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 Abstract 

Ribosomal RNA gene (rDNA) transcription that gives rise to the synthesis of the three 

most substantial ribosomal RNAs (rRNA) is governed by the enzyme RNA 

polymerase I (Pol I), which represents a crucial regulatory process for ribosomal 

biogenesis (RiBi). For more than a hundred years, it has been recognised that both the 

number and size of nucleoli, where RiBi occurs, are elevated in tumour cells. The 

appreciation that amplified rRNA expression is a major actor in malignancy 

advancement through enhanced protein production and consequent ability for cellular 

replication, and also via the regulation of cellular checkpoints and chromatin structure, 

has generated much interest in novel treatment options for neoplasia that target Pol-I 

transcription per se. 

In the current thesis, rRNA synthesis inhibition as a possible treatment option in triple 

negative breast cancer (TNBC) was investigated. This mechanism represents an 

opportunity to transform therapy for the most deadly types of this disease. This was 

accomplished by conducting detailed studies with the use of four novel agents that 

exhibit extremely selective inhibitory action on Pol I. The fact that transcription of Pol 

I is essential to the metastatic dissemination of tumour cells offered justification for 

targeting transcription of Pol I in TNBC. In contrast to ionising radiation or traditional 

chemotherapy, Pol I inhibitors do not damage the genome and therefore only have a 

modest effect on non-cancerous cells.  

Work was performed in order to explore the sensitivity of four cell lines, embodying 

different types of TNBC, to these novel Pol-I inhibitors and to distinguish possible 

biomarkers for patient stratification. Given the potential for these agents to enable 

additional studies to be performed in order to evaluate the relationship between 

malignancy advancement and transcription of Pol I, potential associations between the 

growth inhibitory efficacy of four discrete Pol-I inhibitors were appraised in an 

experimental model consisting of TNBC cell lines. The consequences of these drugs 

on cell growth, rRNA production, the cell cycle, cellular viability, rDNA chromatin 

and the relationships between the effectiveness of the agent and end expression of 

specific genes were assessed. 

Concurrently, the first data suggesting that PMR-116 acts to specifically inhibit Pol-I 

transcription in in vivo and in vitro conditions, were attained. It was also shown that 



IX  

Pol-I transcription inhibition can be effectively inhibited by PMR-116 from pre-

assembled PICS; displacement of SL1 was recognised as the agent’s possible mode of 

action. 

In addition, a novel mechanism was identified in relation to the anti-tumour effects of 

CX-5461. This compound causes targeted DNA damage at rDNA loci, an area that is 

often amplified and which undergoes enhanced transcription within tumour cells, 

leading to a forceful activation of ATR-dependent DDR. Simultaneously, CX-5461 

also stimulates NSP. The combination of these two pathways gives rise to selective 

malignancy cell necrosis.   

In combination, the results from this thesis have determined that Pol-I inhibition is a 

viable target for the future development of chemotherapeutic agents. 
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Chapter 1 

General Introduction
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1.1 Ribosome Biogenesis (RiBi) 

It is very well known that ribosomes are performing a protein synthesis in cells (for 

latest review see: Awad et al. (2019)). The activity of these nano-machines determines 

the level of proteins available for a cell to grow and divide. Ribosome biogenesis 

(RiBi) is the process by which ribosomes are themselves produced. Structurally, 

ribosomes are made up of one large and one small subunit; each subunit contains 

numerous ribosomal proteins (RPs) and four ribosomal RNAs (rRNAs).  

In eukaryotes, RiBi commences in the nucleolus, which is a structure within the 

nucleus (Figure 1). It is here that precursor rRNA is transcribed, and assembly factors 

and RPs  are integrated to create the subunit (Awad et al., 2019). As mentioned above, 

ribosomes have two components; in 80S ribosomes, the large subunit is denoted as 

60S, which contains ∼49 RPs and three species of rRNA (5S, 5.8S and 28S); the small 

subunit (40S) contains 18S rRNA and ∼33 RPs. This latter subunit binds and translates 

mRNA (Moss et al., 2007 ; Shen et al., 2015). RNA polymerase I (Pol I) transcribes 

the 5.8S, 28S and 18S rRNA as a single, 47s pre-rRNA, which forms the ribosome’s 

scaffold and catalytic centre (Moss, 2004). Transcription of the 60S subunit’s 5S rRNA 

is separately undertaken by RNA polymerase III (Pol III) (Awad et al., 2019), whereas 

the enzyme, RNA polymerase II (Pol II), is responsible for transcription of the various 

RP genes (Ferreira et al., 2020c ; Mayer and Grummt, 2006).  RPs and non-ribosomal 

components join with pre-RNA transcripts to form ball-like knobs at the 5' end of 

rRNA transcripts. In the small 40S ribosomal subunit pathway, these knobs are the 

initial pre-ribosomal particles (Kressler et al., 2010). The early 40S pre-ribosome is 

separated from the remaining pre-rRNA by cleavage at the A2 site, which will interact 

with large subunit ribosomal proteins and other non-ribosomal components to form 

the pre-60S ribosomal particles (Kressler et al., 2010). Subsequently, the mature 40S 
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and 60S subunits are combined to form a ribosome, which is then transferred to the 

cytoplasm. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

 

Figure 1. Schematic depiction of the primary processes in RiBi. The genome contains 

hundreds of repeats of the ribosomal gene unit, as well as the transcribed region and 

the promoter. The inset indicates the key components required to bind to the promoter 

region and for ribosomal gene transcription. The initial transcription product is the 47S 

pre-rRNA, which undergoes processing. To create mature ribosomal subunits, mature 

rRNAs and (RPs) are brought together. The 40S small ribosomal subunit is the product 

of assembling the 18S component with small subunit RPs. In contrast, the 60S large 

ribosomal subunit is comprised of an assembly of the 5.8S and 28S rRNA, together 

with 5S rRNA, which is transcribed in the nucleus by Pol III. Finally, the mature 40S 

and 60S subunits are brought together to be a ribosome and are exported to the 

cytoplasm. 

1.1.1: Cell growth and proliferations related to RiBi  

There is a positive correlation between the number of functional ribosomes and the 

rate at which cells grow and proliferate. This is unsurprising given that ribosomes are 

the cell’s protein synthesising factories (Drygin et al., 2010b). The four mature rRNAs 
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(28S, 18S, 5.8S and 5S) that make up the main components of the ribosome are the 

product of a number of stages of processing of the RNA that is transcribed by Pol I 

and Pol III respectively.  rRNA transcription and maturation directly contributes to 

regulating cell growth, proliferation and ribosome synthesis. (Mayer and Grummt, 

2006 ; Drygin et al., 2010b). A common feature of cancer is disruption of the regulation 

of cell growth and proliferation (Hanahan and Weinberg, 2011). Another phenomenon 

that is commonly observed, particularly in aggressive cancers, is a strong correlation 

between malignancy and an increase in the number and/or size of the nucleoli, the site 

of Pol I transcription and RiBi; where this occurs the prognosis is typically poor 

(Reviewed in Derenzini, 2009). The up-regulation of RiBi in such cells can be 

regarded as the result of changes in proto-oncogenes and tumour suppressor genes 

leading to neoplastic transformation. These oncogenes and genes activate cell growth 

and proliferation processes, which in turn stimulates the pathways that culminate in 

RiBi (Brighenti et al., 2015). For example, Pol I and Pol III mediated rRNA 

transcription is respectively stimulated by mitogen activated protein kinase (MAPK) 

and extracellular signal-regulated kinase (ERK) pathway that phosphorylates UBF, 

TIF1-A and TFIIIB (Stefanovsky et al., 2006 ; Zhao et al., 2003). Moreover, RiBi can 

be enhanced by c-Myc expression being activated by MAPK/ERK and PI3K/AKT 

(phosphatidylinositol-3-kinase/AKT) signalling (Zhu et al., 2008). There are several 

targets for such signalling, including recruiting Selective factor 1 (SL1) to the 

ribosomal DNA (rDNA) promoter to promote pre-initiation complex (PIC) formation 

and upregulating Pol II activity to initiate RP gene transcription, while simultaneously 

activating TFIIIB to increase Pol III transcription (Turi et al., 2019 ; White, 2005). An 

association has been drawn between the enhanced Pol I transcription and RiBi 

consequences arising from hyperactivity in these pathways, and cancer cell growth and 
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proliferation (Hannan et al., 2011 ; Drygin et al., 2010a), Furthermore, in addition, in 

response to the cell stress activation of TP53, which is a well-recognised tumour 

suppressor, Pol I transcription is down regulated; under these circumstances TP53 

binds to SL-1, inhibiting its capacity to interact with UBF, thus PIC formation is 

limited (Comai, 2004). 

Nucleolar activity and genomic stability depend to a significant extent on epigenetic 

regulation of rRNA genes. Transcription is allowed by the eukaryotic ‘open’ chromatin 

structure of active rRNA genes, but it is hindered by the heterochromatic structure of 

greater compactness displayed by silent rRNA genes. Grummt (2013) postulated 

another chromatin structure between the open and more compact structures that 

identifies rRNA genes viable for transcription activation (Grummt and Langst, 2013) 

known as “poised” chromatin. In spite of this, there is a correlation between long-term 

modifications in the rRNA gene ratio in ‘open’ euchromatic versus ‘closed’ 

heterochromatic structures and cell differentiation, ageing, disease, and malignancy. 

The proliferation of active genes to the detriment of silent genes is indicative of rDNA 

gene hypomethylation. This process has been observed to be related to unregulated 

growth and rRNA synthesis in a number of tumours (Powell et al., 2002). For example, 

hypomethylation has been noted to affect the rDNA promoter in ageing cells (Pietrzak 

et al., 2011).    

The collective evidence for the close association between the rate of Pol I transcription 

and RiBi influencing cell growth and proliferation is not contested. Cell growth and 

proliferation increase or decrease corresponding to the level of Pol I transcription.     
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1.2 Transcription 

The process of transcription, includes initiation, elongation and termination stages, and 

is managed by transcription factors. In mammals, a multiprotein complex containing 

Pol I and no less than three other basal transcription factors is required for transcription 

initiation of ribosomal genes. This complex, which includes the SL1, and the upstream 

binding factor (UBF) are assembled at the rDNA promoter region when the G1 phase 

of the cell cycle ends (Donati et al., 2012). To initiate transcription of rDNA, Pol I is 

recruited to the rDNA gene promoter region via interactions of Pol I associated 

transcription initiation factor I (RRN3 also known as TIF-IA) with SL1 whereupon the 

enzyme initiates transcription and then elongates the transcript.  

The process of elongation involves several proteins that form a complex. The RRN3 

protein dissociates from the promoter and UBF releases Pol I, leaving just UBF and 

SL1 bound to the rDNA promoter, which stimulates the re-initiation process of 

recruiting the next Pol I molecule. Panov et al. (2001) postulate that Polymerase I 

complex released at the end of an elongation cycle is recycled to generate initiative 

competent Pol I that is ready for initiation. The re-initiation facilitates multiple 

transcription events occurring at the same promoter (Panov et al., 2006a). 

Disseminated all through the rDNA (O'Sullivan et al., 2002), UBF controls the rate of 

elongation of Pol I (Moss et al., 2007). One study reported that the general 

transcription elongation rate could be promoted, while Pol I pause could be inhibited 

by TIF-IC, a factor related to pol I in mice and difficult to track down (Schnapp et al., 

1994). Backtracking may be facilitated and elongation restarted by cleaving the 3’ end 

of transcripts at stalled polymerases to achieve successful nascent rRNA elongation. 

In the case of pol II, this function is fulfilled by TFIIS. The latter can promote 
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elongation by Pol I as well (Schnapp et al., 1996), but this role can alternatively be 

undertaken by specific RNase activity for pol I transcription (Tschochner, 1996). 

Furthermore, for elongation to be a success, it is necessary to employ Topoisomerase 

I and II, which uncoil the DNA at the rear or front of the transcription complexes 

(Russell and Zomerdijk, 2005).   

Detachment of Pol I from rDNA is necessary to deactivate transcription and involves 

a transcription terminator factor-1 (TTF-1) protein being bound at the termination site 

upstream of the site of transcription initiation. Attaching to one of eleven terminator 

sequence elements present in the rDNA IGS region, the TTF-1 protein fulfils the role 

of terminating elongation by Pol I. Moreover, transcriptional stress or heat shock can 

induce termination as well (Nemeth et al., 2013). By attaching to and bending the 

transcription site at the 3’ end, the TTF-1 protein achieves the release of the template, 

and as a result, Pol I activity is halted. This permits interaction between Pol I and a 

release factor PTRF (Pol I and transcript release factor). The latter attaches to and 

releases the transcript by binding to TTF-1 and Pol I (Richard and Manley, 2009).   

1.3 RNA polymerase I transcription machinery 

The nucleolar organiser regions (NORs) are comprised of rDNA loci. Nucleoli are the 

most sizeable subnuclear organelles and their construction is reliant on the active 

transcription of NORs, for which RNA Pol I is responsible. Three basal factors for this 

enzyme have been recognised. Present in the nucleolus, the three basal factors are 

RRN3, SL1, and the transactivator UBF (Russell and Zomerdijk, 2005). Upon their 

assembly on the rDNA promoter, these factors are known as the PIC. In order to initiate 

transcription, Pol I has to bind to SL1 (situated at the core promoter) because Pol I has 

no sequence specificity and is unable to recognise the promoter. Moreover, Pol I is 
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recruited with the involvement of the protein RRN3, which serves as a ‘bridge’ 

between SL1 and Pol I (Miller et al., 2001). 

1.3.1 RNA polymerase I  

The eukaryotic RNA polymerases (Pol I, Pol II and Pol III) share a structural 

homology to the prokaryotic RNA polymerase (Hannan et al., 1998 ; Gadal et al., 

1997). The yeast Pol-I core polymerase is the most well studied and its X-ray structure 

was published by two independent groups (Fernandez-Tornero et al., 2013 ; Engel et 

al., 2017). More recently, the structures of active transcribing yeast Pol I, and basal 

initiating complexes were also published. From 14 subunits found in yeast Pol I, five 

are specific for Pol-I transcription complexes (A49, 43, 34.5, 14 and 12.2). A 

comparative analysis of pol I subunits in yeast and humans, as derived from Panov et 

al. (2006), is provided in Table 1.1. 

Interactions between a number of these Pol I-specific subunits and Pol I-specific 

factors are essential to create the PIC at the rDNA promoter; for example, interactions 

between:  UBF and POLR1F,  UBF and POLR1E/ POLR1G heterodimer), RRN3 and 

POLR1F and the SL-1 and POLR1G (reviewed in: (Goodfellow and Zomerdijk, 2013 

; Russell and Zomerdijk, 2006)) . There are two categories of Pol I complexes. The 

first of these is Pol Iα, which makes up 90% of the cell’s entire complement of Pol I; 

even in the presence of the promoter selectivity factor 1 (SL-1), Pol Iα is unable to 

initiate transcription. The second category of complexes is Pol Iβ, which includes an 

RRN3 subunit that is essential for initiating transcription reviewed in: ((Russell and 

Zomerdijk, 2005 ; Russell and Zomerdijk, 2006)). This RRN3 subunit is the key to Pol 

I interactions with SL-1, which recruit Pol I to the rDNA promoter.  
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Table 1.1 Human and yeast Pol-I subunits standard classification 

 

1.3.2 Upstream Binding Factor (UBF) 

 

UBF plays a key role in rDNA transcription. A transcription factor with relaxed 

sequence specificity (preferentially binds to G-C reach sequences)(Ueshima et al., 

2017), UBF undertakes the binding of the rRNA regulatory regions to displace histone 

H1 and preserve an open chromatin structure that allows attachment of further 

transcription factors (Sanij and Hannan, 2009 ; Sanij et al., 2008). rDNA transcription 

is upheld via collaboration between UBF and SL-1, with UBF attachment to the 

promoter being stabilised by SL-1 (Friedrich et al., 2005). Promoter release (Panov et 

al., 2006a) and elongation modulation (Stefanovsky et al., 2006) are additional key 

functions of UBF. 

Human Pol I 

 subunit 

Yeast Pol l  

subunit 

Unique or shared in Pol 

(s): 

Interactions in 

PIC 

hRPA190 ( A194) RPA190 I 
 

hRPA135 ( A127) RPA135 I 
 

hRPA49 ( hPAF53) RPA49 I UBF 

hRPA43 ( A43) RPA43 I hRRN3 

RPA14 Not yet 

identified 

I 
 

CAST(ASE1/hPAF49/hRPA

34.5) 

RPA34.5 

(A34.5)c 

I UBF, SL1 

RPA12.2 hRPA12.2 I 
 

hRPB5 RPB5 ( ABC27) I, II, III 
 

hRPB6 RPB6 ( ABC23) I, II, III 
 

RPB8 (or ABC14.5) hRPB8 I, II, III 
 

RPB10 (or ABC10β) hRPB10 I, II, III 
 

RPB12 (or ABC10α) hRPB12 I, II, III 
 

RPA40 hRPA40 ( 

AC40/hRPA5) 

I, III 
 

RPA19 hRPA19 (or 

AC19) 

I, III 
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Mediation of recruitment of Pol I and the essential basal factor SL1 to rDNA promoters 

has been suggested to be the action mechanism of UBF, the activator of Pol I 

transcription (Jantzen et al., 1990). The use of SL1, and Pol I in a reconstituted system 

enables production of basal levels of transcription from the rDNA promoter. Activated 

levels of rDNA transcription cannot be attained without UBF (Bell et al., 1988 ; 

Jantzen et al., 1990). Furthermore, UBF positively influences Pol I transcription as an 

anti-repressor, besides the ‘true’ activation in reconstituted transcription systems 

(Pelletier et al., 2000). Moreover, by subjecting UBF to ERK phosphorylation 

triggered by growth factor, it is possible to achieve reversal of the inhibition of Pol I 

transcription elongation caused by UBF at cellular level (Stefanovsky et al., 2006). 

Architectural protein is another role that UBF can assume. The six HMG-box domains 

present in UBF (Jantzen et al., 1990 ; Bachvarov and Moss, 1991 ; Panov et al., 2006a) 

are considered to have interaction with the DNA minor groove, displaying a flexible 

sequence binding specificity, and are capable of significantly bending DNA. By 

binding to a particular region upstream of the rDNA core promoter (‘upstream core 

element’) as well as to a core promoter element rich in guanine and cytosine, UBF 

facilitates SL1 binding, which in turn affords promoter specificity, and Pol I 

recruitment. Pol I can undertake elongation of the transcript following initiation. 

Although the modulation of the elongation stage of rDNA gene transcription seems to 

not be as sophisticated as the initiation, proof is available that rRNA synthesis 

regulation may occur in this phase as well (Montanaro et al., 2013 ; Smith et al., 1993). 

By interacting with Pol I subunits PAF53 (Hanada et al., 1996) and CAST (Panov et 

al., 2006b), UBF contributes to Pol I association in the rDNA promoter. The UBF-

CAST interplay is more significant for the preliminary phases of initiation and 
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activation of transcription than for transcript elongation. Transcription promotion by 

UBF occurs after initiation but prior to the start of elongation. This is achieved through 

mediation of Pol I conformational alterations following transcription initiation, 

enabling promoter release and successful Pol I promoter transcription and reloading 

(Panov et al., 2006b). 

UBF may not be a pre-initiation factor but an epigenetic contributor to the 

development and preservation of active rRNA gene chromatin because it has minimal 

selectivity for DNA sequences and is present all through the rDNA repeat (Sanij et al., 

2008). In line with this, the maintenance of UBF binding during metaphase is restricted 

to NORs with activity in the preceding cellular cycle, with the binding anticipating 

that their transcriptional activity will go on in future cellular cycles (Smirnov et al., 

2006 ; Hamdane et al., 2014). 

Besides contributing to the setting of an active rDNA chromatin status and Pol I PIC 

formation and transcription initiation (Sanij and Hannan, 2009), UBF seems to be 

involved in the modulation of both Pol I elongation and termination and Pol II gene 

activation (Sanij et al., 2015). Furthermore, UBF is capable of binding and modulating 

highly transcribed Pol II genes (e.g. histone gene clusters), according to research on 

UBF binding in human and mouse genome (Sanij et al., 2015) . Genes participating in 

chromatin packaging and alteration, response to DNA damage, and G1-to-S cell cycle 

transition have also been reported to display UBF binding. Therefore, rDNA 

transcription is controlled by UBF based on the expression of specific and highly 

active Pol II transcribed genes of significance for the modulation of cell cycle 

progression and genome integrity. Furthermore, UBF are required for promoter 

binding and the recruitment of Pol I  as well as various accessory factors, such as 
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TFIIH; CK2; nuclear actin; myosin; the chromatin modifiers G9A, PCAF and SIRT7; 

proteins involved in replication and repair; oncogenes and tumour suppressors for 

review, see:(Grummt, 2003 ; Drygin et al., 2010a) . Besides, rRNA gene expression is 

highly regulated in response to various environmental conditions, including growth 

factors, nutrients and stress. Thus, the modulation of rRNA synthesis involves several 

signaling pathways that regulate cell growth and proliferation (Villicana et al., 2014). 

The existing evidence suggests that, owing to its involving in regulating Pol I and Pol 

II transcription UBF could be a promising target in cancer treatment.   

 

1.3.3 Selectivity Factor 1 (SL1) 

The SL1 complex plays a crucial role interacting with the promoter and initiating 

accurate transcription. This is essential, as Pol I enzymes lack the ability to recognise 

specific promoter DNA and bind to it. Extensive study has found that SL1 is composed 

of the TATA binding protein (TBP) and four TBP-associated factors (TAF1A, 

TAF1B, TAF1C, TAF1D); it is essential for the promoter-driven transcription 

initiation (Comai et al., 1992 ; Gorski et al., 2007). Various TBP-containing complexes 

are needed for the three eukaryotic RNA polymerases to initiate transcription 

successfully. Different TAFs make it easier for polymerases to interact with their 

intended promoters (Gorski et al., 2007). Alongside TBP, four TAFs constitute the 

SL1 complex in mammals. The SL1 complex reconstituted from individual proteins 

can initiate Pol I transcription as successfully as endogenous SL1 (Zomerdijk et al., 

1994). Importantly, transcription is less effective when TBP is eliminated from the 

complex. This serves to emphasise that SL1 structure and function are highly 

dependent on TBP (Gorski et al., 2007). 



                                         

13 

 

Investigation into the role of TAF1D has only recently become known as an SL1 

constituent based on the fact that it migrates alongside TBP (Gorski et al., 2007). 

Furthermore, there is evidence that SL1 is lost from the Pol I promoter in vivo when 

TAF1D levels are diminished with siRNA mediation, whereas the acetylation p53 

tumour suppressor pathway is activated. This indicates the significance of each SL1 

subunit. Moreover, the immunoprecipitation assay conducted by Yamamoto et al. 

(2004) revealed that the N-terminal domain of PAF49 and TAF1C underpins the 

interaction between SL1 and Pol I. Meanwhile, TAF1B is similar to TFIIB in terms of 

its structure; it is involved in Pol I mobilisation as well as potentially in the initiation 

of transcription and polymerase release. Moreover, AF1B can bind to the rRNA 

promoter more effectively when it undergoes acetylation. Consequently, Pol I can be 

recruited and engaged directly on a continuous basis (Drygin et al., 2009 ; Moss, 2004 

; Zomerdijk et al., 1994). 

1.3.4 RRN3 

There is no direct interaction between Pol I and SL1, even though the latter seems to 

be involved in Pol I recruitment and binding. RRN3 bridges Pol I and SL1(Peyroche 

et al., 2000 ; Miller et al., 2001) . Investigation of the interplay between Pol I RRN3 

and Pol I transcriptional elements indicated the existence of interaction between RRN3 

and individual TAFs (TAF1A and TAF1B) (Bodem et al., 2000 ; Miller et al., 2001) 

as well as the murine protein PAF67, which has relation to Pol Iβ complexes 

(Cavanaugh et al., 2002). 

A serine residue region acting as a phosphorylation site was identified when the RRN3 

structure was examined (Bodem et al., 2000) . Pol I transcription is inhibited by RRN3 

when the latter undergoes phosphorylation at that site. Thus, RRN3 cannot bind to Pol 
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I in vitro and cell growth and Pol I rDNA presence in vivo are both reduced when that 

region of serine residues is eliminated (Blattner et al., 2011). Furthermore, a 

correlation has been established between that region and the Pol I subunits AC40 and 

19. Hence, the occurrence of this phosphorylation site is indicative of the fact that Pol 

I transcription can be regulated more accurately if signalling cascades target both Pol 

I and its subunits. 

 

 

1.3.5 Pre-Initiation Complex (PIC) formation 

Transcription factors are essential for the recruitment of the polymerase enzymes to 

the promoter in order to create the PIC for transcription, since the enzymes per se are 

unable to identify and attach specifically to promoter DNA sequences (Friedrich et al., 

2005). Pol I transcription is kept under strict control, the majority of which occurs at 

the stage of PIC construction. The processes for Pol II and Pol III initiation have some 

similarities, however, those for Pol I which relate to promoter identification, PIC 

formation and DNA melting are markedly different. In yeast, three components make 

up the basal Pol I activity initiation system, i.e. the promoter DNA core element (CE), 

the specific initiation factor RRN3 and the heterotrimeric core factor (CF). The latter 

binds a CE area which extends from approximately 15 and 38 bp upstream of the 

transcription start site (TSS) and enlists RRN3-stabilised Pol I that is readied for 

initiation. A small distance upstream from the TSS, i.e. between the Pol I ‘clamp core’ 

and ‘protrusion’ domains, DNA melting takes place. Pol I initiation rates have been 

shown to be elevated in vitro by up to 40 times when an upstream element (UE) is 

identified by an upstream activating factor (UAF) and collaborates with TBP to 

concrete the relationship between CF and the promoter (Pilsl and Engel, 2020). 



                                         

15 

 

In the case initiation in mammals, there are limitations to the existing PIC formation 

model regarding the rate of SL1-promoter correlation, which affects how UBF attaches 

to the promoter. When the two proteins are established within a complex, Pol I detects 

and aligns itself to the promoter via direct interplay with UBF and SL1 as well as via 

RRN3. This allows commencement of transcription. Once the PIC takes form 

effectively, DNA uncoils and transcription is initiated, with loss of RRN3 from the 

PIC and subsequent inactivation. According to Panov et al. (2001), the release of Pol 

I from the promoter depends greatly on UBF based on such mechanisms as DNA 

topology modifications or interference with the interplay between proteins in the PIC. 

To make it easier to recycle Pol I and thus make transcription more efficient, UBF and 

SL1 do not detach from the promoter after Pol I is released. 47S rRNA is produced at 

a substantially higher rate owing to pre-bound UBF/SL1 complexes capable of 

transcription initialisation solely on the basis of Pol I (Panov et al., 2001). 

1.3.6 Auxiliary factors affecting rDNA chromatin structure 

Chromatin is a complex consisting of RNA and proteins; it contains eukaryotic cell 

DNA. Its basic unit is the nucleosome, which in turn is made up of 147 DNA base 

pairs that wrap around an octameric histone core with 1.67 super helical turns. The 

core itself comprises individual histone pairs, i.e. H2A, H2B, H3 and H4. The 

composition of DNA within chromatin is condensed by a factor of 5-10 fold (Guerra-

Calderas et al., 2015). The chromatin structure controls DNA accessibility and thus it 

is responsible for adjusting the functional status of the enzyme complexes that need to 

read the DNA. These enzyme complexes are essential for some of the main 

intracellular pathways such as DNA transcription, replication and reparation (Salifou 

et al., 2016). The rDNA’s complex chromatin structure in eukaryotes is dynamic; it is 
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controlled by a range of post-translational alterations of the histones and by 

methylation of DNA. There are three definitive chromatin states, which comprise a 

high number of rDNA repeats. Epigenetically silenced heterochromatin persists for the 

whole cell cycle. In addition, there are two types of euchromatin capable of 

transcription. The first is ‘closed’ (also referred as “poised”) chromatin, which is non-

transcribed; the second is ‘open’ or actively transcribed chromatin (Xie et al., 2012 ; 

Salifou et al., 2016). In higher eukaryotic cells, a presently cited hypothesis is that the 

quantity of epigenetically silenced rDNA genes is kept constant during normal cell 

reproduction. Marks set in the stem cell can prime lineage-specific loci for activation 

or suppression in downstream offspring, because stem cells convey epigenetic marks 

to their daughter cells. Epigenetic changes in stem cells can be sustained and increased 

within the stem cell pool via self-renewal divisions (horizontal transmission), with a 

direct, independent functional effect in the stem cell compartment (Beerman and 

Rossi, 2015). The clonal composition of the stem cell pool can be altered by altered 

epigenomic markers propagated in this way, especially if a selection advantage or 

disadvantage is provided. Clones with a competitive advantage can act as a reservoir 

for more genetic or epigenetic changes, which can lead to cancer. Furthermore, 

heritable changes in the epigenetic landscape that occur in stem cells can be passed 

down to differentiated progeny, resulting in functional consequences in downstream 

lineages (vertical transmission) (Beerman and Rossi, 2015). However, this number 

may be adjusted during phases of development, differentiation and in pathological 

states. The transcription status of the euchromatic rDNA copies, and consequently 

rRNA synthesis, can be altered by changes in the extracellular environment, e.g. 

nutritional status, presence of growth factors or reaction to stress (Salifou et al., 2016). 
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Changes to the transcription rate, Pol I density and epigenetic mechanisms permit the 

transition from closed to open chromatin states. For example, post-translational 

histone alterations and nucleosome re-positioning are two non-exclusive mechanisms 

that jointly modulate rRNA synthesis efficacy in the ‘euchromatic’ copies (Xie et al., 

2012 ; Stefanovsky and Moss, 2006). Nevertheless, it is the growth factors that control 

the chromatin architecture. For instance, the poised configuration must be converted 

to active state under regulation by Cockayne syndrome group B (CSB), a chromatin 

remodeller protein, for the transcription of rRNA genes to be initiated. CSB boosts 

rRNA synthesis by tenfold in vitro, and CSB cells have a lower rRNA synthesis rate 

in vivo, which is linked to a slower growth rate (Bradsher et al. 2002). The inability of 

CSB cells to resume RNA synthesis following UV exposure is a common cellular 

abnormality (Troelstra et al., 1992). In normal cells, RNA synthesis is temporarily 

slowed by UV exposure, but unlike CSB cells, they recover to 90% of pretreatment 

levels within 90 minutes . After UV irradiation, there is a deficit in RNA synthesis 

recovery. 

A member of the SWI2/SNF2 family, CSB is reliant on ATP and is involved in the 

transcriptional modulation of every one of the three types of nuclear RNA 

polymerases. Furthermore, CSB is incorporated into the complex that also 

encompasses Pol I, TFIIH and basal Pol I transcription factors. Therefore, CSB 

interacts with histone methyltransferase G9a, which undertakes the methylation of 

histone H3 on lysine 9 (H3K9me2) in the pre-rRNA coding region, thereby mediating 

elongation of transcription (Yuan et al., 2007). 

There is research evidence that the histone acetyltransferase, PCAF, triggers histone 

H4 and H3K9 hyperacetylation in active rDNA promoters (Shen et al., 2013). N-
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terminal acetyltransferase domain (HAT) and C-terminal broom domain are the two 

functional domains possessed by PCAF, with the latter being considered to have 

interaction with acetyl-lysine residue. Furthermore, PCAF is capable of acetylation of 

histones and additional proteins that participate in transcription (Liu et al., 1999). It 

has been reported that interplay occurs between CSB and PCAF, with PCAF attaching 

less effectively to rDNA promoters when CSB is suppressed. On the other hand, PCAF 

attaches more robustly to rDNA when CSB is expressed excessively, which suggests 

that CSB may be responsible for mobilising PCAF to rDNA. PCAF also interacts with 

Pol I with CSB mediation. In addition, Pol I binding to rDNA and pre-rRNA synthesis 

are both negatively affected when CSB or PCAF is suppressed. As previously 

mentioned, H4 and H3K9 are acetylated with PCAF involvement, and this 

transformation is in turn necessary to load Pol I to rDNA promoters as well as to 

activate Pol I transcription (Shen et al., 2013). 

The interplay between methylation and demethylation of lysine residues in histones is 

one of the main components of transcription epigenetic control. Over the past decade, 

there has been extensive research into the enzymes that extract particular lysine methyl 

groups like histone demethylases (KDMs) and enzymes that methylate specific lysine 

residues. Such enzymes include lysine methyl transferases (KMTs), which acts with 

exclusivity on specific residues of lysine. As shown by Salifou et al. (2016), these 

enzymes are involved in activating and repressing the transcription of different genes, 

including rRNA genes (Salifou et al., 2016). 

Over the last few years, several publications have demonstrated that cellular 

transformation, uncontrolled cell replication and metastasis are associated with an 

excessive degree of expression of the histone lysine demethylase family, KDM4. This 
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has been noted in a range of cancer types, e.g. those originating in the breast, prostate 

and lungs (Berry and Janknecht, 2013). Furthermore, KDM4 knockdown has been 

successful in inhibiting cell replication; this implies that these would be optimal targets 

for novel anti-cancer agents (Metzger et al., 2017). The KDM4 genes encode these 

lysine-specific histone demethylases. Four members of this family of enzymes have 

been found to be associated with neoplasia, i.e. KDM4A, KDM4B, KDM4C and 

KDM4D. KDM4A contains the Jumonji domain, also termed JMJD2A. The enzyme 

is a constituent of the control system for rDNA transcription. 

