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Abstract. 
 

Increased rates of DNA-dependent RNA Polymerase I (Pol I) transcription of the 47S 

pre-ribosomal RNA (rRNA) genes are observed in almost all cancer types. Cancer 

cells may require high rates of Pol I transcription and ribosome biogenesis to achieve 

their unrestrained growth and proliferative capacity, thus presenting a therapeutic 

window for selectively targeting cancer cells with inhibitors of Pol I transcription. Our 

laboratory helped develop and validate a first-in-class small molecule selective 

inhibitor of Pol I transcription, CX-5461 (Senhwa Biosciences).   Here, we have 

investigated the response of cells at defined stages of malignant transformation to 

inhibition of Pol I transcription, utilising a panel of isogenically matched BJ fibroblast 

cell lines. 

 

We compared the response of non-transformed and transformed cells of the same 

genetic background, and demonstrated that CX-5461 can selectively induce cell death 

in cancer cell lines in vitro. We investigated the phenotypic response of a non-

transformed BJ fibroblast cell line minimally immortalized with hTERT (BJ-T) to CX-

5461, and demonstrated that they display a proliferation defect. The proliferation 

defect is associated with the activation of p53 and a p53-dependent G1 cell cycle 

checkpoint, as well as p53-independent S-phase and G2 cell cycle checkpoints and 

senescence. Escape from cell cycle arrest in transformed BJ fibroblast cell lines is 

associated with increased rates of cell death in response to CX-5461.    

 

To identify pathways mediating the p53-independent responses to inhibition of Pol I 

transcription, we have performed RNA-sequencing analysis in CX-5461 treated BJ-T 

cells in which p53 was silenced (BJ-T p53shRNA). The analysis identified ATM 

(Ataxia-telangiectasia mutated) / ATR (ATM and RAD3-related) signaling and 

transcriptional programs associated with senescence to be modulated following 

treatment with CX-5461. Further, we have demonstrated that inhibition of Pol I 

transcription by CX-5461 rapidly and potently activates the ATM/ATR kinase signaling 

pathways in the absence of global DNA damage. Combined ATM/ATR inhibition and 

CX-5461 treatment results in bypass of CX-5461 mediated S-phase and G2 arrest, 

and induced cell death in the BJ-T p53shRNA cell line.   

 

We investigated the mechanisms by which inhibition of Pol I transcription by CX-5461 

activates the ATM/ATR signaling pathways. We demonstrated that inhibition of Pol I 

transcription initiation by CX-5461 results in ‘exposed’ rRNA genes (rDNA) that are in 
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an open chromatin conformation but devoid of Pol I.  Inhibition of Pol I transcription by 

CX-5461 also results in reorganization of nucleolar structure and translocation of 

proteins to and from the nucleoli. We observed increased levels of NBS1 (Nijmegen 

Breakage Syndrome 1) activation by ATM specifically within the nucleoli during S/G2.  

We propose CX-5461 treatment induces an unusual chromatin structure at the rDNA 

that is sufficient to activate ATM/ATR in the nucleoli. Finally, we have shown that DNA 

damage repair is attenuated following treatment with CX-5461.  Together, our studies 

identify activation of ATM/ATR signaling as a key p53-independent pathway of 

response to inhibition of Pol I transcription, that can be targeted to improve the efficacy 

of CX-5461 in cancer therapy. 
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CHAPTER 1. INTRODUCTION 
 
1.1   Ribosome Biogenesis 

 
The ribosomes are the organelles responsible for synthesizing all proteins in the cell – 

following the transcription of a protein coding gene, the resulting mRNA must 

associate with the ribosome in order for its nucleotide codon sequence to be translated 

into the corresponding chain of amino acids.  A number of reviews describe this well 

characterised process, which is regulated in multiple ways to enable additional layers 

of control of gene expression (Reviewed in (Hershey et al., 2012; Shi and Barna, 

2015; Gobet and Naef, 2017)). Due to the requirement of ribosomes for generating 

protein, they are absolutely necessary for cell growth (defined as an increase in cell 

mass), and consequently for cell proliferation (defined as undergoing mitosis) 

(Reviewed in (Thomas, 2000)).  Unsurprisingly then, there are an enormous number of 

ribosomes in every cell – it is estimated that a human cell contains up to 107 

ribosomes, and that in proliferating cells over 10,000 new ribosomes can be produced 

every minute, requiring up to 80% of the total energy consumption of the cell (Gorlich 

and Mattaj, 1996; Schmidt, 1999)(Reviewed in (Warner et al., 2001)). Therefore, 

ribosome biogenesis is a significant fundamental process that must be efficiently 

regulated.   

 

The mature human ribosome is made up of two subunits, each composed of a 

catalytic core of ribosomal RNAs (rRNAs), and associated ribosomal proteins (RPs) - 

the large 60S subunit consists of the 5S, 5.8S, and 28S mature rRNAs assembled with 

50 RPs, and the smaller 40S subunit consists of the 18S mature rRNA assembled with 

33 RPs (Reviewed in (Thomson et al., 2013; Kressler et al., 2017)). Ribosome 

biogenesis is a complex process that requires the coordinated action of all three DNA-

dependent RNA polymerases: RNA Polymerase I (Pol I), RNA Polymerase II (Pol II), 

and RNA Polymerase III (Pol III). The key step is the transcription of the 47S pre-

rRNA, which is rapidly processed into the 18S, 5.8S and 28S mature rRNAs. There 

are approximately 200 copies of the 47S pre-rRNA gene in the human haploid 

genome, distributed in repeat arrays at five locations on the acrocentric chromosomes, 

collectively termed the ribosomal DNA (rDNA) (Henderson et al., 1972; Stults et al., 

2008; Gibbons et al., 2015). These genes are transcribed by the specialised RNA 

polymerase, Pol I, which acts exclusively at the rDNA (Reviewed in (Moss et al., 

2007)). The 5S rRNA is transcribed from repeated arrays at separate loci on 

chromosome 1 by Pol III, which is also responsible for transcription of other small non-
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translated RNAs such as tRNAs (Sorensen and Frederiksen, 1991)(Reviewed in 

(Ciganda and Williams, 2011; Moir and Willis, 2013)). The RP genes are transcribed 

by RNA Pol II, then translated at existing ribosomes in the cytoplasm, before the RPs 

are imported back to the nucleus and incorporated with the rRNAs to form the 

ribosomal subunits (Reviewed in (Panse and Johnson, 2010)). 

 

1.1.1 The nucleoli and ribosome biogenesis 
The process of ribosome biogenesis occurs within the nucleoli, non-membrane bound 

nuclear organelles. The nucleoli are organized around nucleolar organizing regions 

(NORs), which refer to the tandem repeat arrays of 47S rRNA genes, visible as 

secondary constrictions during metaphase on the p-arms of the five acrocentric 

chromosomes (chromosomes 13, 14, 15, 21, and 22) (Henderson et al., 1972). Due to 

their highly repetitive nature, the NORs have yet to be assembled as part of the human 

genome sequence. However, it has been shown that rDNA clusters consist of rDNA 

repeats in a mostly head-to-tail orientation, and are devoid of intervening non-rDNA 

sequences (Caburet et al., 2005). There is significant variability in rDNA copy number, 

even within the same individual (Sakai et al., 1995; Stults et al., 2008). Each gene 

cluster on average contains approximately 80 copies of the rRNA genes, constituting 

approximately one third of the p-arms, with the remaining satellite regions are 

composed of repetitive DNA and largely devoid of transcribed sequences (Floutsakou 

et al., 2013)(Reviewed in (Sullivan et al., 2001)). Not all NORs are transcriptionally 

active - Pol I transcription machinery is associated with approximately half of the 

NORs at any one time, and a nucleolus can form only at these transcriptionally active 

locations (Roussel et al., 1996; Yuan et al., 2005; Grob et al., 2014a) (FIGURE 1).  

 

Nucleoli have a distinct tripartite structure that is closely related to the process of 

ribosome biogenesis (Reviewed in (Hernandez-Verdun et al., 2010)). The fibrillar 

centre (FC) is positioned in the center of the nucleolus, and contains the transcribed 

rDNA.  A single rDNA repeat is 43kb, consisting of the 13.3kb 47S pre-RNA coding 

region and a 30kb intergenic spacer (IGS). Pol I transcription of the 47s pre-rRNA 

starts at the border of the FCs, with very high density of Pol I generating abundant 

nascent transcripts, resulting in a Christmas tree-like structure along the length of each 

transcribed repeat (Puvion-Dutilleul et al., 1991; Koberna et al., 2002). Processing of 

the 47s pre-rRNA transcripts begins as transcription is occurring, and this takes place 

within the dense fibrillar component (DFC), which surrounds the FC. The major steps 

required to process the pre-47S rRNA into the mature rRNAs have been described in 

detail: extensive nucleotide modification is mediated by small nucleolar ribonuclear 



 3 

protein particles (snoRNPs), in which small nucleolar RNAs (snoRNAs) guide site-

specific ribose 2’-O-methylation and pseudouridine formation, catalyzed by RNP 

proteins fibrillarin and dyskerin, respectively (Reviewed in (Staley and Woolford, 

2009)); concomitantly, endonucleolytic cleavage of the 47S pre-RNA generates the 

mature 18S, 5.8S and 28S rRNAs. Approximately 250 non-ribosomal nucleolar RNAs 

and proteins – including for example, nucleases, helicases and chaperones - act as 

ribosome processing and assembly factors (Reviewed in (Henras et al., 2008)). 

Assembly of the mature 18S, 5.8S and 28S rRNAs with the 5S rRNA and RPs into the 

40S and 60S ribosome subunits begins in the DFC. The 5S rRNA are transcribed by 

Pol III from a chromosomal location distant from the rDNA, but which can associate 

with the nucleolar periphery (Matera et al., 1995)(Reviewed in (Haeusler and Engelke, 

2006)). 5S RNA is imported into the nucleolus to be assembled with the 60S subunit 

(Reviewed in (Ciganda and Williams, 2011)).  RP mRNAs are transcribed in the 

nucleus by Pol II, translated at cytoplasmic ribosomes, and then RPs are imported into 

the nucleolus from the cytoplasm in excess amounts, ensuring they are not rate 

limiting for ribosome biogenesis (Lam et al., 2007)(Reviewed in (Henras et al., 2008) 

(Robledo et al., 2008)).  A single nucleolus can contain multiple FCs surrounded by 

DFCs, interspersed within a single peripheral granular component (GC). Immature 40S 

and 60S subunits, which appear as ‘granules’, move from the DFCs to the GC, where 

they undergo final processing and assembly steps prior to subunit export to the 

cytoplasm (FIGURE 2). 

 
The nucleoli, therefore, are highly organized and complex organelles, dense in both 

RNAs and protein. However, although a nucleolus appears as a defined body, its 

components undergo a constant exchange with the nucleoplasm. Localisation of 

proteins to a nucleolus is generally transient (in the 10s of seconds), and their 

nucleolar occupancy relies upon their relative residence time, depending upon their 

affinity for complexes anchored to the nucleolus itself (Phair and Misteli, 2000).  In this 

model the scaffold on which the nucleolus forms is the rDNA and rRNA, which recruit 

other nucleolar components through direct interactions, upon which a complex network 

is built. Many abundant nucleolar proteins (such as nucleophosmin (NPM) and 

nucleolin (NCL)) are proposed to act as ‘hub proteins’, interacting with and 

sequestering multiple protein partners under specific conditions (Reviewed in (Carmo-

Fonseca et al., 2000) (Emmott and Hiscox, 2009)). RNAs may play a similar role, for 

example aluRNAs (non-coding RNAs transcribed from intronic Alu elements by Pol II) 

interact with NCL and NPM and are also required for nucleolar assembly (Caudron-

Herger et al., 2015). The specific role of the rRNA in the formation of nucleolar 
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structure has been dissected by McStay et al: Pseudo-NORs - arrays of heterologous 

UBF binding sequences integrated into ectopic sites on human chromosomes, which 

are sufficient to recruit components of the Pol I transcription machinery during 

interphase but are transcriptionally inactive – are able to adopt some morphological 

characteristics of nucleoli, as they form secondary constrictions in mitotic 

chromosomes typical of NORs, and recruit some nucleolar factors to result in an 

equivalent composition to nucleolar FCs (Mais et al., 2005; Prieto and McStay, 2007); 

Neo-NORs – arrays of UBF binding sequence interspersed with an rDNA transcription 

unit, which are transcriptionally competent - are able to additionally recruit the DFC 

and GC components and form functionally compartmentalized nucleoli (Grob et al., 

2014b). Therefore, nucleoli form only at NORs that are transcriptionally active, and the 

number and size of nucleoli is directly linked to rates of Pol I transcription of the 47S 

pre-rRNA.  

 

1.1.2 Transcription of the rRNA genes 
A single human rDNA repeat is 43kb, consisting of a 13.3kb 47S pre-RNA coding 

region and a 30kb intergenic spacer (IGS). The 47S pre-RNA consists of the 18S, 

5,8S and 28S ribosomal RNA sequences, positioned within sequences that are 

removed during rRNA processing and maturation – the 5’ external transcribed spacer 

sequence (5’ETS), the internal transcribed spacer sequences (ITS1 and ITS2) and the 

3’ETS. The IGS contains the 47S rDNA promoter, which has a bipartite architecture 

composed of a core element and an (UCE) located 100bp upstream. In addition, the 

IGS harbors a number of other regulatory features, including ‘spacer promoters’ similar 

to and upstream of the 47S rDNA promoter, and terminator elements including multiple 

‘T’ sequences 3’ of the 47S rDNA coding region as well as a single ‘T0’ terminator 

sequence 5 ’of the rDNA promoter (Reviewed in (McStay and Grummt, 2008; Smirnov 

et al., 2016)) (FIGURE 1).  

 

Transcription of 47S pre-rRNA genes by Pol I can occur at very high rates, accounting 

for >30% of the transcriptional activity of an exponentially growing cell (Reviewed in 

(Warner, 1999; Warner et al., 2001; Moss et al., 2007)). However, not all of the rDNA 

repeats are transcribed. The rDNA can exist in four distinct chromatin states: silent, 

pseudo-silent, poised and active. Approximately half of all rDNA repeats exhibit a 

silent chromatin conformation, associated with heavily CpG methylated DNA, 

heterochromatic histone modifications including H3K9me2/3, H4K20me3, & 

H3K27me/me3, and the association of heterochromatin protein HP1. The remaining 

rDNA repeats are associated with DNA hypomethylated at CpG sites. These repeats 
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can be either pseudo-silent, exhibiting a closed chromatin conformation, or 

transcriptionally competent, exhibiting an open chromatin conformation associated 

with euchromatic histone modifications, including H3 & H4 actelylation and H3K4me2. 

Transcriptionally competent rDNA repeats are not necessarily active, but rather can 

exist in a ‘poised’ state, as further changes in chromatin are required for initiation and 

elongation of Pol I transcription to occur (Reviewed in (Grummt and Pikaard, 2003; 

Huang et al., 2006; McStay and Grummt, 2008; Sanij and Hannan, 2009; Grummt and 

Langst, 2013; Hamperl et al., 2013; Östlund Farrants, 2017)) (FIGURE 3 A). While 

some NORs are completely silent, in others heterochromatic and euchromatic rDNA 

repeats are interspersed (Zillner et al., 2015). 

 

Silent rDNA copies are maintained by NoRC (nucleolar remodeling complex; 

comprised of TIP5 (TTF1 interacting peptide 5) and the ISWI-ATPase SNF2h). NoRC 

in complex with pRNA, a noncoding RNA transcribed upstream of the rDNA promoter, 

recruits several silencing factors, including HDAC1 (histone deacetylase 1), DNMT1 

(DNA methyltransferase 1) & DNMT3b (DNA methyltransferase 3b), and PARP1 

(poly(ADP-ribose) polymerase 1) resulting in the establishment of DNA methylation 

and heterochromatic histone modifications such as H3K9me2/3 (Santoro et al., 2002; 

Zhou et al., 2002; Santoro and Grummt, 2005; Mayer et al., 2006; Schmitz et al., 2010; 

Cong et al., 2012; Guetg et al., 2012). In addition, KMT5C (lysine methyltransferase 

5C / SUV420H2) can be recruited by PAPAS (promoter and pre-RNA antisense) 

noncoding RNAs transcribed at the rDNA promoter in the antisense direction when Pol 

I transcription is absent, resulting in H4K30me3 (Bierhoff et al., 2010; Bierhoff et al., 

2014). Active rDNA repeats are established by chromatin remodelling factor CSB 

(cockayne syndrome protein B) which associates with G9a histone methyltrasferase, 

resulting in the establishment of euchromatic structure (Bradsher et al., 2002; Yuan et 

al., 2007). Both NoRC and CSB are recruited to the rDNA promoter by TTF-1 

(transcription termination factor 1), which binds the T0 terminator sequence 5’ of the 

rDNA promoter (Nemeth et al., 2004; Li et al., 2006; Cong et al., 2012)(Reviewed in 

(Grummt and Langst, 2013; Östlund Farrants, 2017))(FIGURE 3 A).   

 

At euchromatic rDNA repeats, the upstream binding factor (UBF) binds across the 

entire transcribed region of the gene and decondenses rDNA chromatin, establishing 

the transcriptionally competent state. UBF is a sequence non-specific high mobility 

group (HMG) protein, and its HMG boxes enable UBF dimers to loop 140bp of DNA 

into a single turn, inducing a nucleosome like structure termed the enhancesome 

(Stefanovsky et al., 2001a). UBF establishes a specialised ‘open’ chromatin structure 
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at the rDNA, which is characterised by the absence of linker histone H1 and reduced 

nucleosome occupancy (O'Sullivan et al., 2002; Sanij et al., 2008)(Reviewed in (Sanij 

and Hannan, 2009)). The open chromatin structure is necessary for Pol I transcription: 

euchromatic rDNA repeats with a pseudo-silent ‘closed’ chromatin structure can be 

distinguished from those with an ‘open’ chromatin structure associated with UBF by 

differential accessibility to a DNA crosslinking agent, psoralen; in the absence of UBF, 

euchromatic rDNA repeats form the closed structure inaccessible to psoralen, and are 

not associated with the Pol I transcriptional machinery (Sanij et al., 2008) (FIGURE 3 

A). UBF is also associated with highly active Pol II transcribed genes, suggesting it 

introduces a chromatin state compatible with high levels of transcription (Diesch et al., 

2015; Sanij et al., 2015). The association of UBF and open chromatin structure is 

stably maintained throughout the cell cycle, and confers the approximately 10-fold less 

compact chromatin of NORs visible as constrictions on metaphase chromosomes 

(Heliot et al., 1997; Chen et al., 2004; Mais et al., 2005; Sanij et al., 2008; Grob et al., 

2014b).  

 

At transcriptionally competent rDNA repeats in the poised state, the promoter exhibits 

H3 and H4 hypoacetylation and the bivalent histone modifications H3K4me3 and 

H3K27me3, and the promoter bound nucleosome occupies a position that is 

repressive for transcription. At transcriptionally competent rDNA repeats in the active 

state, the promoter exhibits H3 and H4 hyperactylation, and the promoter bound 

nucleosome occupies a position that is permissive for transcription (Xie et al., 2012). 

The active state can be established by CSB and the B-WICH complex (comprising 

William syndrome transcription factor (WSTF), nuclear myosin 1 (NM1), and ATPase 

SNF2h), which is required for the recruitment of histone acetyltransferases PCAF 

(p300/CBP-associated factor) and GCN5, resulting in the establishment of 

euchromatic structure (Bradsher et al., 2002; Yuan et al., 2007; Felle et al., 2010; 

Vintermist et al., 2011; Shen et al., 2013), while the poised state can be established by 

the chromatin remodelling complex NuRD (Nucleosome Remodelling and 

Deacetylase, containing class I histone deacetylases, CHD3/4 ATPases, and MDB2/3 

methyl-CpG binding proteins), which co-bind with CSB to the rDNA promoter (Langst 

et al., 1997; Yuan et al., 2007; Xie et al., 2012) (FIGURE 3 A).  

 

Transcription of 47S pre-RNA requires formation of a pre-initiation complex (PIC) at 

the promoter of active rDNA repeats. This comprises Pol I, and the regulatory factors 

UBF, SL1 (Selective factor 1, comprised of TATA binding protein (TBP) and TBP 

associated factors TAFI110/95, TAFI68, TAFI48, TAFI35, and TAFI12), and RRN3. 
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UBF binds the promoter as a dimer at the UCE and core elements, co-stabilising 

binding of the SL1 complex. This facilitates binding of initiation competent Pol I 

associated with RRN3, through interaction between SL1 and RRN3, and direct 

interaction of both UBF and SL1 with Pol I subunits (Learned et al., 1985; Learned et 

al., 1986) (Bell et al., 1988; Jantzen et al., 1992; Hempel et al., 1996; Tuan et al., 

1999; Miller et al., 2001; Friedrich et al., 2005) (Reviewed in (Goodfellow and 

Zomerdijk, 2012; Diesch et al., 2014)) (FIGURE 3). 

 

1.1.3 The regulation of 47S pre-rRNA transcription rates 
Levels of 47S-preRNA are predominantly regulated by changes in rates of Pol I 

transcription from a fixed number of transcriptionally competent rDNA repeats, rather 

than changes in the proportion of open and closed rDNA repeats. The inheritance of 

open and closed rDNA repeats is stably transmitted throughout the cell cycle, for 

example with the establishment of epigenetic states occurring at rDNA repeats 

immediately following their replication, and with UBF associated with open rDNA 

repeats throughout mitosis, as described above (Scheer and Rose, 1984; Roussel et 

al., 1996) (Guetg et al., 2010; Guetg et al., 2012). Long-term changes in the ratio of 

open to closed rDNA repeats can occur: For example, the proportion of open rDNA 

repeats varies according to cell type, and down regulation of rDNA transcription during 

differentiation correlates with a decreased proportion of open repeats (Poortinga et al., 

2011a; Shiao et al., 2011; Savic et al., 2014; Woolnough et al., 2016); Further, during 

senescence rDNA repeats are epigenetically silenced, while in contrast epigenetic 

activation of rDNA repeats is associated with tumor cells (Machwe et al., 2000; Powell 

et al., 2002; Pietrzak et al., 2011) (Reviewed in (Stefanovsky and Moss, 2006; Sanij et 

al., 2008; Grummt and Langst, 2013)). However, the consensus is that short-term 

changes in rates of Pol I transcription do not correspond with changes in active gene 

number, and in fact it has been shown that changes in the proportion of active genes 

do not result in changes in Pol I transcription rates (Stefanovsky and Moss, 2006). 

However, the consensus is that short-term changes in rates of Pol I transcription do 

not correspond with changes in active gene number, and in fact it has been shown that 

changes in the proportion of active genes do not result in changes in Pol I transcription 

rates (Stefanovsky and Moss, 2006; Sanij et al., 2008).  

 

Rates of Pol I transcription are sensitively regulated, and respond rapidly to changes in 

conditions.  Regulation of Pol I transcription can occur at multiple steps, including PIC 

assembly, initiation and promoter escape, elongation, and transcription termination 

and re-initiation (Hung et al., 2017)(Reviewed in (Goodfellow and Zomerdijk, 2012)). 
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Signaling pathways that regulate cell growth and division directly target Pol I 

transcription factors, including PIC components SL1, UBF, RRN3, and Pol I, as well as 

chromatin remodelling factors that mediate the transition between poised and active 

state at the rDNA promoter. This results in regulation of the rates of transcription 

specifically on rDNA repeats that are already in an open conformation. Broadly, 

pathways that upregulate rDNA transcription are those that promote cellular growth 

and proliferation, for example cellular energy, nutrient, and growth factor signaling 

pathways. While, downregulation of rDNA transcription in response to stress stimuli 

such as metabolic or genotoxic stress, leads to growth arrest associated with cell cycle 

arrest or senescence (FIGURE 3 B). 

 

1.1.3.1. Cell Cycle. Pol I transcription is tightly co-ordinated with the cell cycle. 

47S pre-rRNA transcription is inactivated at the start of mitosis, although Pol I 

transcription factors UBF and SL1 remain associated with the rDNA repeats 

throughout mitosis (Roussel et al., 1993; Jordan et al., 1996; Roussel et al., 

1996). Reactivation of low levels of 47S pre-rRNA transcription occurs as cells 

enter G1, and 47S pre-rRNA transcription is increased to maximum levels 

during S and G2 as cells grow in preparation for cell division (Weisenberger 

and Scheer, 1995; Kuhn et al., 1998; Klein and Grummt, 1999; Leung et al., 

2004)(Reviewed in(Russell and Zomerdijk, 2005)). This is achieved by post-

transcriptional modification of Pol I transcription factors: for example, inhibitory 

phosphorylation of SL1 and RRN3 by the mitotic cell cycle regulatory Cyclin 

B/CDK1 (cyclin dependent kinase 1) complex, and deacetylation of SL1 by 

SIRT1, prevent formation of the active PIC during mitosis (Heix et al., 1998; 

Kuhn et al., 1998; Sirri et al., 1999; Voit et al., 2015); SL1 is dephosphorylated 

by CDC14B (cell division cycle 14B)  and acetylated by PCAF upon exit from 

mitosis, stabilizing formation of the PIC (Muth et al., 2001; Voit et al., 2015); 

activating phophorylation of UBF at Ser484 by G1 cell cycle regulatory Cyclin D 

/CDK4 (cyclin dependent kinase 4) and at Ser388 by S phase cell cycle 

regulatory Cyclin E/ CDK2 (cyclin dependent kinase 2) complexes, and 

activating acetylation of UBF by PCAF in S phase, promotes Pol I recruitment 

to the PIC in G1 and S (Voit et al., 1999; Voit and Grummt, 2001; Meraner et 

al., 2006).   

 

1.1.3.2 Nutrient and energy status. Rates of 47S pre-rRNA transcription also 

respond to cell energy and nutrient status, as well as growth factor signaling.  

For example, activation of mTOR (mammalian target of rapamycin), a key 
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regulator of cell growth that responds to diverse environmental cues including 

growth factors and energy levels, activates Pol I transcription; phosphorylation 

of both RRN3, and the C-terminal of UBF, by S6K1 (ribosomal protein S6 

kinase B1) promotes formation of the PIC (Hannan et al., 2003; Mayer et al., 

2004; Kang et al., 2016). UBF is also phosphorylated at its C-terminal by PI3K 

(phosphoinoside 3-kinase), for example in response to IGF1 (insulin-like 

growth factor 1) stimulation, promoting PIC formation (Drakas et al., 2004; Wu 

et al., 2005). Activation of the mitogen activated protein kinase (MAPK) 

pathway in the presence of growth factors results in phosphorylation of RRN3 

at Ser633 and Ser649 by ERK (extracellular signal-regulated kinase) and RSK 

(ribosomal protein S6 kinase A1) respectively, increasing RRN3 transcriptional 

activity (Zhao et al., 2003). ERK can also phosphorylate UBF at Ser117 and 

Ser201, promoting Pol I transcription by facilitating transcriptional elongation 

through UBF bound rDNA (Stefanovsky et al., 2001b; Stefanovsky et al., 

2006a; Stefanovsky et al., 2006b). In contrast, energy and nutrient depletion 

leads to downregulation of Pol I transcription. For example, AMPK (AMP-

activated protein kinase) is a key regulator of cellular energy homeostasis, 

activated in response to changes in AMP:ATP ratio and regulating adaptive 

responses the reduce cellular energy consumption. AMPK reduces rDNA 

transcription in response to energy depletion by phosphorylating RRN3 at 

Ser635, impairing its interaction with SL1 and preventing PIC formation (Hoppe 

et al., 2009).  

 

Complexes that change the chromatin structure state at the rDNA promoter 

between a poised and active are also regulated by cell energy and nutrient 

status. For example, SIRT1 (sirtuin 1) is activated following changes in the 

NAD+/NADH ratio induced by reduction in energy status. It is part of the 

eNoSC (energy dependent nucleolar silencing) protein complex composed of 

NML, SIRT1, and SUV39H1, which in response to energy deprivation driving 

reduction of 47S pre-rRNA transcription, is recruited to the rDNA promoter and 

results in deacetylation of histones by SIRT1 and dimethylation of H3K9 by 

SUV39H1 (Murayama et al., 2008; Kumazawa et al., 2011; Song et al., 2013; 

Yang et al., 2013a). SIRT1 also regulates NoRC, through TIP5 acetylation and 

deacetylation by MYST1 (MYST family histone acetyltransferase 1/ MOF) and 

SIRT1 respectively, resulting in histone deacetylation and nucleosome 

remodelling to a position incompatible with transcription at the rDNA promoter 

following reduction in intracellular energy status (Zhou et al., 2009). During 
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glucose starvation AMPK activates the histone demethylase KDM2A (lysisine 

specific demethylase 2A), which can repress 47S pre-rRNA transcription by 

demethylating H3K36 at the promoter of open rDNA repeats (Tanaka et al., 

2010). While the binding of NuRD is to the rDNA promoter is increased during 

serum starvation, resulting in an increased proportion of nucleosomes in the 

position incompatible with transcription (Xie et al., 2012). In all of these cases 

the poised state is reversible, and the active state re-established upon normal 

growth conditions.   

 

1.1.3.3. Stress response. Pol I transcription is rapidly downregulated upon 

conditions of cellular stress. For instance, the tumor suppressor transcription 

factor p53, which induces cell cycle arrest, senescence and apoptosis, directly 

inhibits Pol I transcription by binding to SL1 preventing its interaction with UBF 

and formation of the PIC (Zhai and Comai, 2000). RB (retinoblastoma protein) 

also negatively regulates Pol I transcription by interacting with UBF, preventing 

its interaction with the rDNA promoter and formation of the PIC leading to cell 

cycle arrest and/or senescence (Cavanaugh et al., 1995; Voit et al., 1997; 

Hannan et al., 2000a; Hannan et al., 2000b). p14ARF, which mediates an anti-

proliferative response under conditions of oncogenic stress, inhibits Pol I 

transcription by both inhibiting UBF phosphorylation and hence its ability to 

recruit the PIC, and preventing nucleolar import of the Pol I transcription 

termination factor TTF-1 and other factors (Ayrault et al., 2006; Lessard et al., 

2010; Saporita et al., 2011)(Reviewed in (Maggi et al., 2014)). DNA damage 

results in rapid inhibition of Pol I transcription, and the DNA damage response 

kinases ATM (ataxia-telangiectasia mutated kinase), ATR (ataxia 

telangiectasia and Rad3-related protein) and DNA-PK (DNA-dependent protein 

kinase) can each inhibit Pol I transcription by different mechanisms (Kruhlak et 

al., 2007; Calkins et al., 2013; Larsen et al., 2014; Sokka et al., 2015). Upon 

oxidative stress the stress–activated protein kinase JNK2 (c-Jun NH2-terminal 

protein kinase 2) inactivates RRN3 through phosphorylation of Thr200, 

preventing its interaction with SL1 and Pol I and formation of the PIC (Mayer et 

al., 2005).  

 

These examples illustrate that the cell exquisitely regulates rates of 47S rRNA 

transcription, with the many diverse cell homeostasis pathways, such as cell growth, 

proliferation and stress response pathways, converging upon the Pol I transcription 

apparatus to fine tune its activity as a key step in ribosome biogenesis. This enables a 
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fine balance of promoting the high rates of ribosome biogenesis necessary for cell 

growth and proliferation under favourable conditions, as well as restricting this most 

energy demanding cellular process to preserve viability under unfavourable conditions.  

