death, with the degree of anti-proliferative effect being 

concentration-dependent (demonstrated in Figure 3.6 across a range of human and murine MM 

cell lines). A wide range of baseline (i.e. vehicle-treated) bioluminescent output was observed, 

with some of the vehicle-treated HMCLs reaching values as high as 30,000 relative light units, 

while the mouse MM lines produced luminescence 10-fold lower. These values were not solely 

due to the proliferation rate, as the mouse MM lines proliferated at a rapid rate. All cell lines 

tested demonstrated a reduction in proliferation on exposure to CX-5461, with almost all lines 

demonstrating growth inhibition with doses below 100nM (Figure 3.6).  

These data demonstrate that CX-5461 is able to elicit cell death across a panel of genetically 

diverse myeloma cell lines and is able to inhibit cell proliferation at low concentrations. The 

effects of CX-5461 in the context of myeloma are shown here to be both concentration- and time-

dependent. 
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3.2.4. CX-5461 induces cell death in cell lines wild-type, mutant and null for p53 

Examining the effect of CX-5461 in other malignancies has demonstrated a varying importance 

of p53 status depending on the cancer setting. In models of B-cell lymphoma, CX-5461-induced 

cell death an order of magnitude higher in the presence of functional p53 protein(Bywater et al., 

2012; Devlin et al., 2016). In contrast to this, in mouse models of AML, the efficacy of CX-5461 

was independent of the p53 status, and in vitro studies in both haematological and solid cancers 

demonstrated that the CX-5461 response occurred by both p53-dependent and -independent 

pathways(Nadine Hein et al., 2017).  

In order to investigate the role of p53 in the response to CX-5461 in MM, we first demonstrated 

that exposure of p53-wild type HMCLs (e.g. MM.1S, AMO-1) to CX-5461 500nM at acute time 

points (1, 3 and 6 hr) induces an increase in total p53 protein levels (Figure 3.7a), consistent with 

the stabilisation of p53 protein that is typically observed in response to CX-5461-mediated 

nucleolar stress response (NSR). To examine whether p53 status correlates with sensitivity to 

CX-5461 in MM we compared the CX-5461 IC50 concentrations (cell viability) from cell lines 

wild-type for p53 with those mutant or null for p53 from the HMCL panel (Figure 3.7b; p53-WT 

in blue, p53-MUT or -null in red, data obtained by PI-exclusion as presented in Figure 3.4). While 

the p53 pathway may be inactivated in HMCLs through mechanisms such as INK4AARF deletion 

and MDM2 amplification(Jovanović et al., 2019; Teoh & Chng, 2014), this comparison revealed 

that the p53 mutation status did correlate with sensitivity to CX-5461, with p53 wild type lines 

showing significantly lower IC50 values than p53 mutant/null lines (Figure 3.7 b/c.). Of note, 

while JJN-3 is the only p53 null cell line in the panel, it was the least sensitive to CX-5461 in the 

cell viability assay. However, the IC50 difference between the two cell line cohorts was not highly 

significant (unpaired t-test, p = 0.043), with an overlap in the range of IC50 concentrations 

between the p53-WT and -mutant/null cell lines. Thus, while these data support the hypothesis 

that p53-dependent mechanisms are important for the CX-5461 response in MM, additional p53-

independent mechanism are also activated by Pol I inhibition in this disease.   

 

3.2.5. Correlation between baseline features of HMCLs and sensitivity to CX-5461  

In addition to p53 status, we were interested to see if other features of the HMCLs correlated with 

sensitivity to CX-5461. Previous studies have demonstrated that if you treat cells at an equivalent 

IC50 for Pol I inhibition,  there is no correlation between rDNA transcription inhibition and 

sensitivity to CX-5461-induced cell death(Sornkom, 2017). In the context of MM, analysis across 

the panel of HMCLs indicated that the degree to which rDNA transcription is inhibited does not 
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reflect the sensitivity of each cell line to CX-5461 as measured by the IC50 for cell death at 72 hr 

(Figure 3.7d). In addition, significant disruption in nucleolar architecture was seen (Figure 3.3) 

regardless of HCML sensitivity to CX-5461; i.e. cell lines either highly sensitive or relatively 

insensitive to CX-5461-induced cell death, MM.1S (IC50 202nM) or JJN-3 (IC50 2160nM), 

respectively, both demonstrated disrupted nucleolar morphology. 

We also compared the IC50 values with the rate of proliferation measured in each cell line, with 

the rationale that many chemotherapeutic agents effect a higher degree of cell death in rapidly 

dividing cells compared with slowly growing tumours. We found, however, that a faster doubling 

time did not correlate with an increased sensitivity to CX-5461 (Figure 3.7e). Taken together, 

these data are consistent with observations regarding CX-5461 in other malignancies, whereby 

Pol I transcription is universally affected, but the susceptibility of each cell line to CX-5461-

induced cell death and growth inhibition appears to be determined by other factors i.e. how the 

cell responds to Pol I inhibition(Sornkom, 2017), (Jinbae Son, unpublished data). This is likely 

influenced by the mutational status of the cells and their ability to activate cellular checkpoints 

for survival and cell death.   

 

3.2.6. CX-5461 induces phosphorylation of proteins involved in cell cycle checkpoints and 

promotes a G2/M cell cycle arrest 

In addition to the p53-dependent NSR(Bywater et al., 2012; Nadine Hein et al., 2017), CX-5461 

elicits a non-canonical signalling response which does not rely on p53 function involving 

ATR/CHK1 and ATM/CHK2(S. S. Negi & P. Brown, 2015; J. Quin et al., 2016). Phosphorylation 

of the effector kinases CHK1 and CHK2 leads to downstream signalling events that inhibit cell 

cycle progression therefore resulting in cell cycle arrest(Maréchal & Zou, 2013; J. Quin et al., 

2016). 

To examine the role of ATM/ATR signalling in response to the CX-5461 response in MM, we 

again used the 4-cell line panel (MM.1S, AMO-1, L-363 and JJN-3) described above. Given that 

effects on ATM/ATR signalling occur as a direct response to CX-5461 exposure, we treated cells 

with 500nM CX-5461 at early time points; 1-6 hr. For these acute response studies, we chose 

500nM as a concentration of CX-5461 where we had established that CX-5461 was on-target 

(Figure 3.2, 3.3), thus enabling us to study early signalling events in response to the drug’s on-

target activity. 

Across these MM cell lines, we consistently observed phosphorylation of CHK1, CHK2, and 

ATM (Figure 3.8a). Changes are seen as early as 1 hr, with a further increase in phosphorylation 
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demonstrated at 3 hr and 6 hr. Therefore, this data demonstrates that CX-5461 elicits 

phosphorylation of proteins involved in ATM/ATR signalling, irrespective of p53 status, and 

supports a potential role for a non-canonical DDR in MM(S. S. Negi & P. Brown, 2015; J. Quin 

et al., 2016). 

Phosphorylation of CHK1 and CHK2 elicits downstream signalling events that inhibit cell cycle 

progression. Using the same concentration of CX-5461 that induces this phosphorylation, we 

examined the effects of CX-5461 on cell cycle progression at 24 hr and 48 hr. Following 5-bromo-

2'-deoxyuridine (BrdU) and PI co-staining, flow cytometry analysis demonstrated that after 24 hr 

and to a greater extent after 48 hr, CX-5461 treatment results in an increase in the percentage of 

cells in G2/M phase and a consequent reduction of cells progressing to G1. This demonstrates 

that, as observed in other malignancy settings, CX-5461 also induces a G2/M arrest in myeloma, 

and again this effect is seen independent of p53 status (Figure 3.8b demonstrating PI staining, 

Figure 3.8c utilising BrdU to quantitate the percentage of cells in each stage of the cell cycle). 

This data supports the hypothesis that in multiple myeloma, while overall a p53-WT status confers 

an increased sensitivity to the effects of CX-5461, it is likely not the sole determinant of efficacy. 

Phosphorylation of proteins involved in DDR-signalling pathways leading to the inhibition of cell 

cycle progression are elicited at early time points, independent of p53 status. Furthermore, this 

suggests that CX-5461 may be efficacious in a broader range of MM rather than just those with a 

functional p53-protein.  

 

3.2.7. Inhibition of rDNA transcription with CX-5461 causes an increase in γH2AX foci 

intensity 

To examine at cellular level the DDR elicited by CX-5461, in parallel to the assessment of 

nucleolar structure utilizing fibrillarin, we also performed IF assessing γH2AX foci. It has been 

described that following the activation of ATM, there are changes within the chromatin structure 

in the adjacent areas(Maréchal & Zou, 2013). The key event in this process is the phosphorylation 

of the histone variant H2AX by ATM, producing an increase in γH2AX levels which can be 

detected by IF. IF staining of γH2AX  phosphorylation been described to be the most sensitive 

detection method of the dynamic range in foci formation and allows examination of the intensity 

and location of foci rather than just changes in average levels(Ivashkevich, Redon, Nakamura, 

Martin, & Martin, 2012). 

Phosphorylation of H2AX occurs rapidly in MM cells, with an increase in the mean intensity of 

γH2AX foci evident within 1 hr of exposure to 500nM CX-5461, across the 4 cell lines examined 
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(Figure 3.9a). This intensity persisted, and in some cases significantly further increased, at the 3 

hr time point (Figure 3.9a). Concurrent assessment with the nucleolar protein fibrillarin indicated 

that the location of γH2AX foci was not limited to the nucleoli but instead was evident throughout 

the nucleus (Figure 3.9b). This suggests that nucleolar-specific inhibition of rDNA transcription 

with CX-5461 may elicit more generalised DNA-damage response signalling. 

Taken all together, our data suggest that the inhibition of rDNA transcription by CX-5461 is 

associated with disruption of nucleolar structure, activation of DDR-signalling and the formation 

of γH2AX foci. However, this nucleolar surveillance response, with subsequent changes in 

nucleolar morphology and phosphorylation of H2AX occurs irrespective of sensitivity to CX-

5461-induced cell death. In addition, CX-5461 is able to produce cell death and anti-proliferative 

effects across a panel of cell lines with varying genetic backgrounds. There is increased sensitivity 

to CX-5461 among cell lines with functional p53 protein compared to those with p53 mutations / 

null function, however the values overlap, indicating that other context-dependent factors may be 

modulating the response. 

These insights into the action of CX-5461 as a single agent were fundamental preparation for 

experiments examining potential novel drug combinations for multiple myeloma based on the 

inhibition of rDNA transcription. We have used the results regarding IC50 levels for cell death 

and concentrations which provide an anti-proliferative effect to rationally design the subsequent 

drug combination studies. The downstream cellular responses, defined by apoptosis, cell cycle 

arrest and related signalling changes provide a baseline for further characterisation of any 

combinatorial effects. 

 

3.2.8. A boutique screen reveals that CX-5461 shows increased growth inhibition in 

combination with a wide range of drug classes 

In MM, combination drug therapy is regarded as essential to slow the development of acquired 

drug resistance and therefore increase OS(Stephenson et al., 2014). Though the effects of CX-

5461 as a single agent are impressive, the therapeutic efficacy of this drug in MM, like most novel 

agents entering the clinic, is predicted to be maximised by combining it with other agents. As 

CX-5461 is currently in early phase trials(Hilton et al., 2018; Khot et al., 2019), combining it with 

agents which are currently approved for clinical use and fully reimbursed by the Australian 

government would be the most efficient path to clinical translation. Therefore, we wished to 

explore the potential for therapeutic synergy by combining CX-5461 with a range of agents 

having either promising pre-clinical data in myeloma models, or already in the clinic either for 
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front-line therapy or relapsed / refractory disease (Table 3.3). Importantly, a subset of these 

compounds have also previously demonstrated synergistic effects with CX-5461 in other disease 

settings, including the mTOR inhibitor everolimus in B-cell lymphoma(Devlin et al., 2016) and 

the BET protein inhibitor IBET-151 in AML(Sornkom, 2017). 

As the candidate drugs were chosen based on clinical applicability, they therefore had a wide 

range of mechanisms of action and had the potential to affect MM cells via diverse kinetic profiles 

under given treatment conditions. Therefore, for this “boutique” high-throughput screen of 

selected compounds we chose the Promega Real-Time Glo® assay (detailed in section 3.2.2 

above), which allows for repeated output measurement over time, i.e. serial assessments that 

capture effects ranging from rapid apoptotic cell death to a mild suppression of proliferation. This 

assay is therefore ideal for a drug screen not only containing agents with widely varying 

mechanisms but also utilising different cell types.  

We commenced the screen with the 14 HMCL’s detailed in Tables 2.1 and 3.1, representing cells 

with a range of proliferation rates, oncogenic drivers, p53-status and sensitivity to CX-5461 

(Figure 3.4). We also included the murine myeloma cell lines 5TGM1 and 5T33 (Table 3.2), in 

anticipation of experiments testing the drug combinations in vivo. The drugs chosen for the 

targeted screen were those detailed in Table 3.3, representing a range of mechanisms, and a range 

of stages in drug development, from front-line use (bortezomib, dexamethasone, 

cyclophosphamide, lenalidomide) to those either approved in Australia for relapsed/refractory 

disease (carfilzomib) or accessible only on clinical trial in Australia (panobinostat, venetoclax, 

IBET-151, dinaciclib, palbociclib) and lastly including JQ1 which is in preclinical use only. 

As depicted in the work-flow schematic for the primary screen (Figure 2.2), bioluminescence was 

measured at baseline then at 24, 48 and 72 hr. While some cell lines and drug combinations 

continued to demonstrate combinatorial anti-proliferative effects after 72 hr, other lines became 

too dense to proliferate well, or exhausted the bioluminescent substrate, making later results too 

variable to be reliable measures of efficacy (Figure 2.3). This screen was high throughput and low 

complexity, to identify which drugs may synergise, before performing a more formal analysis of 

synergy. Following the primary screen, some cell lines and drug compounds were discontinued 

for further evaluation upon the observation of inconsistent proliferation within the experimental 

set-up (i.e. JJN-3, EJM, LP-1) or lack of efficacy across the cell lines (as detailed below).  

Figure 3.10 contains representative graphs demonstrating that over the course of 72 hr the 

bioluminescence emitted is reduced in CX-5461-treated MM cells compared to vehicle-treated 

cells, with a further reduction when used in combination with a range of drugs. Drugs that were 

excluded from the secondary screen included palbociclib (Figure 3.10a) and venetoclax (Figure 
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3.10b), which affected proliferation in fewer than half of the cell lines tested, also lenalidomide 

(not shown) and cyclophosphamide (Figure 3.10c) which did not demonstrate additive effects 

with CX-5461 in this assay. A number of drug combinations screened demonstrated minor 

increases in anti-proliferative effect, including dinaciclib (Figure 3.10d) and JQ1 (Figure 3.10e) 

however these combinations were put aside from further testing as other combinatorial effects 

were more impressive. 

Interestingly, drugs combining with CX-5461 to produce a growth inhibitory effect in MM 

included IBET-151 (Figure 3.10f), which has synergy with CX-5461 in AML models(Sornkom, 

2017), everolimus (Figure 3.10g), which has synergy with CX-5461 in the Eµ-Myc lymphoma 

model(Devlin et al., 2016), and the corticosteroid dexamethasone (Figure 3.10h), an integral part 

of all myeloma combination regimens(Kyriakou et al., 2005; Ocio et al., 2010; Reeder et al., 

2009; Stewart et al., 2015). Although the combinatorial effects of these 3 drug combinations were 

not the most robust seen in the primary screen (detailed below), given that these drug 

combinations have demonstrated synergy in other cancer settings (everolimus, IBET-151) or are 

vitally important in the clinic (dexamethasone), we continued these compounds for further 

evaluation. Next, in our secondary screen, we treated human and murine MM cell lines with a 

range of doses of CX-4561 in the presence or absence of the second drug for 72 hr, then assessed 

cell viability by PI exclusion, measured by flow cytometry. This secondary screen provided an 

additional functional measure of drug synergy and an added layer of stringency for prioritising 

drug combinations for further evaluation in MM.  

Interestingly, increased cell death was not observed in either human or mouse MM cell lines 

tested with IBET-151 together with CX-5461 (Figure 3.11a). Moreover, while one cell line 

demonstrated a significant increase in cell death with the combination of CX-5461 with 

everolimus (Figure 3.11b), the others tested demonstrated either no effect in combination, or mild 

antagonism. These results suggested that the precise mechanism of CX-5461 and/or the 

mechanisms by which it synergises with other agents, may differ in the setting of MM to that 

occurring in other malignancies. Based on these data, IBET-151, (and the related bromodomain 

inhibitor JQ1), and everolimus were not continued into further testing. 

We considered the increased inhibition of cell proliferation of CX-5461 in combination with 

corticosteroids a highly clinically relevant finding. Within the secondary screen, synergy 
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demonstrated in the cell death assay was modest in the 5T33 mouse myeloma line and was not 

observed in the HMCLs tested (Figure 3.11c). However, given the over-arching aim of translation 

of this study to clinical trials, dexamethasone was retained as candidate for subsequent pilot 

mouse studies (Chapter 4), despite the in vitro efficacy of this drug combination being 

inconsistent. 

Two drug candidates were selected as viable for further testing following both functional screens: 

the proteasome inhibitor carfilzomib (Figure 3.10j) and the histone deacetylase inhibitor 

(HDACi) panobinostat (Figure 3.10k). In the primary screening assay, CX-5461 demonstrating 

increased anti-proliferative effect with each of bortezomib (Figure 3.10i) and carfilzomib, with 

the effect being more impressive in combination with carfilzomib. CX-5461 demonstrated 

increased combinatorial effects with panobinostat across multiple cell lines, including those both 

highly sensitive to CX-5461 as a single and those much less sensitive.  

To expand on the primary screening results, an extended version of the secondary screen 

described in 3.2.6 above was performed, using a range of concentrations of each of the 2 drugs 

under investigation in a checkerboard format, prior to analysis of cell death by PI exclusion at 72 

hr. These studies demonstrated that CX-5461 with carfilzomib showed increased cell death in 

both mouse and human MM cell lines, shown in Figure 3.12a with the representative AMO-1 and 

5T33 lines. CX-5461 with panobinostat showed increased cell death across the panel of 4 

representative HMCLs (MM1.S, AMO-1, L-363 and JJN-3) described in section 3.2.4 above, and 

in the 5T33 mouse cell line. These primary and secondary screening results supported the 

prioritisation of the combination of CX-5461 and panobinostat for further investigation, with 

plans to incorporate the proteasome inhibitors at a later stage (discussed further in the discussion 

below, and in Chapter 4).  

 

3.2.9. The combination of CX-5461 and panobinostat synergise to mediate cell death  

To formally demonstrate that the combination of CX-5461 and panobinostat produces synergistic 

cell death, we analysed the combination cell death data presented in Figure 3.12 using CalcuSyn 

software. This method of analysis compares and analyses the fractional effect (Fa; here 

representing cell death) elicited by the drug combination with the Fa produced by the single agents 
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to provide an index of synergy, additive effect or antagonism(Chou, 2010; Tallarida, 2011). The 

resultant combination indices (CI) < 1 across the cell panel indicates synergistic cell death (Figure 

3.13). Taken together with the data demonstrating growth inhibition with this drug combination, 

these results provided additional support for the prioritisation of CX-5461 and panobinostat for 

further investigation, both for in vivo efficacy and detailed mechanistic studies.  

 

3.3. Discussion 

Malignant cells are characterised by an increased rate of growth and cellular division compared 

with non-malignant cells(Hanahan & Weinberg, 2000; Hanahan & Weinberg, 2011), which 

requires an accelerated rate of rDNA transcription(D. Drygin et al., 2010; K. M. Hannan et al., 

2013). This hyperactive and dysregulated transcription is a rate-limiting step for malignant 

cellular growth, and as such represents a therapeutic window which can be exploited by 

therapeutic inhibition(D. Drygin et al., 2011). The small molecule inhibitor CX-5461 was 

developed to selectively target Pol I -mediated transcription and has been demonstrated to have 

efficacy in preclinical models of haematological(Bywater et al., 2012; Devlin et al., 2016; Nadine 

Hein et al., 2017; S. S. Negi & P. Brown, 2015; Sornkom, 2017) and solid organ 

malignancies(Cornelison et al., 2017; Niemas-Teshiba, 2018; Rebello et al., 2016; Yan, Frank, et 

al., 2017).  

Here we have evaluated CX-5461 in the context of the plasma cell malignancy multiple myeloma, 

a cancer with marked genetic heterogeneity and changes in the clonal architecture over time(Bolli 

et al., 2014; J. J. Keats et al., 2012; Maura et al., 2018; Merz et al., 2018), where targeting a 

hyperactive normal cellular process may be particularly effective. We have examined the efficacy 

of CX-5461 in the therapeutic targeting of rDNA transcription across a panel of human myeloma 

cell lines containing the common cytogenetic translocations and molecular drivers known to be 

significant in the pathogenesis and prognosis in myeloma(Avet-Loiseau et al., 2007; Brian A. 

Walker, 2015; Antonio Palumbo, Avet-Loiseau, et al., 2015; Sonneveld et al., 2016).  

Across the panel of cell lines, we have demonstrated that CX-5461 robustly inhibits rDNA 

transcription, as assessed by measuring the abundance of rapidly processed ETS and ITS rRNA 

(Figure 3.2), and by observed changes in the nucleolar morphology, with fragmentation and 

dispersion being evident (Figure 3.3). However, in line with findings in other 

malignancies(Bywater et al., 2012; Sornkom, 2017), the degree to which transcription is inhibited 

and nucleolar morphology changes does not appear predictive of later cell responses such as cell 

cycle defects and cell death, which is believed to be associated with the downstream nucleolar 



 95 

stress response signalling pathways active in a given cancer setting. Interestingly, the most 

dramatic changes in nucleolar morphology were seen in the cell line AMO-1 which was 

developed from a patient with multiple plasmacytomas, i.e. solid masses of malignant plasma 

cells. It is possible that the tendency to form plasmacytomas rather than a plasma cell leukaemia 

may reflect a difference in underlying disease biology in which the nucleolus plays a fundamental 

role. However, as AMO-1 was the only plasmacytoma line in our panel, this can only be regarded 

as hypothesis generating. Moreover, as observed in other cancer settings, we have not found any 

association between changes in nucleolar morphology and sensitivity to Pol I transcription 

inhibition. 

We have demonstrated a range in the sensitivity of this panel to CX-5461-induced cell death, 

which is both time- and concentration- dependent (Figure 3.4). In addition, consistent with 

previously described effect of CX-5461 on cell cycle progression, at drug concentrations 

significantly below those effecting cell death, growth inhibition is evident (Figure 3.6). 

Interestingly, a wide range of bioluminescent output was observed when assessing proliferation 

at baseline and following exposure to CX-5461. These values were not solely due to the 

proliferation rate, as the mouse MM lines which produced particularly low luminescent values 

proliferated at a rapid rate. It is possible that the range in bioluminescence reflects differences in 

metabolism, both at baseline and in response to rDNA transcription inhibition, between the cell 

lines. We have previously shown that in the context of MYC-driven lymphoma, the therapeutic 

synergy observed between CX-5461 and the mTOR inhibitor everolimus(Devlin et al., 2016) is 

associated with a decreased translation efficiency of mRNAs related to metabolism(Kusnadi, 

2018). In addition, resistance to this drug combination was due to activation of a metabolism-

dependent anti-apoptotic cell signalling pathway, which when attenuated by the anti-diabetic 

medication metformin, re-sensitised CX-5461-resistant cancers to this drug 

combination(Kusnadi, 2018). These findings may or may not translate to the context of MM, a 

cancer that in the majority of patients is indolent in growth, progressing slowly over 

years(Antonio Palumbo, Avet-Loiseau, et al., 2015; Swerdlow SH, 2008). Further studies by our 

group are likely to extend these studies on the effects of metabolic features in the response to 

inhibition of rDNA transcription into other cancers. 

All cell lines exhibited robust repression of Pol I transcription inhibition, but this didn’t correlate 

with cell death and growth inhibition, nor did changes in nucleolar morphology or baseline 

proliferation rates (Figure 3.7). However, we did find an increased sensitivity to CX-5461 among 

HMCLs with functional p53 protein compared to those with p53 mutations or null function 

(Figure 3.7). This is clinically relevant in the context of MM, where del17p is detected in 8-12% 

of patients at diagnosis(Bolli et al., 2014; Chapman et al., 2011; Lohr et al., 2014), with an 
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increasing incidence as the disease progresses. Deletions are associated with a poorer 

prognosis(Wardell et al., 2013), with del17p being one of the few cytogenetic changes currently 

used routinely in clinical prognostic scoring systems(W. J. Chng et al., 2014). TP53-mutations 

are also associated with a higher rate of resistance to standard treatment(Teoh & Chng, 2014), 

which further contributes to poor outcomes.  

We found that the cell lines with wild-type p53 protein had lower IC50 values overall compared 

with those expressing mutant or no p53 protein (Figure 3.7). Of note, while JJN-3 is the only p53 

null cell line in the panel, it was the least sensitive to CX-5461 in the cell viability assay. In 

contrast to AML, where CX-5461 efficacy was p53-independent(Nadine Hein et al., 2017; 

Sornkom, 2017), this in vitro data in MM indicates some reliance on p53. However, the IC50 

values did overlap, with the p53-mutant and -null HMCLs still being susceptible to CX-5461-

induced cell death. The clinical translation of these findings is that CX-5461 may still be 

efficacious in MM patients lacking wild-type p53. Taken together, these data are consistent with 

observations regarding CX-5461 in other malignancies, whereby the susceptibility of each cell 

line to CX-5461-induced cell death and growth inhibition may be modulated by context-

dependent factors separate from p53 status(Cornelison et al., 2017; Nadine Hein et al., 2017; S. 

S. Negi & P. Brown, 2015; Sornkom, 2017).  

CX-5461 has been demonstrated to cause both a p53-dependent nucleolar stress response, and 

activation of p53-independent DDR-like signalling pathways. We have confirmed that in the 

setting of MM, CX-5461 promotes phosphorylation of proteins involved in cell cycle 

checkpoints, including CHK1, CHK2 and ATM, which occurs in p53-WT, -mutant and -null cell 

lines (Figure 3.8a). Utilising PI and BrdU staining, we show that CX-5461 induces a G2/M cell 

cycle arrest, as has been described in other malignancies (Figure 3.8b and 3.8c). Following on 

from the DDR-signalling response, we have shown that CX-5461 elicits an increase in the 

intensity of γH2AX foci (Figure 3.9).  