In vitro, KDM4A can demethylate di- and tri-methylated lysine residues 9 and 36 of 

histone 3 (H3K9me3/2 and H3K36me3/2, respectively). However, this enzyme is 

unable to demethylate mono-methylated residues (Klose et al., 2006). KDM4A shows 

higher affinity for H3K9me3 than for H3K36me3 (Chen et al., 2006 ; Huang et al., 

2006). Transcriptional repression and heterochromatic regions are specifically 

associated with the H3K9me3 marker (Lachner et al., 2001). However, in some 

models, H3K36me3 is associated with transcriptional repression, and is primarily 

involved in RNA Pol II elongation, initiation of transcription, alternate splicing, and 

DNA repair and recombination (Pradeepa et al., 2012). 

Interestingly, may of the functions of KDM4A that have been reported relate to cell          

cycle regulation, cell grow than proliferation;            

these processes are closely linked to rRNA synthesis (Gray et al., 2005 ; Zhang et al., 

2005 ; Mallette and Richard, 2012 ; Klose et al., 2006 ; Shin and Janknecht, 2007 ; 

Berry et al., 2012 ; Zhang et al., 2011 ; Black et al., 2010). While some studies identify 

KMTs and KDMs as supporting ongoing transcription in developing cells (Yuan et al., 

2007 ; Feng et al., 2010 ; Zhu et al., 2010);, other studies indicate that when nutritional 
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conditions are unfavourable, KMTs and KDMs are involved in repressing Pol I 

transcription (Tanaka et al., 2010 ; Frescas et al., 2007 ; Murayama et al., 2008). Very 

little is known about the epigenetic processes involved in the activation of transcription 

when normal growth is restored. Dr Panov (2013) proposed a model to describe the 

role that particular histone methylases-demethylases in transcription activation. The 

reciprocal transition from "permissive" to "transcribed" euchromatin is required to 

activate transcription and this transition is regulated by KDM4A. It has been suggested 

that one of the MML1-4 complexes trimethylates H3K4 and recruits PHF8 to 

euchromatic rDNA (ErDNA). KDM4A and PHF8 are recruited to H3K4me3; the 

PHF8 and H3K4me3 interaction ensures the association between PHF8 and DNA is 

stable, which is essential for effective transcription (Feng et al., 2010 ; Zhu et al., 

2010). According to preliminary data, components of Pol I transcription machines 

(likely RRN3) may play a role in the recruitment process. KDM4A demethylates 

H3K9me3, which opposes the restrictive functions of the eNoSC complex component 

SUV39h1 and is usually associated with "permissive" chromatin. In the presence of 

KDM4A, there is a decrease in the level of H3K9me3/2 and eNoSC dissociation that 

binds to H3K9me3/2. Furthermore, the balance between demethylase PHF8 (Feng et 

al., 2010 ; Zhu et al., 2010) and methyltransferase G9a (Yuan et al., 2007) is restored, 

which is important and both enzymes are required to support of ongoing transcription. 

At the same time, both KDM4A (Tanaka et al., 2010) and KDM4B (Frescas et al., 

2007) dissociate from ErDNA. Additionally, KDM4A activity plays a crucial role in 

the demethylation of trimethylated H3K36 at the promoter and/or transcribed regions. 

Therefore, once H3K9me3 and H3K36me3 are demethylated, KDM4A is no longer 

needed. Thus, in the final stages of activation, H4 and H3K9 become acetylated. 



                                         

21 

 

1.4 Dysregulation of Pol I transcription 

Highlighting its importance of Pol I to transcribing rDNA, around 80% of all the 

transcription that occurs within the cell is carried out by this enzyme. Diseases such as 

cardiac atrophy or hypertrophy, or cancer are commonly associated with dysregulation 

of Pol I activity, manifesting as significant changes to cell growth (Hannan et al., 

2013b).   

In cancer, classic oncogenes and upstream oncogenic signalling pathways become 

hyperactive  (e.g.,  c-MYC and PI3K/AKT/ mTOR) (Hannan et al., 2013b). 

Furthermore, RiBi is promoted by cooperation between the c-MYC transcriptional 

network and the PI3K/ATK/mTOR pathway (Chan et al., 2011). There are two 

mechanisms by which Pol I transcription is regulated by c-MYC. The first increases 

Pol II transcription of the factors required by Pol I transcription, such as UBF, RRN3 

and POLR1B (Pol I subunit). The second mechanism is the recruitment of chromatin 

remodelling factors that occurs following direct interaction between c-MYC and the 

rDNA repeat (Arabi et al., 2005). In total, several human diseases are associated with 

the elevation or reducing in RiBi and Pol I regulation.  

1.5 Pol-I transcription and the cell cycle 

Pol I is implicated in the cell cycle; there are four phases of the cell cycle that cells go 

through as they develop. Cells spend most of their time in the growing phase, G1. DNA 

replication occurs during the synthesis phase (S phase), where DNA is synthesised to 

produce a 4N cell. This is followed by a second gap phase, G2. In this phase, the 

duration of which typically is much shorter than that of the G1 phase, the integrity of 

the DNA and cell are checked before the cell enters the mitosis phase (M phase). This 
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M phase culminates in the formation of two daughter cells to complete the cycle, which 

moves on to start again at the G1 phase(Grummt, 2003). 

Early in G1 phase, the basal level of Pol I transcription is low and rises as the cycle 

progresses, reaching a maximum in the S/G2 phases (Figure 2). During mitosis, human 

Pol I transcription is silenced by cdk1/cyclin B phosphorylating the TAFI110 subunit 

of SL1 (Grummt, 2003 ; Heix et al., 1998). In this phosphorylated state, TIF-IB/SL1 

is unable to interact with UBF, thus inhibiting Pol I transcription. During mitosis, UBF 

is inactivated, which could be the product of mitosis-specific inhibitory 

phosphorylation as well as loss of essential phosphorylation to UBF. This 

phosphorylation of TIF-IB/SL1 and UBF can be exploited to create a molecular switch 

that can reversibly turn rDNA transcription on and off during mitosis (Grummt, 2003 

; Voit et al., 1999). It is possible that during telophase, cellular phosphatases reverse 

the phosphorylation by cdk1/cyclin B for the purpose of activating TIF-IB/SL1. The 

nucleolus-sequestered phosphatase, Cdc14B, is a candidate for the role of restarting 

the Pol I transcription machines. For most of the cell cycle, the enzyme is inactive, but 

at the end of mitosis, it is released into the nucleus and cytoplasm  (Grummt, 2003). 

However, the finding that specific cdk/cyclin complexes modulate the activity of TIF-

IB/SL1 and UBF in a cell-cycle-dependent manner links the control of cell cycle 

progression to regulation of Pol I transcription (Heix et al., 1998). 

The cell cycle is regulated by multiple proteins, which are the often the target of many 

anticancer drugs. These aim to stop cancerous cells from growing by halting the cell 

cycle at various restriction points. However, few such drugs are effective in the G1 

phase, exerting their effects primarily in cells that are in the S, G2 and M phases 

(Gorczyca et al., 1993 ; Ling et al., 1996). Yet this presents a problem given that at 

any one time, around 60% of cells are in the G1 phase. Any p53-mediated cell cycle 
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arrest occurs in the transition between the G1 and S phases. A check for damaged DNA 

in the G1 phase causes p53 to be phosphorylated, stabilising it to induce p21 

transcription. This in turn inhibits Cdk2, preventing the cell cycle from progressing 

(Nataraj et al., 1995). 

 

Figure 2. Schematic outlining the regulation of Pol I transcription in the cell cycle. 

The activity of TIF-IB/SL1 and UBF occurs during M and G1 phases. The activity of 

both TIF-IB/SL1 and UBF is regulated, at least in part, by phosphorylation. TIF-

IB/SL1 and UBF are inactivated as the cell enters mitosis, due to the action of 

cdk1/cyclin B phosphorylation. After exiting mitosis, TIF-IB/SL1 activity recovers but 

transcriptional activity remains low. Cdk4/cyclin phosphorylates S484, activating is 

UBF during G1 progression. 

1.6 Ribosomal DNA structural architecture 

1.6.1 Ribosomal DNA (rDNA) 

RiBi is an extremely complicated phenomenon. As already alluded to, it requires a 

variety of specific protein macromolecules to converge in a highly orchestrated 

manner throughout all its temporal phases. There are 200-600 copies of rDNA repeats 

for each human haploid genome (Parks et al., 2018). rDNA exists as tandem repeats 
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on the short arms of the five acrocentric chromosomes (chromosomes 13, 14, 15, 21, 

and 22) in the NORs, resulting in numerous nucleoli per nucleus.  

Single rDNA units (18S–5.8S–28S) are distributed across multiple chromosomes 

(chromosomes 1, 5, 7, 11, and 13) (Zentner et al., 2011 ; Mancio-Silva et al., 2010). 

The repeats consist of 43 kb. Approximately 13.3 kb is transcribed by Pol I; in addition, 

non-coding intergenic spacers (IGS) are also contained (Zentner et al., 2011). The 

rDNA is transcribed by Pol I with the help of its transcription factor as 47S pre-rRNA. 

This is further processed into 18S, 5.8S and 28S rRNA (Figure 3).(Zentner et al., 

2011). An enhancer, a spacer promoter, a core promoter and various repeats are 

encompassed within the non-coding IGSs. Only about a half of all rDNA repeats are 

actively transcribed at any specific moment (Diesch et al., 2019). The IGS was noted 

to be important in the modification of pre-rRNA cluster transcription, since it includes 

control sites for Pol I. The upstream rRNA gene cluster transcription termination areas 

are found at the IGS 5’ end; the IGS 3’ end houses the downstream cluster transcription 

initiation area(Jacob, 1995). The mammalian IGS also contains further promoters for 

Pol I which at a minimum of 2 kb upstream of the pre-rRNA start point (Mayer et al., 

2006). Spacer promoter transcripts are presumed to play a role in the NoRC (nucleolar 

chromatin-remodelling complex) directed transcriptional rDNA silencing (Dyomin et 

al., 2019).  
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Figure 3. Schematic layout of the rDNA repeat in eukaryote and the species of rRNA 

produced(Eickbush and Eickbush, 2007). Transcription starts at the promoter and 

follows in a 5’ to 3’direction, passing through the 5’ externally transcribed spacer 

(ETS), which represents the start of the 47 S pre-rRNA coding region, The 18 S rRNA 

is the first coding region to be transcribed; two internally transcribed spacer regions 

(ITS1 and ITS2) separate the 5.8 S and 28 S coding regions. Transcription terminates 

at the 3’ ETS. The intergenic spacer region (IGS), which is important for epigenetic 

regulation of Pol-I transcription, but is not part of the 47 S pre-rRNA coding region. 

 

1.6.2 rDNA chromatin dynamics 

The total amount of rRNA synthesis is affected by the number of repeats that are 

involved in active transcription (Moss et al., 2007) . Thus, the complicated chromatin 

configuration of rDNA is never static; it is controlled by differing post-translation 

modifications (PMT’s) of histones and DNA methylation. rDNA that is actively 

engaged in transcription is hypomethylated, euchromatic, and related to active 

nucleoplasm gene histone modifications, e.g. H3K4me3 and H3K9ac (Zentner et al., 

2011). In contrast, silent rDNA is heterochromatic, hypermethylated; repressive 

histone modification plays a part, e.g. H3K27me3, H3K9me3 and H3K20me3 (Salifou 

et al., 2016 ; Zentner et al., 2011). The degree of Pol I transcription is often upregulated 

in many neoplasms. A potential underlying mechanism is a lower prevalence of DNA 

methylation within malignant cells. This gives rise to a lower number of methylated 

rDNA gene clusters which, in turn, causes an excess of active rRNA gene transcription. 

This process thus stimulates cell replication and the invasiveness of a large spectrum 

of malignancies (Ghoshal et al., 2004). At any specific point, it is thought that half of 

the rRNA genes are silent in terms of transcription. The ratio of active: inactive rDNA 

chromatin is kept uniform through epigenetic control for the cell’s life cycle in higher 

eukaryotes. Thus, alterations in rDNA chromatin have been documented during 

tumour differentiation, senescence and growth.  
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1.7 The nucleolus 

1.7.1 Nucleolar structure and stress responses 

The are several stages to achieving RiBi starting with Pol I transcription initiation to 

processing pre-rRNA and assembling the ribosome; these process are carried out in 

three separate parts of the nucleolus (Yang et al., 2018). The subnucleolar components 

are the fibrillar centre (FC), which is a granular component, the dense fibrillar 

component (DFC), and the granular component (GC). The consensus view is that the 

transcription of pre-rRNA from rDNA takes place within the FC, or at the FC/ DFC 

boundary. The FC is rich in UBF and other RNA Pol I components, whereas the pre-

rRNA processing factors, including fibrillarin, Nop58 and the snoRNAs and snoRNP 

proteins, are situated in the DFC. GC encases the FC and the DFC  (Yang et al., 2018). 

In addition to its established RiBi function, the components of the nucleolus and its 

ability to dynamically react to cellular events, lends the structure to adopting a 

monitoring function, sensing cell stress and activating the “nucleolar stress pathway” 

when stress is detected (Mayer and Grummt, 2005 ; Chen and A.Stark, 2019). 

The level of RiBi and Pol I transcription is under constant surveillance via so called 

the nucleolar surveillance pathway (NSP).  Should Pol I be disrupted or RiBi 

regulation fail, unattached RPs that are not integrated into the ribosome start to 

accumulate. These free RPs bind to MDM2 to form an inhibitory complex (Donati et 

al., 2012) (Figure 4). As RPs are released from the nucleoli then accumulate in the 

nucleoplasm, the E3-ubiquitin ligase, MDM2, becomes inhibited. The MDM2 protein 

is important for regulating the levels of p53, keeping levels low by tagging the tumour 

suppressor protein for degradation by the proteasome. When the nucleolus experiences 

stress, p53 accumulates as a consequence of MDM2 being inhibited by the 



                                         

27 

 

accumulating RPs. Cell cycle arrest and/or apoptosis is instigated by stabilised p53 

(Pfister, 2019).  

Nucleolar stress is initiated when cells have insufficient nutrients and growth factors; 

the stress pathways respond to the levels of nutrients and growth factors obtained from 

outside the cell. The mTOR pathway is a prime regulator of the response of a cell faced 

with nutrient, especially amino acid starvation; included in its regulatory remit, this 

pathway has the capacity to modulate the level of transcription of Pol I, II and III 

(Tokunaga et al., 2004). When the cell’s conditions are favourable, the mTOR pathway 

actively maintains high levels of RiBi and protein synthesis. However, in suboptimal 

growth conditions that arise from depleted nutrients, the mTOR pathway becomes 

deactivated and the levels of RiBi and protein synthesis are significantly reduced, 

stress-responsive transcription factors are activated, and the level of autophagy 

increases; these responses are also observed in the presence of mTOR-specific 

inhibitors. (Schmelzle and Hall, 2000). Disruption to RiBi and the ensuing activation 

of the nucleolar stress response is initiated by several chemotherapy drugs including 

CX-5461. This observation leads to the hypothesis that the therapeutic actions such 

anticancer compounds exerts is achieved at least in part, by mediating the activation 

of p53 in response to nucleolar stress (Drygin et al., 2011b). 
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Figure 4. The nucleolar stress pathway. When growth conditions are normal, MDM2 

curbs the levels of the tumour suppressor, p53 through ubiquitination and degradation 

processes. Should the nucleolus experiences stress, RPs and rRNAs are released from 

the nucleolus; they then enter the nucleoplasm and cytoplasm. RPs, mainly L5 and 

L11, and 5S rRNA bind to MDM2, which causes p53 to be released, and free to 

accumulate. In addition, the free RP, L26, upregulates mRNA expression of p53. Cell 

cycle arrest, apoptosis or senescence are all potential consequences of activating the 

p53 pathway. 

1.8 Pol I transcription an emerging target for therapeutics benefit 

The abundance of rRNAs are determined by the Pol I-dependent transcription of the 

47S rDNA, which responds according to cell stress and growth signals; it also 

determine the rate of proliferation by regulating the level of protein translation 

undertaken (Bywater et al., 2012). Transcription of rDNA occurs in the nucleoli, which 

are specialised subnuclear structures that form early in G1 around rDNA repeats that 

are being actively transcribed; these structures are disassembled in the M phase after 

rDNA transcription stops. Characteristic features of cancer are the increased 

transcription of rDNA by Pol I and enlarged nucleoli. Since the late 19th century, 

pathologists have used these manifestations, which are the products of hyperactive 
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rDNA transcription, to identify aggressive tumours (Bywater et al., 2012). The 

transcription of rDNA is tightly regulated through Pol I mediated, which in turn is 

closely controlled by oncogenes, such as MYC, PI3K and RAS. Activation of these 

oncogenes in cancer cells promotes hyperactive transcription of rDNA. The nucleolar 

stress response is also increased in cancer cells, which arises from dysregulated rDNA 

transcription, which in turn causes p53-dependent and p53-independent stress-

response pathways to be activated. As such, it is evident that rDNA transcription is 

integral to the activity of oncogenic and tumour suppressor signalling pathways, 

therefore, it presents a potential therapeutic target for cancer treatment. Coordinated 

regulation of rDNA transcription could effectively treat a significant number of many 

different of types of human malignancies, including ones caused by Pol I-regulating 

oncogenes (Khot et al., 2019).  

There are several potential benefits to therapeutically inhibiting Pol I transcription to 

target RiBi. Firstly, Pol I only transcribes a single pre-RNA transcript, the 47S rRNA, 

this high selectivity means other transcripts are not affected. It potentially avoids side 

effects that experienced with other inhibitors, such as BRD4 and CDK9 that target Pol 

II-regulated genes; these affect the transcription of both protein-coding mRNAs and 

non-coding RNAs, including microRNAs and Pol III-dependent tRNAs. Secondly, in 

the majority if not all cancers, RiBi becomes dysregulated; thus, inhibitors that act on 

Pol I transcription could potentially treat very many cancers. Finally, healthy somatic 

cells exhibit low levels of RiBi; as Pol I is very selective and activity is low in healthy 

cells, selective inhibitors of this enzyme have little effect on these healthy cells. Thus 

Pol I inhibitors can act with specificity on malignant cells (Ferreira et al., 2020c). 
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1.9 Pol I inhibitors 

Interference with the control of the transcription and translation mechanism can give 

rise to functional abnormalities and unregulated protein synthesis, and thus enable 

tumour proliferation. The complexity of this process means that there are numerous 

possible opportunities and targets for anti-cancer medication (Laham-Karam et al., 

2020). Zhou and Elledge. (2000) demonstrated that drugs that blocked rRNA 

transcription or maturation in malignant cells that manifested an up-regulated RiBi 

were highly potent. 

Oncology therapeutics includes a range of strategies. Current practice frequently 

utilises at least two approaches together in order to reduce the likelihood of emerging 

resistance to a single therapy. In solid tumours, operative intervention is often the 

initial treatment employed to resect as much of the tumour bulk as is possible. 

Malignant cells unable to be addressed through surgery are then frequently subjected 

to a combination of radiotherapy and chemotherapy (Laham-Karam et al., 2020) . In 

the last decade, research in pre-clinical tumour models has shown positive clinical 

outcomes, deploying targeting of Pol I transcription (Bywater et al., 2012 ; Drygin et 

al., 2011b). These results have stimulated a rejuvenation of work on the design of novel 

agents to inhibit RiBi. In addition, they have facilitated consideration of the mode of 

action of some current agents, which may to some extent have their effect through Pol 

I transcription blockade (Drygin et al., 2011b ; Quin et al., 2016). 

1.9.1 Selective Inhibitors of Pol I Transcription 

Tumorous cells often demonstrate upregulation of Pol I transcription. This fact, 

together with the realisation that many agents used as chemotherapy have anti-Pol I 

transcription properties, has contributed to the hypothesis that agents that specifically 
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target this process may form a novel category of anti-tumour drugs. In addition, it is 

likely that they may be more powerful and demonstrate a lower level of toxicity than 

non-selective RiBi inhibitors (Ferreira et al., 2020). 

High throughput screening to identify small molecules able to disturb nucleolin/rDNA 

Guanine quadruplex (G4 ) complexes was performed by Cylene Pharmaceuticals. This 

led to the recognition of a group of fluoroquinolone derivatives, of which the dominant 

chemical was labelled CX-3543 (Drygin et al., 2009). A second agent, CX-5461 was 

initially documented by Drygin et al. (2011)( Figure 5). It is a highly selective Pol I 

inhibitor which has now successfully completed phase I clinical trials in patients with 

late stage haematological malignancy. 

BHM-21 is a third agent that blocks Pol I transcription through a mechanism that does 

not include the DNA damage response; it acts as a DNA intercalator, binding rDNA 

(Colis et al., 2014) . A further compound, BMH-1 targets a central Pol I subunit for 

proteasomal breakdown, RPA194. This causes deconstruction of the Pol I complex 

and its loss of connection with rDNA, consequently inhibiting Pol I transcription 

(Peltonen et al., 2014).  

Ellipticines, e.g. 9-hydroxy-ellipticin (9HE) also act through selective Pol I 

transcription initiation blockade. They cause the SL1 complex to separate from the 

rRNA promoter in both in vivo and in vitro scenarios. Only phase I and II clinical trials 

were performed, however, owing to adverse side effects in clinical use (Andrews et 

al., 2013).  

Lastly, a new generation RNA pol I inhibitor produced by Pimera Inc (USA) is an 

agent named PMR-116. This appears to be a very promising and efficacious anti-

cancer agent and it is associated with only minor cytotoxic effects (Hannan, personal 



                                         

32 

 

communication). At present, the precise mode of action at molecular level in relation 

to its inhibitory actions on RNA Pol I remain obscure. In this study, both in vivo and 

in vitro assays will be performed in order to determine the phase of the transcription 

cycle that is influenced by PMR-116 and also to recognise its target. The principal 

selective Pol I inhibitors are presented in more detail below. 

 

 

Figure 5. Mechanisms of action of certain Pol I transcription inhibitors are depicted 

schematically. (A) CX-5461's mode of action, disruption of the Pol I-SL-1 interaction, 

and unknown involvement in G4 stabilization. (B) BMH-21 activity, disruption of the 

Pol I complex and ubiquitin-mediated proteasome degradation of POLR1A (RPS194), 

suppression of transcription elongation, and an unknown effect on G4 stability. (C) 

Ellipticines are selective inhibitors of Pol I transcription initiation, causing the SL-1 

complex to dissociate from the rRNA promoter in vitro and in vivo. (D) PMR-116 is 

a novel compound that inhibits Pol I transcription, although the underlying molecular 

mechanism is unknown(Ferreira et al., 2020c) . 
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C 
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1.9.1.1 CX-5461 

CX-5461 is a member of a novel category of targeted anti-cancer agents. These drugs 

are small molecules that selectively block Pol I rRNA transcription but without 

negatively influencing Pol II initiated mRNA synthesis, DNA or protein manufacture 

(Drygin et al., 2011b). Bywater et al. (2012) have documented Pol I transcription 

inhibition at low CX-5461 concentrations (IC50 < 100 µM) in various tumour cell 

lines. In contrast to Pol II blockade, sensitivity was noted to be over 200 times greater. 

This agent, developed by Cylene Pharmaceuticals, has reached stages I and II of 

clinical trials.  

 CX-5461 disturbs the binding of the SL1 transcription factor to the rDNA promoter 

which therefore blocks rRNA synthesis initiation by the Pol I enzyme (Drygin et al., 

2011b). Pol I promoter specificity is governed by SL1; the latter also is an essential 

component of the transcription assembly pathway, influencing particular interplays 

between the rDNA promoter region and the Pol I enzyme complex. It therefore enlists 

Pol I and its relevant factors to rDNA. Drygin et al. (2011) have demonstrated that the 

effects of CX-5461 on the SL1/rDNA complex arise from the disturbance of the 

association between SL1 and rDNA and not through dissociation of protein-protein 

interaction. rRNA synthesis inhibition provokes senescence and autophagy in a p53 

wild-type cell line and a null manner in solid tumour cell lines. CX-5461promotes cell 

death in p53 wild-type tumours. The mechanisms underlying this effect include 

nucleolar interference and stimulation of the nucleolar surveillance pathway, and 

MDM2 sequestration by RPL5 and RP11. The p53 protein is stabilised and apoptosis 

is generated. Quin et al (2016) have demonstrated senescence in p53 null cancers 

following inhibition by CX-5461. This also activates ataxia-telangiectasia-mutated 

(ATM), ataxia telangiectasia and Rad3-related (ATR)-mediated signalling without 
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universal injury to cellular DNA. Furthermore, in vivo, the administration of CX-5461 

in MYC-driven B-lymphoma cells selectively provokes nucleolar stress; p53-mediated 

apoptosis is induced. Wild type cells of the same ancestry are relatively unaffected 

(Quin et al., 2016). An elevated rate of rDNA transcription and Pol I complex excess 

creates augmented ribosome biogenesis in B-lymphocytes that inherently overexpress 

the MYC-gene. The latter governs the process by triggering the synthesis of all three 

DNA-dependent polymerases. This, in turn, increases the synthesis of the constituents 

required for ribosomal construction, i.e. 47S pre-rRNA, 5S rRNA and ribosomal 

proteins. Eμ-MYC lymphoma cells have increased basal rates of Pol I transcription 

and, whether mutant or null for p53, they demonstrated a 180 times diminished 

sensitivity to CX-5461. Thus, high sensitivity to the agent is thought to be a result of 

p53 activation (Brighenti et al., 2015) . 

Since this study, CX-5461 has also been documented as induce G2 arrest and cell death 

that was independent of p53 but dependent on ATM/ATR activity in lymphoblastic 

leukaemia. The acute response included a rapid activating of G1, S-phase and G2 

checkpoints which led to disruption of the cell cycle, senescence or apoptosis 

according to the cell’s genotype (Negi and Brown, 2015a ; Quin et al., 2016). In 

contrast, when p53 is not present, the agent activates a G1 checkpoint which is related 

to ATM activation. Furthermore, S-phase delay and G2 arrest are provoked, mediated 

by ATM and ATR. Thus, CX-5461 combine with ATM/ATR signalling blockade in 

p53-null cells causes severe disruption to the mitotic process and ultimate cell loss; 

this combination of properties gives rise to an increased therapeutic effect when 

applied to aggressive Tp53−/− Eμ-MYC lymphoma in vivo (Negi and Brown, 2015a). 

In summary, CX-5461 has been demonstrated to exhibit anti-proliferative properties 
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in a wide variety of tumour cell lines from different tissue types and containing 

different p53 status.  

Interestingly, published data demonstrate that CX-5461 is capable of eliciting a DNA 

damage response (DDR) (Negi and Brown, 2015a ; Son et al., 2020 ; Sanij et al., 2020), 

which is commonly associated with DNA damaging agents (DDAs), such as 

topoisomerase II poisons (e.g. toposide and doxorubicin) (Negi and Brown, 2015a ; 

Quin et al., 2016).  The exact mechanism of DDR activation was unclear and in recent 

studies alternative mechanisms for CX-5461 linking its antitumor activity to DDR was 

proposed. In their 2017 manuscript, Xu and colleagues demonstrated that loss of 

BRCA1 / BRCA2 increases the sensitivity of cancer cells to CX-5461(Xu et al., 

2017a). They hypothesized that this is the result of CX-5461 binding and stabilization 

of guanine quadruplex (G4) structures in telomeres, resulting in replication fork blocks 

and induction of ssDNA breaks or breaks.  Known G4 binder, and Pol I inhibitor CX-

3543 (Drygin et al., 2009)was used as a positive control, while another Pol I inhibitor 

BMH-21(Peltonen et al., 2014) served as a negative control. However, the three follow 

up studies have produced results contradicting the ones published by Xu. However, 

three subsequent studies yielded results that contradict those published by Xu. Musso 

and colleagues demonstrated that BMH-21 can specifically bind to G4 structures 

derived from telomeres or the myc promoter (Musso et al., 2018). Lee and colleagues 

showed that two G4-interacting agents, TMPyP4 and BRACO-19, the latter 

specifically designed to target G4 telomere structures, are unable to exert the same 

effect as CX-5461 in GBM cells (Li et al., 2018).  These results indicate that it is highly 

unlikely that CX-5461 can influence telomere biology through interactions with G4. 

Sanij and colleagues have demonstrated that sensitivity to CX-5461 is associated with 

BRCA mutation as well as MYC gene expression signatures and homologous 
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recombination deficiency (Sanij et al., 2020), but unlike the well-known G4 stabilizer 

TMPyP4, CX-5461 was unable to stabilize structure G4 in appropriate concentrations. 

Using in silico modeling, shRNA, and an in vitro model of cross-resistance in Eμ-Myc 

p19arf - / - cells, Bruno and colleagues suggested that Topoisomerase Iiα poisoning is 

the main mechanism of DDR induction as well as the antitumor activity of CX-

5461(Bruno et al., 2020b). While their data is interesting, there is ample evidence 

indicating that, as a therapeutic agent, CX-5461 exhibits very different behaviour from 

the known Top2α poisons. Both the typical (eg, doxorubicin, etoposide) and atypical 

(eg, vozaroxin) Top2α poisons have a very similar clinical safety profile, with 

leukopenia and nausea / vomiting being the most commonly observed side effects 

(Multum, 2019 ; Advani et al., 2010) .In contrast, in clinical studies of CX-5461, the 

most commonly observed side effects were photosensitivity and palmar-plantar 

erythrodysesthesia (Khot et al., 2019 ; J. Hilton1 et al., 2018). Several other published 

studies highlight the pharmacological differences between Top2α poisons and CX-

5461. Unlike Top2α poisons, the activity of which correlates with p53 status (Do et 

al., 2012 ; Aas et al., 1996), the activity of CX-5461 was found to be independent of 

p53 in most of the analyzed tumor types, and no dependence on p53 was observed 

clinically(Drygin et al., 2011b ; Hein et al., 2017 ; Khot et al., 2019). In addition, CX-

5461 showed potent activity in the MLL-ENL * Nras AML transgenic model, which 

is completely resistant to the doxorubicin regimen (Hein et al., 2017). In light of the 

discrepancy in published data regarding the interaction of CX-5461 / G4 and the 

discrepancy between the safety and pharmacological profiles of CX-5461 and the 

known Top2α poisons, it is clear that further research on the mechanism of action of 

CX-5461 is needed. 
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1.9.1.2 BMH-21 

BMH-21 was isolated in a high throughput screen for potential anti-cancer compounds 

(Peltonen et al., 2014). It acts through the proteasome-controlled breakdown of 

RPA194, the major subunit of Pol I, thus inducing swift and efficacious impedance to 

Pol I transcription. This process has a significant relation to BMH-21-related tumour 

cell loss. The fact that RPA194 disruption may be representative of a control phase in 

Pol I transcription suggests that it may offer a potential treatment strategy (Wei et al., 

2018). BMH-21 causes the separation of RPA194 from the Pol I complex; RPA194 is 

then targeted by ubiquitin for breakdown within the proteasome. When the latter 

pathway was inhibited, it was notable that Pol I transcription was not recovered. 

Instead, RPA194 accrued at the nucleolar caps where rDNA transcription was arrested. 

These findings implied that BMH-21 primary influence is suspending the function of 

Pol I (Wei et al., 2018). Furthermore, it has also been reported to be a powerful 

stimulant for the p53 pathway and intercalates with DNA. However, of significance 

was that the agent failed to stimulate the intracellular DNA damage response; its mode 

of action is therefore obscure (Peltonen et al., 2010 ; Peltonen et al., 2014).BMH-21 

has been shown to preferentially bind to DNA rich in GC. The transcription of rDNA, 

which contains 64% GC, was inhibited by the agent owing to dissociation of the Pol I 

complex at the rDNA promoter as a consequence of loss of RPA194, its catalytic 

subunit. BMH-21 targets the elongation phase of transcription and provokes a delay in 

the process. In vitro data for this compound have been encouraging. However, as yet 

the drug has not been entered into any clinical trials (Peltonen et al., 2014). 
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1.9.1.3 9-Hydroxyellipticine (9HE) 

Screening of ellipticine derivatives that had an increased ability to intercalate into 

DNA compared with the original compound, ellipticine, yielded 9-hydroxyellipticine 

(9HE), which is water soluble (Andrews et al., 2013). Up to 97% of susceptible cancer 

cells are killed when this is administered. Nonetheless, there is an issue with resistance 

as the 3% cells that survive rapidly proliferate and the resulting tumour becomes a 

greater therapeutic challenge. Although 9HE has entered the clinical trial stage, 

adverse side effects have hindered advancement beyond stages I and II. Andrews et al. 

(2013) have also demonstrated that ellipticines are selective inhibitors of the initiation 

of Pol I transcription. In both in vivo and in vitro scenarios, separation of the SL1 

complex and the rRNA promoter is reported. In addition, 9HE has also been 

documented as inhibiting the kinases responsible for p53 and mutant p53 

phosphorylation. These specifically include the cyclin dependent kinases, casein 

kinase II (CK2) and DNA activated protein kinase; the response is dose-dependent 

(Ohashi et al., 1995). As a result of this action, dephosphorylated p53 accumulates. 