 
1.2   The multifunctional nucleolus 

 
Rates of Pol I transcription of the 47S rRNA genes underlies the structure and function 

of the nucleolus (See Section 1.1.1). Importantly, in addition to its fundamental role in 

ribosome biogenesis, the nucleolus can perform extra-ribosomal functions. Proteomic 

analysis of the nucleolus illustrates its plurifunctional nature - of the 4500 proteins 

reported in the nucleolar protein database (NOPdb) (http:// lamondlab.com/ 

NOPdb3.0/), less than half have defined functions in ribosome biogenesis (Andersen 

et al., 2002; Scherl et al., 2002; Coute et al., 2006; Leung et al., 2006). Proteins that 

localize to the nucleoli are instead involved in a diverse range of functions, including 

cell-cycle control, DNA replication and repair, stress signaling, RNA and RNP 

biogenesis, and chromatin regulation. Importantly, the nucleolar proteome is not static, 

but dynamically altered in response to cellular signaling pathways and changes in 

rates of rDNA transcription, enabling regulation of protein function through nucleolar 

sequestration or release (Andersen et al., 2005; Boisvert et al., 2010; Kar et al., 2011; 

Moore et al., 2011; Yamada et al., 2013). Nucleolar regulation of these functions is in 

some cases well defined, while in others the role of the nucleolus has only recently 

begun to emerge.   

 
1.2.1 p53 activation by the nucleolar stress pathway 
The classic extra-ribosomal function of the nucleoli is activation of tumor suppressor 

p53 by the nucleolar stress pathway. p53 is dubbed ‘the guardian of the genome’ as it 

is central to the regulation of multiple cellular stress responses, such as transient cell 

cycle arrest, senescence and apoptosis. Under normal conditions, p53 protein is 

precisely maintained at basal levels, particularly by the 26S proteasome and E3 ligase 

HDM2 (human homologue of mouse double minute 2), which both binds p53 

preventing its transcriptional activity and ubiquitinates p53 targeting it for proteasomal 

degradation. The activation of p53 can occur via multiple nucleolar components and 

signaling pathways, including for example, A) negative regulation of HDM2 by 

nucleolar p14ARF, B) negative regulation of HDM2 by free RPs, C) transcriptional 

regulation of p53 by nucleolar proteins, and D) regulation of p53 localisation and 

transport via the nucleoli (FIGURE 4). Further, p53 and its downstream targets can 
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negatively regulate rRNA transcription, conceivably resulting in a feedback loop 

enhancing p53 regulation by the nucleoli. 

 

The predominantly nucleolar protein, p14ARF binds HDM2 and inhibits its activity 

toward p53. Under normal conditions p14ARF is maintained at low levels by ubiquitin 

mediated degradation.  In response to a variety of signals, particularly oncogenic or 

genotoxic stress, p14ARF is transcriptionally upregulated and stabilized by NPM.   

Nucleolar localization mediates the NPM-p14ARF-p53 pathway in two ways: First, 

translocation of NPM from the nucleoli to the nucleoplasm promotes the interaction of 

p14ARF with HDM2 (Itahana et al., 2003) and disrupts HDM2 association with p53 

(Kurki et al., 2004), preventing p53 ubiquitination and degradation. Second, increased 

nucleolar localisation of p14ARF may both result in its further stabilization, by 

preventing its association with nucleoplasmic ubiquitin ligases, as well as potentially 

sequester HDM2 from p53 (Kruse and Gu, 2009)(Reviewed in (Lee and Gu, 2010)). 

 

Perturbations in ribosome biogenesis due to inhibition of rRNA transcription or 

disruption of 40S or 60S ribosomal subunit biogenesis lead to p53 activation by 

nucleolar stress through free RPs, L5 and L11 in particular, binding to HDM2 and 

inhibiting its activity towards p53 (Lohrum et al., 2003; Zhang et al., 2003; Bhat et al., 

2004; Dai and Lu, 2004; Jin et al., 2004; Dai et al., 2006; Chen et al., 2007; Horn and 

Vousden, 2008; Zhu et al., 2009b; Zhang et al., 2010; Daftuar et al., 2013)). Upon 

nucleolar stress, L5 and L11 together with 5S rRNA are mutually stabilised, and as 

part of the RPL5/RPL11/5S rRNA complex bind HDM2 in its central zinc finger 

domain, inhibiting both its E3 ligase function and its association with p53 (Fumagalli et 

al., 2009; Bursac et al., 2012; Fumagalli et al., 2012; Sloan et al., 2013; Nishimura et 

al., 2015).  This pathway appears to be regulated at a number of levels, for example 

L11 can be sequestered in the nucleoli by factors such as ribosome biogenesis factor 

PICT1 (protein interacting with carboxyl terminus 1) (Sasaki et al., 2011)(Reviewed in 

(Suzuki et al., 2012)), or through post-translation modification by NEDD8 (Neddylin) 

(Sundqvist et al., 2009; Mahata et al., 2012b; Ebina et al., 2013), the inhibition of 

which promotes association with HDM2. The requirement of RP binding to Mdm2 for 

p53 activation by nucleolar stress has also been confirmed an in vivo mouse model; 

mice expressing mutant Mdm2 that cannot bind RPL5 and RPL11 lack a p53 response 

to inhibition of ribosome biogenesis (Macias et al., 2010).  

 

Additional factors involved in ribosome biogenesis also regulate p53 under conditions 

of nucleolar stress, either by stabilisation as described above, or by alternative 
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mechanisms. For example, p53 mRNA is stabilized by NCL and L26, which bind to the 

5’UTR of p53 mRNA, resulting in increased p53 translation (Takagi et al., 2005).  

Interestingly under normal conditions, HDM2 targets RPL26 for proteasomal 

degradation by ubiquitination; thus decreased HDM2 activity following nucleolar stress 

would result in L26 stabilisation and further increase in p53 translation and abundance 

(Ofir-Rosenfeld et al., 2008). Furthermore, a number of nucleolar proteins can 

dissociate the interaction between p53 and HDM2, thus resulting in p53 stabilization. 

For example RPS3 directly interacts with p53 (Yadavilli et al., 2009), while 

Nucleostemin and CSIG (cellular senescence inhibited gene protein) can bind directly 

to HDM2 (Dai et al., 2008; Meng et al., 2008; Xie et al., 2016). Further, NCL 

associates with both p53 and HDM2, and depending on post-translational regulation 

can either antagonises their interaction or promote p53 ubiquitination (Daniely et al., 

2002; Saxena et al., 2006; Bhatt et al., 2012). Also, post-translational modification and 

association with co-factors regulate p53 activity towards its transcriptional targets. For 

example, p53 transcriptional activity relies upon acetylation by its coactivator 

p300/CBP, which is facilitated by MYBBP1A (MYB binding protein 1A), which in turn is 

sequestered in the nucleolus and released upon nucleolar stress in response to 

nutrient starvation or DNA damage (Kumazawa et al., 2011; Kuroda et al., 2011; 

Mahata et al., 2012a; Ono et al., 2013; Kumazawa et al., 2015) (Kumazawa et al., 

2015).  

 

In addition to its sequestration of factors that regulate p53, the nucleolus may play 

direct role in p53 transport and proteasomal degradation (Boyd et al., 2011). Both 

HDM2 and ubiquitinated p53 traffic through the nucleolus, and this may be required for 

the cytoplasmic export and subsequent degradation of p53. If p53 and HDM2 are co-

transported with ribosomal subunits, then disruption of ribosome biogenesis could 

result in p53 accumulation in part due to abrogation of this process sequestering p53 

away from the proteasome (Tao and Levine, 1999b, a; Klibanov et al., 2001; Mekhail 

et al., 2005; Boyd et al., 2011).  

 

It is now clear that the nucleoli integrate growth, proliferation and stress signals and 

coordinating cellular response through connecting ribosome biogenesis to p53 

activation. The complex mechanisms by which the nucleolus and its components 

modulate p53 activity is indicative of its importance as central hub responsible for “fine 

tuning” p53 response, enabling the cell to integrate signals from multiple upstream 

pathways that converge on ribosome biogenesis to formulate a p53-mediated cellular 

response. 
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1.2.2 Additional functions of the nucleoli 
In addition to the well characterised p53 nucleolar stress pathway, the nucleolus 

performs range of other extra-ribosomal functions. Some specific examples of the 

nucleolar regulation of components of cell cycle control, DNA replication and repair, 

stress signaling pathways and RNA and RNP biogenesis are presented in TABLE 1.  

 
1.2.2.1 Cell Cycle. The nucleoli and ribosome biogenesis are tightly 

coordinated with the cell cycle. As discussed above, Pol I transcription is 

regulated by cell cycle specific factors to result in its activation in G1, 

upregulation as the cell cycle progresses, and deactivation in mitosis. 

Conversely, the nucleoli function in the regulation of cell cycle progression. 

Nucleolar control of cell cycle progression is exemplified by induction of p53-

mediated cell cycle arrest following inhibition of rDNA transcription, however 

the nucleolus can also mediate the function of additional cell cycle regulatory 

proteins independent of the p53 pathway.  For example, HDM2 stabilizes the 

E2F-1 transcription factor, and binding of free RPL11 to HDM2 can inhibit this 

function and thereby prevent G1-S cell cycle progression (Donati et al., 2011b). 

hCDC14B is sequestered in the nucleoli during interphase and its release at 

the onset of mitosis is required for correct mitotic progression: CDK1/cyclin B is 

activated by CDC25 dependent dephosphorylation, and once activated 

promotes entry into mitosis; upon onset of mitosis, hCDC14B 

dephosphorylates and inactivates CDC25, enabling efficient inactivation of 

CDK1 at late M phase (Tumurbaatar et al., 2011). Release of hCDC14B from 

the nucleoli in interphase can prevent entry into mitosis (Peddibhotla et al., 

2011). These and other examples indicate that the nucleoli can mediate 

multiple cell cycle stages, including G1-S progression, DNA replication and 

mitosis (TABLE 1).  

 

1.2.2.2 Stress response. While activation of p53 is the classical example of the 

nucleolar stress response, a number of p53-independent pathways have also 

been identified. For example, free RPL3 can mediate upregulation of p21 

expression, and induce cell cycle arrest and apoptosis in the absence of p53 

(Russo et al., 2013; Esposito et al., 2014; Russo et al., 2016). The nucleoli can 

sequester and release specific proteins in response to hypoxia or heat shock 

and mediate stress response. Under normal conditions, p14ARF can sequester 

hypoxia inducible factor (HIF1) alpha subunit in the nucleoli, inhibiting HIF1 



 15 

transcriptional activity, and VHL (Von Hippel-Lindau tumor suppressor) 

ubiquitinates and targets HIF1 for proteasomal degradation. In response to 

hypoxia, VHL is sequestered in the nucleoli, and HIF1 can activate target gene 

transcription (Fatyol and Szalay, 2001; Mekhail et al., 2004). Specific long non-

coding RNAs are transcribed from the IGS at the rDNA in response to stress, 

which can sequester and immobilize specific proteins, for example VHL under 

conditions of acidosis and HSP70 (heat shock protein 70kDa) following heat 

shock, in a distinct structure within the nucleoli termed the detention center 

(Audas et al., 2012; Jacob et al., 2013). (TABLE 1). 

 

1.2.2.3 DNA damage response. The nucleoli may also be involved in the DNA 

damage response (DDR). On one hand, DNA damage results in inhibition of 

rDNA transcription and reorganization of nucleolar structure (Kruhlak et al., 

2007; Gilder et al., 2011; Moore et al., 2011; Calkins et al., 2013; Jin et al., 

2014; Larsen et al., 2014; Lin et al., 2014; Sokka et al., 2015). On the other, 

proteomic and fluorescent imaging analysis has shown that a number of DDR 

proteins localize to the nucleoli, and that in response to different genotoxic 

insults a distinct population of proteins translocate between the nucleoli and the 

nucleoplasm (Cohen et al., 2008) (Boisvert et al., 2010; Boisvert and Lamond, 

2010; Moore et al., 2011). For some proteins, nucleolar regulation in DDR 

response has been further characterised. For example, hCDC14B is 

phosphorylated by CHK1 (checkpoint kinase 1) and released from the nucleoli 

following DNA damage, leading to hCDC14B-induced activation of APC/CCdh1 

(anaphase-promoting complex/cyclosome activator protein Cdh1) and the G2 

DNA damage cell cycle checkpoint (Bassermann et al., 2008; Peddibhotla et 

al., 2011). DSB repair factor BRCA1 interacts with ribosomal protein RPSA in 

the nucleoli, and following irradiation it translocates to DNA-damage response 

foci in the nucleoplasm, then reverts to the nucleoli after several hours 

presumably once DNA repair is complete (Guerra-Rebollo et al., 2012). NCL 

relocalises from the nucleoli to the nucleoplasm upon DNA damage, where it 

interacts with histone H2A.X phosphorylated at Ser139 (gH2A.X) and 

accumulates at DNA double stranded break (DSB) sites, and NCL knockdown 

results in reduced DSB repair (Kobayashi et al., 2012).  Finally, it has been 

proposed that the repetitive nature and high rates of transcription the rDNA 

repeats make them particularly vulnerable to genomic instability, and thus they 

can activate DNA damage response in a highly sensitive manner, performing a 

protective function for the genome as a whole (Rubbi and Milner, 2003; Stults 
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et al., 2008; Ganley et al., 2009; Ide et al., 2010; Kobayashi, 2011). (TABLE 1). 

 

1.2.2.4 Autophagy and senescence. The nucleolus is also related to autophagy 

and senescence.  Signaling pathways that regulate rDNA transcription can also 

regulate autophagy, the survival-promoting pathway that recycles intracellular 

proteins and organelles. Autophagy is primarily induced by nutrient stress, and 

thus certain stress signals can result in both inhibition of rDNA transcription 

and activation of autophagy (Calle et al., 1999; Hannan et al., 2003; Iadevaia et 

al., 2012; Chen et al., 2016a). More directly, inhibition of Pol I transcription can 

induce formation of autophagic vesicles (Drygin et al., 2011; Kreiner et al., 

2013; Katagiri et al., 2015; Chen et al., 2016b). The mechanisms connecting 

nucleolar disruption to autophagy are not clear, however recent reports have 

implicated nucleolar proteins including NPM (Katagiri et al., 2015).  

Senescence is a response in which cells adopt a state of permanent cell cycle 

arrest. The key signaling pathways mediating senescence include p53 and 

p16INK4a-RB (Reviewed in (Campisi and di Fagagna, 2007)), thus the 

nucleolus may indirectly induce senescence through activation of p53, or 

through RB which transiently localizes with the nucleolus and nucleolar 

proteins, though the function of these associations in the regulation of the RB 

pathway is less well-defined (Hannan et al., 2000a; Hannan et al., 2000b; 

Takemura et al., 2002; Angus et al., 2003; Grinstein et al., 2006). The nucleoli 

may also mediate telomere stability via the regulation of the assembly and 

activity of both telomerase and the telomere binding complex shelterin 

(Reviewed in (Hein, 2012)). Therefore, the nucleoli may be involved in 

mediating both replicative senescence and oncogene-induced senescence, by 

mediating telomere stability and senescence signaling pathways. (TABLE 1).  

 
1.2.2.5 RNA and RNP biogenesis. Nucleoli can also play a role in the 

biogenesis of non-ribosomal RNAs and protein-RNA complexes 

(ribonucleoproteins, or RNPs) (Reviewed in (Pederson, 1998; Gerbi et al., 

2003; Pederson and Tsai, 2009)) (TABLE 1). Post-transcriptional regulation of 

RNAs by the nucleoli includes processing, nucleolar localisation and export, 

and regulation of small non-coding RNAs such as miRNAs. For example, the 

classic function of small nucleolar RNAs, which act as guide sequences for 

snoRNPs to carry out appropriate modifications to target nucleotides, is the 

post-transcriptional modification of rRNAs, consistent with their localization to 

the nucleoli. However, they are also involved in the modification of splicesomal 
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RNAs (snRNAs) and thus the regulation of pre-mRNA splicing; several 

snRNAs transiently localize to the nucleoli and can be are modified by 

snoRNPs prior to assembly into snRNPs (Lange and Gerbi, 2000; Yu et al., 

2001; Gerbi and Lange, 2002; Huttenhofer et al., 2002). Also, specific miRNAs 

can be post-transcriptionally regulated by NCL (Shiohama et al., 2007; 

Pickering et al., 2011; Pichiorri et al., 2013), a number of miRNA are enriched 

in the nucleoli but can translocate to the cytoplasm upon specific stimuli (Politz 

et al., 2006; Politz et al., 2009) (Li et al., 2013; Bai et al., 2014). One of the first 

extra-ribosomal functions reported for the nucleoli was the processing of the 

signal recognition particle (SRP), an abundant cytosolic RNP that recognizes 

and binds the N-terminal hydrophobic sequence of specific newly synthesized 

proteins and delivers them to the endoplasmic reticulum for translocation. Both 

RNA and protein SRP components are localized in the nucleoli, suggesting a 

nuceolar phase is required for its processing and assembly (Jacobson and 

Pederson, 1998; Politz et al., 2000; Politz et al., 2002). This has now expanded 

to include the maturation and assembly of other RNPs such as telomerase, 

RNAse P, and snRNPs. It has been proposed that the nucleoli have evolved as 

a common assembly site for RNPs (Reviewed in (Pederson and Politz, 2000)). 

Indeed, it seems likely that, with the high density of factors involved in RNA 

metabolism at the nucleoli, they would be co-opted to perform extra-ribosomal 

RNA functions.  

 

1.2.2.6 Differentiation. More recently, the role of the nucleoli in differentiation 

has been highlighted. Both rRNA transcription and active rRNA copy number 

are reduced during normal development processes (Poortinga et al., 2004; 

Poortinga et al., 2011b; Savic et al., 2014; Woolnough et al., 2016) Zhang et al 

(2014) reported in Drosophila that increasing rRNA transcription can delay 

differentiation (Zhang et al., 2014). In the same year, Hayashi et al reported 

that inhibition of Pol I transcription induced differentiation in human HL-60 

myeloblastic and THP-1 monocytic cell lines in vitro, as well as mouse 

hematopoetic stem cells ex vivo (Hayashi et al., 2014). In human embryonic 

stem cells (ESCs), differentiation is associated with reduced rRNA transcription 

prior to any changes in rDNA heterochromatin, and inhibition of Pol I 

transcription is sufficient to induce markers of differentiation (Woolnough et al., 

2016).  Conversly, increased transcription of rRNA and other ncRNAs is an 

early hallmark of dedifferentiation of hepatocytes (Lauschke et al., 2016). It has 

been proposed that nucleoli may mediate pluripotency via mediating global 
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chromatin states (discussed further below) (Savic et al., 2014). Therefore, 

rRNA transcription may play a regulatory role in the control of pluripotency and 

differentiation.  

 

1.2.3 The nucleoli in genome organisation and chromatin regulation.  
The organization of the genome within nucleus contributes to the regulation of 

processes including transcription, DNA replication and establishing chromatin. Distant 

genomic loci can associate with each other to form both short- and long-range 

interactions, and changes in the positioning of genes in the nucleus can affect their 

regulation (Reviewed in (Gibcus and Dekker, 2013; Bonev and Cavalli, 2016)). The 

nucleolus is surrounded by a shell of dense heterochromatin, known as the 

perinucleolar heterochromatin. This region associates with the silent CpG methylated 

rDNA repeats (Akhmanova et al., 2000), as well as satellite DNA that surrounds the 

NORs (Guetg et al., 2010).  Additional loci from multiple sites at different 

chromosomes can also be constrained at the nucleolar periphery, indicating a role for 

the nucleoli in higher order chromatin arrangement (Reviewed in (Guetg and Santoro, 

2012)). Recent genome wide analysis classified approximately 4% of the genome, in 

addition to regions containing NORs, as nucleolus-associated chromatin domains 

(NADs) (Nemeth et al., 2010). Regions reported to associate with perinucleolar 

heterochromatin include satellite repeats, telomeric, and centromeric regions (Stahl et 

al., 1976; Leger et al., 1994; Wong et al., 2007; Nemeth et al., 2010; van 

Koningsbruggen et al., 2010), the Y chromosome (Comings, 1980), the inactive X 

chromosome (Xi) (Zhang et al., 2007b), imprinted chromatin regions (Mohammad et 

al., 2008; Pandey et al., 2008), and repressed gene clusters specific to different cell 

types (Nemeth et al., 2010; van Koningsbruggen et al., 2010). Common characteristics 

of NADs are repressive histone marks and reduced gene expression, including 

repetitive regions, regions with low gene density and regions enriched in repressed 

genes (Nemeth et al., 2010; van Koningsbruggen et al., 2010). Many NADs also 

associate with the nuclear envelope, a region known to be associated with silent 

heterochromatic DNA (van Koningsbruggen et al., 2010; Kind et al., 2013). Therefore, 

the peri-nucleolar regions are proposed to function in the maintenance of repressive 

epigenetic state at non-ribosomal DNA, and condensation of these regions into 

perinucleolar heterochromatin could be a general strategy to prevent genomic 

instability. In support of this, in murine cells depletion of TIP5, a component of NoRC 

which is required to maintain silent rDNA copies, resulted in loss of repressive histone 

marks and destabilization not only at the rDNA but also at associated satellite repeats 

(Guetg et al., 2010). Studies in Drosophila melanogaster have shown that the loss of 
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silent rDNA repeats result in reduced heterochromatic gene silencing across the 

genome (Paredes and Maggert, 2009; Paredes et al., 2011). The mechanisms that 

regulate the association of NADs with the nucleolar periphery and their subsequent 

epigenetic silencing has yet to be fully elucidated. However, non-coding RNA 

transcription is believed to play a key role in directing DNA sequences to the 

nucleolus. For example, it is proposed that the ongoing association of Xi with the 

perinucleolar region during S-phase is mediated by the lncRNAs Xist and Firre, and 

that this is required to maintain its heterochromatic silencing (Zhang et al., 2007a; 

Yang et al., 2015). The expression of non-coding RNA Kcnqlot1 results in 

relocalisation of its chromosomal domain to the perinucleolar region and its 

subsequent heterochromatic silencing (Mohammad et al., 2008; Pandey et al., 2008).  

Also, transcription of centromeric alpha-satellite RNA is required for the targeting of 

centromeres to the nucleoli (Wong et al., 2007). The proteins involved in mediating 

interactions with NADs have also begun to be elucidated, and may involve CTCF, 

NCL, NPM, and Ki-67, which are also involved in the regulation of rDNA transcription 

(Reviewed in (Matheson and Kaufman, 2016)). In contrast, actively transcribed 5S and 

tRNA RNA Pol III-transcribed genes can also be found at the nucleoli and enrichment 

for such genes has been documented in the perinucleolar region (Rawlins and Shaw, 

1990; Huang et al., 1997; Bertrand et al., 1998; Thompson et al., 2003; Nemeth et al., 

2010). Furthermore, a specific domain at the periphery of the nucleoli, designated the 

perinucleolar compartment (PNC), is highly enriched in both RNA binding proteins and 

Pol III transcripts (Reviewed in (Pollock and Huang, 2010)). Interestingly, in murine 

cells Pol III-transcribed 5S rRNA genes can induce association with the nucleoli of the 

genomic region in which the 5S rRNA genes are integrated, and this association can 

result in the repression of linked genes (Fedoriw et al., 2012). Importantly, these 

examples demonstrate an association between RNA expression, nucleolar 

localization, and the regulation of global gene expression and chromatin. 

 

1.2.4 Summary - the nucleoli as a hub for cell homeostasis 
In conclusion, the nucleolus is involved in the regulation of many key cellular 

processes, including cell cycle progression, stress response pathways such as p53, 

DDR, senescence, and apoptosis, and global regulation of gene expression through 

processes such as RNA and RNP biogenesis and regulation of the epigenome. 

Importantly, Pol I transcription is targeted by many of these same pathways (described 

above). As formation of a functional nucleolus depends upon active rDNA 

transcription, this results in changes in the nucleolar proteome and architecture 

(Andersen et al., 2005; Boisvert et al., 2010; Kar et al., 2011; Moore et al., 2011; 
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Yamada et al., 2013). It follows that changes in rates of rDNA transcription can 

consequently mediate multiple cellular functions. This positions the nucleolus as a 

central hub, which collects input from nearly all cell signaling pathways to sense the 

overall status of the cell and exquisitely regulate rates of ribosome biogenesis, then 

consequently orchestrates an appropriate response via its additional functions in cell 

proliferation and stress response (FIGURE 5).  

 

1.3   The nucleolus and cancer. 
 

Enlarged nucleoli have been associated with cancer cells since they were first 

described in the 19th century (Pianese, 1896). In fact, almost all cancer types display 

abnormal nucleoli (MacCarty, 1936) (Reviewed in (Derenzini et al., 2009)).  In a broad 

range of tumors, nucleolar size is used as a parameter to predict clinical outcome; 

increased nucleolar size corresponds with worse tumor prognosis, while changes in 

nucleolar size have been used to measure the responsiveness of tumor cells to 

classical chemotherapeutic drugs (Reviewed in (Derenzini et al., 1998)). The average 

nucleolar size also corresponds with growth fraction, or proliferative capacity, in 

human tumors. As such, a higher number of cells with enlarged nucleoli indicate a 

higher number of proliferating cells (Derenzini et al., 2000).  Similarly, as nucleolar size 

is closely related to rates of ribosome biogenesis, increased 47S pre-rRNA gene 

transcription has been widely observed in cancer, and correlated with an adverse 

prognosis (Williamson et al., 2006; Uemura et al., 2012). It was initially unclear 

whether abnormal nucleoli play a role in the cancer phenotype, or are merely an 

indirect effect of cell cycle-mediated regulation of Pol I transcription, which would be 

particularly pronounced in highly proliferative tissue (Reviewed in (Derenzini et al., 

2009)). Regardless, it was hypothesised that the nucleoli are enlarged due to a 

requirement for enhanced ribosome biogenesis in cancer tissues, to achieve the levels 

of protein synthesis required for their characteristic unrestrained growth and 

proliferation.  

 
1.3.1 Pol I transcription is directly regulated by tumor suppressors and 
oncogenes. 
Support for a role of enhanced 47S pre-rRNA transcription and enlarged nucleoli in 

transformation comes from the fact that many tumor suppressors and proto-

oncogenes directly target Pol I transcription and ribosome biogenesis. In fact, many of 

the components of pathways that upregulated Pol I transcription, for example MYC 

and the RAS/RAF/MEK/ERK and PI3K/AKT/mTOR cascades, act as oncoproteins that 
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drive uncontrolled proliferation; while components of pathways that downregulate Pol I 

transcription, for example p53, RB and p14ARF, act as tumor supressors that must be 

overcome for uncontrolled proliferation to occur. 

 

A prominent example of an oncogene that upregulates ribosome biogenesis is the 

transcription factor MYC (product of the C-MYC oncogene), which drives cell growth 

through regulating transcription of a cohort of genes that comprise around 15% of the 

genome (Reviewed in (Patel et al., 2004; Dang et al., 2006; Ruggero, 2009)). MYC is 

overexpressed in approximately half of all cancers (Reviewed in (Nesbit et al., 1999; 

Dang, 2012)). MYC can directly regulate Pol I transcription by associating with SL1 to 

stabilize the UBF/SL1 complex, binding to the rDNA, and promoting Pol I recruitment 

(Arabi et al., 2005; Grandori et al., 2005; Shiue et al., 2009). Indirectly, MYC 

upregulates transcription of core Pol I subunits and transcription factors, including UBF 

and RRN3 (Poortinga et al., 2004; Grewal et al., 2005; Poortinga et al., 

2011b).Further, MYC upregulates transcription of key factors required for ribosome 

biogenesis, such as Pol II transcription of the ribosomal protein genes, and Pol III 

transcription of 5S rRNA (Zeller et al., 2001; Schlosser et al., 2003; Gomez-Roman et 

al., 2006). Therefore MYC is a ‘master regulator’ of ribosome biogenesis (Reviewed in 

(Gomez-Roman et al., 2006; van Riggelen et al., 2010)).  Other growth regulatory 

pathways that target Pol I transcription are also dysregulated in cancer, including the 

RAS/RAF/MEK/ERK and PI3K/AKT/mTOR signaling cascades (discussed above in 

1.2.3). Multiple components can drive signaling down these cascades to act as 

oncoproteins: RAS and RAF are mutated in 30% and 6-7% of human cancers, 

respectively (Reviewed in (Pylayeva-Gupta et al., 2011; Osborne et al., 2012));PI3K is 

the most commonly overexpressed or hyperactivated in the mTOR pathway, but other 

molecules including AKT and S6K1 also act as oncoproteins and directly regulate Pol I 

transcription (Chan et al.; Samuels et al., 2004; Jastrzebski et al., 2007)(Reviewed in 

(Sheppard et al., 2012a)). The tumor suppressor PTEN, which is an upstream 

negative regulator of the P13K/AKT/mTOR pathway and also represses Pol I 

transcription by dissociating SL1 from the PIC complex, has reduced expression in a 

range of cancers (Zhang et al., 2005)(Reviewed in (Zhang and Yu, 2010)). These 

signaling pathways also converge in the activation of MYC (Chan et al.; Sears et al., 

1999).  

 

A prominent example of a tumor suppressor that downregulates ribosome biogenesis 

is p53 (discussed above in 1.2.3). As its designation as the ‘guardian of the genome’ 

implies, p53 performs numerous and diverse tumor suppressive functions, including as 
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a transcription factor central to the activation of cell cycle arrest, DNA damage 

response, senescence, and apoptosis (Reviewed in (Vousden and Lane, 2007; 

Sullivan et al., 2012; Mills, 2013)). It is the classic tumor suppressor – it is mutated in 

approximately half of all human tumors, and its function is compromised in the majority 

of remaining tumors expressing wild-type p53 (Petitjean et al., 2007b).  p14ARF, which 

acts upstream of p53 and is activated in response to aberrant growth or oncogenic 

stress, is also a tumor suppressor commonly lost in up 40% of cancers (Zhang et al., 

1998)(Reviewed in (Sharpless, 2005)). p14ARF can also act independently of p53 to 

induce cell cycle arrest and apoptosis, as well as directly inhibit Pol I transcription 

(Reviewed in (Sherr, 2006)). Downstream targets of p53 signaling also negatively 

regulate Pol I transcription, including repression of MYC (Ho et al., 2005), and 

activation of the tumor suppressor RB (Reviewed in (Sherr and McCormick, 2002)). 

 

Consequently, dysregulated nucleoli in cancer appear to arise as a result of the 

normally strictly regulated control of ribosome biogenesis in cell growth and 

proliferation being overcome through being directly targeted by pathways that drive the 

process of transformation (Reviewed in (Hannan et al., 2013b)). However, the extent 

to which changes in the nucleoli contribute to the process of tumorigenesis remains to 

be answered.  

 
1.3.2 Ribosomopathies are associated with cancer. 
Further support for a role of dysregulation of the nucleoli in transformation comes from 

rare hereditary diseases arising from mutations in components of ribosome 

biogenesis, collectively termed Ribosomopathies (Reviewed in (Hannan et al., 

2013a)). In many instances ribosomopathies, including Diamond–Blackfan anemia 

(DBA), 5q - syndrome, cartilage hair hypoplasia (CHH), Shwachman-Diamond 

Syndrome and X-linked dyskeratosis congenita (X-DC), are associated with cancer 

predisposition.  

 

Diamond-Blackfan anemia is caused by loss of function mutations that affect 

ribosomal proteins, most commonly RPS19 ((Draptchinskaia et al., 1999; Gazda et al., 

2006; Cmejla et al., 2007; Farrar et al., 2008) (Reviewed in (Dianzani et al., 2000)).  

DBA is characterised by hypoplastic anemia and a predisposition to cancer, 

particularly hematopoietic malignancies (Song et al., 2010; Dutt et al., 2011). 5q - 

myelodysplastic syndrome can be characterised by haploinsuffiency of an RP gene, as 

chromosome 5q deletion results in loss of one allele of RPS14 (Ebert et al., 

2008)(Reviewed in (Ebert, 2010)). Similarly to DBA, 5q-syndrome patients exhibit 
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impaired erythropoiesis and increased cancer susceptibility (Vlachos et al., 2012). 