In examining the effect of CX-5461 in the context of MM with in vitro studies, we have 

demonstrated that there are a number of similarities when comparing with the effects seen in other 

haematological malignancies (i.e. activation of cell cycle checkpoints and cell cycle 

arrest)(Bywater et al., 2012; Nadine Hein et al., 2017; J. Quin et al., 2016; Sornkom, 2017). 

However, there are also differences observed, such as the role of p53, which likely reflect 

differences in the underlying biology of each cancer. Another example from the AML studies; a 

dominant pathophysiological finding was the differentiation of the immature blasts to a more 

mature phenotype(Nadine Hein et al., 2017). One could hypothesise that in the terminally 

differentiated cells comprising MM, the down-stream response to DDR-signalling may be quite 

different. These disease-specific responses to rDNA transcription inhibition will be further 
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explored in our ongoing studies. The expansion phase of our single agent clinical trial will allow 

the enrolment of increased numbers of patients with a variety of haematological cancers. This 

will enable the further assessment of potential predictive biomarkers of efficacy, including TP53 

mutational status and DDR-signalling pathways.  

Preclinical studies indicate that CX-5461 has synergy with agents representing a wide range of 

mechanisms of action in a range of malignancies, with candidate-specific approaches aimed at 

targeting ribosome biogenesis demonstrating that dual inhibition of rDNA transcription and 

mRNA translation produced synergistic cell death and increased survival in MYC-driven 

lymphoma(Devlin et al., 2016). Investigation of drug combinations that amplify the response to 

rDNA transcription inhibition-driven replication stress and DNA-damage demonstrated 

impressive synergy between CX-5461 and IBET-151 in AML preclinical models(Sornkom, 

2017). There, increased rDNA chromatin accessibility was hypothesized to accentuate the CX-

5461-mediated rDNA-localized DDR-signalling.  

Here, with the aim to identify novel drug combinations based around Pol I inhibition in MM, we 

took an approach based on clinical utility. A boutique high-throughput screen demonstrated that 

CX-5461 has increased growth inhibitory effects when combined with other agents having widely 

varying mechanisms of action. This suggests that it may be possible to tailor drug combinations 

with CX-5461 to a wide variety of malignancies, with the best synergistic combination depending 

on each cancer’s underlying biology. When comparing the growth inhibition obtained in MM cell 

lines with the findings of synergistic drug efficacy in other settings, we hypothesised that there 

might be similar mechanisms at play. In the setting of AML, the combination of CX-5461 and 

the bromodomain inhibitor IBET-151 produced synergistic death in 6 out of 8 cell lines 

tested(Sornkom, 2017) which translated to an increased survival in pre-clinical models of 

AML(Sornkom, 2017). In contrast, in the HMCLs, though there was a modest increase in growth 

inhibition with this combination, IBET-151 did not provoke any cell death as a single agent, nor 

increase that elicited by CX-5461 when used in combination. 

 

Similarly, examining the degree of cell death provoked by the combination of CX-5461 with the 

mTOR inhibitor everolimus did not replicate the synergistic increase in cell death demonstrated 

in other cancer settings. In the context of B-cell lymphoma, the combination of CX-5461 with 

everolimus caused synergistic cell death that was mediated by 2 separate pathways- by the p53-

mediated nucleolar stress response, and also by upregulation of an intrinsic apoptosis pathway 

involving BMF, a pro-apoptotic BH3-only protein(Devlin et al., 2016). This dual targeting of 

rDNA transcription and protein translation significantly extended survival in the Eµ-Myc model 



 98 

of lymphoma(Devlin et al., 2016). In contrast, in the HMCLs, though many lines appeared highly 

sensitive to everolimus-induced growth inhibition, with proliferation being affected by doses less 

than 1nM, the effects on cell death were variable, with some cell lines showing no effect or even 

antagonism. Again, these differences may reflect differences in underlying biology, whereby 

aggressive lymphomas and AML are both more highly primed for rapid apoptosis compared with 

the terminally differentiated plasma cells, which may have different downstream responses to the 

same initial molecular event, with apoptosis constituting some of the response, but effects on 

proliferation also contributing.  

The most promising drug combinations we identified in the setting of MM were with the 

proteasome inhibitor carfilzomib, and the histone deacetylase inhibitor panobinostat, with the 

corticosteroid agonist dexamethasone also being worthy of further evaluation due to its central 

role in myeloma combination therapies. Importantly, this was a significant result with respect to 

the PI class of drugs; currently in Australia the majority of newly diagnosed MM patients receive 

combination chemotherapy with a bortezomib-backbone as their initial induction therapy 

("Myeloma and Related Diseases Registry," 2018). Carfilzomib is a second-generation PI which 

binds irreversibly and more selectively for the β5 subunit, thereby producing greater potency with 

fewer side effects(Zingone et al., 2013). We demonstrated that both growth inhibition and cell 

death were increased over single agent alone with the combination of CX-5461 and carfilzomib.  

 

In considering panobinostat, it was interesting to find a second agent with epigenetic activity to 

come out of the screen, following on from our recent work exploring the mechanism by which 

CX-5461 synergises with IBET-151 in AML(Sornkom, 2017). Here we hypothesised that we may 

see a related mechanism in MM, whereby changes in histone acetylation may amplify the 

transcriptional effects of Pol I inhibition. Panobinostat is a pan-specific inhibitor, with activity 

across the classes of deacetylase enzymes. Currently, while access to panobinostat in Australia is 

by clinical trial only("Panobinostat/Bortezomib/Dexamethasone in Relapsed or Relapsed-and-

refractory Multiple Myeloma (PANORAMA-3),"), it is FDA-approved for relapsed disease in the 

USA. Panobinostat broadly inhibits class I, II and IV HDACs, which through their genome-wide 

transcriptional role results in re-expression of genes, including tumour-suppressor genes, that are 

typically epigenetically silenced(Laubach et al., 2015). Panobinostat also has non-histone targets, 

including the protein aggresome, an alternative pathway to the proteasome for protein 

degradation, mediated by HDAC6(Laubach et al., 2015).  

 

We demonstrated that both increased growth inhibition and cell death was seen with the 

combination of CX-5461 with panobinostat in a representative panel of human and murine MM 

cell lines. CalcuSyn analysis demonstrated that this increased cell death was synergistic, across 
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the panel which has varying qualities with respect to p53 status and sensitivity to CX-5461 as a 

single agent. Therefore, we prioritised this drug combination for further investigation, with plans 

to also incorporate the proteasome inhibitors by exploring the potential of a triplet drug 

combination. Proteasome inhibitors and histone deacetylase inhibitors have been demonstrated to 

have preclinical synergy and clinical efficacy in patients(Ocio et al., 2010; San-Miguel et al., 

2014), therefore a triplet combination with these drug classes together with CX-5461 may aid 

clinical translation. This concept will be explored in chapter 5. 

 

To conclude this chapter, we have demonstrated that CX-5461 has preclinical efficacy in multiple 

myeloma, with the ability to inhibit rDNA transcription and induce both cell cycle arrest and cell 

death across a panel of cell lines. We have shown that CX-5461 combines with agents having a 

wide range of mechanism to produce an increase in anti-proliferative effects. In the next chapter, 

we examine in depth the drug combination of CX-5461 with the HDACi panobinostat, prioritised 

from our in vitro screen. 
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Figure 3.1. Proliferation rates of human multiple myeloma cell lines. (a) Comparison of the 

proliferation rates of representative human multiple myeloma cell lines (HMCLs; for a detailed 

line of the lines and their genetic background see Table 3.1). Cells were grown in the 

recommended media as detailed in Table 2.1 and aliquoted as 20,000 cells/well in 96-well plates, 

with the number of live cells counted and recorded daily. Data represents the mean +/- s.d. from 

n=2-5 biological replicates, dotted lines indicate the cell number when seeded (200 x103) and at 

double that count (400 x103). (b) Doubling time of HMCLs. Growth curves were extrapolated 

from the fold increase in cell number using GraphPad Prism software. Doubling time (hrs) for 

each cell line was calculated using non-linear fit of exponential growth and ranked from cell line 

with shortest doubling time to the longest.  
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Figure 3.2. Pharmacologic inhibition of RNA polymerase I transcription in MM cells by 

CX-5461. (a) Schematic drawing of the 47S rRNA transcript which is rapidly processed into the 

18S, 5.8S and 28S mature forms of rRNA by excising external and internal transcribed sequences 

(ETS and ITS). The arrows indicate the locations of the amplicons used for qRT-PCR. qRT-PCR 

analysis of (b) rDNA transcription rate, as measured by transcription of 47S pre-rRNA 5'ETS 

transcript, (c) 47S pre-rRNA ITS transcript (ITS1), and also (d) a housekeeping gene (B2M) 

following CX-5461 500nM for 1 hr in exponentially growing MM cell lines. 3 cell lines are 

displayed (AMO-1, L-363 and JJN-3) which are representative of p53-wildtype, -mutant and -

null, respectively. Shown are fold changes of normalised expression level in CX-5461-treated 

over vehicle-treated cells; dotted line references no change. Data represents mean ± s.e.m. from 

n=2-4 biological replicates; statistical significance determined using Student’s t-test, *p < 0.05, 

**p < 0.01, ***p < 0.001, ns = not statistically significant. 
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Figure 3.3. Inhibition of rDNA transcription by CX-5461 induces nucleolar disruption of 

human MM cell lines. Immunofluorescence analysis of the nucleolar protein fibrillarin (red) 

against the nuclear marker DAPI (blue) in 4 MM cell lines (MM.1S, AMO-1, L-363 and JJN-3) 

which are representative of p53-wildtype (MM.1S, AMO-1), -mutant (L-363) and -null (JJN-3). 

They also represent HMCL which are highly sensitive (MM.1S), moderately sensitive (AMO-1 

and L-363) and less sensitive to CX-5461 (JJN-3). Exponentially growing MM cell lines were 

treated with 500nM of CX-5461 or the vehicle control for 3 hr, with CX-5461 treatment resulting 

in nucleolar fragmentation and/or condensation compared to the vehicle. Images are 

representative of n=3 biological replicates. 
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Figure 3.4. The effect of CX-5461 on human MM cell lines is both time and concentration 

dependent. (a) CX-5461 produces increased cell death with increasing concentration, and with 

increased duration of drug exposure. Exponentially growing cells were treated with increasing 

concentrations of CX-5461 then assessed for cell death after 24 hr (blue) and 72 hr (red) by 

propidium iodide (PI) inclusion. Experiments were performed in biological replicates; n=2-5, 

presented as mean +/- s.d. Dotted line indicates 50% cell death. (b) Graphing the IC50 for cell 

death at 24 hr and 72 hr obtained in (a) showed a wide variation across the panel. (Mean +/- s.d. 

from n=2-5). (c) The mean IC50 values at 24 hr and 72 hr; values range from 525nM to 10945nM 

at 24 hr, and from 112nM to 2160nM at 72 hr. The HMCL’s largely retained the same order of 

sensitivity to CX-5461-induced cell death at 24 hr and 72 hr.   
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Figure 3.5. CX-5461 induces apoptotic cell death. Exponentially growing cells were treated 

with 500nM CX-5461 for 24 hr or 48 hr then assessed for cell death by annexin-V staining and 

PI inclusion. (a) Exposure to CX-5461 increased the percentage of cells (+) for annexin-V in 

MM.1S cells which are wild-type for p53, and highly sensitive to CX-5461-induced cell death. 

Both annexin-V(+)/PI(-) and annexin-V(+)/PI(+) populations were observed. (b) Plots of cell 

number against annexin-V staining for 4 representative HMCLs (left panels) demonstrate that 

while the MM.1S cells showed a marked increase in the percentage of cells (+) for annexin-V by 

48 hr, the differences detected in the other 3 HMCLs tested were modest. Right panels show the 

quantitation of the percentage of cells (+) or (-) for annexin-V (annV) following exposure to CX-

5461. (Plot data is representative of n=2-3 biological replicates, with quantitation given as mean 

+/- s.d.) 
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Figure 3.6. CX-5461 inhibits cellular proliferation of human and mouse MM cell lines. (a) 

CX-5461 inhibits the proliferation of MM cell lines at doses below where cell death is achieved. 

Exponentially growing cells were treated with increasing concentrations of CX-5461 (nM) then 

cell viability was assessed every 24 hr by measuring luminescence in relative light units (RLU) 

(Promega Real-Time Glo®). Representative graphs for n=2 biological replicates, presented as 3 

technical replicates, mean +/- s.e.m.). Almost all cell lines tested showed a reduction in 

proliferation with doses of CX-5461 below 100nM (62.5nM shown in red).  
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Figure 3.7. Sensitivity to CX-5461 is partially determined by p53-status in human MM cell 

lines, but not by the degree of rDNA transcription inhibition nor the rate of cellular 

proliferation. (a) Western blots demonstrate that exposure to 500nM CX-5461 increases p53 

protein levels in cell lines which are wild-type for p53 (MM.1S and AMO-1). Images are 

representative of n=2 for MM.1S/AMO-1 and n=1 for L-363/JJN-3. Positive control for the JJN-

3 blot (TP53-null) is MM.1S cells, irradiated for 1 hr, while loading controls are actin and 

GAPDH. (b) CX-5461 elicits cell death in MM cell lines which are p53-wild-type (blue), mutant 

(red) and null (JJN-3 only). A range of IC50 concentrations were established as presented in 

Figure 3.4 (n=2-5, mean +/- s.d.). (c) An increase in sensitivity to CX-5461-induced cell death 

was observed in cell lines wild-type for TP53 (mean +/- s.d., p=0.043, statistical significance 

determined using unpaired t-test). (d) CX-5461 reduces transcription of the 47S pre-rRNA 5'ETS 

transcript across the panel of MM cell lines with exposure to 1000nM CX-5461 for 1 hr. The 

IC50 for cell death measured at 72 hr is indicated below the panel. (Shown are fold changes of 

normalised expression level in CX-5461-treated compared to vehicle-treated cells; dotted line 

references no change). (e) The rate of cellular proliferation is not predictive of sensitivity to CX-

5461 as measured by IC50 at 72 hr (Spearman correlation coefficient r=-0.127). 
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Figure 3.8. CX-5461 induces phosphorylation of proteins involved in cell cycle checkpoints 

and promotes a G2/M cell cycle arrest. Exponentially growing cells were treated with 500nM 

CX-5461 for the time periods indicated. (a) Western blot analysis indicates that exposure to CX-

5461 induces the phosphorylation of proteins involved in cell cycle checkpoints within 6 hr 

(Chk1, Chk2, ATM), irrespective of p53 status.  Data is representative of n=2 biological replicates 

for AMO-1/JJN-3 and is n=1 for MM.1S/L-363, with GAPDH as the loading control. (b) Cell 

cycle analysis demonstrates that CX-5461 promotes a G2/M arrest in both p53 wild type (AMO-

1) and null (JJN-3) cell lines. Analysis utilised PI staining, with data representative of n=3 

biological replicates. (c) Quantitation of the percentage of cells in each stage of the cell cycle 

following exposure of AMO-1 and JJN-3 cells to CX-5461 for 24 and 48 hr. Quantitation utilised 

BrdU incorporation; mean +/- s.e.m. from n=3 biological replicates. 
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Figure 3.9. Inhibition of rDNA transcription by CX-5461 increases γH2AX foci intensity. 

Exponentially growing cells from the representative panel of 4 HMCLs were exposed to CX-

5461 500nM for 1 and 3 hr prior to immunofluorescence analysis of γH2AX foci. (a) Quantitative 

analysis showing the increase in mean γH2AX foci intensity following 1 hr exposure to CX-5461 

(red) when compared with the vehicle control (blue), with an increase in intensity after 3 hr. 

Treatment for 1 hr is shown on the top row, 3 hr on the bottom row. Data is representative of n=3 

biological replicates; box indicating the median and interquartile range, mean as + and whiskers 

indicating the 10-90 percentile, statistical significance determined using Student’s t-test, ****p < 

0.0001. (b). Cells were exposed to CX-5461 500nM for 1 hr prior to immunofluorescence analysis 

of γH2AX (green) and the nucleolar protein fibrillarin (red) against the nuclear marker DAPI 

(blue); images from the representative MM.1S cell line. Exposure to CX-5461 produces an 

increase in nuclear γH2AX foci intensity which is not solely co-localized with the nucleolar 

protein fibrillarin. Data is representative of n=3 biological replicates.  
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Figure 3.10. Primary boutique drug screen; CX-5461 shows increased anti-proliferative 

effect in combination with a wide range of drug classes. Representative graphs demonstrating 

luminescent output from a range of HMCLs over 72 hr following drug treatment. As detailed in 

Chapter 2, cells were treated with CX-5461 alone (red), the screen agents as indicated (blue), the 

drug combination (black) or the vehicle control (grey) in the presence of the Promega Real-Time 

Glo® reagent, then luminescence in relative light units (RLU) was measured every 24 hr. Utilising 

a high-throughput approach; while doses of CX-5461 were based on the IC50 for cell death and 

proliferation data (Figures 3.4, 3.6), the doses of the other agents were chosen based on published 

literature, in order to identify which drug combinations were likely to synergise. Data displayed 

as mean +/- s.e.m. from n=3 technical replicates, graphs representative of n=2 biological 

replicates. Displaying U-266 in (a), (c), (e) and (i); MM.1S in (b) and (d); NCI-H929 in (f), (g) 

and (h) and KMS-28PE in (j) and(k). 
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Figure 3.11. The combination of CX-5461 with each of IBET-151, everolimus and 

dexamethasone does not uniformly increase cell death in HMCLs. Exponentially growing 

cells were treated with increasing concentrations of CX-5461 (red, µM or nM as indicated), with 

or without the addition of the second agents (blue), then assessed for cell death after 72 hr by PI 

inclusion. (a) Cell death in response to the combination CX-5461 with IBET-151 (500nM) does 

not increase cell death beyond that produced with CX-5461 alone in either human or murine MM 

cell lines. (b) While the combination of everolimus (50nM) with CX-5461 significantly increased 

cell death in the OPM-2 MM cell line, this was not seen in the other cell lines tested. (c) CX-5461 

with dexamethasone (500nM) produced a modest increase in cell death in the 5T33 murine MM 

cells, but not in the human MM lines tested. Data shown as mean +/- s.d. of n=2-3 biological 

replicates, with statistical significance analysed by multiple unpaired t-tests, *** p<0.001. Dotted 

lines represent the cell death resulting from the second agent alone. 
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Figure 3.12. The combination of CX-5461 with each of the proteasome inhibitor carfilzomib 

and the histone deacetylase inhibitor panobinostat produces increased cell death. 

Exponentially growing cells were treated with increasing concentrations of CX-5461 (nM) with 

and without the presence of carfilzomib and / or panobinostat, then assessed for cell death after 

72 hr by PI inclusion. (a) CX-5461 with carfilzomib showed increased cell death in both human 

(AMO-1) and mouse (5T33) MM cell lines. (b) CX-5461 with panobinostat showed increased 

cell death across the panel of 4 representative HMCLs, and in the 5T33 mouse cell line. (CX-

5461 alone in red, CX-5461 with the second agent in blue). Data shown as mean +/- s.e.m. from 

n=3 biological replicates for all graphs other than 5T33 with carfilzomib which is n=1, statistical 

significance determined using unpaired t-test, *p < 0.05, **p < 0.01, ***p < 0.001. Doses of the 

second agent were administered at IC20-IC40; dotted lines indicate the effect of the second drug 

alone. 
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Figure 3.13. The cell death caused by the combination of CX-5461 with the histone 

deacetylase inhibitor panobinostat is synergistic. Analysis of drug synergy using the data 

presented in Figure 3.12b demonstrates a synergistic increase in cell death with the combination 

of CX-5461 with panobinostat across the representative panel of human and murine MM cell 

lines.  Combination indices (CI) were calculated using the Chou-Talalay method in CalcuSyn 

software, which compares and analyses the fractional effect (Fa; here representing cell death) 

elicited by the drug combination, with the Fa produced by the single agents. This calculation 

provides an index of synergy, additive effect or antagonism; a resultant CI < 1 indicates 

synergistic cell death (green), CI > 1 indicates antagonism (red), and CI = 1 indicate additive 

effect (black). Data shown as mean +/- s.e.m from n=3 biological replicates. 
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Table 3.1. Human myeloma cell lines and genetic composition 

 

Cell line Tissue source TP53 status Genetic mutations Cytogenetics 

AMO-1 IgA K PCT WT KRAS t(12;14) 

EJM IgG L MM MUT- K132N NF1, RAC1, RB1 t(14;20) 

JJN3 IgA K PCL Null- HD NRAS t(14;16) 

KMS-12-

PE 

Non-secretory PE MUT- R337L ERBB2 t(14;20) 

KMS-28-

PE 

IgG L PE MUT- G105R KRAS, BIRC2/3 t(4;14) + t(8;14) 

L-363 IgG PCL MUT- S261T NRAS del17(p12) 

LP1 IgG MM MUT- E286K nil t(4;14) 

MOLP-8 IgD L MM WT NRAS, PTEN, 

RAC1 

t(11;14) 

MM1.S IgA L MM WT EGFR, KRAS t(14;16) 

MM1.R IgA L MM WT EGFR, KRAS t(14;16) 

NCI-H929 IgA K MM WT BCOR, NRAS t(4;14) 

OPM2 IgG L MM MUT- R175H CDKN2A, FGFR3, 

RUNX1T1 

t(4;14) 

RPMI-

8226 

L LC MM MUT EGFR, JAK3, 

KRAS 

t(16;22) + t(8;22) 

U266 IgE L MM MUT RB1, BRAF t(11;14) 

 
MM = multiple myeloma, PCL = plasmacytoma, PE = pleural effusion, LC = light chain, WT = wild-type, 
MUT = mutant, HD = homozygous deletion 
p53 mutational status determined by the Keats Lab MM Cell Line Characterisation Project(Allen et al., 
2013)  
 

Table 3.2. Mouse myeloma cell lines  

 

Cell line Isotype Tissue involvement Bone lesions Growth 
pattern 

5T33 IgG2b k  Bone marrow, liver, 

spleen 

Yes Aggressive 

5TGM1 IgG2b k Bone marrow, spleen Pronounced Aggressive 
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Table 3.3. Drugs chosen for combination screen with CX-5461 

 

Drug name Target or mechanism of action Stage of clinical development 

Bortezomib Cellular proteasome FDA and TGA approved, routine 

access 

Carfilzomib Cellular proteasome FDA and TGA approved, 

Australia- access in relapsed / 

refractory MM 

Dexamethasone Glucocorticoid receptor FDA and TGA approved, routine 

access 

Cyclophosphamide Alkylating agent FDA and TGA approved, routine 

access 

Lenalidomide Immunomodulatory agent FDA and TGA approved, routine 

access 

JQ1 Bromodomain inhibitor Preclinical 

IBET-151 Bromodomain inhibitor Phase I trials 

Dinaciclib Cyclin-dependent kinase 1, 2, 5, 9 

inhibitor 

Phase I-II trials 

Palbociclib Cyclin-dependent kinase 4, 6 

inhibitor 

Phase I-III trials 

Panobinostat Histone deacetylase inhibitor FDA and TGA approved, 

Australia- access on clinical trial 

only 

Venetoclax BCL-2 inhibitor FDA and TGA approved for 

others indication, Australia- 

access on clinical trial only for 

MM 

 

FDA = Food and Drug Administration (for USA medication approval) 

TGA = Therapeutic Goods Administration (for Australian medication approval) 
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Chapter 4: Dual inhibition of rDNA transcription and 

histone deacetylases for the treatment of MM 
 
4.1. Introduction 

In the routine management of MM patients, the use of combination drug therapy is regarded as 

an essential strategy to delay the acquisition of drug resistance and therefore extend overall 

survival (OS). The combination of CX-5461 with the histone deacetylase inhibitor (HDACi) 

panobinostat was one of the most consistently synergistic drug combinations across multiple 

lines, both human and murine, identified in our in vitro screen, therefore here we comprehensively 

examine this combination in in vivo models of MM.  

The broader class of deacetylase enzymes act to remove acetyl groups from multiple proteins, 

which in the case of histones promotes chromatin compaction and silencing of gene expression(S. 

I. S. Grewal & Moazed, 2003; Shogren-Knaak et al., 2006). The epigenetic control of gene 

expression is dysregulated in the context of cancer(M. A. Dawson & Kouzarides, 2012; Esteller, 

2008; Feinberg, Koldobskiy, & Göndör, 2016). Epigenetic modifiers can activate or repress the 

epigenetic machinery (e.g. IDH1/2, BRD4), change DNA methylation or chromatin structure (e.g. 

DNMT3A, TET2, ARID1A) and are regulated to increase pluripotent potential or cellular survival 

(e.g. OCT4, SOX2)(Feinberg et al., 2016; Feinberg et al., 2006). This modulation contributes to 

cancer establishment and progression, representing several potential targets in modern cancer 

therapeutics(Bennett & Licht, 2018). The deacetylase enzymes also regulate a diverse range of 

non-histone proteins which may contribute to tumour establishment and progression, with more 

than 1750 targets described following exposure to a non-selective inhibitor, including 

transcription factors, proteins involved in cell cycle progression, DNA-repair and chromatin 

remodelling proteins, cytoskeletal reorganisation and proteasome regulation(Choudhary et al., 

2009; Eckschlager et al., 2017).  

The HDAC group of enzymes are grouped into 4 classes (5 including sub-classes) based on their 

function and subcellular location as follows; class I (HDAC 1–3 and 8), class IIA (HDAC 4, 5, 7 

and 9), class IIB (HDAC 6 and 10), class III (Sirtuins 1–7) and class IV (HDAC 11)(Carew et al., 

2008; Haberland, Montgomery, & Olson, 2009). Dysregulation of HDAC expression has been 

observed in a number of malignancies, with increased HDAC class I expression being common 

and HDAC6 overexpression also being demonstrated(Montezuma, Henrique, & Jeronimo, 2015; 
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Weichert, 2009). In the context of MM, both class I HDAC enzymes  and HDAC6 promote cell 

survival(S. Mithraprabhu, Khong, Jones, & Spencer, 2013; Santo et al., 2012), with HDAC1 over-

expression specifically being linked to drug resistance(Kikuchi et al., 2010). The prognostic 

significance of this increased expression is likely context dependent, but has been shown to be 

associated with shorter OS in primary myeloma samples(Sridurga Mithraprabhu, Kalff, Chow, 

Khong, & Spencer, 2014).  