The cells are impeded in the G1 stage of the cell cycle. They are unable to progress to 

the S phase and thus there is G1 phase p53-mediated cell death (Sugikawa et al., 1999). 

1.10 Breast cancer 

Neoplasia is a specific pathological category which is typified by unregulated cell 

replication. There is excessive and uncontrolled upregulation of normal cellular 

functions which leads to rapid cellular replication and tumour growth metastasis, i.e. 

dissemination of tumour cells from the tissue of origin to remote areas of the body 

(Hejmadi, 2013). The most common malignancy in females arises from breast tissue. 

Approximately 277,000 and 2,520 females and males, respectively, in the United 



                                         

39 

 

States are anticipated to receive a diagnosis of breast cancer during 2020. In 

approximately 42,170 women and 500 men over the same time period, BC is likely to 

be the cause of death (American Cancer Society, 2020). Breast cancer affects 

approximately 55,000 women and 370 men in the UK each year. The incidence of 

breast cancer is highly connected to age, with older people having the greatest 

incidence rates. In the United Kingdom from 2015 to 2017, over a quarter of new cases 

(24%) occurred in adults aged 75 and up on average each year. Age-specific incidence 

rates grow consistently from 25 to 29, more sharply in females from 35 to 39, and more 

dramatically in males from 60 to 64. Females and males with the highest rates are 

between the ages of 85 and 89.In a handful of (often older) age categories, females 

have much greater incidence rates than males. The disparity is greatest between males 

and females between the ages of 45 and 49, when females have a 470-fold greater age-

specific incidence rate than males (Figure 6)(Breast Cancer Now, 2015). 

BC is categorised pathologically according to the molecular expression of three 

principal receptors, i.e. oestrogen receptor (ER), progesterone receptor (PR) and 

human epidermal factor receptor (HER2). Since there is significant heterogeneity 

amongst BC types, gene expression profiles are utilised to divide it into five subgroups, 

i.e. basal-like, HER2/Neu amplified, luminal A, luminal B and normal-like. Further 

description can be attained by categorising the subgroups, e.g. basal-like BC can be 

subdivided into triple negative, cytokeratin 5/6 positive, and/or epidermal growth 

factor receptor positive  (Nielsen et al., 2004). 

In this study, the emphasis is on triple negative breast cancer (TNBC). This type is 

found in 10-15% of patients with BC; the absence of the three molecular markers 

described above is associated with increased mortality and poorer survival rates 
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compared with other forms (Figure 7)(Chavez et al., 2010). BCs that express hormone 

receptors have a more optimal clinical outcome than those expressing HER2/Neu 

amplification (Chavez et al., 2010). Basal-like or TNBC neoplasia are typically 

aggressive; they are highly likely to disseminate and consequently give rise to adverse 

survival figures. TNBC is the most frequent type to be encountered where the 

malignancy is inherited. Patients, in whom BC is diagnosed de novo, usually have an 

incidence of BRCA1 or BRCA2 mutated genes of less than 10%. However, this 

incidence is elevated in patients where TNBC is identified, i.e. approximately 35% 

carry BRCA1 and 8%, the BRCA2 mutated gene. Furthermore, in carriers of the BRCA1 

mutation, over a third will present with TNBC. If this BC subtype is recognised in 

females who are 60 years old or younger, this is an indication to investigate for the 

presence of BRCA mutations. In malignancies where the germline mutations in 

BRCA1/2 are avoided but which have similar properties, the term “BRCAness” is 

applied (Mehanna et al., 2019). 

To date, this form of BC remains challenging to treat with no effective choices 

available; chemotherapy and radiotherapy are typically deployed (Mehanna et al., 

2019). In terms of risk factors for BC, age is the most obvious, but additional lifestyle 

choices and diet are also implicated. There is a range of genetic abnormalities that have 

been identified in the pathogenesis of BC, specifically mutations or deregulation of 

specific genes which include BRCA1, BRCA2, HER2 and PIK3CA amongst others. 

Mutations, aberrancy or uncontrolled expression of TP53, MDM2 and RB contribute 

to the effect of treatment, e.g. returning TP53 activity to its normal level of activity 

can potentiate the sensitivity of TP53 mutant cells to relevant anti-cancer agents (Davis 

et al., 2014). In addition, transcription factor and the infamous oncoprotein, MYC, 

demonstrate loss of regulation in over 70% of malignancies; their role in BC 
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tumourigenesis is well-established, exhibiting excessive amplification or expression 

in 15-20% tumours, in particular in basal-like BC (Xu et al., 2010). RiBi is an essential 

natural target of MYC (Destefanis et al., 2020)Thus, targeting RiBi is a current and 

optimistic approach in order to develop therapies for MYC-driven neoplasia (Rebello 

et al., 2017). 

 

Figure 6 . Breast cancer ,Average Number of New Cases per Year and Age-Specific 

Incidence Rates per 100,000 (A) Females and (B) Male , UK, 2015-2017(Breast 

Cancer Now, 2015). 

 

 

 

Figure 7. Affect of histopathology on disease outcome , A. Relapse free survival (RFS) 

following treatment for Stage I disease B. Overall survival following treatment for 

stage I disease (Kim, JE et al ,2012). 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=3395743_jbc-15-197-g001.jpg
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Chapter 2 

Investigation of the efficacy of specific Pol I 

inhibitors in triple negative breast cancer cell lines 
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2.1 Introduction 

The most frequently diagnosed cancer in women is breast cancer (BCa)(WHO, 2019). 

A major classification of breast cancer is based on the expression level of three 

molecular markers: oestrogen receptor (ER), progesterone receptor (PR) and human 

epidermal factor receptor (HER2) (Chavez et al., 2010). BCa exhibits high 

heterogeneity and gene expression profiles are used to group BCa. There are five 

subgroups - basal-like, Her2/Neu amplified, luminal A, luminal B and normal-like 

(Nielsen et al., 2004). Basal-like or Triple-Negative Breast Cancer (TNBC) is one of 

five subgroups of breast cancer and is based on the absence of these three molecular 

markers. Generally, breast cancers expressing hormone receptors have a better 

prognosis than those in which HER-2/Neu is overexpressed (Chavez et al., 2010). As 

basal-like cancers are aggressive and prone to metastasise, patients developing these 

tumours generally have a poor prognosis. Currently there are no effective endocrine 

treatments, and conventional chemotherapy/radiotherapy methods remain the only 

option (Mehanna et al., 2019). 

Ribosomal RNA (rRNA) synthesis by RNA polymerases I and III (Pol-I & Pol-III) 

drives ribosome biogenesis in eukaryotes, and it is connected with cell growth and 

proliferation (Grummt, 2003). The human genome contains approximately 200 - 400 

copies of ribosomal DNA (rDNA) repeats that located at five acrocentric 

chromosomes, forming nucleolus organiser regions (NORs) (Figure 2.1).  Each repeat 

of 43kb rDNA contains approximately 13.3kb of so-called transcribed region that 

encodes 28S, 18S and 5.8S rRNA and contains 5’ and 3’ external transcribed spacers 

(ETS) and two internal transcribes spacers (ITS1 and ITS2).  Tis transcribed region is 

followed by non-coding intergenic spacer (IGS) (Zentner et al., 2011). RNA Pol-I 

transcribe rDNA in the form of 47s pre-rRNA, which is further processed into 18S, 
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5.8S and 28 rRNA (Zentner et al., 2011). Non-coding IGS contains an enhancer, a 

spacer promoter, a core promoter, terminator and various repeats.  

 

Figure 2.1. Schematic layout of the rDNA repeat and the species of rRNA produced 

(Eickbush and Eickbush, 2007). Transcription starts at the promoter and follows in a 

5’ to 3’direction, passing through the 5’ externally transcribed spacer (ETS), which 

represents the start of the 47 S pre-rRNA coding region, The 18 S rRNA is the first 

coding region to be transcribed; two internally transcribed spacer regions (ITS1 and 

ITS2) separate the 5.8 S and 28 S coding regions. Transcription terminates at the 3’ 

ETS. The majority of the repeat (30 kb) is dedicated to the intergenic spacer region 

(IGS), which is important for epigenetic regulation of Pol-I transcription, but is not 

part of the 47 S pre-rRNA coding region. 

 

Nucleolus dynamically formed around the transcribed rRNA genes. Tumor cells spend 

about 80% of their total energy on ribosome biogenesis, which makes it one of the 

most energy-demanding cellular processes. rRNA transcription is tightly regulated by 

tumor suppressors (e.g., Rb, p53), which directly interact with the Pol I machinery to 

control proliferation (Zhai and Comai, 2000). However, in cancer cells, due to 

mutations in tumor suppressors or activation of oncogenes (e.g. MYC), Pol I 

transcription is hyperactivated (Bywater et al., 2013 ; Pelletier et al., 2018 ; Drygin et 

al., 2010b). Due to the essential nature of ribosome biogenesis, cells have developed 

mechanisms to control its accuracy. Acute inhibition of rRNA transcription induces a 

nucleolar surveillance pathway (NSP) that induces checkpoint pathways that can lead 

to cell cycle arrest, senescence, or death, depending on the cell type and the duration 

or severity of stress. In canonical NSP, disruptions in ribosome biogenesis result in 
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p53 accumulation, since ribosomal proteins that are no longer assembled into 

ribosomes can bind and sequester MDM2, an ubiquitin ligase that targets p53 for 

degradation (see Chapter 1) (Nunez Villacis et al., 2018). 

The validity of targeting Pol I transcription to kill cancer cells has been demonstrated 

previously (Devlin et al., 2016 ; Rebello et al., 2016 ; Bywater et al., 2012 ; Quin et 

al., 2016 ; Hein et al., 2017 ; Haddach et al., 2012) and two clinical trials of CX-5461 

are currently underway (haematological and solid cancer patients).  It was 

demonstrated that CX-5461 kills tumour cells, in part, by triggering an acute NSP. 

Importantly, while drugs selectively targeting Pol I transcription are considered new, 

retrospective analyses of the targets for various chemotherapies (eg. classic platinum-

based drugs) suggest that their efficacy is in fact mediated in part via inhibiting Pol I 

transcription (Jordan and Carmo-Fonseca, 1998 ; Burger et al., 2010 ; Bruno et al., 

2017). Thus targeting Pol I transcription for cancer therapy is not as radical as it may 

first seem.  

Despite overwhelming evidence of dysregulation of ribosome biogenesis in cancer, 

only a limited number of selective Pol I inhibitors is available (see Chapter 1), and 

only one inhibitor, CX-5461, has entered clinical trials. While the CX-5461 is 

innovative and promising, it has a number of additional off-target activities (see 

Chapter 1). These off-target activities likely explain the dose-limiting toxicity (palmar-

plantar erythrodysesthesia: PPE) seen in clinical trials (Khot et al., 2019) and justify 

the need for an improved, more selective inhibitor. To meet this need, our collaborator 

Prof Hannan (ANU, Australia) and Pimera INC (USA) have developed a new 2nd 

generation Pol I transcription inhibitor, PMR-116. Hannan's group has conducted 

extensive in vitro and in vivo studies demonstrating the efficacy of PMR-116 against 

a range of cancers, both solid and haematological. The work described in this chapter 
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is a part of the larger collaborative preclinical study of PMR-116 in preparation for 

open-label, dose escalation, safety, PK, and pharmacodynamics (PD) in cancer 

patients (focusing on triple negative breast cancer, TNBC). 

2.2 Aims and Objectives 

The aim of this chapter is to determine the sensitivity and cellular response to 

selective RNA Pol I transcription inhibitors (including PMR-116) in TNBC cell lines 

and identify potential biomarkers for stratifying the patients. 

This was achieved through meeting the following objectives: 

1. Determination of doubling time of TNBC cell lines. 

2. Determination of the level of transcription of RNA polymerase I in TNBC cell 

lines.  

3. Study of the effects of Pol I inhibitors on cell growth. 

4. Study of early changes in the cell cycle and cell viability in response to Pol I 

inhibitors. 

5. Determination of IC50 values for inhibition of rRNA transcription by PMR-116. 

6. Study of early changes in rDNA chromatin accessibility in response to Pol I 

inhibitor.  
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2.3 Materials and Methods 

2.3.1 Tissue culture and cell lines   

TNBC cell lines MDA-MB-468, HCC38, HCC70 and HCC1937 cells were obtained 

from American Type Culture Collection (ATCC) and maintained according to the 

supplier’s instructions. MDA-MB-468 cells were maintained in Leibovitz's L-15 

medium, which is designed for supporting cell growth in environments with ambient 

CO2 concentration, while HCC38-p3, HCC70 and HCC1937 were grown in RPMI-

1640 medium. All media were supplemented with 10% foetal bovine serum (FBS). 

The cells were maintained at 37oC in a 5% CO2 humidified environment to maintain 

physiological pH.  

When the cells were in a state of confluence, cells were washed with Phosphate. 

Buffered saline (PBS) and treated with 0.25% (v/v) Trypsin-EDTA (Gibco) for 

passaging. Once cells were detached, they were resuspended in complete media, and 

the cell number determined using automated cell counter.  

2.3.2 Determination of doubling time and optimal seeding density 

The cells were seeded into 96-well plates with 100µl of cell suspension per well. The 

initial seeding density was 3x104 cell/well. A series of doubling dilutions were made 

from this initial density to 117 cell/well. At time intervals of 3, 48, 72 and 96 hours, 

following incubation, 10 µl of viability reagent (Presto Blue) (Thermo Fisher 

Scientific's) was added to each well for 1 hour. Then, cell number were determined by 

measuring a fluorescence at 590nm using the FluoStar Omega Microplate Reader. 

After the first reading (3 hours after seeding) continuous readings were then taken 

every 24 hours until 96 hours.  The data used to plot growth curves for each of the cell 

lines.  
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2.3.3 In vivo RNA labelling and rRNA analysis 

For in vivo labelling cells were grown in 6 well plates with initial density of 3× 105 

cells per well up to 60-70% confluence. For determination of the level of rRNA 

transcription cells were then subjected to 1, 2, 3 and 4 hour’s incubation with 3H-

uridine at (10 µCi/ml). For measurement of PMR-116 inhibitory activity, cells were 

subjected to 100 µM PMR-116 treatment, followed by one-hour incubation. 10 µCi/ml 

3H-Uridine was added, and the cells were incubated for a further 4 hours.  In both 

cases, the total RNA was then extracted from labelled cells using Pure Link RNA kit 

(Ambion) according to manufacturer’s instructions. The RNA concentration was 

quantified by Qubit® RNA BR Assay Kit. 

2.3.4 Gel Electrophoresis and Membrane Transfer 

Formaldehyde-agarose gels of 1.2% were prepared by dissolving 1.2g agarose in 10 

ml 10x FA gel buffer (Table 2 in appendix 2). Heat the mixture to melt agarose .Cool 

to 65°C in a water bath. Add 1.8 ml of 37% (12.3 M) formaldehyde and 1 µl of a 10 

mg/ml ethidium bromide. After setting, the gel was equilibrated in 1X FA gel running 

buffer (Table 2 in appendix 2), for 30min prior to sample loading. 2 µg of total cellular 

RNA was loaded per lane in 1X RNA gel loading buffer (Table 2 in appendix 2). Prior 

loading the RNA samples were incubated for 3min at 65oC, and then chilled on ice. 

Electrophoresis was carried out at 130 V for 90 min in 1X FA gel running buffer. The 

gel was rinsed with µQ water and scanned on a FLA7000 scanner (Fuji). 28S and 18S 

signals were quantified using Aida software. The gel was rinsed with µQ water and 

soaked for 20 minutes in 200ml of 0.05 M NaOH. It was then transferred to 250ml 

10X SSC buffer (Table 2 in appendix 2) for 40 minutes. RNA from the gel was 

transferred onto Hybond-N membrane (Amersham) by capillary transfer overnight in 
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10X SSC. After transfer, the membrane was soaked for 5 minutes in 2X SSC, placed 

on a dry filter paper and cross-linked in a UV-Crosslinker at 1200 kJ/m2 (UVP). The 

membrane was air-dried and exposed to the 3H-uridine image plate (Fuji) at room 

temperature for 14 days. The image plate was scanned using a FLA7000 scanner (Fuji) 

and radioactive signals quantified using Aida software.  

2.3.5 Determination of growth inhibition by Pol I inhibitors 

10mM stock solutions of the anti-cancer drugs CX-5461, BMH-21, 9HE and PMR-

611 (provided by the Hannan laboratory) were used. Using PBS, eight five-fold serial 

dilutions were made from this stock solution starting at 1mM. Cells were seeded into 

four of 96 well plates at density of 3 x 103  with 100 µl of cell suspension per well 

(Table 2. 1.) Following overnight incubation, cells were treated with 10ul of diluted 

drugs to each well at time intervals of 48, 72, 96 and 120 hours. After 48-hour 10 µl 

of viability reagent (Presto Blue) was added to each well in plate 1 for 60 min. Cell 

proliferation were obtained using the FluoStar Omega Microplate Reader (see 2.3.2 

for details). After 48 hours the growth medium was removed (plates 2, 3 and 4) and 

replaced with fresh medium and 10 µl aliquots of diluted drugs added to each well. 

Then, 10 µl of viability reagent Presto Blue (Thermo Fisher Scientific's) were added 

to each well for 60 min. A continuous reading was then taken every 72, 96 and 120 

hours using the Omega Microplate Reader. A signal of drug treated cells was 

normalazed to the untreated cells signal and expressed as %.  GI50 value were 

determined using GraphPad Prism 8 software.  
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Table 2.1. Typical layout of 96-well plate used for GI50 determination. B: blank, ve - 

vehicle; D1 – PMR-116, D2 – CX5461, D3 – BMH-21, D4 – 9HE; c1-c8 – serial 

dilution of an appropriate drug. 

 
 1 2 3 4 5 6 7 8 9 10 11 12 

A B D1c1 D1c1 D2c1 D2c1 D3c1 D3c1 D4c1 D4c1 ve1 ve3 B 

B B D1c2 D1c2 D2c2 D2c2 D3c2 D3c2 D4c2 D4c2 ve1 ve3 B 

C B D1c3 D1c3 D2c3 D2c3 D3c3 D3c3 D4c3 D4c3 ve1 ve3 B 

D B D1c4 D1c4 D2c4 D2c4 D3c4 D3c4 D4c4 D4c4 ve1 ve3 B 

E B D1c5 D1c5 D2c5 D2c5 D3c5 D3c5 D4c5 D4c5 ve2 ve4 B 

F B D1c6 D1c6 D2c6 D2c6 D3c6 D3c6 D4c6 D4c6 ve2 ve4 B 

G B D1c7 D1c7 D2c7 D2c7 D3c7 D3c7 D4c7 D4c7 ve2 ve4 B 

H B D1c8 D1c8 D2c8 D2c8 D3c8 D3c8 D4c8 D4c8 ve2 ve4 B 

 

2.3.6 Cell viability and cell count assay 

The cells were grown to 70% confluence in 12 well plates in growth media and treated 

with of 10mM PMR-116, CX-5461, BMH-21and 9HE for 1, 2 and 4 hours . Following 

each incubation period, excess media was removed, and the cells washed with PBS, 

then lifted by incubating with 10X Trypsin-EDTA solution for 5 minutes at 37oC and 

adding complete growth media. The cells were then transferred to a microcenterifuge 

tube and one volume of Solution 18 (AO-DAPI) was added to cell cultures a ratio of 

1:20. This solution was loaded into the chamber of a NC-slide and cell viability 

ascertained using the Nucleo Counter® NC-250™. 
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2.3.7 Fixed Cell Cycle assay 

Cells were harvested by centrifugation for 5 min. at 500g at room temperature. The 

cell resuspend with PBS, and then fixed with ice-cold 70% ethanol for 2h. Following 

fixation, centrifugation ethanol suspended cell for 5 min. at 500g at room temperature. 

The cell pellet was suspended in PBS, leave for 50 sec and centrifuged for 5 min. at 

500g at room temperature. Resupend cell pellet in Solution 3 DAPI and incubated for 

5 min. at 37oC, loaded into the chamber of the NC-slide, place the loaded slide on the 

tray of Nucleo Counter® NC-250™ and the Fixed Cell Cycle-DAPI Assay programme 

selected. 

2.3.8 RNA Extraction from Cells Treated with Pol I-inhibitor PMR-116 

Cells from each cell line were grown on 6 well plates to a density of 3× 105 cells per 

well. The cells were treated with Pol I-inhibitor PMR-116 at different concentrations 

(Table 2.2), followed by one-hour incubation. 10 µCi/ml 3H-Uridine was added, and 

the cells were incubated for a further 4 hours. Total RNA was isolated using Pure Link 

RNA kit (Ambion) according to manufacturer’s instructions and RNA concentrations 

quantified using Qubit® RNA BR Assay Kits. 2 µg of 3H-labelled total RNA was run 

on a 1.2 % formaldehyde agarose gel at 130 V for 90 min in 1X FA gel running buffer, 

blotted onto Hybond-N membrane (Amersham, UK), cross-linked (UV-crosslinker, 

UVP at 1200 kJ/m2) and analysed by tritium imaging using a Fuji Tritium image plate, 

then quantified using Aida software . 

 

 

 

 



                                         

52 

 

Table 2.2. Concentrations for PMR-116 in a variety of TNBC cell lines 

 

2.3.9 Chromatin accessibility assay (ATAC-see) 

2.3.9.1 Expression and purification of hyperactive Tn5 

Tn5 enzyme was produced as described by Picelli and colleagues (Picelli et al., 2014), 

Tn5 transposase is a 5-minute transposase that fragments double-stranded DNA and 

ligates synthetic oligonucleotides at both ends (Adey et al., 2010). The wild-type Tn5 

transposon is a composite transposon with three antibiotic resistance genes flanked by 

two almost similar insertion sequences (IS50L and IS50R). see detailed protocol 

below.  

2.3.9.1.1 Expression 

E.coli C3013 strain (NEB) was transformed with Tn5 encoding plasmid pTXB1–Tn5 

(Addgene) and seeded on LB agar plate supplemented with 100µg/ml Ampiciline. 

Inoculated by a single colony of 25 ml LB Am100 media in 250 ml conical flask. 

Allow the culture to grow overnight at 370C while centrifuging at 180 rpm. Following 

this, use 10 ml of overnight culture inoculate 250 ml of LB Am100 media in 2 L 

conical flask. Culture the bacteria in the flasks at 370C and 200 rpm until A600 

readings equal 0.9. When A600 equals 0.9, transfer each culture to a shaker in a cold 

room and chill them for 20 minutes at 70 rpm. Add IPTG solution to final 

concentration 0.25 mM. Transfer a culture to shaker set at 230C and incubate at 200 

rpm until A600 readings equal 3.0. Then, centrifuge a culture for 20 min 4000 rpm, 

Drug (C) / Cell line HCC1937 HCC38 HCC70 MDA-MB-468 

GI 50 X5 ,µM 8.64 6.05 7.6 11.35 

GI 50 X2, µM 3.46 2.42 3.04 4.54 

GI 50 X1,µM 1.73 1.21 1.52 2.27 

GI 50 /5,µM 0.35 0.24 0.30 0.45 

GI 50 /10,µM 0.17 0.12 0.15 0.23 
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40C in 250 ml bottles. Remove supernatant and resuspend cells in 10 ml ice-cold PBS 

(per bottle) and transfer to 50 ml falcon tube. Finally, centrifuge the cells for 20 

minutes at 4000 rpm, 40C, then remove the supernatant and freeze cell pellets in liquid 

nitrogen, keeping them frozen at -800C for further processing. 

2.3.9.1.2 Purification 

Keeping all buffers and samples ice-cold throughout the purification process 

resuspend 4 g of frozen cell pellet in 80 ml ice-cold HEGX buffer (20 mM HEPES-

KOH (pH 7.2), 0.8 M, NaCl, 1 mM EDTA, 10% glycerol, 0.2% Triton X-100) 

supplemented with protease inhibitors (Roche). Next, using a glass beaker, lyse cells 

by sonicating 3 times on a sonicator (2 min cycle, 10” ON, 10” OFF, 60% amplitude) 

with a 10-mm tip and intermittent cooling in an ice–salt mixture. Preclear each lysate 

by centrifugation at 20,000 rcf for 30 minutes at 40C and pool the supernatants. 

Measure a volume and take small sample. For each 80 ml cell lysate add (dropwise, 

on magnetic stirrer) 2.1 ml of neutralized 10% PEI (Sigma). Centrifuge each lysate at 

20,000 rcf for 15 min at 40C and pool the supernatants. Again, measure a volume and 

take a small sample. Add chitin resin (NEB) suspension to a supernatant. Incubate 

suspension on rotating platform in cold room (40C) for 1 hour, then transfer the 

suspension into 50 ml falcon tubes and centrifuge at 300 rcf for 5minutes at 40C. 

Transfer super into a beaker, and resuspend beads in small volume of HEGX buffer 

and take small sample. Transfer suspension to an appropriate column and wash a resin 

at 0.25-0.5 ml/min by 20-30 beads volumes of HEGX buffer. Next, wash a column 

with 1.1 beads volume of HEGX buffer containing 0.1M DTT, close the column and 

leave it in cold room for 48 hours. Elute protein by gravity flow (1.5 beads volume) 

using HEGX-DTT buffer and collect 1 ml fractions. Test the protein concentration 

using a Bradford assay (Bio-Rad Protein Assay) (Table 2 in appendix 2). Dialyze the 
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pooled fractions versus two changes of 1 L of 2x Tn5 dialysis buffer (100 mM HEPES-

KOH (pH7.2), 0.2MNaCl, 0.2 mM EDTA, 0.2% Triton X-100, 20% glycerol, 2mM 

DTT). Then, determine protein concentration by Bradford assay and if it is below 1.9 

mg/ml concentrate using 10K or 30K concentrator, determine the volume and take 

small sample. Add 1.1 vol 100% glycerol and 0.33 vol of 2x Tn5 dialysis buffer to 

purified enzyme and mix by pipetting. It now can be stored at -200C. 

Tn5 purity was accessed by electrophoresis on 8% SDS-PAA gel (Figure 2.1A) and 

Tn5 enzymatic activity was accessed by tagmentation assay (Figure 2.1B). 

 

 

 

 

 

  

 

 

 

 

Figure 2.1. Expression, purification and activity assay of Tn5. (A) 8% SDS-PAGE 

run with crude lysate (Lys), flow-through (Ft), and DTT eluted fractions (el) from the 

chitin column. Lane’s 5-9 non-induced cells, lanes 10-13 IPTG induced cells. Lanes 1 

-5 various amounts of BSA. (B) Agarose gel (1% agarose, in TBE buffer) 

demonstrating tagmentation of 1 µg of calf thymus DNA with 1, 0.5, 0.1 µL of Tn5 

transposon (lanes 4-6). Lanes 1 and 8 – 1kb DNA ladder (Life Science); lane 2, 3 – 

untreated ctDNA, lane 5 – pure Tn5 (no DNA duplexes)  

Assay for Transposase-Accessible Chromatin with visualisation was largely 

performed as described by Chen et al (Chen et al., 2016a) with some changes (see 

below for detailed protocol). 

B 
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2.3.9.2 Assembly of bifunctional transposon 

The oligonucleotides for Tn5 adaptors were obtained from Integrated DNA 

Technologies (IDT). 

Tn5ME-A: 5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3’  

Tn5ME-B:5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3’  

Tn5MErev: 5’-[phos]CTGTCTCTTATACACATCT-3’  

Equimolar amounts of Tn5MErev/Tn5ME-A and Tn5MErev/Tn5ME-B were mixed 

in separate 200 µl PCR tubes. Tubes were placed into a thermocycler and oligos were 

denatured at 95ْC for 5 minutes. Thermocycler was turned off and samples left in situ 

to allow them to cool gradually over 20 minutes. After this, equal volumes of 

Tn5MErev/Tn5ME-A and Tn5MErev/ Tn5ME-B duplexes were mixed.  

Transposon was assembled by mixing following components: 0.25 vol the duplex mix, 

0.4 vol glycerol, 0.12 vol x2 Dialysis buffer (100 mM HEPES–KOH at pH 7.2, 0.2 M 

NaCl, 0.2 mM EDTA, 2 mM DTT, 0.2% Triton X-100, 20% glycerol) , 0.13 vol water 

and 0.1 vol 50µM Tn5. Reaction was incubated for 1 hour at room temperature. 

Transposon final concentration is 5 µM, solution stored at -20ْC. 

2.3.9.3 Slides preparation and visualisation 

TNBC cells were grown on glass chamber slides (i.e. Lab-Tek™ II CC2) until 60% 

confluent. After treatment (e.g. Pol I inhibitors) cells were fixed with 1% 

formaldehyde in PBS at room temperature for 10 min. The cells were permeabilised 

with 0.1% triton in a low salt buffer (LSB: 50mM Tris*HCl pH 7.4, 10mM NaCl, 

3mM MgCl2) at room temperature for 20mins. Next, the cells were washed with 500 

µL 1x TD buffer (10 mM Tris*acetate pH7.6, 5 mM MgCl2, 10% 

dimethylformamide). The transposase solution was obtained by mixing 38 μL of 2xTD 
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buffer, 36 μL water, and 1.5μL of transposon (140nM final concentration). Then, 75 

µl of transposon solution was added to cells in each well of the multiwall slide, and 

then incubated for 30 min at 37 °C in a humid chamber box. The slides were washed 

twice with PBS containing 0.01% SDS and 50 mM EDTA for 15 min at 55 °C. Then, 

the slides were blocked in a solution of 3% BSA in PBS. 100 µl of an appropriate 

primary antibody (see Table 2.2) in 1% BSA/PBS were added to each well and slides 

were incubated for 60 min at 37 °C in a humid chamber box. The slides were washed 

3 times by 500 µl of PBST (0.05% Tween 20 in PBS). 100 µl of an appropriate 

fluorophore-conjugated secondary antibody (see Table 2.2) in 1% BSA/PBS were 

added to each well and slides were incubated for 60 min at 37 °C in a humid chamber 

box. Again, the slides were washed 3 times by 500 µl of PBST (0.05% Tween 20 in 

PBS) and once by 500 µl of PBS. The slides were mounted using DAPI-Vectashield 

media. Cells were imaged using a Leica SP8 confocal microscope with an oil filled 

63 objective. 

2.4 Results 

2.4.1: Determination of doubling time and optimal cell seeding density on 

growth pattern of breast cancer cell lines. 

Here, we aimed to determine an optimal conditions for measurement of efficacy of Pol 

I inhibitors (i.e. initial seeding density and length of linear growth) as well as growth 

rate of cell lines (doubling time, DT). Growth curves were determined for the TNBC 

cell lines: MDA-MBA-468, HCC38, HCC70 and HCC1937 over time intervals of 3, 

24, 48, 72 and 96 hours (Figure 1.1).  The cell lines were seeded at four different 

seeding densities, from an initial seeding density of 30,000 cells/well, doubling 

dilutions were made to a seeding density of 117 cells/well. Following seeding the cells 

and on daily basis, cell count was done using PrestoBlue reagent (Live Science) on 
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Fluo-Star Omega Microplate Reader according to manufacturer instructions (see 

Material and Methods).  

Based on the growth curves (Figure 1.1 and Figure 1.2) we selected the optimum 

seeding cell density (Table 1.1). The optimum seeding density was used for 

determination of efficacy of Pol I inhibitor and computing of the GI50 values for Pol I 

inhibitors. The cells' doubling time was calculated as recommended in ATCC Cell 

Culture Guide (www.atcc.org) (Table 1.1). Overall, we can conclude that growth and 

proliferation profiles are relatively similar for all cell lines tested. HCC38 is the 

slowest growing cell line (DT = 44 hours) and HCC1937 is the fastest (DT = 23 hours) 

(Table 1.1). 
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Figure. 1.1. The cell growth profiles of four breast cancer cell lines. (A) HCC38, (B) MDA-MB-468, (C) HCC70 and (D) HCC1937 with 

varying seeding cell densities at various time points from day 0 to day 4. Error bars (corresponding standard deviation) are shown. 
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Figure 1.2. Growth profiles at optimal seeding density for TNBC cell lines. (A) 

HCC38 (seeding 3.75x103 cell/well) (B) HCC70 (seeding 9.38x102 cell/well) (C) 

HCC1937 (seeding 3.75x103 cell/well) (D) MDA-MB-468 ((seeding 1.85x103 

cell/well). Error bars (corresponding standard deviation) are shown. 
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Table 1.1. Optimal cell seeding densities and doubling times of TNBC cell lines. 