Other ribosomopathies associated with increased cancer susceptibility affect the 

process of ribosome biogenesis at multiple stages, including rRNA transcription and 

processing and ribosome assembly. CHH results from mutations in RNase MRP (RNA 

component of the Mitochondrial RNA processing complex), a snoRNA that performs a 

number of functions, including in snRNP processing of rRNA ((Ridanpaa et al., 2001; 

Welting et al., 2004). Shwachman-Diamond Syndrome is due to mutations in SBDS 

(Shwachman-Bodian-Diamond Syndrome), a multifunctional nucleolar protein that can 

function in ribosomal biogenesis, particularly in assembly of ribosomal subunits (Wong 

et al., 2011). However, the contribution of nucleolar functions to the pathology of these 

diseases is not clearly defined. X-linked dyskeratosis congenita is caused by mutation 

in the DKC1 gene, encoding dyskerin, a pseudouridine synthase component of 

snoRNPs (Heiss et al., 1998). Dyskerin mutations result in both impaired rRNA 

processing and decreased telomerase activity (Heiss et al., 1998; Mochizuki et al., 

2004). X-DC is characterised by premature aging and increased risk of cancer. 

Importantly, in the case of X-DC, defects in ribosome biogenesis are reported to be 

responsible in part for cancer susceptibility conferred by dyskerin mutations - in mouse 

models of X-DC, increase in cancer incidence is observed prior to telomeric defects 

arising from decreased telomerase activity (Ruggero et al., 2003).  

 

The mechanisms underlying increased cancer susceptibility in ribosomopathies are 

still being elucidated. Particularly, many of the mutations associated with defective 

ribosome biogenesis have additional, extra-ribosomal effects. However, cancer 

predisposition is common to ribosomopathies associated with mutations of different 

genes, encoding factors performing significantly dissimilar functions. In support of this, 

defects in ribosome biogenesis are also associated with cancer in sporadic tumors. 

For example, RPL5 and RPL11 are frequently mutated in T-cell lymphoblastic 

leukaemia (De Keersmaecker et al.). DKC1 expression is also reduced in a subset of 

human breast cancers, and pituitary adenoma (Montanaro et al., 2006; Bellodi et al.; 

Montanaro et al., 2010). SnoRNAs, required for post-transcriptional rRNA modification 

and processing, are increasingly reported to be associated with cancer (Reviewed in 

(Williams and Farzaneh, 2012)). For example, snoRNA U50 is reported to be mutated 

in breast carcinoma, prostate cancer, and B-cell lymphoma (Tanaka et al., 2000; Dong 

et al., 2008; Dong et al., 2009). This suggests that it is common, nucleolar related 

functions that play an important role in the increased risk of developing cancer. 

 

Intriguingly, the mutations associated with ribosomopathies and increased risk of 
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cancer lead to defects, rather than increased rates, in ribosome biogenesis. This 

suggests that nucleolar dysregulation can contribute to the process of tumorigenesis 

independently of changes in the cells capacity for protein synthesis. Rather, the role of 

the nucleoli in cancer may relate to the additional functions of the nucleoli.  

 
1.3.3 The hallmarks of cancer and functions of the nucleoli.  
The fundamental ‘hallmarks’ of cancer are defined by Hannahan and Weinberg in their 

classic review as the characteristics that must be acquired during tumorigenesis - 

sustained proliferative signaling, evasion of growth suppressors, resistance to cell 

death, replicative immortality, induction of angiogenesis and activation of invasion and 

metastasis (Hanahan and Weinberg, 2000). The well-established association between 

enhanced ribosome biogenesis and cancer was traditionally proposed to be necessary 

for sustained cell proliferation. That is, by providing the increased rates of protein 

synthesis required for cell growth, it ensured cancer cells could continue to progress 

through the cell cycle. However, the extent to which changes in ribosome number and 

protein synthesis contribute to transformation has not been clearly defined. 

Conceptually, nucleolar dysregulation could contribute to a number of the hallmarks of 

cancer (FIGURE 5).  

 

The additional functions of the nucleoli could play key roles in driving tumorigenesis.  

For example, increased rates of Pol I transcription and deregulation of nucleolar 

function may prevent p53 activation by the nucleolar stress response. In fact, Rubbi 

and Millner showed that irradiation of nucleoli, but no other regions in the nucleus, 

results in p53 activation. Thus, they proposed that targeting the nucleoli is necessary 

and sufficient to activate p53 (Rubbi and Milner, 2003). Activation of p53 by the 

nucleolar-stress pathway occurs in response to translocation of proteins to or from the 

nucleoli, such as RPL5/RPL11/5S. When Pol I transcription is hyperactivated, 

translocation of these factors may no longer be effectively regulated, resulting in the 

reduced activation of p53 tumor suppressor function. In support of this, the 

upregulation of rRNA transcription in human cancer cell lines in vitro, as well as a 

regenerating rat liver model in vivo, decreases the p53 response to cytotoxic stress 

(Donati et al., 2011a). Further, in an Eμ-Myc transgenic mouse model in which RPL5 

and RPL11 are unable to bind to a MDM2 mutant, earlier onset and more frequent 

tumors were observed compared to MDM2 wild-type mice (Macias et al., 2010). Other 

p53-independent nucleolar functions could play a similar role. For example, 

compromised nucleolar regulation of cell cycle progression, or activation of 

checkpoints in response to stress such as DNA damage. In fact, many of the pathways 



 25 

containing oncogenes and tumor suppressors that modulate Pol I transcription during 

tumorigenesis, are themselves subject to regulation by the nucleolus.  

 

Apoptosis and senescence are closely related to the hallmarks of cancer.  

Programmed cell death by apoptosis is triggered by oncogenic and other cellular 

stresses, and must be overcome for tumorigenesis to occur (Reviewed in (Lowe et al., 

2004)). Senescence limits cell proliferative capacity and results in permanent cell cycle 

arrest in response to oncogenic and other cellular stresses (Reviewed in (Perez-

Mancera et al., 2014)). Thus, compromised nucleolar regulation of these processes 

could contribute to the acquisition of hallmarks such as resistance to cell death and 

replicative immortality, respectively. Further, the relationship between rates of rRNA 

transcription and pluripotency and differentiation, as discussed above (see Section 

1.2.2.6), suggests that changes in rates of Pol I transcription may be involved in the 

various degrees of differentiation observed in tumors. This mediates numerous 

processes such as the self-renewal capabilites of cancer cells, or epithelial-to-

mesenchymal transition, which enables invasion and metastasis by cancer cells 

(Reviewed in (Heerboth et al., 2015)).   

 
Genome instability underlies the acquisition of mutations that result in the hallmarks of 

cancer. Nucleolar dysregulation could plausibly contribute to genome instability in a 

number of ways. For example, a loss of rDNA silencing could result in reduced 

epigenetic silencing of NADs, resulting in genomic instability particularly at repetitive 

regions reported to be frequently associated with nucleoli (Nemeth et al., 2010; van 

Koningsbruggen et al., 2010). As the rDNA repeats are particularly vulnerable to 

genomic instability, due to their repetitive nature and high rates of transcription, the 

nucleolus may protect the genome by activating DDR in a highly sensitive manner. 

This suggests that nucleolar dysregulation could result in both genomic instability at 

the rDNA repeats, as well as compromised DDR across the whole genome. In fact, 

upregulated rRNA synthesis in different models was responsible for both increased 

DNA damage at the rDNA (Wang et al., 2013), and decreased p53-mediated response 

to cytotoxic stress (Donati et al., 2011a). Also, nucleolar regulation of telomerase could 

result in telomere dysfunction when nucleoli are dysregulated. Loss of telomeric 

repeats or protective structures can lead to end-to-end fusions, gross chromosomal 

aberrations and changes in ploidy, and eventually ‘telomere healing’ – this both drives 

genomic instability and enables stable proliferation of resulting cells (Reviewed in 

(Martinez and Blasco, 2011)).  
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The nucleolus can regulate many cellular processes whose dysregulation drive the 

acquisition of the hallmarks of cancer. For example, signaling by oncogenes and tumor 

suppressors, apoptosis and senescence, or genomic stability. It follows that 

perturbations in nucleolar function and structure that lead to disruption of this 

regulation may drive tumorigenesis. Particularly, the nucleolus is exceptionally 

responsive to qualitative and quantitative changes in cellular stress signals, however in 

cancer activation of oncogenes (for example MYC), or loss of tumor suppressors (for 

example p53), result in the consistent hyperactivation of rDNA transcription. This 

dampens nucleolar response to upstream signaling, preventing appropriate regulation 

of both ribosome biogenesis and extra-ribosomal nucleolar functions. This positions 

the nucleolus as an interesting target for cancer therapy, as inhibition of rDNA 

transcription may both reduce ribosome biogenesis and the protein translation 

capacity of growing cancer cells, as well as restore appropriate regulation of nuclear 

functions that prevent acquisition of the cancer phenotype.  

 

1.3.4 Targeting the nucleoli for cancer treatment. 
Although the relationship between increased rates of Pol I transcription and cancer 

have been recognized for some time, the concept of targeting ribosome biogenesis as 

a therapeutic approach to cancer has been controversial – due to the fundamental 

requirement of ribosomes for cell growth and proliferation, there was not considered to 

be a therapeutic window to specifically target cancer cells without also affecting normal 

cell function. However, several lines of evidence suggest that inhibiting Pol I 

transcription of the 47S pre-rRNA is feasible in cancer treatment.   

 

First, a range of therapeutic agents have retrospectively been shown to directly inhibit 

rates of Pol I transcription. For example, Actinomycin D, widely used as a 

chemotherapeutic agent since 1954, acts in part via intercalating GC-rich regions of 

DNA, and is thus selectively inhibits Pol I transcription at low concentrations due to 

preventing elongation of Pol I transcription through the GC –rich rRNA genes.  Another 

widely used chemotherapeutic agent, cisplatin, and its platinum based derivatives, 

such as carboplatin and oxaliplatin, form DNA adducts that both induce DNA damage 

response and also inhibit transcription of the 47S pre-rRNA via sequestration of UBF 

(Treiber et al., 1994; Chao et al., 1996; Jordan and Carmo-Fonseca, 1998; Bruno et 

al., 2017). Importantly, therapeutic efficacy of oxyalypatin has recently been suggested 

to be predominantly though ribosome biogenesis stress (Bruno et al., 2017). 

Topoisomerase I inhibitors, including Camptothecin, Irinotican, and Topotecan are 

approved chemotherapeutic agents, that can disrupt Pol I transcription, due to 
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inducing DNA strand breaks in the transcribed portion of the rDNA gene where 

Topoisomerase I is enriched (Pondarre et al., 1997). The ellipticine family of planar 

alkaloids contain a number of therapeutic agents that have progressed to clinical trials, 

with their efficacy attributed to inhibition of Topoisomerase II; members of this family 

have also been shown to selectively inhibit Pol I transcription, in particular 9-

hydroxyellipticine, which prevents the recruitment of SL1 to the 47pre-rRNA gene 

promoter (Andrews et al., 2013). In fact, when a panel of 36 common 

chemotherapeutic drugs were tested for activity against rRNA synthesis, 21 were 

found to inhibit either rRNA transcription, early rRNA processing, or late rRNA 

processing (Burger et al., 2010). 

 

Second, inhibitors of oncogenic pathways that regulate ribosome biogenesis, such as 

those described above, are emerging as anti-cancer drugs. For example, the 

PI3K/AKT/mTOR pathway inhibitor rapamycin has been demonstrated to inhibit rRNA 

gene transcription, and novel analogs of rapamycin (‘rapalogs’) are undergoing clinical 

trials in a wide range of human tumors, with temsirolimus and everolimus approved for 

the treatment of breast and renal cancer (Mahajan, 1994; Meng and Zheng, 2015). 

Inhibitors of the RAS/RAF/MEK/ERK pathway are also undergoing clinical 

development, such as MEK1/2 inhibitor trametinib with is approved for treatment of 

BRAFV600E/K-mutant melanoma (Reviewed in (Caunt et al., 2015)). Due to feedback 

and compensatory mechanisms between these pathways, pre-clinical studies have 

begun to address the effectiveness of combinatorial treatment with inhibitors that 

target the both the the PI3K/mTOR and RAS/MAPK networks (Kinross et al., 

2011)(Reviewed in (Sheppard et al., 2012b; Yan et al., 2017)). Further, 

chemotherapeutic inhibitors of cell cycle regulatory kinases can disrupt the nucleolus - 

for example, treatment with CDK2 inhibitors roscovitine and olomoucine reduce levels 

of 47S pre-rRNA, drive nucleolar fragmentation, and result in accumulation of p53 - 

consistent with the co-ordination of cell cycle progression and rates of ribosome 

biogenesis (See section 1.1.3.1.)(Reviewed in (Asghar et al., 2015)).   

 

These examples show that ribosome biogenesis can be safely targeted in the 

treatment of cancer. Further, while the impact of inhibition of Pol I transcription to 

therapeutic efficacy of these agents was not always a consideration during their 

development, it is possible that this activity significantly contributes to the clinical 

success of these treatments.  
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1.4  CX-5461 selective small molecule inhibitor of Pol I transcription.  
 
Recent advances in our understanding of the role of the nucleolus in cancer have 

motivated the development of specific inhibitors of Pol I transcription and ribosome 

biogenesis. Despite the evidence that numerous therapeutic agents inhibit this 

process, until recently there were no anticancer drugs specifically designed to target 

ribosome biogenesis. Thus, Pol I transcription represents a novel unexploited avenue 

for the treatment of cancer. In collaboration with Cylene Pharmaceuticals (San Diego, 

California, USA), we have been involved in the development of a specific small 

molecule inhibitor of Pol I transcription, the benazathiozole-based 2-(4-methyl-

[1,4]diazepan-1-yl)-5-oxo-5H-7-thia-1,11b-diaza-benzo[c]fluorene-6-carboxylic acid (5-

methyl-pyrazin-2-ylmethyl)-amide (CX-5461) (Drygin et al., 2009; Drygin et al., 2011; 

Haddach et al., 2012) (FIGURE 6).  

 
CX-5461 was identified in a cell-based assay designed to screen a small molecule 

library of new chemical entities for selective inhibition of Pol I transcription. In this 

screen, HCT-116 human colorectal carcinoma cells were treated with test compounds, 

and rates of transcription of both 47S-pre-rRNA by Pol I and C-MYC by Pol II were 

determined by qRT-PCR. Both 47S-pre-RNA and C-MYC transcripts have a similar, 

short 20-30 minute half-life, thus it is possible to use a relatively short-term treatment 

of 2hr that both selects for potent Pol I inhibitors and minimizes any effects due to 

general cellular stress, and identify agents with selectivity for inhibition of Pol I relative 

to Pol II transcription (Drygin et al., 2011; Haddach et al., 2012).  

 

CX-5461 was identified as a small molecule that preferentially inhibits Pol I 

transcription (with an IC50 of 113nmol/L) compared to Pol II transcription (IC50 

>25µmol/L), giving an over 200-fold selectivity for Pol I. The selectivity of CX-5461 for 

Pol I inhibition was confirmed in two additional cell lines (A365 melanoma and MIA 

PaCa-2 pancreatic carcinoma cell lines) (Drygin et al., 2011). 

 

CX-5461 inhibits initiation of Pol I transcription. In ‘order of addition’ studies in a cell-

free assay of Pol I transcription, a DNA template corresponding to -160 to +379 region 

of the rDNA was incubated with whole nuclear extract from HeLa S3 cells, along with 

the Pol II transcriptional inhibitor a-amanitin.  CX-5461 was added to either a) nuclear 

extract prior to DNA template addition, b) nuclear extract and DNA template prior to 

transcription initiation by addition of rNTPs (ribonucleoside tri-phosphates), or c) 

nuclear extract and DNA template following transcription initiation by addition of 
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rNTPs. Analysis of transcription rates by qRT-PCR showed that CX-5461 most 

significantly inhibited Pol I transcription prior to PIC formation on the rDNA template 

(Drygin et al., 2011). 

 

The mechanism by which CX-5461 inhibits Pol I transcription initiation is via disruption 

of the interaction of SL1 with the rDNA, preventing formation of the PIC at the rDNA 

promoter. ChIP analysis of the rDNA promoter following 1hr treatment with 2 µmol/L 

CX-5461 revealed that levels of Pol I, SL1, and UBF were reduced at the rDNA 

promoter. In particular, SL1 components (including TBP, TAFI110, and TAFI63) were 

the most depleted, suggesting that the inhibition of Pol I recruitment by CX-5461 was 

due to its effects on SL1. The interaction of SL1 with the rDNA promoter in the 

presence of CX-5461 was further examined using electromobility shift assay (EMSA).  

SL1 was isolated from HeLa cells and incubated with a radiolabeled DNA probe 

corresponding to the rDNA promoter, in the presence of either CX-5461, or a close 

analogue small molecule that is inactive toward Pol I transcription (CX-5447). CX-5461 

disrupted the SL1-rDNA complex, while the negative control CX-5447 did not. There 

was no decrease in protein-protein interactions within the SL1 complex in the 

presence of CX-5461. Thus, we concluded CX-5461 inhibits SL1 binding at the rDNA 

promoter (FIGURE 6).   

 

Another agent that inhibits Pol I transcription was also identified by Cylene 

Pharmaceuticals - the fluroquinine derivative CX-3543 (also known as Quarfloxin). 

Unlike CX-5461, CX-3543 does not directly target the Pol I transcription complex; 

rather, CX-3543 accumulates in the nucleoli, binds G-quadruplex (G4) DNA, disrupts 

the interaction of nucleolin with G4 structures at the rDNA, and inhibits Pol I 

transcription at the elongation stage (Drygin et al., 2009).  

 

The specificity for CX-5461 for inhibition of Pol I transcription, rather than Pol II 

transcription, or DNA and protein synthesis, was confirmed. Gene expression array 

analysis of Pol II transcription following 1hr treatment with 300nmol/L CX-5461 (which 

gives over 50% reduction in rates of 47S pre-rRNA transcription) resulted in an equal 

number of upregulated as downregulated Pol II- transcribed genes, indicating changes 

in Pol II transcription are downstream of Pol I inhibition, as a general inhibition of Pol II 

transcription by CX-5461 would result in predominantly downregulated genes. BrdU 

(5’-bromo-2’deoxyuridine) or 35S-methionine labeling of cells pre-incubated with 

10µmol/L CX-5461 for 1hr (>100 fold IC50 for inhibition of Pol I transcription) showed 
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CX-5461 has >200-fold selectivity for inhibition of Pol I transcription over DNA 

replication or protein synthesis (Drygin 2011). Further characterization of CX-5461 

showed that even at doses up to 50µM, CX-5461 is not a strong intercalator of DNA 

nor minor groove binding drug, and that it is non-mutogenic in Ames tests (Haddach et 

al., 2012).  

 

CX-5461 displayed favourable pharmacokinetic properties, with good oral 

bioavailability (45%), moderate clearance, favorable half-life (>12hr), and volume 

distribution larger than total body water in Cynomolgus monkey (Haddach et al., 2012). 

Pre-clinical safety assays indicated that CX-5461 was unlikely to affect drug 

metabolism, impact cardiac function, or have off target effects on receptors, ion 

channels, transporters, kinases, and proteases (Haddach et al., 2012). Thus, CX-5461 

had a promising pharmaceutical assessment.  

 

Having identified CX-5461 as a first-in-class specific small molecule inhibitor of Pol I 

transcription, we are able to begin to investigate whether targeting ribosomal 

biogenesis is a viable approach for the treatment of cancer. Specifically, key questions 

include whether tumor cells depend upon increased rates of ribosome biogenesis to 

maintain their proliferative phenotype, and whether there is a therapeutic window in 

which inhibition of Pol I transcription can selectively target cancer cells without 

prohibitively detrimental effects on normal untransformed cells.   

 

1.5  Specific Aims. 
 
Increased rates of Pol I transcription of the 47S pre-rRNA genes is observed in almost 

all cancer types. It is proposed that cancer cells require high rates of Pol I transcription 

and ribosome biogenesis to achieve their characteristic unrestrained growth and 

proliferation. This may present a therapeutic window for selectively targeting cancer 

cells with inhibitors of Pol I transcription. However, at the commencement of this 

research project, it remained unclear whether targeting Pol I transcription and 

ribosome biogenesis is a viable strategy for the treatment of cancer.  

 

This project seeks to utilise CX-5461, the selective small molecule inhibitor of Pol I 

transcription, in a panel of human isogenic cell lines at defined stages of 

transformation, to address the following specific aims:  
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1) Investigate the response of cells at different stages of transformation to 
inhibition of Pol I transcription by CX-5461.  

 

Does inhibition of Pol I transcription have selective anti-proliferative effects on 

cancer cells compared to normal cells, that enable a therapeutic window for 

targeting cancer cells?  

 

2) Investigate the phenotypic response of normal cells to the rapid and 
specific inhibition of inhibition of Pol I transcription by CX-5461. 
 

What are the key cellular responses to inhibition of Pol I transcription and 

ribosome biogenesis in normal cells? 

 

3) Investigate the key molecular pathways that mediate the cellular 
responses to inhibition of Pol I transcription by CX-5461. 

 

Considering the emerging knowledge about the extra-ribosomal functions of 

the nucleoli (for example the activation of p53 by the nucleolar stress pathway), 

what are the predominant pathways that mediate the response to inhibition of 

Pol I transcription? 

 

We propose that advancing our understanding of the key pathways and cellular 

responses to inhibition of Pol I transcription, in normal and cancer cells, will inform the 

feasibility of this novel approach for the treatment of cancer.  
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FIGURE 1. The rDNA. Organisation of the 47S pre-rRNA genes. There are five 

nucleolar organising regions (NORs), on the acrocentric chromosomes. Together, 

these contain a total of ~200 canonical rDNA units in repeat arrays. Each canonical 

rDNA unit contains a 30kb intergenic spacer (IGS) and a 13.3kb 47S pre-rRNA gene 

(shown in blue) - this consists of the sequences that form the 18S, 5,8S and 28S 

ribosomal RNAs (light blue), positioned within the 5’ external transcribed spacer 

sequence (5’ETS), the internal transcribed spacer sequences (ITS1 and ITS2), and 

the 3’ external transcribed spacer sequence (3’ETS) (dark blue). 47S pre-rRNA gene 

promoter is bipartite, consisting a core element and an upstream control element 

(UCE) located 100bp upstream.  Other regulatory features include the ‘spacer 

promoters’ (grey lines), and terminator elements including multiple ‘T’ sequences 3’ of 

the 47S rDNA coding region as well as a single ‘T0’ terminator sequence 5 ’of the 

rDNA promoter (orange lines). The Pol I transcription start site is shown with a black 

arrow. Adapted from original image in Hein, Sanij, Quin et. al.  2012 (Hein, 2012). 
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FIGURE 2. The nucleoli and ribosome biogenesis. A. Nucleoli observed in isolated 

nuclei by differential interference microscopy (HeLa cells, from Pederson 2011 

(Pederson, 2011)). B. Electron microscopy of nucleoli showing the three nucleolar 

domains: the fibrillar centers (FC), dense fibrillar components (DFC), and the granular 

component (GC). Bar = 0.5µM (HeLa cells, from Sirri et. al. 2002 (Sirri et al., 2002)). 

C. Electron micrograph of a Miller spread, showing high density of active Pol I 

transcribing 47S pre-rRNAs (branches) on a single rDNA copy (trunk). Bar = 1µM. 

(HeLa cells, from Miller and Bakken, 1972 (Miller and Bakken, 1972)). D. Overview of 

ribosome biogenesis. Pol I transcription of the 47s pre-rRNA occurs at the border of 

the FC. In the DFC, processing of the 47S pre-rRNA transcript begins while 

transcription is occurring, then following cleavage and nucleotide modification, the 

18S, 5.8S and 28S rRNAs are assembled with the 5S rRNA (5S gene cluster is 

transcribed by Pol III) and ribosomal proteins (RP genes are transcribed by Pol II, then 

RP mRNAs are translated at mature ribosomes in the cytoplasm). Pre-40S (18S rRNA 

and ‘S’ RPs) and pre-60S (5S, 5,8S, and 28S rRNAs and ‘L’ RPs) ribosomal subunits 

appear as granules in the GC. They continue to undergo final processing and 

assembly steps and are exported to the cytoplasm, where the mature 40S and 60S 

ribosomal subunits form the ribosome. Adapted from original image in Hein, Sanij, 

Quin et. al.  2012 (Hein, 2012). 
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FIGURE 3. Model of regulation of rDNA chromatin and Pol I transcription. A) 
rDNA chromatin. Approximately half of all rDNA repeats have a silent chromatin 

conformation, with CpG methylated DNA and heterochromatic histone modifications. 

The remaining rDNA repeats hypomethylated DNA and euchromatic histone 

modifications.  These exist in different states – pseudo-silent, poised, and active. In 

the absence of UBF, genes are ‘pseudo-silent’, with a closed chromatin conformation. 

The binding of UBF across the entire length of the transcribed region results in an 

open chromatin structure characterised by the absence of linker histone H1 and 

reduced nucleosome occupancy. Genes associated with UBF can be either: ‘poised’ -  

with bivalent histone modifications and H3/H4 hypoacteylation at the promoter, and the 

promoter bound nucleosome in the ‘off’ position; or ‘active’ – with H3/H4 acetylation, 

and the promoter bound nucleosome in an ‘on’ position. Initiation of transcription 

requires the formation of the PIC at the promoter: UBF binds the promoter the UCE 

and Core elements as a dimer, and co-stabilises binding of the SL1 complex, thus 

recruiting initiation competent Pol I associated with RRN3, through interaction between 

SL1 and RRN3, and direct interaction of both UBF and SL1 with Pol I subunits. B) 
Examples of signaling pathways that regulate Pol I transcription. Signaling pathways 

directly target PIC components to regulate rates of Pol I transcription. For example, 

common cell cycle regulatory pathways, cellular energy, nutrient, and growth factor 

sensing signaling pathways, and stress response pathways. 
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FIGURE 4. The p53 nucleolar stress pathway. The ‘nucleolar stress pathway’ 

activates p53. Under normal conditions, p53 is maintained at basal levels by HDM2, 

which both binds p53 preventing its transcriptional activity and ubiquitinates p53 

targeting it for proteasomal degredation. The activation of p53 upon nucleolar stress 

can occur via multiple nucleolar mechanisms, with examples shown here: A) p14ARF 

interacts with HDM2, sequesters it in the nucleoli, and disrupts its association with 

p53; B) Free RPs (particularly L5 and L11 co-stabilised with 5S rRNA) bind HDM2, 

inhibiting its ubiquitin ligase activity and association with p53; C) p53 mRNA is 

stabilized by nucleolar proteins (eg NCL or L26), resulting in its increased translation; 

D) nucleolar proteins can dissociate the interaction between HDM2 and p53 (eg NCL, 

Nucelostemin) E) in the absence of co-transport of p53 and ribosome subunits,  

cytoplasmic export and subsequent degradation of p53 is reduced.  
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TABLE 1. Examples of extra-ribosomal functions of the nucleoli. 

Cell cycle regulation 

E2F1 RPL11 inhibits HMD2 stabilization of the E2F1 transcription 

factor, and p14ARF binds E2F1 and inhibits its activity, 

preventing G1 –S cell cycle progression. 

(Eymin et al., 2001; Ayrault et al., 

2004; Ayrault et al., 2006; Donati 

et al., 2011b) 

Cyclin D Inhibition of ErbB3(80) by nucleolar sequestration prevents its 

activation of Cyclin D1.  

(Andrique et al., 2012) 

Cyclin E SCFFbw7alpha mediated isomerization of Cyclin E results in its 

inactivation by nucleolar sequestration and subsequent 

ubiquitination by the nucleolar SCFFbw7gamma. 

(Bhaskaran et al., 2013) 

RPA NCL inhibits RPA, preventing activation of DNA replication.  (Wang et al., 2001; Daniely et al., 

2002) 

GNL1 Translocation of GNL1 to the nucleolus during G2, from its 

cytoplasmic localization during G1 and S, is required for G2/M 

transition. 

(Boddapati et al., 2012) 

hCDC14B CDC14B is sequestered in the nucleoli during interphase, and 

upon its release at the onset of mitosis dephosphorylates and 

inactivates CDC25, enabling efficient inactivation of CDK1 at late 

M phase.  

(Tumurbaatar et al., 2011; 

Peddibhotla et al., 2011) 

Centrosomes  NPM associates with mitotic poles during M and early G1, and 

its dissociation is required for centrosome duplication. NCL is 

also associated with mitotic poles and required for control of 

centrosome duplication.  

(Okuda et al., 2000; Ma et al., 

2007; Ugrinova et al., 2007) 

Stress signaling 

p21 RPL3 upregulates p21 expression leading to in a p53-

independent cell cycle arrest or apoptosis. 

(Russo et al., 2013; Esposito et al., 

2014; Russo et al., 2016) 

HIF1 In normal conditions, p14ARF sequesters HIF1 alpha subunit in 

the nucleolus, inhibiting HIF1 transcriptional activity. VHL, which 

ubiquitinates HIF1 and targets it for proteasomal degradation 

under normal conditions, is sequestered in the nucleoli under 

hypoxic conditions.  

(Fatyol and Szalay, 2001; Mekhail 

et al., 2004) 

HSP70 HSP70 can translocate to the nucleoli under conditions of heat 

shock, and is immobilized by lncRNAs transcribed from the IGS 

in a nucleolar detention center.  

(Audas et al., 2012; Jacob et al., 

2013) 

CSIG Following UV induced DNA damage p33ING1 translocates to the 

nucleolus, where it stabilizes nucleolar protein CSIG which 

activates downstream effectors to promote apoptosis.  

(Li et al., 2012) 

CDC14B Cdcd14B is sequestered in the nucleoli, and upon DNA damage 

is phosphorylated by Chk1 and released from the nucleoli 

leading to Cdc14B-induced activation of APC/CCdh1 and the G2 

– DNA damage cell cycle checkpoint.  

(Peddibhotla et al., 2011) 

PARP-1 Upon DNA damage, nucleolar PARP-1 translocates to the 

nucleoplasm, and delocalization of PARP-1 to the nucleoplasm 

where it sensitizes cells to DNA damage induced apoptosis.  

(Rancourt and Satoh, 2009) 
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DNA damage response 

BRCA1 DSB repair factors RNF8 and BRCA1 interact with ribosomal 

protein RPSA in the nucleoli. Following IR, they translocate to 

DNA-damage response foci in the nucleoplasm. 

(Guerra-Rebollo et al., 2012)  

Ku70/80 The 55K nucleolar isoform of CDK9 associates with Ku70, and 

depletion of 55K CDK9 can induce DNA damage. 

(Liu et al., 2010) 

Nucleolin NCL interacts with DNA repair proteins, including TOPO1, 

RAD51, WRNp, and relocalises from the nucleoli to the 

nucleoplasm upon DNA damage, where it associates with 

gH2A.X at DNA DSBs. 

(Edwards et al., 2000; De et al., 

2006; Indig et al., 2012; Kobayashi 

et al., 2012) 

Telomeres 

Shelterin Shelterin component TRF1 is regulated in the nucleoplasm by 

the nucleolar proteins nucleostemin (NS/GNL3), which enhances 

TRF1 degradation, and GNL3L, which binds and stabilizes 

TRF1. Shelterin component TRF2 localises to the nucleoli during 

G1 and S phase, and diffuses to the nucleoplasm in G2. 

(Zhu et al., 2006; Tsai, 2009; Zhu 

et al., 2009a) 

 

Telomerase In early S-phase, the telomerase reverse transcriptase 

componenent (TERT) moves to the nucleolus while the 

telomerase RNA componenent (TERC) accumulates in Cajal 

bodies at the nucleolar periphery. This nucleolar localization may 

be a pre-requisite for telomerase biogenesis 

(Narayanan et al., 1999; Etheridge 

et al., 2002; Wong et al., 2002; 

Tomlinson et al., 2006; Her and 

Chung, 2012) 

 

RNP biogenesis 

SRP Signal recognition particle (SRP) RNA and protein components 

are localized in the nucleoli, suggesting a nuceolar phase is 

required for its processing and assembly. 

(Jacobson and Pederson, 1998; 

Politz et al., 2000; Politz et al., 

2002) 

RNaseP RNaseP catalytic RNA RNA subunit H1 RNA is found in the 

nucleoli, and many RNaseP Rpp protein subunits are confined to 

the nucleoli, which is proposed to serve as an assembly site. 