By inhibiting the activity of HDAC enzymes, the HDACi drug class, of which panobinostat is the 

most advanced in clinical development, targets the reliance of malignant cells on dysregulated 

expression of HDACs and their downstream targets(K. Maes et al., 2013). Panobinostat is a non-

selective inhibitor, active across classes I, II and IV of the deacetylase enzymes. With respect to 

those HDAC enzymes whose aberrant activity has been attributed to MM, panobinostat has both 

histone-specific activity, mediated by class I HDAC enzymes(Carew et al., 2008; Laubach et al., 

2015), and non-histone targets, mediated by HDAC6(Laubach et al., 2015; P. Neri, Bahlis, & 

Lonial, 2012; Simões-Pires, Bertrand, & Cuendet, 2017). This activity leads to downstream 

responses including promoting reactivation of tumour-suppressor genes such as p53 via 

HDAC1(Maiso et al., 2006; Ocio et al., 2010; Ohguchi, Hideshima, & Anderson, 2018) and 

inhibition of the protein aggresome dependent on HDAC6(Teru Hideshima et al., 2016; Teru 

Hideshima, Richardson, & Anderson, 2011; Kawaguchi et al., 2003; Santo et al., 2012). 

Primarily through its ability to inhibit HDAC1, panobinostat leads to transcriptional upregulation 

of p21 and down-regulation of cyclin D1 expression, causing a subsequent reduction in the 

phosphorylation of CDK2/CDK4 resulting in downstream cell cycle defects, with G1-arrest/S-

phase delay predominating over G2/M arrest(Bernhart et al., 2017; Carew et al., 2008; A. 

Newbold, Salmon, Martin, Stanley, & Johnstone, 2013; Sonnemann et al., 2013). It increases the 

expression and phosphorylation of p53, which leads to increased p21 expression and caspase 3 

and PARP cleavage, with the subsequent induction of apoptosis(Ma, Liu, Zhang, & Jia, 2017; 

Sonnemann et al., 2013). Apoptosis in response to panobinostat is also associated with 

upregulation of pro-apoptotic proteins such as Bim, Bax and NOXA, and down-regulation of anti-

apoptotic factors including BCL-XL, MCL-1 and XIAP(Gallagher et al., 2018; Mannava et al., 

2012; Y. Zhao et al., 2005). HDAC inhibition also leads to rapid down-regulation of the 

transcription factor and proto-oncogene MYC, with the effects on expression being due to class I 

HDAC inhibition rather than HDAC6(T. Hideshima et al., 2015; H. Li & Wu, 2004; Y. Xu, 
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Voelter-Mahlknecht, S., & Mahlknecht, U. , 2005). This downregulation is also thought to 

contribute to the clinical efficacy if this drug class, and has been demonstrated to be involved in 

synergy between panobinostat and other drug classes(T. Hideshima et al., 2015). 

By inhibiting HDAC6, panobinostat regulates the acetylation of α-tubulin, causing inhibition of 

chaperone proteins including heat-shock protein-90 with resultant disruption of protein 

homeostasis at the aggresome, an alternative pathway for protein degradation to the 

proteasome(Bali et al., 2005; Cosenza & Pozzi, 2018; R. Rao, Fiskus, Ganguly, Kambhampati, 

& Bhalla, 2012; Santo et al., 2012). These effects have been demonstrated to have clinical 

relevance in a cancer such as MM which displays increased production of abnormally folded 

protein. Inhibition of HDAC6 exploits the cellular stress resulting from dysregulated protein 

homeostasis, resulting in caspase-dependent apoptosis(Cosenza & Pozzi, 2018; Teru Hideshima 

et al., 2005; Kawaguchi et al., 2003; Santo et al., 2012). 

While our understanding of the entire suite of signalling pathways and resulting cell responses by 

which this drug acts to kill myeloma cells is still an active area of research, panobinostat is already 

being used to treat MM patients. Panobinostat has been approved for clinical use in the context 

of relapsed / refractory MM(Raedler, 2016). It has modest efficacy as a single agent(J. L. Wolf et 

al., 2012), but a clinical trial combining panobinostat with dexamethasone and bortezomib 

demonstrated efficacy in the setting of bortezomib-refractory disease(P. G. Richardson, 

Schlossman, R.L., Alsina, M., 2013), with the mechanisms of synergy demonstrated to include 

dual inhibition of both the proteasomal and the aggresomal pathways for protein degradation(Teru 

Hideshima et al., 2011). Equally, it combines well with lenalidomide to partially restore 

sensitivity in the context of IMiD-resistant disease(Chari, Cho, et al., 2017; Ocio et al., 2010). 

Overall, the data suggests that for maximum clinical efficacy, panobinostat should be combined 

with other anti-myeloma agents(Manasanch et al., 2018). 

In this chapter we expand our examination of one of the drug combinations prioritised from our 

screen; dual inhibition of rDNA transcription inhibition by CX-5461 and deacetylase inhibition 

by panobinostat. We describe preliminary experiments establishing and piloting in vivo models 

of MM, then demonstrate a significant increase in survival with this drug combination compared 

with single agents. We demonstrate the on-target activity of each drug, measuring rapidly 

processed pre-ribosomal RNA as a marker of Pol I inhibition, and acetylation of histones as a 

measure of deacetylase inhibition. We then explore the effect of the drug combination on key 
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downstream effectors of CX-5461 activity, including the phosphorylation of proteins involved in 

DDR/cell cycle checkpoints and the resulting effects on cell cycle. Given the established 

importance of MYC both in susceptibility to rDNA transcription inhibition and in the efficacy of 

panobinostat, we assessed the effects of the drug combination on MYC mRNA and protein levels, 

comparing with the effects produced in response to the single agents. From this examination of 

cellular response to the drug combination, we demonstrate that the mechanisms of synergy appear 

to be complex and multi-factorial, with DDR-signalling, cell cycle progression, and MYC 

transcription all playing a role. 

 

4.2. Results 

4.2.1. Development of in vivo models of MM 

In order to aid the clinical translation of our work, we tested if the combination benefit 

demonstrated in vitro translated to a survival benefit in vivo in mouse models of MM. HMCLs, 

originally isolated from patients with plasma cell leukaemia or multiple plasmacytomas (Table 

3.1), are representative of the most aggressive end of the spectrum of myeloma clinical 

presentation when extramedullary tumour growth is possible(Allen et al., 2013; Moreaux et al., 

2011). In addition, cell lines are not able to model stroma-tumour interactions nor the micro-

environment, including the contribution of the immune system. There are several murine systems 

which have been used to model MM, and each has its own benefits and limitations as described 

in detail below.  

 

4.2.2. The Vκ*MYC model of MM 

The Vκ*MYC model was developed at the Mayo Clinic in Arizona, USA and is regarded as the 

mouse model most representative of human MM with respect to disease development and 

predicting the utility of MM drug treatments(Chesi et al., 2012; Chesi et al., 2008; Cooke et al., 

2016; Rossi et al., 2018). It has been widely used, including within our local institution(Chesi et 

al., 2012; Cooke et al., 2016; J. J. Keats et al., 2012; Matthews et al., 2013). As described in 

Chapter 2, this model was developed as a genetically engineered conditional transgenic MM 

model in which there is MYC activation under the control of the kappa light chain gene regulatory 

elements. The activation occurs by sporadic reversion of a stop codon inserted at a hot-spot for 

somatic hypermutation, thereby mimicking the pathogenesis of MM in humans(Chesi et al., 

2008). A more aggressive disease course is provoked by harvesting tumours and transplanting 

into other C57BL/6 mice. 
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The disease relevancy of the Vκ*MYC model include that the clinical features are similar to 

human MM, on an immunocompetent background, which therefore includes the role of the 

microenvironment and produces comparable changes in lymphocyte and cytokine 

production(Cooke et al., 2016). The disease course is slow, consistent with human MM, with 

clinically evident disease taking 12 months to develop in the transgenic form and 3-6 months in 

the transplant form. By design, the presence of MYC as a driver mutation in this model represents 

a common event in MM progression(Holien et al., 2012; B. A. Walker et al., 2014), and  

furthermore, the MYC dysregulation was relevant for our investigation given that it is a 

sensitising factor to Pol I inhibition(Bywater et al., 2012; Lee et al., 2017; Rebello et al., 2016) 

and may mediate CX-5461 activity in the MM setting(Lee et al., 2017). The disadvantages of 

these models are that they don’t represent the full range of genetic abnormalities seen in human 

MM, engraftment of the transplant clones may vary in timing, so it is necessary to transplant 

additional mice to achieve a sufficient number with relatively uniform engraftment to acquire 

statistically meaningful data in, for example, drug treatment studies. In addition, conditions to 

support ex vivo growth of the Vκ*MYC cells have not yet been established so you cannot perform 

larger scale molecular/biochemical studies using the same source cells, and it has not yet proven 

possible to stably transduce these cells to express luciferase in order to enable non-invasive 

disease monitoring. 

We obtained a Vκ*MYC clone (#4929) from Prof Ricky Johnstone (Peter Mac), which produces 

a relatively aggressive version of the model, with the vehicle-treated mice developing detectable 

disease (as assessed by serum protein electrophoresis, SPEP) by 10 weeks and end-stage disease 

at a median of 15 weeks(O'Brien et al., 2013). These cells were tested in a pilot study by Dr 

Nadine Hein, who noted an increase in OS using a dose of 50mg/kg CX-5461 weekly by 

intraperitoneal (IP) injection(O'Brien et al., 2013). Repeat peripheral blood (PB) collection after 

3 doses demonstrated that in CX-5461-treated mice, the paraprotein level, (produced by the 

malignant plasma cells, and therefore a surrogate marker of disease burden), had stabilised or 

decreased in all mice(O'Brien et al., 2013). In comparison, testing of the vehicle-treated mice 

demonstrated all paraprotein levels had increased. However, despite these promising initial results 

with CX-5461 as a single agent, all mice eventually acquired drug resistance, with the 

development of early hind limb paralysis; a defined ethical end-point as a surrogate for end-stage 

MM(Mitsiades, Anderson, & Carrasco, 2007). This reinforced our hypothesis that combination 

drug therapy is likely required in order to achieve therapeutic efficacy with Pol I inhibition in 

MM in the clinic. 
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4.2.3. CX-5461 with dexamethasone did not increase survival in the Vκ*MYC model of MM 

In Chapter 3 we demonstrated in vitro that the corticosteroid dexamethasone, which is a standard-

of-care treatment for MM in the clinic, acts in combination with CX-5461 to further inhibit 

cellular proliferation (Figure 3.10). Examining cell death by PI exclusion at 72 hr however 

revealed no additional death with the drug combination (Figure 3.11). Despite other combinations 

looking more promising, we included dexamethasone in in vivo studies due to its importance in 

clinical management of haematological malignancies(Burwick & Sharma, 2019). Drug 

tolerability studies were performed in non-diseased mice where weight loss was measured as an 

indication of drug toxicity. We administered the agents individually for 1 month (Figures 2.5, 

2.6), followed by the drug combination in a second cohort of mice for 2 weeks, during which time 

no weight loss was observed. CX-5461 is expected to cause a small amount of weight loss, which 

is reversible on withdrawal of the drug(Sornkom, 2017). CX-5461 is tolerated as a single agent 

in C57BL/6 mice administered in a range of dosing schedules, including 35mg/kg q3d and 

50mg/kg weekly, given by either oral gavage (OG) or IP injection. Due to its mechanism as an 

agonist at the glucocorticoid receptor(Cruz-Topete & Cidlowski, 2018), dexamethasone is 

frequently associated with weight gain, with other potential side effects including an increased 

susceptibility to infection. Based on these preliminary studies and the described latency of this 

model requiring approximately 3-6 months of drug treatment, we chose conservative weekly 

dosing schedules for both drugs; CX-5461 35mg/kg weekly OG and dexamethasone 20mg/kg 

weekly IP. 

Female C57BL/6 mice, aged 6-8 weeks, were irradiated the day prior to transplantation with 

50,000 bone marrow (BM) cells from the tumour-banked samples of the #4929 clone (Figure 

4.1a). Assessment of the percentage of live cells by trypan-blue staining after defrosting indicated 

unexpectedly low cell viability, translating into a much lower than intended number of cells being 

transplanted. The experiment proceeded as a pilot study to become familiar with the various 

aspects of the model. PB analysis at 7 weeks post-transplant revealed that 39/50 mice (78%) had 

a paraprotein detectable by SPEP, however, 36% of these were detected at very low levels (i.e. £ 

2% of total protein, data not shown). Thus, the low number of cells transplanted likely resulted in 

an uneven engraftment pattern, with fewer than expected mice having a significant burden of 

disease at this time point. As there were a majority of mice with a paraprotein detected (albeit 

very small), we were able to proceed with the pilot study, anticipating that the treatment groups 

would still be large enough to enable statistical significance.   

At 10 weeks post-transplant, mice were randomised based on their disease burden into 4 treatment 

groups comprising vehicle, CX-5461, dexamethasone, and the combination of CX-5461 with 

dexamethasone (Figure 4.1b).  After 1 month of treatment, the combination-treated group showed 
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a trend towards a retardation in disease progression as assessed by SPEP, but this did not reach 

statistical significance (Figure 4.1c). The mice were treated weekly for the duration of the 

experiment until the animals reached ethical endpoints, with the resulting survival curves 

indicating that while CX-5461 as a single agent gave an increase in OS (median 222 days vs 186 

days, p = 0.003), dexamethasone did not add to this benefit, with the survival curve of the 

combination group overlying that from the CX-5461- treated group (Figure 4.1d).   

Therefore, as a part of the preliminary work establishing the Vκ*MYC model in our laboratory, 

we demonstrated that the modest increase in anti-proliferative effects seen with the combination 

of CX-5461 and dexamethasone in the Real-Time Glo assay were not reproduced in vivo to a 

survival benefit beyond that achieved with CX-5461 as a single agent. Based on these pilot studies 

we made the decision not to prioritise the combination of CX-5461 with dexamethasone for 

further investigation, focusing solely on the combination of CX-5461 and panobinostat. 

 

4.2.4.  The combination of CX-5461 with the histone deacetylase inhibitor panobinostat 

increases survival in the Vκ*MYC mouse model of MM 

The screen for clinically relevant agents that synergise with CX-5461 in HMCL revealed that the 

combination of CX-5461 with panobinostat demonstrated impressive synergy in vitro both 

inhibiting proliferation and increasing cell death (Figures 3.10k, 3.12b and 3.13). Accordingly, 

we tested this drug combination in in vivo MM models. Panobinostat has been published as a 

single agent in C57BL/6 mice at doses as high as 25mg/kg daily for brief periods (2-5 days), 

before drug toxicity necessitates a dose reduction (i.e. to 5-15mg/kg daily)(Chesi et al., 2012; 

Matthews et al., 2013; Ocio et al., 2010). Moreover, when used in combination with other agents 

panobinostat has demonstrated toxicity, with some combination-treated groups reported to have 

a shorter survival than the vehicle-treated mice(Matthews et al., 2013).  

As such, considering the latency of the Vκ*MYC mouse model, with expected treatment periods 

in excess of 3 months(Chesi et al., 2012), we chose the conservative dosing schedule of 7.5mg/kg 

3 days per week by IP injection. We demonstrated in non-diseased mice that this dose was 

tolerable in combination with CX-5461 administered as 35mg/kg orally weekly (data not shown). 

Panobinostat is known to cause diarrhoea as a side effect in patients(P. G. Richardson, 

Schlossman, R.L., Alsina, M., 2013; San-Miguel et al., 2014), and over long periods, CX-5461 

can be associated with weight loss(Sornkom, 2017), so from the time of drug treatment mice were 

supplied with a dietary supplement in the form of Ensure, to assist in the maintenance of an 

adequate weight. 
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In the pilot experiment transplanting BM cells, the viability post-storage was 30-40%, so we 

designed this experiment to use splenic tissue as the transplant source. 350,000 spleen cells from 

stored vials of the #4929 clone were defrosted and transplanted into irradiated female C57BL/6 

mice, aged 6-8 weeks. At 7 weeks post-transplant, PB sampling indicated tumour engraftment 

was detectable in 24/30 (80%) of the transplanted mice using a definition of a PP >5% of total 

protein (i.e. a more significant disease burden than in the pilot study). The mice were randomised 

based on their disease burden into 4 treatment groups comprising vehicle, each drug individually, 

and the combination of CX-5461 and panobinostat.  The groups were comparable for disease 

burden at baseline (Figure 4.2a).  

Serial monitoring of tumour burden demonstrated that the paraprotein production was significant 

lower in the single agent groups, and lower still in the combination group when compared with 

the vehicle-treated mice (Figure 4.2a-d demonstrating results at baseline, 2, 6 and 10 weeks). The 

median survival of the vehicle-treated mice was 109 d, 126 d with panobinostat, 131 d with CX-

5461 and 162.5 d with CX-5461 and panobinostat. A curve comparison (Log-rank Mantel-Cox) 

demonstrated that the drug combination of CX-5461 with panobinostat provided a significant 

survival benefit over each of the single agents (p = 0.007 compared with CX-5461 alone, p = 

0.046 compared with panobinostat alone, Figure 4.2e). The mice tolerated the combination drug 

treatment well, with the degree of weight loss being <10% throughout the time course of the 

experiment (Figure 4.2f). All mice were culled for end-stage disease rather than for drug toxicity. 

Therefore, CX-5461 and panobinostat synergised in vivo to provide an increased survival benefit, 

supporting our ongoing prioritisation of this drug combination.  

 

4.2.5. Prolonged dosing with CX-5461 and panobinostat does not lead to increased bone 

marrow toxicity compared with single agents 

Both CX-5461 and panobinostat have the potential to cause bone marrow toxicity(Chari, Cho, et 

al., 2017; Manasanch et al., 2018; P. G. Richardson, Schlossman, R.L., Alsina, M., 2013; 

Sornkom, 2017). In MM patients, one of the most common forms of dose-limiting toxicity seen 

with panobinostat is thrombocytopenia, although anaemia and leukopenia have also been 

described(P. G. Richardson, Schlossman, R.L., Alsina, M., 2013; San-Miguel et al., 2017). The 

mice receiving therapy with both CX-5461 and panobinostat in the Vκ*MYC model were on 

treatment for a median of 15.9 weeks (range, 11.3-18.1 weeks) without significant drug toxicity 

developing in the mice.  

Given the concern for exacerbated bone marrow toxicity, despite the overall lack of toxicity 
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during the course of this study, we monitored PB for effects on specific blood cell populations. 

Serial PB sampling indicated that there was no significant reduction in any of haemoglobin, total 

white cell count, or platelet count in the combination group compared with the mice receiving 

single agents or vehicle (Figure 4.2g; haemoglobin, Figure 4.2h; platelet count). In fact, 

interestingly, there was a trend towards a thrombocytosis in the combination-treated mice, which 

is the opposite of what is typically observed in haematological cancers when treating with most 

drug combinations. After 10 weeks of drug dosing, the PB count parameters were comparable in 

the combination and single agent groups, indicating that prolonged dosing with this drug 

combination was not associated with significant marrow toxicity. These results are important for 

translation from pre-clinical studies to clinical trials, as haematological toxicity can limit our 

ability to combine medications and are promising for the ongoing development of this drug 

combination for the treatment of MM.  

 

4.2.6. The 5T33-C57BL/KaLwRij mouse model of MM 

While the Vκ*MYC model of myeloma recapitulates many aspects of human MM, it is 

understood that MM is a clinically and genetically heterogeneous disease(Corre et al., 2015; Lohr 

et al., 2014; B. A. Walker et al., 2018b). In addition, while MYC overexpression is seen in most 

HMCLs(Moreaux et al., 2011), and MYC activation is associated with MM progression to more 

aggressive forms(W. J. Chng et al., 2011), it is not universally present in all human myeloma. 

Due to these facts, we wanted to test the efficacy of CX-5461 in a myeloma model that is not 

solely MYC-driven, with the aim of examining whether CX-5461 and its combination therapies 

are effective in more than one myeloma setting. 

Aged C57BL/KaLwRij mice, (which are genetically closely related to C57BL/6 mice), develop 

monoclonal disorders with a high frequency- about 80% develop a monoclonal gammopathy of 

uncertain significance (MGUS), while a small percentage (<1%) develop MM(Asosingh, 2000; 

Radl, Hollander, van den Berg, & de Glopper, 1978). The 5TMM series of murine MM models 

have been created by transplantation of these spontaneously developing MM cells from terminally 

diseased animals into syngeneic recipients, producing a collection of related immunocompetent 

transplant models(Asosingh, 2000; Rossi et al., 2018; Karin Vanderkerken, Asosingh, Croucher, 

& Van Camp, 2003) with demonstrated efficacy in pre-clinical drug development(Gupta et al., 

2008; Hurchla et al., 2013; Jinsong Hu, 2013; Kalushkova et al., 2010; Zangari et al., 2014). The 

various lines differ in their propensity to bone marrow versus spleen involvement, the degree of 

bone disease and rapidity of tumour growth(Asosingh, 2000; Rossi et al., 2018; K. Vanderkerken 

et al., 1997); we used the 5T33-C57BL/KaLwRij model, in which the 5T33 cell line represents 



 138 

an aggressive form of the disease, demonstrating rapid tumour growth and liver 

involvement(Asosingh, 2000; Rossi et al., 2018; Karin Vanderkerken et al., 2003).  

The 5T33-C57BL/KaLwRij model also recapitulates many aspects of human myeloma, with 

paraprotein production, marrow predominance, bone disease and recurrent cytogenetic 

abnormalities(Asosingh, 2000; Ken Maes et al., 2018; Rossi et al., 2018). The advantages include 

that it is faster in disease progression than the Vκ*MYC model, with more homogeneous 

engraftment, and therefore allows more rapid and widespread testing of combination drug 

therapy. The model involves genetic events other than MYC, (including loss of FGFR3, RB1, 

CARD11 and gain of AKT1, CCND1)(Amend et al., 2015; Ken Maes et al., 2018), and therefore 

may model a broader myeloma patient cohort. Unlike the Vκ*MYC model, it is possible to culture 

the 5T33 line in vitro, allowing comparison between in vitro studies into molecular mechanisms 

and cellular response and in vivo results. Lastly, the 5T33 line can be virally-transduced, allowing 

the expression of both GFP and luciferase and subsequent non-invasive monitoring of tumour 

progression(Alici, Konstantinidis, Aints, Dilber, & Abedi-Valugerdi, 2004). The disadvantages 

of the 5T33 model include that it is more aggressive than is usually seen in patients, and that the 

clinical features are less similar to human MM than the Vκ*MYC model, i.e. absence of renal 

disease(Alici et al., 2004; Asosingh, 2000). Given the complementary aspects of these two MM 

models, we reasoned that demonstrated therapeutic efficacy across both models will favourably 

predict clinical utility.  

We received the 5T33 mouse myeloma cell line from Prof. Ricky Johnstone (PMCC), and the 

C57BL/KaLwRij mice from Dr Tiffany Khong (Australian Centre for Blood Diseases). As it is 

possible to grow the 5T33 cells in vitro, we included the 5T33 line in the secondary screen of 

drug synergy using the Chou-Talalay method, demonstrating that the combination of CX-5461 

and panobinostat provided synergistic cell death, as indicated by combination indices below 1. 

(Figure 3.12). As described in chapter 2, the cells were transduced to allow stable expression of 

luciferase to monitor disease progression in vivo (Dr Andrew Cuddihy, unpublished). Pilot 

studies confirmed that mice developed MM as previously reported(Alici et al., 2004; Rossi et al., 

2018; K. Vanderkerken et al., 1997), with widespread marrow-based disease detectable by 

bioluminescent imaging (Figure 4.3a), splenomegaly, hind-limb paralysis and plasma cells 

detectable within the bone marrow (IHC for surface CD138 expression; Figure 4.3b) and in 

peripheral blood (data not shown). 

 

We tested the effects of transplanting 3 different cell doses, 2x106, 1x106 and 5x105 cells, and 

demonstrated that while disease could be detected in some mice at 7 days, a further 7 days allowed 
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a more reliable demonstration of disease in a higher percentage of mice across all three doses. By 

14 days all mice transplanted with the higher cell dose had detectable disease by bioluminescent 

imaging, but it was detectable only in 3 out of 4 mice transplanted with 1x106 cells (data not 

shown) and 2 out of 4 mice transplanted with 5x105 cells (Figure 4.3c). In addition, although end-

stage myeloma developed in all mice transplanted, the disease latency was more variable 

following a lower cell dose (Figure 4.3d). Therefore, we used the highest cell number, 2x106 5T33 

cells, in all subsequent experiments with this model. 

Interestingly, while there was a paraprotein detectable by SPEP in all blood samples tested, the 

amount of the paraprotein was not proportional to the cell number transplanted or the disease 

burden as assessed by the direct measure of bioluminescent imaging (Figure 4.3e) and thus was 

not utilised over the remaining 5T33-transplant studies. In conclusion, our pilot studies confirmed 

the in vitro sensitivity of 5T33 cells to CX-5461 and the combination with panobinostat, then 

confirmed that transplantation of the luciferase-expressing cells into syngeneic recipients 

produced uniform MM development and an aggressive disease course, reliably monitored by 

bioluminescent imaging. 

 

4.2.7. The combination of CX-5461 with panobinostat also increases survival in the 5T33- 

C57BL/KaLwRij mouse model of MM 

Having established the 5T33-C57BL/KaLwRij model for therapeutic studies, we then tested the 

effect of CX-5461 and the combination with panobinostat on survival. To determine the dosing 

schedule, we considered the latency of this model, in which untreated mice developed end-stage 

MM 30-35 days post-transplantation (Figure 4.3d), only 2 weeks after reliable disease detection 

by bioluminescence. Based on these studies we chose a more dose-intensive regimen compared 

with the Vκ*MYC pilot; here using CX-5461 25mg OG and panobinostat 5mg/kg IP, both 

administered Monday / Wednesday / Friday (M/W/F). Tolerability studies in non-diseased mice 

indicated that mice would lose <10% of their body weight with this dosing schedule (data not 

shown).   

Luciferase-expressing 5T33 cells were cultured until they reached the exponential growth phase, 

then 2x106 cells per mouse were transplanted into syngeneic recipients by IV tail injection (female 

C57BL/KaLwRij mice, aged 6-12 weeks). After 12 days, disease was detectable by 

bioluminescence and mice were randomized by disease burden into 4 treatment groups- vehicle, 

CX-5461, panobinostat, and CX-5461 with panobinostat, and treated according to the schedule 

detailed above. This dose-intense schedule was tolerated well in the presence of disease (Figure 
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4.4a). Serial assessment of tumour burden by bioluminescence demonstrated that the cancer 

progression was slowed in the single agent groups, and markedly retarded in the combination 

group (Figure 4.4b-c). Compared to the vehicle-treated mice, the panobinostat-treated group 

survived a median of 7 d longer, the CX-5461-treated an additional 13.5 d, and the combination-

treated mice lasted 30 d longer. This proved to be a statistically significant increase in survival in 

the combination-treated group compared with each of panobinostat alone (p= 0.001) and CX-

5461 alone (p= 0.003, Figure 4.4d). Overall, this confirmed that CX-5461 in combination with 

panobinostat resulted in an increased OS benefit in two separate MM mouse models, consistent 

with the potential for this combination to be applicable across different clinical presentations with 

varying genetic basis.  