Cell lines Seeding cell density (cells/well) Doubling Time (hr) 

HCC38 3750 44 

HCC70 938 29 

HCC1937 3750 23 

MDA-MB 468 1875 34 

 

 

Figure 1.3. Doubling times of TNBC cell lines. Doubling time for each cell lines 

were calculated as recommended in ATCC Cell Culture Guide(www.atcc.org). Error 

bars (corresponding standard deviation) are shown. 
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2.4.2 Determination of level of RNA polymerase 1 transcription in triple 

negative breast cancer (TNBC) cell lines using metabolic labelling approach 

In order to compare the rate of rRNA synthesis in selected TNBC cell lines we  

measured the level of incorporation 3H-Uridine in 47s rRNA precursor and mature 28S 

rRNA at different time points as outlined in Figure 2.1 A. The signals of labelled rRNA 

from MDA-MB-468 cells (47pre-RNA and 28S; Figure 2.1 C and Appendix 2: Table 

1.1), were normalised to signals of total 28S rRNA (Figure 2.1 B and Table 1.1) 

respectively. Normalised signals were plotted against time along with linear trend line 

(Figure 2.1 D). Using these data, rRNA doubling time and the slope of the trend line 

was determined (Table1.1). Data for other cell lines were processed in similar manner 

(Appendix1: Figure 1.1, 1.2 and 1.3) and (Appendix 2: Table1.2, 1.3 and 1.4). Finally 

all slope, and doubling time values were combined in Table1.2. 

In this study, we aimed to determine the doubling times (DTs) and slope rates for 

nascent 47S pre-rRNA synthesis and nascent 28S rRNA processing. Also, to compare 

the rate of rRNA synthesis and processing in different cell lines. The results obtained 

in Figure 2.2 A and B showed that the levels of rRNA synthesis and processing cells 

were slightly lower in HCC70 cells compared to other cell lines. Conversely, rRNA 

synthesis and processing were similar for HCC38, HCC1937 and MDA-MB-468 cells. 

Moreover, there are differences in the DTs for 47S pre-rRNA, 28S mature rRNA for 

HCC70, and MDA-MB-468 cells (Figure 2.3). In HCC70 cells has lower levels of 

rRNA synthesis and higher levels of processing. On the other hand, in MDA-MB 468 

cells have higher levels of rRNA synthesis and lower levels of processing. In contrast, 

the rate of rRNA synthesis and processing is similar for cells HCC38 and HCC1937 

as shown in Figure 2.3 and Table 2.1.  
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Overall, our data suggest that the rate of rRNA synthesis and processing is similar for 

all cell lines tested. However, there are differences in the DTs for 47S pre-rRNA and 

28S mature rRNA for HCC70 and MDA-MB-468, indicating that the processing and 

synthesis rates in these cell lines are not coordinated precisely. 

 

 

 
 

 

Figure 2.1. The level of rRNA synthesis in MDA-MB 468 cells. (A) schematic 

viewing metabolic labelling of cell with 3H-Uridine for 1 hours followed by 2, 3 and 

4 hours. (B) Total 18S and 28S rRNAs were determined by ethidium bromide staining 

(EtBr). (C) RNA formaldehyde gel of 3H-Uridine labelled RNA showing 47S pre-

rRNA, 28S and 18S signals. (D) Line graph illustrating average ratio between labelled 

and total for rRNAs as indicated. Error bars (corresponding standard deviation) are 

shown. 
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Figure 2.2. The level of rRNA synthesis in TNBC cell lines. (A) The normalised 

levels of nascent 28S rRNA (left panel) and 47S rRNA (light panel) are plotted against 

time. Trend lines, R2 and error bars (corresponding standard deviation) are shown.  

Line graph illustrating the average ratio between labelled 28S and total 28S for rRNAs 

as indicated. (B) A slope values of the trend lines of the normalised of 28S and 47S 

nascent rRNA signals in TNBC cell lines. Error bars (corresponding standard 

deviation) are shown. 

 

 

 

 

 

(A) 

(B) 



                                         

64 

 

Table 2.1. The doubling time of nascent 28S and 47S-pre -rRNA and for all cell lines. 

Cells DT 28S (min) DT 47S (min) 

MDA-MB 468 112.4 107 

HCC70 104.6 54.8 

HCC38 118.3 107.7 

HCC1937 72.2 166.9 

 

 

 

Figure 2.3. Doubling times of the normalised nascent 28S and 47S rRNA signals. DT 

was calculated using the basal trend line equation. Error bars (corresponding standard 

deviation) are shown. 
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2.4.3 Investigation of  the effects of Pol I inhibitors on cell growth and 

determination of growth inhibition efficacy 

Here we investigated the efficacy of Pol I inhibitors by determining their effect on 

cells growth. We measured dose response and calculated GI50 using the GraphPad 

Prism software (https://www.graphpad.com). Four TNBC cell lines (HCC38, MDA-

MB-468, HCC70 and HCC1937) were treated with four Pol-I inhibitors (PMR-116, 

CX-5461, BMH-21, and 9HE) at different concentrations and  three different time 

points (48h, 72h and 96 h after addition of a drug) number of live cells was determined 

using PrestoBlue assay as described in Material and Methods. 

The percentage of living cells (relative to untreated control) was plotted against the 

log of inhibitor concentration and a non-linear regression curve was fitted using 

GraphPad Prism software to obtain a dose-response curve and determine GI50 values. 

It should be noted that we calculated GI50 using equation for so-called absolute IC50 

(as it is recommended by Prism manual) where baseline was set to 0 and top was set 

as 100%, thus corresponding to the blank and an untreated control respectfully.  All 

dose-response curves are shown in the Appendix (Figure. 1.4) and some are also 

replicated in Figure. 3.1. All GI50 values are shown in the (Table 3.2), and some are 

also replicated in Table 3.1. 

 It is well known that the effect of a drug on cell growth can be time dependent, in 

particular if the drug is more effective at a certain stage of the cell cycle. Therefore, in 

order to evaluate the efficacy of Pol I inhibitors and compare it with other drugs, it is 

important to select a time point to determine the concentration of 50% of the maximum 

inhibition of cell growth (GI50). Various approaches to the timing of GI50 

determination have been described in the literature. The most common approach 
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recommended by the National Cancer Institute (NCI) is to measure the dose-growth 

response 48 hours after drug addition for any cell line, regardless of cells proliferation 

rate (Caroli et al., 2018). 

Another widely used approach is to determine GI50 at time points exceeding one or 

two doubling times (Larsson et al., 2020). Although both approaches are widely used, 

they may lead to incorrect interpretation of results as they highly dependent on 

proliferation rate and the nature of drug target (Brooks et al., 2019). Recently, Hafner 

at al described alternative drug response metrics that are insensitive to the number of 

cells division during the assay and also allow to access the level of cellular adaptive 

response to the drugs and distinguish between cytostatic and cytotoxic effect of the 

drug (Hafner et al., 2016). Because all cell lines used in our experiments have 

relatively similar doubling time and consequently the proliferation rate (see Table 1.1), 

we determined GI50 values at 48 h time point for all cell lines as it is recommended by 

NCI (Figure 3.1 and Table 3.1). Using R package GR metrics (Brooks et al., 2019) and 

dose-growth response data for all time points we computed various GR metrics 

including half maximum growth rate inhibition concentration (GR50) and the 

maximum effect of the drug at the highest tested concentration (GRmax) values as well 

as maximal measured efficacy (Emax) and half maximal response concentration (EC50) 

(Table 3.1 and Table 3.2).  

Once we have determined these metrics for the four Pol I inhibitors and four TNBC 

cell lines, we then determine whether this compound is cytotoxic and/or cytostatic. 

Figure 3.2 shows the normalized growth rate dose-response curves for Pol I inhibitors 

and different cancer cell lines. Using these curves we determined GRmax and GR50 

values (Table 3.2). It should be mentioned that GRmax values are interpreted according 

to Brooks et al., (2019) which interprets them as partial growth inhibition when GRmax 
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is greater than zero, complete growth inhibition when GRmax equals zero, and 

cytotoxicity when GRmax is less than zero. 

Using these metrics, we found that GR50 and GRmax values, in all four cell lines tested, 

Pol I inhibitors induced potent cytotoxic effect at micromolar values for GR50 and 

negative GRmax values (Figure 3.2. and Table 3.2). Based on the GI50 values, viable 

cell lines were significantly sensitive to Pol I inhibitors at time points after treatment. 

Consequently, GI50 values were shown to be dependent on cell growth and drug 

treatment timing (Table3.1). We found that GI50 values decreased steadily as treatment 

time increased, demonstrating relatively similar range values in all cell lines. However, 

when comparing GR50 and GI50 values at 48 hours as indicated in (Figure 3.3 and Table 

3.1), GR50 values for cell lines HCC38 and MDA-MB-468 show that they are more 

sensitive to Pol I inhibitors than other cell lines.   
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Figure 3.1.  Dose-response curves for four Pol I inhibitors and four TNBC cell 

lines. (A) MDA-MB468, (B) HCC1937, (C) HCC70 and (D) HCC38. Percentage of 

live cells (relative to vehicle treated control) determined at 48 hours after addition of 

a drug plotted against the logarithm of concentration of Pol-I inhibitors. Curve fit 

was performed in GraphPad Prism as described in 2.4.3 and Material and Methods. 

Error bars (corresponding standard deviation) are shown.
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Figure 3.2.  GR dose-response curves for four Pol I inhibitors and four TNBC cell lines. (A) HCC1937, (B) MDA-MB-468, (C) HCC38 and 

(D) HCC70. Normalized growth rate (relative to vehicle treated control) determined at 48, 72 and 96 hours after addition of a drug plotted against 

the logarithm of concentration of Pol I inhibitors. Curve fit was performed in GraphPad Prism as described in 2.4.3 and Material and Methods. 

Error bars (corresponding standard deviation) are shown

C 

D 
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Table 3.1. GI50, GR50, GRmax and  Emax values for four TNBC cell lines and four Pol I inhibitors were determined 48 hours after addition of a drug. 

Drug / Cell line HCC38 MDA-MD-468 HCC70 HCC1937 

GI50, M SD GI50, M SD GI50, M SD GI50, M SD 

PMR-116 1.82E-06 8.32E-08 4.66E-06 4.90E-07 2.90E-06 1.53E-07 2.08E-06 2.73E-07 

CX-5461 5.69E-06 2.00E-07 7.38E-06 9.65E-08 7.12E-06 2.90E-07 4.23E-06 6.90E-07 

BMH-21 3.27E-06 6.98E-08 1.42E-06 3.09E-08 2.29E-06 1.22E-07 5.28E-06 3.29E-07 

9HE 2.62E-06 8.94E-08 4.24E-06 1.89E-07 4.45E-06 1.74E-07 4.08E-06 1.58E-07 

 GR50, M SD GR50, M SD GR50, M SD GR50, M SD 

PMR-116 9.23E-07 4.21E-08 3.28E-06 3.45E-07 3.31E-06 1.75E-07 2.50E-06 3.28E-07 

CX-5461 2.15E-06 7.55E-08 5.29E-06 6.91E-08 7.85E-06 3.20E-07 4.70E-06 7.67E-07 

BMH-21 9.81E-07 2.09E-08 8.46E-07 1.84E-08 2.66E-06 1.42E-07 6.68E-06 4.17E-07 

9HE 1.20E-06 4.09E-08 2.35E-06 1.05E-07 5.22E-06 2.04E-07 5.89E-06 2.29E-07 

 GRmax SD GRmax SD GRmax SD GRmax SD 

PMR-116 -7.05E-01 -3.22E-02 -6.69E-01 -3.53E-02 -3.74E-01 -3.94E-02 -5.72E-01 -7.49E-02 

CX-5461 -6.50E-01 -2.28E-02 -6.48E-01 -2.64E-02 -4.85E-01 -6.34E-03 -5.36E-01 -8.75E-02 

BMH-21 -5.28E-01 -1.13E-02 -4.83E-01 -2.57E-02 -4.13E-01 -8.97E-03 1.60E-02 9.98E-04 

9HE -6.96E-01 -2.37E-02 -9.44E-01 -3.70E-02 -8.54E-01 -3.81E-02 -7.82E-01 -3.04E-02 

 EC50, M SD EC50, M SD EC50, M SD EC50, M SD 

PMR-116 1.82E-06 8.30E-08 4.66E-06 4.90E-07 2.90E-06 1.53E-07 1.73E-06 2.27E-07 

CX-5461 5.69E-06 2.00E-07 7.38E-06 9.64E-08 7.12E-06 2.90E-07 3.72E-06 6.07E-07 

BMH-21 3.27E-06 6.98E-08 1.42E-06 3.08E-08 2.29E-06 1.22E-07 5.27E-06 3.29E-07 

9HE 2.62E-06 8.94E-08 4.07E-06 1.82E-07 4.45E-06 1.74E-07 3.74E-06 1.45E-07 

 Emax, M SD Emax, M SD Emax, M SD Emax, M SD 

PMR-116 1.05E-01 4.79E-03 7.88E-02 8.29E-03 4.21E-02 2.22E-03 1.71E-02 2.24E-03 

CX-5461 1.28E-01 4.50E-03 8.60E-02 1.12E-03 2.47E-02 1.01E-03 2.12E-02 3.46E-03 

BMH-21 1.82E-01 3.88E-03 1.48E-01 3.21E-03 3.52E-02 1.87E-03 1.68E-01 1.05E-02 

9HE 1.08E-01 3.68E-03 6.54E-03 2.92E-04 1.48E-03 5.80E-05 4.44E-03 1.72E-04 
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Table 3.2. GI50, GR50, GRmax and  Emax values for four TNBC cell lines and four Pol I inhibitors were determined 48, 72 and 96 hours after addition 

of a drug. 

 

 
 

Drug 

GI50 

HCC38 MDA-MD-468 HCC70 HCC1937 

48h 72h 96h 48h 72h 96h 48h 72h 96h 48h 72h 96h 

PMR-116 1.82E-06 1.12E-06 6.18E-07 4.66E-06 7.21E-07 5.10E-07 2.90E-06 7.07E-07 1.05E-06 2.08E-06 2.29E-07 3.12E-07 

CX-5461 5.69E-06 9.40E-07 4.11E-07 7.38E-06 1.91E-06 8.59E-07 7.12E-06 2.92E-06 1.57E-06 4.23E-06 5.03E-06 9.44E-07 

BMH-21 3.27E-06 6.86E-07 2.20E-07 1.42E-06 6.22E-07 2.79E-07 2.29E-06 2.24E-06 3.60E-08 5.28E-06 1.25E-06 1.41E-07 

9HE 2.62E-06 5.31E-07 1.66E-07 4.24E-06 1.19E-06 6.96E-07 4.45E-06 8.81E-07 1.60E-07 4.08E-06 8.63E-07 2.29E-07 

  Emax 

PMR-116 1.05E-01 7.70E-02 2.88E-02 7.88E-02 3.91E-02 1.09E-02 4.21E-02 3.56E-02 2.07E-02 1.71E-02 1.89E-03 5.72E-03 

CX-5461 1.28E-01 8.32E-02 3.36E-02 8.60E-02 9.57E-02 6.56E-02 2.47E-02 3.27E-02 1.70E-02 2.12E-02 2.27E-02 2.06E-02 

BMH-21 1.82E-01 9.17E-02 3.98E-02 1.48E-01 1.40E-01 1.12E-01 3.52E-02 5.66E-02 2.24E-02 1.68E-01 1.23E-01 5.59E-02 

9HE 1.08E-01 8.00E-02 2.45E-02 6.54E-03 2.03E-02 7.62E-04 1.48E-03 1.04E-02 5.85E-03 4.44E-03 7.32E-03 1.76E-02 

  GR50 

PMR-116 9.23E-07 7.58E-07 3.39E-07 3.28E-06 1.93E-07 2.10E-07 3.31E-06 1.33E-06 1.41E-06 2.50E-06 2.74E-06 8.12E-07 

CX-5461 2.15E-06 3.45E-07 1.83E-07 5.29E-06 2.55E-07 3.14E-07 7.85E-06 4.62E-06 4.75E-06 4.70E-06 5.90E-06 3.09E-06 

BMH-21 9.81E-07 3.45E-07 1.07E-07 8.46E-07 2.63E-07 1.26E-07 2.66E-06 2.77E-06 4.80E-07 6.68E-06 2.02E-06 6.30E-07 

9HE 1.20E-06 1.92E-07 7.92E-08 2.35E-06 4.55E-07 3.43E-07 5.22E-06 1.25E-06 6.57E-07 5.89E-06 1.91E-06 1.02E-06 

  GRmax 

PMR-116 -0.705 -0.69 -0.827 -0.669 -0.777 -0.866 -0.374 -0.244 -0.233 -0.572 -0.779 -0.575 

CX-5461 -0.65 -0.673 -0.808 -0.648 -0.591 -0.605 -0.485 -0.263 -0.27 -0.536 -0.464 -0.321 

BMH-21 -0.528 -0.65 -0.784 -0.483 -0.47 -0.456 -0.413 -0.0386 -0.218 0.016 -0.0358 -0.109 

9HE -0.696 -0.682 -0.845 -0.944 -0.88 -0.972 -0.854 -0.616 -0.445 -0.782 -0.723 -0.351 
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Figure 3.3. Comparison of GI50 and GR50 values. GI50 and GR50 were calculated as described in Material and Methods and Results sections for 

four TNBC cell lines and four Pol I inhibitors 48 hours after addition of a drug. Error bars (corresponding standard deviation) are shown. 
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2.4.4. Investigation of effect of Pol I inhibitors on the cell cycle progression and 

cell viability 

We examined the effect of the Pol I inhibitors, PMR116, CX-5461, BMH-21 and 9HE 

upon cell viability, vitality and cell cycle distribution. To access early effect of Pol I 

inhibitors we used high doses of drugs (100 μM, approximately 0.1% of Emax ) (Table 

3.1) and short treatment times (up to 4 hours). To perform all measurements we used 

NucleoCounter NC-3000, as described in the Material and Methods. 

Cell viability assays were performed to establish a short term cytotoxic effect of the 

Pol I inhibitors. Cells were treated with drugs for 4 hours then stained with AO-DAPI 

to assess cell viability (% of live cells). As shown in Figure 4.1, all Pol I inhibitors at 

high doses exhibit a clear cytotoxic effect, which is significantly different for different 

cell lines. Interestingly the differences in cytotoxicity of different Pol I inhibitors for 

the same cell line could be either relatively small (HCC38 and HCC1937) or 

significant different (MDA-MB-468 and HCC70) (Figure 4.1 and Table 4.1). 

Therefore, we computed the cytotoxicity of different significant Pol I inhibitors for 

different cell lines. Results indicated that in MDA-MB-468 cells (figure 4.1 A), all Pol 

I inhibitors rapidly killed cells. In HCC70, cells were highly sensitive to CX-5461 and 

BMH-21, whereas intermediates with 9HE and less sensitive with PMR-116 (Figure 

4.1 B). Thus, the remaining cells of both HCC38 and HCC1937 had no significant 

different effect from Pol I inhibitors compared to the other cell lines could be less 

sensitive. 



                                         

76 

 

 

Figure 4.1. Effect high doses of Pol I inhibitors on cell viability. (A) MDA-MB 468, 

(B) HCC70, (C) HCC38, (D) HCC1937, were treated with 100µM (0.1% Emax) of  Pol 

I inhibitors: PMR-116, CX-5461, BMH-21 and 9HE for 4 hours. The data for viability 

and cell count were determined using the NucleoCounter® NC-250™ software. Error 

bars represent standard deviation. 

 

Table 4.1. Effect high doses of Pol I inhibitors on cell viability 

 

   Cell lines     

Drugs MDA-MB-468 HCC70 HCC38 HCC1937 

PMR116 2.94 57.1 34.35 32.14 

CX-5461 1.74 9.94 47.78 29.26 

BMH21 1.79 12.26 47 29.2 

9HE 0.68 28.44 32.41 49.38 

 

 

A fixed cell cycle assay was used to evaluate the changes to the cell cycle in breast 

cancer cell lines exposed to cytotoxic Pol I inhibitors for four hours. All the cells were 

in one of three major cell cycle phases: G1/G0phase (one pair of chromosomes), S-

phase (varying quantity of DNA), and G2/M phase (two pairs of 

chromosomes).Similar to viability assay we have used high drug concentration 

(100µM) and short treatment times.  Cell lines were treated with 100µM (0.1% Emax) 

of Pol I inhibitors for 4 hours. The proportion of cells in the different stages of the cell 
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cycle was determined using DAPI stain and to perform all measurements 

NucleoCounter NC-3000, as described in the Material and Methods. 

 

Figure 4.2. Cell cycle distribution after short treatment with Pol I inhibitors. TNBC 

cell lines :(A) MDA-MB 468, (B) HCC70, (C) HCC38, (D) HCC1937 were treated 

with 100µM (0.1% Emax) of  Pol I inhibitors : PMR-116, CX-5461, BMH-21 and 9HE 

for 4 hours then analysed using a fixed cell cycle assay. Quantification of cell cycle 

profiles was carried out using NucleoCounter® NC-250™ software. Error bars 

represent standard deviation. 

 

Results indicate that Pol I inhibitors induced minor changes in the cell cycle 

distribution in TNBC cells (Figure 4.3), but there was no significant difference in the 

G1/G0 phase, S-phase and G2/M phases between cell lines. Taken together, these 

results suggest that Pol I inhibitors at both high doses and short timescales are not 

involved in the cell cycle distribution of TNBC cells. In regard to the sub G0 phase, 

our investigation revealed that we were not able to detect any increase in sub G0 phase 

marked in all cell lines. However, this finding was unexpected and this may suggest 

that cell cycle assays are not considered reliable and that we expect the opposite to be 

the case. Our expectation revealed that in this case the subG0 phase should remain 
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increased because of the abundance of dead cells we observed in the previous assay. 

Thus, we interpret this as possibly our predictor measurements of Pol I inhibitors at 

high doses and short periods that may not be suitable to detect any increase in the 

subG0 phase. 

2.4.5 Effect of PMR-116 on rRNA transcription in cells 

Triple negative breast cancer cell lines were treated with the PMR-116 at various 

concentration in order to determine inhibitor’s efficacy.  The experiment was designed 

according to the schematic presented in Figure 5.1 A. HCC38, HCC70, HCC1937 and 

MDA-MB46 cell lines were treated with PMR-116 at different concentrations, which 

were selected based on GR50 values that we determined earlier (Table 3.1 and Table 

5.1). 1h after the treatment, cells were labelled with 3H-uridine and four hours after 

labelling total RNA was isolated and analysed as described in Material and Methods 

(Figure 5.1 B, C, D and E). The normalised signals of 47S pre-rRNA was plotted on 

the graph (Figure 5.2) where drug’s concentration was expressed relative to GR50 

(actual concentrations are listed in Table 5.1). 

We found that in all cell lines (except for HCC70), more than 50% of Pol I transcription 

is inhibited at a PMR-116 concentration equal to GR50. In HCC70 cells, 40% of Pol I 

transcription is inhibited, which is still high value. Importantly, at PMR-116 

concentrations equal to x5 times of GR50 more than 90% of Pol I transcription is 

inhibited in all cell lines. These results suggest direct link between efficiency of Pol I 

transcription inhibition and efficacy of the drug. 
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Figure 5.1. Level of RNA synthesis in cells treated buy Pol I inhibitors. Formaldehyde 

agarose gel electrophoresis of TNBC cell lines treated with Pol I-inhibitor PMR-116 

at different GI50 concentrations (GI50 X 5, GI50 X 2, GI50 X 1, GI50/5 and GI50/10). (A) 

Schematic depiction of 3H-uridine labelling of cells at 1 h after treatment. Total RNA 

was isolated 4 hour after labelling. TNBC cell lines: (B) HCC1937, (C) MDA-MB 

468, (D) HCC38 and (E) HCC70 cell lines. Ethidium bromide stain (EtBr) was used 

to identify 18S and 28S rRNAs (upper panel). Formaldehyde gel runs of 3H-uridine-

labelled RNA, showing 47S pre-rRNA, 28S and 18S signals (lower panel). 
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Figure 5.2. Pol I inhibitory activity of PMR-116 in TNBC cell lines. The normalised 

signals of 47S pre-rRNA in drug treated cells were expressed as percent from untreated 

control and plotted on the graph. Drug concentration expressed as proportion to cell 

specific GR50 value. Error bars represent standard deviation. 

 

Table 5.1. Actual concentration of PMR-116 used for inhibition of Pol I 

transcription in TNBC cells 

 

 

 

 

 

 
[PMR-116], M 

HCC1937 HCC38 MDA-MB 468 HCC70 

GR50 x5 8.64E-06 6.05E-06 1.14E-05 7.60E-06 

GR 50 x2 3.46E-06 2.42E-06 4.54E-06 3.04E-06 

GR 50 1.73E-06 1.21E-06 2.27E-06 1.52E-06 

GR 50 x0.5 3.46E-07 2.42E-07 4.54E-07 3.04E-07 

GR 50 x0.1 1.73E-07 1.21E-07 2.27E-07 1.52E-07 
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2.4.6 Study of early changes in rDNA chromatin accessibility in response to Pol 

I inhibitors 

It is well documented that inhibition of ribosome biogenesis lead to nucleolar stress 

and disruption of nucleoli structure (Matos-Perdomo and Machin, 2019 ; Musso et al., 

2018 ; Quin et al., 2014 ; van Sluis and McStay, 2017) . Here we examined the effect 

of the Pol I inhibitors, PMR116, CX-5461, BMH-21 and 9HE on rDNA chromatin 

accessibility and spatial localization of nucleolar markers using a combination of 

ATAC-see (Chen et al., 2016b) and immunofluorescence microscopy. All changes 

were accessed within one hour after an inhibitor treatment in order to catch up early 

effects. Four TNBC cell lines (HCC38, MDA-MB-468, HCC70 and HCC1937) were 

treated with four Pol-I inhibitors (PMR-116, CX-5461, BMH-21, and 9HE) for one 

hour at concentrations which inhibit approximately 90% of nascent rRNA synthesis 

within 30 minutes. The slides were treated as described in Material and Methods and 

investigated using confocal microscopy. ATAC-see approach was used to visualise all 

accessible chromatin and revealed that in untreated cells large proportion of accessible 

chromatin is associated in sub-nucleolar structures (Figure 6.1) that resembles 

nucleoli. Indeed, when we used nucleolar specific antibodies (antibodies against 

nucleolin were used to mark nucleoli,   antibody against  fibrillarin were used to mark 

Nucleolar Fibrillar Centres (FC) and Dense Fibrillar Components (DFC), and 

antibodies against RRP1 (also known as NOP52) were used to visualize the nucleolar 

volume (van Sluis and McStay, 2017)) it became clear that most of accessible 

chromatin in TNBC cell lines is rDNA chromatin (Figure 6.2). As expected, majority 

of nucleolin is co-localized with accessible chromatin (Figure 6.2A, merged). 

Fibrillarin is only partially localised, forming bright loci probably within FC and DFC 

regions (Figure 6.2B, merged), but surprisingly, RRP1, which supposed to fill in 
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nucleolar volume and produce a picture similar to nucleolin staining, forms ring-like 

structures surrounding accessible chromatin in TNBC cells (Figure 6.2C, top and 

middle panels). It is highly reproducible effect and importantly it seems to be cancer 

type specific, because in U2OS cells RRP1 is perfectly co-localised with accessible 

chromatin (Figure 6.2C, bottom panel). Moreover, when we collected Z-stacked 

images of HCC1937 and U2OS cells and visualized orthogonal sections it become 

evident that RRP1 layer is localised on periphery of an accessible rDNA chromatin 

(that forms irregular globular structure), shielding it from the neighbouring DNA 

(Figure 6.3A), and notably this phenomena is not observed in non TNBC cell line 

(Figure 6.3B). The difference between U2OS and HCC1937 cells allowed us to rule 

out any artefacts linked the sample preparation (e.g. fixation or staining artefacts).    

We next investigated effect of Pol I inhibitors on accessible chromatin and nucleolar 

integrity using nucleolin and RRP1 as markers. Because relatively short time of 

treatment and relatively low concentration of the drugs we did not observed any 

significant changes in nucleolin distribution that suggest that  overall nucleolar 

structure was intact (Figure 6.4). In contrast, when we used high concentration of 

Actinomycin D as a negative control, nucleolin lost its nucleolar localisation (Figure 

6.4, bottom panel) suggesting drastic changes in nucleolar integrity. Surprisingly, we 

observed almost no changes in the distribution of accessible chromatin in drug treated 

cells, and only high concentration of Actinomycin D caused increase in non-nucleolar 

accessible chromatin staining (Figure 6.4). Intensity of ATAC-staining is seems to be 

slightly lower in drug treated cells, but other experiments (see Figure 6.5 and 

Discussion) did not confirmed this. These results suggest that the accessibility of 

rDNA chromatin is regulated through transcription independent mechanisms. 
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The effect of Pol I inhibitors on RRP1 spatial distribution was more dramatic. If CX-

5461 treatment has no detectible effect, both BMH-21 and PMR-116 caused 

redistribution of RRP1, resulting in disappearance of the ring like structure and 

formation of RRP1 loci outside of accessible chromatin (Figure 6.5).  When we 

collected Z-stacked images of drug treated cells and visualized orthogonal sections, it 

become evident that RRP1 layer that was localised on periphery of an accessible rDNA 

chromatin globule (Figure 6.3 and Figure 6.6, left panel) is forming cap-like structures 

at the nucleolar periphery (Figure 6.6, BMH-21 and PMR-116 treated cells). At the 

same time, no such effect is observed for CX-5461 treated cells (Figure 6.6). These 

results suggest, that BMH-21 and PMR-116 causing changes in the nucleolar 

structures in TNBC cells and these changes are not direct consequence of Pol I 

inhibition, because CX-5461, which is also inhibit Pol I transcription at the same 

extend, does not cause the same changes.  
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Figure 6.1. ATAC staining of TNBC cell lines. Actively growing HCC38, MDA-MB-

468, HCC70 and HCC1937 cells (confluency 60–70%) were fixed by formaldehyde 

and permeabilized with Triton X-100. Visualisation of accessible chromatin was 

performed using the Th5 transposase complexed with Alexa488 labelled oligos (see 

Material and Methods).  The nuclear DNA was stained by DAPI, accessible chromatin 

with Alexa488 as indicated. Images were acquired with a Leica fluorescent microscope 

(Leica SP8 with 63 oil filled objective). Representative images scale bars are shown. 
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Figure 6.2. Majority of accessible chromatin in TNBC cell is associated with 

nucleoli and co-localised with nucleolar markers. Actively growing HCC70, 

HCC1937 and U2OS cells (confluency 60–70%) were fixed by formaldehyde and 

permeabilized with Triton X-100. Visualisation of accessible chromatin was 

performed using Th5 transposase complexed with Alexa488 labelled oligos. In 
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addition to ATAC-see cells were analysed by indirect immunofluorescence using 

antibodies specific to human nucleolin (A), Fifrillarin (B) and RRP1 (C) (see Material 

and Methods). The nuclear DNA was stained by DAPI and signal of accessible 

chromatin is in green. Images were acquired with a Leica fluorescent microscope 

(Leica SP8 with 63 oil filled objective). Representative nuclei are shown with 

associated merged images (merged) and scale bars. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. The layer of RRP1 surrounds accessible chromatin in TNBC cells (A), 

but not in U2OS cells (B). Z-stack images (a total of 18 layers) is viewed through 

orthogonal sections. Signal of accessible chromatin is in green, signal of RRP1 is in 

red. Merged images of representative nuclei and scale bars are shown. Images were 

acquired with a Leica fluorescent microscope (Leica SP8 with 63 oil filled objective). 
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Figure 6.4. The effect of short treatment with Pol I inhibitors on the nucleolar 

structure and the level of chromatin accessibility. Actively growing HCC1937 cells 

(confluency 60–70%) were treated with various Po I inhibitors as indicated for 1 hour. 

Cells were fixed by formaldehyde and permeabilized with Triton X-100. Visualisation 

of accessible chromatin was performed using Th5 transposase complexed with 

Alexa488 labelled oligos. In addition to ATAC-see cells were analysed by indirect 

immunofluorescence using antibodies specific to human nucleolin (see Material and 

Methods). The nuclear DNA was stained by DAPI, signal of nucleolin is in red and 

signal of accessible chromatin is in green. Images were acquired with a Leica 

fluorescent microscope (Leica SP8 with 63 oil filled objective). Representative nuclei 

are shown with associated merged images (merged) and scale bars. 
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Figure 6.5. The effect of short treatment with Pol I inhibitors on the RRP1 

localisation. Actively growing HCC1937 and HCC70 cells (confluency 60–70%) 

were treated with various Po I inhibitors as indicated for 1 hour. Cells were fixed by 

formaldehyde and permeabilized with Triton X-100. Visualisation of accessible 

chromatin was performed using Th5 transposase complexed with Alexa488 labelled 

oligos. In addition to ATAC-see cells were analysed by indirect immunofluorescence 

using antibodies specific to human RRP1 (see Material and Methods). The nuclear 

DNA was stained by DAPI, signal of RRP1 is in red and signal of accessible chromatin 

is in green. Images were acquired with a Leica fluorescent microscope (Leica SP8 with 

63 oil filled objective). Representative nuclei are shown with associated merged 

images (merged) and scale bars. Arrows are pointing out to changes in the RRP1 

spatial distribution. 
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Figure 6.6. Short treatment with BMH-21 and PMR-116 causing fibrillarin 

redistribution. Z-stack images (a total of 18 layers) is viewed through orthogonal 

sections. Signal of accessible chromatin is in green, signal of RRP1 is in red. Merged 

images of representative nuclei and scale bars are shown. Images were acquired with 

a Leica fluorescent microscope (Leica SP8 with 63 oil filled objective). 
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2.5 Discussion 

2.5.1. Introduction 

Elevated levels of polymerase Pol I transcribed rDNA transcription are essential for 

cells that are undergoing rapid division and replication. Selective inhibition of this 

process by varying chemical agents has been shown to be effective in killing cancer 

cells (Bywater et al., 2012 ; Kerry et al., 2017). Although there is an abundance of data 

relating to human malignancy that illustrates deregulated transcription of Pol I, there 

is limited number of research that has focused specifically on Pol I in relation to the 

selective inhibition of malignant cell proliferation (Andrews et al., 2013 ; Bywater et 

al., 2012 ; Drygin et al., 2011b). Over the last few years, several small molecules able 

to inhibit Pol I activity have been discovered, e.g. CX-5461, BMH-21 and 9HE 

(including the recently developed molecule, PMR-116). These have the potential to 

facilitate further investigation into the association between tumour progression and Pol 

I transcription. Thus, this chapter investigates links between the growth inhibitory 

efficiency of four specific Pol I inhibitors using a model comprised of TNBC cell lines. 