(Lee et al., 1996; Jarrous et al., 

1999) 

Post-transcriptional regulation of RNAs 

snRNAS U6 snRNA are modified by snoRNPs in the nucleoli prior to its 

assembly into snRNPs. U2, U4 and U5 snRNAs may also be 

modified by snoRNAs in the nucleoli. 

(Lange and Gerbi, 2000; Yu et al., 

2001; Gerbi and Lange, 2002; 

Huttenhofer et al., 2002)  

miRNAs NCL can post-transcriptionally regulate expression of certain 

miRNAs, snoRNAs can act as precursors to certain miRNAs, 

and some miRNAs are enriched in the nucleolus suggesting they 

are regulated via nucleolar sequestration and release. mRNAs 

that contain target sites for nucleolar miRNAs can also be 

sequestered in the nucleolus.  

(Shiohama et al., 2007; Pickering 

et al., 2011; Politz et al., 2006; 

Politz et al., 2009; Williams and 

Farzaneh, 2012; Pichiorri et al., 

2013; Li et al., 2013; Bai et al., 

2014; Reyes-Gutierrez et al., 

2014) 
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FIGURE 5. The multifunctional nucleoli. The nucleoli are sensitively regulated in 

response to diverse stimuli, such as cell growth, proliferation and stress response 

pathways, converging upon Pol I transcription to fine tune its activity and ensure 

appropriate rates of ribosome biogenesis. In turn, the nucleoli can perform extra-

ribosomal functions including activation of p53, regulation of the cell cycle, DNA 

damage response, senescence and apoptosis, and genome organisation and 

chromatin regulation. Thus the nucleoli acts as a hub, collecting inputs from cell 

signaling pathways and mediating distinct responses. Dysregulation of these key 

cellular processes underlies the ‘hallmarks’ of cancer.  As formation of a functional 

nucleolus depends upon Pol I transcription, changes in Pol I transcription regulation 

can conceivably contribute to the acquisition of the cancer phenotype.  
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FIGURE 6. CX-5461. A) Structure of small molecule CX-5461. 2-(4-methyl-

[1,4]diazepan-1-yl)-5-oxo-5H-7-thia-1,11b-diaza-benzo[c] fluorene-6-carboxylic acid 

(5-methyl-pyrazin-2-ylmethyl)-amide. (From Drygin et. al. 2011 (Drygin et al., 2011)). 

B) CX-5461 disrupts the SL1-rDNA complex, preventing formation of the PIC at the 

rDNA promoter, thereby specifically inhibiting Pol I transcription.  
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CHAPTER 2. MATERIALS AND METHODS 

 

2.1 Cell culture.  

2.1.1  General cell culture procedures 

BJ human foreskin fibroblast cell lines were kindly provided by William Hahn, Harvard 

Medical School.  BJ cell lines were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) plus HEPES supplemented with 10% (volume/volume(v/v)) Fetal Bovine 

Serum (FBS), 2mM L-glutamine and 1% (v/v) Antibiotic-Antimycotic (Gibco). U2TR 

and U2TR-I-PpoI-dd cell lines were kindly provided by Kum Kum Khanna, QIMR 

Berghofer Medical Research Institute. U2TR cell lines were maintained in DMEM plus 

HEPES supplemented with 10% (v/v) Tetracyclin-Free FBS (Hyclone) and 2mM L-

glutamine.  Cell lines were passaged when cell confluency reached 80-90%, by 

washing with phosphate buffered saline (PBS) and detaching from tissue culture 

plastic using 0.25% (v/v) trypsin-EDTA (Gibco).  Cell culture plasticware was 

manufactured by TPP (150mm &100mm cell culture plates) or Corning (multi-well cell 

culture plates and cell culture flasks). All cell lines were cultured under sterile 

conditions, incubated at 37°C in 5% CO2 atmosphere. 

 

2.1.2  PEI transfection and retroviral transduction. 

BJ-T stable cell lines were generated using retroviral transduction with pRetroSuper 

(pRS) vectors ((Brummelkamp et al., 2002); provided by R. Agami and R. Bernards, 

The Netherlands Cancer Institute) containing genes expressing scramble- or p53-

shRNA.  Retrovirus expressing p53shRNA was generated by polyethylenimine (PEI) 

transfection of HEK-293T cells. 2x106 cells were seeded in 100mm cell culture dishes 

in 4.5ml cell culture media 24h prior to transfection. 3µg of pRS vector and 6µg of 

amphotrophic packaging vector was diluted in 500µl unsupplemented DMEM and the 

solution was vortexed, 40.5ml 1mg/ml PEI (Bioscientific) was added and the solution 

was vortexed again, incubated for 15min at room temperature, vortex a final time and 

added dropwise to HEK-293T cells in culture. After 36hr, 48hr, and 60hr retroviral 

supernatant was collected, and cell culture media was replaced if required for further 

harvests. For transduction of BJ-T cells, 0.3x106 BJ-T cells were seeded in 100mm cell 

culture dishes 24hr prior to transduction. The retroviral supernatant was filtered 

through a 0.45µM pore filter (Sartorius), made to a final volume of 7ml in cell culture 

media with 2µg/ml polybrine, and used to replace the BJ-T cell culture media. This was 

repeated 3 times over a 48hr period. Transduced cells were recovered for 2 passages 

in cell culture media, then selected by the addition of 1µg/ml puromycin to cell culture 
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media. FUCCI-labeled BJ-T p53shRNA cell line was produced by lentiviral 

transduction with pCSII-EF-mCherry-hCdt1 (30/120) and pCSII-EF-mVenus-

hGeminin(1/110) (kindly provided by Dr. Atsushi Miyawaki, RIKEN, Japan), which 

were performed by Dr. Keefe Chan.  

 

2.1.3  siRNA transfection 

0.3x106 BJ-T cells were seeded in 100mm cell culture dishes 24hr prior to transfection. 

Separately, 13µl of Dharmafect 1 (Dharmacon) was added to 800µl unsupplemented 

DMEM (lipid mix), and 20.8µl of 10µM siRNA was added to 800µl of unsupplemented 

DMEM (siRNA mix), and both were incubated for 5min at room temperature. The lipid 

mix and siRNA mix were then combined and incubated for 20min at room temperature. 

The cell culture media on BJ-T cells was replaced with 3.6ml unsupplemented DMEM, 

and 1.6ml of lipid-siRNA mix was added dropwise to each plate to give a total volume 

of 5.6ml cell culture media, with a final concentration of 0.25% Dharmafect 1 and 

40nM siRNA. After 4hr, the transfection media was replaced with cell culture media, 

and cells were harvested after an additional 48hr in culture. siRNAs were siPOLR1A 

(Dharmacon siGENOME SMARTpool # M-013983-01), siRRN3 (Dharmacon 

siGENOME SMARTpool # M-016947-01), or siEGFP (as described in (Sanij et al., 

2008)).  

 

2.1.4  Pharmacological inhibitors 

CX-5461, CX-5447, and CX-5488 were provided by Cylene Pharmaceuticals (San 

Diego, CA, USA).  Actinomycin D was purchased from Sigma Aldrich. AZD7726, KU-

55933, and VE-821 were purchased from Selleckchem (Houston, TX, USA). 10mM 

CX-5461, CX-5447 and CX-5488 were prepared in 50mM NaH2PO4 (pH 4.5). 1mM 

Actinomycin D and 10mM AZD7726, KU-55933, and VE-821 stocks were prepared in 

dimethyl sulphoxide (DMSO) (Sigma Aldrich). All drug stocks were stored at -20C. 

 

2.2 Proliferation analysis.  

For cell counts proliferation analysis, 1x103 cells were seeded in 24-well cell culture 

plates 24hr prior to treatment, with duplicate wells for each condition. Cell culture 

media was replaced with fresh media containing drug treatment, and cells were 

cultured under normal conditions. Cells were collected by washing gently with PBS, 

detaching with 0.25% (v/v) trypsin-EDTA, then deactivating trypsin by the addition of 

cell culture media. Cell counts were performed in duplicate using a Z2 AccuComp 

(Beckman Coulter).  For cell confluency proliferation analysis, 1x103 cells were seeded 
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in 24-well cell culture plates 24hr prior to treatment, with triplicate wells for each 

condition. Cell culture media was replaced with fresh media containing drug treatment, 

and cells were cultured under normal conditions in an IncuCyte Zoom (Essen 

Biosciences), which measures % confluency of live cells in culture.   

 

2.3 Flow cytometry  

2.3.1  Cell harvest 

For flow cytometry analysis of cell death and cell cycle, cells were harvested by 

collecting supernatants from cell culture, rinsing with PBS and adding to collected 

supernatants, detaching cells with 0.25% Trypsin-EDTA, quenching trypsin by 

returning collected cell culture media to cells, and then finally collecting all cells and 

cell culture media from the cell culture plate.  

 
2.3.2  Cell death analysis 

For propidium iodide (PI) exclusion analysis of cell death, harvested cells and 

supernatant from cell culture were incubated with 1µg/ml PI for 15min at room 

temperature protected from light. For tetramethylrhodamine ethyl (TMRE) analysis of 

mitochondrial membrane potential as a measure of cell death, harvested cells and 

supernatant from cell culture were incubated with 100nM TMRE for 10min at room 

temperature. For Annexin V/PI analysis of apoptosis and cell death, harvested cells 

and cell culture media were centrifuged at 1200g for 5min at room temperature, then 

cells were washed in PBS, centrifuged at 1200g for 5min at room temperature, 

resuspended in 200µL of binding buffer (10mM HEPES pH7.4, 140mM NaCl, 5mM 

CaCl2) containing 1:100 Annexin V-APC (BD Pharmingen) and 0.5µg/ml PI, and 

incubated for 15min at room temperature protected from light.  For all cell death 

analysis, cells were transferred into 5ml polystyrene tubes through a cell-strainer cap 

(Falcon Cat. #352235), then analysed by flow cytometry on a BD FACS Canto II and 

% dead cells determined using FCS express analysis software.  

 

2.3.3  Cell cycle analysis 

Cells were centrifuged at 1200g for 5min, resuspend in 500μl PBS, then fixed with 5ml 

ice-cold 90% ethanol, added dropwise while gently vortexing. Cells were incubated at 

4°C for 2hrs – 4 weeks. For analysis of DNA replication by 5’-bromo-2’deoxyuridine 

(BrdU) incorporation, live cells were treated with 10μM BrdU (Sigma Aldrich Cat. # 

B5002) and harvested as above. Cells were resuspended in 1ml 2N HCl + 0.5% Triton 

X-100 for 30min at room temperature, collected and resuspended in 1ml 

Na2B4O7.10H2O (pH 8.5), collect and resuspended in 100μl Anti-BrdU (Becton 
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Dickinson Cat. #347580) (0.5μg/ml) in dilution buffer (PBS + 2% fetal calf serum) + 

0.5% Tween-20 for 30min at room temperature, washed with dilution buffer, collected 

and resuspended in 100μl in Alexa Fluor 488 donkey anti-mouse IgG (Invitrogen Cat. 

#A21202) (5μg/ml) in dilution buffer + 0.5% Tween-20 for 30min on ice, then washed 

with dilution buffer. For analysis of mitotic cells by phospho-H3(Ser10) staining, cells 

were harvested as above, collected and resuspended in PBS + 0.25% Triton X-100 for 

15min on ice, collected and resuspended in 100μl Anti-phospho-H3(Ser10) (Millipore 

Cat. #06-570) (2.5μg/ml) in dilution buffer for 3hr at room temperature, washed with 

dilution buffer, collected and resuspended in 100μl in Alexa Fluor 488 donkey anti-

rabbit IgG (Invitrogen Cat. #A21206) (5μg/ml) in dilution buffer + 0.5% Tween-20 for 

30min on ice, then washed with dilution buffer. Cells were resuspended in 10 μg/ml 

propidium iodide (PI) in dilution buffer at approximately 2x106 cells/ml, transferred into 

5ml polystyrene tubes through a cell-strainer cap, then analysed by flow cytometry on 

a BD FACS Canto II. Quantitation of cell cycle population was performed using FCS 

express and Mod Fit analysis software.  

 

2.3.4  Isolation of G1, S, and G2 live cell populations 

Cells were centrifuged at 1200g for 5min, resuspend at 5x106 cells/ml in fresh cell 

culture media, and incubated with 1:40 dilution of Vybrant DyeCycle Violet Stain 

(Thermo Fisher Scientific) for 30min at room temperature protected from light. Cells 

were then transferred into 5ml polystyrene tubes through a cell-strainer cap, stored on 

ice, and sorted into G1, S and G2 cell cycle populations by DNA content on a BD 

FACSAria.  

 

2.4 Protein Isolation and Analysis 

2.4.1  Isolation of protein from cells 

Cells were washed twice in 4°C PBS, then lysed in Sodium Dodecyl Sulphate (SDS) 

lysis buffer (0.5mM EDTA, 20mM HEPES, 2% (weight/volume (w/v)) SDS (pH 7.9)). 

Samples were heated at 95°C for 10min, then centrifuged at 16000g for 1min at room 

temperature. The protein concentration was determined using the detergent 

compatible protein assay (BioRAD 500-0112), using bovine serum albumin (BSA) to 

produce a standard curve for quantitation, and a Benchmark Microplate Reader 

(BioRAD) as per manufactures instructions. 

 
2.4.2  SDS-PAGE and Western blot analysis 

Samples were prepared with equal amounts (10-50µg) of protein in 6X sample loading 

buffer (62.5mM Tris-HCl pH 6.8, 2.5% (w/v) SDS, 7.5% (v/v) glycerol, 2.5% (v/v) β-
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mercaptoethanol, 0.0125% (w/v) bromophenol blue), and heated at 95°C for 5 min. 

Protein extracts were separated using SDS-polyacrylamide gel electrophoresis (SDS-

PAGE), with polyacrylamide gels made fresh according the method of Harlow and 

Lane (Harlow and Lane 1999), using the Mini-Protean Tetra Cell (BioRAD) with Tis-

Glycine-SDS running buffer (25mM Tris,192mM Glycine, 0.1% (w/v) SDS (pH8.7)). 

Protein extracts were electrophoretically transferred onto Immobulin-P polyvinylidene 

fluoride (PVDF) membranes (Millipore Cat.#IPVH00010) using a Trans-Blot 

Electrophoretic Transfer Cell (BioRAD) at 4°C in Tris-Glycine-Methanol transfer buffer 

(0.125M Tris, 0.2M Glycine, 15% (v/v) methanol). Membranes were blocked with PBS 

containing 0.2% (v/v) Tween20 and 5% (w/v) skim milk powder (Diploma skim milk 

powder, Bonlac) for 1hr at room temperature, incubated with primary antibodies 

(TABLE 2) diluted in blocking solution (0.05% (v/v) Tween20 and 5% (w/v) skim milk 

powder in PBS), washed 3x in PBS containing 0.2% (v/v) Tween20 for 20min, 

incubated with horse radish peroxidase (HRP) conjugated secondary antibodies 

(TABLE 2) diluted in blocking solution, and washed 3x in PBS containing 0.2% (v/v) 

Tween20 for 20min. Antibody incubations were for 1hr at room temperature, or 

overnight at 4°C.  Antibody binding was detected by enhanced chemiluminescence 

(ECL) using the Western Lighting Plus ECL kit (Perkin Elmer Cat. # NEL104001EA) 

and exposure of membranes to autoradiograohy film (GE Amersham Hyperfilm 

Cat.#28-9068-25, or Fujifilm SuperRX Cat. #47410-19284). Protein size was estimated 

by comparison to PageRuler plus pre-stained protein ladder (Thermoscientific Cat. # 

26619). 

 

2.5 RNA isolation and analysis 

2.5.1  Isolation of RNA - Method A (RNA quantity normalised to equal cell counts)  

2.5.1.1. Cell counts and calculating RNA per cell. Duplicate 0.3x106 cells per 100mm 

cell culture dish were seeded and cultured overnight prior to drug treatment, with one 

plate used for RNA isolation and another used for cell counts. For cell counts, cells 

were collected by washing gently with PBS, detaching with 0.25% (v/v) trypsin-EDTA, 

and deactivating trypsin by the addition of cell culture media, then cell counts were 

performed in duplicate using a Z2 AccuComp (Beckman Coulter).   

 

2.5.1.2. Synthesis of a 32P-uridine triphosphate riboprobe. a 32P-uridine triphosphate 

(UTP) riboprobe was synthesised from cDNA complementary to the 5’ ETS region of 

the 47S rRNA gene (nucleotides 1-80) subcloned into a pGEM3Z plasmid with the 

addition of a HindIII restriction site at the 5’ end and an EcoRI at the 3’ end (Generated 

by Kerith Sharkey (Chan et al., 2011)).  1µg of plasmid linearised using the HindIII 



 51 

restriction enzyme was incubated with T7 polymerase reaction mix for 30min at 37°C 

(1X T7 RNA polymerase reaction buffer, 10mM DTT, 20U T7 RNA Polymerase, 40U of 

RNasin ribonuclease inhibitor, 500µM each of ATP, CTP and GTP, 11µM of UTP (all 

Promega), and 835nM of a 32P-UTP (50 µCi) (Perkin Elmer EasyTides Cat. 

#BLU507H250UC) in Diethylpyrocarbonate (DEPC) treated water to a final volume of 

20µl), then template DNA was removed by incubation with DNAse I reaction mix for 

15min at 37°C (10µg yeast tRNA, 20U RNasin, 10U DNase I (all Roche), 90µM Tris 

(pH8.0) and 18µM MgCl2 in DEPC treated water to a final volume of 50µl). Riboprobe 

was isolated by phenol-cholorform extraction using 1 volume of TE-saturated 

phenol:chloroform:isoamyl alcohol (25:24:1), followed by column purification with an 

Illustra G25 Sephadex microspin column (GE Healthcare), and resuspended in 80% 

formamide hybridization buffer (80% deionised formamide, 40mM PIPES (pH6.7), 

0.4M NaCl, 1mM EDTA) to a final volume of 200µl. To assess the specific activity of 

the a 32P-UTP riboprobe, 1µl was spotted onto Whatman DE-81 chromatography 

paper (Sigma Aldrich Cat. # Z286591), placed in a scintialltion vial containing DEPC-

treated water, and counts per minute (CPM) measured using a TriCarb 2910 TR 

quanta-counter (Perkin Elmer). 

 

2.5.1.3 Isolation of RNA for equal cell number. Isolation of RNA was performed based 

on the method developed by Chomczynski and Sacchi (Chomczynski and Sacchi, 

2006). Cells were washed twice with ice-cold PBS, lysed by the addition of 500µl GTC 

Solution D (4M guanidinium thiocyanate, 25mM sodium citrate, pH7.0, 0.5% (w/v) N-

laurosylsarcosine and 0.1M 2-mercaptoethanol), gently scraped from the plate, passed 

through a pipette tip at least ten times to fragment DNA, and transferred into a 1.5 ml 

microcentrifuge tube. Prior to RNA purification, an equal volume of 32P-UTP riboprobe 

(~50,000 counts per minute (cpm)) was added to each sample. RNA was precipitated 

by adding 1/10th volume 2M NaAc (pH4.0), 1 volume water-saturated phenol, and 1/5th 

volume chloroform:isoamyl alcohol (49:1), then mixing by 10x inversion, incubating on 

ice 15min, centrifuging at 10,000g for 20min at 4°C, transferring aqueous phase to 

fresh 1.5ml microcentrifuge tube, adding 1 volume isopropanol, incubating at -20°C for 

2hr, centrifuging at 10,000g for 20min at 4°C, discarding the supernatant, resupending 

in 300µl GTC solution D, adding 1 volume isopropanol, incubating at -20°C for 1hr, 

centrifuging at 10,000g for 10min at 4°C, discarding the supernatant, washing pellet 

twice in 800µl of ice-cold 70% ethanol in DEPC-treated water, air drying pellet, then 

resuspending in 20µl of DEPC-treated water. % RNA recovery was determined by 

measuring cpm of 2µl of RNA using a TriCarb 2910 TR quanta-counter (Perkin Elmer). 
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Total RNA was determined by measuring RNA concentration using a NanoDrop ND-

1000 Spectrophotometer (Thermo Fisher). RNA per cell was calculated for each 

sample by  [Total RNA X 100] / [Cell Number x % RNA Recovery] 

 

2.5.2  Isolation of RNA – Method B (Equal RNA) 

0.3x106 cells per 100mm cell culture dish were seeded and cultured overnight prior to 

treatment. Cells were washed twice with ice-cold PBS, lysed by the addition of 300µl 

Lysis BufferR from the Bioline Isolate RNA II mini-kit (Bioline Cat. # 52073), gently 

scraped from the plate, transferred into a 1.5 ml microcentrifuge tube and vortexed 

vigorously for 10 seconds. RNA was isolated using the Bioline Isolate RNA II mini-kit 

according to the manufactures instructions, and resuspended in 40µl of RNAse-free 

water (Bioline). Total RNA was determined by measuring RNA concentration using a 

NanoDrop ND-1000 Spectrophotometer. 

 

2.5.3 cDNA synthesis and qRT-PCR 

Samples were prepared with either RNA equivalent to equal cell number (Method A), 

or equal RNA (Method B). RNA samples were treated with 1U DNAse (Promega) and 

12U RNAsin (Promega) in 2x Superscript Buffer (Invitrogen) with 2mM DTT in a final 

volume of 20µl, with 15min incubation at 37°C, then 15min incubation at 65°C. 

Complementary DNA (cDNA) was synthesised by reverse transcription of RNA with 

Superscript III (Invitrogen) according to manufactures instructions. cDNA samples 

were diluted in dH2O and stored at -20°C until required. For quantitative reverse-

transcription polymerase chain reaction (qRT-PCR) analysis, cDNA was diluted in 

dH2O and amplified using Fast SYBR Green Master Mix (Applied Biosystems Cat. 

#4385612) and 100nM primers (Forward/Reverse), using the standard protocol on a 

StepOne Plus Real-time PCR System (Applied Biosystems). Reactions were 

performed in triplicate, and a sample of untranscribed RNA included as a control for 

genomic DNA contamination. For Method A, changes in target gene expression were 

determined by 2 – ( ΔCT ) , and for Method B changes in target gene expression were 

normalized to expression of a house-keeping gene and fold change was determined 

by 2 – ( ΔΔCT ). 
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2.6  Histochemical, Immunohistochemical, and FISH analysis of fixed cells. 

2.6.1  Adherance of cells on microscope slides 

Cells were seeded in 100mm cell culture dishes containing poly-l-lysine microscope 

slides (Polysciences Cat. # 22247), at 0.2x106 cells/ plate (BJ cell lines) or 0.5x106 

cells/ plate (U2TR cell lines) in 10mL cell culture media, and grown for at least 2 days.  

 
2.6.2  Sensecence-associated b-GAL analysis 

Cells were measured for senescence associated b-galactosidase activity using an 

assay described by Debacq-Chainiaux et al (Debacq-Chainiaux et al., 2009). 

Following treatment, slides were removed and washed 2x in PBS, then cells were 

fixed in 2% paraformaldehyde (v/v) (Electron Microscope Sciences Cat. # 15710) and 

0.2% glutaraldehyde (v/v) in PBS for 5min at room temperature, and washed twice in 

PBS. Slides were submerged in freshly prepared staining solution (40 mM citric 

acid/Na phosphate buffer (pH 6.0), 5 mM K4[Fe(CN)6] 3H2O, 5 mM K3[Fe(CN)6], 150 

mM sodium chloride, 2 mM magnesium chloride) with 1mg/ml 5-bromo-4-chloro-3-

indoyl b-D-galactopyranoside (X-gal) in DMSO added immediately prior to use, and 

incubated overnight at 37°C. Slides were washed 2x 10min in PBS, then mounted in 

Vectashield mounting medium + DAPI (Vector Laboratories Cat. # H-1200) and stored 

at 4°C protected from light. 

 
2.6.3  Immunofluorescence analysis of protein 

Following treatment, slides were removed and washed 3x in PBS, and 

immuofluorescence analysis was performed by Method A or Method B (See TABLE 2).  

For Method A, cells were fixed in 4% paraformadelyde (Electron Microscope Sciences 

Cat. # 15710) diluted in PBS for 10min at room temperature, washed 3x in PBS, 

permeabilzed with 0.05% Triton-X diluted in PBS for 15min at room temperature, then 

blocked in BLOTTO (5% skim milk powder (w/v) and 0.05% Triton-X diluted in PBS 

with 0.5% serum corresponding to secondary antibody) for 30min at room 

temperature. For Method B, cells were fixed in ice-cold 95% ethanol + 5% acetic acid, 

washed 3x in PBS, then blocked in 3% BSA diluted in PBS for 30min at room 

temperature. For both methods, 100μL primary antibody (TABLE 2) diluted in blocking 

solution was placed on slides under a coverslip for 1hr at room temperature, slides 

were rinsed 3x in blocking solution, 100μL secondary antibody (TABLE 2)  diluted in 

blocking solution was placed on slides under a coverslip for 1hr at room temperature 

protected from light, slides were rinsed 3x in PBS, fixed in 4% paraformadelyde diluted 

in PBS for 10min at room temperature, and then rinsed 3x in dH2O. Control samples of 

no primary antibody were included for all secondary antibodies, and single secondary 
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antibody were included for all dual antibody experiments. Slides were mounted in 

Vectashield mounting medium + DAPI (Vector Laboratories Cat. # H-1200) and stored 

at 4°C protected from light. 

 
2.6.4  FISH analysis of rDNA 

Fluorescent in situ hybridization (FISH) analysis was performed using a probe derived 

from the intergenic spacer of the human rDNA repeat, kindly provided by Brian McStay 

(NUI, Galway, IRL). Biotin labeled DNA probe was generated using Biotin-Nick 

Translation Kit (Roche Cat. #11745824910) as per manufactures instructions; briefly, 

2µg DNA was incubated with Nick translation mix in a volume of 10µl at 15°C for 

approximately 3hr, a test sample run on a 1% agarose gel to ensure probe length of 

600b-1kb, then probe was stored at a concentration of 50ng/µl at -20°C until required 

for use. For probe mix, 100ng of biotin-labeled probe was combined with 30µg salmon 

sperm DNA and 18µg Human Cot-1 DNA (Invitrogen), precipitated and resuspended in 

35μl of probe solution (50% formamide and 20% dextran sulphate in 2X Saline-

Sodium Citrate Buffer (SSC)), then denatured by heating at 100°C for 5min and kept 

on ice until required for use.  

 

Following IF (Method A), slides were fixed in freshly made ice-cold methanol:acetic 

acid (3:1) for 5min, then dehydrated in a series of 70%, 75% and 80% ethanol for 2min 

at room temperature and air dried. Slides were then denatured in 70% deionized 

formamide/ 2X SSC for 10 minutes at 83 0C, and dehydrated in a series of 70%, 75% 

and 80% ethanol for 2min at room temperature and air dried. 100μL of probe mix was 

placed on slides under a coverslip and incubated at 37°C overnight, then slides were 

washed 3X 5min in 50% formamide in 2X SSC at 42°C, washed in 3X 5min in 0.1X 

SSC at 60°C, and then equilibrated in 2x SSC. 100μL of Streptavidin-Alexa Fluor 488 

diluted in Boehringer block (10% BSA, 0.15M NaCl, 0.1M Tris) was placed on slides 

under a coverslip and incubated at 37°C for 1hr, then slides were washed 3x 5min in 

0.05% Tween-20 in 4XSSC. Slides were mounted in Vectashield mounting medium + 

DAPI (Vector Laboratories Cat. # H-1200) and stored at 4°C protected from light. 

 

2.6.5 Image capture and analysis 

Images were captured using an Olympus BX-51 microscope with a Spot RT3 CCD 

Camera and Spot 5.0 Software, ensuring constant settings were used across matching 

control and treatment samples.  Lenses were Olympus UPIanAPO 20x NA 0.7, 

UPIanAPO 40x NA 0.85 and UPIanAPO 60x NA 1.26; Filters were U-MWU2N (DAPI), 

U-MWIBA2 (Alexa Fluor 488 and SybrGreen), and U-MWIG2 (Alexa Fluor 594). 
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Further image adjustment was performed using Adobe Photoshop, ensuring all 

changes were constant across matching control and treatment samples. Quantitation 

was performed manually, with a minimum of 4 fields and 20 cells scored for each 

treatment. For quantitation of phos-NBS1 and gH2A.X in BJ-Tp53shRNA FUCCI cells, 

analysis was performed using the automated Definiens imaging software. The S and 

G2 populations were selected based on signal ratio of G1/G2 < 1.2. The mean nuclear 

signal or nucleolar signal (that overlapped with NPM1 staining) were normalised to the 

average signal intensity of the corresponding vehicle controls.  

 
2.7 Comet Assays 

Comet Assays were performed using Trevingen CometAssay Reagent Kit (Cat. # 

4250-050-K), in low light. Exponentially growing BJ-T cells were transferred in cell 

culture plates to ice, washed in 4°C PBS, 1ml of 4°C PBS was added to plates and 

cells collected by gently scraping, transferred to 1.5ml tubes on ice, and diluted to 

100,000 cells per 1ml PBS. 10,000 cells (100μl) were combined at a ratio of 1:10 (1ml) 

molten 37°C Comet LMAgarose (Cat. # 4250-050-02) in 1.5ml tubes pre-warmed to 

37°C, and 50μl of cell suspension was immediately spread over the sample area of a 

Trevigen CometSlide. (Cat. # 4250-050-03) Slides were stored flat at 4°C protected 

from light for 30min. Slides were immersed in ice-cold Lysis Solution (Cat. # 4250-050-

01) and at 4°C protected from light for 45min, then immersed in RT Alkaline Unwinding 

Solution (300mM NaOH, 1mM EDTA, (pH>13)) and stored at RT protected from light 

for 60min. Slides were placed equidistant from each electrode in a BIO-RAD Sub-Cell 

GT Basic electrophoresis apparatus, containing 4°C Alkaline Electrophoresis Solution 

(300mM NaOH, 1mM EDTA, (pH >13)) at a level that resulted in a current of 300mA 

when the Voltage was set to 31V (~1 volt/cm in 30cm electrophoresis apparatus), and 

electrophoresis performed under these conditions for 30min at 4°C protected from light 

(volume of Alkaline Electrophoresis Solution was adjusted as necessary during 

electrophoresis). Slides were rinsed briefly several times in RT dH2O, washed in RT 

70% ethanol for 5min, and air-dried at RT overnight protected from light. 50μl of Sybr 

Green I nucleic acid gel stain (Cat. # 4250-050-05) diluted 1:10,000 (v/v) in TE Buffer 

(10mM Tris-HCl (pH 7.5), 1mM EDTA) was placed onto each sample on CometSlides 

for 5min at 4°C protected from light, then slides were air-dried at RT protected from 

light. 50μl of Vectashield mounting medium (Vector Laboratories, Cat. # H-1000) under 

a glass coverslip was placed on each slide. Images were captured on an Olympus BX-

51 microcope as described above. Tail Length and Tail % DNA was calculated using 

Metamorph MetaImaging Series 7.7; Extent tail moment = Tail Length x Tail % DNA. 
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Image adjustment was performed using Adobe Photoshop, ensuring all changes in 

colour and levels were constant across matching control and treatment samples.  

 

2.8  ChIP analysis 

2.8.1  ChIP analysis in BJ cells (Method A) 

For chromatin immunoprecipitation (ChIP) analysis in BJ cells 2x106 cells per IP were 

crosslinked in 0.6% formaldehyde at 37°C for 10min, then quenched in 0.125M glycine 

at room temperature for 10min. Cells were harvested on ice by rinsing with PBS, 

treating with 0.025% Trypsin-EDTA in PBS for 5min, quenching in cell culture media, 

gently scraping to collect, transferring to 50ml falcon tube, centrifuging at 1200g at 4°C 

for 10min and rinsing with PBS. Cells were lysed in NP-40 cell lysis buffer (10mM Tris-

HCl (pH 7.4), 10mM NaCl, 10mM MgCl2, 0.5% NP-40, 1x Complete protease inhibitor 

cocktail tablets (Roche Cat. #04693132001)) at 1.5 x106 cells per 1ml on ice for 10min, 

centrifuged at 1200g at 4°C for 10min, then nuclei resuspended in SDS lysis buffer 

(50mM Tris HCl (pH 8.1), 10mM EDTA, 1% SDS, 1mM DTT, 1x Complete protease 

inhibitor cocktail tablets (Roche Cat. #04693132001)) at 300µl volume per sample for 

sonication, and incubated on ice for 10min. Chromatin was sheared to approximately 

0.2kb fragments using Covaris S2 sonicator, according to manufactures instructions, 

an aliquot of each sample was retained to check shearing quality on a 1% agarose gel. 