 

4.2.8. CX-5461 and panobinostat in combination does not amplify the on-target activity of 

either drug.  

Following the confirmation of impressive in vivo synergy between CX-5461 and panobinostat in 

two different MM models, we embarked on a series of studies to examine the cellular response to 

the combination, and potential mechanisms of synergy. In Chapter 3 we demonstrated that CX-

5461 shows on-target inhibition of rDNA transcription in HMCLs (Figures 3.2, 3.7d). Next, we 

sought examine whether panobinostat was likewise mediating on-target inhibition of HDAC 

activity, and whether the drugs impacted each other’s activity in the drug combination setting. As 

demonstrated in Chapter 3 and in numerous cancer types and non-transformed cell settings, the 

effect of CX-5461 on rDNA transcription can be rapid in onset, with a reduction in rapidly-

processed rRNA within 1 hr of drug treatment(Bywater et al., 2012; D. Drygin et al., 2011; Nadine 

Hein et al., 2017). We hypothesised that acetylation may affect rDNA transcription, analogous to 

effects on Pol II(Gates et al., 2017), and there may be a dynamic impact over time.  

Before testing this hypothesis regarding the effect of acetylation on rDNA transcription, we 

examined panobinostat alone in a representative panel of HMCLs described in Chapter 3; 

comprising the highly sensitive (MM1.S, L-363) and less sensitive (AMO-1, JJN-3) to CX-5461, 

with p53 WT (MM1.S, AMO-1), p53 MUT (L-363) and p53 null (JJN-3) cells included. We 

tested a range of doses of panobinostat across this panel, demonstrating that 50nM of panobinostat 

produced robust acetylation at histone H3K9, which was chosen as a canonical representative 

target of HDAC activity(Karmodiya, Krebs, Oulad-Abdelghani, Kimura, & Tora, 2012). For the 

remainder of the in vitro experiments with this drug combination, we used either the panel of 4 

cell lines or used AMO-1 and JJN-3 to represent the cell lines least sensitive to CX-5461, with 
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either functional p53 present (AMO-1) or absent (JJN-3), examining for an increased sensitivity 

elicited by the use of combination therapy. 

HMCLs were treated for 1 hr with each of CX-5461 500nM, panobinostat 50nM and the drug 

combination. Consistent with experiments in Chapter 3, we measured the rDNA transcription rate 

by assessing 5’ETS by qRT-PCR (see schematic in Figure 3.2a, and results in Figures 3.2, 3.7d), 

demonstrating that CX-5461 as a single agent produced a reduction in 45S pre-rRNA (5’ETS) 

regardless of the sensitivity of each cell line to CX-5461 as assessed by cell death. As expected, 

panobinostat as a single agent did not have any significant effect on rDNA transcription, however, 

we found that it also did not produce any additional effect in combination when compared with 

CX-5461 alone (Figure 4.5a). Next, to consider the on-target effects of panobinostat; we 

compared the acetylation produced by panobinostat alone with that seen with each of CX-5461 

and the combination treatment. We assessed acetylation at H3K9 after 1, 3 and 6 hrs exposure to 

panobinostat, which demonstrated a dynamic range in time-dependent acetylation (Figure 4.5b). 

CX-5461 alone did not affect the acetylation status at H3K9, nor was there any difference seen 

between panobinostat alone and the combination-treated cells (Figure 4.5b). Therefore, we have 

demonstrated that CX-5461 and panobinostat are acting on target in MM cell lines. While we 

cannot rule out the possibility of other targets of HDAC activity being impacted, the synergy 

observed between CX-5461 and panobinostat is not mediated via HDAC inhibition, as determined 

by the acetylation of histone targets, nor directly through rDNA transcription inhibition. 

  

4.2.9. CX-5461 and panobinostat in combination increase annexin-V-positive cell death 

In Chapter 3 we demonstrated that that CX-5461 as a single agent increases cell death as assessed 

by PI-inclusion at 72 hr (Figure 3.4), associated with an increase in annexin-V positive cells at 24 

and 48 hr (Figure 3.5). We showed that the combination of CX-5461 with panobinostat resulted 

in a significant increase in cell death (Figure 3.12), which was synergistic according to 

combination indices calculated using the Chou-Talalay method (Figure 3.13). Panobinostat as a 

single agent has been shown to provoke apoptotic cell death, with an increase in the annexin-V-

positive population, and increased expression of caspase and PARP proteins(Maiso et al., 2006; 

Mannava et al., 2012; Ocio et al., 2010). 

Here, we examined the combination of CX-5461 with panobinostat to see if this provoked an 

increase in annexin-V-positive cells compared with single-agent exposure, as assessed by flow 

cytometry. Using the same doses which had demonstrated on-target inhibition, (500nM of CX-

5461 and / or 50nM of panobinostat), we demonstrated that 24 hr drug exposure increases the 

percentage of annexin-V-positive cells with each of the single agents, with a further increase when 
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exposed to the combination (Figure 3.6). As seen with CX-5461 as a single agent, the largest 

increase in annexin-V staining was seen with the MM.1S cell line, which is WT for p53 and 

highly sensitive to rDNA transcription inhibition, with PI / annexin-V co-staining demonstrating 

early and late apoptotic populations. The changes seen with the other cells lines were more 

modest, but it is evident that a small increase in annexin-V positivity was seen in each cell line 

with the drug combination. 

 

4.2.10. Activation of DDR checkpoints are seen in MM cells treated with CX-5461 and 

panobinostat, with modest synergy observed 

 
As described previously, CX-5461 induces phosphorylation of proteins associated with cell cycle 

checkpoints(S. S. Negi & P. Brown, 2015; J. Quin et al., 2016)(Figure 3.8), which occurs 

independent of p53 activity. Activation of ATR and ATM proteins leads to phosphorylation of 

the checkpoint kinases CHK1 and CHK2 respectively, and subsequent p53-independent cell cycle 

arrest(S. S. Negi & P. Brown, 2015; J. Quin et al., 2016). We hypothesized that epigenetic changes 

caused by panobinostat may amplify the DDR-signalling elicited by CX-5461 in MM cell lines. 

We used the same doses of each agent as above (500nM CX-5461 and / or 50nM panobinostat), 

treating for 1, 3 and 6 hr before extracting protein for analysis. Panobinostat alone had no effect 

on the phosphorylation of ATM or CHK1, chosen as representative of each of the DDR effector 

pathways. There was increased phosphorylation in each of ATM and CHK1 with CX-5461 alone 

(this section of the western blot previously presented in Figure 3.8), with only minor increases 

seen with the combination therapy (Figure 4.7). Technical difficulties with the antibody prevented 

the assessment of ATR, and CHK2 phosphorylation appeared the same with combination therapy 

as it did with CX-5461 as a single agent (data not shown).  Importantly, these findings were the 

same in p53-WT (AMO-1) and -null (JJN-3) cell lines (Figure. 4.7), indicating that regardless of 

the presence of functional p53, we observe the same signalling response, with the potential for 

these pathways to contribute to synergy between these agents, but other factors likely 

contributing. 

 

CX-5461 has been demonstrated to cause a G2/M cell cycle arrest(Bywater et al., 2012; Nadine 

Hein et al., 2017; S. S. Negi & P. Brown, 2015; J. Quin et al., 2016), which we confirmed was 

also evident in myeloma cell lines (Figure 3.8). Panobinostat is also known affect the cell cycle 

by provoking a G1-arrest/S-phase delay(Bernhart et al., 2017; A. Newbold et al., 2013; 

Sonnemann et al., 2013). Therefore, we tested the effects of the drug combination to characterise 

their impact on cell cycle progression at 24 hr and 48 hr. Consistent with the increased growth 

inhibitory effects we observed with the combination of these two compounds (Figure 3.10), CX-
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5461 and panobinostat treatment demonstrated additive effects on cell cycle progression, with 

both a G2/M and a G1/S arrest seen in the combination treated cells (Figure 4.8). Therefore, 

though we observe small increases in DDR-response signalling, which lead to activation of cell 

cycle checkpoints with the drug combination, and a minor overall increase in cell cycle arrest, it 

is likely that other signalling pathways and mechanisms are involved in mediating the synergy 

seen with this drug combination. 

 

 
4.2.11. CX-5461 in combination with panobinostat causes no significant increase in γH2AX 

foci intensity compared with CX-5461 alone.  

 

As a single agent, CX-5461 induces phosphorylation of the histone variant H2AX; producing an 

increase in γH2AX foci intensity which can be detected by immunofluorescence(Cornelison et 

al., 2017; Ivashkevich et al., 2012; Sornkom, 2017). In MM, we observed an increase in γH2AX 

intensity after 1 hr of exposure to CX-5461 as a single agent (Figure 3.9). However, considering 

that the synergistic effect with panobinostat may occur less rapidly, as evidenced by increased 

acetylation of histones occurring beyond 1 hr (Figure 4.5) we treated with the combination of 

CX-5461 and panobinostat for 3 hr prior to assessment. Co-staining with γH2AX and the 

nucleolar marker fibrillarin, (with DAPI counter-stain), we demonstrated that though CX-5461 

reproducibly increased mean γH2AX foci intensity at 3 hrs, the degree to which this was further 

increased by the combination drug therapy was not significant (Figure 4.9; AMO-1 and JJN-3 

cells). AMO-1 cells showed an increase in foci intensity in some cells but the median intensity 

was unchanged. Taken together with the results presented in Chapter 3, these data suggest that 

the inhibition of rDNA transcription by CX-5461(Figures 3.2, 3.7d) is associated with disruption 

of nucleolar structure (Figure 3.3) and with DDR-signalling (Figure 3.8) resulting in the formation 

of γH2AX foci (Figure 3.9), however, this nucleolar surveillance response (NSR) shows only 

minor magnification by the addition of panobinostat (Figures 4.7, 4.8, 4.9). We conclude that the 

synergistic effects observed on proliferation and cell death with the combination of CX-5461 and 

panobinostat is not primarily mediated by an exacerbation of the NSR. 

 
4.2.12. Rapid downregulation of MYC by CX-5461 may contribute to its efficacy in MM but 

is unlikely to account for the synergy observed by the drug combination. 

Overexpression of the transcription factor MYC may sensitize to the effects of CX-5461(Bywater 

et al., 2012; Rebello et al., 2016; Rossetti, Wierzbicki, & Sacchi, 2017; Sheppard et al., 2014). A 

recent study in the context of MM demonstrated that overexpression of MYC in a HMCL with 

unusually low normal MYC expression resulted in an increased susceptibility to CX-5461-



 144 

induced cell death(Lee et al., 2017).  The exposure of 1 myeloma cell line (MM.1S) to CX-5461 

produced a rapid reduction in MYC mRNA and protein levels, with these changes described to 

be mediating the NSR in this setting(Lee et al., 2017). HDACi have previously been demonstrated 

to reduce MYC expression either by direct down-regulation of MYC itself, or by modulation of 

MYC-mediated transcription(Johnstone, 2002; Marshall et al., 2010; Andrea Newbold, 

Falkenberg, Prince, & Johnstone, 2016; Pei et al., 2016). Therefore, we decided to examine 

whether or not we also observed rapid MYC down-regulation with CX-5461 as a single agent, 

and furthermore, to determine if this was enhanced in the combination setting given the role of 

MYC in the activity of panobinostat. 

We treated HMCLs with 500nM of CX-5461 or 50nM of panobinostat or the combination, then 

measured MYC mRNA levels by qRT-PCR at 1 hr and protein level by western blot at 1, 3 and 

6 hrs (Figure 4.10 showing AMO-1, and JJN-3). At these doses, the p53 WT line AMO-1 

demonstrated a reduction in MYC mRNA with each of CX-5461 and panobinostat, that was 

further reduced with the drug combination. Western blot analysis demonstrated that, while each 

drug caused a reduction in MYC protein level, the drug combination produced results similar to 

that seen with panobinostat alone, without a marked further reduction due to the addition of CX-

5461. In the p53-null line JJN3, panobinostat caused a significant reduction in MYC mRNA, 

while the addition of CX-5461 did not add significantly to this. In conclusion, MYC is 

downregulated, both transcriptionally and at protein level in some myeloma settings by CX-5461, 

however this is unlikely to account for the synergy seen between CX-5461 and panobinostat as 

we observe efficacy with CX-5461 in tumours which did not exhibit down regulation of MYC. 

Therefore, other factors likely contribute to the efficacy of this drug combination.    

 

4.3. Discussion  

We have demonstrated in mouse models of MM that treatment with the selective small molecule 

inhibitor of rDNA transcription CX-5461 increases survival. However disease control was 

temporary, with all mice progressing while on treatment to develop end-stage myeloma(O'Brien 

et al., 2013)(Figures 4.1, 4.2, 4.4). This indicates that drug combinations are required in these 

aggressive disease models, with the mouse models providing the dynamic setting in which to 

explore combination therapy. Combination drug therapy in MM is regarded as essential to delay 

acquired drug resistance and therefore extend OS(Boudreault, Touzeau, & Moreau, 2017; Guang 

et al., 2018; Mimura, Hideshima, & Anderson, 2015). Therefore, the most efficient path to 

progress CX-5461 into the clinic in MM is by identifying and investigating drug combinations 

that demonstrate preclinical efficacy in myeloma models. As presented in Chapter 3, we found in 

a boutique high-throughput screen that the combination of rDNA transcription inhibition by CX-
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5461 and deacetylase inhibition by panobinostat produced increased inhibition of proliferation 

and synergistic cell death across a panel of MM cell lines. In this chapter, we explored the 

therapeutic potential of this drug combination compared to single agent CX-5461 in in vivo 

models of myeloma. Furthermore, we interrogated potential mechanisms of synergy, focusing on 

known CX-5461-mediated response pathways. 

In the Vκ*MYC model, we trialled several drug doses for their ability to provide therapeutic 

benefit, with the consideration that lower doses are optimal given the potential for additive 

toxicity in combination drug settings. Here, we confirmed that CX-5461 (35mg/kg) provided a 

survival benefit, though a shorter OS benefit was provided than with the higher dose 

(50mg/kg,(O'Brien et al., 2013)). Given that the corticosteroid dexamethasone is a ‘cornerstone’ 

drug in MM, we tested it in combination of CX-5461 in the Vκ*MYC model, exploring further 

our in vitro combination drug screening results which demonstrated increased growth inhibition 

with this combination when compared with single agents (Figure 3.10h). Corticosteroids have 

pleiotropic cellular effects as described in Chapter 1. In particular, they inhibit signalling through 

the NF-κB pathway(Cato & Wade, 1996; Cruz-Topete & Cidlowski, 2018) and effect the 

interactions between malignant plasma cells and their microenvironment, which may effect drug 

sensitivity(Guillerey, Nakamura, Vuckovic, Hill, & Smyth, 2016; Murnane et al., 2015; Sharma 

& Lichtenstein, 2008). While as single agents glucocorticoids show only temporary activity on 

myeloma(S Kumar, 2004), they are now used in every established drug combination in MM, 

having been demonstrated to increase response rates in combination with each of alkylating 

agents, PIs and IMiDs(Benboubker et al., 2014; 1998; Reeder et al., 2009; Jesús F. San Miguel et 

al., 2008). While there were limitations in this pilot study related to a lower than expected 

engraftment rate, our preliminary survival studies with the standard-of-care agent dexamethasone 

did not produce an increased survival with the combination compared with CX-5461 alone. While 

our subsequent in vivo studies here focused on the combination of CX-5461 and panobinostat, 

future studies exploring CX-5461 and dexamethasone remain important for clinical translation, 

with potential future experiments to examine CX-5461 with dexamethasone in the context of the 

tumour microenvironment. Initial experiments may involve co-culture of HMCL with stromal 

cells, in order to dissect the effect of different microenvironmental elements. With our 

collaborators, we may also examine the effect of this drug combination on the bone marrow niche; 

utilising cutting-edge real-time imaging (further details in Chapter 6). 

We examined the drug combination of CX-5461 and panobinostat in vivo and demonstrated a 

significant survival advantage in both the chronic Vκ*MYC MM model and also in the aggressive 

5T33-C57BL/KaLwRij syngeneic transplant model. Due to the marked genetic heterogeneity of 

MM patients(Corre et al., 2015; Hoang et al., 2018; Lohr et al., 2014; B. A. Walker et al., 2018b), 
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we proposed that the demonstration of efficacy in 2 genetically distinct MM models strengthens 

the rationale of extending our preclinical studies into clinical trials. The MYC-driven Vκ*MYC 

model provides evidence to support this drug combination in the many MM patients in whose 

cancers MYC is over-expressed, which is more than 60% of those with advanced MM disease(W. 

J. Chng et al., 2011; Holien et al., 2012). As the MM mouse model most representative of human 

MM with respect to disease development(Chesi et al., 2012; Chesi et al., 2008; Cooke et al., 2016; 

Rossi et al., 2018), the Vκ*MYC model has demonstrated utility in predicting the efficacy of MM 

drug treatments with a high positive predictive value (67%) allowing prioritization of potential 

new agents, and a high negative predictive value (86%) allowing the avoidance of expensive 

clinical trials with eventual negative outcomes(Chesi et al., 2012). The demonstration in this 

model of an increased survival with CX-5461 alone, and a further increase in combination with 

panobinostat is therefore strong evidence in support of moving this combination into the clinical 

arena. In addition, considering those patients who lack MYC-over-expression but have other 

changes in tumour suppressors / oncogenes, some of which are modelled by the 5T33-

C57BL/KaLwRij MM model(Amend et al., 2015; Ken Maes et al., 2018), the robust survival 

advantage in both of these MM models (Vκ*MYC and 5T33-KaLwRij) strongly supports the 

translation of these preclinical findings to a broader MM patient community. 

Importantly, considering the propensity for additive drug toxicity to hamper the progression of 

combination therapy in the clinic(A. Palumbo et al., 2014; San-Miguel et al., 2017; Weycker et 

al., 2019), in addition to the impressive efficacy, in both models the combination of CX-5461 and 

panobinostat was well tolerated over time, without significant weight-loss or bone marrow 

toxicity.  

In exploring the mechanism of the observed in vivo efficacy, we hypothesised that as CX-5461 

and panobinostat both impact transcriptional mechanisms, there was the possibility that HDACi 

may affect rDNA transcription. A number of factors, including MYC, act directly at the rDNA, 

and are known to recruit histone acetylation machinery, therefore rDNA transcription could be 

potentially impacted by HDACi. However, we demonstrated that panobinostat didn’t affect rDNA 

transcription at early time points, as measured by qPCR. Furthermore, as predicted, CX-5461 did 

not affect histone acetylation, and we predict it would not affect acetylation of other panobinostat 

targets. 

We have demonstrated in acute myeloid leukaemia (AML) that the increased efficacy of CX-

5461 with the bromodomain inhibitor IBET-151 is through amplification of DDR, at least in part 

due to effects on localised rDNA chromatin(Sornkom, 2017). Our group, and others, have 

described how the repetitive nature of rDNA sequences, as well as their high transcriptional rate, 

may make the rDNA more susceptible to genomic insults, producing a lower threshold for the 
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provocation of a DDR(Diesch et al., 2014; Lindström et al., 2018; Stults et al., 2009). CX-5461 

induces a change in chromatin structure whereby transcriptionally-competent rDNA repeats are 

then devoid of transcribing Pol I, provoking a nucleolar-localised DDR(J. Quin et al., 2016). We 

considered that treatment with panobinostat might likewise lead to perturbations in the rDNA 

chromatin. Interestingly, it has been shown using an assay of transposase-accessible chromatin 

with sequencing (ATAC-seq) in the setting of cutaneous T-cell lymphoma that clinical response 

to HDACi is associated with a global increase in DNA accessibility, that was not seen in the non-

responding patients(Qu et al., 2017). Thus, we hypothesised that the histone-specific action of 

panobinostat, causing changes in acetylation status, may likewise amplify the transcriptional 

effects of Pol I inhibition, leading to an amplification in the DDR signalling and formation of 

γH2AX foci elicited by CX-5461 as a single agent in myeloma. However, our data (Figures 4.7, 

4.8, 4.9) demonstrated that there was only a small degree of further activation in DDR-signalling 

pathways and downstream effects, (as measured by phosphorylation of CHK1 and ATM), seen 

with the addition of panobinostat. These findings were consistent with the results of γH2AX 

immunofluorescence, whereby CX-5461 alone produced a significant increase in foci number and 

intensity, but a further increase when used in combination with panobinostat only seen in a 

minority of cells.  

Taken together with the results presented in Chapter 3, these data suggest that while the inhibition 

of rDNA transcription by CX-5461 is associated with disruption of nucleolar structure and 

increased DDR-signalling, resulting in the formation of γH2AX foci, this nucleolar surveillance 

response is not significantly magnified by the addition of panobinostat. Though panobinostat is 

demonstrated to be affecting the acetylation of histones, which has been reported to change 

chromatin accessibility(Choudhary et al., 2009), it does not result in significant changes in DDR-

signalling, at least on a global level, in the context MM. These findings likely represent 

fundamental differences in the way CX-5461 is synergizing with each of IBET-151 and 

panobinostat, with differences in the underlying disease biology between AML and MM likely 

contributing. A thorough exploration of the effects of panobinostat on rDNA chromatin may 

better elucidate why we don’t see amplification, but these findings are in line with the 

demonstration of a lack of any effect of panobinostat on rDNA transcription, supporting the idea 

that the rDNA chromatin is not affected by panobinostat.    

As described in Chapter 1, our group  and others have previously described how overexpression 

of the transcription factor MYC is associated with sensitivity to the effects of CX-5461(Rossetti 

et al., 2017), observed in MYC-driven lymphoma(Bywater et al., 2012) and MYC-overexpressing 

prostate cancer(Rebello et al., 2016). In the context of MM, CX-5461 has been shown to rapidly 

reduce MYC mRNA and protein levels(Lee et al., 2017). While their in vitro and xenograft studies 
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are predominantly in a single MM cell line, the authors describe an alternate NSR pathway 

involving increased binding of RNA-induced silencing complex subunits, ribosomal proteins and 

MYC mRNA, with a subsequent increase in MYC degradation. (Lee et al., 2017). This is 

interesting in light of previous studies which demonstrated the selectivity of CX-5461 for 

inhibiting Pol I transcription above that of Pol II by monitoring MYC mRNA as a rapidly 

processed Pol II transcript, which was shown not to be inhibited in non-MM settings(D. Drygin 

et al., 2011). Furthermore, across a number of cancer cell line settings ((Rebello et al., 2016; 

Sheppard et al., 2014; Sornkom, 2017)and unpublished), we have not observed effects on MYC 

expression at acute time points (30 min  to 3 hrs).  

Here, we observed that CX-5461 mediated a rapid reduction in MYC mRNA and protein 

expression in the AMO-1 cell line, but not in the JJN-3. In addition, preliminary data with the L-

363 MM line also failed to demonstrate that MYC levels changed  by CX-5461 (data not shown). 

Future experiments would involve examining the mechanism demonstrated by Lee et al. to 

investigate if in the AMO-1 cell line CX-5461 produces changes in RNA-induced silencing 

complex subunits bind with subsequent effects on MYC mRNA. We hypothesise that were we to 

examine a time-course of effects, that Pol I transcription would be inhibited before the NSR, with 

the effects on MYC being post-transcriptional.  

 

It has also been demonstrated that panobinostat impacts both MYC levels and activity(Andrea 

Newbold et al., 2016), which occur via both indirect mechanisms as well as more direct effects 

on MYC activity. These include upregulation of genes that negatively regulate MYC expression 

(such as the transcription factor FOXO1)(Pei et al., 2016), and affecting MYC transcriptional 

activity by inhibiting the recruitment of HDACs to the promoter regions of MYC-target genes, 

(such as cyclin G2)(Marshall et al., 2010). We did not see downregulation of MYC expression 

further enhanced by the drug combination of CX-5461 and panobinostat. It is likely that there is 

a complex interplay between p53 status, DDR-signalling and the effects on MYC expression 

which may work together to explain the synergy seen with CX-5461 and panobinostat(Högstrand 

& Grandien, 2019; X. Li et al., 2018; Phesse et al., 2014)(explored further in Chapter 6). 

 

In summary, we have demonstrated that dual inhibition of rDNA transcription and histone 

deacetylases has therapeutic promise in MM, causing synergistic cell death in vitro and 

significantly increasing survival in vivo. The mechanism of synergy between CX-5461 and 

panobinostat appears to be complex and multi-factorial, with each of p53 status, DDR-signalling, 

and MYC transcription being involved. Further investigation of downstream transcriptional 

networks will be examined by RNA-sequencing. Subsequent in vivo investigation of factors 

relevant for clinical translation will be presented in Chapter 5. 
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Figure 4.1. CX-5461 combined with the standard-of-care agent dexamethasone didn’t 

increase survival in the Vκ*MYC model of MM. (a) Schematic of the Vκ*MYC pilot transplant 

experiment. 50x103 bone marrow cells from the #4929 Vκ*MYC clone were transplanted into 

C57BL/6 mice the day after sub-lethal irradiation (2 doses of 3Gy). At day 70 (d70) post-

transplant, when a paraprotein was detectable in peripheral blood, mice were randomised to 4 

treatment groups for weekly dosing with CX-5461 35mg/kg by oral gavage (OG), dexamethasone 

20mg/kg by intraperitoneal injection (IP), combination treatment or the vehicle control. 