The effects of Pol I inhibitors on cell growth, rRNA synthesis, cell cycle progression, 

cell viability,  rDNA chromatin and links between inhibitor’s efficacy end expression 

of selected genes were investigated. The results are presented in this chapter. 

2.5.2. Inhibitors efficacy 

Our data shows that the TNBC cell lines investigated in this chapter demonstrate 

relatively high sensitivity to all Pol I inhibitors, which was determined by measuring 

the GI50 and GR50 values. The polymerase inhibitor gave rise to a powerful effect in 

all four cell lines, resulting in micromolar GI50 and GR50 values (Figure 3.2; Table 

3.1). Drug sensitivity screening was performed at 48 hours for the GI50 values and 
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between 48 and 96 hours for the GR50 values. A time point of 48 hours was chosen to 

measure the GI50 values as it is recommended by the National Cancer Institute (Caroli 

et al., 2018). Whereas for the GR50 values, the last time point of 96 hours was selected 

because it gives the best coverage of all time points generated. 

However, identifying the best drug metrics presented in literature, which covers 

multiple conditions can be very challenging. To compare drug metrics, Brook et al. 

(2019) recommend the standard deviations be calculated. Therefore, we calculated the 

standard deviations for the levels of viability at all the time points for the GI50 and 

GR50 obtained in our data. In response to Pol I inhibitors, the GR50 values were 

relatively lower than the GI50 values. GR50 was demonstrated to be the value that most 

accurately reflected drug potency. Thus, we consider GR50 the best drug metrics 

indicator we can rely on to determine drug potency. 

To evaluate potential correlations between the proliferation rate, rRNA synthesis rate, 

and cell sensitivity to Pol I inhibitors we performed correlative analysis between GR50 

values of Pol I inhibitors and the doubling times (de-novo rRNA level and cell 

numbers). We determined Pearson correlation coefficient (PCC) and found that all 

drugs demonstrate medium to strong negative correlation between GR50 values and 

cell’s doubling times (Table 5.1). This means that slow growing cells (high doubling 

time) are more sensitive to Pol I inhibitors (low GR50). This finding was somehow 

surprising, because we expected that highly proliferative cells will be the most 

sensitive to Pol I inhibition. However, when we instead of growth rate corrected dose-

response values (GR50) used growth inhibition dose-response values (GI50) this 

uniform negative correlation was lost (Table 5.2). However, even in this case two 

drugs (BMH-21 and 9HE) still have a negative PCC. These results highlights a 

significant influence of the chosen growth inhibition metrics on the outcome of data 
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analysis and also suggest that mechanism of growth inhibition by all Pol I inhibitors 

(at least in part) is not directly linked to cell’s proliferative capacity.     

As we expected, proliferation rates of TNBC cell lines were dependent on the rate of 

rRNA synthesis. Our data showed a positive correlation between proliferation rate and 

de novo 28S rRNA synthesis rate (PCC=0.87). Curiously, we did not observe any 

significant correlation between proliferation and the level of 47S pre-rRNA (Appendix 

2, Table 4) suggesting that the steady-state level of rRNA precursor is strictly 

controlled by rRNA processing via preventing of accumulation of non-processed 

rRNA.  

The analyses also show a negative correlation between GR50 values and 28S rRNA 

level doubling times (Table 5.1). This means that cells with high synthesis rRNA rate 

are less sensitive to Pol I inhibitors. As for negative correlation between growth rate 

and efficacy of Pol I inhibitors this result was unexpected, because it uncouples growth 

inhibition efficacy and rRNA transcription rate.   

Altogether, the data suggests that sensitivity of TNBC cell lines to all Pol I inhibitors 

negatively correlates with growth rate and rRNA synthesis rate. This is in 

disagreement with recently published work investigating the sensitivity of ovarian cell 

lines to CX-5461 (Son et al., 2020). This discrepancy, however, may be caused by the 

methodological difference between two studies. Son and colleagues used GI50 as 

metrics determining the drug efficacy, where we used growth rate-corrected (GR) 

dose-response metrics (Brooks et al., 2019), which we believe is more appropriate way 

of determining the efficacy of drugs. Supporting this, the correlation between GI50 

values and 28S rRNA level doubling times in TNBC cells was positive for CX-5461 

(Table 5.2). 
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Table 5.1. Pearson correlation coefficient between GR50 values of Pol I inhibitors and 

the proliferation rate and synthesis rate of the 47S and 28S rRNA in the TNBC cell 

lines.  

  

PMR-116 CX-5461 BMH-21 9HE 

Cell doubling time -0.58 -0.73 -0.90 -0.98 

47S rRNA -0.41 -0.26 0.28 0.38 

28S rRNA -0.37 -0.53 -0.89 -0.93 

  

Table 5.2. Pearson correlation coefficient between GI50 values of Pol I inhibitors and 

the proliferation rate and levels of the 28S rRNA in the TNBC cell lines. 

  
PMR-116 CX-5461 BMH-21 9HE 

Cell doubling time - 0.05 0.29 - 0.42 -0.80 

28S rRNA doubling time 0.33 0.72 -0.80 -0.41 
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2.5.3 Correlative analysis of Pol I inhibitors efficacy and expression of selected 

genes 

It is well known that oncogenes and/or tumour suppressors can markedly modify 

ribosome biogenesis regulation. There are multiple publications that have confirmed 

that RNA Pol I activity can be amplified following oncogene overexpression or tumour 

suppressor silencing (White, 2005 ; Arabi et al., 2005 ; Oskarsson and Trumpp, 2005).  

In this study, we investigated the correlation between the expression levels of selected 

oncogenes and tumour suppressors1 in four cell lines and the GR50 values for Pol 

inhibitors (Table 5.3 and Appendix 2, Table 5). We used expression atlases to find 

information about gene expression levels (Appendix 2, Table 6) (Papatheodorou et al., 

2020). The Pearson correlation coefficients (PCC) were determined for each of the Pol 

inhibitors and each cell line and shown in Table 5.3 and in Figure 5.2. 

All genes under investigation can be divided in three groups:   (I) Genes showing 

negative correlation between GR50 and expression level, meaning that high expression 

is positively correlates with drug efficacy. This group includes TP53, Rb, PTEN, NF1, 

ATRX and cMyc (Figure 5.2).  From this group expression of 3 genes (TP53, Rb, 

PTEN) reversely correlates with rRNA transcription rate (Figure 5.3) and no such 

correlation is observed for NF1, ATRX and c-Myc. (II) Genes showing a positive 

correlation between GR50 and expression level, meaning that high expression makes 

cell less sensitive to the drugs. This group includes BRCA1, PI3K, KRAS, CDKN2A 

and CDH1 (Figure 5.2). Expression level of all these directly correlates with rRNA 

synthesis rate (Figure 5.3). (III) Genes showing different type of correlation for 

 
1 It should be noted that this work is a part of collaborative project between Panov and Hannan 

groups. As result, here we only analysed 4 TNBC cell lines. The Hannan group is performing analysis 

of another 5 cell lines (only 9 TNBC basal like cell lines are available from ATTC). On the 

completion of this analysis the data will be combined and we will perform unbiased, genome wide 

correlative analysis between GR50 values and gene expression level. 
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different Pol I inhibitors and different type of correlation with rRNA transcription level 

(Figure 5.2). This group includes BRAf and NF2 and due to heterogeneity of the results 

this group will be not discussed here. 

Group I: 

All cell lines used in this research have mutations in TP53 gene leading to inability of 

MUT TP53 to activate p21 pathway (ATCC, 2012). Therefore, inhibition of Pol I 

transcription in these cells most likely lead to activation of TP53 independent NSP 

(Russo and Russo, 2017) . Defects in ribosome biogenesis have been shown to reduce 

expression of proteins involved in ribosome biogenesis, including specific r-proteins, 

when pre-rRNA transcription or processing is inhibited (Russo and Russo, 2017), 

activating the p53-mediated response to nucleolar stress.  However, because 

reasonably strong correlation between expression level of mutated TP53 and inhibitors 

efficacy was observed, we think that mutated protein may activate targets other than 

p21 (e.g. Bax or PIG3) directly activating an apoptosis rather than cell cycle arrest. 

This is in agreement with other our results. We observed significant level of cells death 

(Figure 4.1 and Table 4.1), but no significant changes in cell cycle distribution (Figure 

4.3), when we treated cells with high doses of drugs for four hours.  Interestingly that 

cells expressing higher level of mutated TP53 are also showing lower level of Pol I 

transcription, suggesting that as wild type protein these mutants may still retain ability 

to repress Pol I transcription.  

Correlation between expression level and drug efficacy for Rb, PTEN, NF1 and ATRX 

is relatively low and variable between inhibitors. However, it should be noted that NF1 

is KRAS repressor, whereas PTEN is PI3K repressor and high expression of NF1 or 

PTEN has opposite effect of Pol I inhibitors efficacy compare to PI3K and KRAS. 

Furthermore, PI3K is downstream of KRAS and repression of KRAS by NF1 may also 
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negatively affect activity of PI3K pathway (for reviews see: (Simanshu et al., 2017 ; 

Bergoug et al., 2020)).  

Absence of correlation between c-Myc expression level and rRNA synthesis level 

(Figure 5.2) was unexpected finding giving c-Myc role in the regulation of Pol I 

transcription (see discussion below), but in all TNBC cell lines and tumours c-Myc 

expression level is disproportionally high (Ji et al., 2020 ; Horiuchi et al., 2012), which 

may explain the absence of correlation.  Interestingly, that high level of c-Myc strongly 

correlates with drugs efficacy for PMR116, and CX-5461, moderately for BMH-21 

and weekly for 9HE. Recent experimental evidence supports a model whereby MYC 

is responsible for the global amplification of genes already expressed in normal cells, 

rather than inducing new gene expression signatures (Lin et al., 2012). It is known that 

disruption of cell division, differentiation and apoptosis can be induced relatively 

easily by direct or indirect alterations of the level of c-Myc expression (Weinstein, 

2002). It also shown before that high c-Myc expression directly correlates to the 

sensitivity to Cx-5461(Bywater et al., 2012 ; Lee et al., 2017). A potential reason for 

the extreme Pol I transcription inhibition sensitivity of tumours that are driven by the 

c-Myc gene is its ability in generating cellular susceptibility to NSP. Thus, the c-Myc 

gene is a driving force of both rRNA and RP synthesis. Here we found a negative 

correlation (from moderate to strong) between expression level of c-Myc and GR50 

values for Pol I inhibitors. Therefore, the sensitivity to all Pol I inhibitors directly 

correlates with c-Myc gene expression level confirming previous findings. It important 

to mention that in contrast to published research we used GR50 not GI50 values and still 

have the same outcome. 
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Group II: 

Between 10% and 15% of TNBC have BRCA1 mutations. One of the TNBC cell lines, 

HCC1937, has shown to have homozygous deleterious mutations in BRCA1 (Table 

5.4) (Anders et al., 2010). Our data showed a positive correlation (from weak to strong) 

between the GR50 values of all Pol I inhibitors and the expression level of BRCA1 

(Table 5.3), suggesting that cells with low expression level of BRCA1 are the most 

sensitive to the drugs. This confirms results published earlier by Xu and colleagues 

(Xu et al., 2017a), but again we used GR50 not GI50 values. Furthermore, our finding 

that the rate of rRNA synthesis directly correlates with BRCA1 expression level is in 

line with previously published results (Johnston et al., 2016a). 

PI3K pathway is one of main pathways involved in growth dependent regulation of 

rRNA transcription(Kusnadi et al., 2015) , and its expression is indeed directly 

correlates with rRNA synthesis level (Figure 5.3). However, efficacy of Pol I inhibitors 

is reversely correlates with PI3K expression, suggesting that cell expressing higher 

level of PI3K and rRNA are less sensitive to inhibition of Pol I transcription. As we 

discussed this earlier, this result is unexpected and requred further investigation. 

Our results revealed very high positive correlation between GR50 values for all four 

Pol I inhibitors and the expression levels of KRAS, CDKN2A and CDH1 genes in 

TNBC cells (Table 5.3 and Figure 5.2), suggesting that cells with low expression level 

of these genes are the most sensitive to the Pol I inhibitors. This is interesting results 

because neither of these genes were previously linked to the sensitivity to Pol I 

inhibitors. Notably, there is direct correlation between expression of these genes and 

rRNA synthesis (Figure 5.3) again linking low rRNA transcription level and high 

sensitivity to Pol I inhibitors. Below, we are describing the biological roles of these 

genes and known links to ribosome biogenesis. 
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KRAS, the viral oncogene homologue of Kirsten rat sarcoma 2, is recognised as a 

member of the RAS-like GTPases, or RAS superfamily (Liu et al., 2019). KRAS 

protein switches between binding to guanosine triphosphate (GTP) and guanosine 

diphosphate (GDP), respectively changing from an inactive to an active form (Bos et 

al., 2007). One of the first-line sensors that trigger a series of activation signalling 

molecules is the RAS. This enables the transmission of transduction signals from the 

cell surface to the nucleus. A number of important cellular processes are affected, e.g. 

cell differentiation, growth, chemotaxis and apoptosis (Liu et al., 2019). The 

conversion from inactive RAS-GDP to active RAS-GTP, in response to extracellular 

stimuli, further promotes the activation of multiple signalling pathways (Figure 1A). 

These signalling pathways include phosphoinositide 3-kinase (PI3K), Ral-GEFs and 

mitogen-activated protein kinase (MAPK). The latter is the best characterised pathway 

(Liu et al., 2019). RAS-GTP is known to bind directly to the RAF protein, thus 

recruiting the RAF kinase family from the cytoplasm to the membranes, where they 

dimerise and become active. A chain of phosphorylation, in response to the 

downstream substrates, namely MEK and ERK, is subsequently carried out by the 

activated RAF and propagates the growth signal (Lavoie and Therrien, 2015). 

Deregulated KRAS signalling requires for the development of a variety of cancers 

(Waters and Der, 2018). TNBC tumours usually have either activating PIK3CA, 

BRAF, KRAS and/or PTEN loss mutations or amplifications, causing abnormal 

RAF/MAPK/ERK or PI3K/Akt/mTOR pathway activity (Craig et al., 2013) (Figure 5. 

1). An effective strategy for TNBC treatment is to inhibit these pathways using MEK 

and/or Akt inhibitors (Saini et al., 2013). The negative signalling pathway regulator, 

PI3L, arises where there is absent phosphatase and tensin homologue (PTEN) function. 

This could play a role in the activation of the pathways PI3K/AKT and MAPK 
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(Weigelt et al., 2011), theoretically providing therapeutic inhibition of signalling 

cascades downstream of KRAS. This would affect the MAPK and PI3K pathways, in 

particular. Potential clinically efficacious strategies that are recognised deploy agent 

admixtures to inhibit several signalling mechanisms concomitantly (Pons-Tostivint et 

al., 2017). In addition, the signalling cascades of PI3K/mTOR and RAS/MAPK 

collaborate with the transcription network of c-MYC to boost ribosome biogenesis and 

protein translation (Hannan et al., 2011). PI3K/AKT/mTORC1 signalling modulates 

the translation potential and efficiency of ribosomes after activation by mitogenic 

signals and induces transient upregulation of protein synthesis (Hannan et al., 2011 ; 

Yan et al., 2017). Phosphorylation of the Pol I core transcription factors by multiple 

kinases, including MAPK and RAS, improves its function, enabling the RAS 

signalling cascade to cooperate with c-MYC (Stefanovsky et al., 2001 ; Zhao et al., 

2003).  

The gene of cyclin-dependent kinase inhibitor 2A (CDKN2A) encodes two proteins: 

p16 (p16INK4A) and p14ARF (Jones et al., 2007) .  These two proteins act as tumour 

suppressors, preventing unregulated cellular growth and proliferation. They are also 

implicated in the halting of cellular replication in older cells (Medicine, 2015; Science.  

2015).  

The p16 prevents the association of cyclin dependent kinases CDK4 and CDK6 with 

cyclin D1, thus controlling cell cycle by slowing G1-S phase progression (McConnell 

et al., 1999) . The level of p16 is normally high in cells which have lost the capacity 

to proliferate (Schneider et al., 2004 ; Medicine, 2015).  

The p14ARF is involved in the regulation of ribosome biogenesis and p53 pathway. It 

was demonstrated that p14ARF inhibits rRNA transcription by preventing UBF 
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phosphorylation (Ayrault et al., 2006 ; Agarwal et al., 2006) and inhibits polysome 

formation and protein translation (Agarwal et al., 2006). p14ARF via sequestering 

Mdm2 prevents p53 proteosome dependent degradation and activates p53 dependent 

signalling that can lead to cell cycle arrest or apoptosis (for latest review see (Ko et 

al., 2018)).  

Activation of CDKN2A locus expression is a part of cellular response to DNA damage, 

cMyc overexpression and aberrant growth signalling that is deregulated in many 

cancers (Ko et al., 2018). 

Mutations within the CDKN2A gene or its operational silence have been linked with 

multiple forms of human cancer (Hinshelwood et al., 2009). Triple negative breast 

cancer cells display a range of properties, including RB1 mutation or absence in 20%, 

amplification of cyclin E1 overexpression in 9% of instances, diminished RB1 

expression, accelerated replication, and common changes within the genes that govern 

DNA reparation, e.g., BRCA1 (Hinshelwood et al., 2009 ; Fedele et al., 2019). 

Over the last ten years, considerable research has indicated that disruption of 

intranucleolar ribosome biogenesis can stimulate maintenance of p53 integrity and 

activation, autonomous from DNA damaged ARF, through the attachment of multiple 

RPs to Mmd2 and consequent suppression of its E3 mechanism with respect to p53 

(Macias et al., 2010 ; Zhang and Lu, 2009). Several workers have concurred that DNA 

damage response (DDR) and ARF have the capacity to act as ribosome biogenesis 

inhibitors, thus interacting with several RPs to trigger p53 activity. Maintaining p53 

integrity and triggering its operation following DNA damage arises from p53 and 

Mdm2 phosphorylation, which interrupts their interaction. ARF expression is 

upregulated by oncogenic stress; ARF is able to bond with Mdm2 which therefore 
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negatively impacts its interplay with p53. Pol I transcription is inhibited by DDR and 

ARF. Furthermore, these two compounds function as RNA processing inhibitors; 

DDR breaks down RPL37 and ARF is responsible for the degradation of NPM1/B23. 

Increased pressure is then placed on ribosomal biogenesis; this is assumed to activate 

the RP–Mdm2–p53 signalling pathway, which creates the accruement of ribosome-

free RPL26. The DDR weakens the inhibitory influence of Mdm2 on RPL26, thus 

facilitating its attachment to p53mRNA and subsequent swift translation. Ribosomal 

biogenesis stress signalling plays a significant role in the switching on of p53 by DDR 

and ARF (Bursac et al., 2014). In combination, the above findings indicate that the 

interaction, on both physical and functional levels, between RP–Mdm2–p53, ARF–

Mdm2–p53 and DDR signalling pathways may form a crucial hindrance to 

tumourigenesis (Bursac et al., 2014). 

One of the most significant molecules in epithelial tissue cell-cell adhesion is the 

human epithelial (E)-cadherin gene, CDH1 (E-cad). It is found in cell-cell contact 

regions known as adherent junctions on epithelial cell surfaces (Gumbiner, 1996). It is 

also a member of a gene coding family for calcium-dependent cell adhesion molecules 

(CAMs). E-cad has intensive interactions with important signalling pathways 

including RTK/EGFR/MAPK pathway, P-120/Rho/RAC pathway, and β-catenin/Wnt 

pathway (reviewed in(Shenoy, 2019)). In BC, E-cadherin loss is associated with 

greater tumour size, more advanced tumour grade and higher incidence of metastasis 

(Gould Rothberg and Bracken, 2006). E-cadherin expression downregulation 

represents a hallmark of epithelial-to-mesenchymal transformation, and is correlated 

with chemoresistance in TNBC (Thiery, 2002). Few studies have evaluated the 

prognostic role of E-cadherin expression. In TNBC patients, negative expression of 

CDH1 is associated with a worse prognosis (Kashiwagi et al., 2010 ; Shen et al., 2016). 
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It is therefore expected that defects in gene function would facilitate tumourigenesis. 

1 alpha, 25-dihydroxyvitamin D3 (1 alpha, 25 (OH) 2D3) has been shown to induce 

E-cadherin expression in TNBC cells by CDH1 promoter demethylation (Lopes et al., 

2012). In triple-negative metaplastic breast cancer, the induction of differentiation 

promoted by 1 alpha, 25(OH) 2D3 can reduce the aggression of this subtype of 

mammary carcinoma and improve patient outcomes (Lopes et al., 2012). There are no 

reports in the literature of links between RiBi and CDH1. 

Although in our study we investigated the effect of expression level of limited number 

of selected genes in only four basal-like TNBC cell lines we used all known selective 

Pol I inhibitors exhibiting different mechanism of inhibition of Pol I transcription. We 

obtained somewhat preliminary but never the less interesting results. We found that 

efficacy of all four inhibitors reversely correlates with expression level of BRCA1, 

PI3K, KRAS, CDKN2A and CDH1 genes. Interestingly that three genes (KRAS, 

CDKN2A and CDH1), which were never directly implicated in mechanism of cellular 

response to Pol I inhibitors shoved very high degree of correlation and the nature of 

this phenomena requires further investigation.  

2.5.4 rDNA chromatin and Pol I inhibitors 

rDNA repeats exist in four distinct chromatin configuration, two euchromatic and two 

heterochromatic. Euchromatic configurations are: (i) transcriptionally active rDNA 

repeats that are hypo-CpG methylated at the promoter specific CpG, lacking linker 

histone H1, enriched for euchromatin histone marks, bound by the cytoarchitectural 

transcription factor UBF required for the formation of PIC and depleted from hidtones; 

(ii) transcriptionally competent (“poised”) repeats that are also hypo-CpG methylated 

at the promoter specific CpG, but enriched for heterochromatic, “repressive” histone 
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marks. The presence of UBF and properly structured nucleosomes at the promoter and 

in the transcribed region is still matter for debates. Heterochromatic configurations 

include: (iii) pseudo-silent rDNA repeats that are promoter hypo-CpG methylated, 

bearing repressive histone modifications but not bound by UBF and containing 

nucleosomes;   (iii) silent rDNA repeats that are promoter hyper-CpG methylated and 

associated with heterochromatic histone marks and linker histone H1 thus adopting a 

highly compact chromatin state.  

Severe stresses (e.g. starvation or DNA damage) led to transition from active to poised 

rDNA chromatin, repression of Pol I transcription and changes in rDNA chromatin 

accessibility ((Salifou et al., 2016) and KP, unpublished data)). These changes may led 

to reorganisation of nucleoli structure, which  may affect transcription of Pol II genes 

via rearrangement of spatial contacts within genome, a phenomena that was recently 

observed during malignant transformation of B-cells (Diesch et al., 2019). We 

hypothesise that Pol I inhibitors may also cause transition of rDNA to less accessible 

form and this may be a part of early cellular response and even  precede  an activation 

NSR pathway. However, the results of our investigation of early changes in rDNA 

chromatin accessibility in TNBC cell lines treated with four Pol I inhibitors did not 

demonstrate any significant short time effect of inhibition of Pol I transcription on 

rDNA chromatin accessibility (Figure 6.4). This suggests that no rearrangements in 

the chromatin structure that may affect chromatin accessibility (e.g. changes in 

nucleosome density) is happened as an early response to inhibition of Pol I 

transcription and rDNA repeats are still in euchromatic state. However, whether more 

prolonged inhibition of Pol I transcription (and in particular partial inhibition) may 

cause changes in chromatin accessibility is require further study.       
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It is known that prolonged Actinomycin D treatment causes specific structural changes 

within nucleoli and formation so-called nucleolar caps and re-localisation of an active 

DNA repeats to the periphery of the nucleolus (Reynolds et al., 1964). This also 

accompanied by re-localisation of nucleolar markers such as UBF and fibrillarin (van 

Sluis and McStay, 2017). We found that short treatment with Pol I inhibitors does not 

lead to formation of nucleolar caps and changes in nucleolin localisation (Figure 6.4). 

We also found that localisation of RRP1 in in TNBC cells is quite different compare 

to U2OS (Figure 6.2) and RPE1(van Sluis and McStay, 2017) cells, however similar 

to HeLa cells (Yoshikawa et al., 2015) .  

RRP1 (also known as Nop52) is involved rRNA processing and localised in the 

granular component (GC) but not with the fibrillar centre (FC) (Savino et al., 1999 ; 

Yoshikawa et al., 2015). We found that in TNBC cells RRP1 is localized on the 

periphery of a globe formed by accessible rDNA chromatin and this localisation can 

be affected by short treatment with BMH-21 and PMR-116 (Figures 6.5 and 6.6). The 

effect of BMH-21 and PMR-116 resembles formation of nucleolar caps, but probably 

isn’t transcription dependent. Indeed, CX-5461 treatment that inhibits Pol I 

transcription to the same extend has no effect on RRP1 localisation. There is 

significant difference in mechanism of inhibition of Pol I transcription between BMH-

21 and CX-5461. While BMH-21 inhibits Pol I elongation that leads to accumulation 

of the stalled Pol I complexes at rDNA, CX-4561 inhibits Pol I loading, and as a result 

rDNA becomes free from Pol I. The presence of stalled complexes that are associated 

with nascent rRNA may lead to observed changes in RRP1 localisation, but exact 

mechanism of changes is required further investigation. 
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Figure 5.1. Schematic diagram for KRAS, CDKN2A and CDH1 pathways. (A) 

Normal cells exhibit well-modulated signalling on KRAS and MAPK signalling 

pathways, resulting in regulated cell proliferation, growth, and survival. Via 

alternative splicing, the CDKN2A locus encodes p14ARF and p16INK4a. P14ARF 

binds to MDM2, which results in both MDM2 and TP53 being stabilised. P16INK4a 

binds to CDK4 and inhibits the CDK4/Cyclin D1 complex that phosphorylates RB1, 

allowing the E2F transcription factor to be activated, which in turn activates the genes 

involved in the transition from G1 to S. CDK2 phosphorylation of RB1 decreases 

inhibition and allows UBF to recruit the SL-1 complex and to initiate rDNA 

transcription by RNA polymerase I. In nucleus proliferation, PTEN binds and 

promotes the activation of the APC-CDH1 complex. (B) Tumour cells’ siRNA 

A 

B 
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expression targeting KRAS, siKRAS and a PI3K inhibitor, GDC-0941, is inhibited by 

combination therapy additively targeting KRAS and PI3K; tumour growth is inhibited. 

RNA polymerase I-specific factor UBF binds to activated RB1 hypophosphorylated, 

inhibiting its interaction with the SL-1RNA polymerase I complex, thus inhibiting the 

transcription of rRNA. Inhibitors of APC-CDH1 targets are differentially responsive 

to PTEN null and catalytic mutants.  
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Figure 5.2.Correlation between expression level of selected oncogenes and 

oncoproteins and GR50 values of four Pol I inhibitors in TNBC cell lines. PCCs 

were determined between cells specific GR50 value and cell specific expression level 

for a particular gene and plotted on the graph.    

 

 

Figure 5.3.Correlation between expression level of selected oncogenes and 

oncoproteins and rRNA synthesis rate.  PCCs were determined between cells 

specific rRNA synthesis rate and cell specific expression level for a particular gene 

and plotted on the graph.    
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Table 5. 3. Pearson correlation coefficient between GR50 values of four Pol I inhibitors and the level of gene expression in the TNBC cell lines 

 

 

 

 

 Genes 

Pol inhibitors TP53 RB PTEN NF1 ATRX c-Myc BRCA1 PI3K KRAS CDKN2A CDH1 BRAf NF2 

PMR-116 -0.48 -0.17 -0.46 -0.63 -0.72 -0.95 0.25 0.69 0.74 0.92 0.94 0.40 -0.64 

CX-5461 -0.51 -0.32 -0.47 -0.65 -0.63 -0.87 0.44 0.63 0.82 0.96 0.97 0.22 -0.48 

BMH-21 -0.73 -0.37 -0.69 -0.33 -0.51 -0.60 0.77 0.61 0.97 0.81 0.94 -0.36 0.47 

9HE -0.60 -0.58 -0.53 -0.36 -0.23 -0.36 0.91 0.35 0.91 0.76 0.80 -0.74 0.54 



                                         

109 

 

Table 5.4. Gene expression mutations in TNBC cell lines exported from the COSMIC database. Abbreviations: WT = wild type, null – non-sense 

mutation leading to no expression and MUT = Mutations. 

 

 

 

 

 Genes 

 
Cell line names 

TP53 BRCA1 RB PTEN PI3K BRAf KRAS NF2 CDKN2A NF1 CDH1 ATRX c-Myc 

HCC1937 null null WT WT WT WT WT WT WT WT WT WT WT 

MDA-MB-468 
MUT 
R273H 

WT WT MUT WT WT WT WT WT WT WT WT WT 

HCC38 
MUT 
R273L 

WT WT WT WT WT WT WT WT WT WT WT WT 

HCC70 
MUT 
R248Q 

WT WT MUT WT WT WT WT WT WT WT WT WT 
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Chapter 3 

Investigation of the molecular mechanism of novel 

RNA polymerase I inhibitor PMR-116 
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3.1. Introduction 

Drugs directed against tumours is the subject of prolific scientific study. Conventional 

chemotherapeutic agents impact all cells that undergo rapid replication and thus affect 

both healthy and malignant tissues. This generalised approach offers no discrimination 

between cancerous and normal cells; the results are significant cytotoxicity, high 

adverse event profiles and failure of patients to tolerate the treatment due to undesired 

consequences. Various more targeted approaches were proposed, and selective 

inhibition of ribosome biogenesis were one of them (Drygin et al., 2011b). 

Interestingly, that known chemotherapeutic agents, have a significant effect on rRNA 

metabolism. Burger et al. (2010) evaluated a broad spectrum of anti-cancer agents to 

delineate their overall impact on various stages of Pol-I transcription and ribosome 

biogenesis, including initiation transcription, elongation and processing. He 

documented that numerous compounds have the ability to inhibit ribosome biogenesis 

at varying points, i.e. from the onset of transcription, to the processing of 47S rRNA. 

These findings have supported the idea that targeting of ribosome biogenesis and in 

particular rRNA transcription is promising anticancer approach that can avoid global 

damage to DNA and, theoretically, reduces toxic side effects and the likelihood of the 

establishment of resistance.  

In order to test this hypothesis, new, selective Pol I inhibitors were developed. 

Currently three small molecule selectively inhibiting Pol I transcription are available. 

They are CX-5461 and CX-3543, designed by Cyclene Pharmaceuticals (Drygin et al., 

2009 ; Drygin et al., 2011b) and BMH-21(Musso et al., 2018) . The mechanism 

inhibition of Pol I transcription by these drugs is well understood, but mechanisms of 

theirs selective anti-cancer activity may require a further studies in particular in case 

of CX-5461 (see Chapter 1 and Chapter 5 for details). Although effectiveness of 



                                         

112 

 

inhibition of Pol I transcription as anticancer strategy were demonstrated (for latest 

review see (Ferreira et al., 2020a) . new compounds inhibiting Pol I transcription are 

required. One of such compounds (PMR-116) was recently developed by Pimera (US) 

in collaboration with Prof Hannan group (ANU, Australia). The efficacy of PMR-116 

was demonstrated across a range of cancers (Hannan, unpublished data) however 

molecular mechanism of its anti-Pol I activity is unknown.  

3.2. Aims and objectives  

This chapter aimed to determine the molecular mechanism of the novel RNA 

polymerase I inhibitor PMR-116. This was achieved through meeting the following 

objectives: 

1. Investigation PMR-116–DNA interactions using Isothermal Titration Calorimetry. 

2. Determination of PMR-116 ability to affect PIC formation and stability 

3. Identification of PMR-116 target(s) among basal Pol I transcription factors. 
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3.3. Materials and Methods 

3.3.1. Polymerase Chain Reaction (PCR)  

Standard PCR for DNA fragments was carried out using the reagents listed in Table 1 

and the cycling conditions shown in Table 2 .The reagents common to all PCR 

reactions carried out were a DNA Polymerase enzyme (in Herculase II Polymerase), 

X5 buffer corresponding to the enzyme being used, dimethyl sulfoxide (DMSO), 

10mM dNTPs, 25 pM/µL forward and reverse primers corresponding to the DNA 

template, a 200bp DNA template and Milli Q water. During the troubleshooting 

process, the main variables were the percentage composition of DMSO and annealing 

temperature. During the conditioning process, all PCR mixes were amplified in 25µL 

sample. 