Samples were centrifuged at 13,000g at 4°C for 10min, the supernatant divided into 

equal volumes equivalent to 2x106 cells, and diluted in ChIP dilution buffer to final 

volume 1.5ml per IP. An equal volume (20-60µl) was removed from each aliquot and 

set aside to use as Input. Samples were pre-cleared with 35µl 50% Protein A agarose 

/ salmon sperm DNA (Upstate) in PBS at 4°C on a rotating platform for 1hr, 

centrifuged at 700g at 4°C for 1min, the supernantant transferred to new 1.5ml 

microfuge tubes, incubated with 4µg of purified antibody (TABLE 2) or 8µl of pre-

immune sera at 4°C on a rotating platform overnight, incubated with 50µl 50% Protein 

A agarose / salmon sperm DNA (Upstate) in PBS at 4°C on a rotating platform for 1hr, 

centrifuged at 700g at 4°C for 1min and supernatant discarded. Beads were washed at 

4°C on a rotating platform for 5min, then centrifuged at 700g at 4°C for 1min, with the 

following solutions: one wash with low salt immune complex wash (20mM Tris-HCl (pH 

8.1), 2mM EDTA, 1% Triton X-100, 0.1% SDS, 150mM NaCl), high salt immune 

complex wash (20mM Tris-HCl (pH 8.1), 2mM EDTA, 1% Triton X-100, 0.1% SDS, 

500mM NaCl), LiCl immune complex wash (10mM Tris-HCl (pH 8.0), 1mM EDTA, 

0.25M LiCl, 0.5% NP-40, 0.5% Deoxycholate), and two washes with TE Buffer (10mM 

Tris, 1mM EDTA). Immune complex was eluted from beads by incubating with 250μl 
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elution buffer (1%SDS, 0.1M NaHCO3) at room temperature on a rotating platform for 

15min, centrifuging at 700g at 4°C, collecting supernatant, and repeating elution to 

give final volume of 500µl eluate. Input samples were also made up to final volume of 

500µl with elution buffer. 20µl of 5M NaCl was added to all samples and incubated at 

65°C for 4hrs to reverse crosslinks, then 10µl of 0.5M EDTA, 20µl of 1M Tris-HCl (pH 

6.5) and 1µl of 20mg/ml proteinase K was added to samples incubated at 45°C for 1hr, 

then DNA was precipitated by standard phenol/chloroform extraction, and resuspend 

in dH2O.  

 

2.8.2 ChIP analysis in U2TR cells (Method B) 

For ChIP analysis in U2TR cells (adapted from (Berkovich et al., 2008)), 5x106 cells 

per IP were crosslinked in 1% formaldehyde at room temperature for 10min, then 

quenched in 0.125M glycine at room temperature for 5min. Cells were harvested on 

ice by rinsing twice with PBS, gently scraping to collect in PBS, transferring to a 50ml 

falcon tube, centrifuging at 750g at 4°C for 5min, rinsing with PBS containing 1x 

cOmplete Protease Inhibitor Cocktail (Roche Cat.# 04693116001), and 1x PhosSTOP 

(Roche Cat.# 04906845001) (PPIs) then centrifuging at 750g at 4°C for 5min. Cells 

were lysed by resuspending in 1ml cell lysis buffer 1 (10mM HEPES (pH6.5), 10mM 

EDTA, 0.5mM EGTA, 0.25% Triton X-100 (v/v), 1x PPIs), incubating on ice 10min, 

centrifuging at 1700g at 4°C for 5min, resupending in cell lysis buffer 2 (10mM HEPES 

(pH6.5), 1mM EDTA, 0.5mM EGTA, 200mM NaCl, 1x PPIs), centrifuging at 1700g at 

4°C for 5min, resuspending in nuclei lysis buffer at 300µl volume per 20x106 cells 

(50mM Tris-Cl (pH8.1), 10mM EDTA, 0.5% SDS (v/v), 1x PPIs), and incubating on ice 

for at least 10min prior to sonication. Chromatin was sheared to approximately 1000bp 

fragments using Covaris S2 sonicator, according to manufactures instructions, and an 

aliquot of each sample was retained to check shearing quality on a 1% agarose gel. 

Samples were centrifuged at 20,000g at 4°C for 10min, and the supernatant diluted 

1:5 in IP dilution buffer (20mM Tris-Cl (pH8.1), 2mM EDTA, 150mM NaCl, 1% Triton 

X-100 (v/v), 1x PPIs). For each treatment, 1% (150µl) Input sample was removed and 

incubated with 10µg Proteinase K at 65°C for 4hr, then Input DNA was isolated using 

QIAquick PCR purification kit (Qiagen Cat.# 28104) and resuspended in 30µl dH2O. 

The concentration of Input DNA was measured using a NanoDrop ND-1000 

Spectrophotometer, and used to calculate the volume of IP sample that gives 50µg of 

DNA. For each IP, chromatin equivalent to 50µg of DNA was prepared in 1ml IP 

dilution buffer, precleared with 30µl Protein A bead suspension (50% Protein A 

agarose beads (v/v) (Roche Cat.#11719408001), 100µg/ml tRNA (Sigma Cat.# 
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R8505), 100mg/ml BSA (Sigma Cat.# A4378) washed and resuspended in IP dilution 

buffer) at 4°C on a rotating platform for 2hr, centrifuged at 20,000g at 4°C for 5min, 

supernatant transferred to fresh 1.5ml microcentrifuge tube and again precleared with 

30µl Protein A bead suspension at 4°C on a rotating platform for 2hr, centrifuged at 

20,000g at 4°C for 10min, and supernatant transferred to fresh 1.5ml microcentrifuge 

tube. 2µg of primary antibody (TABLE 2) or IgG was added to each sample, and 

incubated at 4°C on a rotating platform overnight. 30µl Protein A bead suspension was 

added to each sample, and incubated at 4°C on a rotating platform for 3hr. Beads 

were washed at 4°C on a rotating platform for 3min and centrifuged at 950g at 4°C for 

1min, seven times with IP wash buffer (20mM Tris-Cl (pH8.0), 0.5M NaCl, 2mM EDTA, 

0.1% (v/v) SDS, 1% NP-40 (v/v), 1x PPIs), and twice with TE (10mM Tris-Cl (pH 8.0), 

1mM EDTA). Chromatin was eluted from beads in 100µl elution buffer (1% SDS (v/v) 

in 0.1M NaHCO3) at 65°C on a shaking platform for 15min. Beads were centrifuged at 

950g at room temperature for 1min, and supernatant transferred to a fresh 1.5ml 

microcentrifuge tube, then elution step was repeated and supernatant transferred to 

same tube to give a 200µl volume. Sample DNA was purified by adding 1µg of RNAse 

A to samples, incubating at 37°C for 1hr, adding 1/100th volume 1M Tris-CL (pH 8.0), 

1/50th volume 0.5M EDTA, and 20µg Proteinase K, incubating at 65°C overnight, then 

DNA was isolated using QIAquick PCR purification kit and resuspended in 30µl dH2O.  

 

2.8.3 Analysis of ChIP experiments 

For both Method A and Method B, quantitation of immunoprecipitated DNA was 

performed by qRT-PCR analysis using Fast SYBR Green Master Mix and 100nM 

primers (Forward/Reverse; TABLE 3), with triplicate reactions for each sample, using 

the standard protocol on a StepOne Plus Real-time PCR System. The percentage of 

immunoprecipitated DNA was calculated by 2(ΔCTx I), where DCT is determined by 

CT(Input) – CT(IP), and I represents the percentage of DNA of the input reference.  

 
2.9 BrdU Immunoprecipitation 

For BrdU Immunoprecipitation (BrdU-IP, protocol adapted from (Ryba et al., 2011)), 

exponentially growing BJ-T cells were treated with 50μM BrdU for 2hr in culture. Cells 

were fixed in 75% ethanol as described above, and stored at -20°C protected from 

light.  Immediately prior to FACS sorting, fixed cells were washed twice in PBS + 1% 

FBS, resuspended at 5x106 cells/ml in PBS+1% FBS containing 50μg/ml PI and 

250μg/ml RNase A, incubated at RT for 30min protected from light, and transferred 

into 5ml polystyrene tubes through a cell-strainer cap on ice. Cells were sorted using a 
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BD FACSAria into G1, early S and late S cell cycle populations, where phase of cell 

cycle was determined by PI staining for DNA content. Mock sorted populations were 

treated in the same manner, but all cells were collected. Sorted populations were 

transferred into 1.5ml tubes, centrifuged at 400g for 10min at 4°C, then resuspended 

at 100,000 cells per 1ml SDS-PK buffer (50mM Tris-HCl (pH8.0), 10mM EDTA, 1M 

NaCl, 0.5% SDS) containing 0.2mg/ml Proteinase K and 0.05mg/ml glycogen, and 

incubated at 56°C for 2h. Cell lysates were aliquoted into 200μl (20,000 cell 

equivalent) volumes, and diluted with 200μl SDS-PK buffer containing 0.05mg/ml 

glycogen to give 400μl total volume. DNA was extracted using phenol:chloroform 

precipitation method, resuspended in 100ul of TE (pH 8.0), and transferred into 

Covaris microTUBEs (Covaris Cat. # 520045). DNA was sheared to approximately 

0.8kb fragments by sonication on a Covaris S2 sonicator, according to manufactures 

instructions. 2μl of each sample was removed to check DNA size and quality (on 

Agilent 2100 Bioanalyzer, using Agilent High Sensitivity DNA Kit (Cat. #5067-4626) 

according to manufactures instructions), and remaining sample was diluted to 500μl 

final volume in TE (pH 8.0). Prior to BrdU IP, 20μl of each sample was removed and 

stored at -20°C to use as Input (4%). Samples were then incubated at 95°C to heat 

denature DNA, and transferred to ice for 2min. For BrdU IP, 480μl of each sample, 

58μl of 10x IP buffer (100mM Sodium Phosphate (pH 7.0), 1.4M NaCl, 0.5% Triton X-

100), and 40μl of BrdU antibody (BD Cat. # 555627) diluted to 12.5μg/ml in PBS were 

added to a new 1.5ml tube, and incubated for 20min at 4°C with constant agitation. 

20μg of rabbit anti-mouse IgG (Sigma Cat. # M7023, Lot # 091M4788 5.1mg/ml) was 

added, and samples incubated for a further 20min at 4°C with constant agitation. To 

precipitate antibody-DNA complexes, samples were centrifuged at 16,000g for 5min at 

4°C, resuspended in 750μL ice-cold 1X IP buffer, centrifuged again at 16,000g for 

5min at 4°C, and supernatant removed completely from pellets. To purify DNA, 

samples (including Input samples) were resuspended in 200μl digestion buffer (50mM 

Tris-HCl (pH 8.0), 10mM EDTA, 0.5% SDS) containing 0.25mg/ml Proteinase K and 

incubated overnight at 37°C, then a further 100μl of digestion buffer containing 

0.25mg/ml Proteinase K was added and samples incubated for 1hr at 56°C. Equal 

volume of phenol/chloroform/isoamyl alchohol (25:24:1) was added to sample, then 

centrifuged at 10,000g for 10min at 4°C. Aqueous phase was transferred to a fresh 

1.5ml tube, equal volume of chloroform/isoamyl alchohol (24:1) was added, then 

centrifuged at 10,000g for 10min at 4°C. 250ul of aqueous phase was transferred to 

fresh 1.5ml tube, then 0.625μl of 20mg/ml glycogen, 85μl of 10M ammonium acetate, 

and 670μl of ethanol was added, vortexed briefly, and stored at -20C for 1hr. Samples 

were centrifuged at 16,000g for 30min at 4°C, resuspended in 70% ethanol, 
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centrifuged at 16,000g for 5min at 4°C, supernatants removed, and DNA pellets air 

dried, then resuspended in TE. Quantitation of immunoprecipitated DNA was 

performed by qRT-PCR using Fast SYBR Green Master Mix and 100nM primers 

(Forward/Reverse; TABLE 3), with triplicate reactions for each sample, using the 

standard protocol on a StepOne Plus Real-time PCR System. Changes in target gene 

enrichment were normalized to Mitochondrial DNA and fold change was determined by 

2 –( ΔΔCT). 

 

2.10 Psoralen Crosslinking Southern Analysis 

2.10.1  Nuclei harvesting and rDNA resolution by psoralen crosslinking 

For psoralen crosslinking southern analysis, 6x 100mm cell culture plates were 

seeded with 0.5x106 cells and grown overnight to give ~6x106 cells for each treatment 

condition. An extra plate was seeded for each treatment condition and used for cell 

counts. Following treatment, cells were rinsed in ice cold PBS, collected in 2ml ice cold 

PBS by gentle scraping, centrifuged at 500g for 10min at 4°C, resuspended in ice cold 

NP-40 lysis buffer (10mM Tris-HCl (pH 7.4) 10mM NaCl, 3mM MgCl2, 0.5% (v/v) NP-

40 added fresh) at a concentration of 1.5x106 cell/ml, briefly vortexed, and incubated 

10min on ice. Samples were then transferred into fresh tubes in 4ml aliquots 

(equivalent to 6x106 cells), centrifuged at 500g for 10 min a 4°C, and resuspended in 

700µl nuclear freezing buffer (50mM Tris- HCl (pH 8.3) 40% glycerol, 5mM MgCl2, and 

0.1mM EDTA), snap frozen in liquid nitrogen and stored at -80°C. Nuclei were thawed 

on ice immediately prior to crosslinking, then irradiated in the presence of 4,5,8 -

trimethylpsoralen (Psoralen, Sigma Aldrich) using a 366-nm UV light box at a distance 

of 6cm, with 200µg/ml psoralen added at 1:20 dilution every 4 min for a total irradiation 

time of 20 min. Genomic DNA was isolated using Qiagen genomic DNA purification kit 

(20/G tips) as per the manufacturers instructions. DNA concentration was measured 

using a NanoDrop ND-1000 Spectrophotometer, and for each treatment condition 

equal DNA (4-12µg) was digested with 30U SalI (Promega) overnight at 37°C. 

Digested DNA was phenol:chloroform extracted, isopropanol precipitated, 

resuspended in 20ul dH2O with 2x orangeG DNA loading dye, heat denatured by 

incubation at 65°C for 5min, then cooled directly on ice. Samples were run overnight at 

60V on a 0.9% agarose gel of 24cm length until samples had run approximately 14cm 

from wells, then the gel was stained with ethidium bromide (1µg/ml) for 20min at room 

temperature, visualized under UV light and trimmed in order to retain the region 

between the 2 and 4kb markers that contain the 3.5kb bands of interest.  
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2.10.2 Southern blotting 

The retained gel was soaked in depurination solution (0.25N HCl) for 10min, rinsed 3x 

in dH2O, soaked 2x in denaturation solution (0.5N NaOH, 1.5M NaCl), rinsed 3x in 

dH2O, and soaked 2x in neutralization solution (0.5M Tris-Cl (pH7.5), 3M NaCl). The 

DNA was then transferred onto Hybond-N+ nylon membrane (Amersham) by Southern 

blot hybridsation in 20x SSC solution (0.3M Tri Sodium Citrate, 3M NaCl) overnight. 

DNA was crosslinked to the wet membrane by exposure to 1200 x 100μJ/cm2, using 

the Stratalinker UV Crosslinker 2400 (Stratagene, La Jolla, CA), the membrane was 

dried between Whatman paper, and then exposed to 1875 x 100μJ/cm2 Stratalinker 

UV Crosslinker 2400 to reverse the crosslinking of psoralen and DNA.  

 

2.10.3  Synthesis of rDNA probe  
32P isotope-labelled rDNA probe corresponding to +1.593 to +2.087 Kb 5’ETS region 

of the rDNA was freshly made. Template DNA was generated from BJ-T total genomic 

DNA, using KOD Hot Start DNA Polymerase Kit (Roche) following manufactures 

instructions, in the presence of 0.3μM forward and reverse primers. PCR product was 

separated on 1% agarose gel, the amplified 0.49kb fragment purified using QIAquick 

Gel Extraction Kit (Qiagen) following manufactures instructions, and template DNA 

stored at -20°C until required for use. 32P isotope-labelled probe was generated using 

Nick Translation Kit (Roche): 0.1μg of template DNA and 100μCi α-32P dATP (Perkin 

Elmer EasyTides Cat.# NEG502A100UC) were added to reaction mixture (0.4mM 

dCTP, 0.4mM dTTP, 0.4mM dGTP, 1x Nick Translation Buffer, 1x Enzyme Mix), the 

total volume adjusted to 20μL with ddH20, then incubated at 15°C for 70min, followed 

by 65°C for 10min. The probe was purified using an Illustra G25 Sephadex microspin 

column, as per the manufacturers instructions. To assess the a32P-ATP DNA probe, 

1ml was spotted onto separate pieces of Whatman DE-81 chromatography paper both 

before and after column purification, then placed in scintillation vials containing DEPC-

treated water, and counts per minute (CPM) measured using a TriCarb 2910 TR 

quanta-counter, and specific activity of the probe was calculated from total and 

incorporated radioactivity using DNA specific activity calculator software (Ambion). 

 

2.10.4  Hybridisation of probe to rDNA  

The membrane was incubated with prehybridisation solution (5x SSC, 0.1% N-

lauroylsarcosine (v/v), 0.02% SDS (v/v), 5% skim milk powder (w/v)) for 2hr on a 

rotating wheel at 65°C. The probe was denatured by incubation at 95°C for 10min then 

cooled directly on ice. To make hybridization solution, the probe was diluted to 2-

10ng/ml (for specific activity of 109dpm/µg  - 108dpm/µg) in prehybridisation solution 
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prewarmed to 65°C. The membrane was incubated with the hybridization solution 

overnight on a rotating wheel at 65°C, washed twice in 2x wash solution (2x SSC, 

0.1% SDS (v/v)) for 5min at room temperature, then washed twice in 0.5x wash 

solution (0.5x SSC, 0.1% SDS (v/v)) for 15min at 68°C. The membrane was then 

sealed in plastic, and exposed to a phospho-imaging screen for 2-48hr. The 

radioactivity of each band was measured using the Typhoon Trio variable mode 

imager (GE Healthcare) and analysed using Image Quant (GE Healthcare).  

 

2.11  RNA Sequencing sample preparation and analysis 

BJ-T p53shRNA cells were plated at 0.3x106 cells per 10cm plate in cell culture media 

and grown overnight.  Duplicate plates of approximately 0.5 x106 exponentially growing 

cells were treated with 5nM NaH2PO4 (vehicle control), 5nM Actinomycin D, or 1μM 

CX-5461 in fresh cell culture media. For each treatment, one plate was used to isolate 

RNA, the other was used to perform cell counts, cell cycle analysis, and Western blot 

analysis (as described above).   

 

RNA was isolated using Qiagen RNeasy (Cat. # 74104 Qiagen, Valencia, CA) 

following manufacturer’s instructions. Briefly, 600μl of Buffer RLT was added dropwise 

to plates rinsed with PBS, lysate was collected with a rubber scraper, pipetted several 

times until no clumps were visible, transferred to QIAshredder spin colum (Cat. # 

79654 Qiagen, Valencia, CA) and centrifuged for 2min and 13,500 rpm to homogenize 

sample, diluted with 1 volume 70% ethanol (in DEPC treated ddH20), transferred to 

RNeasy Mini spin column and centrifuged for 15s at 9,200rpm to bind RNA to 

membrane. The RNeasy Mini spin column was then washed with 500μl Buffer RPE 

centrifuged for 15s at 9,200rpm, washed again with 500μl Buffer RPE centrifuged for 

2min at 9,200rpm, transferred to a new collection tube and centrifuged for 1 min at 

13,500 rpm, transferred to a new collection tube, then 50ul of RNAse free H20 was 

added directly to the membrane and centrifuged for 1min at 9,200rpm to elute RNA.  

Isolated RNA was aliquoted into duplicate 20μl volumes and stored at -20°C. 1μl of 

remaining RNA was analysed on an Agilent 2100 Bioanalyzer, using Agilent RNA 

6000 Nano Kit Eukaryote Total RNA Assay (Cat. # 5067-1512 Agilent Technologies, 

Santa Clara, CA) according to manufacturer’s instructions, to determine RNA 

concentration and quality. One of each of the duplicate RNA samples was used to 

generate cDNA and determine levels of inhibition of 47S pre-rRNA transcription by 

qRT-PCR (as described above). The second duplicate RNA samples were used to 

generate a library for sequencing.   
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For triplicate sample sets, 1μg of total RNA was provided to the Molecular Genomics 

Core Facility at Peter MacCallum Cancer Centre, where poly-A containing RNA was 

purified and converted into a library of template molecules using Illumina TruSeq RNA 

Sample Preparation Kits (Illumina, San Diego, CA). Libraries were quantified by qPCR, 

normalised and pooled to 2nM, then sequenced on an Illumina HiSeq 2500 (Illumina, 

San Diego, CA) using 50bp paired-end reads (6 samples per lane). The sequencing 

results were aligned to the genome using Bowtie2 (Langmead et al., 2009) and the 

counted using HTSeq (Anders et al., 2015) and the differential expression was 

calculated utilising the DESeq package (Anders and Huber, 2010) in R (version 3.0.0).  
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TABLE 2. Antibodies for Western blotting, IP, flow cytometry, and microscopy.  
Protein Origin Application Source Product 

Code WB IP FCS IF 
ATM Rabbit  2µg (B)   Callbiochem PC116 
ATM Mouse  2µg (A)   GeneTex GTX70103 

pATM-S1981 Mouse    1:400 (A) Millipore 05-740 
BrdU Mouse   1:50  BD Biosciences 347580 
BrdU Mouse  0.5µg   BD Pharmingen 555627 

pCDK1-Y15 Rabbit 1:400    Cell Signalling CS9111 
CHK1 Mouse 1:400    Cell Signalling CS2360 

pCHK1-S345 Rabbit 1:400    Cell Signalling CS2348 
CHK2 Rabbit 1:400    Cell Signalling CS2662 

pCHK2-T68 Rabbit 1:400    Cell Signalling CS2661 
Cyclin B Rabbit 1:1000    Santa Cruz sc-752 
Fibrillarin Rabbit    1:400 (A) AbCam ab5821 
gH2A.X Mouse  2µg (B)  1:500 (B) Millipore 05-636 
gH2A.X Mouse 1:1000    AbCam ab22551 

pH3-S10 Rabbit   1:400  Millipore 06-570 
pNBS1-S343 Rabbit  2µg (B)  1:400(A) Cell Signalling CS3001 

NPM Mouse 1:400   1:400(A) AbCam ab10530 
p21 Rabbit 1:800    Santa Cruz sc-397 
p53 Mouse 1:2000    Santa Cruz sc-126 

pp53-S15 Rabbit 1:1000    Cell Signalling CS9284 
Pol I (E31) Rabbit  8µl (A)   Larry Rothblum - 
Rabbit IgG Rabbit  2µg (B)   Santa Cruz sc-2027 

RB Rabbit 1:1000    Santa Cruz sc-50 
hypo-pRB Rabbit 1:1000    BD Pharmingen 554136 

RPA Mouse    1:40 (A) Millipore NA13-100G 
RPA Rabbit  2µg (A)   Bethyl A300-245A 

Tubulin Mouse 1:20,000    Sigma T5168 
UBF Rabbit    1:400 (B) In house - 
WRN Rabbit 1:200    Santa Cruz sc-468 

        
Anti-Mouse IgG Rabbit  20µg   Sigma M-7023 

        
Alexa Fluor 488 
anti-mouse IgG 

Donkey   1:400 1:2000 Invitrogen A21202 

Alexa Fluor 488 
anti-rabbit IgG 

Donkey   1:400 1:2000 Invitrogen A11008 

Alexa Fluor 596 
anti-mouse IgG 

Donkey    1:2000 Invitrogen A21203 

Alexa Fluor 596 
anti-rabbit IgG 

Donkey    1:2000 Invitrogen A11012 

        
Streptavidin - 

Alexa-Fluor 488 
-    1:2000 Invitrogen S11223 
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TABLE 3 Oligonucleotide sequences  
Target Application Direction Sequence (5’-3’) 
47S 5’ETS pre-rRNA F GCT CTT CGA TCG ATG TGG TGA CG  

R CGG GCG GAG CGA GAA GGA C 
MYC mRNA F GGA CGA CGA GAC CTT CAT CAA 

R CCA GCT TCT CTG AGA CGA GCT T 
POLR1A mRNA F AAG GAT GTG TTT GCC GTG TA 

R GCG ATT CAG TGG CTT GTA AA   
RRN3 mRNA F ACC AGA TGG TGC ATC CTG TA 

R TGC CGT TAT CAA CCT TAC CA 
Vimentin mRNA F AGA GAA CTT TGC CGT TGA AGC T 

R GAA GGT GAC GAG CCA TTT CC 
 
rDNA Enhancer ChIP F AGA GGG GCT GCG TTT TCG GCC  

R CGA GAC AGA TCC GGC TGG CAG 
rDNA Promoter ChIP F CCC GGG GGA GGT ATA TCT TT  

R CCA ACC TCT CCG ACG ACA 
rDNA ETS1 ChIP 

DNA BrdU-IP 
F GCT CTT CGA TCG ATG TGG TGA CG  
R CGG GCG GAG CGA GAA GGA C 

rDNA ETS2 ChIP F GGC GGT TTG AGT GAG ACG AGA  
R ACG TGC GCT CAC CGA GAG CAG 

rDNA 18S ChIP F CGA CGA CCC ATT CGA ACG TCT  
R CTC TCC GGA ATC GAA CCC TGA 

rDNA ITS1 ChIP F GAG AAC TCG GGA GGG AGA C  
R GAC ACG CCC TTC TTT CTC TC 

rDNA ITS2 ChIP F GAG AGA GAC GGG GAG GGC GG 
R CCG AGG GAG GAA CCC GGA CC 

rDNA 28S ChIP F AGT CGG GTT GCT TGG GAA TGC  
R CCC TTA CGG TAC TTG TTG ACT 

rDNA Terminator ChIP F ACC TGG CGC TAA ACC ATT CGT 
R GGA CAA ACC CTT GTG TCG AGG 

rDNA RFB ChIP F GTGTAGGAGTGCCCGTCG 
R AAATGTGGGAGAGGGAGTTC 

rDNA IGS ChIP F GTT GAC GTA CAG GGT GGA CTG 
R GGA AGT TGT CTT CAC GCC TGA 

 
Mitochondria DNA 
 

DNA BrdU-IP F CCT AGG AAT CAC CTC CCA TTC C 
R GTG TTT AAG GGG TTG GCT AGG G 

HBB DNA BrdU-IP F CCT GAG GAG AAG TCT GCC GTT A 
R GAA CCT CTG GGT CCA AGG GTA G 

MMP15 DNA BrdU-IP F CAG GCC TCT GGT CTC TGT CAT T 
R AGA GCT GAG AAA CCA CCA CCA G 

 
I-PpoI target site 
28S rDNA  

DNA repair F ACG CGA TGT GAT TTC TGC CC 
R TCT TCT TTC CCC GCT GAT TCC 

I-PpoI target site 
28S rDNA (3’) 

ChIP F TGG AGC AGA AGG GCA AAA GC 
R TAG GAA GAG CCG ACA TCG AAG G 

 
rDNA 
+1.593 - 2.087 Kb  

Psoralen probe F GAG TGC GGC TCG TCG CCT AC 
R TCC CAC CGC CAC AGA CAC GA 
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CHAPTER 3.   INVESTIGATING THE RESPONSE OF BJ HUMAN FIBROBLAST 

CELL LINES TO INHIBITION OF POL I TRANSCRIPTION WITH CX-5461 

 

3.1   Introduction. 

 

To investigate the efficacy of CX-5461 in cells at different stages of transformation, 

and identify the pathways involved in driving the response to inhibition of Pol I 

transcription by CX-5461, we utilised a panel of BJ isogenic cell lines developed by 

Hahn et al (Hahn et al., 1999).These lines comprise normal human BJ fibroblast cells 

immortalised by expression of the gene encoding the telomerase catalytic subunit 

(hTERT) and additional expression of genes encoding transforming proteins including 

the simian virus 40 (SV40) large T antigen, SV40 small t antigen, and an oncogenic 

allele of the RAS gene (H-RASV12). Together these elements contribute to the 

tumorigenic transformation of these cells.   

 

The large T antigen (L) and small t antigen (S) encoded by the oncogenic virus SV40 

early region bind to and modulate the actions of many host cell proteins. L performs its 

role in transformation through the inactivation of retinoblastoma (RB) and p53 tumor 

suppressor pathways, while S alters the activity of protein phosphatase 2A (PP2A). 

RAS activates several signaling pathways implicated in cancer; oncogenic H-RASV12 

is constitutively active resulting in a sustained mitogenic signaling. Thus, the stepwise 

addition of each of these elements results in human BJ fibroblast cell lines that range 

from minimally immortalised (BJ-T), through different stages of transformation (BJ-LT, 

LST, LTR), to tumorigenic (BJ-LSTR) (Reviewed in (Zhao et al., 2004)) (FIGURE 7).  

 

This model enabled us, first, to investigate the biological responses of cells at different 

stages of transformation to inhibition of Pol I transcription by CX-5461. As cells are 

isogenically matched, this makes them suitable for determining whether differences in 

response are specifically due to characteristics associated with transformation, rather 

than differences in for example unknown genetic changes or cell type. Second, this 

model enabled us to investigate the pathways mediating the response to inhibition of 

Pol I transcription by CX-5461 in ‘normal’ human cells which are minimally 

immortalized with hTERT (BJ-T). Untransformed cells are expected to have an intact 

genetic background, which has not been compromised by the numerous unknown 

genetic lesions associated with the cancer phenotype (Reviewed in (Hanahan and 

Weinberg, 2011b)). Therefore, these cells are suitable for the identification of 
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mechanisms mediating the response to CX-5461, as the integrity of specific molecules 

and pathways should be conserved.  

 

3.2  CX-5461 small molecule inhibitor rapidly inhibits rates of Pol I 

transcription of 47S pre-rRNA genes in human BJ fibroblasts. 

 

First, we examined the activity of CX-5461 in these BJ cell lines. The levels of 

inhibition of Pol I transcription can measured by quantitative reverse transcription PCR 

(qRT-PCR) with primers directed to the 5’ETS region of the 47S pre-rRNA. This 5’ETS 

sequence is rapidly removed and degraded during the processing of the 47S pre-rRNA 

into the mature 5.8S, 18S, and 28S rRNA, therefore qRT-PCR of this region gives an 

indirect measure of rates of transcription of the 47S pre-rRNA genes (rDNA).   

 

Analysis of rates of Pol I transcription of the rDNA in BJ-T cells following treatment 

with CX-5461 for 3hr demonstrated that the inhibitor concentration at which rates of 

transcription were reduced by half (IC50) is approximately 25nM. Rates of transcription 

could be reduced by over 80% at higher doses, with an IC80 of approximately 2µM. In 

contrast, rates of Pol II transcription of a control ‘housekeeping’ gene (VIM, encoding 

the cytoskeletal protein Vimentin) were not significantly reduced at any dose used 

(FIGURE 8 A and B).  We chose to use the dose at which maximal inhibition of Pol I 

transcription was observed for further experiments (1µM CX-5461). Analysis of rates of 

Pol I transcription in BJ-T cells following treatment with 1µM CX-5461 over a time 

course of 30min – 24hr demonstrated that at this dose, Pol I transcription was 

significantly inhibited within 30min following treatment (by 72%, ***p=0.0002), and that 

maximal inhibition of Pol I transcription was reached within 1hr (by 85%, ***p=0.0006) 

and sustained for at least 24hr following treatment (**p=0.0012) (FIGURE 8 C).  These 

results demonstrate that in BJ cell lines, CX-5461 rapidly and selectively inhibits rates 

of Pol I transcription.  