Treatment administration is indicated by the arrows, with treatment continued for the duration of 

the experiment until an ethical endpoint was reached. (b) The groups were well balanced for 

disease burden at baseline. (Paraprotein displayed as a percentage of the total protein as measured 

by serum protein electrophoresis. Vehicle, blue; CX-5461, red; dexamethasone (dexa), green, 

combination treatment, purple; n=7-8 mice per group). (c) After treatment for 1 month there was 

a trend towards a reduction in paraprotein in the combination-treated group compared to the 

single-agent-treated mice (not statistically significant when compared by student t-test).  (d) A 

Kaplan- Meier plot showing overall survival of the 4 treatment groups; CX-5461 increased 

survival as a single agent, but there was no further survival advantage with the addition of 

dexamethasone. (Dotted line indicates randomisation to treatment at day 70. Statistical 

differences in survival determined Log-rank Mantel-Cox test, * p<0.05, ns = not statistically 

significant).  
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Figure 4.2. The combination of CX-5461 with the histone deacetylase inhibitor panobinostat 

increases survival in the Vκ*MYC model of MM. 350x103 spleen cells from the #4929 

Vκ*MYC clone were transplanted into C57BL/6 mice the day after sub-lethal irradiation. At 7 

weeks post-transplant, when a paraprotein was detectable in peripheral blood, mice were 

randomised to 4 treatment groups to receive CX-5461 35mg/kg OG weekly, panobinostat 

7.5mg/kg IP Monday/Wednesday/Friday (M/W/F), the combination treatment or the vehicle 

control.  (a) The groups were well balanced for disease burden at baseline. (Paraprotein displayed 

as a percentage of the total protein as measured by serum protein electrophoresis. Vehicle, blue; 

CX-5461, red; panobinostat, green; combination treatment, purple; n=5-6 mice per group, no 

significance between groups when compared by student t-tests). There was a significant slowing 

in tumour growth, as assessed by paraprotein production in the combination-treated group (after 

2 weeks (b), 6 weeks (c) and 10 weeks (d) of treatment; statistical significance determined by 

student t-test, * p<0.05, *** p<0.001, **** p<0.0001). (e) Kaplan- Meier plot showing overall 

survival of the 4 treatment groups; the combination of CX-5461 with panobinostat increased 

survival compared with the individual agents. (Dotted line indicates randomisation to treatment 

at day 49. Statistical differences in survival determined Log-rank Mantel-Cox test, * p<0.05, ** 

p<0.01).  (d) The mean weight change indicated that the mice tolerated the combination well, 

without significant weight loss. (Weights displayed as mean +/- s.e.m., dotted lines indicate 

baseline (0), 10% (-10) and 20% (-20) loss). After 6 weeks of treatment, haemoglobin 

concentrations (e) and platelet counts (f) indicated no increase in bone marrow toxicity in the 

mice receiving combination treatment when compared with those receiving single agents, (no 

statistical significance between groups when compared by student t-tests). 
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Figure 4.3. Pilot studies with the 5T33-C57BL/KaLwRij model of MM. Transplantation of 

luciferase-expressing-5T33 cells into C57BL-KaLwRij mice leads to the development of multiple 

myeloma, with widespread disease detected by (a) bioluminescent imaging and (b) plasma cells 

evident in the bone marrow (immunohistochemistry of the plasma cell marker CD138). (c) 

Comparing at 14 days post-transplantation; disease was detectable by bioluminescent imaging in 

all 4 mice injected with 2x106 cells but only 2 out of 4 mice receiving 5x105 cells. (d) Kaplan- 

Meier plot showing overall survival of mice transplanted with 3 different cell doses (2x106, red; 

1x106, blue; 5x105, green; n=4 mice per group). All 3 transplant doses produced end-stage 

myeloma, but the time taken to develop this was more variable with fewer cells transplanted. (e) 

Paraprotein levels present at the development of end-stage disease. (Measured by serum protein 

electrophoresis; displayed as a percentage of total protein, mean +/- s.d.) While a paraprotein was 

detectable by at end-stage in all mice tested, the size of the paraprotein not a reliable indicator of 

disease burden.   
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Figure 4.4. The combination of CX-5461 with the histone deacetylase inhibitor panobinostat 

increases survival in the 5T33-C57BL/KaLwRij model of MM. 2x106 luciferase-expressing 

5T33 cells were transplanted into C57BL-KaLwRij mice, then randomized based on 

bioluminescent imaging 12 days post-transplant to treatment with CX-5461 25mg/kg OG M/W/F, 

panobinostat 5mg/kg IP M/W/F, combination treatment or the vehicle control. (a) The mean 

weight change over the course of drug-treatment indicated that the intensive dosing regimen was 

well-tolerated, with no significant weight loss observed (vehicle, blue; CX-5461, red; 

panobinostat, green; combination treatment, purple; n=5-6 mice per group. Dotted lines indicate 

baseline (0) and 10% (-10) weight loss). Bioluminescent imaging demonstrated a significant 

slowing in disease progression in single agent groups, with further slowing in the combination-

treated mice; (b) luminescent quantitation in all mice (photons/second), and (c) demonstrating the 

3 mice having the highest disease burden in each group, (luminescent scale 1x106- 1x108 

photons/second). (d) Kaplan- Meier plot showing overall survival of the 4 treatment groups; CX-

5461 and panobinostat significantly increased survival beyond that seen with single-agent-treated 

mice. (Dotted line indicates randomisation to treatment at day 12. Statistical differences in 

survival determined Log-rank Mantel-Cox test, ** p<0.01). 
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Figure 4.5. The on-target activity of each of CX-5461 and panobinostat are not amplified by 

combination treatment. (a) Exponentially growing cells from 4 representative HMCLs (MM.1S, 

AMO-1, L-363 and JJN-3) were exposed to a range of concentrations of panobinostat for 6 hrs. 

Each cell line showed on target effects of panobinostat as assessed by western blot for acetylation 

of H3K9. All 4 HMCLs showed robust acetylation at the dose of 50nM of panobinostat. (b) qRT-

PCR assessment of rapidly processed pre-ribosomal RNA (5’ETS) demonstrates a reduction 

following exposure to 500nM CX-5461 for 1 hr, with no further change seen in the context of 

combination with panobinostat 50nM, demonstrated here in AMO-1 and JJN-3 cells. (Data is 

shown as mean +/- s.e.m. from n=3 biological replicates, with statistical significance analysed by 

multiple unpaired t-tests, * p<0.05, ** p<0.01, *** p<0.001. Dotted line references no change.) 

(b) Western blot with HMCLs demonstrates that 50nM panobinostat produces an increase in 

histone acetylation at 1 hr, increasing at 3 and 6 hrs, with no further acetylation noted in 

combination with CX-5461 500nM. (Data is representative of n=2-3 biological replicates, 

quantified using Image-J). 
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Figure 4.6. CX-5461, panobinostat and the combination increase the percentage of cells 

positive for annexin-V.  Exponentially growing cells were exposed to CX-5461 500nM and / or 

panobinostat 50nM for 24hr prior to assessment of cell death by dual PI / annexin-V staining, 

assessed by flow cytometry.  (a) Exposure to each of CX-5461 and panobinostat produces an 

increase in annexin-V staining in MM.1S cells, with a further increase observed with combination 

treatment. PI / annexin-V co-staining demonstrates early and late apoptotic populations. (Data is 

representative of n= 3 biological replicates). (b) The drug combination produces an increase in 

annexin-V positivity across 3 cell lines, which are wild-type (MM.1S), mutant (L-363) and null 

(JJN-3) for p53. (Mean +/- s.d. from n= 2-3 biological replicates, * p<0.05, ** p<0.01, ns = not 

statistically significant). 
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Figure 4.7. Activation of CX-5461-mediated DNA-damage-response checkpoints 

demonstrate minor enhancement with combination therapy with CX-5461 and 

panobinostat. Exponentially growing cells were exposed to CX-5461 500nM and / or 

panobinostat 50nM for the time points indicated prior to protein being extracted for assessment 

by western blot. (a) Regardless of p53 status, 500nM of CX-5461 elicits phosphorylation of 

proteins involved in cell-cycle checkpoints (Chk1, ATM). Treatment with the drug combination 

produces only minor further increases in the degree of phosphorylation. (Data is representative of 

n=2-3 biological replicates, quantified using Image-J). 
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Figure 4.8. CX-5461 with panobinostat produces combined effects on cell cycle progression. 

Exponentially growing cells were exposed to CX-5461 500nM and / or panobinostat 50nM prior 

to cell cycle analysis utilising BrdU staining by flow cytometry.  (a) Exposure for 24hr to CX-

5461 500nM elicits a G2/M arrest, while panobinostat 50nM produces a G1 arrest / S-phase delay. 

Here, we show in MM.1S cells that both effects are seen in the combination-treated cells by 24hr. 

(Data is representative of 3 biological replicates). (b) AMO-1 and JJN-3 cells at 24hr and 48hr 

show the combined G2/M and G1 effects, which increase from 24hr to 48hr. (Data is mean +/- 

s.e.m. from 3 biological replicates). 
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Figure 4.9. CX-5461 increases γH2AX foci intensity, while the combination with 

panobinostat produces no significant further increase. (a) Immunofluorescence analysis of 

γH2AX (green) and the nucleolar protein fibrillarin (red) against the nuclear marker DAPI (blue) 

in 2 MM cell lines (AMO-1 and JJN-3).  Exposure to 3 hr of CX-5461 500nM elicits a significant 

increase in the number and intensity of γH2AX foci, with associated disruption in the nucleolar 

morphology.  The addition of panobinostat 50nM for 3 hr does not significantly increase the foci 

number or intensity compared with exposure to CX-5461 alone. Immunofluorescent images are 

representative of 3 biological replicates. (b) Quantitation of γH2AX signal intensity in AMO-1 

and JJN3 cells following exposure for 3 hr to vehicle (blue), panobinostat (green), CX-5461 (red) 

or the combination (purple), with 1000 foci quantitated per condition. Both AMO-1 and JJN-3 

cells show an increase in γH2AX signal intensity with CX-5461 alone, but no further significant 

increase in the median intensity with the addition of panobinostat (box indicating the median and 

interquartile range, mean as + and whiskers indicating the maximum and minimum value, **** 

p<0.0001, ns = no significant increase). The same pattern of results was seen across all 4 cell lines 

tested.  
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Figure 4.10. Rapid downregulation of MYC by CX-5461 likely contributes to efficacy in 

MM cell lines. Exposure of exponentially growing cells to CX-5461 500nM for 1 hr reduces 

MYC transcription (a) and MYC protein expression (b) in some MM cell lines, but not in every 

cell line tested. MYC is also down-regulated by panobinostat, with the combination treatment 

resulting in minor further downregulation in some cell lines. (Data in (a) is mean +/- s.d. from 2-

3 biological replicates (statistical significance analysed by multiple unpaired t-tests, ** p<0.01), 

while data in (b) is representative of 3 replicates). 
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Chapter 5: Clinical translation of rDNA transcription 

inhibition for the treatment of MM. 
 
5 .1. Introduction 

 
Despite recent advances in MM treatment, there remains a demand for the development of new 

anti-myeloma therapies, particularly for patients who have relapsed after or are refractory to 

currently available therapy(Cook, Zweegman, Mateos, Suzan, & Moreau, 2018; Shaji K. Kumar 

et al., 2018). Our in vitro and in vivo experiments described in Chapters 3 and 4 explore the 

therapeutic potential of targeting of rDNA transcription in MM, and the combination with 

inhibition of deacetylase enzymes. In this chapter, we focus on the translational advancement of 

CX-5461 and the combination with panobinostat in MM.  

In most malignancies, xenograft models have historically been a vital tool with which to test 

potential new therapies, with particular attention being paid to the possibility of patient-directed 

therapy by testing therapies in primary patient tissue-derived xenografts (PDXs)(Gao et al., 2015; 

Izumchenko et al., 2017; Lai et al., 2017; Snijder et al., 2017). Within the myeloma research field, 

the requirement for immunodeficient mice in establishing human tissue means that it is not 

possible to fully model some front-line therapies that act, at least in part, by immune modulation 

(i.e. corticosteroids and immunomodulatory agents (IMiDs) (Burwick & Sharma, 2019; Meletios 

A. Dimopoulos et al., 2016; S. Vincent Rajkumar & Kumar, 2016).  However, as our drug 

combination of interest was not hypothesised to act through immune modulation, we viewed 

xenograft experiments as an important path to testing the efficacy of CX-5461 and panobinostat 

in human MM cell lines in vivo. 

Another critical aspect of clinical translation of new therapies for MM is the prominent role that 

the proteasome inhibitor (PI) drug class represents in the frontline treatment of this disease. As 

introduced in Chapter 3, the inclusion of the PI class of drugs was deemed essential from the 

beginning of this project, due to their clinical importance. Data from the Australian Myeloma and 

Related Diseases Registry in July 2018 (MRDR("Myeloma and Related Diseases Registry," 

2018)) reports that 96% of newly diagnosed transplant (TP)-eligible and 89% of TP-ineligible 

patients receive bortezomib-based therapy as their initial treatment. As such, the management of 

bortezomib-resistant disease, either in patients who are refractory to front-line therapy (inherent 

resistance) or who initially respond but later relapse after PIs (acquired resistance), is a common 

and important clinical question(Megan Y. Murray, Auger, & Bowles, 2014; Robak, Drozdz, 
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Szemraj, & Robak, 2018; Wallington-Beddoe, Sobieraj-Teague, Kuss, & Pitson, 2018), hence, 

we chose to model bortezomib-resistant disease as an integral part of examining the efficacy of 

CX-5461 with panobinostat in MM. 

In the clinical setting, triplet drug therapy is regarded as the standard-of-care for MM, with either 

PIs or IMiDs forming the backbone with another agent, and corticosteroids included in each 

approved drug combination(M. V. Mateos et al., 2010; Offidani, Corvatta, & Gentili, 2018; Sun 

et al., 2017). The use of three drugs in MM, targeting different survival mechanisms of the 

malignant cell within the microenvironment, has repeatedly been found to be more efficacious 

than two drugs(Offidani et al., 2018; Stewart et al., 2017; Sun et al., 2017). An attempt to extend 

this logic and use four drugs together found that for some combinations the increased toxicity 

introduced by the 4th agent out-weighs the additional benefit gained, with a high proportion of 

patients not able to tolerate the protocol as prescribed(Pawlyn et al., 2015). In addition, antibody-

based quadruplet drug combinations that are more promising with respect to both tolerability and 

efficacy (e.g. daratumumab-containing regimens(Chari, Usmani, et al., 2017; M.-V. Mateos et 

al., 2017), are associated with a significant increase in cost and at present are not currently 

available in Australia. As such, the current most common three-drug induction therapy in 

Australia is bortezomib, cyclophosphamide and dexamethasone("Myeloma and Related Diseases 

Registry," 2018). From our screen, we found that in addition to increased growth inhibition with 

the combination of CX-5461 and panobinostat, similar increased synergy was seen when CX-

5461 was combined with the PI bortezomib and the second-generation PI carfilzomib (Figures 

3.10, 3.12). A triplet therapy comprising CX-5461, panobinostat and a PI is an attractive 

combination to develop for the clinic, as panobinostat has been found in a phase III clinical trial 

to extend progression-free survival (PFS) in combination with bortezomib(San-Miguel et al., 

2014). In addition, a phase II trial has specifically examined the combination of panobinostat, 

bortezomib and dexamethasone in the setting of bortezomib-refractory disease(P. G. Richardson, 

Schlossman, R.L., Alsina, M., 2013).  

To efficiently advance the clinical translation of CX-5461 alone and in combination with the 

panobinostat in MM, we identified three areas in which to focus our subsequent research aims: 1) 

the development and testing of xenograft models to test the in vivo efficacy of CX-546 alone and 

in combination with HDACi in human MM cell lines; 2) the development of proteasome inhibitor-

resistant (PI-R) cell lines to model the activity of CX-5461 in PI-R MM, which is a major 

challenge in the clinic; and 3) given the synergistic combination between CX-5461 and PI’s in 

our screen, exploring the benefit gained from combinations of these three drug class 

representatives, i.e. CX-5461, panobinostat and carfilzomib, in vitro and in vivo.  
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Lastly, in this chapter we present preliminary data on a potentially clinically interesting 

phenomenon we observed during our combination drug experiments; that CX-5461 elicits a 

significant elevation in platelet count (thrombocytosis), even in the presence of advanced bone 

marrow replacement by MM, and despite co-treatment with drugs known to usually cause a 

thrombocytopenia (TCP). This observation is very clinically relevant, as TCP is one of the most 

common dose-limiting toxicities when treating haematological cancers(Sun et al., 2017; Weycker 

et al., 2019). Taken all together, this data advances our knowledge and ability to progress CX-

5461 in clinical trials for MM patients. 

 

5.2. Results. 

5.2.1. CX-5461 demonstrates reduced efficacy in xenograft mouse models of MM 

Exposure of a panel of HMCLs with varying cytogenetic translocations and molecular 

abnormalities to CX-5461 led to growth inhibition and cell death (Figures 3.4, 3.6). To extend 

our examination of the efficacy of CX-5461 against human models of MM we used HCMLs in 

xenograft MM models. To first establish these models; using virally-transduced HMCLs stably 

expressing luciferase, (Chapter 2.1), we assessed the ability of four different lines to engraft in 

immunodeficient NOD-scid IL2Rgammanull (NSG) mice(Knibbe-Hollinger et al., 2015; Rossi et 

al., 2018; Tassone et al., 2012; Walsh et al., 2017). As in the in vitro studies, we selected p53-

WT (MM.1S, AMO-1),  p53-mut (L-363) and p53-null (JJN-3) HMCLs representing the most  

(MM.1S, L-363) and least (AMO-1, JJN-3) sensitive to CX-5461, respectively. We transplanted 

1x106 exponentially growing cells via IV tail vein injection into three NSG mice per cell line and 

observed that all 4 cell lines engrafted quickly, with disease detectable by bioluminescence at 7 

days post-TP (Figure 5.1a). Notably, the disease distribution in the mice reproduced the origin of 

the cell lines, with the 3 cell lines developed from patients having disseminated plasma cell 

leukaemia (MM.1S, L-363 and JJN-3) all developing into widespread marrow-based disease in 

the mice. In contrast, the AMO-1 cell line, which was derived from a patient with multiple 

plasmacytomas, recapitulated this origin with multi-focal plasmacytomas forming in the mice 

(Figure 5.1a; bioluminescent imaging showing multiple localised areas of increased intensity, 

Figure 5.1b; H&E staining of a solid tumour mass showing sheets of cells with large eccentric 

nuclei and “clock-face” chromatin typical for plasma cells). Moreover, 2 mice transplanted with 

JJN-3 cells and 1 mouse transplanted with L-363 cells developed lytic bone lesions (Figure 5.1c; 

JJN-3 xenograft), which is further evidence of these xenograft models representing human 

myeloma. Overall, end-stage disease developed rapidly, with a median time to end-stage-disease 

of 28 d with JJN-3, 35 d with MM.1S, 36 d with L-363 and 38 d with AMO-1 (Figure 5.1d). All 
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three mice transplanted with each HMCL developed end-stage disease within 1-2 d of each other, 

aside from L-363 which was spread over 7 d. As the disease observed with the JJN-3 line was 

significantly more rapid than with the other HMCLs, (p = 0.025 compared with the next fastest; 

MM.1S), we titrated the transplant cell number (1x105, 2 x105 and 5x105) to determine if we could 

slow the disease latency and hence increase the time for drug treatment to be administered. Similar 

to the 5T33-C57BL/KaLwRij model, transplanting a lower cell number did not significantly alter 

the time to the first mouse developing end-stage disease (data not shown). Therefore, we 

performed future experiments using 1x106 cells, prioritising uniformity in transplant dose. 

We tested CX-5461 as a single agent in two xenograft models using MM.1S (p53-WT) and JJN-

3 (p53-null) cells, which represent the most and least sensitive to CX-5461 respectively. 

Transplanted NSG mice were imaged at 1-week post-TP and demonstrated even engraftment 

(Figure 5.2a). Mice were randomised for treatment with 35mg/kg CX-5461 or its vehicle by oral 

gavage (OG) Monday / Wednesday / Friday (M/W/F). Weekly bioluminescent imaging 

demonstrated no noticeable difference in disease burden in the CX-5461-treated mice compared 

with the vehicle-treated mice (Figure 5.2a). There was no difference in overall survival (OS) with 

CX-5461 in the JJN-3-NSG xenograft and a statistically significant but modest increase in 

survival in the MM.1S-NSG xenograft (6 d, p = 0.03, Figure 5.2b). This was unexpected given 

the impressive survival benefit we observed in our two mouse MM models (Chapter 4) and 

considering the consistent survival benefit seen with CX-5461 across haematological and solid 

organ malignancy preclinical models (Bywater et al., 2012; Cornelison et al., 2017; Devlin et al., 

2016; Nadine Hein et al., 2017; Sornkom, 2017; H. Xu et al., 2017).  

In addition to poor therapeutic activity with CX-5461 in these xenograft models, we observed 

several drug-associated side-effects. Firstly, the mice transplanted with MM.1S cells that received 

CX-5461 were culled for a deterioration in general condition (hunched posture, ruffled fur and 

reduced mobility) rather than end-stage disease, suggesting an ethical end-point was reached due 

to toxicity rather than progression of MM. Moreover, peripheral blood (PB) analysis revealed that 

CX-5461-treated NSG mice had developed marked anaemia (Figure 5.3). Median haemoglobin 

values in mice with end-stage disease in the JJN-3-xenograft model were 79g/L (range, 78-88g/L) 

after 21-22d treatment with CX-5461, compared with 164g/L (range, 158-173g/L) in the vehicle-

treated mice (Figure 5.3). In the MM.1S-xenograft model, just prior to culling, CX-5461-treated 

mice had a median haemoglobin of 49g/L (range, 46-53g/L) compared with 176g/L (range, 158-

184g/L) in the vehicle-treated mice after 25-30 d treatment (Figure 5.3). Given that only CX-

5461-treated mice developed anaemia and that this was more pronounced in the MM.1S-

xenograft model where mice received drug for a longer period (4-9 additional days), the anaemia 

observed in the NSG mice was attributed to CX-5461 treatment. In addition, we observed a 
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reduction in white cells in both models, and a thrombocytopenia in the MM.1S model (Figure 

5.3). Though tolerability studies in non-diseased NSG mice had indicated <15% weight loss with 

CX-5461 over a 2-week treatment period (Cameron, Hannan and Poortinga, personal 

communication), the toxicity observed with CX-5461 when administered for a longer period 

indicated that NSG mice would be unable to tolerate combination drug treatment for the required 

duration of an MM.1S-xenograft survival experiment. Taken together, given the striking lack of 

survival benefit with CX-5461 in the HMCL-xenograft studies, and the toxicity observed, we 

ceased the development and use of HMCL-xenograft models for the purpose of this PhD.  

 

5.2.2. An immunocompetent system contributes to the efficacy of CX-5461 in vivo 

CX-5461 has been tested in immunocompetent mouse models of B-cell lymphoma (Eµ-Myc 

(Bywater et al., 2012; Devlin et al., 2016)), AML (MLL-AF9; NRASG12D and AML1-ETO9a; 

NRASG12D(Nadine Hein et al., 2017; Sornkom, 2017), and two models of MM (Vκ*MYC and 

5T33-C57BL/KaLwRij, Chapter 4). While single agent CX-5461 provided a significant survival 

benefit in these syngeneic models, in the NSG-xenograft studies we observed either no or only 

minimal survival benefit. To explore the idea that CX-5461 may require a functional immune 

system for full efficacy, we transplanted NSG mice with the same luciferase-expressing 5T33 

cells that we had used in the syngeneic C57BL/KaLwRij mice and treated with the same dose of 

CX-5461 that we had used in that model (25mg/kg OG M/W/F) (Figure 4.4). Intriguingly, we 

observed a complete abrogation of the therapeutic benefit, with bioluminescent imaging of the 

drug-treated mice being indistinguishable from the vehicle-treated mice. While CX-5461 

treatment of 5T33 cells in immunocompetent mice produced a 13.5 d survival advantage (Figure 

5.4a, data reproduced from the combination survival study presented in Figure 4.4), CX-5461-

treated NSG mice bearing the same cells had a median survival of only 1 d greater than the 

vehicle-treated mice (Figure 5.4b). This comparison, using the same CX-5461-sensitive 5T33 

cells and the same CX-5461 dosing schedule, suggested the possibility that the absence of a 

functional immune system in NSG mice may affect the capacity of CX-5461 to achieve its 

therapeutic effect. This result has broader clinical implications for the use of CX-5461 in MM 

patients, who frequently have defective immune systems(Blimark et al., 2015; Heaney et al., 

2018; Teh, Harrison, Worth, Thursky, & Slavin, 2016), and will be explored separately to this 

PhD project. 
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5.2.3. CX-5461 is efficacious in the setting of bortezomib-resistance 

The management of bortezomib-resistant MM is an important clinical challenge, (Megan Y. 

Murray et al., 2014; Robak et al., 2018; Wallington-Beddoe et al., 2018), particularly in Australia 

where the majority of patients receive bortezomib-based induction therapy("Myeloma and 

Related Diseases Registry," 2018). To investigate CX-5461 activity in the clinical scenario of 

acquired bortezomib-resistance, we developed bortezomib-resistant cell lines. HMCLs and the 

5T33 mouse myeloma line were placed in culture with low concentrations of bortezomib (IC20 

for cell death of the most sensitive cell line; MM.1S). Prolonged exposure of MM cells to 

bortezomib in culture, with sequential increases in drug exposure, established bortezomib-

resistant populations stably growing in drug concentrations above the IC90 of the parental cell 

lines.  Although bortezomib-exposure of the MM.1S cell line did reduce the sensitivity to 

bortezomib, the absolute change in IC50 for cell death as assessed by PI inclusion at 72 hr was 

small (<5nM), so we did not include these cells in subsequent experiments. In comparison, the 

IC50 of the resistant JJN-3 cells increased 3-fold and the IC50 of the 5T33 cells shifted more than 

10-fold, from 12nM in the parental line to 180nM in the resistant cells (Figure 5.5a). We tested 

the efficacy of CX-5461 in vitro by assessing cell death by PI-inclusion at 72 hr in the resistant 

lines along-side the parental lines, (which had been passaged in parallel to the resistant cells).  

The percentage of cell death elicited by CX-5461 at each concentration tested was at least 

equivalent in the bortezomib-resistant cells with that shown in the parental cells, with an increase 

in cell death observed in the resistant 5T33 cells at higher concentrations of CX-5461(Figure 

5.5b). Therefore, we demonstrated that CX-5461 retained its efficacy in eliciting cell death in the 

bortezomib-resistant JJN-3 and 5T33 cell lines.  

We next established an in vivo model of bortezomib-resistance, using the 5T33 cell line due to 

the previous efficacy of CX-5461 observed in the 5T33-C57BL/KaLwRij model, and the efficacy 

of CX-5461 against the bortezomib-resistant 5T33 cells in vitro. We transplanted both parental 

and PI-resistant 5T33 cells into C57BL-KaLwRij mice in parallel, however when following these 

mice by bioluminescence over time, by 28 d after transplant, when based on previous studies we 

expected most of the mice to have developed end-stage disease (Figure 4.4), none of mice 

transplanted with PI-resistant cells and only 1 of the 8 mice transplanted with parental cells had 

any disease evident as determined by imaging (Figure 5.6a). Even after an additional 2 weeks, 

when 5/8 of the mice transplanted with parental cells had developed end-stage disease, none of 

the mice transplanted with the PI-resistant cells had succumbed (Figure 5.6b). This observation 

suggested that the tumorigenic properties of the cells had changed differentially in the two cell 

lines during the prolonged period of time in culture. In order to improve engraftment in this 

setting, we administered sub-lethal irradiation (2x 3Gy the day prior to transplantation) and found 
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that this produced an accelerated disease course (Figure 5.6c), with the vehicle-treated mice 

developing disease meeting ethical end-points as early as 17 d post-TP (Figure 5.6d).  