Table 1.1. Standard composition of 25 µL PCR reaction mixtures for the generation 

of HPr (200), D (200) and U (200) fragments. DMSO percentage composition was the 

primary variable, along with annealing temperature, throughout the troubleshooting 

process and Milli Q water volume was altered between mixtures to compensate for 

changes to DMSO and ensure the final volume was consistently 25 µL. Templates and 

primers differed depending on the fragment to be generated however the same 

concentrations and volumes of each were used in all experiments. Similarly, the 

enzyme and corresponding buffer changed throughout the conditioning process but the 

% composition of each remained constant. 

Reagent µL per 25µL reaction Percentage Composition (%) 

X5 Enzyme Buffer 5 20 

DMSO VARIABLE VARIABLE 

Forward Primer (25pM/ µL) 0.25 1 

Reverse Primer (25pM/ µL) 0.25 1 

dNTPs (10mM) 0.625 2.5 

Template (10ng/ µL) 0.5 2 

Milli Q Water VARIABLE VARIABLE 

Herculase ll Enzyme 0.25 1 
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Table 1.2: Cycling conditions for standard PCR was programmed to run 30 cycles. 

Steps Temperature /oC Time 

Initial denaturation 95 30 seconds 

Denaturation 95 20 seconds 

Primer annealing Gradient, Varied 20 seconds 

Elongation 72 12 seconds 

Final extension 72 3 minutes 

 

3.3.2 DNA agarose gel electrophoresis 

To prepare a 2 % agarose gel, 2 g of agarose was added to 100 ml X1TBE buffer (Table 

2 in appendix 2). Mixed briefly and then heated in a microwave to dissolve the agarose 

and degas the solution. The solution was cooled to 65oC. 5 µL PCR product samples 

were mixed with 2 µL of X5 loading buffer containing SYBER Green stain and the 

mixture was made up to 12 µL with Milli Q water. Electrophoresed in X1 TBE buffer 

at 150V.  The first lane of every row was loaded with the same 5 µL volume of 100bp 

ladder as a reference. The gel was analysed using the FujiFilm Fluorescent Image 

Analyzer FLA-3000. DNA was then purification was carried out using the PurelinkTM 

PCR Purification Kit, as per the process described in the kit manual. The concentration 

of purified samples was measured by microvolume spectrophotometry using the 

NanoDrop® ND-1000, measuring nucleic acid concentrations at 260nm.  

3.3.3 ITC sample preparation 

The stock solution of CX-5461, PMR-116 (10mM) were diluted with PBS buffer to 

make solution of 100 µM.  The HPr (200) DNA stock solutions 1.47µg was diluted 

with PBS buffer to make a 13.4 µM solution. The final concentration of DNA solution 
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was measured by microvolume spectrophotometry using the NanoDrop® ND-1000, 

measuring nucleic acid concentrations at 260nm. 

3.3.4 ITC Experimental Process 

Isothermal titration calorimetry was carried out on a MicroCal iTC200 at 25oC and 

data were displayed and analysed using Origin data analysis software. Aliquots of the 

relevant drug were injected into a sample cell containing DNA solution. Reference 

data analysing the independent thermodynamic activity of Pol inhibitors (PMR-116 

and CX-5461) were collected by carrying out blank titrations using 100µM drug 

samples and pure PBS buffer solution in the sample cell. Before each experiment, the 

sample cell was rinsed with MilliQ water before being rinsed three times with 400µL 

of PBS and loaded with 350µL DNA solution. The syringe was loaded with solutions 

of drugs which were injected in 21 aliquots periodically at 3-minute intervals with a 

60-second initial delay before the first injection.  The first sample volume injected was 

0.4 µL with a duration of 0.8 seconds. All subsequent injections had a volume of 2 µL 

injected over a duration of 4 seconds. The first result was erased from the integrated 

heat data obtained for each experiment. Where possible, data were fitted to a standard 

binding model. Origin also yielded values for the stoichiometry of binding (N), binding 

affinity (K), enthalpy of binding (∆H) and entropy change (∆S) as well as the Chi2 

value. 

3.3.5 Preparation of immobilised template  

Biotinylated DNA was produced by PCR (Table 1.3). The plasmid, prHu3, was used 

as the template in combination with the primers, MIN49B [25 pM/L] and PL30 [25 

pM/L]. The reaction contained 35 cycles; the product was separated by 

electrophoresis on 2% Agarose gel, which was then analysed using the FujiFilm 
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Fluorescent Image Analyzer, FLA-3000. The DNA fragments were purified using the 

PurelinkTM PCR Purification Kit, according to the process described in the kit manual. 

The concentration of purified samples was determined by microvolume 

spectrophotometry using the NanoDrop® ND-1000, measuring nucleic acid 

concentrations at 260 nm. 

Biotinylated DNA fragments were immobilised on Dynabeads™ MyOne™ 

Streptavidin C1 Beads according to the manufacturer's instructions. Typically, 100 ng 

of biotinylated DNA was immobilised on 1 µL (10 mg/mL) of beads. The latter were 

concentrated with a magnetic particle concentrator and washed extensively with 

washing and binding (W+B) buffer (x2) (Appendix 2, Table 2) in order to remove 

possible traces of unbound DNA. The beads were stored in TM10i-0.05 M KCL buffer 

(Appendix 2, Table 2). 

Table 1.3. Reagents and final concentrations for standard PCR reactions 

 

3.3.6 In vitro transcription assays 

The immobilised DNA template (IT), containing biotinylated DNA, was utilised. 

Reactions were supplemented with either 2 µL Hela nuclear extract (NE) or differing 

Name μL per 100 reaction μL per x N reactions 

x10 buffer 10 200 

DMSO 0.8 16 

Primers 1MIN49B 25 pM/μL 1 20 

Primers 2 PL30 25 pM/μL 1 20 

10 mM dNTP`s 0.25 5 

5 ng/µL ( prHu3)Template 4 80 

H2O 81.95 1639 

Enz : Herculase ll 1 20 

Σ 100 2000 
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amounts of PMR-116, added in a varying order, and then incubated for 20 min at 4 °C 

in 50 mM KCl TM10i buffer. After separation using a magnetic stand, beads were 

washed three times with TM10i–0.05 M KCl buffer. Transcription was initiated using 

5 mM rNTPs, 1 mg/ml Amanitin, 10% PVA, RNAasin, and TM10i–0.05 M KCl 

buffer, incubated at 30 °C for 30 min. Reactions were stopped by the addition of S1 

stop mix and 20 mg/mL proteinase K, kept at 37 °C for 5 min. Nucleic acids were 

extracted utilising phenol–chloroform and then precipitated with ethanol.  Transcripts 

were analysed using an S1 nuclease protection assay (Panov et al., 2001).  

3.3.7 Analysis of Pol-I PICs 

HeLa Nuclear extract or purified Pol I transcription factors (Pol-Iβ, recombinant UBF 

and SL1) were incubated with the immobilised promoter DNA template with or 

without PMR-116, in TM10/0.1 M KCl for 15 min on ice. Following PIC formation, 

the beads were washed twice with TM10/0.1 M KCl buffer. Proteins were eluted with 

8 M urea and samples were analysed by Western blotting, deploying specific 

antibodies. The following primary antibodies were used for the detection of proteins: 

(i) mouse anti-A190 (Pol I) antibodies (Sc-48385, Santa Cruz), dilution 1:100; (ii) 

rabbit anti-UBF antibodies (kindly provided by R.Hannan), dilution 1:1000; and (iii) 

rabbit TAF1B (SL1 subunit), antibody (kindly provided by Zomerdijk), dilution 

1:1000. Secondary HRP conjugated antibodies were from Jackson Immuno Research 

(115-035-062 and 115-035-045) and were used in 1:10000 dilution. 

3.3.8 Yeast cultivation 

S. cerevisiae (ATCC 26109) was obtained from ATCC. Yeast cells were maintained 

in YPD media (yeast extract (1%, w/v), peptone (1%, w/v)) supplemented with 2% 

glucose. To perform growth assay overnight culture was diluted to 0.1 OD600 by fresh 
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media. 200 µL of the diluted culture was distributed into the wells of a sterile 96-well 

assay plate and drugs were added to final concentration 5 µM.  Cultures were grown 

at 30 °C with continuous shaking (750 rpm). After 12 hours, cells were resuspend by 

pipetting and 50 µl of culture was transferred into the wells of a sterile 96-well assay 

plate containing 150 µl of PBC. OD600 was measured using a microplate reader 

(FluoStar Omega). 

3.4.Results 

3.4.1 Polymerase Chain Reaction (PCR ) 

PCR is a basic molecular technique used for amplification of a fragment of DNA in an 

exponential manner. In this study, PCR was used to analyse three DNA fragments 

(HPr200, D200 and U200). For each fragment, a different reaction mixture was made 

with 2%, 4% and 8% DMSO. 1 μl of Herculase II, a DNA polymerase enzyme. Each 

100 µL sample of DNA was loaded onto the PCR thermal cycler; the PCR thermal 

cycler in correspondence to different annealing temperatures as description in 

Materials and Methods. As shown in Figure 1.1A, HPr (200) DNA fragments were 

amplified successfully under all conditions. The reaction mixture containing 4% 

DMSO, which annealed at 58.8oC produced an especially strong band. U (200) DNA 

fragments were amplified under all conditions, as shown in Figure 1.1B; the most 

successful amplification occurred when the DMSO content was 8% and the annealing 

temperature was 61oC. In contrast, D (200) DNA fragments were only successful when 

the concentration of DMSO was 8% and the annealing temperature was 61oC (Figure 

1.1C). The experiment was repeated, generating the same results.  
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Figure 1.1. PCR results in the generation of a major product of approximately 200 bp 

in size. 2% agarose gel to confirm PCR products carried out at various temperatures 

(55, 57 and 58.8oC as indicated), in (A) Human Promoter (HPr200) reaction mixture, 

(B) Upstream (U200) reaction mixture with an annealing temperature of 61oC, and (C) 

Downstream (D200) with an annealing temperature of 61oC. With DMSO (2, 4 and 

8%) concentrations. Marker (M): 100 bp ladder with size as indicated (left).  

3.4.2 Isothermal Calorimetric Titration (ITC) study 

DNA carries genetic information through generations. It is essential to life processes, 

such as apoptosis, gene expression, transcription and recombination. Many therapeutic 

small molecules are designed to exert their effects by targeting DNA. This is partly 

because its genome sequence is accessible, and its structure has been well delineated. 

The chemical and functional groups, and its helical structure are well understood 

(Rahman et al., 2017). Many DNA-targeting drugs, including antibiotics, modulate 

DNA replication or transcription. New therapeutic compounds, capable of modulating 

gene expression, may be devised as a result of extensive research into the binding 

mechanisms involved between small molecules and DNA (Qais and Ahmad, 2018). 

Many studies have reinforced the construction of a logical process to assist with drug 
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design. In addition, there has been a plethora of research evaluating the interplay 

between pharmaceutical agents and nucleic acids in order to further delineate 

molecular functional mechanisms (Afrin et al., 2017). The study of compound/DNA 

interactions will facilitate the improved efficacy of currently utilised clinical drugs. 

This type of research not only extends the knowledge of an existing drug’s 

pharmacological profile, it also enables the recognition of potentially effective novel 

agents (Rahman et al., 2017). 

Binding interactions between small drug molecules and DNA can be described as 

covalent or noncovalent. Electrostatic interactions, groove binding and intercalation 

are all forms of non-covalent interaction (Temerk and Ibrahim, 2014). Pharmaceutical 

agents that contain positively charged molecules are drawn to the negative charge of 

the phosphate group on DNA. They therefore target DNA through an electrostatic 

interaction. The mechanisms responsible for groove binding, i.e. attachment to either 

the major or minor groove, are typically van der Waals forces and hydrogen bonds. 

These form between the nitrogenous bases of DNA and the drug (Rehman et al., 2015). 

Intercalating drugs insert between the base pairs of the opposing DNA strands. 

Comprehension of a pharmaceutical compound’s mode of action at molecular level is 

further elucidated through the study of the interplay between the agent and its cellular 

target (Qais and Ahmad, 2018). 

Being a highly sensitive tool, ITC is used to characterise the thermodynamic properties 

of interactions between biological macromolecules and small molecules, such as a 

drug. Not only does the tool reveal detail about the various thermodynamic parameters 

it also provides data about the binding constant and number of binding sites that 

contributed to ligand–receptor interactions. Thermodynamic details of the interaction 

include the binding constant (Kb), binding stoichiometry (N) and changes in enthalpy 
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(H◦), entropy (S◦) and Gibb’s free energy (G◦). The spectroscopic changes that take 

place in a reaction are considered not to influence thermodynamic parameters (Qais 

and Ahmad, 2018). 

Thermodynamic parameters of the interactions between 100 µM of PMR-116 and CX-

5461 with HPr (200) DNA were analysed using ITC. Figure 2.1.A presents the ITC 

profile PMR-116 binding with HPr (200), whilst Figure 2.1.B shows the interaction 

between CX-5461 and HPr (200). Control analyses of were performed (Figures 2.1. C 

and D) using 100 µM of PMR-116 and CX-5461 with PBS buffer to identify any 

reaction independent thermodynamic activity between drug molecules. 

The upper panels of Figures 2.1. A and B present the raw ITC profile of the Pol 

inhibitors introduced into the HPr (200) at 25oC. The heat released per injection is 

presented in the lower panels; it is plotted as a function of the molar ratio of Pol 

inhibitors to HPr (200). Each isotherm peak reflects the injection of Pol inhibitors into 

the DNA. To achieve best fit, the isotherm was fitted to a one-site model; however, 

the injections of drugs that provided the best fit were not fully saturated. Table 1.4 

reports the thermodynamic parameters acquired from the ITC. 

These results further corroborated well with those obtained through ITC analysis., 

thermodynamic parameters such as the enthalpic and entropic contributions in the 

interaction between PMR-116 e with HPr (200) DNA were also calculated using ITC 

experiments and were found to be well within the range of known groove binders.  

This study offers useful insights into the mode of interaction as well as the binding 
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affinity of PMR-116 e with HPr (200) DNA may have the ability to disrupt 

transcription factor-DNA complexes.  

 

Figure 2.1. Isothermal Titration Calorimetric profile of the interaction of 100 µM of 

Pol inhibitors with 13.4 µM of HPr (200)0 DNA or titrated X1 PBS buffer. (A) PMR-

116 with HPr (200) DNA (B) CX-5461 with HPr (200) DNA (C) X1 PBS with PMR-

116. (D) X1 PBS buffer with CX-5461. The upper panel presents the raw ITC profiles 

of Pol inhibitors injected into the HPr (200) DNA vs time, and integrated heat data vs 

molar ratio is shown in the lower panel.  
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Table 1.4. Isothermal titration calorimetry resulting thermodynamic parameters for 

the interaction of Pol inhibitors PMR-116 and CX-5461 with HPr (200) DNA. 

Energetic Value PMR-116 CX-5461 

Chi2 / DoF 0.153 5.784 

Number of sites 0.628 1.14 

K (M−1) 964 86 

ΔH / cal mol-1 -5.007 -400 

ΔS / cal mol-1 deg-1 13.6 7.52 

 

3.4.4 PMR-116 can inhibit specific Pol I transcription in cell free system 

As we demonstrated earlier, PMR-116 efficiently inhibits Pol I transcription in cells, 

but it is was unclear if it can inhibit transcription in cell free system (in vitro). To 

address this we tested inhibitory activity of PMR-116 in cell free system using the 

rDNA template (contains a promoter) and HeLa nuclear extract (NE).  We used S1 

nuclease protection assays and wide range of drug concentrations (100 M - 0.7 M) 

in order to determine IC50 of the drug (Figure 4.1). The results indicated that PMR-

116 is efficient inhibitor of Pol I transcription in vitro with IC50 = 22.8 µM. This is an 

important result, because it is clearly demonstrate that PMR-116 acts directly and 

targets basal components of Pol I transcription machinery.  

3.4.5 PMR-116 can inhibit specific Pol I transcription from preassembled pre-

initiation complexes (PICs) 

It is possible to repress Pol-I transcription affecting various stages of the transcription 

cycle and in the subsequent experiments we aimed to identify what stage is affected 

by answering following questions:   (i) Can PMR-116 target the rRNA promoter? (ii) 
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Can PMR-116 prevent the formation of PICs? (iii) Can PMR-116 displace previously 

formed PICs?  

To address these questions we used an order-of-addition type of experiments combined 

with immobilised template (IT) transcription assay (Andrews et al., 2013). The 

experimental layout is outlined in Figure 4.2A. We investigated the effect of PMR-

116 on transcription by the addition of different concentrations of the drug either 

before (panel I) simultaneously (panel II) or after (panel III) PIC formation. After 

completion of binding reactions and all washes transcription was initiated by the 

addition of rNTPs. Transcripts were analysed by S1 nuclease protection; a 

representative image is shown (Figure 4.2B).  

Firstly, the ability of PMR-116 to bind to the immobilised template was tested (Figure 

4.2B, lanes 1-5). In this experiment we observed strong inhibitory effect (over 90% 

transcription inhibited) only at very high concentrations (1mM – 100µM). This suggest 

that binding of PMR-116 to rRNA template is relatively weak and it is in full 

agreement with results of ICC experiments. 

Secondly, the possibility that PMR-116 could prevent PIC formation was evaluated 

(Figure 4.2B, lanes 6-10). In this case PMR-116 was added simultaneously with NE 

and we observed that strong inhibitory effect occurred at concentration of 10 µM, 

suggesting that PIC assembly was affected by the drug. Finally, we determined 

whether or not PMR-116 could disrupt the preassembled PICs (Figure 4.2B, lanes 11-

15). When PMR-116 was added after PIC formation, strong inhibitory effect was 

observed at concentration of 10 µM. importantly, its inhibitory efficiency was very 

similar to one that was observed in experiments when the drug was added prior PIC 

formation (Figure 4.2B compare lanes 9 and 14 and 10 and 15).  
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Taken together, the results suggest that PMR-116 can act at the stage of PIC formation 

and, critically it can inhibit transcription from preassembled PICs probably by 

displacing of some of PIC components and/or interfering with critical interactions 

within PIC. 

3.4.5 PMR-116 treatment lead to dissociation of all general transcription factors 

from rDNA template in vitro 

The results of in vitro transcription experiments suggest that PMR-116 is able to inhibit 

transcription from preassembled PICs. To access the mechanism of inhibition we 

performed experiments similar to described above, but immobilised template assay 

was used combination with Western blot. In initial experiments we used NE and drug 

was added before (I), during (II) or after (III) PIC formation (outlined in Figure 4.3A) 

at the concentration that completely inhibit transcription from pre-assembled PICs (10 

µM). Proteins bound to IT were eluted and analysed by Western blot (Figure 4.3B). 

Very moderate decrease in Pol I binding was observed when PMR-116 was added 

prior NE (compare lane 1 and 2), but when the drug was present during PIC formation 

or was added to preassembled PIC Pol I signal became undetectable. Binding of UBF 

and SL1 were also affected (compare lanes 1, 3 and 4), but SL1 was affected in greater 

extend (compare lanes 1, 3 and 4). Therefore, these results suggest that PMR-116 

significantly affects Pol I recruitment to the PIC and retention within the PIC, which 

may be consequence of PMR-116 interfering with interactions between Pol I and 

SL1/UBF. However, it also affects SL1, which is responsible for Pol I 

recruitment/retention, and it is possible that observed drop in Pol I binding may be 

result of SL1 displacement from the promoter. Furthermore, we cannot rule out the 

effect of PMR-116 on other proteins that presented in NE and may influence PIC 

formation/stability.  
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3.4.6 Interactions of SL1 complex with rDNA template is the main target of 

PMR-116 in vitro. 

Although the results above seems to suggest that PMT-116 targets interactions 

between Pol I and promoter bound transcription factors, they are inconclusive. To 

perform more accurate analysis, in subsequent experiments, instead of NE we used 

highly purified Pol I transcription factors: SL1, recombinant UBF and Pol Iβ (Panov 

et al., 2006a). Individual factors (SL1 and rUBF) or their combination (SL1/rUBF; 

SL1/Pol Iβ and SL1/rUBF/Pol Iβ) were incubated with IT as outlined in Figure 4.4A. 

Proteins bound to IT were analysed by Western blot (Figure 4.4B). It should be noted 

that in cells, UBF exist as a mixture of two isoforms – UBF1 and UBF2. Shorter, 

truncated version (UBF2) has no effect on transcription and its functions remains 

obscure. rUBF is UBF1 isoform expressed in insect cells (Panov et al., 2006a).  

The results revealed that PMR-116 has slightly different effect on single and combined 

factors binding. It has no effect on UBF binding when UBF is bound on its own (lanes 

1 – 3), however it slightly reduces amount of UBF when SL1 is present (lanes 7 – 9) 

and the reduction is even more drastic when all three factors are present. Order of 

addition of the drug (prior or after factors binding) has very limited effect (compare 

lanes 8 and 9, and lanes14 and 15). In contrast, SL1 binding is significantly reduced at 

all conditions, but again the order of addition has no detectable effect (compare lanes 

5 and 6, lanes 8 and 9, lanes 11 and 12 and lanes 14 and 15). Pol I binding is also 

affected by the drug (lanes 10-13 and lanes 13-15), but in contrast to SL1 and UBF, 

more Pol I is dissociated from the template when the drug was added after PIC 

formation (compare lanes 14 and 15). Because SL1 is responsible for recruitment of 

Pol I to the promoter, this reduction in Pol I binding is most likely a consequence of 

reduced SL1 binding caused by the drug.  Similarly, reduction in UBF binding may be 
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a consequence of SL1 displacement, because SL1 is known to stabilise UBF at the 

promoter (Panov et al., 2001). This stabilization is also most likely a reason of more 

efficient UBF binding to IT in the presence of SL1 (compare lanes 1, 7 and 13). 

Although, additional experiments are required, our data suggest that PMR-116 is 

functioning by displacing of SL1 from rDNA, but interference of PMR-116 in SL1 – 

Pol I interactions can’t be ruled out. 

3.4.7 PMR-116 does not affect cells growth in lower eukaryotes 

rRNA transcription in all eukaryotes is performed by dedicated Pol I transcription 

machinery, which includes Pol I and basal transcription factors. Pol I complexes are 

very similar in higher (e.g. mammals) and lower (e.g. yeast) eukaryotes, but not the 

other factors (reviewed in: (Russell and Zomerdijk, 2005 ; Russell and Zomerdijk, 

2006)). However, some Pol I transcription inhibitors can inhibit Pol I transcription and 

yeast and in humans (Andrews et al., 2013). Potentially indicating a common target(s). 

Here we investigated effect of four selective Pol I inhibitors on the growth of lower 

eukaryote Saccharomyces cerevisiae. Assay was performed as described in Material 

and Methods using single drug concentration of 5 µM. As expected, 9HE, which is 

inhibits Pol I in vitro transcription from yeast extracts (Andrews et al., 2013) also 

inhibits cells growth (Figure 4.5). CX-5461 inhibits growth with the efficiency similar 

to 9HE (about 50%). BMH-21 is the most efficient growth inhibitor and it is almost 

completely prevents any growth (95% efficiency). The only Pol I inhibitor that has no 

detectable effect is PMR-116. This is an interesting observation as it suggests that in 

contrast to other Pol I inhibitors, the target of PMR-116 is highly specific and unique 

for higher eukaryotes.  
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Figure 4.1. IC50 assay showing the eight concentrations of PMR-116 (100 - 0.7 µM) 

in a dose dependent manner on ice with transcription mix containing 0.1 µL RNAasin, 

10 % PVA, [1 mg/ml] Amanitin, [100 ng/µL] pRHU3 and TM1Oi buffer. rNTPS were 

added last to allow PIC formation and initiated using the same procedure described in 

a standard in vitro transcription. The results were quantified with the aid of 

phosphorimaging. The graph shows the average activity of PMR-116 at each 

concentration. The error bars contain the range of values obtained from the relative 

Pol I activity, which were used for IC50 calculation 
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Figure 4.2. The effect of PMR-116 on formation of PIC and DNA binding ability was 

analysed when the drug was added before (I), during (II) or after (III) PIC formation. 

(A) Schematic representation of experimental design: 10 L of immobilised ribosomal 

promoter templates (IT) were initially incubated either with varying amounts of PMR-

116 (as indicated) (I) or with PMR-116 and 2.5L NE (II) or with 2.5L NE (III) for 

15 min on ice. The beads were washed and incubated for an additional 15 min on ice 

either with NE (I) or with buffer (II) or PMR-116 (III). The beads were washed and 

used for in vitro transcription assay. (B) Transcripts produced from the immobilised 

template assay, analysed by S1 nuclease protection assay. A representative image is 

shown, i.e. Lanes 1 to 5: IT + PMR-116 + NE; 6 – 10: IT + NE + PMR-116; and 11 – 

15: IT + NE + PMR-116.  

     



                                         

130 

 

                                              

Figure 4.3. PMR-116 affects PIC formation and stability. (A) Schematic 

representation of experimental design: 20 L of immobilised ribosomal promoter 

templates (IT) were initially incubated either with 10 µM PMR-116 (I) or with 10 µM 

PMR-116 and 15L NE (II) or with 15L NE (III) for 15 min on ice. The beads were 

washed and incubated for an additional 15 min on ice either with NE (I) or with buffer 

(II) or PMR-116 (III). The beads were washed and eluted proteins were analysed by 

Western blot. (B) Western blot analysis of proteins eluted from IT. Membrane was 

probed with following antibodies: A190 – large subunit of Pol I, UBF- Upstream 

binding factor and TAF1B – second largest subunit of SL1. A representative image is 

shown. Lane 1 – untreated control, lane 2 – drug added before PIC formation (I); lane 

– 3 drug added during PIC formation (II) and lane 4 – drug added after PIC formation 

(III).  
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Figure 4.4. PMR-116 affects binding of individual transcriptions factors to the rDNA. 

(A) The schematic outline of the experiment. The effect of PMR-116 on formation of 

PIC from purified transcription factors (TF) Po-Iβ (Pol I), SL1 and recombinant UBF 

(rUBF) was analysed when the drug was added during (I) or after (II) PIC formation. 

Immobilised ribosomal promoter templates (IT) were initially incubated either (I) with 

PMR-116 and purified TF or (II) with purified TF for 15 min on ice. The beads were 

washed and incubated for an additional 15 min on ice either with buffer (I) or PMR-

116 (II), and eluted proteins were analysed by Western blot. (B) Western blot analysis 

of PICs treated with PMR-116 during or after PIC formation. A representative image 

is shown. Lanes 1, 4, 10 and 13 are controls, which were not exposed to the drug. 

Lanes 2, 5, 8 and 11 - PMR-116 was added together with TF (I). Lanes 3, 6, 9, and 15  

- PMR-116 was added after factors were bound to IT. A190 – large subunit of Pol I; 

TAF1B – secong largest subunit of SL1.  
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Figure 4.5.  PMR-116 does not affect growth of Saccharomyces cerevisiae. Drugs 

(final concentration 5 µM) were added to an appropriate wells of 96-well plate 

containing 200 µl  of yeast culture  (OD600 = 0.1). Growth continued for 12 hours and 

OD600 was meassured and then plotted as  % from untreated control. Eror bars are 

standart deviation from 3 independent experiments.  
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3.5. Discussion 

Transcription of rDNA by Pol I is a very promising target for anti-cancer 

chemotherapeutics (reviewed in (Ferreira et al., 2020a)). However, until 2009, the list 

of small molecules specifically inhibiting rRNA production included only 

Actinomycin D. In recent years three new compounds were added to the list, CX-3543 

,CX-5461 and BMH-21(Drygin et al., 2010b ; Drygin et al., 2011b) ,  and we also 

learned that many known therapeutic agents target ribosome biogenesis at different 

stages, including transcription of rDNA (Burger et al., 2010). However, only CX-5461 

has progressed to the second stage of clinical trials. Thus, more compounds that 

selectively target Pol I transcription are required. One of such molecules was 

developed by our collaborators Prof Hannan and Pimera Inc. This is a second 

generation of Pol I inhibitors and extensive in vitro and in vivo studies performed by 

our collaborators demonstrated high  efficacy of PMR-116 across a range of cancers, 

both solid and haematological (data cannot be shown due to patent pending 

application). The preclinical studies also included absorption, distribution, metabolism 

and excretion (ADME)/drug metabolism pharmacokinetic (DMPK) analysis and 

toxicology program consistent with FDA S9 Guidelines). Currently, PMR-116 is 

posed to enter an open label, dose-escalation, safety, PK, and pharmacodynamic (PD) 

trial study in cancer patients (focus on triple negative breast cancer, TNBC). However, 

in order to improve the chance of clinical success of this novel class of drug it is 

essential to understand its precise mechanism of action. In this chapter, we focussed 

on in vitro approaches aiming to create a mechanistic model of Pol I transcription 

inhibition. In parallel, our collaborators using complimentary approaches such as ChIP 

assay, signalling array assays, chemical tagging and RNA-seq are aiming to establish 

PMR-116 mechanism of action in cells.  
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All known selective Pol I inhibitors can be separated in to two main groups: drugs 

targeting rDNA (Actiniomycin D, CX-3543 and BMH-21) and drugs targeting Pol I 

transcription factors (CX-5461 and elipticines). Actiniomycin D, CX-3543 and BMH-

21 binds to rDNA preferentially as result of its high GC-content and interfere with Pol 

I elongation (reviewed in (Ferreira et al., 2020a)). BMH-21 also triggers proteasome 

dependent degradation of Pol I (Li et al., 2018). CX-3543 and BMH-21 are G-

qudruplex binders (Musso et al., 2018 ; Drygin et al., 2009) which may facilitate 

inhibition of Pol I elongation. In addition, BMH-21 also triggers proteasome 

dependent degradation of Pol I (Li et al., 2018). 

CX-5461 and elipticines inhibit the initiation of transcription by targeting PIC (Drygin 

et al., 2011b ; Andrews et al., 2013) . Our results suggest that PMR-116 belong to the 

second group. Indeed, low rDNA-binding constant (approximately 4-order of 

magnitude) lower than of Actinomycin D (Table 1.4 and (Sha and Chen, 2000)) and 

10 times lower inhibitory efficiency when drug is allowed to bind to rDNA first, 

compare to the efficiency of drug added at the same time as Pol I factors (Figure 4.2) 

supports this conclusion. Notably, Elipticines (Andrews et al., 2013)  and CX-5461 

(Panov, unpublished observation) demonstrate the same behaviour in the immobilized 

template assay, regardless the relatively high rDNA binding constant for 9HE 

(Andrews et al., 2013). No data is available for CX-5461, BMH-21 and CX-3543.  

Although CX-5461 and 9HE both inhibit the initiation they do it by different 

mechanism: CX-5461 affects interactions between Pol I and SL1 and consequently Pol 

I recruitment, whereas 9HE displace promoter bound SL1 (Andrews et al., 2013). An 

outcome of our experiments suggest PMR-116 also causes SL1 displacement, 

probably by the same mechanism as 9HE. We hypothesise that PMR-116 via its 

interaction with one of basal transcription factors is recruited to rDNA where it can 
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interfere with the PIC structure/stability (either directly, by affecting conformation of 

one of the basal factors, or indirectly affecting rDNA promoter 3D structure), leading 

to SL1 displacement. We show that PMR-116, in contrast to other Pol I inhibitors, is 

unable to inhibit yeast growth. These results indicate that UBF and SL1 are the most 

likely candidates for binding to PMR-116, since these two factors are unique to higher 

eukaryotes and do not have structural homologues in yeast. On the other hand, Pol I is 

highly conserved from yeast to human, and it is not surprising that BMH-21 targeting 

Pol I is the most effective yeast growth inhibitor. 

During this research, we demonstrated for first time that PMR-116 is a specific 

inhibitor of Pol-I transcription both in vivo (see Chapter 2) and in vitro. We also 

determined that PMR-116 efficiently inhibits Pol I transcription from pre-assembled 

PICs and identified SL1 displacement as potential mechanism of PMR-116 action. 

Although our results are interesting and provide some clues about the mechanism of 

inhibition of Pol I transcription by PMR-116, further research is needed to finally build 

an accurate mechanistic model of PMR-116 actions. 
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Chapter 4 

Targeted DNA damage at rDNA loci is novel 

mechanism of CX-5461 antitumor activity 
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4.1. Introduction  

The small-molecule CX-5461 was the first selective Pol I inhibitor (targets the 

transcription initiation (Drygin et al., 2011a)) that progressed from pre-clinical 

development to clinical trials (Khot et al., 2019 ; Hilton et al., 2018). It was 

demonstrated that inhibition of Pol I transcription by CX-5461 activates the nucleolar 

surveillance pathway and upregulates stress signaling cascades to trigger cell cycle 

arrest, cell differentiation, senescence and/or cell death in tumor cell (Bywater et al., 

2012 ; Devlin et al., 2016 ; Hein et al., 2017 ; Negi and Brown, 2015a ; Quin et al., 

2016). Intriguingly, CX-5461 is able to elicit a DNA damage response (DDR) which 

typically associated with DNA damaging agents (DDA) such as Topoisomerase II 

(Top2) poisons etoposide and doxorubicin (Negi and Brown, 2015a ; Quin et al., 

2016). The exact mechanism underlying DDR and its role in CX-5461 anti-tumor 

activity was unclear, and recently several studies discussing these issues were 

published (Xu et al., 2017b ; Bruno et al., 2017). However, there are disparities in the 

published data (see Chapter 1 for detailed discussion), and in collaboration with Ross 

Hannan group (ANU) we decided to investigate these phenomena. 