 

As rates of Pol I transcription can account for up to 60% of the transcriptional capacity 

of exponentially growing cells (Warner et al., 2001), we initially performed qRT-PCR 

analysis on RNA extracted from equal cell number, rather than analysing equal RNA 

for each sample, to ensure that changes in total cellular RNA did not affect our results.  

However, analysis of total RNA per cell following treatment with 1µM CX-5461 showed 

that there was no significant change in total RNA levels even after 24hr (FIGURE 8 D). 

Further, qRT-PCR analysis of rates of Pol I transcription performed for equal RNA for 
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each sample, corresponded to qRT-PCR analysis of rates of Pol I transcription 

performed for equal cells for each sample. Therefore, we chose to use this later 

method for further experiments (FIGURE 2 E). Together, these results show that at 

early time points there are no significant changes in total cellular RNA following 

inhibition of Pol I transcription by CX-5461.  

 
3.3  Inhibition of Pol I transcription by CX-5461 induces an anti-proliferative 

response across a panel of human BJ fibroblast cell lines. 

 

Next, we examine the biological response of the panel of BJ cell lines following 

inhibition of Pol I transcription with CX-5461.  Dose-response experiments of BJ cell 

lines were performed following treatment with CX-5461 for 96hr. Cell viability was 

determined by the proportion of live cells following 96hr treatment relative to vehicle 

treated control.  For all BJ cell lines, the dose curves were biphasic: CX-5461 had an 

anti-proliferative effect at doses of 10-100nM and above; while there was complete cell 

death at doses of 10µM and above (FIGURE 9 A). The half maximal effective 

concentration (EC50) of CX-5461 was significantly lower for minimally immortalised BJ-

T cells (EC50 =3.47nM, ****p<0.0001) than for all other cell lines, partially transformed 

BJ-LT (EC50 =15.06nM), -LST (EC50 =21.52nM), and –LTR (EC50 =30.54nM) had 

higher EC50, and tumorigenic BJ-LSTR cells had the highest EC50 of all of the panel of 

BJ cell lines (EC50 =36.14nM) (FIGURE 9 B).   Proliferation analysis of BJ cell lines 

treated with CX-5461 over 96hr showed that the BJ panel of cell lines had distinctly 

different responses to the inhibitor (FIGURE 9 C). BJ-T cells display reduced rates of 

proliferation from 10nM CX-5461, with a complete absence of proliferation at 1µM CX-

5461. BJ-LT cells also display reduced rates of proliferation from 10nM CX-5461, and 

at doses of 300nM CX-5461 and above they undergo cell death.  BJ-LST and -LTR 

cells have the most similar responses, with reduced rates of proliferation at doses from 

30nM CX-5461, with a complete absence of proliferation at doses of 300nM CX-5461 

and above. BJ-LSTR cells initially maintain rates of proliferation, but by 24hr following 

CX-5461 treatment they displayed reduced rates of proliferation associated with cell 

death (FIGURE 9 C).  For all BJ cell lines, we once again observed complete cell 

death at 10µM CX-5461 and above, and we predict that this is due to off target effects 

of CX-5461 at these high doses.  These results suggest that while the EC50 of CX-

5461 is lower in the non-tumorigenic BJ-T cell line than the tumorigenic BJ-LSTR cell 

line, the phenotypic responses of transformed cell lines following CX-5461 treatment 

may be markedly different and depend upon the pathways that confer the transformed 

phenotype rather than the stage of transformation per se.  
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3.4  Inhibition of Pol I transcription by CX-5461 can induce different 

phenotypic responses in BJ isogenic cell lines transformed by defined 

genetic elements. 

 

To determine whether the phenotypic responses to inhibition of Pol I transcription by 

CX-5461 were in fact different between these isogenic cell lines, we selected three of 

the BJ cell lines for further characterisation. These were the minimally immortalised 

BJ-T cell line, the partially transformed BJ-LT cell line (in which the p53 and RB 

pathways are inactivated by SV40 large T antigen), and the tumorigenic BJ-LSTR cell 

line.  

 

First, we determined whether these cell lines undergo cell death following treatment 

with CX-5461. Analysis of live cells by propidium iodide (PI) exclusion assay showed 

that following 24hr treatment, there was no significant increase in cell death in BJ-T, 

BJ-LT or BJ-LSTR cell lines at any doses less than 10µM CX-5461. However, 

following 48hr and 96hr treatment with 1µM CX-5461, there was a slight increase in 

cell death in BJ-LT and BJ-LSTR cell lines (approximately 10% in BJ-LT and 20% in 

BJ-LSTR by 96hr, n.s.) (FIGURE 10 B and C). These results were supported by two 

additional cell death assays in the BJ-LT and BJ-LSTR cell lines – sub-G1 DNA 

content analysis of DNA fragmentation, and TMRE uptake analysis of mitochondrial 

membrane potential – which also showed a moderate increase in cell death following 

48hr and 96hr treatment with 1µM CX-5461 (FIGURE 10 C). Together with the 

proliferation assays described above, these results indicate that BJ-LT and BJ-LSTR 

cell lines have sustained low levels of cell death after long term treatment with 1µM 

CX-5461.  

 

Next, we determined whether any of these cell lines undergo cell cycle arrest following 

treatment with CX-5461.  We performed FACS analysis of cells with PI staining for 

DNA content and BrdU staining to identify cells in S phase. BrdU is a synthetic 

nucleoside that can be incorporated into newly synthesised DNA in place of thymidine 

during DNA replication. In these experiments, cells were treated with BrdU directly 

prior to analysis. We also performed FACS analysis of cells with staining for phos-H3 

to identify mitotic cells. Histone H3 phosphorylation at Ser10 by Aurora B kinase 

occurs during chromosome condensation during mitosis (prophase -anaphase) 

(Hendzel et al., 1997; Hirota et al., 2005). Following treatment with 1µM CX-5461, BJ-
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T cells underwent both a G1 and G2 cell cycle arrest:  the absence of BrdU positive 

cells indicated that the population of G1 cells were arrested and not entering S-phase; 

the absence of phos-H3 positive cells indicated that the significantly increased 

population of cells with a G2/M DNA content (from 14% to 62%, ***p<0.0005) were 

arrested in G2 and not M (FIGURE 10 D). BJ-LT cells do not undergo cell cycle arrest: 

the presence of BrdU positive cells indicated that cells were not arrested in G1 and 

entered S-phase; there was no significant increase in cells with a G2/M DNA content, 

which indicated that cells were not arrested in G2 or M (FIGURE 10 E). BJ-LSTR cells 

displayed a mitotic defect: the presence of both BrdU positive and phos-H3 positive 

cells indicated that cells were not arrested in G1 or G2; the significant increase in cells 

with an N=4 and N=8 DNA content (from 4% to 32% by 144hr for n=8, *p<0.05) 

indicated that cells were failing to correctly complete mitosis and undergo cytokinesis 

to produce two N=2 DNA content daughter cells (FIGURE 10 F). 

 

These results show that isogenic cell lines, which have been transformed by a limited 

number of defined genetic elements, can undergo strikingly different phenotypic 

responses to inhibition of Pol I transcription by CX-5461: BJ-T cells undergo G1 and 

G2 cell cycle arrest; BJ-LT cells undergo cell death at sustained low levels over long 

term treatment; BJ-LSTR cells continue to proliferate with both a mitotic defect and 

increased levels of cell death. Collectively, this supports a model in which the cellular 

response to inhibition of Pol I transcription is mediated by distinct pathways, rather 

than a single response that is amplified according to the stage of transformation of the 

cell.  

 

3.5  Inhibition of Pol I transcription by CX-5461 induces multiple cell cycle 

defects and senescence in BJ-T cells. 

 

In order to begin to investigate the specific pathways that mediate the cellular 

response to inhibition of Pol I transcription by CX-5461, we selected the minimally 

immortalised BJ-T cells for more detailed characterisation.  We hypothesised that 

identifying the key phenotypic responses would enable us to then examine the 

pathways that are responsible for their activation, such as cell cycle and stress 

response signaling pathways. This would then provide a framework from which we 

could begin to understand how the changes associated with transformation might alter 

the cellular response to CX-5461 in cancer. We had previously shown that BJ-T cells 

display a proliferation defect associated with cell cycle arrest, but not cell death, 

following inhibition of Pol I transcription by CX-5461 (See FIGURE 9 and 10). 
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Therefore, we performed analysis of cell cycle checkpoints, as well as analysis of 

irreversible cell cycle arrest due to cellular senescence, in BJ-T cell lines.  

 

First, to extend the BJ-T cell cycle analysis performed for 48hr and 96hr above, we 

performed cell cycle analysis over a time course of 0-48hr following treatment with CX-

5461 (FIGURE 11 A).  These results demonstrate that BJ-T cells in G1-phase of the 

cell cycle remain arrested in G1 following CX-5461 treatment, as the G1 population 

was maintained from 0-48hr; cells in S-phase of the cell cycle appear to be delayed 

following CX-5461 treatment, as the S-phase population was maintained even after 

12hr; S-phase cells then eventually arrest in G2-phase of the cell cycle, as the G2/M 

population was significantly increased after 24hr-48hr.  We therefore performed further 

experiments to establish whether inhibition of Pol I transcription can induce all of these 

cells cycle defects.  

 

To determine whether cells arrest in G1 following CX-5461 treatment, we performed 

cell cycle analysis following CX-5461 treatment in the constant presence of BrdU over 

a timecourse of 0-24hr (FIGURE 11 B).  Under these conditions, any cell that exits G1 

to replicate DNA in S-phase would incorporate BrdU. The proportion of BrdU negative 

cells remained constant from 0-24hr following CX-5461 treatment, indicating that cells 

did not exit G1 (49% BrdU +, compared to 36% BrdU + at 0hr. n.s.). In contrast, the 

majority of control cells progressed through the cell cycle and were BrdU positive by 

24hr (91% BrdU +, compared to 36% BrdU+ at 0hr. **p<0.005). Therefore, inhibition of 

Pol I transcription in BJ-T cells induces a G1 cell cycle arrest.  

 

To determine whether cells were delayed in S-phase following CX-5461 treatment, we 

performed cell cycle analysis with a short pulse of BrdU treatment, prior to CX-5461 

treatment over a time course of 0 – 24hr (BrdU pulse-chase) (FIGURE 11 C). Under 

these conditions, only cells that were in S-phase at 0hr would be BrdU positive. The 

progression of this specific population of cells through the cell cycle could then be 

determined by DNA content. In control cells, the BrdU positive population progressed 

through S-phase to G2 within 6hr, and progressed through M to G1 within 12hr.  

Following CX-5461 treatment, the BrdU positive population remained in S-phase after 

6hr, and remained largely in G2 after 12-24hr. Therefore, inhibition of Pol I 

transcription in BJ-T cells induces a S-phase delay.  

 

To determine whether cells were arrested in G2 following CX-5461 treatment, we 

performed phos-H3 analysis to identify mitotic cells following 24hr and 48hr CX-5461 
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treatment (FIGURE 11 D). In control cells, only approximately 1% of cells were 

detected in M. Following 48hr CX-5461 treatment, this was significantly reduced, with 

almost no cells detected in M (less than 0.05%, *p<0.05).  This indicated that the 

significantly increased proportion of cells with a G2 DNA content were arrested in G2, 

and not entering M. As the proportion of cells detected in M was very low, we also 

performed phos-H3 analysis following treatment in the presence of nocodazole. 

Nocodazole is commonly used to arrest cells in mitosis as it interferes with the 

polymerization of microtubules and prevents microtubule attachment to kinetochores, 

causing activation of the spindle assembly checkpoint and arrest in prometaphase 

(Zieve et al., 1980)(Reviewed in (Harper, 2005)). Following 24hr, approximately 20% 

of control cells treated with nocodazole alone were detected in M, while less than 5% 

of cells treated with both nocodazole and CX-5461 were detected in M. This indicated 

that following CX-5461 treatment, a reduced number of cells enter M.  Therefore, 

inhibition of Pol I transcription in BJ-T cells induces a G2 cell cycle arrest.  

 

To further illustrate that BJ-T cells arrest in both G1 and G2 following CX-5461 

treatment, we performed cell cycle analysis on BJ-T cell populations that had been 

either enriched in G0/G1 by serum starvation, or enriched in S phase by thymidine 

treatment (FIGURE 11 E). Withdrawing serum from cells in culture causes them to be 

enriched in cell at G0/G1 phase of the cell cycle (Reviewed in (Jackman and 

O'Connor, 2001)). BJ-T cells grown cultured in serum-free media for 24hr were 

enriched in cells with G0/G1. When cells were restored to normal culture conditions, 

CX-5461 treated cells maintained their G1 population.  Treatment with excess 

thymidine enriches cells in S-phase via feedback inhibition of nucleoside synthesis 

(Bootsma et al., 1964; Thomas and Lingwood, 1975). BJ-T cells treated with thymidine 

for 24hr were enriched in cells in S-phase. When cells were restored to normal culture 

conditions, control cells were able to proceed through the cell cycle and re-enter G1, 

while CX-5461 treated cells became arrested in G2.  Collectively, these results show 

that inhibition of Pol I transcription by CX-5461 induces multiple cell cycle defects, 

including G1 arrest, S-phase delay and G2 arrest, in non-tumorigenic minimally 

immortalised BJ-T cells.  

 

Finally, to establish whether inhibition of Pol I transcription by another method also 

results in similar cell cycle defects in BJ-T cells, we performed siRNA knock-down of 

Pol I transcription. We transfected BJ-T cells with siRNAs targeting both POLR1A 

(encoding the catalytic subunit of Pol I, DNA-directed RNA polymerase I subunit 

RPA1) and RRN3 (encoding a Pol I transcription factors required for PIC formation, 
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RNA Polymerase I-Specific Transcription Initiation Factor RRN3) for 48hr. We were 

able to achieve over 80% reduction in POLR1A and RRN3 transcripts (20% POLR1A 

and 12% RRN3 compared to levels in control cells, ****p<0.0001), and this resulted in 

an approximately 50% reduction in rates of Pol I transcription of the rDNA (44% 47S-

pre-rRNA compared to levels in control cells, ****p<0.0001) (FIGURE 11 F). Following 

inhibition of Pol I transcription by this method, BJ-T cells appeared to have reduced 

rates of proliferation (with approximately half as many total cells following 48hr knock-

down, **p<0.005), associated with both G1 and G2 cell cycle defects. However, the 

phenotype was less clear than for 48hr 1µM CX-5461 treatment (with an increase in 

G2 cells from 6% to 18% following 48hr knock-down. n.s.) (FIGURE 11 F). One 

possibility for this discordance with CX-5461 data is the different levels of inhibition of 

Pol I transcription achieved by these two methods, and this was supported by the 

observation that when BJ-T cells were treated with a 30nM dose of CX-5461 that 

results in similar levels of inhibition, there are no significant differences in cell cycle 

populations (results not shown).  Together, these results suggest that inhibition of Pol I 

transcription by a number of mechanisms can result in reduced proliferation 

associated with G1 and G2 cell cycle arrest.  

 

Next, we investigated whether BJ-T cells undergo senescence following inhibition of 

Pol I transcription by CX-5461.  Senescence is defined as a state of irreversible cell 

cycle arrest, which can be induced by diverse stimuli (Reviewed in (Campisi and di 

Fagagna, 2007)). Typically senescent cells remain metabolically active and viable for 

many weeks, but display a number of different phenotypes, some of which develop 

early and others which take many days to become apparent (Reviewed in (Rodier and 

Campisi, 2011)).  These can include increased size (up to two-fold), expression of 

senescence-associated β-galactosidase (also associated with an increase in lysomal 

mass), expression of p16INK4A, formation of senescence-associated heterochromatin 

foci (SAHFs), persistent nuclear foci of activated DNA damage proteins (also termed 

‘DNA segments with chromatin alterations reinforcing senescence’ or DNA-SCARS), 

and secretion of factors including growth factors, proteases and cytokines (also termed 

the ‘senescence –associated secretory phenotype’ or SASP) (Reviewed in (Rodier 

and Campisi, 2011)).   

 

We had previously observed while performing proliferation assays that BJ-T cells 

treated with 1µM CX-5461 were viable for over a week (FIGURE  9).  Therefore, we 

performed histochemical analysis of senescence associated β-galactosidase activity 



 74 

(SA-β-gal), a commonly used marker of senescence (Dimri et al., 1995). Following 

96hr treatment with CX-5461, over 90% of BJ-T cells were positive for SA-β-gal 

(compared to only 20% of control treated cells, ****p<0.0001) (FIGURE 12 A).  

Therefore, CX-5461 treatment may induce senescence in BJ-T cells.   Not all 

senescent cells express all documented markers of senescence, and no individual 

phenotype typical of senescence is sufficient to define a senescent state. Therefore, 

we examined a number of other markers of senescence. Following 24hr treatment with 

CX-5461, BJ-T cells displayed a significant increase in cell volume (approximately 

1.5X, *p<0.05) (FIGURE 12 C). We also performed immunofluorescence (IF) analysis 

of gH2A.X. Histone variant H2A.X is incorporated into 5-25% of histone octamers, and 

it is phosphorylated at Ser139 over regions that can spread up to several megabases 

as part of the DNA damage response. Therefore, it is associated with senescence as 

part of nuclear foci of activated DNA damage proteins (Rodier et al., 2011). Following 

96hr treatment with CX-5461, the number of cells displaying gH2A.X foci was 

significantly increased (from 8% of control treated cells to 47% of CX-5461 treated 

cells, **p<0.005) (FIGURE 12 B). Finally, we performed Western blot analysis of the 

p53/p21 and p16INK4A/RB signaling pathways, which are commonly activated in order 

to induce senescence. Following 24hr treatment with CX-5461, we observed increased 

levels of p53, as well as increased levels of its transcriptional target p21, indicating 

that p53 is activated following CX-5461 treatment. We did not observe any increase in 

levels of p16INK4A. However, we did observe increased levels of hypo-phosphorylated 

active RB (FIGURE 12 D).  Collectively, these results show that inhibition of Pol I 

transcription by CX-5461 can induce a novel form of senescence in BJ-T cells 

characterised by a lack of p16INK4A activation.  

 

3.6 Inhibition of Pol I transcription by CX-5461 induces p53-independent cell 

cycle defects and senescence in BJ-T cell lines. 

 

The transcription factor p53 plays critical roles in the control of both cell cycle arrest 

and senescence, through multiple transcriptional targets and complex pathways 

(Reviewed in (Giono and Manfredi, 2006; Campisi and di Fagagna, 2007)).  In one of 

its best characterised pathways, p53 induces the expression of p21 (cyclin-dependent 

kinase inhibitor 1), resulting in inhibition of cyclin/CDK complexes and the induction of 

cell cycle arrest.  Inhibition of cyclin/CDK complexes in G1, for example by p21 or 

p16INK4A, prevents the phosphorylation and inactivation of RB, resulting in repression of 

E2F family transcription factors and their target genes involved in cell proliferation.  
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These p53 and p16INK4A/RB pathways are also considered to be the master regulators 

of senescence.  The activation of p53 by the nucleolar stress pathway following 

inhibition of Pol I transcription is a well described phenomenon (See Section 1.2.1).  

Consistent with this, we observed the activation of p53 following 24h inhibition of Pol I 

transcription by CX-5461 in BJ-T cells. Therefore, we hypothesised that the cell cycle 

arrest and senescence phenotypes we observed following CX-5461 treatment in BJ-T 

cells were mediated by activation of the p53 nucleolar stress pathway.  

 

First, we examined whether p53 was activated immediately following inhibition of Pol I 

transcription with CX-5461. Western analysis of p53 activation following 1hr-24hr 

treatment with CX-5461 revealed that levels of p53 and its transcriptional target p21 

were increased by 1hr, and that after this time levels of both proteins continued to rise. 

Western analysis of p53 activation at earlier time points showed p53 levels were 

increased as early as 30 minutes following CX-5461 treatment (FIGURE 13 A).  This 

acute activation of p53 is consistent with a role for the p53 nucleolar stress pathway in 

mediating the onset of proliferation and cell cycle defects in BJ-T cells in response to 

CX-5461.  

 

To interrogate the requirement for p53 in mediating these responses, we established 

BJ-T cells stably expressing a short hairpin RNA (shRNA) targeting p53 (BJ-T 

p53shRNA cell lines).  Western analysis of p53 protein levels showed that in these 

cells lines, p53 was not active; neither p53 nor p21 could not be detected at levels 

above those in untreated BJ-T cell lines, even following p53 induction by 24hr CX-

5461 treatment (FIGURE 13 B).   

 

Using this BJ-T p53shRNA cell line, we investigated whether knock down of p53 could 

rescue the phenotypic response of BJ-T cells to inhibition of Pol I transcription by CX-

5461.  Strikingly, BJ-T and BJ-T p53shRNA cell lines displayed an equivalent 

proliferation defect following treatment with CX-5461 (FIGURE 13 C). Therefore, while 

p53 is acutely activated in BJ-T cells following CX-5461 treatment, it appears that p53-

independent pathways mediate the phenotypic response to inhibition of Pol I 

transcription.  

 

To further characterise the p53-independent proliferation defect in BJ-T cells, we 

performed analysis of the G1, S, and G2 cell cycle defects induced by inhibition of Pol 

I transcription in these cell lines.  Cell cycle analysis over a time course of 0-48hr 

following treatment with CX-5461 suggested that BJ-T p53shRNA cells are delayed in 
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S-phase and arrest in G2 following CX-5461 treatment; there is a significant increase 

in the S-phase population following CX-5461 treatment (from 28% in control treated 

cells to 46% in CX-5461 treated cells, ****p<0.0001), then cells eventually accumulate 

in G2-phase of the cell cycle (with 15% in control treated cells and 51% in CX-5461 

treated cells at 48hr, n.s). However, unlike BJ-T cells wild type for p53, BJ-T 

p53shRNA cells do not appear to arrest in G1; the G1 population is significantly 

reduced following CX-5461 treatment (from 70% in control treated cells to 28% in CX-

5461 treated cells, **p<0.005), and cells continue to enter S-phase (FIGURE 14 A). 

Therefore, p53 knock down appears to rescue the G1, but not S or G2 cell cycle 

defects induced by CX-5461 treatment in BJ-T cells.  

 

We performed more detailed cell cycle experiments to further investigate the role of 

p53 in mediating each of these cell cycle defects following inhibition of Pol I 

transcription. To determine whether BJ-T p53shRNA cells arrest in G1 following CX-

5461 treatment, we performed cell cycle in the constant presence of BrdU over a 

timecourse of 0-24hr. The proportion of BrdU negative cells was gradually depleted 

over 0-24hr following CX-5461 treatment (89% BrdU + in control treated cells and 73% 

BrdU + in CX-5461 treated cells, compared to 40% BrdU + at 0hr),  indicating that cells 

continued exiting G1.  Therefore, inhibition of Pol I transcription in BJ-T p53shRNA 

cells did not induce G1 cell cycle arrest. (FIGURE 14 B).  Interestingly, control and CX-

5461 treated populations displayed a similar proportion of BrdU positive cells following 

24hr CX-5461 treatment, and in both control and CX-5461 treated populations the 

population of BrdU negative cells in G2 phase of the cell cycle was not maintained. 

This suggests that in the absence of p53, BJ-T cells arrest in G2 only once they have 

passed through S-phase.  To determine whether BJ-T p53shRNA cells were delayed 

in S-phase following CX-5461 treatment, we performed BrdU pulse-chase cell cycle 

analysis over a time course of 0 – 24hr. In control cells, the BrdU positive population 

progressed through S-phase to G2 within 6hr, and progressed through M to G1 within 

12hr.  Following CX-5461 treatment, the BrdU positive population remained in S-phase 

after 12hr. Therefore, inhibition of Pol I transcription in BJ-T p53shRNA cells induces a 

S-phase delay (FIGURE 14 C). To determine whether cells were arrested in G2 

following CX-5461 treatment, we performed phos-H3 analysis to identify mitotic cells 

following 24hr CX-5461 treatment. In control cells, less than 5% of cells were detected 

in M. Following 24hr CX-5461 treatment the proportion of cells in M was reduced (to 

2%, n.s.), indicating that cells were arrested in G2, and not M. As the proportion of 

cells detected in M was very low, we once again performed phos-H3 analysis following 

treatment in the presence of nocodazole. Following 24hr, approximately 20% of control 
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cells treated with nocodazole alone were detected in M, while less than 5% of cells 

treated with both nocodazole and CX-5461 were detected in M. This indicated that 

following CX-5461 treatment, a reduced number of cells enter M.  Therefore, inhibition 

of Pol I transcription in BJ-T p53shRNA cells induces a G2 cell cycle arrest (FIGURE 

14 D).  Collectively, these results show that inhibition of Pol I transcription by CX-5461 

induces a p53-dependent G1 arrest, and a p53-independent S-phase delay and G2 

arrest to in BJ-T cells.  

 

Finally, we examined whether inhibition of Pol I transcription could also induce 

senescence in BJ-T p53shRNA cells. Following 96hr treatment with CX-5461 the 

proportion of cells positive for SA-β-gal was significantly increased (from 14% in 

control treated cells to 50% in CX-5461 treated cells, *p<0.05) (FIGURE 15). However, 

this was less that for BJ-T cells wild type for p53, with approximately 50% of BJ-T 

p53shRNA positive for SA-β-gal, compared to over 90% of parental BJ-T cells positive 

for SA-β-gal. This indicated that knock down of p53 can partially rescue the 

senescence phenotype induced by CX-5461 treatment. 

 

Therefore, our results suggest that p53 is activated following inhibition of Pol I 

transcription by CX-5461, most likely by the nucleolar stress pathway. The G1 arrest, 

G2 arrest, and senescence phenotype induced by CX-5461 treatment are partially 

rescued in BJ-T p53shRNA cells, suggesting that the p53 pathway is involved in 

mediating these responses to inhibition of Pol I transcription. However, predominantly, 

the proliferation and cell cycle defects induced by CX-5461 in BJ-T cell lines appear to 

be mediated by p53-independent pathways.   

 

3.7  Discussion 

 

In collaboration with Cylene Pharamceuticals (San Diego, Calafornia), our laboratory 

helped develop and test a first in class small-molecule inhibitor of Pol I transcription.  

As part of the primary publication describing the drug, its efficacy and antitumor activity 

was tested in non-transformed cell lines, a panel of human cancer cell lines, and 

murine Xenograft models (Drygin et al., 2011).  Here, we characterised the cellular 

response of a panel of isogenic BJ human fibroblast cell lines to CX-5461, which 

enabled us to compare how non-transformed and transformed cells of the same 

genetic background respond to inhibition of Pol I transcription.  
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The panel of BJ cell lines range from non-tumorigenic to tumorigenic, through the 

sequential addition of known genes encoding transforming proteins (Reviewed in 

(Zhao et al., 2004)). In contrast, established patient derived cancer cell lines are of 

different cell types and genetic backgrounds, and are expected to have a multitude of 

genetic lesions associated with the cancer phenotype (Reviewed in (Hanahan and 

Weinberg, 2011b)). Therefore, using the BJ cell lines as a model system to investigate 

the response to inhibition of Pol I transcription by CX-5461 has a number of 

advantages. For example, we were able to investigate the response to inhibition of Pol 

I transcription in ‘normal’ untransformed human cells, as well as determining whether 

tumorigenic cells have increased sensitivity to the drug.  

 

We first examined the activity of CX-5461 in BJ cells by determining the inhibition of 

Pol I transcription following treatment with the drug.  In BJ-T cells, CX-5461 rapidly 

and significantly inhibits rates of Pol I transcription of 47S pre-rRNA genes, with an 

IC50 of approximately 25nM and maximal inhibition achieved within 1hr of treatment 

with the drug. The dose of 1µM CX-5461 was selected for future experiments to 

characterise the cellular response to CX-5461 in these cell lines, as maximal inhibition 

of Pol I transcription was achieved at this dose (with levels of 47S pre-rRNA 

approximately 20% of those in vehicle treated cells) (FIGURE 8).  These results 

correlated closely with those for other cell lines treated with CX-5461, with similar 

IC50s for Pol I transcription of the rDNA reported in all solid tumor cell lines tested 

(Drygin et al., 2011).  

 

The activity of CX-5461 was also selective for inhibition of Pol I, rather than Pol II 

transcription. Specifically, in BJ-T cells, there was no reduction in the rates of 

transcription of a Pol II transcribed housekeeping gene at doses up to 10µM (FIGURE 

8). This was supported by gene expression arrays in two additional cell lines (MIA 

PaCa-2 and A375). Following inhibition of Pol I transcription with CX-5461 for 1hr, an 

equal number of Pol-II transcribed genes are up-regulated as down-regulated, 

indicating changes in rates of transcription of Pol-II transcribed genes are likely due to 

indirect effects of inhibition of Pol I transcription, rather than general inhibition of Pol II 

transcription by CX-5461 (Drygin et al., 2011).   

 

The very high rates of Pol I transcription mean that 47S pre-rRNA can account for a 

significant proportion of newly synthesised RNA (over 30% in exponentially growing 

cells), while mature rRNA accounts for the majority of total RNA in the cell as part of 
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ribosomes in the cytoplasm (Warner et al., 2001) (Reviewed in (Moss, 2004)). 

Therefore, we examined whether inhibition of Pol I transcription results in a reduction 

in total cellular RNA. After 24hr treatment with CX-5461 no reduction in total cellular 

RNA was observed (FIGURE 8 D). This suggests there is no change in the total level 

of ribosomes of the cells at this time, which is consistent with reports indicating that 

ribosome are very stable in growing mammalian cells, with half lives of days to weeks 

(Reviewed in (White, 2005)). Further, other work from our laboratory has shown that 

following Rrn3 knockdown in Eu-Myc-Bcl2+ cells, which resulted in a 35% reduction in 

rDNA transcription, cells displayed no proliferative disadvantage for up to 4 days when 

Bcl2 was overexpressed to prevent apoptosis (Bywater et al., 2012). This suggests 

that rRNA is produced at levels in excess of that which is required for efficient 

proliferation. Collectively these results indicate that early phenotypic responses 

observed following inhibition of Pol I transcription, such as cell cycle arrest, do not 

arise as a result of changes in ribosome insufficiency and thus reduced translation 

capacity of the cell, but rather directly as a consequence of changes in the rates of 

transcription of the 47S rRNA genes. This is consistent with a model where inhibition 

of Pol I transcription induces p53 activation and checkpoint responses via the 

nucleolar stress pathway.  

 

Next we compared the sensitivity of the panel of BJ cell lines to CX-5461 at defined 

stages of transformation, from non-tumorigenic BJ-T cells, through the addition of 

transforming genetic elements in BJ-LT, -LST, and -LTR cells, to tumorigenic BJ-LSTR 

cells.  As increased rates of rRNA synthesis and proliferation are associated with 

cancer, we had initially hypothesised that that as cells progressed towards a 

tumorigenic phenotype, they would become reliant upon high rates of Pol I 

transcription, and consequently more sensitive to CX-5461 treatment (See Section 

1.3).  Consistent with this idea, across the panel of 5 nontransformed and 50 tumor 

cell lines in which we tested CX-5461 anti-proliferative activity, the average EC50 of 

normal cell lines was markedly higher than that of cancer cell lines (Drygin et al., 

2011). CX-5461 exhibited a broad range of anti-proliferative activity against cancer cell 

lines, with EC50 values ranging from 3nM to 5.5μM, and a median EC50 of 147nM in the 

50 cell lines tested. The 5 non-tumorigenic cell lines were relatively resistant to CX-

5461, with EC50 values of approximately 5μM. However, we found that BJ cell lines 

became less sensitive to inhibition of Pol I transcription by CX-5461 as they 

progressed toward the tumorigenic phenotype. BJ-T cells had a significantly lower 

EC50 than other BJ cells lines, while BJ-LSTR cells had a higher EC50 than the other 

BJ cell lines (FIGURE 9 A). These data indicated that sensitivity to CX-5461, when 
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defined by anti-proliferative EC50, does not simply correlate with the process of 

transformation in BJ fibroblasts.  