To test if the acquisition of resistance to proteasome inhibition affected sensitivity to CX-5461 in 

vivo, we transplanted bortezomib-resistant 5T33 cells into C57BL-KaLwRij mice and treated 

with either CX-5461 or panobinostat or the drug combination. A cohort of mice treated with 

bortezomib confirmed that the in vitro resistance was retained in vivo, with the bortezomib-treated 

group having the same disease progression (Figure 5.7a) and median survival (Figure 5.7b) as the 

vehicle-treated mice. Interestingly, while the tumour-burden at 14 d in vehicle-treated mice was 

potentially lower on average, the disease subsequently progressed to end-stage disease faster than 

in mice treated with CX-5461, panobinostat or their combination, likely reflecting the aggressive 

nature of this disease model. Treating with CX-5461 as a single agent in this PI-resistant model 

of MM produced a significant extension of survival (6 d, p= 0.003, Figure 5.7b). Panobinostat 

provided almost the same benefit (5 d, p= 0.007), but surprisingly, the combination of CX-5461 

and panobinostat did not provide an increase in OS, with the combination-treated mice surviving 

the same length of time as the CX-5461 and panobinostat single agent-treated mice (Figure 5.7b). 

This lack of drug-combination efficacy may be, in part, explained by the accelerated disease 

course provoked by irradiating the mice pre-transplant, with the vehicle-treated mice developing 

end-stage disease at a median of 19 d when irradiated (Figure 5.7b), compared with 28 d without 

irradiation (Figure 4.4). While future studies aim to repeat this experiment with a more dose-

intensive schedule due to the brevity of the treatment period, the most significant finding remains 

that the novel small molecule inhibitor CX-5461 retains its efficacy in the setting of acquired 

resistance to proteasome inhibitors. This finding has direct clinical translation to patients in need 

of novel therapeutic agents.   

 

5.2.4. The triplet drug therapy of CX-5461 with panobinostat and the PI carfilzomib 

provides synergy in vitro but not in vivo. 

The boutique drug screen demonstrated that an increased growth inhibitory effect was seen with 

CX-5461 in combination with the proteasome inhibitors bortezomib and carfilzomib (Figures 

3.10, 3.12). In the context of MM, where triplet drug therapy is regarded as the standard of 

care(Boudreault et al., 2017; Korde et al., 2015; Offidani et al., 2018; Zingone et al., 2013), and 

where the combination of PIs with HDACi has efficacy in bortezomib-resistant disease (P. G. 

Richardson, Schlossman, R.L., Alsina, M., 2013), the data from our combination drug screen 

raised the possibility of a synergistic 3-drug combination with CX-5461 for use in MM. While 

both bortezomib and carfilzomib showed further inhibition of growth in combination with CX-
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5461, due to increased clinical efficacy in patients  (Buac et al., 2013; M. A. Dimopoulos et al., 

2016; Hurchla et al., 2013; Kuhn et al., 2007) we chose carfilzomib as the PI to develop in 

combination with CX-5461 and panobinostat. 

Similar to CX-5461 and panobinostat, we compared the cell death obtained with combination of 

CX-5461 and carfilzomib with that obtained with the single agents (Figure 3.12). We 

demonstrated synergistic cell death according to analysis by the Chou-Talaley method(Chou, 

2010), with an increase in PI-positive cells after 72 hr drug treatment, producing combination 

indices below 1.0 (Figure 5.8a utilising AMO-1 cells). The 5T33 murine MM cells were highly 

sensitive to carfilzomib, with growth inhibition demonstrated following exposure to doses <1nM 

(Figure 5.8b). We performed an in vivo survival study in the 5T33-C57BL/KaLwRij model with 

CX-5461 and carfilzomib, using the same experimental parameters described in chapter 4; 2M 

5T33 cells in exponential growth phase in culture were transplanted by IV tail injection into 

female C57BL-KaLwRij mice aged 5-12 weeks. Carfilzomib as a single agent (5mg/kg IP 

weekly) showed similar disease progression as the vehicle control, (as assessed by bioluminescent 

imaging, Figure 5.8c), and provided a small but statistically significant increase in median 

survival (2.5 d; p=0.029) that was far exceeded by CX-5461 as a single agent (25mg/kg M/W/F 

OG; 25 d) (Figure 5.8d). Unexpectedly, the combination of CX-5461 with carfilzomib did not 

increase survival beyond that of CX-5461 alone, an interesting result given each drug has in vivo 

efficacy in this model and the in vitro synergy between CX-5461 and carfilzomib is robust 

(Figures 3.10, 3.12).  

Despite the lack of in vivo efficacy seen with the combination of CX-5461 and carfilzomib in the 

5T33-C57BL/KaLwRij model, given the established clinical utility of triplet drug combinations 

in the management of MM(Boudreault et al., 2017; Offidani et al., 2018; Sun et al., 2017), we 

proceed to test the combination of CX-5461 with panobinostat and carfilzomib. While 

panobinostat and carfilzomib produced synergistic cell death in vitro (as assessed by PI-inclusion 

at 72 hr), the addition of CX-5461 to the doublet further increased cell death, producing an 

increased fraction affected, (Fa), and pushing the combination indices further below 1.0 (Figure 

5.9a).  Following on from this experiment and from the impressive survival benefit demonstrated 

with CX-5461 and panobinostat in vivo (Figure 4.4) we tested the effect on survival of the triplet 

therapy, with 4 experimental groups comprising treatment with vehicle, CX-5461, 

panobinostat/carfilzomib, and CX-5461/panobinostat/carfilzomib together. Using drug schedules 

as per previous experiments (CX-5461 35mg/kg OG M/W/F, panobinostat 5mg/kg IP M/W/F and 

carfilzomib (5mg/kg IP weekly), the triplet therapy was well tolerated, with all mice adequately 

maintaining their body weight. Again, while there was an extension in survival with each of CX-

5461-alone (median survival 22.5d beyond the vehicle, p = 0.0005), and the 



 179 

panobinostat/carfilzomib-treated (median survival 8.5d beyond the vehicle, p = 0.005), the triplet 

therapy did not significantly extend median survival past that of the CX-5461-treated mice (same 

median survival, p = 0.46) (Figure 5.9c). Interestingly, the outcomes from this experiment did not 

replicate the increase in survival demonstrated with CX-5461 and panobinostat (Figure 4.4), 

raising the possibility of a drug interaction between panobinostat and carfilzomib in this model, 

which is not predicted by the combinatorial effects of these drugs in patients. While the in vitro 

demonstration of synergistic cell death with the triplet therapy has not yet been replicated in vivo, 

CX-5461 as a single agent out-performed the combination of 2 drug classes known to have 

efficacy in clinical trials (HDACi and PIs(San-Miguel et al., 2014)). Together with the data 

showing efficacy in the bortezomib-resistant model, these preclinical studies provide a promising 

foundation for future experiments with the aim of progressing CX-5461 in clinical development 

in MM. 

 

5.2.5. CX-5461 causes thrombocytosis in mouse models of MM.  

With each of the mouse models described here (Chapters 4 and 5), we assessed blood samples 

obtained either as part of disease monitoring (Vκ*MYC) or to assay bone marrow toxicity. We 

assessed for marrow toxicity by running a full blood estimation (FBE) which measures 

haemoglobin, total white cell count and platelet count (Figures 4.2, 5.3).  While the main aim was 

to determine if the values in the drug-treated mice were significantly below those of the vehicle-

treated mice as is expected in the event of drug-related toxicity, we noted instead a persistent 

thrombocytosis in the CX-5461 treated mice. In both the Vκ*MYC and the 5T33-

C57BL/KaLwRij models, platelet counts were higher in the CX-5461-treated mice than in the 

vehicle-treated mice (Figure 5.10). Furthermore, this was observed in all treatment groups that 

contained CX-5461, including those combinations containing panobinostat, which is known to 

commonly cause TCP(P. G. Richardson, Schlossman, R.L., Alsina, M., 2013; San-Miguel et al., 

2014). Blood tests taken following two weeks of drug therapy with CX-5461, alone or in 

combination with panobinostat and carfilzomib, revealed that thrombocytosis is consistent across 

both the Vκ*MYC and the 5T33-C57BL/KaLwRij models (Figure 5.10). Interestingly, in one 

instance of a mouse that had not engrafted and which had been treated with CX-5461 for more 

than a month, then left untreated for a further month, the FBE demonstrated a thrombocytosis 

despite the prolonged absence of drug treatment (data not shown). This suggests that transient 

treatment with CX-5461 is sufficient to elicit long-term changes in thrombopoiesis. 

Conversely, in the JJN-3-NSG xenograft mice, while CX-5461 caused marked anaemia and 

moderate-marked leukopenia, the platelet count was not suppressed by CX-5461 (Figure 5.3). 



 180 

Taken together, these preliminary data raise the hypothesis that CX-5461 may be either 

stimulating megakaryocyte or platelet production, or inhibiting platelet destruction. While future 

studies are required to thoroughly explore this hypothesis, it represents a potentially useful side 

effect of a drug that is intended for use in patients whom the malignancy and therapy both 

commonly cause TCP(Bishton et al., 2011; Chari, Cho, et al., 2017; Harvey, 2014; Murai et al., 

2014; San-Miguel et al., 2017). The investigation of this clinically relevant observation is outside 

of the scope of my thesis and is being investigated as a separate project.   

 

5.3. Discussion 

This chapter describes our exploration of several concepts relevant for the clinical translation of 

CX-5461 preclinical data towards therapeutic use in MM patients. In our early phase clinical trial 

with CX-5461 as a single agent, stable disease was achieved in 3 of 6 MM patients (50%), which 

lasted for 4-6 cycles, despite the patients being heavily pre-treated(Khot et al., 2019). Given the 

encouraging trial data and these promising preclinical results with CX-5461 in combination with 

panobinostat in MM, it is likely that this drug combination will move to phase II trials more 

quickly. Thus, it is important to further strengthen the preclinical data to accelerate clinical 

translation, using well-established tools including xenograft models, and considering clinical 

factors such as resistance to proteasome inhibitors. In examining these concepts we were also able 

to explore the contribution of the immune system (which is critical in MM patients; (Guillerey et 

al., 2016; Heaney et al., 2018; Huang et al., 2017)) and maintenence of platelet levels (important 

in the setting of panobinostat(Bishton et al., 2011; P. G. Richardson, Schlossman, R.L., Alsina, 

M., 2013; San-Miguel et al., 2017)).  

We developed luciferase-tagged xenograft models of MM to facilitate monitoring of disease 

progression in vivo and used these to extend drug testing in HMCL. While models of murine 

cancer can give valuable insights into in vivo mechanisms of action and synergistic effects 

between drug classes, those findings do not always translate to efficacy in human cancer. 

Xenograft models are regarded as an adjunct to syngeneic murine models, particularly in those 

cancers where primary patient tumour samples readily engraft into mouse models (i.e. patient-

derived xenografts; PDXs)(Gao et al., 2015; Tentler et al., 2012). In MM, a cancer in which 

tumour cell survival is entirely dependent on the tumour microenvironment until late, aggressive 

phases of disease, bone marrow samples from the great majority of patients will not survive long 

enough to engraft in a xenograft model. The exception are patients with plasma cell leukaemia, 

or other extramedullary tumour deposits, in which the cancer cells have gained independence 

from the microenvironment. Because most HMCLs have been developed from patients with these 
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advanced forms of MM(Allen et al., 2013), transplanting these HMCLs into NSG mice allows 

establishment of an aggressive form of MM in the mice, with widespread bone marrow-based 

disease. 

NSG mice are homozygous for the severe combined immune deficiency (scid) mutation, which 

prevents rearrangement of immunoglobulin and T-cell genes, thus causing both B- and T-

lymphocytes to be markedly deficient(Bosma, Custer, & Bosma, 1983; Shultz et al., 2005). They 

also have a mutation at the interleukin-2 receptor gamma chain (IL2rgnull) which prevents 

cytokine signalling through a number of pathways, therefore rendering natural killer (NK) cells 

functionally deficient (Orr et al., 2010; Shultz, Ishikawa, & Greiner, 2007). The resultant marked 

immunodeficiency allows the engraftment of human stem cells, primary patient cancer cells or 

established cell lines (Agliano et al., 2008; Gao et al., 2015; Tanaka et al., 2012). We 

demonstrated that luciferase-labelled HMCL transplanted into NSG mice recapitulated the origin 

of the cell lines, producing uniform disease development and progression which was easily 

monitored by bioluminescent imaging (Figure 5.1a). 

In examining the effect on survival of CX-5461 in xenograft models, we unexpectedly discovered 

both a lack of efficacy and an unacceptable level of toxicity using CX-5461 as a single agent. The 

reason for the toxicity in this model is not clear. When examining tolerability over a shorter, 2-

week dosing period, single agent CX-5461 was not associated with weight loss in NSG mice, 

even at doses 20mg/kg higher than we used in our xenograft experiment (Cameron, Hannan and 

Poortinga, personal communication). It appears that the haematological toxicity is cumulative 

over time; in the aggressive JJN-3-xenograft model, the CX-5461-treated mice only survived long 

enough to receive 3 weeks of treatment, which was associated with a moderate anaemia. 

However, in the MM.1S xenograft, which was slower to progress, the mice received 3.5-4.5 

weeks of treatment which was associated with a marked anaemia. We hypothesized that the 

mechanism of toxicity could possibly relate to the DDR-pathways activated by CX-5461(J. Quin 

et al., 2016). In NSG mice, a mutation present in the gene Prkdc, which encodes a protein kinase 

with a function in DNA double-strand break repair, is known to cause these mice to be more 

susceptible to agents or conditions that cause DNA damage, including a number of cytotoxic 

drugs and irradiation (Agliano et al., 2008; Mathieu et al., 2015; Mori, Matsumoto, Okumoto, 

Suzuki, & Yamate, 2001). Given that CX-5461 elicits DDR-signalling pathways, the downstream 

effects of this signalling response may be more prominent in NSG mice. We hypothesise that the 

combination of widespread bone marrow replacement by MM, the effect of DDR-signalling from 

CX-5461 and the NSG genetic background may compound to produce the toxicity observed. 

Further exploration of CX-5461 in other xenograft models, (i.e. solid organ cancers where marrow 

involvement is not typical), may help elucidate our findings. 
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In addition to the increased toxicity, the xenograft studies also demonstrated markedly reduced 

efficacy with CX-5461 compared with that seen in immunocompetent models. We observed no 

difference in survival in the JJN-3-NSG xenograft and a statistically significant but modest 

increase in the MM.1S-NSG xenograft (Figure 5.2; vehicle, 31 d, CX-5461 37 d), which was 

similar to that demonstrated previously in this model (Lee et al., 2017), but shorter than that seen 

in syngeneic models. This observation raised the hypothesis that there may be a fundamental role 

of the immune system in the action of CX-5461. This hypothesis was supported by transplanting 

5T33 cells into NSG and immunocompetent C57BL/KaLwRij mice in parallel, where the survival 

benefit from CX-5461 treatment observed in the C57BL/KaLwRij mice (Figure 5.4a; vehicle, 28 

d, CX-5461 41.5 d) was abrogated in the NSG setting (Figure 5.4b; vehicle, 20 d, CX-5461 21 

d). In addition, data consistent with this hypothesis was obtained by a related experiment in our 

laboratory utilising the Eµ-Myc B-cell lymphoma model in which Eµ-Myc lymphoma cells were 

transplanted into NSG and C57BL/6 mice in parallel. The therapeutic benefit derived from CX-

5461 was minimised without a functional immune system, with CX-5461 providing a survival 

advantage of 16 d in C57BL/6 mice but only 3 d in NSG mice(Cameron, 2018). These findings, 

while hypothesis-generating rather than definitive studies, are very relevant when contemplating 

the translation of these preclinical studies to MM patients. MM is associated with marked immune 

dysfunction which is multi-factorial in etiology, (explored further in Chapter 6). We plan to 

investigate further the role of the immune system in the action of CX-5461, as this may assist us 

in targeting the clinical translation of this drug to those more likely to respond (detailed in Chapter 

6).  

Another fundamental question for translating CX-5461 into the clinic in MM is its efficacy in the 

context of bortezomib-resistant disease. While some patients have MM that is refractory to 

bortezomib at diagnosis, more common are patients with MM that initially responds to PIs, then 

later develop an acquired drug resistance(Megan Y. Murray et al., 2014; Robak et al., 2018; 

Wallington-Beddoe et al., 2018). In order to model this resistant disease, we generated 

bortezomib-resistant cells and demonstrated both in vitro and in vivo that CX-5461 retains its 

effect in the setting of acquired bortezomib-resistance, provoking the same degree of cell death 

as seen in the parental cell lines, and significantly extending survival in the 5T33-KaLwRij model. 

Interestingly, in the experiments presented here, the combination of CX-5461 and panobinostat 

in the bortezomib-resistant model did not demonstrate a further survival benefit beyond single 

agents (Figure 5.7). Throughout the prolonged period of time in culture, we noted changes in the 

growth characteristics of both the parental and bortezomib-resistant cells which likely affected 

parameters of both engraftment and tumour growth kinetics. A combination of these changes 
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along with pre-transplant irradiation, (used to improve engraftment), likely contributed to a 

disease progression that was more aggressive than the original 5T33-C57BL/KaLwRij model, 

resulting in a markedly shortened treatment time.  Thus, future studies will employ higher drug 

doses and/or altered dose schedules to maximise efficacy of the combination therapy in this 

aggressive disease model of bortezomib-resistant disease. Another possibility is to generate 

bortezomib-resistant cells in vivo to use in subsequent transplant studies. This would provide 

alternate selection pressures which may better model the resistant MM observed in humans. 

Nonetheless, in lieu of demonstrating in vivo an improvement in survival with the combination 

therapy, the most significant finding remains that CX-5461 retains its efficacy in the setting of 

acquired resistance to proteasomal inhibitors. This important finding has direct clinical translation 

for patients in need of novel therapeutic agents and is explored further in Chapter 6.   

Given that triplet drug therapies are generally more efficacious than doublet therapies in 

MM(Boudreault et al., 2017; Offidani et al., 2018; Sun et al., 2017) and we demonstrated in 

Chapter 3 that both panobinostat and carfilzomib individually increased growth inhibition in 

combination with CX-5461 in vitro, we examined the 3 drugs in combination. We demonstrated 

in vitro that the addition of CX-5461 to the combination of panobinostat and carfilzomib resulted 

in an increase in a synergistic cell death compared with either doublet therapy. However, neither 

the combination of CX-5461 with carfilzomib nor the triplet therapy reproduced this benefit in 

vivo. Indeed, the survival advantage with carfilzomib was underwhelming compared with 

published data in the C57BL/KaLwRij models, where 7-23 d survival benefits with bortezomib 

have been demonstrated(Gupta et al., 2008; Jinsong Hu, 2013). Marginally higher doses of 

carfilzomib in KaLwRij mice have been described(Hurchla et al., 2013) and it is possible we 

could have achieved an extension in survival in combination with CX-5461 with a higher dose of 

carfilzomib. However, the overall aim with carfilzomib in this project was to test the triplet drug 

combination and when performing tolerability studies in mice with carfilzomib and panobinostat, 

even a small increase in the carfilzomib dose caused significant weight loss (Figure 2.7a), 

suggesting that the addition of CX-5461 would result in the mice reaching an ethical end-point. 

Importantly, while future studies will explore alternative dose schedules, it will be interesting to 

examine the mechanisms underlying the synergy between CX-5461 and PIs, and thus consider 

the possibility that these are compromised in the in vivo setting. Therefore, while we have not yet 

demonstrated that our promising in vitro data of synergy with the triplet therapy is followed by a 

survival advantage, the most significant finding here is that CX-5461 alone increases survival 

beyond the combination of two drug classes showing efficacy in phase III clinical trials (HDACi 

and PIs). 

Finally, in examining drug-induced bone marrow toxicity, we made the striking observation that 
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CX-5461 causes a persistent thrombocytosis, even in the context of marked bone marrow 

infiltration and concomitant medications known to cause TCP. TCP is a common toxicity of many 

therapies for haematological cancers, resulting in dose-reductions, treatment delays and platelet 

transfusions(Manasanch et al., 2018; Philippe Moreau, Hulin, et al., 2016; San-Miguel et al., 

2017; Weycker et al., 2019). Here, an elevated platelet count was noted on blood tests taken as 

early as after two weeks of drug therapy (Figure 5.10), and this persisted as bone marrow-based 

disease progressed (Figure 4.2). In Chapter 6 we detail our ongoing investigation of this 

phenomenon, which while beyond the scope of this PhD, aims to characterise the phenotype and 

decipher the mechanism behind this increase in platelet counts. Given the clinical limitations 

produced by drug-related TCP, it is of considerable merit to exploit this aspect of CX-5461 to 

support combination drug therapies at risk of causing TCP.  

 

In conclusion, the data detailed in this chapter have demonstrated that therapeutic inhibition of 

rDNA transcription retains efficacy in the setting of bortezomib-resistance. They have also led to 

the development of two novel areas of investigation regarding the action of CX-5461; the effect 

of the immune system on efficacy, and the potential for co-treatment with CX-5461 to abrogate 

therapy-induced thrombocytopenia. Therefore, the data presented here overall advances our 

ability to translate this therapeutic approach into the clinical management of patients with MM.   
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Figure 5.1. Pilot studies establishing multiple myeloma xenograft models 1x106 of each of 4 

representative human myeloma cell lines (HMCLs; MM.1S, L-363, AMO-1, JJN-3) were 

transplanted by tail vein injection into NSG mice. (a) At 7 d post-transplant uniform disease 

engraftment was evident on bioluminescent imaging (left panels; ventral images). The mice 

developed widespread bone marrow-based disease (right panels; dorsal images, taken 28 d post-

transplant, luminescent scale; 5x106- 1x109 photons/second). Those mice transplanted with 

AMO-1 cells also developed multifocal plasmacytomas (a; AMO-1-xenograft showing multiple 

localised areas of increased bioluminescent signal, b; haematoxylin and eosin (H&E) staining of 

an extramedullary tumour mass revealing sheets of plasma cells, with typical large eccentric 

nuclei and “clock-face” chromatin). (c) By x-ray, some mice developed focal lytic bone lesions 

(indicated by red arrows), modelling human MM. (e) Kaplan- Meier plot showing overall survival 

of NSG mice bearing HCMLs (JJN-3, red; AMO-1, blue; L-363, purple; MM.1S, green; n=3 for 

each cell line). The survival time, in days from the time of transplantation, shows that the disease 

course was rapid and uniform, with L-363 demonstrating the most variability in survival time. 