4.2. Aims and objectives  

This chapter aimed to determine the potential role of Pol I-associated Top2α in 

eliciting of CX-5461 mediated DDR 

This was achieved through meeting the following objectives: 

1. Investigation Top2α role in CX-5461 anticancer activity. 

2. Identification of regions of DNA damage induced by CX-546. 
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4.3. Materials and Methods 

4.3.1. Tissue culture and Pol I inhibition 

HTETOP cells (Carpenter and Porter, 2004) were generously provided by Andrew 

Porter, Imperial College, London, and were cultured in DMEM with non-essential 

amino acids (Gibco) supplemented with 10% heat-inactivated FBS, 1mM sodium 

pyruvate (Gibco), 1x L-glutamine (Gibco) and 1x Antibiotic-Antimycotic. For 

inhibition of Pol I transcription, 3 nM of Actinomycin D (AD) (Sigma) or 2‐5 μM of 

CX‐5461 (CX5) (Drygin et al., 2011a) were added and cell were incubated with the 

drugs for various periods of time (15 min – 4 hours). For Top2a depletion, HTETOP 

medium was supplemented with 1 mg/ml Tet for 48 h.  

4.3.2. RNA purification 

Cell lysis and RNA stabilization was simultaneously carried out by addition of buffer 

RLT provided in the RNeasy Mini Kit (Kit: 74104, Qiagen, UK) and the RNA was 

purified exactly as described by the manufacturer. RNA from in vitro transcription 

reactions (20 μl final volume) was purified by following the RNA cleanup protocol 

provided alongside the RNeasy method. DNase I treatment was carried out using 

RNase free DNase I (Kit: 04716728001, Roche, Basel, Switzerland) following the 

manufacturer’s instructions. RNA was quantified spectrophotometrically.  

4.3.3. Reverse Transcription  

A minimum of 1 μg, up to a maximum of 5 μg of DNase treated RNA was used in the 

synthesis of cDNA in a 20 μl reaction volume, exactly following the manufacturer’s 

instructions provided with the High Capacity RNA‐to‐cDNA kit (Kit: 4387406, 

Applied Biosystems, UK). Negative RT reactions containing all reagents minus RT 
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enzyme mix were included in qPCR analysis. cDNA was stored at ‐20 oC following 

synthesis and defrosted on ice prior to PCR.  

4.3.4. qPCR analysis 

Probe based PCR of 5`ETS was carried out using Taqman Fast Universal PCR Master 

Mix 2X, No AmpErase UNG (Kit: 4364103, Applied Biosystems, UK). All reactions 

were carried out in biological triplicate and PCR reactions were performed on a 

LightCycler480 instrument (Roche, Germany). Analysis was performed using 

LightCycler480 Software release 1.5.1.62.  

Table 5.1. Primer and probe sequences used in this investigation 

 

4.3.5 Chromatin immunoprecipitation (ChIP) assay 

Assay was performed as described earlier (Ray et al., 2013). In brief, cells were subject 

to crosslinking (1% formaldehyde, RT, 10 min; terminated by addition of glycine to a 

final concentration of 0.125 M for 5 min) then chromatin was isolated and sheered to 

~300 bp of average size fragments (Bioruptor, Diagenode). A single ChIP used 

chromatin from 1 x 106 cells and antibodies (described in (Ray et al., 2013), which 

were incubated overnight at 40C, then 2 hours with Protein A/G beads (Invitrogen) at 

RT. Beads were washed 10 times in 250 μl volume of RIPA ChIP buffer (Dahl and 

Collas, 2008) and twice with 200 μl TE buffer with aid of the Precipitor (Abnova). 

DNA on washed beads was eluted and cross‐link reversal was performed in one stage 

as described (Nelson et al., 2006). DNA was purified (IPure kit, Diagenode with 

Precipitor, Abnova) and analysed by qPCR (QuantiFast Multiplex PCR Mix, Qiagen) 
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in triplicates using primer combinations and probes covering regions of rDNA repeat 

(Ray et al., 2013) on Light Cycler 480‐II (Roche). Difference between a specific signal 

(an antibodies) and background (an appropriate IgG) was expressed as percentage of 

input chromatin with the standard deviation calculated from three independent ChIP 

experiments.  

4.3.6. Double‐strand break detection assay 

Assay was performed as described earlier (Ray et al., 2013) (Ju et al., 2006), however 

biotin‐11– deoxyuridine triphosphate was replaced to 5‐Bromo‐2`‐deoxyuridine 

triphosphate (BrdUTP). In brief, cells (15 cm dish per single experimental point) were 

washed with 370C PBS and fixed for 20 min with Streck Fixative (0.15 M 2‐bromo‐

2‐nitropropane‐1, 3‐diol, 0.1 M diazolidinyl urea, 0.04 M zinc sulfate heptahydrate, 

0.01 M sodium citrate dihydrate and 50 mM EDTA) at room temperature and 

permeabilized by further incubation for 15 min at room temperature in PM buffer (0.1 

M Tris.HCl, pH 7.5; 50 mM EDTA; 1% Triton X100). Cells were washed three times 

with 10 ml of water before one wash with 3 ml of 1x TdT buffer containing 0.005% 

Triton X‐100. Cells were subsequently incubated in 4 ml reaction buffer (1x TdT 

buffer, 0.005% Triton X‐100, 45 μM 5Bromo‐dUTP (Sigma), 250 U/ml terminal 

deoxy nucleotide transferase (Promega)) for 90 min at 370C on rotating platform. Cells 

were washed twice with 10 ml ice‐cold TBC and then carefully harvested with a large 

cell scraper, pelleted by centrifugation and lysed in 200 μl Lysis buffer (50 mM 

Tris.HCl pH 8.0, 10 mM EDTA, 2% SDS) for 15 min at 370C. Chromatin was sheared 

using the Bioruptor (Diagenode) to 300‐500 bp of average size fragments. Shared 

DNA was incubated with 3 μg of anti‐BrdU antibody (BD Bioscience; #555627) at 

40C overnight and then 2 hours with Dynabead M‐280 Sheep anti‐mouse IgG 

(Invitrogen) at RT. Beads were washed 10 times in 250 μl volume of RIPA ChIP buffer 
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(Dahl and Collas, 2008) and twice with 200 μl TE buffer with aid of the Precipitor 

(Abnova). DNA on washed beads was eluted as described (Nelson et al., 2006). DNA 

was purified (IPure kit, Diagenode with Precipitor, Abnova) and analysed by qPCR 

(QuantiFast Multiplex PCR Mix, Qiagen) in triplicates using primer combinations and 

probes covering regions of rDNA repeat (Ray et al., 2013) on Light Cycler 480‐II 

(Roche). All PCR reactions were performed in triplicates and standard deviation was 

calculated from three independent experiments. Difference between a specific signal 

(an antibodies) and background (control reactions where no BrdUTP was added at the 

labelling stage) was expressed as percentage of input chromatin with the standard 

deviation calculated from three independent ChIP experiments.  
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4.4. Results  

4.4.1 Top2α mediates resistance to CX-5461, but not CX-5461 Pol I inhibitory 

activity 

Recently the group of our collaborator (Ross Hannan, ANU) has discovered that 

accrued resistance to CX-5461 in mice is accompanied by deactivating mutations in 

TOP2α gene (Cameron, D., Alsahafi, S., et al; manuscript in preparation). We decided 

to investigate the link between Top2α and CX-5461 cytotoxicity. We used the 

HTETOP cell line, a modified human fibrosarcoma HT1080 cell line where Top2α 

expression can be >99.5% ablated by treatment with Doxycycline or tetracycline 

(Carpenter and Porter, 2004) (Figure 5.1). rRNA synthesis rate and GI50 values were 

determined for three Pol I inhibitors: CX-5461 (causes DDR response), BMH-21 and 

Actinomycin D (both do not activate DDR) using HTETOP (± Dox) cells. Top2α 

poison (Etoposide) was used as a control. We observed a significant difference in 

sensitivity to CX-5461 between untreated and Doxycycline treated cells (3-fold 

change (Figure 5.2A).  In contrast, there was no significant difference in BMH-21 and 

Actinomycin D efficacy between high and low Top2α expressing cells (Figure 

5.2B,C), but as expected Etoposide was significantly less efficient in cells lacking 

Top2α (Figure 5.2D). These results clearly indicate a link between the activity of the 

CX-5461 and Top2α level. 

To investigate if CX-5461 Pol I inhibitory activity may be modulated by Top2α level 

we measured rRNA synthesis rate HTETOP (± Dox) cells using qPCR and primers 

derived from 5’ETS (see Material and Methods). Cells were either grown untreated or 

in the presence of Doxycycline for 24 hours. At this time interval significant reduction 

(>90%) of Top2α was already observed (Figure 5.1). Cells were either treated with 

CX-5461 (at concentration that completely inhibits rRNA transcription in HTETOP 
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cells within 2 hours), or left untreated. Cell were grown for another 24 hours. It should 

be noted that total time of Doxycycline treatment in this experiment does not exceed 

48 hand at this time point Top2α is almost completely depleted (Figure 5.1), but no 

effect on cells growth is observed (Carpenter and Porter, 2004). RNA from these cells 

was isolated, reverse-transcribed and analyzed by qPCR using primers derived from 

5’ETS region of 47S-rRNA precursor. This region is very quickly processed and its 

level reflects level of rRNA synthesis (Pestov et al., 2008). The results showed no 

differences in the level of inhibition of rRNA transcription by CX-5461 in untreated 

and Dox treated cells (Figure 5.3), suggesting that Top2α does not mediate inhibitory 

efficiency of CX-5461.  In addition, we also measured the effect of CX-5461 on the 

initiating activity of Pol I in nuclear extracts of HTETOP cells expressing or lacking 

Top2α using S1 nuclease protection assay. We did not find differences in the inhibitory 

activity of CX-5461 (Figure 5.4). These data strongly suggests that the Top2α does not 

directly modulates ability of CX-5461 to inhibit Pol I transcription both in cells and in 

vitro. 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Top IIα efficiently depleted from HTETOP cell in the presence of 

Doxycycline. Western analysis of HTETOP cells grown in Doxycycline for the 

indicated number of hours. Blots were probed with antibodies to Top2α or tubulin. 

Top2α blots were exposed for different time as indicated. 
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Figure 5.2. Top IIα depletion decreases the sensitivity of HTETOP cells to CX-5461, 

and has no detectable effect on other Pol I inhibitors. HTETOP cells (either untreated 

(untr) or grown for 24 hours in the presence of 1 mg/ml Doxycycline (+Dox) were 

treated with different concentrations of drugs as indicated. After 24 hour incubation 

live cells were counted, and % of live cells relative to untreated controls were plotted 

on the graph.  GI50 values were calculated as described in Material and Methods. A – 

CX-5461; B – BMH-21; C – Actinomycin D; E – Etoposide. 
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Figure 5.3. Top IIα depletion has no detectable effect on inhibition of Pol I 

transcription by CX-5461in cells. HTETOP cells were grown for 24 hours either 

untreated (-Dox) or in the presence of 1 mg/ml Doxycycline (+Dox) and then 1 µM 

CX-5461 was added. Cells were harvested at 3 time points after addition of CX-5461 

and the level of rRNA synthesis was determined using RT-PCR. Signals from CX-

5461 treated cells were expressed as % from untreated cells and plotted on the bar 

graph. Standard deviations from 3 independent experiments are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Top IIα depletion has no detectable effect on inhibition of Pol I 

transcription by CX-5461 in vitro. Nuclear extracts (NE) were prepared from HTETOP 

cells either with normal level of Top2α (Top2α-plus NE) or from cells lacking Top2α 

(Top2α-minus NE). Transcription in vitro reactions were performed either in the 

presence or the absence of 2 µM CX-5461 and were terminated at different times as 

indicated. The level of Pol I transcripts was determined by S1 assay. Signals from CX-

5461 treated extract were expressed as % from untreated extracts and plotted on the 

bar graph. Standard deviations from 3 independent experiments are shown. 
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4.4.2. CX-5461 treatment induces targeted DNA damage at the rDNA loci 

Given a clear link between CX-5461 cytotoxicity and Top2α level our collaborators 

have investigated a potential anti-Top2α inhibitory activity of CX-5461. They found 

that CX-5461 is able to inhibit Top2α in the decatenation assay (Cameron, D., 

Alsahafi, S., et all; manuscript in preparation) and this finding was recently confirmed 

by Bruno and coauthors (Bruno et al., 2020a).     

Top2α is a part of Pol I preinitiation complex and plays an important role in Pol I 

initiation eliciting transient double strand DNA (dsDNA) breaks at the rDNA promoter 

(Ray et al., 2013). Thus, given that CX-5461 has inhibitory activity against Top2α, 

and also because the loss of Top2α mediates resistance to CX-5461, we hypothesized 

that CX-5461 might elicit DDR by blocking religation of dsDNA breaks caused by Pol 

I associated Top2α. We hypothesise that such breaks will be localised at the rDNA 

because CX-5461 tends to localize in the nucleolus (Drygin et al., 2011a), which 

contains  Pol I-associated Top2α (Ray et al., 2013). As result, CX-5461 will not cause 

a massive formation of Top2 cleavage complexes genome wide which typical effect 

of Top2α poisons. To test this hypothesis we used the double-strand DNA breaks 

labelling method, originally described by the Rosenfeld group (Ju et al., 2006), and 

which was used previously in the lab (Ray et al., 2013). Briefly, we used the HTETOP 

cell line in which Doxycycline (Dox) can regulate the expression of Top2α (Figure 

5.1) and (Carpenter and Porter, 2004). We treated cells with a drug (CX-5461, 

etoposide, or Actinomycin D) in the presence or absence of Dox, and labelled dsDNA 

breaks with 5’BrUridine using terminal transferase. Labelled DNA was 

immunoprecipitated and analysed by real-time PCR with primers and probes covering 

8 regions of rDNA, as previously described (Ray et al., 2013). This approach allowed 
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us to determine whether CX-5461-induced DSBs are Top2α dependent, how the effect 

of CX-5461 is compared with the Top2α poison, etoposide, and another Pol I inhibitor, 

Actinomycin D (ActD; does not cause DDR), and where ds-breaks are localized on 

rDNA repeat. Importantly, the concentrations of CX-5461 and ActD were selected to 

effectively repress rRNA synthesis within 30 minutes after drug addition (Figure 5.5). 

We found that CX-5461 treatment of  cells expressing a normal level of Top2α led to 

a profound increase in DSB signal, in particular, near the rDNA promoter region, 

which is amplified by Promoter and ETS1 primer sets (Figure 5.6A). Highly localized 

DSBs caused by CX-5461 contrast sharply with DSBs caused by Top2α poison, 

etoposide, where DSBs are randomly distributed along rDNA repeats (Figure 5.6B). 

Critically, treatment of the Top2α depleted cells with CX-5461 did not cause any 

significant changes in the DSB signal compared to the control (Figure 5.6C) (Note the 

differences in scales between panel A and panel C). In contrast to CX-5461, ActD 

treatment did not alter DSB levels in Top2α plus cells (Figure 5.7A). The DSB signal 

in Top2α depleted cells is relatively low, but higher than in cells expressing a normal 

Top2α level (Figure 5.7B).  

All of these data together convincingly demonstrate that CX-5461 induces targeted 

DNA damage (TDD) specifically localized at the rDNA promoter, unlike other Top2α 

poisons such as etoposide. This mechanism also distinguishes CX-5461 from another 

Pol I inhibitors, which do not induce DSBs or DDR. 
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Figure 5.5. Selected concentrations of Pol I inhibitors completely repress rRNA 

synthesis within 30 min. Drugs (Actinomycin D and CX-5461) were added to 

HTETOP cells and cells were harvested at different time points as indicated. The level 

of rRNA synthesis was determined by RT-PCR. Signals from drug treated cells were 

expressed as % from untreated cells and plotted on the bar graph. Standard deviations 

from 3 independent experiments are shown. 

 

 
 

Figure 5.6. CX-5461 treatment induces targeted DNA damage at the rDNA loci.  A. 

CX-5461 treatment led to accumulation of double-strand DNA breaks (DSBs) at the 

promoter and 5’ETS regions of rDNA of CX-5461 treated HTETOP cells expressing 

normal levels of Top2α. The level of DSBs was analysed at different time points after 

addition of CX-5461 (2 µM) as indicated. Standard deviations from 3 independent 

experiments are shown. B. Etoposide treatment (50 µM; 8 hours) led to accumulation 

of DSBs at all regions of rDNA. Standard deviations from 3 independent experiments 

are shown. C. Depletion of Top2α abrogates formation of CX-5461 mediated DSBs at 

rDNA. The level of DSBs was analysed at different time points as indicated. Standard 

deviations from 3 independent experiments are shown. 
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Figure 5.7. Actinomycin D treatment does not cause DNA damage at the rDNA loci.  

A. The level of DSBs was analysed at different time points after addition of 

Actinomycin D (3 nM) as indicated. Standard deviations from 3 independent 

experiments are shown. B. The levels of DSBs in Doxycycline treated (48 hours) 

HTETOP cells is marginally higher than in untreated cells. Standard deviations from 

3 independent experiments are shown.  
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4.4.3. Induction of genome-wide DNA damage does not alter efficacy of Pol I 

inhibitors 

Assuming that the level of Top2α mediated DNA damage may have a significant 

impact on Pol I inhibitors efficacy we determined GI50 of CX-5461 and BMH-21 in 

the presence and absence of Top2α poison (Etoposide). Etoposide, is unable to inhibit 

Pol I, but will increase overall level of DSBs. BMH21 is unable to elicit DDR and has 

no Top2α inhibitory activity and serves as control. If the number of dsDNA breaks 

produced by CX-5461 has a significant impact on its cytotoxicity, we should observe 

a synergistic (or at least additive) effect of combination of Top2α poison and CX-5461. 

However, our results demonstrate the absence of such effect (Figure 5.8). Etoposide 

has very limited effect on CX-5461 efficacy and has no effect on an efficacy of BMH-

21. 

 
 

Figure 5.8. Induction of genome-wide DNA damage by Etoposide does not alter 

efficacy of Pol I inhibitors. HTETOP cells were treated with Etoposide either alone or 

in combination with CX-5461 (A) or with BMH-21 (B). In the separate experiments 

cells were treated only by Pol I inhibitors. After 24 hour incubation live cells were 

counted, and % of live cells relative to untreated controls were plotted on the graph.  

GI50 values were calculated as described in Material and Methods. Standard deviations 

from 3 independent experiments are shown.     
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4.5. Discussion 

Please note that this chapter is based on the data described in the Results section, combined with 

unpublished data from our collaborators, Ross Hannan’s group at ANU. The manuscript 

including all data is currently in its final stages of preparation and will be submitted in the first 

quarter of 2021. 

 

While we worked on this project, two groups provided evidence that the Pol I inhibitor 

CX-5461 was also able to inhibit Top2α (Bruno et al., 2020a) and (Pipier  et al, 2020) 

Both groups concluded that this inhibitory activity is the main cause of the cytotoxicity 

of CX-5461, although for completely different reasons. Bruno et al proposed that CX-

5461 acts as classical Top2α poison (i.e. etoposide) and kills the cells by the same 

mechanism. This conclusion is largely based on results of data mining approaches. 

Pipier and co-workers suggested that CX-5461 acts as a “G4-dependent Top2α 

poison,” the effectiveness of which is directly linked to Pol-II-dependent transcription, 

and this conclusion is based on a previously reported relationship between G-

quadruplex accumulation and CX-5461 treatment (Xu et al., 2017b). However, the 

results described here and the unpublished data from our collaborators suggest a 

different model of cytotoxicity CX-5461, which takes into account dual inhibitory 

activity of CX-5461 against Top2α and Pol I. 

The investigation of accrued resistance against CX-5461 in Eµ-Myc model mouse 

model led our collaborators to identify of Top2α as a major mediator of such resistance 

which is in full agreement with results obtained through data mining (Bruno et al., 

2020a) or through mutagenesis approach (Pipier et al., 2020). In this Chapter we 

described the results directly demonstrating that the resistance directly correlates with 

Top2α activity level and can be reproduced in a simple cellular model (Figures 5.1 - 

5.2). We also found that efficiency of CX-5461 as Pol-I inhibitor isn’t modulated by 

Top2α neither in cells nor in vitro. (Figures 5.3 – 5.4). Our collaborators identified 
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CX-5461 as Top2α inhibitor which has efficacy comparable to classical Top2α 

inhibitors (i.e. Doxorubicin) and the initial conclusion from these data was somehow 

similar to the conclusion reached by Bruno and co-workers.  At this stage, we assumed 

that in addition to activating the nuclear stress response (NSR) by inhibiting Pol-I 

(Deisenroth and Zhang, 2010),  CX-5461 acts as Top2α poison, causing dsDNA breaks 

that activate DDR, and these two pathway may enhance one another leading to stronger 

apoptotic response. However, the results of following experiments performed by our 

collaborators clearly demonstrate that the number of Top2α-DNA covalent complexes 

in cells treated with IC90 dose of CX-5461 is significantly lower than in cells treated 

with IC90 dose of Top2α poison, despite a similar cytotoxic effect. Here, we also 

demonstrated that and described induction of genome-wide DNA breaks by Etoposide 

does not significantly alters Pol I inhibitors efficacy (Figure 5.8). These results 

contradicts the idea that simply the number of dsDNA breaks caused by inhibition of 

Top2α by CX-5461 is the only determinant of CX-5451 cytotoxicity. 

The recent study suggested that CX-5461 may stabilise G-quadruplexes (Xu et al., 

2017b), a structures known to induce DNA damage, and Pipier and colleagues 

proposed that Top2α inhibitory activity combined with its G4 stabilising activity may 

be responsible for CX-5461 cytotoxicity. However, the available data (Ferreira et al., 

2020b) contradicts the model proposed by Pipier and co-workers, and these results 

should be taken with caution. 

It has been shown that induction of DDR is bona fide activity associated with CX-

5461 mechanism of action, which contributes to its cytotoxicity (Negi and Brown, 

2015a ; Negi and Brown, 2015b ; Quin et al., 2016).  However, the degree of this 

contribution and exact cause of DDR activation were unclear. The discovery of Top2α 

inhibitory activity ((Bruno et al., 2020a), Pipier et al., and Cameron, D., Alsahafi, S., 
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et al.; manuscript in preparation) allow to identify the cause of DDR activation by CX-

5461, but the contribution of DDR activation in overall cytotoxicity of CX-5461 is 

now matter for debates.  

Our results (Figures 5.6 – 5.7) strongly suggest that the localisation of Top2α dsDNA 

breaks, but not the overall number of these breaks is crucial for efficient Topo2α 

dependent DDR activation. We demonstrated that CX-5461 induces dsDNA breaks at 

the promoter region (Figure 5.6) by poisoning Pol I associated Top2α (Ray et al., 

2013). It is well known that rDNA integrity is under strict control by nucleolar 

surveillance mechanisms (Woods et al., 2015) and it was demonstrated that 

components of DDR pathway are associated with actively transcribed rDNA 

facilitating fast and profound response (Johnston et al., 2016b). Our model suggests 

that inhibition of rRNA synthesis by CX-5461 leads to NSR activation and 

stabilization of p53 (Deisenroth and Zhang, 2010). In parallel, dsDNA breaks induced 

by inhibition of Top2α by CX-5461 are localised in the region of the rDNA promoter 

(Figure 5.6). This causes robust activation of the ATM-dependent DNA damage 

response (Quin et al., 2016), which leads to phosphorylation of p53 and induction of a 

downstream p53 targets. We suggest that p53 integrates signals from two pathways 

(DDR and NSR), and this leads to an amplification of apoptotic response. Hover, 

further research are required to uncover how the TDD is integrated with cellular 

response to inhibition of Pol I transcription in cancer cells that lacks p53.  

Therefore, we can conclude that our findings reveal a new mechanism of the anticancer 

activity of CX-5461. The drug induces TDD at rDNA loci, a region that is frequently 

amplified and highly transcribed in cancer cells, causing robust activation of ATR-

dependent DDR. In parallel, by inhibiting Pol I transcription, the drug activates NSP. 

The integration of these two pathways lead to the selective killing of cancer cells. 
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5.1 Introduction  

In the last decade, numerous advances have been made in the design of therapies that 

target breast malignancy. Unfortunately, some types of breast cancer are highly 

aggressive and typically accompanied by a high frequency of spreading to other 

organs, including the liver, lungs and cerebrum. At present, there are no efficacious 

therapeutic opportunities for individuals with this aggressive form of breast neoplasia, 

and so there is a compelling urgency to generate treatment options that can impact this 

type of pathology. The current study was set up in order to contribute to the clinical 

evolution of de novo approaches to therapy for aggressive forms of breast malignancy, 

thus giving rise to lower mortality figures than usually anticipated in such cancer types. 

The ultimate objective is to identify novel methods with which to combat breast cancer 

and which will offer therapeutic value to patients with this disease.  

rDNA transcription by RNA Pol I is a key stage in ribosome biogenesis (reviewed in 

(Bywater et al., 2013 ; Ferreira et al., 2020a) .Higher rate of rDNA transcription leads 

to an increased rate of RiBi, which will then trigger cellular division. Increased rDNA 

transcription and RiBi have been described in most types of malignancy; increased 

numbers of ribosomes are necessary for carcinomatous cells to be able to maintain 

elevated rates of protein manufacture and cellular replication. Inhibition of this process 

has been demonstrated to be an efficacious treatment strategy against malignancy 

(Bywater et al., 2012; Hannan  et al., 2011). Significant energy resources are necessary 

for RiBi, and there are currently an expanding number of studies that have suggested 

that RiBi is a feasible target for chemotherapeutic agents. Several of the drugs on the 

market are being demonstrated to inhibit RiBi at different points in the Pol-I 

transcription process, e.g. transcription initiation, transcript elongation and processing 

(Burger et al., 2010). 
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The main goal of this thesis is to investigate the possibilities to use inhibition of rRNA 

transcription as treatment of triple negative breast malignancy, which may offer the 

opportunity of new therapeutic approach for this most deadly type of BCa. This was 

achieved by conducting detailed studies using four highly selective Pol-I inhibitors. . 

In contrast to ionising radiation treatment or traditional forms of chemotherapy, Pol-I 

inhibitors do not damage genetic material, and therefore only have a modest effect on 

non-cancerous cells. Up until 2009, actinomycin D was the only small molecule known 

to inhibit rRNA synthesis specifically. However, a triad of novel molecules have 

recently come to light, i.e. CX-3543, CX-5461 and BMH-21 (Drygin et al., 2010, 

Drygin et al., 2011(Musso et al., 2018 ; Drygin et al., 2010b ; Drygin et al., 2011b) 

These three compounds effectively inhibit Pol-I transcription, although the underlying 

mechanisms of these agents are notably different. As a group, they exhibit the varied 

modes of action that can be used for Pol-I transcription: (i) transcript elongation 

inhibition, (ii) displacement of transcriptional activators from the rDNA repeat, and 

(iii) dislodgment of vital transcription factors for Pol-I from the promoter. Finally, a 

next generation agent that inhibits RNA Pol-I is PMR-116, which was designed by a 

collaborator (Hannan, ANU, Australia). This appears to be a very promising and 

efficacious anti-cancer agent and it is associated with only minor cytotoxic effects. 

The design of this thesis enabled the exploration of the effectiveness of four drugs 

against four TNBC cell lines. These compounds are highly selective rRNA 

transcription inhibitors, but each individual drug displays a different mode of action. 

The study and investigation of these phenomena were presented in three chapters. 

Chapter 2 explored the sensitivity and response of TNBC cells to selective rRNA Pol-

I transcription inhibition and identify potential biomarkers for stratifying the patients. 

The additional aim of the study was to delineate the way in which PMR-116 inhibits 
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Pol-I transcription at a molecular level, which was described in Chapter 3. The exact 

mode of action of PMR-116 in relation to RNA Pol-I inhibition has yet to fully 

elucidated. Biochemical assays, both in vivo and in vitro, determined the phase of the 

transcription cycle impacted by PMR-116, the identity of PMR-116’s target and 

provide an insight into the molecular mechanism of PMR-116 action. 

5.2 Ribosome biogenesis as a potential therapeutic target in TNBC 

In Chapter 2, the sensitivity of the human TNBC cell lines to the Pol-I inhibitors was 

determined, and the associations between the growth inhibitory efficiency of the four 

tested drugs were investigated utilising a model containing the TNBC cell lines. The 

influence of the Pol-I inhibitors on cellular growth, rRNA synthesis, cell cycle 

progression, cellular viability, rDNA chromatin and relationships between the 

efficiency of each agent and selected gene expression were explored. 

To review, firstly, all the evaluated cell lines showed relatively high sensitivity to the 

four Pol-I inhibitors, as evidenced by measuring the parameters GI50 and GR50. 

Establishing the optimal drug metrics from previously published studies which 

encompass several scenarios can be difficult. However, it was determined that GR50 

appeared to be the most exact and reliable measure to estimate agent potency. 

Secondly, the optimal conditions for the measurement of Pol-I inhibitor efficiency, 

such as initial seeding density and length of linear growth, together with growth rate, 

i.e. doubling time of the cell lines, were appraised. No real differences were seen 

between the examined cell lines for either the growth or proliferation profiles. Perhaps 

a predictable outcome, the increased rDNA transcription rate occurs simultaneously 

with the accelerated rate of proliferation (reviewed in (Drygin et al., 2010a ; Hannan 

et al., 2013a ; Kusnadi et al., 2015)). As stated in the chapter, the rRNA transcription 
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rate is closely correlated with the cellular rate of proliferation, although the results 

obtained showed a new relationship between the amount of active rRNA transcription 

and the accelerated tumour cell proliferation rates. This observation has been 

documented for additional cell lines (Son et al., 2020). The fact that the Pol-I 

transcription rate and the degree of RiBi are highly correlated with cell growth and 

proliferation is well known. When Pol-I transcription is amplified, there is a concurrent 

rise in cell growth and replication. In contrast, these cellular processes are reduced by 

Pol-I transcription inhibition. 

Within this chapter, the third finding was that TNBC cell gene expression has an 

important part to play in Pol-I inhibitors’ efficacy. Table 5.2 presents the Pearson 

correlation coefficient values for the individual Pol-I inhibitors. The results are 

indicative that the cell lines that show sensitivity to all of the tested agents exhibit 

higher or lower degrees of gene expression, thus confirming earlier data. 

rRNA synthesis and RP production are both driven by MYC. Interruption of rRNA 

synthesis with Pol-I transcription inhibiting agents leads to a huge excess of RPs, such 

as RPL5 and RPL11. Without the presence of rRNA, these RPs attach to MDM2 and 

decrease the breakdown of p53. This leads to a marked and extended period of NSP 

activation, thus promoting the necrosis of tumour cells (Ferreira et al., 2020a). It 

therefore follows that the c-Myc gene also encourages rRNA and RP production. In 

this study, a moderate to strong negative association was noted between the degree of 

c-Myc expression and the Pol-I inhibitors’ parameters of GR50. Sensitivity to all four 

Pol-I inhibiting agents is thus directly related to the degree of c-Myc gene expression, 

which is in agreement with previously published results. Furthermore, the efficacy of 

all the Pol-I inhibitors tested was negatively associated with the degree of expression 



                                         

159 

 

of BRCA1, PI3K, KRAS, CDKN2A and CDH1 genes. Of note was that the latter three 

genes, which were never thought to be involved in cellular response processes to Pol-

I inhibitors, demonstrated an extremely high correlation, which merits future study. 