 

A more in depth analysis of the anti-proliferative effect of CX-5461 in BJ cell lines 

indicated that there were distinctly different phenotypic responses between the 

different isogenic BJ cell lines, which could translate to a therapeutic window in in vivo 

models.   We compared the response of minimally immortalised BJ-T, BJ-LT (inactive 

for p53), and tumorigenic BJ-LSTR cells to inhibition of Pol I transcription by CX-5461: 

BJ-T populations undergo cell cycle arrest, BJ-LT cells undergo sustained low levels of 

cell death over long term treatment, while BJ-LSTR cells continue to proliferate but 

undergo increased levels of cell death that appear to coincide with progression 

through defective mitosis (FIGURE 10).  Therefore, tumorigenic BJ-LSTR cells are in 

fact more prone to undergo cell death than BJ-T cells following inhibition of Pol I 

transcription by CX-5461. We speculate that BJ-LT and BJ-LSTR cells are able to 

escape cell cycle arrest upon inhibition of Pol I transcription due to the inactivation of 

cell cycle regulatory proteins by SV40 large-T antigen, and that inappropriate 

progression through the cell cycle (particularly M phase) may drive cell death in these 

lines. However, each of the defined transforming genetic elements in the BJ panel of 

cell lines can affect multiple complex pathways. For instance, the targets of large-T 

and small-t antigens of the tumor virus SV-40 are numerous, including p53, RB, 

p300/CBP, BUB1, the IGF1 (insulin-like growth factor 1) pathway, and PP2A, but they 

also have additional targets that have not been comprehensively defined (Reviewed in 

(Ahuja et al., 2005)). Similarly, RAS performs its role as a key regulator of cell growth 

and proliferation via signaling through multiple downstream pathways (Reviewed in 

(Zhao et al., 2004)). Therefore, it is difficult to draw conclusions regarding the 

predominant signaling pathways mediating the phenotypic response to inhibition of Pol 

I transcription in these cell lines. Collectively, these results suggest that the cellular 

phenotypic response to CX-5461 (for example, cell cycle arrest, senescence or cell 

death) is dependent upon the integrity of specific signaling pathways and checkpoints. 

Identifying these specific signaling pathways, and the mechanisms by which they 

mediate the phenotypic response to CX-5461, will therefore be vital to understanding 

the potential efficacy of CX-5461 in the treatment of different cancers.  

 

To begin to investigate the molecular responses to inhibition of Pol I transcription by 

CX-5461, we chose to further characterise the cellular and molecular responses to 

CX-5461 in minimally immortalised BJ-T cells, as their pathways are not compromised 

by the process of transformation. In response to inhibition of Pol I transcription by CX-
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5461, BJ-T cells displayed activation of multiple cell cycle checkpoints, including G1 

cell cycle arrest, S-phase delay, and G2 cell cycle arrest, and also underwent 

senescence (FIGURE 11 and 12). Activation of p53 is known to induce both cell cycle 

arrest and senescence. Consistent with this, p53 was rapidly activated in BJ-T cells 

following inhibition of Pol I transcription by CX-5461 (FIGURE 13). However, BJ-T p53 

knock-down cells displayed an equivalent proliferation defect in response to inhibition 

of Pol I transcription. In BJ-T cells, p53 knock down rescued the G1 cell cycle arrest, 

but did not rescue the S-phase delay, or G2 cell cycle arrest (FIGURE 14).  This 

indicates that other, p53-independent pathways can mediate BJ-T response to 

inhibition of Pol I transcription by CX-5461. In fact, across the panel of solid tumor cell 

lines in which the anti-proliferative activity of CX-5461 was tested in Drygin et al 

(Drygin et al., 2011), we observed no correlation between p53 status and sensitivity to 

CX-5461, with p53 mutant cells having a similar median EC50 as p53 wild-type cells. In 

these cells lines (A375 and MIA PaCa-2c), CX-5461 induced senescence and 

autophagy, but not apoptosis, consistent with the phenotype observed in BJ-T cells. 

Collectively this suggests that inhibition of Pol I transcription can confer a therapeutic 

response in cancer cells independently of p53, via additional pathways. 

 

A key study from our research group by Bywater et. al. (Bywater et al., 2012) 

examined the ability of CX-5461 to selectively target malignant cells in vivo, using a 

murine model of lymphoma driven by MYC (Eµ-Myc) (Adams et al., 1985). MYC is a 

prominent oncogene dysregulated in almost half of all human cancers, that directly 

upregulates Pol I transcription and ribosome biogenesis (See Section 1.4.1).  Eµ-Myc 

lymphoma cells isolated from tumor bearing mice displayed sensitivity to CX-5461 

when cultured in vitro, with an EC50 for cell death of 5.4nM after 16hr (compared to the 

average anti-proliferative EC50 of 147nM in solid tumor cell lines after 48hr (Drygin et 

al., 2011)) These cells were also sensitive to inhibition of Pol I transcription by RNAi 

mediated knockdown of UBF or RRN3; knockdown of Pol I transcription by 35% 

resulted in increased cell death and a strong disadvantage in competition assays. 

Importantly, in mice with established disease from transplanted Eµ-Myc lymphoma, 

CX-5461 treatment in vivo selectively induced cell death in malignant B-cells, but not 

normal B-cells, and prolonged their survival. The induction of cell death occurred 

immediately (by 6hr following treatment) and prior to any changes in total RNA levels, 

consistent with a direct effect of inhibition of Pol I transcription and not an indirect 

effect due to ribosome insufficiency. Therefore, inhibition of Pol I transcription by CX-

5461 can selectively target tumor cells in vivo. 
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Interestingly, in contrast to the results above, the sensitivity of Eμ-Myc lymphomas to 

CX-5461 was dependent upon p53. Treatment of Eμ-Myc lymphoma cells with CX-

5461 in vitro resulted in nucleolar disruption, increased amount of RPL5 and RPL11 

associated with MDM2, increased p53 levels, transactivation of p53 target genes by 

1hr, and induction of apoptosis by 2hr following treatment. This is consistent with acute 

activation of p53 by the nucleolar stress pathway. In a panel of Eμ-Myc lymphomas, 

cells mutant or null for p53 displayed over 100-fold decreased sensitivity to CX-5461 

(Bywater et al., 2012). In fact, in the original publication describing the drug, the 

sensitivity of cell lines derived from hematologic malignancies did correlate with p53 

status, and those that were p53 wild type included the 3 cell lines most sensitive to 

CX-5461 (Drygin et al., 2011). Therefore, inhibition of Pol I transcription by CX-5461 

can specifically activate p53 via the nucleolar stress pathway to induce apoptosis and 

confer a therapeutic response in cancer cell lines in vivo.  However, p53-dependent 

sensitivity appears to be specific to certain cancer types.  

 

In conclusion, our studies demonstrate that inhibition of Pol I transcription by CX-5461 

has potential as a novel therapeutic strategy for the treatment of cancer. CX-5461 can 

selectively induce cell death in cancer cell lines in vitro, as shown here for isogenic BJ-

T and BJ-LSTR cell lines. The therapeutic efficacy of CX-5461 is not simply an indirect 

consequence of changes in the number of cellular ribosomes, but instead a result of 

acute activation of pathways that mediate stress response, such as cell cycle arrest, 

senescence and apoptosis. Consistent with previous reports, inhibition of Pol I 

transcription by CX-5461 can activate p53 via the nuclear stress response pathway. 

However, the data presented here show that additional, p53-independent pathways, 

resulting in S-phase and G2 cell cycles defects and senescence, can mediate the 

response to inhibition of Pol I transcription by CX-5461.  Identifying the key p53-

independent pathways that underlie the therapeutic response to CX-5461 will enable 

us to better understand its potential to target different cancers.  
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FIGURE 7. Characteristics of the BJ fibroblast isogenic cell lines at defined 

stages of transformation. A) Expression the telomerase catalytic subunit (hTERT; 

T), the oncogenic simian virus 40 (SV40) early region (encoding SV40 Large T antigen 

(L), and SV40 small t antigen (S)), and the H-RASV12 oncogenic allele of the RAS 

gene (R) in BJ fibroblasts contribute to the tumorigenic transformation of these cell 

lines (shown in red). Key pathways contributing to acquisition of the transformed 

phenotype are also shown (in white). B) Stepwise addition of these elements results in 

human BJ fibroblast cell lines that range from minimally immortalised (BJ-T), through 

different stages of transformation (BJ-LT, LST, LTR), to tumorigenic (BJ-LSTR). C) 

Western blot analysis of exponentially growing BJ isogenic cell lines was used for cell 

line identity confirmation. Expression of large T, small t, and RAS, and their 

downstream targets p53 (inhibition of p53 activity results in feedback upregulation of 

total p53 levels) and phos-ERK (indicative of MAPK pathway activity). 
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FIGURE 8. CX-5461 small molecule inhibitor rapidly inhibits rates of Pol I 

transcription of 47S pre-rRNA in human BJ-T fibroblasts. A) qRT-PCR analysis of 

expression of 47S pre-rRNA in BJ-T cells treated with CX-5461 for 3hr. RNA quantity 

is normalised to equal cell counts. Relative fold change to vehicle control samples 

(n=3, mean±sem). B) qRT-PCR analysis of expression of VIM in BJ-T cells treated 

with CX-5461 for 3hr. RNA quantity is normalised to equal cell counts. Relative fold 

change to vehicle control samples (n=3, mean±sem). C) qRT-PCR analysis of 

expression of 47S pre-rRNA in BJ-T cells treated with 1µM CX-5461 for 30min, 1hr, 

3hr, 6hr, 12hr and 24hr). RNA quantity is normalised to equal cell counts. Relative fold 

change to vehicle control sample (t=0). (n=3, mean±sem **p<0.05, ***p<0.005 

compared to vehicle control sample). D) Total RNA per cell following 3hr and 24hr 

treatment with 1µM CX-5461. RNA purification was performed for a known number of 

cells in the presence of a32P-UTP riboprobe. (RNA per cell = [Total RNA X 100] / [Cell 

Number x % RNA Recovery]). (n=3-6, mean±SD). E) qRT-PCR analysis of expression 

of 47S pre-rRNA in BJ-T cells treated with CX-5461 for 3hr. Equal RNA quantity is 

calculated for each sample (shown in solid line). For comparison, qRT-PCR analysis of 

expression when RNA quantity normalised to equal cell counts (from (A)) is shown in 

dotted line. Relative fold change to vehicle treated samples (n=4, mean±sem).  
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FIGURE 9. Inhibition of Pol I transcription by CX-5461 induces an anti-

proliferative response across a panel of human BJ fibroblast cell lines. A) Dose-

response cell viability assays for BJ cell lines following treatment with 0.1nM to 30µM 

CX-5461 for 96hr. Cell viability is determined by total live cells relative to vehicle 

control (=100%) (n=6, mean±SD). EC50 values are shown (dashed line) with 95% 

confidence interval (dotted lines). B) EC50 values for dose-response cell viability 

assays for BJ cell lines treated with CX-5461 (from (A)) (n=6, mean±sem. **p<0.005, 

****p<0.0001). C) Dose-response cell proliferation assays for BJ cell lines following 

treatment with 10nM to 10µM CX-5461 from 0hr to 96hr. Cell proliferation is 

determined by % confluency of live cells in culture measured using an IncuCyte Zoom 

(Essen Biosciences). (representative experiment of n=4-6, mean±SD of technical 

replicates).  
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FIGURE 10.  Inhibition of Pol I transcription by CX-5461 can induce different 

phenotypic responses in BJ isogenic cell lines. A) Analysis of % live cells by PI 

exclusion assay for BJ-T, BJ-LT, and BJ-LSTR cells treated with 10nM-10µM CX-5461 

for 24hr (n=3, mean±SD). B) Analysis of % cell death PI uptake analysis for BJ-T, BJ-

LT, and BJ-LSTR cells treated with vehicle control for 48hr or 1µM CX-5461 for 24hr, 

48hr, and 72hr. (n=3-5, mean±SD). C) Analysis of % cell death by sub-G1 DNA 

content analysis of DNA fragmentation (left panel: n=3-5, mean±SD, *p<0.05 relative 

to vehicle control), and TMRE uptake analysis of mitochondrial membrane potential 

(right panel: n=2-3, mean±SD). D-F) Cell cycle analysis of BJ cell lines following 

treatment with vehicle control or 1μM CX-5461. Cells were incubated with BrdU for 

30min in culture immediately prior to collection. Cells were stained for PI for DNA 

content (G1 and G2/M), and either BrdU incorporation for DNA replication (S-phase) or 

phos-H3 for mitotic cells (M).  Upper panel:  Representative cell cycle profiles of n=3 

experiments. Lower panel:  Quantitation of cell cycle populations in live cells using 

FCS express software. D) BJ-T cells (n=3, mean ± SD, ***p<0.0001, **p<0.005, and 

*p<0.05 relative to vehicle treated population). E) BJ-LT cells (n=3, mean ± SD). F) BJ-

LSTR cells (n=3-5, mean ± SD, *p<0.05 relative to vehicle treated population).  
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FIGURE 11.  Inhibition of Pol I transcription by CX-5461 induces multiple cell 

cycle defects in BJ-T cells. A) Cell cycle analysis of BJ-T cells following 0-24hr 

treatment with vehicle control or 1μM CX-5461. Cells were incubated with BrdU for 

30min in culture immediately prior to collection. Cells were stained for BrdU 

incorporation for DNA replication (S-phase), and PI for DNA content (G1 and G2/M). 

Upper page: Representative cell cycle profiles of n=3 experiments. Lower page: 

Quantitation of cell cycle populations in live cells using FCS express software. (Left) all 

6,12, 24 and 48hr populations (n=3, mean±sem). (Right) statistical analysis of 24hr 

and 48hr populations (n=3, mean ± SD, ***p<0.0005, **p<0.005, and *p<0.05 relative 

to vehicle treated population). B) Cell cycle analysis of BJ-T cells following 0-24hr 

treatment with vehicle control or 1μM CX-5461 in the constant presence of BrdU. Cells 

were stained for BrdU incorporation (for exit from G1 and progression through the cell 

cycle) and PI (for DNA content in G1 and G2/M). Upper panel: Representative cell 

cycle profiles of n=3 experiments. Lower panel: Quantitation of BrdU positive 

populations in live cells using FCS express software. (Left) BrdU positive populations 

from a n=1 representative experiment. (Right) BrdU positive populations following 24hr 

treatment with vehicle control or 1μM CX-5461 (n=3. mean±SD. **p<0.005 relative to 

24hr vehicle control). C) Cell cycle analysis of BJ-T cells following 0-24hr treatment 

with vehicle control or 1μM CX-5461. Cells were incubated with BrdU for 30min in 

culture prior to treatment at t=0hr. Cells were stained for BrdU incorporation (for t=0hr 

S-phase population), and PI (for DNA content in G1 and G2/M). Representative cell 

cycle profiles of n=2 experiments. Upper panels show all cell populations (black). 

Lower panels show BrdU positive cell populations only (red boxes). D) Phos-H3 

staining analysis of mitotic cells. Left panel: Cell cycle profiles showing phos-H3 

positive populations in BJ-T cells treated with vehicle or 1μM CX-5461 for 24hr in the 

presence or absence of 50 μM nocodazole. Right panel: Quantitation of phos-H3 

positive cells using FCS express software. (Top) n=1 experiment of BJ-T cells treated 

with vehicle or 1μM CX-5461 for 24hr in the presence or absence of 50 μM 

nocodazole. (Bottom). BJ-T cells treated with vehicle control or 1μM CX-5461 for 24hr 

and 48hr (n=4, mean±SD. *p<0.005 relative to 48hr vehicle control). E) Cell cycle 

profiles showing PI staining for DNA content (G1 and G2/M) in BJ-T cells treated with 

vehicle or 1μM CX-5461 for 48hr following synchronization in either G1 by 24hr culture 

in serum-free media (upper panel), or S-phase by 24hr culture in the presence of 

2.5mM thymidine (lower panel) (n=1). F) Cell cycle analysis of BJ-T cells following 

inhibition of Pol I transcription by siRNA knock-down of POLR1A and RRN3. i) qRT-

PCR analysis of expression of POLR1A and RRN3 48hr following transfection with 

siPOLR1A/siRRN3. Expression levels were normalized to VIM and expressed as fold 
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change relative to siEGFP transfected control (n=4, mean±sem ****p<0.0001 relative 

to siEGFP transfected control). ii) qRT-PCR analysis of transcription of 47S pre-RNA 

48hr following transfection with siPOLR1A/siRRN3. Expression levels were normalized 

to VIM and expressed as fold change relative to siEGFP transfected control (n=4, 

mean±sem ****p<0.0001 relative to siEGFP transfected control). iii) Cell counts 48hr 

following transfection with siEGFP or siPOLR1A/siRRN3 (n=4, mean±sem, **p<0.005). 

iv) Quantitation of cell cycle analysis by PI staining for DNA content of BJ-T cells 48hr 

following transfection with siEGFP or siPOLR1A/siRRN3 (n=4, mean±sem).  
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FIGURE 12.  Inhibition of Pol I transcription by CX-5461 induces senescence in 

BJ-T cells. A) Histochemical analysis of SA-β-gal activity in BJ-T cells following 96hr 

treatment with 1μM CX-5461. Upper panel: Quantitation of SA-β-gal positive cells for 

n=4 experiments (mean±sem. ****p<0.0001 relative to vehicle control). Lower panel: 

representative images of histochemical staining for SA-β-gal positive cells (X-gal 

cytochemical staining for SA-β-gal activity, and DAPI staining for DNA to identify single 

cell nuclei). B)  Immunofluorescence analysis of gH2A.X in BJ-T cells following 96hr 

treatment with 1μM CX-5461. Upper panel: Quantitation of gH2A.X positive cells for 

n=4 experiments (n=3, mean±sem. **p<0.005 relative to vehicle control). Lower panel: 

representative images of immunofluorescent staining for gH2A.X (green), with DAPI 

staining for DNA to identify single cell nuclei (blue). C) Cell volume analysis of BJ-T 

cells following 24hr treatment with 1μM CX-5461. Cell volume was measured on a Z2 

AccuComp. (n=4, mean±sem. *p<0.05 relative to 24hr vehicle control). D) Western 

blot analysis of p53, p21, RB (hypo-phosphorylated active pRB and hyper-

phosphorylated inactive ppRB), p16INK4A and tubulin levels in BJ-T cells treated with 

1μM CX-5461 for 24hr (representative blots of n=4 experiments).  
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FIGURE 13. Inhibition of Pol I transcription by CX-5461 induces a p53-

independent proliferation defect in BJ-T cells. A) Western blot analysis of total p53, 

p21 and tubulin levels in BJ-T cells treated with 1μM CX-5461 for a time course of 1hr-

24hr (top) and 10min-3hr (bottom) (representative of n=3). B) Western blot analysis of 

total p53, p21 and tubulin levels in BJ-T cells stably transfected with pRS vectors 

expressing scramble- or p53-shRNA, following 24hr treatment with vehicle control or 

1μM CX-5461. C) Dose-response cell proliferation assays for BJ-T (green) and BJ-T 

p53shRNA (red) cells treated with vehicle control or 1µM CX-5461 from 0hr to 96hr. 

Cell proliferation is determined by % confluency of live cells in culture measured using 

an IncuCyte Zoom (Essen Biosciences). (representative experiment of n=6, mean±SD 

of technical replicates). 
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FIGURE 14. Inhibition of Pol I transcription by CX-5461 induces p53-independent 

cell cycle defects in BJ-T p53shRNA cells. A) Cell cycle analysis of BJ-T 

p53shRNA cells following 0-24hr treatment with vehicle control or 1μM CX-5461. Cells 

were incubated with BrdU for 30min in culture immediately prior to collection. Cells 

were stained for BrdU incorporation for DNA replication (S-phase), and PI for DNA 

content (G1 and G2/M). Upper page: Representative cell cycle profiles of n=3 

experiments. Lower page: Quantitation of cell cycle populations in live cells using FCS 

express software. (Left) all 6, 12, 24, and 48hr populations (n=3, mean±sem). (Right) 

statistical analysis of 24hr and 48hr populations (n=3, mean ± SD, ****p<0.0001, 

**p<0.005, and *p<0.05 relative to vehicle control population). B) Cell cycle analysis of 

BJ-T p53shRNA cells following 0-24hr treatment with vehicle control or 1μM CX-5461 

in the constant presence of BrdU. Cells were stained for BrdU incorporation (for exit 

from G1 and progression through the cell cycle) and PI (for DNA content in G1 and 

G2/M). Upper panel: Representative cell cycle profiles of n=2 experiments. Lower 

panel: Quantitation of BrdU positive populations in live cells using FCS express 

software. (Left) BrdU positive populations from a n=1 representative experiment. 

(Right) BrdU positive populations following 24hr treatment with vehicle control or 1μM 

CX-5461 (n=2. mean±sem). C) Cell cycle analysis of BJ-T p53shRNA cells following 0-

24hr treatment with vehicle control or 1μM CX-5461. Cells were incubated with BrdU 

for 30min in culture prior to treatment at t=0hr. Cells were stained for BrdU 

incorporation (for t=0hr S-phase population), and PI (for DNA content in G1 and 

G2/M). Representative cell cycle profiles of n=3 experiments. Upper panels show all 

cell populations (black). Lower panels show BrdU positive cell populations only (red 

boxes). D) Phos-H3 staining analysis of mitotic cells. Left panel: Cell cycle profiles 

showing phos-H3 positive populations in p53shRNA cells treated with vehicle or 1μM 

CX-5461 for 24hr in the presence or absence of 50 μM nocodazole (representative of 

n=2). Right panel: Quantitation of phos-H3 positive cells using FCS express software. 

(Top) BJ-T cells treated with vehicle control or 1μM CX-5461 for 24hr and 48hr (n=5, 

mean±SD). (Bottom). BJ-T cells treated with vehicle or 1μM CX-5461 for 24hr in the 

presence or absence of 50μM nocodazole (n=2 mean±sem).  
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FIGURE 15.  Inhibition of Pol I transcription by CX-5461 induces senescence in 
BJ-T p53shRNA cells. Histochemical analysis of SA-β-gal activity in BJ-T p53shRNA 

cells following 96hr treatment with 1μM CX-5461. Upper panel: Quantitation of SA-β-

gal positive cells for n=3 experiments (mean±sem. *p<0.05 relative to vehicle control). 

Lower panel: representative images of histochemical staining for SA-β-gal positive 

cells (X-gal cytochemical staining for SA-β-gal activity, and DAPI staining for DNA to 

identify single cell nuclei). 
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CHAPTER 4. RNA-SEQUENCING ANALYSIS TO IDENTIFY p53-INDEPENDENT 
RESPONSES TO INHIBITION OF POL I TRANSCRIPTION. 
 

4.1 Introduction.  

 

While the best characterised nucleolar stress signaling pathway involves activation of 

p53 (See Section 1.2.1), numerous reports have shown that the nucleoli can mediate 

cell growth and stress signaling by additional mechanisms (See Section 1.2.2). In cells 

where p53 is not active, inhibition of Pol I transcription can result in diverse 

phenotypes, from undisturbed proliferation, to cell cycle arrest, or cell death (Reviewed 

in (Holmberg Olausson et al., 2012; Donati et al., 2011c)). However, these studies 

have largely been performed in diverse, tumorigenic human cell lines. This makes it 

difficult to determine the key pathways that drive cellular response to inhibition of Pol I 

transcription independently of p53.  

 

Importantly, p53-independent pathways can mediate therapeutic response to inhibition 

of Pol I transcription.  In a panel of transformed human cell lines tested for sensitivity 

to CX-5461, CX-5461 exhibited a broad range of anti-proliferative activity against 

cancer cell lines, with a median EC50 of 147nM in the 50 cell lines tested (compared to 

a median EC50 of approximately 5μM in 5 non-tumorigenic cell lines).  There was no 

correlation between p53 status and sensitivity to CX-5461 across the panel, with p53 

mutant cells having a similar median EC50 as p53 wild-type cells (Drygin et al., 2011). 

This indicates that inhibition of Pol I transcription has anti-proliferative effects on 

cancer cells independently of p53, and that additional pathways must confer the 

therapeutic response.  

 

At the time my thesis was undertaken, genome-wide analysis had not previously been 

performed to identify p53-independent pathways activated in response to inhibition of 

Pol I transcription. We have previously reported gene expression data in both A375 

p53-wild type melanoma and MIA PaCa-2 p53-mutant pancreatic cancer cell lines 

following 1hr 300nM CX-5461 treatment, which showed broad differential gene 

expression profiles, with an equal number of Pol II transcribed genes significantly 

upregulated as down regulated. However, we have not further characterised these 

observations (Drygin et al., 2011).  As transformed cell lines exhibit dysregulation of 

multiple key cell growth and stress signaling pathways (Reviewed in (Hanahan and 

Weinberg, 2011a)), global gene expression analysis in untransformed cell lines may 

better enable identification of novel pathways and assessment of the relative 
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importance of pathway activation.  

 

Therefore, we decided to take an unbiased approach to identify p53-independent 

pathways that mediate the response to inhibition of Pol I transcription, by performing 

RNA-Sequencing analysis in BJ-T p53shRNA cells following CX-5461 treatment.   We 

chose to perform analysis in p53 knock-down cell lines, as in p53 wild-type cells 

activation of the p53 nucleolar stress response pathway may override or mask the 

activation of alternative pathways. Further, inhibition of Pol I transcription may activate 

alternative pathways in the presence or absence of p53. For example, Boisvert and 

Lamond have reported that changes in the nucleolar proteome upon stress are 

markedly different between p53 wild type and p53 mutant cell lines (Boisvert and 

Lamond, 2010).   RNA-sequencing has a number of advantages as a method to 

investigate the pathways that mediate response to CX-5461. As CX-5461 is a small 

molecule inhibitor of transcription, RNA-sequencing can provide additional information 

regarding the specificity of the drug to Pol I transcription, compared to Pol II 

transcription.  Further, while the sequestration and release of numerous proteins from 

the nucleoli has been described following inhibition of Pol I transcription, the 

consequences of their translocation have not been characterised, except in the case of 

a small number of specific pathways. Therefore, we expected that RNA-sequencing 

would allow interrogation of early downstream responses to inhibition of Pol I 

transcription to identify these signaling events.   

 
4.2  RNA-Sequencing analysis following Pol I inhibition in BJ-T p53shRNA 

cells. 
 
4.2.1 Characterisation of RNA sequencing samples. 

We performed RNA sequencing analysis across a time course of 1µM CX-5461 

treatment, from 30 minutes to 1hr, 3hr, 6hr, 12hr and 24hr (See FIGURE 16 A). This 

was in order to investigate acute pathways that are activated at early time points to 

drive the response to inhibition of Pol I transcription, and also to determine the 

resulting phenotype that is established in cells after treatment with the drug.  

 

We also included a commonly utilized inhibitor of Pol I transcription, 5nM Actinomycin 

D (ActD), for 30min, 3hr and 24hr time points (See FIGURE 16 A). ActD is a cyclic 

polypeptide-containing antibiotic that can bind dsDNA with high affinity, preferentially 

intercalating between GpC base pair sequences and binding the minor groove of the 

DNA helix above and below this site via adjacent guanosine residues (Reviewed in 
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(Koba and Konopa, 2005)). ActD non-specifically inhibits RNA synthesis, by 

preventing the progression of RNA polymerase through the DNA to which it is bound 

(Reviewed in (Sobell, 1985)). Pol I transcription is particularly sensitive to ActD, with 

over 10-fold selectivity for rRNA compared to total mRNAs in mammalian cells (Perry, 

1963; Perry and Kelley, 1970)(Reviewed in (Sartorelli et al., 1975)).  ActD does not 

interfere with the Pol I transcriptional complex or initiation of Pol I transcription 

(Fetherston et al., 1984) (Sollnerwebb and Tower, 1986); rather, ActD intercalates in 

GC rich regions of the rDNA and inhibits Pol I transcription elongation. However ActD 

has additional mechanisms of action, including: inhibition of DNA replication (Lian et 

al., 1996; Rill and Hecker, 1996); stabilization of cleavable complexes of 

topoisomerase I and II with the DNA (Trask and Muller, 1988); and inhibition of 

transcription from promoters containing G-quadruplexes (Kang and Park, 2009).  

Therefore, while at low concentrations of ActD rRNA is the primarily inhibited 

transcript, ActD may also have additional biological activities.  

 

The levels of inhibition of Pol I transcription for each of the 1μM CX-5461 and 5nM 

ActD samples, relative to the 30min NaH2PO4 vehicle control, are shown in FIGURE 

16 B.  Consistent with earlier results in BJ-T p53 wild-type cells (See FIGURE 8), CX-

5461 treated cells demonstrate a rapid reduction in Pol I transcription, with levels 

reduced by approximately 74% compared to untreated cells by 30 minutes, and 

approximately 85% by 1hr. This level of inhibition is maintained to 24hr CX-5461 

treatment. ActD treated cells demonstrate a comparatively delayed reduction in Pol I 

transcription, with no significant reduction by 30 minutes, and an approximately 63% 

reduction compared to untreated cells by 3hr. Following 24hr ActD treatment, levels of 

Pol I transcription are reduced by approximately 75% compared to untreated cells. 

MYC mRNA was chosen as a control of Pol II mediated transcription, due to a) the 

similar half-life of its mRNA to pre-rRNA (Drygin et al., 2011), and b) the presence of 

G-quadruplexes in its promoter, which are reported to result in inhibition of its 

transcription by ActD at high doses (Kang and Park, 2009).  Pol II transcription of MYC 

was not inhibited by treatment with either 1μM CX-5461 or 5nM ActD (results for 24hr 

shown in FIGURE 16 B).  Therefore, both CX-5461 and ActD selectively inhibit Pol I 

transcription at these doses. Western analysis was also performed, to confirm 

knockdown of p53. The abundance of p53 in BJ-T p53shRNA cells treated with either 

CX-5461 or ActD remained below those in untreated control BJ-T cells for all 

demonstrating that these cells have a robust attenuation of the p53 response (FIGURE 

16 D).  
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Cell cycle analysis was performed to characterize the phenotype of the treated BJ-T 

p53shRNA populations at each time point. As previously described (See FIGURE 14), 

CX-5461 treated BJ-T p53shRNA cells had an S-phase delay, and appeared to arrest 

in G2 (FIGURE 16 D). Interestingly, treatment with ActD was not sufficient to activate 

G2 cell cycle arrest, which had previously been observed upon Pol I inhibition in BJ-T 

cells by other mechanisms, including both CX-5461 and siPOLR1A/siRRN3 (See 

FIGURE 11). It is unlikely that this was due to the degree of inhibition of Pol I 

transcription by ActD: G2 cell cycle arrest was observed in BJ-T cells under conditions 

where Pol I transcription was inhibited to a lesser degree, both by 100nM CX-5461 

and by siPOLR1A/siRRN3 (See FIGURE 8 and 11). Therefore, we propose that 

different mechanisms of Pol I inhibition, at either initiation or elongation stages, trigger 

different phenotypic responses.  

 

4.2.2 General analysis of RNA-sequencing results. 
Sequencing of the RNA samples described above was performed at the Victorian 

Centre for Functional Genomics (Peter MacCallum Cancer Centre, Victoria, Australia).  

The facility used 50bp paired-end reads on an Illumina HiSeq 2000 (6 samples per 

lane). To analyse the sequencing data, reads were aligned to the genome using 

Bowtie2 (Langmead et al., 2009) and counted using HTSeq (Anders and Huber, 

2010). The differential expression was then calculated utilising the Bioconductor 

DESeq package (Anders and Huber, 2010) in R (version 3.0.0), and genes with 

significantly different expression were determined using adjusted p-values that control 

for false discovery rate (FDR) using the Benjamini-Hochberg procedure. The RNA 

sequencing results are shown in FIGURE 17 A and B, with differentially expressed 

genes indicated in red (adjusted p-value <0.1). We used more stringent criteria to 

define differentially expressed genes for further analysis, with adjusted p-value <0.05, 

and log2 fold change of expression either -0.5<log2FC>0.5 or -1.0<log2FC>1.0 as 

specified below (FIGURE 17 TABLE C). The number of differentially expressed genes 

for each treatment using the most stringent criteria (-1.0<log2FC>1.0) is displayed in 

FIGURE 17 D.   