The development of end stage disease with the JJN-3 line was more rapid than with the other 

HMCLs, (statistical significance determined by Log-rank Mantel-Cox test, *p<0.05 compared 

with the next fastest; MM.1S). 
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Figure 5.2. CX-5461 is less effective in myeloma NSG-xenograft models than it is in 

immunocompetent models. 1x106 of 2 HMCLs were transplanted by tail vein injection into NSG 

mice, with MM.1S cells being highly sensitive and JJN-3 cells being relatively less sensitive to 

CX-5461 in vitro (demonstrated in Figure 3.4b). At 7 d post-transplant the mice were randomised 

to treatment with either CX-5461 35mg/kg by oral gavage (OG) on Monday / Wednesday / Friday 

(M/W/F) or the vehicle control. (a) The disease burden was comparable on bioluminescent 

imaging at 7, 14 and 28 d post-transplant between the vehicle-treated and the CX-5461-treated 

mice. (Dashed line indicating a change in luminescent scale; 5x104- 1x107 photons/second above 

and 1x106- 1x108 photons/second below the line). In the MM.1S-xenograft, bioluminescent 

imaging at 35 d in two CX-5461-treated mice showed wide-spread disease, while the rest of the 

mice in all groups had developed end-stage disease by this time-point.  (b) Kaplan- Meier plot 

showing the overall survival of NSG mice bearing HCML, in days from the time of 

transplantation, receiving treatment with CX-5461 (red) or its vehicle (blue) from 7 d as indicated 

by the dotted line, (n=3 per group). CX-5461 provided no survival advantage in the JJN-3 

xenograft model, and a significant but modest advantage in the MM.1S xenograft model (6 d, 

statistical significance by Log-rank Mantel-Cox test, * p<0.05). 
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Figure 5.3. CX-5461 causes myelosuppression in myeloma NSG-xenograft models. At ethical 

end-point, blood was collected from the NSG-xenograft mice presented in Figure 5.2 for analysis 

of bone marrow toxicity; measuring haemoglobin, white cell count (WCC) and platelet count. In 

both the JJN-3-xenograft (left panels) and the MM.1S-xenograft (right panels), CX-5461 

treatment (red) was associated with a reduction in haemoglobin and WCC compared with the 

vehicle-treated mice (blue). In the MM.1S model the anaemia with CX-5461 treatment was 

marked, (mean haemoglobin of 49g/L compared to 176g/L with vehicle treatment), and there was 

also a significant reduction in the platelet count compared with the vehicle-treated mice. (Data 

represents mean +/- s.e.m., n=3 per group. Significance determined by students t-test, *p<0.05, 

**p<0.01, ***p<0.001). 
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Figure 5.4. CX-5461 was less effective at treating 5T33-cells transplanted into NSG mice 

compared with 5T33-cells transplanted into C57BL-KaLwRij mice. 2x106 luciferase-

expressing 5T33 murine MM cells were transplanted into each of immunocompetent C57BL-

KaLwRij mice and markedly immunodeficient NSG mice. At 12 d post-transplant, (indicated by 

dotted lines in both graphs), they were randomised to treatment with either CX-5461 25mg/kg 

OG M/W/F or the vehicle control. (a) Kaplan- Meier plot showing the overall survival of C57BL-

KaLwRij mice bearing 5T33 cells, in days from the time of transplantation, receiving treatment 

with CX-5461 (red) or its vehicle (blue). Treatment with CX-5461 provided a 2-week increase in 

median survival in the C57BL-KaLwRij mice. (This data is replicated from the combination study 

presented in Figure 4.4; statistical significance determined by Log-rank Mantel-Cox test, ** 

p<0.01, n=6 in each group). (b) In comparison, a Kaplan- Meier plot showing the overall survival 

of NSG mice transplanted with the same 5T33 cells, in days from the time of transplantation, 

demonstrates that the same dose of CX-5461 produced no significant change in survival 

(statistical significance determined by Log-rank Mantel-Cox test, n=3 in each group).  
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Figure 5.5. CX-5461 retains its efficacy in the setting of resistance to the proteasome 

inhibitor bortezomib in vitro. Prolonged exposure of MM cells to bortezomib in culture, with 

sequential increases in drug exposure, established populations stably growing in drug 

concentrations above the IC90 of the parental (black) cell lines to generate bortezomib-resistant 

(blue) cell lines, (human JJN-3 cells, left panels; murine 5T33 cells, right panels). (a) Parental 

and bortezomib-resistant cells in exponential growth phase were exposed to a range of 

concentrations of bortezomib, then cell death was assessed by PI-inclusion at 72 hr (mean +/- 

s.e.m. from n=3 biological replicates). This demonstrated a significant increase in the IC50 

concentration for both the JJN-3 cells (5.6nM to 14.5nM) and the 5T33 cells (12nM to 180nM) 

(b) Parental and bortezomib-resistant cells (JJN-3 and 5T33) in exponential growth phase were 

exposed to a range of concentrations of CX-5461, then cell death was assessed by PI-inclusion at 

72 hr (mean +/- s.e.m. from n=3 biological replicates).The bortezomib-resistant cell lines retained 

their sensitivity to CX-5461-induced cell death.  
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Figure 5.6. The bortezomib-resistant 5T33 cells may have changed in tumourogenicity in 

culture. 2x106 luciferase-expressing 5T33 MM cells, both parental and bortezomib-resistant, 

were transplanted by IV tail injection into C57BL/KaLwRij mice. (a) Bioluminescent imaging at 

7, 28 and 42 d showed a reduced disease burden following transplantation of each of the parental 

(left) and the bortezomib-resistant cells (right) when compared with previous experiments 

utilising early passage cells (Figure 4.4), indicating slower disease progression. (Images represent 

the 3 mice with the highest disease burden in each group; luminescent scale 1x106- 1x108 

photons/second). (b) Kaplan-Meier plot showing overall survival, in days from the time of 

transplantation, of C57BL/KaLwRij mice bearing each of the parental cells (blue) and the 

bortezomib-resistant cells (green), n=8 per group. Untreated, these mice had a markedly 

prolonged survival when compared to previous studies in which the vehicle-treated mice 

developed end-stage disease at a median of 28 d. (c) Irradiating the mice (2x 3Gy, right) on the 

day prior to transplant greatly increased the engraftment of the bortezomib-resistant cells 

compared with no irradiation (left). (d) A Kaplan-Meier plot showing overall survival, in days 

from the time of transplantation, of C57BL/KaLwRij mice bearing bortezomib-resistant 5T33 

cells; irradiation (red) reduced the survival of untreated mice to less than 28 d, compared with no 

irradiation (blue) where all mice survived beyond 35 d. 
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Figure 5.7. CX-5461 retains its efficacy in the setting of resistance to the proteasome 

inhibitor bortezomib in vivo. C57BL-KaLwRij mice were irradiated (2x 3Gy) the day prior to 

transplantation of 2x106 luciferase-expressing bortezomib-resistant 5T33 MM cells by IV tail 

injection. (a) Treatment with bortezomib 0.7mg/kg IP twice weekly (orange) did not produce a 

reduction in disease burden when compared with the vehicle-treated mice (blue) by 

bioluminescent imaging at 14 d post-transplant. By 21 d post-transplant, the vehicle- and 

bortezomib-treated mice had reached ethical end-points. Mice treated with each of CX-5461 

25mg/kg OG M/W/F (red), panobinostat 5mg/kg IP M/W/F (green), or the combination (purple) 

demonstrated widespread disease. (Time in days from the time of transplantation; displaying 

images of the 3 mice with the highest disease burden in each group, luminescent scale 1x106- 

1x108 photons/second). (b) A Kaplan-Meier plot showing overall survival, in days from the time 

of transplantation, of irradiated C57BL/KaLwRij mice bearing bortezomib-resistant 5T33 cells. 

Bortezomib-treated mice had the same median survival as the vehicle-treated mice, demonstrating 

that the bortezomib-resistance generated in vitro had persisted in vivo. Each of the panobinostat-

treated and CX-5461-treated groups had a significant increase in median survival (each p<0.01), 

but there was no further increase with the combination. (Statistical significance was determined 

by Log-rank Mantel-Cox test, ns = not statistically significant, n=6-8 per group, dotted line 

indicates commencement of treatment at 7 d).  
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Figure 5.8. The combination of CX-5461 with the proteasome inhibitor carfilzomib 

produces synergistic cell death in vitro but not in vivo. Exponentially-growing cells were 

treated with a range of drug concentrations, then assessed at 72 hr for cell death by PI-exclusion, 

and every 24 hr for growth inhibition by the Promega® Real Time Glo assay. (a) CX-5461 and 

carfilzomib produce synergistic cell death in vitro in AMO-1 cells, demonstrated by combination 

indices (CI) below 1 at a fraction affected (Fa) of 0.4 and 0.7, (Calcusyn software; Chou-Talalay 

analysis (Chou, 2010); data from the combination screen presented in Figure 3.10, mean +/- s.d. 

of n=2-3 biological replicates, dotted line indicates CI=1). (b) The 5T33 murine MM cell line is 

highly sensitive to carfilzomib-induced growth inhibition, with a reduction in luminescence in the 

carfilzomib-treated cells compared with the vehicle-treated. Anti-proliferative effects were 

observed with doses below 1nM (0.63nM, green; 0.31nM, red) and the luminescence reduced 

below baseline values (indicating cell death) following treatment with concentrations at or above 

2.5nM. (Mean +/- s.e.m. from n=3 technical replicates) (c) C57BL/KaLwRij mice were 

transplanted with 2x106 luciferase-expressing 5T33 MM cells by IV tail injection, then 

randomised based on luminescence (i.e. disease burden) at d 12 for treatment with carfilzomib 

5mg/kg IP weekly, CX-5461 25mg/kg OG M/W/F, the drug combination or the vehicle control. 

(c) Disease progression, as assessed by bioluminescent imaging, was similar in the carfilzomib-

treated (green) and the vehicle-treated mice (blue) after 2 weeks of treatment. CX-5461-treated 

mice (red) had a reduced disease burden at this time point, which was comparable to that seen 

with combination treatment. (Images of the 3 mice with the highest disease burden in each group, 

luminescent scale 1x106- 1x108 photons/second). (d) A Kaplan-Meier plot showing survival, in 

days from the time of transplantation, shows carfilzomib treatment produced a modest but 

significant increase in survival compared with vehicle treatment, (2.5 d, p=0.029), while the 

combination of carfilzomib with CX-5461 did not increase survival beyond that of CX-5461 

alone. (Statistical significance determined by Log-rank Mantel test, n= 8 per group, dotted line 

indicates the commencement of treatment at 12 d). 
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Figure 5.9. The triplet combination of CX-5461, panobinostat and carfilzomib gives 

synergistic cell death in vitro but not in vivo. (a) Exponentially-growing cells were treated with 

a range of drug concentrations, then assessed at 72 hrs for cell death by PI-exclusion. The 

combination of panobinostat and carfilzomib (blue) produce synergistic cell death in AMO-1 cells 

with combination indices (CI) less than 1 at a fraction affected (Fa) of 0.6 and 0.75 (CalcuSyn 

software; Chou-Talalay analysis (Chou, 2010), mean +/- s.d. of n=2-3 biological replicates, dotted 

line indicates CI=1). The addition of CX-5461 to this combination (red) produces further synergy, 

with a high Fa and CI further below 1. (b) C57BL/KaLwRij mice were transplanted with 2x106 

luciferase-expressing 5T33 MM cells by IV tail injection, then randomised based on 

luminescence (i.e. disease burden) for treatment at d 12. The triplet therapy of CX-5461 (25mg/kg 

OG M/W/F), panobinostat (5mg/kg IP M/W/F), and carfilzomib (5mg/kg IP weekly) did not slow 

tumour growth beyond CX-5461 alone as assessed by bioluminescent imaging. (Images of the 3 

mice with the highest disease burden in each group, luminescent scale 1x106- 1x108 

photons/second). (c) A Kaplan-Meier plot showing survival, in days from the time of 

transplantation, showing that survival with the triplet therapy (purple) was not extended beyond 

that of CX-5461 alone (red), with an identical median overall survival being demonstrated 

(statistical significance determined by Log-rank Mantel-Cox test, **p<0.01, ns = not statistically 

significant, n= 6-7 per group. Dotted line indicating commencement of treatment at 12 d, pan, 

panobinostat; carf, carfilzomib). 
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Figure 5.10. CX-5461 produces a thrombocytosis in preclinical models of MM. In both the 

Vκ*MYC model (a) and the 5T33-C57BL/KaLwRij model (b) CX-5461 produces an elevation 

in the platelet count. In (a) CX-5461 alone (red) produces a non-significant trend upwards 

compared to the vehicle-treated mice (blue) and in combination with panobinostat (purple) is able 

to rescue the reduction in platelet count observed with the panobinostat-treated mice (green). In 

(b) the increase with CX-5461 alone (red) and in combination (purple) are both highly significant. 

Results here were obtained by peripheral blood sampling after 2 weeks of drug exposure, as part 

of the experiments presented in Figures 4.2 and 5.9. (Statistical significance determined by 

unpaired students t-test, **p<0.01, ****p<0.0001, n=5-7 per group. Pan, panobinostat; carf, 

carfilzomib). 
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Chapter 6: Discussion 
 

The plasma cell cancer multiple myeloma (MM),  in which normal haematopoietic production is 

replaced by malignant plasma cells(Swerdlow SH, 2008), is incurable with current treatments(W. 

J. Chng et al., 2014) necessitating the development of new therapeutic strategies. MM is 

characterised by genetic heterogeneity(Bolli et al., 2014; Chapman et al., 2011; Lohr et al., 2014; 

Merz et al., 2018) and a variable subclonal architecture during disease progression(Corre et al., 

2015; J. J. Keats et al., 2012; Maura et al., 2018; Stephenson et al., 2014). A number of effective 

anti-MM strategies target cellular processes that are hyperactive and dysregulated across the 

malignant plasma cell population, with a therapeutic window being retained by the reliance of 

malignant cells on these processes relative to their normal counterparts(Buac et al., 2013; Jesús 

F. San Miguel et al., 2008). rDNA transcription is one such process; broadly dysregulated in 

malignant cells across multiple cancers types(D. Drygin et al., 2010). The therapeutic targeting 

of RNA Polymerase I (Pol I)-mediated transcription of rDNA with the small molecule inhibitor 

CX-5461 has preclinical data of efficacy in haematological and solid organ cancers(Bywater et 

al., 2012; Cornelison et al., 2017; D. Drygin et al., 2011; Nadine Hein et al., 2017; Sandeep S. 

Negi & Patrick Brown, 2015; H. Xu et al., 2017; Yan, Chan, et al., 2017). As expected, in 

preclinical models of aggressive malignancies, CX-5461 as a single agent is not able to effect 

cure, with periods of disease remission being followed by relapse and the development of end-

stage disease(Bywater et al., 2012; Nadine Hein et al., 2017).  

More recently, preclinical studies aimed at CX-5461 development have involved the investigation 

of drug resistance(Cameron, 2018) and combination drug therapies, with both candidate-specific 

and mechanistically-derived combinations showing synergistic activity(Devlin et al., 2016; 

Rebello et al., 2016; Sornkom, 2017). Preliminary data from phase I clinical trials has shown that 

CX-5461 is well tolerated, with the main side effect being UV sensitisation(Khot et al., 2019). 

Trial data demonstrates predictable pharmacokinetics and early signals of clinical benefit(Hilton 

et al., 2018; Khot et al., 2019). Following adjustment to the CX-5461 dosing schedule(Khot et 

al., 2019), the next phase of clinical trials will test combination drug therapies with CX-5461, 

leveraging our preclinical data to direct use in specific disease settings. In this thesis we have 

characterized the efficacy and mechanism of the Pol I transcription inhibitor CX-5461 as a single 

agent in the context of MM, then identified other anti-MM agents with synergy in combination 

with CX-5461 and explored the utility of these combinations in preclinical models of MM, with 

the aim of progressing the clinical use of CX-5461 for the treatment of MM.  
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6.1. The therapeutic efficacy of rDNA transcription inhibition with CX-5461 in MM  

6.1.1. p53-dependent mechanisms of CX-5461 efficacy in MM 

There are both p53-dependent and -independent pathways that regulate the therapeutic activity of 

CX-5461. Examining the correlation of p53-status with susceptibility to CX-5461 has 

demonstrated varying data depending on the disease and preclinical models. Exposure to CX-

5461 resulted in stabilisation and phosphorylation of p53 protein in both the Eµ-Myc lymphoma 

model and in preclinical models of acute myeloid leukaemia (AML). In the Eµ-Myc model, 

tumour cells either mutant or null for p53 were significantly less sensitive to CX-5461-elicited 

cell death than those that were p53 wild type, both in vitro and in vivo(Bywater et al., 2012; Devlin 

et al., 2016; J. Quin et al., 2016). In a panel of AML cell lines, there was no significant difference 

in sensitivity to CX-5461 based on p53-status(Sornkom, 2017), and a survival advantage was 

likewise demonstrated in the absence of p53(Nadine Hein et al., 2017). Interestingly, sequencing 

of the AML cell line panel located a particular TP53 gain-of-function mutation (R248Q) which 

conferred an increased susceptibility to CX-5461-induced cell death(Sornkom, 2017), suggesting 

further exploration of the role of p53 in the CX-5461 downstream response is required in any 

given disease setting. 

We examined CX-5461 activity in a panel of human myeloma cell lines (HMCLs) containing a 
range of cytogenetic translocations and molecular drivers known to be significant in the 
pathogenesis and prognosis in myeloma(Avet-Loiseau et al., 2007; Brian A. Walker, 2015; 
Antonio Palumbo, Avet-Loiseau, et al., 2015; Sonneveld et al., 2016). CX-5461 was able to effect 
cell death in all cell lines in the panel (Figure 3.4), supporting the utility of this therapeutic 
approach in the setting of MM, with its significant genetic heterogeneity (Bolli et al., 2014; J. J. 
Keats et al., 2012; Maura et al., 2018; Merz et al., 2018). We observed a modest but statistically 
significant increased sensitivity to CX-5461 among HMCLs with functional p53 protein 
compared to those without, with the p53-null cell line (JJN-3) being the least sensitive to CX-
5461-induced cell death (Figure 3.7c). Nonetheless, CX-5461 was still able to effect cell death at 
a higher average dose in those with mutant or null p53 function. This is important for translation 
to clinical use in MM given that chromosome 17p deletions in MM patients are associated with a 
poorer prognosis (Wardell et al., 2013) and a higher rate of resistance to standard treatment (Teoh 
& Chng, 2014). However, our preliminary experiments examining the efficacy of CX-5461 in 
p53-null disease in vivo were complicated by the increased toxicity observed in the NSG-
xenograft setting (Figure 5.3).  

Ultimately, future experiments will examine the effect of p53-status on the response to CX-5461 

in patients. Results from our single agent clinical trial of CX-5461 demonstrated that clinical 

benefit was obtained in patients with TP53-WT tumours (n=8), with one achieving a prolonged 
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partial response which lasted for 18 cycles, and four patients achieving periods of stable disease 

which ranged from 4-16 cycles in duration. Of the 6 patients on trial with MM, 3 were TP53-WT, 

with 2 of these patients achieving stable disease for 4 cycles; an impressive result in the setting 

of heavily pre-treated aggressive disease. Biomarker analysis on a biopsy sample from one TP53-

WT patient with cutaneous T-cell lymphoma who had demonstrated response in an area of high 

grade transformation demonstrated that the decrease in rDNA transcription rate observed in the 

sample was associated with stabilisation of p53 expression and an increase in the p53-target 

protein p21. Taken together, our preclinical and clinical data demonstrate a robust p53-dependent 

response to Pol I inhibition, which predominates in some cancer settings but is likely less 

fundamental in others. The results presented here also indicate that the effects of CX-5461 in MM 

are not solely dependent on a functional p53 protein, increasing its clinical applicability. The 

expansion phase of the clinical trial will allow the enrolment of increased numbers of patients, 

and hence a greater number of tumour samples will be available with which to evaluate potential 

predictive biomarkers of efficacy, with p53-status being a key potential biomarker to be 

examined. 

 

6.1.2. p53-independent mechanisms of CX-5461 efficacy in MM 

Our group has previously described the response to nucleolar-localised DNA damage, leading to 

a DNA-damage-like response (DDR) signalling, which is active independently of the p53-

status(Nadine Hein et al., 2017; S. S. Negi & P. Brown, 2015; J. Quin et al., 2016). This is 

potentially advantageous over classical DNA-damaging agents, in that clinical efficacy resulting 

downstream signalling and subsequent cellular responses may be retained with a reduction in 

toxicity related to wide-spread DNA damage. We confirmed that in the context of MM, CX-5461 

promotes phosphorylation of proteins involved in cell cycle checkpoints (CHK1, CHK2 and 

ATM), which occurs across p53-WT, -mutant and -null cell lines (Figure 3.8a). The downstream 

effect of this DDR signalling and an associated increase in γH2AX foci (Figure 3.9) in MM is a 

G2/M cell cycle arrest (Figure 3.8b) as has been described in other malignancies(Nadine Hein et 

al., 2017; S. S. Negi & P. Brown, 2015; Sornkom, 2017).  

As MM pathogenesis involves somatic hypermutation and class-switch recombination (CSR), 

with double-strand breaks in the immunoglobulin loci, it may be that HMCL are primed for a 

DDR. γH2AX foci are detectable in the absence of drug exposure in MM cells undergoing 

CSR(Reina-San-Martin et al., 2003), with constitutive phosphorylation of H2AX being described 

in HMCL(Walters et al., 2011), along with dysregulation of double-strand break repair(Ana Belén 

Herrero & Gutiérrez, 2017; Ana B. Herrero, San Miguel, & Gutierrez, 2015; Shammas et al., 
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2009) which confers a poor prognosis in MM patients(Calimeri et al., 2014; Cottini et al., 2015; 

Dimopoulos et al., 2007).  

The therapeutic targeting of dysregulated DNA repair mechanisms was the basis of several 

longstanding anti-MM agents, (i.e. melphalan(Dimopoulos et al., 2007; W. E. Ross et al., 1978),  

cyclophosphamide (Emadi et al., 2009; Johnson et al., 2012) and doxorubicin (Alexanian, 

Barlogie, & Tucker, 1990; Ferrazzi, Woynarowski, Arakali, Brenner, & Beerman, 1991)). 

Recently there has been renewed interest in the development of strategies for MM which exploit 

DDR in a more targeted manner(Gavande et al., 2016), including the delivery of doxorubicin by 

nanotechnological delivery systems(Cagel, Grotz, Bernabeu, Moretton, & Chiappetta, 2017), 

PARP inhibitors(Calimeri et al., 2014), specific inhibitors of ATR and ATM(Ana Belén Herrero 

& Gutiérrez, 2017), utilising defects within the ubiquitin-proteasome system as way to regulate 

DNA damage response(Irvine, 2017) and inhibition of DNA methyltransferases(Ken Maes et al., 

2014). We hypothesise that CX-5461 will contribute to the development of this therapeutic 

strategy of targeting DNA repair mechanisms in MM and other cancers(Cameron, 2018; 

Cornelison et al., 2017; Nadine Hein et al., 2017; J. Quin et al., 2016; Sornkom, 2017; H. Xu et 

al., 2017).  

Previous work has demonstrated how cells monitor the fidelity of rDNA transcription(Boisvert et 

al., 2007; Boulon et al., 2010) with rDNA sequences having both a highly repetitive nature and a 

high transcriptional rate, conferring a lower threshold for eliciting a DDR(Diesch et al., 2014; 

Lindström et al., 2018; Stults et al., 2009). Analysis of γH2AX foci by immunofluorescence 

showed increased foci number and intensity across the nucleus with CX-5461 treatment of 

HMCL. Interestingly, in AML cell lines, confocal imaging demonstrated foci mainly formed 

around the periphery of nucleoli, which was a different pattern to that observed with 

doxorubicin(Sornkom, 2017), suggesting that CX-5461 may elicit DDR in a more nucleolar- 

targeted fashion, thus providing clinical utility with a potential reduction in non-targeted toxicity. 

A recent study reported that in the setting of solid-organ cancers, CX-5461 induces replication-

dependent DNA damage responses involving the stabilisation of G4 DNA structures(H. Xu et al., 

2017). The authors noted that cancer cells deficient in homologous recombination repair 

pathways, with or without functional p53 protein, demonstrate increased sensitivity to CX-5461. 

Targeted next-generation DNA sequencing of patient samples available on our clinical trial 

revealed that tumour cells from 5 patients had a mutation in p53, with 4 of the 5 being associated 

with early disease progression(Khot et al., 2019). In addition, 2 patients had a mutation in ATM, 

a key effector of CX-5461-mediated DDR response, with 1 of these patients also suffering rapid 

disease progression, while the other had stable disease for 4 cycles. However, in our hands, we 

have found no evidence that CX-5461 causes robust stabilisation of G4 DNA at doses that are 



 211 

therapeutically effective(Sornkom et. al., under review). Moreover, in extensive high throughput 

DNA and RNA G-quadruplex binding assays conducted at the National Cancer Institute (NCI), 

CX-5461 was not characterized as a G4 binder(Dr John Schneekloth, Chemical Biology 

Laboratory, NCI, Frederick, USA, unpublished). As we learn more about the CX-5461-mediated 

DDR in different disease settings, we aim to better specifically exploit this mechanism in the MM 

setting, where tumour cells have been shown to be susceptible to classical DNA damaging agents. 

Alongside p53 status, potential biomarkers being assessed with respect to CX-5461 response in 

future trial patients will include DDR markers / effectors such as ATM, ATR, MDM2 and 

γH2AX. 

 

6.1.3. CX-5461 and the effects of MYC expression 

The potential for the therapeutic targeting of MYC in the context of cancer is supported by data 

suggesting cancer cells may be “addicted” to MYC-overexpression, and thus be more susceptible 

to a reduction in MYC activity in comparison to normal cells(Chi V. Dang, 2012; Holien et al., 

2012). Our group and others have previously described how overexpression of the transcription 

factor MYC is associated with increased efficacy of CX-5461(Bywater et al., 2012; Rebello et 

al., 2016; Rossetti et al., 2017; Sheppard et al., 2014) and observed in MYC-driven 

lymphoma(Bywater et al., 2012) and MYC-overexpressing prostate cancer(Rebello et al., 2016). 

In the context of MM, where over-expression of MYC is near-universal in HMCL(Moreaux et 

al., 2011; Nobuyoshi et al., 1991), CX-5461 has been shown to rapidly reduce MYC mRNA and 

protein levels(Lee et al., 2017). In our work, rapid MYC downregulation was seen with CX-5461 

in some cell lines but was not a universal mechanism observed.  

Data from other groups have described that MYC activity is required for p53-induced apoptosis 

induced by DNA-damaging agents, with a conditional deletion of the MYC gene abrogating rapid 

apoptosis, producing a phenotype mimicking that seen in p53-deficient models(Phesse et al., 

2014). The opposite phenomenon was observed in the setting of low level MYC overexpression, 

with an amplification of the apoptotic response elicited by DNA damage(Phesse et al., 2014). 

Supporting this concept are studies in the Eµ-Myc model in which B-lymphocytes undergo 

malignant transformation if MYC is over-expressed in combination with inhibition of intrinsic 

apoptotic pathways (via BCL-XL/MCL1) and either overexpression of BMI1 (which inhibits 

ARF/p53) or the expression of a dominant negative p53(Högstrand & Grandien, 2019). It is likely 

that there is a complex interplay between p53 status, DDR-signalling pathways and MYC 

expression that affects the response of cells to Pol I inhibition in a cancer-specific manner 
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(discussed further in section 6.2 below), which will be explored in future RNA-sequencing 

experiments and ultimately during future clinical trials as part of the biomarker analysis. 

 

6.2. Dual inhibition of rDNA transcription inhibition with CX-5461 and histone 

deacetylases with panobinostat in MM  

As presented in Chapter 3; in preparation for in depth studies of novel drug combinations based 

around Pol I inhibition in MM, we took an approach based on clinical utility. A boutique screen 

focused on agents with known preclinical or clinical efficacy on MM, with the inclusion of agents 

known to have synergy with CX-5461 in other cancers, demonstrating that CX-5461 has increased 

growth inhibitory effects when combined with other drugs having widely varying mechanisms of 

action. Interestingly, we did not replicate the synergy seen with CX-5461-based drug 

combinations in other cancer settings; dual inhibition of rDNA transcription and mRNA 

translation with the mTOR inhibitor everolimus produced synergistic cell death and increased 

survival in the Eµ-Myc lymphoma model(Devlin et al., 2016), mediated by the nucleolar stress 

response and upregulation of an intrinsic apoptosis pathway, and associated with a decreased 

translation efficiency of mRNAs related to metabolism(Kusnadi, 2018). With everolimus having 

preclinical evidence and modest early phase efficacy in MM(Davis, Jonas, Tuscano, Rosenberg, 

& Abedi, 2017; J. Li et al., 2019; V. Ramakrishnan & Kumar, 2018; Y. Shi et al., 2002; Yee et 

al., 2014), we hypothesised that the combination with CX-5461 may also show synergy in MM. 

However, while there was increased growth inhibition observed compared with the single agents, 

the effects on cell death were variable, with some cell lines showing no effect or even antagonism.  

Investigation of drug combinations in AML models demonstrated synergy between CX-5461 and 

the bromodomain inhibitor (BETi)  IBET-151, with altered rDNA chromatin accessibility due to 

IBET-151 accentuating the CX-5461-mediated rDNA-localized DDR-signalling(Sornkom, 

2017). In contrast to AML, there was only a modest increase in growth inhibition in HMCLs 

when combining IBET-151 with CX-5461; IBET-151 did not provoke any cell death as a single 

agent, nor increase that elicited by CX-5461 when used in combination. The use of BETi agents 

in the MM setting have been mechanistically shown to inhibit NF-κB signalling(J. Shi et al., 

2018) and MYC-dependent gene regulation(Delmore et al., 2011; Mertz et al., 2011),inducing 

cell death and increasing survival in mouse models of MM(Chaidos et al., 2014; Chesi et al., 

2012; Todaro et al., 2014). We did not observed synergy between CX-5461 and IBET-151 in 

MM, which may be explained by differences in underlying disease biology and thus mechanistic 

responses and is an illustration that drug combinations with CX-5461 will need to be 

individualized to each tumour type. 