Lastly, the sensitivity of the tumour cells to Pol-I inhibitors is dependent on the specific 

properties of the rDNA chromatin, and in particular to the relative proportions of 

heterochromatic and euchromatic rDNA repeats. It is well established that RiBi 

inhibition gives rise to nucleolar stress and interrupts the integrity of nucleoli structure 

(Matos-Perdomo  and Machin, 2019; Musso et al., 2018; Quin et al., 2014; van Sluis 

and McStay, 2017). High levels of stress, such as nutrient depletion or damage to 

DNA, cause a change from active to poised rDNA chromatin, repression of Pol-I 

transcription and alterations in the accessibility of rDNA chromatin (Salifou et al., 

2016; KP, unpublished data). Interestingly, it was observed that brief administration 

of Pol-I inhibitors fails to induce nucleolar cap formation or alterations in nucleolin 

localisation (Figure 6.4). These findings were indicative that the absence of chromatin 

structural changes that could affect its accessibility, such as alterations in nucleosome 

density, is happened as an early response to inhibition of Pol I transcription and rDNA 

repeats are still in euchromatic state. It remains to be seen whether extended Pol-I 

transcription inhibitor administration, and especially partial inhibition, may give rise 

to alterations in chromatin accessibility; this is a subject for future research. However, 

it was recognised that in TNBC cells, RRP1 is situated on the edge of a sphere created 

by accessible rDNA chromatin. This site can be influenced by brief therapy with 

BMH-21 and PMR-116 (Figures 6.5 and 6.6). The consequences of these two agents 

is similar to nucleolar cap formation, but it is likely that this is independent of 

transcription. For instance, CX-5461 has a similar inhibitory action on Pol-I 

transcription, but exerts no impact on the localisation of RRP1. 
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5.3 A novel Pol inhibitor PMR-116 as an emerging chemotherapeutic target 

Pre-clinical data accumulated to date on individual Pol-I transcription inhibitors have 

led to the recognition of their significant future potential as therapeutic options for 

malignancy. Interestingly, established chemotherapeutic agents have a notable impact 

on rRNA metabolism. A wide range of anti-tumour compounds was assessed by 

Burger et al. (2010) in order to elucidate their general effect on different phases of Pol-

I transcription and RiBi, encompassing initiation transcription, elongation and 

processing. These authors noted that several agents are able to affect RiBi negatively 

at multiple stages, i.e. from the beginning phase of transcription to the processing of 

47S rRNA. These data have added weight to the notion that RiBi targeting and 

specifically, rRNA transcription, is an encouraging anti-tumour strategy that can be 

used without causing widespread DNA damage. In principle, this diminishes the 

adverse event profile and the risk of resistance. 

Three small molecular agents that act as selective Pol-I transcription inhibitors are 

currently on the market, i.e. CX-5461 and CX-3543, produced by Cyclene 

Pharmaceuticals (Drygin et al., 2009, Drygin et al., 2011), together with BMH-21 

(Musso et al., 2018). It has also been appreciated that multiple established treatment 

compounds act on RiBi at various phases, including rDNA transcription (Burger et al., 

2010). However, further research may be necessary in order to fully comprehend their 

specific anti-tumour mechanisms, especially with respect to CX-5461 (Chapters 1 and 

5). (Ferreira et al., 2020a) has recently reviewed the efficacy of the Pol-I transcription 

inhibitor approach to tumour therapy, but as yet, CX-5461 is the sole agent that has 

reached stage 2 clinical trials. Novel agents that inhibit Pol-I transcription are therefore 

needed. A recently designed compound was obtained from research collaborators 
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Professor Hannan and Pimera Inc., i.e. PMR-116. This represents a second generation 

of Pol-I inhibitor; the developers have shown that PMR-116 is highly effective against 

a range of both solid and haematological tumours. 

The main objective of this thesis was to elucidate the way in which PMR-116 acts as 

a Pol-I inhibitor at a molecular level (Chapter 3). The findings are the first data to show 

that PMR-116 is a specific Pol-I transcription inhibitor in in vivo (Chapter 2) and in 

vitro models. It was also established that efficacious Pol-I transcription inhibition can 

be performed by PMR-116 using pre-assembled PICs. Displacement of SL1 was 

recognised as this agent’s possible mode of action. Despite the fact that these results 

are notable and offer further insight into how PMR-116 functions to inhibit Pol-I 

transcription, additional studies are required in order to construct a more exact 

understanding of this molecular process. These data suggest that this new class of Pol-

I inhibitors, which work on a recently identified target within the cell, have promising 

clinical merit as treatments for malignancy. Thus, there is an ongoing hunt for second 

generation agents that may demonstrate superior properties. At present, a novel 

chemical category of Pol-I transcription inhibitors is under inspection by Pimera Inc. 

(personal communication), of which PMR-116 is the lead compound. It has already 

been demonstrated to offer heightened chemical activity and a greater efficacy in 

contrast to CX-5461. Preparations are under way to enter PMR-116 into stage 1 human 

clinical trials in patients with malignancy. 

5.4 New mechanism of the anti-cancer activity of CX-5461 targeted DNA 

damage at rDNA loci 

Accrued pre-clinical data relating to the selective Pol-I transcription inhibitors 

available to date have definitely shown that they have treatment possibilities for 
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malignancy. Although the value of this new class of agents appears evident, so far, 

CX-5461 is the only agent from this group that has begun clinical trials. These have 

taken place in Australia and Canada on patients with solid and haematological 

tumours. Although a ground-breaking advance and highly encouraging, CX-5461 also 

causes DNA damage (Hannan, unpublished data), which, although necessary for its 

anti-tumour effects, also generates toxic side effects and the potential for the 

development of drug resistance. A DNA damage response (DDR) associated with CX-

5461 has been documented in various studies (Negi and Brown, 2015; Son et al., 2020; 

Sanij  et al., 2020), and is a frequent occurrence with DNA damaging agents (DDAs), 

e.g. the topoisomerase II toxins, toposide and doxorubicin (Negi and Brwon, 2015; 

Quin et al., 2016). The precise manner of DDR activation remains unclear; more recent 

publications have postulated different mechanisms underlying the effects of CX-5461, 

e.g. associating its anti-cancer actions with DDR. Inconsistencies, however, have been 

noted in the published results (Chapter 1). In collaboration with the Ross Hannon unit 

(ANU), it was elected to study these items. The data presented and the unpublished 

findings from the collaborating workers have indicated an alternative model for the 

cytotoxicity related to CX-5461, which considers the dual inhibitory effect of CX-

5461 against both Top2α and Pol I. The possible participation of Pol I-associated 

Top2α in generating CX-5461-engineered DDR was established (Chapter 5). 

The provocation of DDR has been shown to be a genuine response with respect to the 

mode of action of CX-5461, and plays a role in its cytotoxicity (Negi and Brown 2015; 

Quin et al., 2016). The data obtained in this study have indicated that the site of Top2α 

dsDNA breaks, but not the break number, is essential for effective DDR activation 

dependent on Top2α. It was also shown that the dsDNA fractures that arise owing to 

CX-5461 occur at the promoter region (Figure 5.6) through a toxic effect on Pol I-
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associated Top2α (Ray et al., 2013). It is recognised that nucleolar surveillance 

pathways keep tight control of rDNA stability (Woods et al., 2015). It has also been 

shown that parts of the DDR pathway are related to actively transcribed rDNA 

enabling a rapid and extreme reaction (Johnston et al., 2016). The proposed model 

postulates that CX-5461-induced RNA production inhibition causes stimulation of 

NSR and p53 stabilisation (Deisenroth and Zhang, 2010).  Simultaneously, dsDNA 

fractures arising from CX-5461-induced Top2α inhibition are found in the area of the 

rDNA promoter (Figure 4.5). Strong stimulation of the ATM-dependent DDR is thus 

stimulated (Quin et al., 2016). P53 phosphorylation is then triggered together with 

induction of p53 targets downstream. It is therefore proposed that p53 merges signals 

from DDR and NSR pathways, thus enhancing the apoptotic reaction. Additional 

studies are needed to examine the way in which TDD is involved with the cellular 

reaction to Pol-I inhibition in tumour cells in which p53 is absent. 

It can therefore be concluded that the presented data suggest a novel mode of action 

for the anti-tumour agent, CX-5461. This compound produces TDD at rDNA loci, an 

area that is often amplified and prolifically transcribed in tumour cells, thus creating 

marked stimulation of ATR-dependent DDR. At the same time, through its inhibitory 

effect on Pol-I transcription, CX-5461 stimulates NSP. The merging of these two 

mechanisms causes selective necrosis of malignant cells. 

5.5 Concluding remarks 

In summary, the results documented in this thesis demonstrate that targeting RiBi is 

an efficacious treatment option in TNBC. In addition, the sensitivity and cellular 

response to selective RNA Pol-I transcription inhibitors, also including PMR-116, has 

been defined in TNBC cell lines, together with predictive biomarkers that can indicate 
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the likely response of TNBC to Pol I transcription inhibition. This was explored by 

assessing the associations between the growth inhibitory efficacy of the agents to 

impact TNBC cell lines in terms of cell growth, rRNA synthesis, cell cycle 

progression, cellular viability, rDNA chromatin and end expression of specific genes. 

Additional work was then able to be performed to establish that PMR-116, a second 

generation Pol-I inhibitor, was able to inhibit Pol I transcription effectively from pre-

assembled PICs; SL1 displacement was recognised as the agent’s likely mode of 

action.  

Additional studies revealed a novel mode of anti-tumour action for the agent CX-5461, 

in that it precipitated targeted DNA injury at rDNA loci, areas that are often amplified 

and which undergo elevated transcription rates in tumour cells, thus giving rise to 

ATR-dependent DDR activation. Concomitant Pol-I transcription inhibition stimulates 

NSP activity, and the two pathways together cause selective tumour cell death. 

It is anticipated that the contribution of this thesis has facilitated additional screening 

and design of intercalating compounds that have the capacity for Pol-I transcription 

inhibition. It has also emphasised that ongoing research is necessary in order to 

comprehensively explore the opportunities presented by the myriad of existing 

potential anti-tumour agents. The results presented in this study offer essential data 

relating to the possibly mutually beneficial interactions of Pol-I inhibitory drugs with 

established compounds; this knowledge could ultimately lead to the development of 

optimal clinical pharmaceutical admixtures. In addition, recognising biomarkers that 

could stratify patients according to the likely response of TNBC to Pol I transcription 

inhibition could result in future diagnostic modalities which could be utilised to 

identify favourable patients to enter into clinical trials. 
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Appendix 1:  

 

 

 

 

Figure 1.1. The level of rRNA synthesis in HCC70 cells. (A) Total 18S and 28S 

rRNAs were determined by ethidium bromide staining (EtBr). (B) RNA formaldehyde 

gel of 3H-Uridine labelled RNA showing 47S pre-rRNA, 28S and 18S signals. (C) 

Line graph illustrating average ratio between labelled and total for rRNAs as indicated. 

Error bars represent using standard deviation. 
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Figure 1.2. The level of rRNA synthesis in HCC38 cell. (A) Total 18S and 28S rRNAs 

were determined by ethidium bromide staining (EtBr). (B) RNA formaldehyde gel of 
3H-Uridine labelled RNA showing 47S pre-rRNA, 28S and 18S signals. (C) Line graph 

illustrating average ratio between labelled and total for rRNAs as indicated. Error bars 

represent using standard deviation. 
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Figure 1.3. The level of rRNA synthesis in HCC1937 cell. (A) Total 18S and 28S 

rRNAs were determined by ethidium bromide staining (EtBr). (B) RNA formaldehyde 

gel of 3H-Uridine labelled RNA showing 47S pre-rRNA, 28S and 18S signals. (C) 

Line graph illustrating average ratio between labelled and total for rRNAs as indicated. 

Error bars represent using standard deviation. 

  

 

A 

B 

 

C 



                                         

191 

 

 

 

 



                                         

192 

 

Figure 1.4.  Dose-response curves for four Pol I inhibitors and four TNBC cell lines. (A) MDA-MB468, (B) HCC1937, (C) HCC70 and (D) 

HCC38. Percentage of live cells (relative to vehicle treated control) determined at 48, 72 and 96 hours after addition of a drug plotted against the 

logarithm of concentration of Pol-I inhibitors. Curve fit was performed in GraphPad Prism as described in 2.4.3 and Material and Methods. Error 

bars (corresponding standard deviation) are shown. 
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Appendix 2: 

Table 1.1: AIDA quantification data for MDA-MB468 cell line was used to detect 

3H-Uridine for 28S, 47S and EtBr for 28S loading control. These include the average 

ratio between labelled and total of rRNAs as indicated, and the average activity of 

standard deviation for different time points. 

 

 

 

 

28S      

Incubation 

time (h) 

3H-Uridine 28S 

rRNA (AU) 

EtBr 28s rRNA 

(AU) 

Ratio 3H28S/EtBr 

28S 104 ,(AU) 

Average 

(AU) 
STDEV 

1 4.5 21623.7 2.081049959 2.86 0.76 

1 17.3 48131.5 3.594319728   

1 12.4 42644.5 2.907760673   

2 23.5 29723.5 7.906202163 8.91 3.04 

2 39.9 61395.6 6.49883705   

2 61.3 49730.4 12.3264643   

3 31.8 19525.8 16.28614449 16.03 0.85 

3 52.1 31167.6 16.71607695   

3 77.6 51443 15.0846568   

4 133.6 32578.1 41.00914418 37.69 4.7 

4 154 44817.8 34.3613475   

4 39.1 52845.7 7.398899059   

47S 

Incubation 

time (h) 

3H-Uridine 47S 

rRNA (AU) 

EtBr 28s rRNA 

(AU) 

Ratio 3H 

47S/EtBr 28S 104 

,(AU) 

Average 

(AU) 
STDEV 

1 4.1 21623.7 1.89606774 2.57 1.1 

1 9.5 48131.5 1.973759388   

1 16.4 42644.5 3.845747986   

2 9 29723.5 3.027907211 3.46 1.29 

2 15 61395.6 2.443171823   

2 24.4 49730.4 4.906455609   

3 17.1 19525.8 8.757643733 6.5 1.95 

3 16.8 31167.6 5.390212913   

3 27.6 51443 5.365161441   

4 27.4 32578.1 8.410558013 6.35 0.22 

4 36.3 44817.8 8.099460482   

4 13.5 52845.7 2.554607092   
   

MDA-MB 

468 
Slope 

Rate  

(AU/hour) 
   

18S 18.7 13.8    

28S 8.1 6.2    

47S 1.4 0.9    
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Table1.2: AIDA quantification data for HCC70 cell line was used to detect 3H-

Uridine for 28S, 47S and EtBr for 28S loading control. These include the average ratio 

between labelled and total for rRNAs as indicated, and the average activity of standard 

deviation for different time points. 

 

 

 

 

 

 

 

28S 

Incubation 

time (h) 

3H-Uridine 28s 

rRNA (AU) 

EtBr 28s rRNA 

(AU) 

Ratio 3H28S/EtBr 

28S 104 ,(AU) 

Average 

(AU) 
STDEV 

1 11.4 73568.9 1.54956782 1.6 0.73 

1 10 111398.8 0.897675738   

1 10 42445.9 2.35594015   

2 38.5 56286.9 6.839957432 6.44 0.55 

2 42 62962.3 6.670658473   

2 34.2 58814 5.814942021   

3 49.1 63406.1 7.743734436 8.28 0.76 

3 47 59204.2 7.938625976   

3 56.3 61561.4 9.145341074   

4 61.6 45876.1 13.42747095 11.21 1.93 

4 79.5 80308.2 9.899362705   

4 62 60163.9 10.30518301   

47S 

Incubation 

time (h) 

3H-Uridine 47s 

rRNA (AU) 

EtBr 28s rRNA 

(AU) 

Ratio 3H 47S/EtBr 

28S 104 ,(AU) 

Average 

(AU) 
STDEV 

1 1 73568.9 0.135927002 0.03 0.35 

1 3.5 111398.8 0.314186508   

1 -1.5 42445.9 -0.353391022   

2 5.3 56286.9 0.94160453 0.8 0.14 

2 5 62962.3 0.794126009   

2 3.9 58814 0.663107423   

3 11.6 63406.1 1.829476975 1.56 0.24 

3 8.7 59204.2 1.46949034   

3 8.5 61561.4 1.380735331   

4 17.9 45876.1 3.901813798 2.89 0.9 

4 17.7 80308.2 2.204009055   

4 15.4 60163.9 2.559674489   
 

HCC70 Slope Rate  (AU/hour)    

18S 1.7 1.3    

28S 3.1 2.4    

47S 0.9 0.7    
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Table1.3: AIDA quantification data for HCC38 cell line was used to detect 3H-

Uridine for 28S, 47S and EtBr for 28S loading control. These include the average ratio 

between labelled and total for rRNAs as indicated, and the average activity of standard 

deviation for different time points. 

 

 

 

 

 

 

 

 

28S 

Incubation 

time (h) 

3H-Uridine 28S 

rRNA (AU) 

EtBr 28S rRNA 

(AU) 

Ratio 3H28S/EtBr 28S 

104 ,(AU) 

Average 

(AU) 

STDEV 

1 20.1 31310.2 6.419633219 5.67 0.67 

1 24.1 46879.4 5.140850779     

1 25.9 47503.4 5.452241313     

2 37 38575.7 9.591530419 17.62 7.02 

2 65.3 28945.9 22.55932619     

2 62.8 30310.6 20.71882444     

3 74.9 27604.4 27.13335555 23.67 3.24 

3 74.7 36079.8 20.7041059     

3 69.8 30123.6 23.17120132     

4 113.1 30563.2 37.0052874 31.05 7.82 

4 89.7 40433.5 22.18457467     

4 131.2 38649.2 33.94636888     

47S 

Incubation 

time (h) 

3H-Uridine 47S 

rRNA (AU) 

EtBr 28S rRNA 

(AU) 

Ratio 3H 47S/EtBr 28S 

104 ,(AU) 

Average 

(AU) 

STDEV 

1 3.2 31310.2 1.022031159 0.86 0.2 

1 4.3 46879.4 0.917247234     

1 3 47503.4 0.631533743     

2 7.3 38575.7 1.892383029 2.66 0.71 

2 8.1 28945.9 2.79832377     

2 10 30310.6 3.299175866     

3 12.6 27604.4 4.564489719 4.15 0.91 

3 11.2 36079.8 3.104230068     

3 14.4 30123.6 4.780305143     

4 17.8 30563.2 5.823997487 4.98 0.87 

4 16.5 40433.5 4.080774605     

4 19.5 38649.2 5.045382569     

HCC38 Slope Rate (AU/hour)   
  

18s 4.6 3.5   
  

28s 8.2 6.3   
  

47s 1.4 1   
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Table1.4: AIDA quantification data for HCC1937 cell line was used to detect 3H-

Uridine for 28S, 47S and EtBr for 28S loading control. These include the average ratio 

between labelled and total for rRNAs as indicated, and the average activity of standard 

deviation for different time points. 

 

28S 
     

Incubation 

time (h) 

3H-Uridine 28s 

rRNA (AU) 

EtBr 28s 

rRNA (AU) 

Ratio 
3H28S/EtBr 28S 

104 ,(AU) 

Average 

(AU) 

STDEV 

1h 1229.3 22737.4 540.6510859 991.06 584.87 

1h 1488.7 19074.7 780.457884 
  

1h 1807.1 10938.4 1652.069773 
  

2h 3040 6526.7 4657.790308 3437.89 1277.01 

2h 4851.9 13685.4 3545.311061 
  

2h 4166.6 19741.7 2110.557855 
  

3h 5919.2 11726.9 5047.540271 4043.27 1063.7 

3h 3328.9 8014.6 4153.544781 
  

3h 9811.8 33501.8 2928.738157 
  

4h 17033.9 17966.1 9481.133913 5498.41 3452.86 

4h 12970.1 35367 3667.288715 
  

4h 16211.9 48439.8 3346.813984 
  

47S       

Incubation 

time (h) 

3H-Uridine 47s 

rRNA (AU) 

EtBr 28s 

rRNA (AU) 

Ratio 
3H47S/EtBr 28S 

104 ,(AU) 

Average 

(AU) 

STDEV 

1h 224 22737.4 98.51610123 176.3 134.96 

1h 187.4 19074.7 98.24531972 
  

1h 363.3 10938.4 332.1326702 
  

2h 417.2 6526.7 639.220433 562.68 146.39 

2h 896.3 13685.4 654.9315329 
  

2h 777.6 19741.7 393.8870513 
  

3h 2342.7 11726.9 1997.714656 816.1 94.64 

3h 234.2 8014.6 292.2167045 
  

3h 530.6 33501.8 158.3795498 
  

4h 2780.1 17966.1 1547.414297 1030.98 304.61 

4h 3494.8 35367 988.1527978 
  

4h 2699.9 48439.8 557.3722435 
  

HCC1937 Slope Rate  

(AU/hour) 

   

18S 1409.8 1155 
   

28S 1412.7 1126.8 
   

47S 281.7 213.7 
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Table 2: Buffers and reagents 

 

Buffers  Compositions 

10X FA gel buffer 200 mM MOPS, 50 mM sodium acetate, 10 mM EDTA pH7.0 

with NaOH 

1x FA gel running 

buffer 

100 ml 10X FA gel buffer, 20 ml 37 % formaldehyde to 1 L 

ddH20 

5X RNA gel loading 

buffer 

saturated bromophenol blue solution, 4 mM EDTA pH 8.0, 2.5 

% formaldehyde, 20 %  glycerol, 33 % formamide, 2.5X FA gel 

buffer 

10x SSC buffer 1.5 M NaCl and 0.15 M sodium citrate, pH 7.0 

Buffer C 25 % glycerol, 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM 

EDTA, 20 mM HEPES pH 7.9, 0.1% Trition-X100  

NuPAGE MOPS/ 

SDS running buffer. 

MOPS 209.2g 1.0M , Tris base 121.2g 1.0M , SDS 20g 

69.3mM,EDTA free acid 6.0g 20.5 mM and ultrapure 

water to 1.0 litter final concentration. 

washing and 

binding (W+B) 

buffer 

(10mM Tris [pH 7.6], 1mM EDTA, 2M NaCl) 

TM10i-0.05M KCL 

buffer 

(50 mM Tris HCl [pH 7.9], 12.5 mM MgCl2, 1 mM 

EDTA, 10% glycerol, 1 mM sodium metabisulfite, 1 mM 

dithiothreitol, 50 ng of bovine serum albumin per ml, 

0.03% NP-40) 

Bradford assay 50μl of Bradford reagent (Bio-Rad) to wells of 96-well 

plate (non-sterile, flat bottom) and add 1μl of each fraction 

to the wells. Pool the fractions with the strongest 

blue colour. 
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Table 3. Correlation analysis between GR50 values of Pol I inhibitors and (A) DT for 

the proliferation rate, (B) levels of the DT28S rRNA and (C) DT47S rRNA in the 

TNBC cell lines using Pearson correlation coefficient (PCC). 

 

 

 

Cell lines DT28S PMR-116 CX-5461 BMH-21 9HE 

HCC1937 72.2 8.E-07 3.E-06 6.E-07 1.E-06 

HCC70 104.6 1.E-06 5.E-06 5.E-07 7.E-07 

MDA-MB 468 112.4 2.E-07 3.E-07 1.E-07 3.E-07 

HCC38 118.3 3.E-07 2.E-07 1.E-07 8.E-08 

PCC   -0.373 -0.5275 -0.8898 -0.9345 

 

 

Cell lines DT47S PMR-116 CX-5461 BMH-21 9HE 

HCC1937 54.8 1.E-06 5.E-06 5.E-07 7.E-07 

HCC70 107 2.E-07 3.E-07 1.E-07 3.E-07 

MDA-MB 468 107.7 3.E-07 2.E-07 1.E-07 8.E-08 

HCC38 166.9 8.E-07 3.E-06 6.E-07 1.E-06 

PCC   -0.4063 -0.2623 0.27744 0.38298 

 

Table 4. Correlation analysis between DT for the proliferation rate and levels of the 

DT28S rRNA and DT47S rRNA in the TNBC cell lines using Pearson correlation 

coefficient (PCC). 

 

 

Cell lines DT PMR-116 CX-5461 BMH-21 9HE 

HCC1937 23 8.E-07 3.E-06 6.E-07 1.E-06 

HCC70 29 1.E-06 5.E-06 5.E-07 7.E-07 

MDA-MB 468 34 2.E-07 3.E-07 1.E-07 3.E-07 

HCC38 44 3.E-07 2.E-07 1.E-07 8.E-08 

PCC   -0.57971 -0.7312 -0.8988 -0.9769 

Cell lines DT DT28S DT47S 

HCC1937 23 72.2 166.9 

HCC70 29 104.6 54.8 

MDA-MB 468 34 112.4 107 

HCC38 44 118.3 107.7 

PCC   0.87002 -0.3097 

A 

B

 

C 
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Table 5.Correlation analysis between GR50 values of four Pol I inhibitors and level of 

gene expression in the TNBC cell lines using Pearson correlation coefficient (PCC). 

 

cell lines TP53 PMR-116 CX-5461 BMH-21 9HE 

HCC1937 17 8.1E-07 3.09E-06 6.3E-07 1.02E-06 

HCC38 90 3.39E-07 1.83E-07 1.07E-07 7.92E-08 

HCC70 102 1.41E-06 4.75E-06 4.8E-07 6.57E-07 

MDAMB468 136 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

MDA-MB-468 208 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

PCC   -0.48 -0.51 -0.73 -0.60 

      

cell lines BRCA1 PMR-116 CX-5461 BMH-21 9HE 

HCC38 9.5 3.39E-07 1.83E-07 1.07E-07 7.92E-08 

HCC70 24.5 1.41E-06 4.75E-06 4.8E-07 6.57E-07 

MDAMB468 28 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

HCC1937 45 8.1E-07 3.09E-06 6.3E-07 1.02E-06 

PCC   0.25 0.44 0.77 0.91 

      

cell lines RB PMR-116 CX-5461 BMH-21 9HE 

MDAMB468 1 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

HCC1937 26 8.1E-07 3.09E-06 6.3E-07 1.02E-06 

HCC70 36 1.41E-06 4.75E-06 4.8E-07 6.57E-07 

HCC38 121.5 3.39E-07 1.83E-07 1.07E-07 7.92E-08 

PCC   -0.17 -0.32 -0.37 -0.58 

      

cell lines PTEN PMR-116 CX-5461 BMH-21 9HE 

HCC1937 0 8.1E-07 3.09E-06 6.3E-07 1.02E-06 

HCC38 5.5 3.39E-07 1.83E-07 1.07E-07 7.92E-08 

HCC70 9 1.41E-06 4.75E-06 4.8E-07 6.57E-07 

MDAMB468 15 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

MDA-MB-468 18 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

PCC   -0.46 -0.47 -0.69 -0.53 
     

  

cell lines PI3K PMR-116 CX-5461 BMH-21 9HE 

MDA-MB-468 8 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

MDAMB468 11 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

HCC1937 22 8.1E-07 3.09E-06 6.3E-07 1.02E-06 

HCC38 22.5 3.39E-07 1.83E-07 1.07E-07 7.92E-08 

HCC70 23 1.41E-06 4.75E-06 4.8E-07 6.57E-07 

PCC   0.69 0.63 0.61 0.35 
      

cell lines CDH1 PMR-116 CX-5461 BMH-21 9HE 

MDA-MB-468 105 2.1E-07 3.14E-07 1.26E-07 3.43E-07 
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MDAMB468 112 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

HCC38 180 3.39E-07 1.83E-07 1.07E-07 7.92E-08 

HCC1937 482 8.1E-07 3.09E-06 6.3E-07 1.02E-06 

HCC70 534 1.41E-06 4.75E-06 4.8E-07 6.57E-07 

PCC   0.94 0.97 0.94 0.80 

      

cell lines cMyc PMR-116 CX-5461 BMH-21 9HE 

HCC70 70 1.41E-06 4.75E-06 4.8E-07 6.57E-07 

HCC1937 126 8.1E-07 3.09E-06 6.3E-07 1.02E-06 

HCC38 126.5 3.39E-07 1.83E-07 1.07E-07 7.92E-08 

MDA-MB-468 156 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

MDAMB468 159 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

PCC   -0.95 -0.87 -0.60 -0.36 

 

cell lines BRAf PMR-116 CX-5461 BMH-21 9HE 

HCC1937 4 8.1E-07 3.09E-06 6.3E-07 1.02E-06 

MDAMB468 6 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

HCC38 8.5 3.39E-07 1.83E-07 1.07E-07 6.57E-07 

HCC70 10 1.41E-06 4.75E-06 4.8E-07 7.92E-08 

MDAMB468 13 2.1E-07 2.1E-07 2.1E-07 2.1E-07 

PCC   0.40 0.22 -0.36 -0.74 
      

cell lines KRAS PMR-116 CX-5461 BMH-21 9HE 

MDA-MB-468 27 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

HCC38 30 3.39E-07 1.83E-07 1.07E-07 7.92E-08 

MDAMB468 32 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

HCC70 39.5 1.41E-06 4.75E-06 4.8E-07 6.57E-07 

HCC1937 45 8.1E-07 3.09E-06 6.3E-07 1.02E-06 
      

cell lines NF2 PMR-116 CX-5461 BMH-21 9HE 

HCC70 38.5 1.41E-06 4.75E-06 4.8E-07 6.57E-07 

HCC38 48.5 3.39E-07 1.83E-07 1.26E-07 3.43E-07 

HCC1937 64 8.1E-07 3.09E-06 1.07E-07 7.92E-08 

MDAMB468 66 2.1E-07 3.14E-07 6.3E-07 1.02E-06 

PCC   -0.64 -0.48 0.47 0.54 
      

cell lines CDKN2 PMR-116 CX-5461 BMH-21 9HE 

HCC38 0 3.39E-07 1.83E-07 1.07E-07 7.92E-08 

MDA-MB-468 47 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

MDAMB468 72 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

HCC1937 139 8.1E-07 3.09E-06 6.3E-07 1.02E-06 

HCC70 218.5 1.41E-06 4.75E-06 4.8E-07 6.57E-07 

PCC   0.92 0.96 0.81 0.76 
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cell lines NF1 PMR-116 CX-5461 BMH-21 9HE 

HCC70 11.5 1.41E-06 4.75E-06 4.8E-07 6.57E-07 

MDA-MB-468 18 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

HCC1937 24 8.1E-07 3.09E-06 6.3E-07 1.02E-06 

HCC38 31 3.39E-07 1.83E-07 1.07E-07 7.92E-08 

PCC   -0.63 -0.65 -0.33 -0.36 
      

cell lines ATRX PMR-116 CX-5461 BMH-21 9HE 

HCC70 26 1.41E-06 4.75E-06 4.8E-07 6.57E-07 

HCC38 27 3.39E-07 1.83E-07 1.07E-07 7.92E-08 

HCC1937 29 8.1E-07 3.09E-06 6.3E-07 1.02E-06 

MDA-MB-468 34 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

MDAMB468 36 2.1E-07 3.14E-07 1.26E-07 3.43E-07 

PCC   -0.72 -0.63 -0.51 -0.23 

 

Table 6. Gene expression values using Expression atlases 

(https://www.ebi.ac.uk/gxa/home). 

 

 

 

 

Table 7. AIDA quantification data for PMR-116 and four TNBC cell lines was used 

to detect 3H-Uridine for 47S rRNA and EtBr for 28S loading control. These include 

the average ratio between labelled and total of rRNAs as indicated. 

cell lines BRCA1 TP53 RB PTEN PI3K BRAf KRAS NF2 CDKN2 NF1 CDH1 ATRX cMyc 

HCC1937 45 17 26 0 22 4 45 64 139 24 482 29 126 

HCC38 9.5 90 121.5 5.5 22.5 8.5 30 48.5 0 31 180 27 126.5 

HCC70 24.5 102 36 9 23 10 39.5 38.5 218.5 11.5 534 26 70 

MDA-MB-

468 

- 208 0.9 18 8 13 27 44 47 18 105 34 156 

MDAMB468 28 136 1 15 11 6 32 66 72 17 112 36 159 

HCC70 3H-Uridine 47s rRNA 

(AU) 

EtBr 28s rRNA 

(AU) 

Ratio 3H 47S/EtBr 28S 

(AU) 

UN 562.8 262441.4 21.44478729 

PMR-116 

GI50*5 

-20.5 197855.8 -1.036108115 

PMR-116 

GI50*2 

-62 196338.1 -3.15781807 

PMR-116 

GI50*1 

33 201952.8 1.634045183 

PMR-116 

GI50/5 

194.5 219704.2 8.852812099 

https://www.ebi.ac.uk/gxa/home
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PMR-116 

GI50/10 

248.5 133229.5 18.65202526 

    

MDA-MB-468 3H-Uridine 47s rRNA 

(AU) 

EtBr 28s rRNA 

(AU) 

Ratio 3H 47S/EtBr 28S 

(AU) 

UN 1040 123800.6 84.0060549 

PMR-116 

GI50*5 

-139.2 48852.7 -28.49381917 

PMR-116 

GI50*2 

-2.3 157626.2 -0.145914829 

PMR-116 

GI50*1 

165.4 149932 11.03166769 

PMR-116 

GI50/5 

108.2 181681.7 5.955470474 

PMR-116 

GI50/10 

359.8 186255.1 19.31759184 

    

HCC38 3H-Uridine 47s rRNA 

(AU) 

EtBr 28s rRNA 

(AU) 

Ratio 3H 47S/EtBr 28S 

(AU) 

UN 1424.5 205529 69.30895397 

PMR-116 

GI50*5 

-54.8 157140 -3.487336133 

PMR-116 

GI50*2 

279.6 278670.1 10.03336921 

PMR-116 

GI50*1 

215.6 175799.4 12.26397815 

PMR-116 

GI50/5 

407.3 167285.9 24.34753915 

PMR-116 

GI50/10 

688.5 200822 34.28409238 

    

HCC1937 3H-Uridine 47s rRNA 

(AU) 

EtBr 28s rRNA 

(AU) 

Ratio 3H 47S/EtBr 28S 

(AU) 

UN 1928.6 180890.2 106.6171633 

PMR-116 

GI50*5 

-942.7 226818.8 -41.56181057 

PMR-116 

GI50*2 

-198.6 229942.1 -8.636956869 

PMR-116 

GI50*1 

160.6 163204 9.840445087 

PMR-116 

GI50/5 

439.6 124570.9 35.28914056 

PMR-116 

GI50/10 

938.9 203635.5 46.10689197 
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