 213 

 

The most impressive combinatorial effects in our screen in HMCLs were seen with the 

combination of CX-5461 with each of the histone deacetylase inhibitor (HDACi) panobinostat 

and the proteasome inhibitor (PI) carfilzomib, leading us to prioritise the combination with 

panobinostat, with the inclusion of the PI drug class in subsequent experiments. Using 2 

genetically distinct immunocompetent murine models of MM, (the Vκ*MYC and the 5T33-

C57BL/KaLwRij models) we demonstrated a significant increase in overall survival with the 

combination therapy compared with the single agents (Figures 4.2c, 4,4c). Importantly, the drug 

combination was well tolerated over time, without significant weight-loss or bone marrow 

toxicity (Figures 4.2d-f, 4.4a, 5.10), supporting its clinical utility.  

CX-5461 as a single agent promoted phosphorylation of proteins involved in cell cycle 

checkpoints (Figure 3.8), however, there was only a small degree of further activation seen with 

the addition of panobinostat (Figure 4.7). Cell cycle analysis with the drug combination 

demonstrated both the G2/M arrest typical of CX-5461 and the G1/S-phase delay previously 

described with panobinostat, without a synergistic increase in arrested cells compared with the 

single agents (Figure 4.8). Again, utilizing γH2AX immunofluorescence, while CX-5461 

produced a significant increase in foci number and intensity, there was not statistically significant 

further increase when used in combination with panobinostat (Figure 4.9). While the nucleolar 

stress response is multi-faceted, our assays assessing γH2AX foci formation and known effectors 

of CX-5461-mediated DDR (ATM/CHK2 and ATR/CHK1) do not suggest that the CX-5461-

induced nucleolar surveillance response is significantly magnified by the addition of 

panobinostat. 

When considering the role panobinostat plays in the drug synergy observed, a further future 

direction is to examine the relative importance of the different HDAC classes by comparing the 

combination of CX-5461 and panobinostat with the effects of CX-5461 combined with more 

selective HDACi. Dysregulation in both class I HDAC enzymes (HDAC1–3 and 8) and in 

HDAC6 promote MM cell survival(S. Mithraprabhu et al., 2013; Santo et al., 2012), with HDAC1 

over-expression being linked to multi-drug resistance in MM and other malignancies(Furukawa 

& Kikuchi, 2016; Kikuchi et al., 2010; Song et al., 2017; L. Wang et al., 2016; Y. Xu, Jiang, Yin, 

Li, & Liu, 2012) and to a shorter overall survival when observed in primary patient 

samples(Sridurga Mithraprabhu et al., 2014). As detailed in chapter 4, panobinostat promotes cell 

cycle arrest and apoptosis which is primarily mediated by inhibition of HDAC1(Bernhart et al., 

2017; Carew et al., 2008; A. Newbold et al., 2013; Sonnemann et al., 2013), while effects on 

HDAC6 promote disruption of protein homeostasis and degradation at the aggresome(Bali et al., 

2005; Cosenza & Pozzi, 2018; R. Rao et al., 2012; Santo et al., 2012).  
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Romidepsin is a cyclic tetrapeptide HDACi approved by the US Food and Drug administration 

(FDA) for cutaneous and peripheral T-cell lymphomas, with modest activity demonstrated in 

MM(Harrison et al., 2011; Niesvizky et al., 2011). It is a specific class I HDACi which in HMCL 

causes upregulation of p53 and p21 leading to cell cycles arrest(Karthik, Sankar, Varunkumar, & 

Ravikumar, 2014; Khan, Maududi, Barton, Ayers, & Alkan, 2004; A. Newbold et al., 2008), and 

downregulation of anti-apoptotic proteins (BCL-2, MCL-1, BCL-XL) producing apoptotic cell 

death(Frew, Johnstone, & Bolden, 2009; Khan et al., 2004; V. G. Ramakrishnan et al., 2019).  

Comparing the effects of the combination of CX-5461 and romidepsin with those seen with CX-

5461 and panobinostat would isolate the synergistic mechanisms related to inhibition of class I 

HDAC. Conversely, specific HDAC6 inhibitors (i.e. ACY-1215 or ricolinostat) promote the 

acetylation of alpha-tubulin and inhibition of aggresomal function(Kawaguchi et al., 2003; 

Mishima et al., 2015; Santo et al., 2012). The development of these agents has been driven by the 

concept of increased efficacy related to dual inhibition of the proteasome and the aggresome when 

used in combination with PIs(Mishima et al., 2015; Santo et al., 2012; Vogl et al., 2017). 

Comparing the effects, both mechanistic and cell biological, of ricolinostat in combination with 

CX-5461 compared with those seen with CX-5461 and panobinostat would isolate the synergistic 

mechanisms specific to HDAC6, but based on the known effects in MM and our observations, it 

is more likely the class I effects are required to produce the observed synergy.  

Following on from our single agent studies with CX-5461, we also examined the effect of the 

drug combination on MYC. Though MYC mRNA and protein expression were reduced rapidly 

in some cell lines in response to each drug, we did not see a consistent synergistic reduction with 

the drug combination (Figure 4.10). Therefore, our studies demonstrate that the mechanism by 

which CX-5461 and panobinostat achieve synergistic cell death and an increase in survival is 

multifactorial. While HDAC inhibition rapidly results in decreased MYC expression, the cellular 

response to inhibition varies between TP53-WT and -null cell lines(X. Li et al., 2018). As the 

resulting global acetylation of histones by HDAC inhibition leads to widespread changes in 

transcriptional programs, and CX-5461 can indirectly impact transcriptional programs after long-

term exposure(Nadine Hein et al., 2017), we predict that these drugs in combination might have 

broader effects on the MM cell’s transcriptome, thereby enhancing their synergy.  Thus, our future 

aims include RNA sequencing in both the TP53-WT and TP53-null MM settings, comparing the 

combination-treated cells with those exposed to the single agents and to the vehicle. We anticipate 

this approach, combined with screening approaches to identify factors involved in loss of synergy, 

will uncover key components of the underlying mechanism(s) of synergy between CX-5461 and 

panobinostat and the interplay between p53 status and effects on MYC in MM. 
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6.3. The clinical state of proteasome inhibitors in MM – a role for CX-5461? 

As we demonstrated in Chapter 3, each of panobinostat and the proteasome inhibitors (PIs) 

bortezomib and carfilzomib independently increased growth inhibition in combination with CX-

5461 in vitro. The first-generation PI bortezomib is the most commonly used front-line agent in 

Australia ("Myeloma and Related Diseases Registry," 2018), while the second-generation agent 

carfilzomib is available at first relapse in Australia and is used in newly diagnosed patients in 

some international centres(Bringhen et al., 2014; Chari, Usmani, et al., 2017; Korde et al., 2015; 

Zingone et al., 2013).  

Resistance to bortezomib has been studied extensively in MM, due to its importance as a clinical 

challenge, with bortezomib-refractory disease being an adverse prognostic factor(Cook et al., 

2018; Migkou, Gavriatopoulou, Terpos, & Dimopoulos, 2018). There are multiple documented 

mechanisms of bortezomib-resistance described, which include mutations within the β5 

proteasomal subunit(Lü & Wang, 2013; H. A. Stessman et al., 2013), the unfolded protein 

response(Gambella et al., 2014) and the tumour microenvironment(Waldschmidt et al., 2017) 

(also see section 6.4 below). In order to replicate acquired resistance to bortezomib, we gradually 

increased the drug exposure of MM cells to generate bortezomib-resistant cells in vitro (Figure 

5.5a). We demonstrated both in vitro and in vivo that CX-5461 retains its efficacy in the setting 

of acquired bortezomib-resistance, provoking at least the same amount of cell death as seen in the 

parental cell lines, and significantly extending overall survival in the 5T33-KaLwRij model of 

5T33 bortezomib-resistant cell lines in vivo (Figures 5.5, 5.7). In terms of the clinical translation 

of these findings, the MM patients in the phase I clinical trial of CX-5461 (Peter MacCallum 

Cancer Centre, Australia and New Zealand Clinical Trials Registry, #12613001061729) had each 

suffered disease progression following bortezomib-based therapy(Khot et al., 2019). Despite 

being heavily pretreated, with some patients in the cohorts receiving CX-5461 doses below the 

maximum-tolerated dose, stable disease was achieved in 3 of 6 MM patients (50%) and lasted 4-

6 cycles(Khot et al., 2019). This is consistent with our pre-clinical findings supporting that the 

acquisition of resistance to proteasome inhibition does not lead to a loss of sensitivity to CX-

5461-mediated therapeutic activity. 

Interestingly, when we tested the combination of CX-5461 and panobinostat in the bortezomib-

resistant model, we found that the combination did not demonstrate a further increase in survival 

beyond that of single agents (Figure 5.7). It is possible that the mechanism by which the HMCLs 

have acquired resistance to bortezomib interferes with the mechanism by which CX-5461 and 

panobinostat achieve synergy in MM. For example, cells in culture do not model the tumour 

microenvironment and the immune system, which preliminary experiments have suggested may 

have a role in the efficacy of CX-5461 (Figure 5.4). Interestingly, others have detailed that an 
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acquired resistance to bortezomib can confer an increased susceptibility to HDACi(H. A. 

Stessman et al., 2013). As part of future studies, it will be important to investigate the interplay 

of multi-drug resistance, both pre-clinically and in the clinical trials, due to the prevalence of drug 

resistance in MM. Considering the potential interplay between multi-drug resistance and the 

underlying mechanisms, we again reviewed the prior therapies received by the MM patients on 

trial. While all MM patients had received PIs previously, only 2 of the MM patients on trial had 

received HDACi’s previously; both receiving romidepsin rather than panobinostat. While 

currently we are not able to make any conclusions about the effect of dual bortezomib- and 

panobinostat-resistance on subsequent sensitivity to CX-5461, or to the combination of CX-5461 

and panobinostat, and this will remain an area of ongoing investigation. 

In Chapter 5 we also tested the efficacy of the triplet drug therapy of CX-5461, panobinostat and 

carfilzomib in preclinical models of MM, following on from literature demonstrating that triplet 

drug therapies are generally more efficacious than doublet therapies in MM(Offidani et al., 2018; 

Sun et al., 2017), and are more commonly used in the clinic(Boudreault et al., 2017).  As described 

in Chapter 1, carfilzomib binds irreversibly and more selectively to the β5 proteasomal subunit, 

retaining efficacy in the context of bortezomib-resistance and with a favourable side effect 

profile(M. A. Dimopoulos et al., 2016; Kuhn et al., 2007; Stewart et al., 2017). The concept of 

this particular triplet therapy was attractive from a clinical stand-point, as the proteasome 

inhibitors and panobinostat have been demonstrated to have synergistic effects in phase III 

clinical trials(San-Miguel et al., 2014). Furthermore, the combination of PIs and HDACis also 

has efficacy in patients with bortezomib-refractory disease(P. G. Richardson, Schlossman, R.L., 

Alsina, M., 2013). Preclinical studies have demonstrated that the synergy between these 2 drug 

classes is multifactorial, including the dual inhibition of protein degradation pathways (the 

proteasome and the aggresome)(Laubach et al., 2015) and suppression of the interaction between 

tumour cells and the microenvironment(Teru Hideshima et al., 2011). 

We demonstrated that the addition of CX-5461 to the combination of panobinostat and 

carfilzomib in vitro resulted in an increase in a synergistic cell death (Figure 5.9a).  In vivo, using 

the 5T33-C57BL/KaLwRij model, we found that although carfilzomib as a single agent increased 

survival, the combination with CX-5461 produced no further survival benefit (Figure 5.8d), and 

neither did the triplet therapy (Figure 5.9c).  Thus, with data supporting the use of CX-5461 in 

bortezomib-refractory disease, and in vitro evidence in support of the triplet therapy of CX-5461 

with panobinostat and carfilzomib, the finding of no survival benefit in combination with 

carfilzomib in vivo is further evidence that the tumour microenvironment and the immune system 

may play a role in the efficacy of CX-5461, alone and in combination with other agents. 
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6.4. Drug resistance in MM as it relates to CX-5461 

There has been a significant advancement recently in the use of large-scale genomics and 

transcriptomics in MM to predict drug response and drug resistance, both inherent and 

acquired(Guang et al., 2018; Jonathan J. Keats et al., 2016; Laganà et al., 2018; Mitra et al., 2017; 

Qiang et al., 2016). Resistance to conventional chemotherapeutic agents has been long been 

associated with over-expression of multidrug resistance (MDR1) and p-

glycoprotein(Schwarzenbach, 2002), with recent discoveries including RECQ1 helicase 

expression which is involved in a p53-dependent response to DNA damage induced by alkylating 

agents(Parvathaneni et al., 2017), with expression levels proving prognostic in MM(Viziteu, 

Kassambara, Pasero, Klein, & Moreaux, 2016). Resistance to proteasome inhibitors in vitro is 

most often associated with point mutations within or upregulation in expression of the β5 

proteasomal subunit gene (PSMB5)(Lü & Wang, 2013; Oerlemans et al., 2008). Other resistance 

mechanisms involve changes in cell-mediated adhesion (i.e. CXCL4/CXCL12(H. A. F. Stessman 

et al., 2013; Waldschmidt et al., 2017)) and changes in differentiation markers (i.e. XBP1, a key 

regulator of the unfolded protein response(L. Chen et al., 2016; Gambella et al., 2014; Leung-

Hagesteijn et al., 2013; Nikesitch, Lee, Ling, & Roberts, 2018)).  

As we continue our preclinical and clinical studies examining CX-5461 in MM, a future direction 

to investigate is acquired resistance to CX-5461, particularly considering we have observed 

clinical activity in MM patients on trial(Khot et al., 2019). To examine CX-5461-resistance 

mechanisms in the Eµ-MYC lymphoma model, we harvested tumour cells from mice which 

developed end-stage disease after developing resistance to CX-5461 treatment and performed 

whole exome sequencing on DNA recovered from the cells compared to that from tumours that 

developed in vehicle-treated mice. Analysis of exon-located mutations unique to CX-5461-

resistant tumours revealed recurring mutations in topoisomerase II (Top2a)  following CX-5461 

treatment, with subsequent experiments confirming that Top2a knockdown was sufficient to 

cause drug resistance(Cameron, 2018).  As such, Top2a activity may be a biomarker of 

susceptibility to CX-5461.  The mechanism behind the resistance to Top2a activity is likely 

complex but interestingly Top2a is an essential component of the RNA Pol I transcription 

initiation complex(Núñez Villacís et al., 2018; Ray et al., 2013). Studies examining the role of 

Top2a in acquired resistance to CX-5461 in are ongoing in our laboratory. 

Baseline Top2a activity has been reported to vary in HMCLs, with high levels of activity being 

associated with a higher proliferation rate and a poorer prognosis(Bauer et al., 2018; X.-P. Liu et 

al., 2019; Reale et al., 2015). Interestingly, Top2a inhibition in carfilzomib-resistant cell lines re-

sensitised them to proteasome inhibition(Reale et al., 2015), suggesting that Top2a activity may 

also be a biomarker of PI-sensitivity. We plan to analyse the Top2a activity in our HMCLs at 
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baseline and compare this activity to each cell line’s respective sensitivity to CX-5461. In 

addition, the generation of CX-5461-resistant HMCLs may uncover whether or not the Top2a 

mechanism extends to MM. Ultimately, an unbiased approach similar to that performed in Eµ-

MYC tumours might be ideal to uncover key mechanism(s) of resistance to CX-5461 in MM, 

which might potentially include Top2a. In addition, focused genomic and transcriptomics analysis 

of trial patient samples may provide further information on changes seen before and consequent 

on CX-5461 exposure. 

 

6.5. The role of the immune system in MM as it relates to the efficacy of CX-5461  

In Chapter 5 we developed and piloted MM xenograft studies, finding markedly reduced efficacy 

with CX-5461 in the NSG mouse background compared with that observed in immunocompetent 

models (Figure 5.2). This observation led us to hypothesise that the immune system may have an 

integral function relating to the efficacy of CX-5461. The notion was supported by two 

experiments transplanting the same CX-5461-sensitive cells into NSG and immunocompetent 

mice in parallel, with an abrogation of the survival benefit in the NSG setting, demonstrated in 

both in the 5T33-C57BL/KaLwRij MM model (Figure 5.4) and in the Eµ-MYC lymphoma model 

(Cameron, 2018). RNA-sequencing pathway analysis in CX-5461-resistant Eµ-MYC tumours 

revealed downregulation in pathways involving immune response, T-cell activation and 

interferon signaling (Cameron, 2018).  

The role of the immune system as it applies to the efficacy of CX-5461 is worthy of further 

consideration as we translate our preclinical studies to MM patients. MM is associated with 

marked immune dysfunction, with a multi-factorial etiology. Being a cancer that increases in 

incidence with age, pre-morbidly MM patients commonly suffer from immunosenescence, with 

age-related changes including a reduction in naive T cells, a loss of TCR diversity, and a chronic 

state of inflammation (“inflammaging”) associated with persistently elevated levels of pro-

inflammatory cytokines(Herndler-Brandstetter et al., 2012; Zheng et al., 2013). Inadequate 

normal haematopoiesis with MM development is commonly seen, either due to marrow 

replacement by malignant plasma cells or suppression of production by therapeutic agents. 

Notably, treatment with PI’s causes a suppression of T-cell mediated immune responses and a 

reduction in the expression of T-cell specific cytokines (OX40, TNF-α receptor, CD25)(Berges 

et al., 2008) resulting in an increased risk of severe infection(Teh et al., 2016). Furthermore, 

members of the glucocorticoid drug class inhibit leucocyte recruitment to sites of inflammation 

and cytokine release (interleukins, IFN-γ and TNF-α)(Baschant & Tuckermann, 2010; Lin & 

Wang, 2016), also increasing infective risk, (with a very high hazard ratio of 11.15 for septicaemia 
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in cancer patients)(Fardet, Petersen, & Nazareth, 2016). In addition, the production of clonal 

immunoglobulin by malignant plasma cells is associated with a reciprocal reduction in normal Ig 

levels, with the resultant hypogammaglobulinaemia being associated with a significant increase 

in bacterial infections(Furst, 2009; Heaney et al., 2018; Hermaszewski & Webster, 1993). The 

rate of infection in MM patients is elevated throughout the disease course, dating from the time 

of diagnosis when >50% of early mortality is infection-related(Augustson et al., 2005; Teh et al., 

2016).  

Therefore, given increasing age, bone marrow replacement by malignant plasma cells and the 

effects of drug therapy, the immune systems of MM patients are highly abnormal. We intend to 

investigate further the role of the immune system in the action of CX-5461, as this may assist us 

in targeting the clinical translation of this drug to those more likely to respond. We will approach 

this initially by the use of an antibody-depleting experiment. For example, using the 

immunocompetent 5T33-C57BL/KaLwRij model, we could perform antibody depletion studies, 

administering anti-CD4 / anti-CD8 and anti-asialo antibodies, to deplete or neutralize T-cells and 

NK cells respectively, thus exploring the concept that these cellular subsets may show a 

differential involvement in CX-5461 efficacy. Other potential experiments include the use of 

humanized mouse models, where individual elements of the human immune system are 

transplanted into mice, replacing the endogenous mouse immune system and haematopoietic 

progenitors(Ito, Takahashi, Katano, & Ito, 2012; Theocharides, Rongvaux, Fritsch, Flavell, & 

Manz, 2016). The aim of these studies is to systematically determine which immune subsets may 

be involved in the efficacy of CX-5461.  

Another potential strategy would be to investigate CX-5461 in combination with immune 

checkpoint inhibitors, to determine the benefit of harnessing the immune system to potentiate the 

efficacy of CX-5461. Agents targeting programmed cell death protein 1 (PD-1) or programmed 

cell death ligand 1 (PD-L1) have revolutionized the treatment of several solid organ 

malignancies(Antonia et al., 2016; Borghaei et al., 2015; Garon et al., 2015; Herbst et al., 2016), 

rescuing a therapeutic response in patients who had progressed through frontline therapies. In 

MM, expression of PD-1 and PD-L1 on tumour cells and in the microenvironment(J. Liu et al., 

2007; S. Yousef et al., 2015) has led to the inclusion of MM patients in trials of these agents. 

Though single agent use produces modest responses, (i.e. 63% stable disease with the anti-PD-1 

agent nivolumab(Lesokhin et al., 2016), with no partial or complete responses), these classes of 

drugs have been prioritised for phase II/III trials, based partly on their significant efficacy in solid 

malignancies. Recently, clinical development of checkpoint inhibitors in MM has been attenuated 

by an unexplained increase in death in MM patients treated with the combination of checkpoint 

inhibitors and IMIDs, resulting in several trials being halted by the US Food and Drug 
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Administration (FDA)(Maria-Victoria Mateos, 2018; Saad Zafar Usmani, 2018). Clearly, further 

development of combination drug therapies using checkpoint blockage in MM will need to be 

cautious and judicious.  

 

6.6. CX-5461 has the potential to abrogate therapy-associated thrombocytopenia 

During the course of this PhD, we made the incidental observation that CX-5461 causes a 

persistent thrombocytosis, even in the setting of widespread MM and combination drug treatment, 

with the inherently higher rates of haematopoietic toxicity (Figure 5.10). Blood samples were 

taken to monitor for drug-induced toxicity, particularly thrombocytopenia (TCP). TCP is a 

common toxicity of many cancer therapies, which results in significant morbidity due to the 

inability to safely deliver treatment at full dose and on schedule(Weycker et al., 2019). The rate 

of grade 3-4 TCP, (i.e. dose-limiting), with single agent treatment is 28-29% for bortezomib(J. R. 

Berenson et al., 2005; P. G. Richardson et al., 2003) and 23-29% for carfilzomib(Harvey, 2014; 

Siegel et al., 2012). The combination of bortezomib with panobinostat in the initial trials produced 

grade 3-4 TCP in 67% of patients(San-Miguel et al., 2014), and while later analysis demonstrated 

that the less dose-intensive trial phases were more tolerable(San-Miguel et al., 2017), there are 

ongoing trials to locate the minimum effective dose of panobinostat in order to improve the side 

effect profile (NCT02654990). Therefore, the effect of potential drug combinations containing 

either HDCAi and / or PIs on thrombopoiesis is of great clinical relevance. 

The mechanisms of drug-induced TCP are varied, but related mechanisms have been described 

with each of HDACi- and PI-induced TCP, causing decreased platelet release from 

megakaryocytes. HDACi exposure reduces the expression of Rho-GTPase regulatory proteins 

and increases phosphorylation of myosin light chain 2. The subsequent reduction in pro-platelet 

extension can be overcome by exogenous stimulation using a murine thrombopoietin mimetic 

AMP-4(Bishton et al., 2011). PI exposure increased expression of activated Rho, inducing the 

Rho kinase pathway which inhibits the actin cytoskeleton(Maekawa et al., 1999; Sit & Manser, 

2011), causing a subsequent reduction in pro-platelet formation(Murai et al., 2014). Both drug 

classes show a complete reversal of TCP upon drug cessation(Giver, Jaye, Waller, Kaufman, & 

Lonial, 2010; King, 2006; P. G. Richardson, Schlossman, R.L., Alsina, M., 2013), which 

strengthens the case for combination of these classes with a drug that combats this effect; to 

increase the ability to deliver treatment cycles without delay or dose attenuation. 

During our studies, a thrombocytosis was detected after 2 weeks of CX-5461 therapy, which 

persisted despite progressive marrow replacement. Interestingly, the same phenomenon has been 
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noted with CX-5461 in a hepatocellular cancer model, where regardless of disease burden there 

was a persistent and significant thrombocytosis (Gardiner, Hannan, unpublished data), suggesting 

that the mechanism is not restricted to MM. Preliminary experiments exploring this phenomenon 

with normal donor platelets have shown that the mean platelet volume is increased, with retained 

functional capacity as assessed by light-transmission aggregometry of CX-5461-treated platelets 

(Gardiner, Hannan, unpublished data). Future experiments with CX-5461 include in vitro platelet 

spreading assays, which are a sensitive test of platelet responsiveness to stimuli(Aslan, Itakura, 

Gertz, & McCarty, 2012), and measurement of serum glycoprotein VI (sGPVI) levels, as a marker 

of platelet activation and destruction(Al-Tamimi, Arthur, Gardiner, & Andrews, 2012). Together 

these studies will confirm whether the increased numbers of platelets observed in response to CX-

5461 treatment retain their usual functional capacity for aggregation, adhesion and thrombus 

formation. Through our collaborators, we are also preparing to perform intra-vital imaging of 

megakaryocytes development, pro-platelet formation and megakaryocytic migration in mouse 

models to gain cutting-edge real-time imaging of potential effects of CX-5461 on 

thrombopoiesis(Duarte, Hawkins, & Lo Celso, 2018; Hawkins, 2017). We expect these studies to 

provide vital information on how CX-5461 may affect thrombopoiesis, which may lead to the 

acceleration of this drug in clinical translation due to side effects which are favourable in heavily 

pre-treated haematology patients.  

 

6.7. Conclusions 

This PhD has focused on the therapeutic targeting of rDNA transcription as the basis for MM 

combination drug treatment, with an exploration into several clinically relevant features regarding 

CX-5461 activity in the context of MM. Many of the future directions for further exploration of 

CX-5461 in MM have been touched upon throughout this Chapter. The experiments examining 

factors which may confer sensitivity to CX-5461 will be continued with RNA sequencing of cells 

treated with each of CX-5461 and panobinostat alone, and with the drug combination. This will 

be the start of a mechanistic interrogation of this interesting combination, with relevant results 

from these experiments being integrated into biomarker studies in the expansion phase of our 

clinical trial. An examination of the role of the immune system in the efficacy of CX-5461 has 

many possible avenues to follow, as detailed in section 6.4, and is worthy of an entire PhD project. 

Through our collaborators, investigation has already commenced into the ability of CX-5461 to 

stimulate platelet production, and the potential to prevent therapy-associated thrombocytopenia.  

The data presented in this thesis, in combination with the future exploration of precise drug 

mechanisms evoked by Pol I transcription inhibitors, both as single agents and in combination, 
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including the utility of these agents in MM drug resistance settings and the interplay with the 

immune system, will greatly accelerate the clinical utility of Pol I transcription inhibitors as a 

drug class in the treatment of patients with MM.   
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