 

Following CX-5461 treatment, 429 genes were significantly differentially expressed by 

1hr, and over 3000 genes were significantly differentially expressed from 3hr to 24hr 

time points (adjusted p-value <0.05).  At all time points following CX-5461 treatment, a 

higher proportion of genes had increased levels of expression than decreased levels 

of expression, indicating that CX-5461 does not act as a general inhibitor of Pol II 

transcription at this dose.  Following ActD treatment, 1718 genes were differentially 
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expressed by 3hr, and 4624 genes were differentially expressed by 24hr (adjusted p-

value <0.05). There were no differentially expressed genes following 30min ActD 

treatment, consistent with our observation that at this time point levels of Pol I 

transcription were not significantly reduced. The overlap between differentially 

expressed genes following CX-5461 and ActD treatment is shown in FIGURE 17 E. 

Approximately 80% of genes differentially expressed following 3hr ActD treatment are 

also differentially expressed following 3hr CX-5461 treatment. This suggests that 

changes in expression following treatment with these inhibitors are a result of inhibition 

of Pol I transcription specifically. However, CX-5461 has a larger set of differentially 

expressed genes at this time point, possibly because the repression of Pol I 

transcription following 1µM CX-5461 was greater than following inhibition with 5nM 

ActD, or alternatively because additional pathways are activated in response to 

inhibition of Pol I transcription initiation by CX-5461 than by inhibition of Pol I 

transcriptional elongation by ActD.  

 

We then examined the time course of changes in genes expression following CX-

5461, using the most stringent criteria of differentially expressed genes to reduce the 

data set for analysis (-1.0<log2FC>1.0).  The overlap between differentially expressed 

genes at each time point following CX-5461 treatment is shown in FIGURE 17 F, and 

the fold change in expression of each individual gene that is differentially expressed is 

shown in FIGURE 17 G. This analysis shows that while a large proportion of genes 

remain differentially expressed across the time course of CX-5461 treatment, in 

addition a new set of genes becomes differentially expressed at each time point.  This 

may represent the transition from acute to chronic signaling pathways in response to 

inhibition of Pol I signaling by CX-5461.   

 
4.2.3 Analysis of pathways acutely activated in response to CX-5461. 
We focused on early time points (30min to 3hr) to identify signaling pathways that 

mediate the response to CX-5461. Following 30min treatment with CX-5461, only 4 

genes were differentially expressed (FIGURE 18 TABLE A and BOX 18 A). Levels of 

HES1 (Hairy and Enhancer of Split-1), a member of the HES family of transcription 

factors that functions as a transcriptional repressor to influence cell proliferation and 

differentiation, were increased at this time point (FC=1.6). Three other genes had 

decreased levels of expression: DUSP1 (Dual specificity phosphatase 1 / MKP-1; 

FC=0.6), which inactivates MAPK in response to stress signals or growth factors; IER2 

(Immediate early response 2; FC=0.6); and CYR61 (cysteine rich 61/ CCN1; FC=0.7), 

an excreted extra-cellular matrix signaling protein that is capable of regulating a range 
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of cellular activities, such as cell adhesion, migration, proliferation, apoptosis and 

senescence in different cell types. CYR61, IER2, and DUSP1 are immediate early 

genes (IEGs) - a group of a broad range of genes that can be rapidly activated and 

expressed, without requiring an initial round of protein synthesis for their transcription 

(Lau and Nathans, 1987) (See BOX 18 A for more details).  Therefore, the 

identification of changes in expression of predominantly IEGs at the early time 30min 

time point is likely a consequence of the unique mechanisms regulating their 

expression, which enable more rapid changes in mRNA levels than for other genes. 

The small number of genes differentially expressed at this time point, where qRT-PCR 

of 47S pre-RNA indicated an approximately 75% reduction in levels of Pol I 

transcription (see FIGURE 16 B), further supports the selectivity of CX-5461 toward 

inhibition of Pol I, but not Pol II transcribed genes.  

 

Following 1hr treatment with CX-5461, 429 genes were differentially expressed (-

0.5<log2FC>0.5, adjusted p-value <0.05).  To identify pathways involved in the 

response to inhibition of Pol I transcription, a more stringent data set of 71 differentially 

expressed genes was used (59 genes log2FC>1, 12 genes log2FC<-1; FIGURE 18 

TABLE B). Analysis of these genes indicates that CX-5461 treatment rapidly initiates a 

broad anti-proliferative response (See BOX 18 B for more details). For example, the 

MYC, NF-κB, and AP-1 (Activator protein 1) signaling pathways are immediate early 

response networks that can each control a broad transcriptional response, and 

following 1hr CX-5461 treatment changes in gene expression indicate these pathways 

are being regulated in a manner that prevents proliferation (eg. Increased expression 

of MYC antagonist MAD1, increased expression of NF-κB transcriptional targets, and 

increased expression of anti-proliferative AP-1 complex component JUNB). More 

directly, there is increased expression of cell cycle regulatory proteins p21 and 

GADD45B which directly inhibit CDKs to lead to cell cycle arrest. Therefore, it appears 

that by 1hr following CX-5461 treatment the acute pathways that drive the p53-

independent response to inhibition of Pol I transcription have already been activated. 

 

To further examine which signaling pathways were activated in response to CX-5461 

treatment, we performed pathway enrichment analysis for only the early time points, 

for differentially expressed genes following 1hr CX-5461 (-0.5<log2FC>0.5) and 3hr 

CX-5461 (-0.5<log2FC>0.5) treatment combined, using Metacore GeneGo functional 

ontology enrichment analysis. The ten pathway maps most significantly enriched for 

differentially expressed genes are shown in FIGURE 18 TABLE C. A number of 

pathways identified, including GnRH (gonadotropin-releasing hormone) signaling, 
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immune response, and NF-κB activation pathways, have significant overlap of 

differentially expressed genes, with pathway enrichment largely being a result of 

common signaling to NF-κB and AP-1 transcription factors, consistent with the results 

described above.  The relationships between the differentially expressed genes in 

these pathways is shown in FIGURE 18 D.  Additional pathways that were identified by 

this analysis include the WNT, TGFβ (transforming growth factor β) receptor, and DNA 

damage signaling pathways (See BOX 18 C for more details). The relationships 

between the differentially expressed genes in these pathways are shown for each in 

FIGURE 18 E-G. A common feature is enrichment of differentially expressed genes in 

pathways associated with senescence. These include cell cycle, DNA damage, 

immune response, extra-cellular matrix (ECM) remodeling, and epithelial-to-

mesenchymal transition (EMT) pathways.  

 

The defining characteristic of senescent cells is irreversible cell cycle arrest, as 

discussed above in Section 3.5. In addition to this, senescent cells undergo 

widespread changes in expression of a set of secreted proteins - a phenotype termed 

the senescence associated secretory phenotype (SASP) (Reviewed in (Campisi and di 

Fagagna, 2007)). The SASP includes signaling factors (cytokines, chemokines and 

growth factors), secreted proteases, and ECM components (Reviewed in (Coppe et 

al., 2010)).  Through these components SASP can mediate diverse processes, 

including modulating tissue architecture through changes in the ECM (Shelton et al., 

1999), promoting EMT (Parrinello et al., 2005), stimulating angiogenesis (Coppe et al., 

2006), and inducing inflammatory and immune response (Freund et al., 2010). SASP 

factors can also reinforce senescence growth arrest, for example through the most 

prominent SASP cytokine IL-6 (which has increased expression from 1-24hr following 

CX-5461 treatment), as well as through IL-1b and TGFb family ligands (which have 

increased expression from 3-24hr following CX-5461 treatment) (Reviewed in (Acosta 

et al., 2013; Salama et al., 2014)). Following CX-5461 treatment, the increased 

expression of CDKN1A (p21) is consistent with cell cycle arrest associated with 

senescence. The activation of immune response signaling pathways is consistent with 

the expression of SASP components, including COX-2, CCL2, IL-6, and IL-1b (Coppe 

et al., 2010; Acosta et al., 2013; Salama et al., 2014), through NF-κB activation. 

Increased expression of NF-κB targets, such as IL-6 and IL-1b can also result in 

feedback activation of both the canonical and non-canonical NF-κB pathways. The 

TGFβ signaling pathway is involved in many cellular processes, including growth 

inhibition, cell migration, EMT, ECM remodeling and immune suppression (Reviewed 
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in (Akhurst and Hata, 2012)). The TGFβ family ligands are also components of SASP, 

which provide positive feedback by regulating p15 and p21, and mediating multiple 

senescence responses such as DNA damage signaling and EMT (Reviewed in 

(Hubackova et al., 2012; Acosta et al., 2013)) The downregulation of WNT is also 

consistent with senescence. WNT signaling pathway is fundamental to tissue 

homeostasis, with target genes involved in cell cycle progression, ECM, cell adhesion 

and differentiation (Reviewed in (MacDonald et al., 2009b)), and WNT signaling is 

reported to be downregulated early in senescence (Ye et al., 2007). Therefore, our 

RNA sequencing results suggest that following CX-5461 treatment there is early 

activation of pathways associated with the onset of senescence.  

 

To examine if senescence associated pathways were also enriched for later time 

points, we performed pathway enrichment analysis for differentially expressed genes 

following 1hr – 24hr CX-5461 combined (0.5<log2FC>0.5) (FIGURE 18 TABLE H). 

Similar to early time points, there is increased expression of NF-κB and its 

transcriptional targets, including anti-apoptotic proteins (eg BCL-XL) and SASP 

components. DNA damage, immune response, TGFβ, EMT, and angiotensin signaling 

pathways associated with senescence are also enriched. Therefore, collectively these 

results suggest that following CX-5461 treatment in BJ-T p53shRNA cells, early 

signaling events drive the onset of a sustained senescent phenotype. This is 

consistent with our results that show BJ-T p53shRNA cells undergo cell cycle arrest 

and eventually senescence following treatment with CX-5461 (FIGURE 15).  

 

In order to determine which is the primary signaling event driving these responses, we 

focused on pathways enriched in differentially expressed genes at early time points, 

and selected the DNA damage response (DDR) pathway for further investigation. 

While the hallmark of senescent cells is activation of the p53 and p16INK4A /RB and 

irreversible cell cycle arrest, the onset of senescence is also associated with persistent 

DDR (Reviewed in (Burton and Krizhanovsky, 2014)). Particularly, SASP activation 

requires DDR signaling, but does not require p53 signaling (Reviewed in (Coppe et al., 

2010)). In addition, DDR rapidly activates cell cycle checkpoint pathways (Reviewed in 

(Giglia-Mari et al., 2011b)). In our RNA-sequencing results, DDR pathway components 

including p21 are upregulated by 1hr, as are targets of NF-κB, which is known to be 

activated as part of the DDR (Reviewed in (Salminen et al., 2012)). Therefore, we 

predicted that DDR could be a primary signaling event activated in response to 

inhibition of Pol I transcription by CX-5461, driving the cell cycle arrest and senescent 

phenotypes observed in BJ-T p53shRNA cells.  
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4.3  Discussion 
 
Our earlier results established that inhibition of Pol I transcription by CX-5461 can 

acutely induce phenotypic responses independently of the previously described p53 

nucleolar stress pathway. Specifically, minimally immortalized cell BJ-T cells undergo 

a p53-independent proliferation defect associated with S-phase delay and G2 cell 

cycle arrest, and senescence. Further, tumorigenic BJ-LSTR cells, which are 

functionally inactive for p53, have defective progression through the cell cycle and 

increased levels of cell death.  The majority of human cancers are inactive for p53 

(Petitjean et al., 2007b). In addition, p53 pathway mutations are associated with 

resistance to many common cancer therapeutics. Treatment approaches are typically 

genotoxic, as they exploit the sensitization of p53-deficient tumors to DNA-damaging 

agents (Reviewed in (Hientz et al., 2017)). Therefore, the identification of new non-

genotoxic therapeutic strategies for cancers inactive for p53 is a potentially valuable 

application of inhibition of Pol I transcription. The characteristics of the newly 

developed CX-5461 as a rapid and specific inhibitor of Pol I transcription provided a 

unique opportunity to perform an unbiased analysis to identify the key pathways that 

mediate the acute responses to inhibition of Pol I transcription. Therefore, we 

performed RNA-sequencing analysis in minimally immortalized cells inactive for p53 

(BJ-T p53shRNA cells) across a time course of CX-5461 treatment to interrogate the 

p53-independent responses to inhibition of Pol I transcription.  

 

Our RNA-sequencing results confirmed the specificity of CX-5461 for inhibition of Pol I 

transcription. After 30min CX-5461 treatment, at which time we observed an 

approximately 75% reduction in Pol I transcription, only 4 other genes were 

significantly differentially expressed (See FIGURE 18 TABLE A). Those that were 

downregulated are immediate early response genes (IEGs), which can rapidly respond 

to stress stimuli (See BOX 18 A), suggesting that changes in expression of these 

genes is an indirect response to inhibition of Pol I transcription rather than due to their 

being directly target by CX-5461. Further, consistent with the results of gene 

expression arrays following CX-5461 treatment in MIA PaCa-2 and A375 cells (Drygin 

et al., 2011), a larger number of genes were significantly upregulated than 

downregulated at all time points (1hr- 24hr) following CX-5461 treatment (FIGURE 17 

C). This indicates that CX-5461 does not act as a general inhibitor of Pol II 

transcription. In contrast, ActD inhibited Pol I transcription less rapidly than CX-5461, 

with no significant reduction in Pol I transcription after 30min treatment, and after 24hr 

ActD treatment almost twice as many genes were significantly downregulated as 
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upregulated (FIGURE 17 C).  Although fewer genes were differentially expressed 

following 3hr ActD than 3hr CX-5461 treatment, there was significant overlap between 

the two data sets (approximately 80%), further reinforcing the specificity of CX-5461 

for inhibition of Pol I transcription.  

 

One interesting observation is that in BJ-T p53shRNA cells, in contrast to inhibition of 

Pol I transcription by CX-5461, inhibition of Pol I transcription by ActD does not induce 

G2 cell cycle arrest. Further, following 24hr ActD treatment compared to 24hr CX-5461 

treatment, there is reduced overlap of differentially expressed genes between the two 

data sets (approximately 60%), supporting that there are some differences in the 

phenotype established by the two treatments.  This difference might be due to the 

activation of different downstream signaling pathways by the different mechanisms of 

inhibition of Pol I transcription by these drugs: CX-5461 inhibits Pol I transcription 

initiation, while ActD results in stalled Pol I at the elongation phase. Alternatively, the 

distinctive responses might reflect the different dynamics of inhibition of Pol I 

transcription, as CX-5461 acts significantly more rapidly than ActD (with ActD taking 

over 3hr to reach levels of inhibition that are achieved by CX-5461 by 30min, FIGURE 

16 B).   

 

The response to inhibition of rRNA gene transcription is strikingly immediate, with over 

400 genes significantly differentially expressed by 1hr following treatment with CX-

5461 (FIGURE 17 C and D).  This reflects the rapid pathway activation and phenotypic 

responses we have observed following CX-5461 treatment.  For example, in BJ-T p53 

wild-type cells, activation of both p53 and its transcriptional target p21 occur by 1hr 

following treatment (See FIGURE 13). Or, for example, in the murine model of Eµ-Myc 

lymphoma, transactivation of p53 target genes is observed by 1hr and apoptosis by 

2hr following treatment of cells in vitro, and induction of cell death occurs by just 6hrs 

following treatment in vivo (Bywater et al., 2012). The RNA –seq data indicates that by 

1hr following CX-5461 treatment BJ-T p53shRNA cells have already activated anti-

proliferative and stress response programs, including immediate early genes (IEGs) 

that rapidly respond to stress stimuli, antiproliferative AP-1 and NF-kB transcriptional 

response networks, cell cycle regulatory proteins, DNA damage response signaling, 

and senescence pathways (notably SASP components such as inflammatory 

cytokines) (FIGURE 18). This suggests that the cell takes advantage of specialised 

mechanisms to acutely regulate gene expression and pathway activation, to enable it 

to vigilantly respond to changes in rRNA gene transcription and nucleolar function. As 
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the RNA-seq analysis here is based on steady-state levels of mRNA, it does not 

distinguish between mechanisms that regulate gene expression via rates of gene 

transcription (such as epigenetic mechanisms and transcription factors), RNA stability 

(such as miRNAs and RNA binding proteins), and/or rates of translation into protein. 

However, any of these stages may contribute to the observed changes in gene 

expression. For example, IEGs which are prevalent in differentially expressed genes 

following 30min and 1hr CX-5461 treatment, can be rapidly activated within minutes of 

stimulation as they do not require an initial round of protein synthesis for their 

transcription, as necessary transcription factors and other proteins are already present 

in the cell (Reviewed in (Bahrami and Drablos, 2016)). Or, for example, new 

techniques that enable sequencing analysis specifically of nascent RNA and RNA 

stability have shown that exposure of human fibroblasts to inflammatory cytokines, 

which results in similarly rapid and dramatic changes in gene expression, regulates 

both gene transcription, with many transcripts having low intrinsic stability, as well as 

stabilizing or destabilizing transcripts (Paulsen et al., 2013).  Similarly, following DNA 

damage from a clinically relevant dose of IR, genes in the p53-signaling pathway can 

be coordinately up-regulated by both increased synthesis and RNA stability (Venkata 

Narayanan et al., 2017). As the nucleoli are enriched in diverse and abundant proteins 

(such as those involved in chromatin regulation, cell-cycle control and stress signaling, 

and RNA and RNP biogenesis) as well as RNA species, it is tempting to speculate that 

it can utilize these to efficiently exert control of gene expression at multiple levels 

following nucleolar stress.  

 

Analysis of significantly differentially expressed genes following inhibition of Pol I 

transcription by CX-5461 identified over 400 differentially expressed genes by 1hr 

treatment, and over 3000 differentially expressed genes by 3hr treatment. To identify 

primary signaling pathways that underlie the phenotypic responses, we focused on the 

early time points. One of the pathways that was identified by functional gene ontology 

enrichment analysis of differentially expressed genes was DNA damage (ATM/ATR 

regulation). We have selected this pathway for further validation as it is consistent with 

the phenotype we observe following inhibition of Pol I transcription by CX-5461 in BJ-T 

p53shRNA cells. Specifically, DDR rapidly activates cell cycle checkpoint pathways, 

consistent with the S-phase delay and G2 cell cycle arrest observed in response to 

CX-5461. Moreover, persistent DDR is associated with the onset of senescence, 

which was also observed in response to CX-5461 (Reviewed in (Giglia-Mari et al., 

2011a; Burton and Krizhanovsky, 2014)). 
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FIGURE 16. Characterisation of 5nM ActD and 1µM CX-5461 treated BJ-T 

p53shRNA cell samples used for RNA-Sequencing analysis. A) Schematic of BJ-T 

p53shRNA cell samples included in RNA-Sequencing analysis. B) qRT-PCR analysis 

of expression of 47S pre-rRNA (left panel) and MYC mRNA (right panel) normalised to 

VIM mRNA, following 5nM ActD (30min, 3hr, 24hr) or 1μM CX-5461 (30min, 1hr, 3hr, 

6hr, 12hr, 24hr) treatment relative to 30min NaH2PO4 vehicle control (t=0) (n=3, mean 

± SD). C) Western blot analysis of total p53 levels in in BJ-T p53shRNA cells following 

treatment with NaH2PO4 vehicle control (30min), 5nM ActD (30min, 3hr) or 1μM CX-

5461 (30min, 1hr, 3hr, 6hr, 12hr, 24hr), compared to parental BJ-T cells following 

treatment with NaH2PO4 vehicle control (representative of n=6). D) Cell cycle analysis 

by fixed cell PI staining for DNA content following treatment with 5nM ActD (3hr, 24hr), 

1μM CX-5461 (3hr, 6hr, 12hr, 24hr), or NaH2PO4 vehicle control (30min, 24hr). Upper 

panel: representative experiment of n=3-5. Lower panel: quantitation of G1, S and 

G2/M cell cycle populations (n=3-5, mean ± SD). 
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FIGURE 17. Results of RNA-sequencing analysis of 5nM ActD and 1µM CX-5461 

treated BJ-T p53shRNA cell samples. A&B) Differential gene expression relative to 

30min NaH2PO4 vehicle control. MA plot where M is Log2FC and A is mean of 

normalized counts, for A) 1μM CX-5461 (30min, 1hr, 3hr, 6hr, 12hr, 24hr) treatment, 

and B) 5nM ActD (30min, 3hr, 24hr) treatment. Significantly differentially expressed 

genes are indicated in red (adjusted p value <0.1). C) Table of the number of 

significantly differentially expressed genes, for adjusted p-value <0.1 or <0.05, and 

log2 fold change of expression -0.5<log2FC>0.5 or -1.0<log2FC>1.0, for each treatment 

relative to 30min NaH2PO4 vehicle control. D) Graphical representation of the number 

of significantly differentially expressed genes, defined as adjusted p-value <0.05, and -

1.0<log2FC>1.0. The number of upregulated genes (red) and down regulated genes 

(blue) relative to 30min NaH2PO4 vehicle control is shown for each treatment. E) Venn 

diagrams showing common significantly differentially expressed genes for ActD (red) 

and CX-5461 (green), following 3hr (left panel) and 24hr (right panel) treatments 

(adjusted p-value <0.05). % common genes shown for ActD in both comparisons. F) 
Venn diagrams showing common significantly differentially expressed genes for 

consecutive time points following 1μM CX-5461 treatment (adjusted p-value <0.05, -

1.0<log2FC>1.0). % common genes shown for earlier time point in all comparisons. G) 
Change in expression of individual significantly differentially expressed genes for 1-

24hr 1μM CX-5461 treatments (adjusted p-value <0.05, -1.0<log2FC>1.0). Each 

position on the X axis represents the same single significantly differentially expressed 

gene (vertical line) across all time points.  
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C) 
 
Table of number of signicantly differentially expressed genes relative to 30min NaH2PO4 vehicle control. 
 

 Adj p-value <0.1 Adj p-value <0.05 Adj p-value <0.05 Adj p-value <0.05 

- - -0.5< Log2FC >0.5 -1.0< Log2FC >1.0 

     
30min CX-5461 4 4 4 - 

1hr CX-5461 520 429 254 72 
3hr CX-5461 3797 3180 1654 441 

6hr CX-5461 4297 3604 1844 523 
12hr CX-5461 3757 2966 1362 379 
24hr CX-5461 5628 4816 2636 861 

     
30min ActD - - - - 

3hr ActD  2068 1718 1008 262 
24hr ActD 5452 4624 2135 599 
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FIGURE 18. Significantly differentially expressed genes following treatment with 

1µM CX-5461. A) Table of significantly differentially expressed genes following 30min 

1μM CX-5461 treatment relative to 30min NaH2PO4 vehicle control (adjusted p-value 

<0.05, -1.0<log2FC>1.0). B) Table of significantly differentially expressed genes 

following 1hr 1µM CX-5461 treatment relative to 30min NaH2PO4 vehicle control 

(adjusted p-value <0.05, -1<log2FC>1). 59 genes have increased expression, 

log2FC>1, and 12 genes have decreased expression, log2FC<-1. Genes highlighted in 

grey are discussed further in the text and Box A (HES1) & Box B (GADD45B, 

CDKN1A, SERTAD1, MXD1, NFKB1A, BCL3, JUNB, FOSB, MIR221). C) Table of 10 

pathways most significantly enriched for differentially expressed genes (using 

Metacore GeneGo functional ontology enrichment analysis) following 1hr-3hr CX-5461 

(adjusted p-value <0.05, -0.5<log2FC>0.5). D-G) Schematic of the relationship 

between significantly differentially expressed genes, shown in red (upregulated) and 

blue (downregulated), in pathways identified by functional ontology enrichment 

analysis, including D) GnRH signaling, immune response, and NF-κB activation 

pathways, E) TGF-β receptor signaling, F) WNT signaling pathway, and G) DNA 

damage pathways. H) Table of 20 pathways most significantly enriched for 

differentially expressed genes (using Metacore GeneGo functional ontology 

enrichment analysis) following 1hr-24hr CX-5461 (adjusted p-value <0.05, -

0.5<log2FC>0.5).  
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FIGURE 18 
 
A)  
 
Table of significantly differentially expressed genes following 30min 1µM CX-5461  

Gene Name Fold Change Log2 Fold Change p-value Adj p-value 
HES1 1.6136 0.6903 5.34E-07 0.0063 
CYR61 0.6922 -0.5306 6.71E-07 0.0063 
IER2 0.6143 -0.7030 1.13E-10 3.21E-06 
DUSP1 0.5591 -0.8389 1.63E-06 0.0116 
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BOX 18 A. Significantly differentially expressed genes following 30min 1µM CX-5461. 
 
HES1. HES1 (Hairy and Enhancer of Split-1) is one of seven members of the HES gene family (HES1-

HES7) of basic helix-loop-helix transcription factors. HES proteins are primary targets of the Notch 

singling pathway, and HES1, in conjunction with binding partners from the transducin-like enhancer (TLE) 

family, acts as a transcriptional repressor that is a key regulator of cell proliferation and differentiation 

during embryogenesis (Reviewed in (Fischer and Gessler, 2007)). However, less is known about the role 

of HES1 after birth.  Recent publications have shown that HES1 is rapidly upregulated by quiescent 

signals and can protect cells from differentiation or senescence (Reviewed in (Sang et al., 2010)). 

Transcriptional targets of HES1 include proteins involved in proliferation, such as E2F1, p21, and p27 

(Reviewed in (Fischer and Gessler, 2007)).  HES1 may also play a role in response to DNA damage and 

stress, such as by interacting with FA core complex (Tremblay et al., 2008) (Tremblay et al., 2009) and 

PARP1 (Kannan et al., 2011), or regulating the expression of GADD45α (Chiou et al., 2014).  The 

canonical signaling pathway that regulates HES1 is the Notch pathway.  Following activation of Notch 

receptors, the Notch intracellular domain (NICD) translocates to the nucleus and associates with the RBP-

Jκ transcription factor, which allows the recruitment of coactivators and the transcription of target genes, 

including HES1 (Ohtsuka et al., 1999).  However, numerous other pathways have been reported to 

regulate HES1 expression, including Hedgehog signaling (Ingram et al., 2008; Wall et al., 2009), 

TGFα/Ras/MAPK (Stockhausen et al., 2005), JNK (Curry et al., 2006), or NF-κB (Revollo et al., 2013).  

Further, post-translation modification of HES1 has recently been shown to mediate its activity (Lin and 

Lee, 2012; Chiou et al., 2014). HES1 regulates its own expression via a negative feedback loop.  

 

Immediate Early Genes. CYR61, IER2 and DUSP1 are immediate early genes (IEGs). IEGs are a group 

of genes that were initially described as rapidly induced in quiescent cells upon treatment with growth 

factors. This group has now expanded to include a broad range of genes, including those encoding 

transcription factors, cytoplasmic enzymes and secreted proteins, that can be induced in interphasic cells 

in response to diverse extracellular signals, such as growth factors, mitogens, or stress. The common 

defining characteristic of IEGs is that they are rapidly activated and expressed, without requiring an initial 

round of protein synthesis for their transcription (Lau and Nathans, 1987), and then normally return to 

undetectable levels shortly following induction. Hence, these genes are considered a primary cellular 

response. The mechanisms underlying the rapid response of IEGs to diverse stimuli include pre-assembly 

and pre-initiation of RNA Pol II at IEG promoters, and GC rich promoters with CpG islands that act as 

nucleosome destabilisers, enabling transcriptional activators to access the promoter.  IEG expression can 

be induced by RAS-MAPK and p38-MAPK pathways (Reviewed in (McKay and Morrison, 2007)). These 

lead to activation of proteins involved in IEG expression, including MSK1/2, which modify the IEG 

promoter to enable chromatin remodelling required for transcription, and also activate multiple 

transcription factors responsible for IEG expression, including NF-kB and CREB. RAS-MAPK and p38-

MAPK pathways also activate transcription factors ELK and ETS1/2, and regulatory factors SRF and 

Mediator complex, which are required for IEG induction (Fowler et al., 2011; Galbraith and Espinosa, 

2011). IEG transcripts are targeted by a family of microRNAs (Avraham et al., 2010), which leads to 

mRNA degradation under basal conditions. Following IEG activation, the production of these microRNAs 

is blocked, enabling IEG expression, but then rapidly returned to normal levels. Further, IEG protein 

products are typically unstable, and can even be targeted for proteasomal degradation without prior 

ubiquitination (Gomard et al., 2008).Collectively these mediate the rapid and transient expression of IEGs.  
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IER2. IER2 (Immediate early response 2), originally identified in mouse fibroblasts where it is upregulated 

upon serum stimulation, was one of the first described members of the immediate early genes (Lau and 

Nathans, 1985). However, the function of IER2 remains largely unknown.  IER2 is located in the same 

region of chromosome 19 as junB and junD, and their proteins have limited homology (Coleclough et al., 

1990; Scott et al., 1994).  IER2 contains two putative nuclear localization signals (Shimizu et al., 1991), 

and may translocate from the cytoplasm to the nucleus in order to regulate transcription (Takaya et al., 

2009; Neeb et al., 2012). Consistent with other IEGs, its expression can be induced under a wide variety 

of conditions, such as stimulation with serum or growth factors (Reviewed in (Neeb et al., 2012)), during 

differentiation (Charles et al., 1990; Chung et al., 1998; Eschelbach et al., 1998), or during the induction of 

apoptosis (Chung et al., 2000a; Chung et al., 2000b; Schneider et al., 2004). IER2 is upregulated in a 

variety of human tumors (Reviewed in (Neeb et al., 2012)). In fact, HTLV-1 (human t-cell leukemia virus 

type 1) Tax directly induces IER2 transcription (Chen et al., 2003). IER2 can also promote tumor cell 

motility and metastasis (Neeb et al., 2012). Therefore it has been suggested that IER2 promotes 

transformation.  

 

CYR61. CYR61 (cysteine rich 61/ CCN1) is a secreted extracellular matrix (ECM) associated protein of 

the CCN family.  The six members of the CCN family are ‘matricellular proteins’ - ECM proteins which, 

rather than playing a structural role, are dynamically expressed and serve as signaling proteins that 

regulate a number of cellular responses (Reviewed in (Jun and Lau, 2011)).  CYR61 is expressed at very 

low levels in quiescent fibroblasts, but is transcriptionally activated in response to a wide range of stimuli, 

including mitogenic growth factors, bacterial and viral infection, inflammatory cytokines, GPCR agonists, 

hypoxia, UV, or mechanical stretch (Reviewed in (Lau, 2011)).  The CYR61 promoter contains a serum 

response element (SRE) to which serum response factor (SRF) binds to mediate transcriptional 

activation.  CYR61 transcription can be regulated by a number of co-activators, for example: RhoA 

GTPase promotes recruitment of MRTF-A, a SRF co-activator, to the SRE; p38 MAPK enhances the 

histone acetyltransferase activity of CBP and its recruitment to the SRF–MRTF-A complex, enhancing 

CYR61 expression; YAP/TAZ transcriptional co-activators interact with TEAD transcription factors to 

regulate expression of genes related to proliferation and survival, including CYR61.  CYR61 is also 

regulated post-transcriptionally, for example down regulation by microRNAs, or preferential translation 

under conditions of stress through its IRES. CYR61 is essential for cardiovascular development during 

embryogenesis.  In adult tissue CYR61 regulates a range of sometimes conflicting activities, mediated by 

its binding to distinct cell surface integrins and heparen sulphate proteoglycans (HSPGs) in different cell 

types and contexts. CYR61 supports cell adhesion, resulting in adhesive signaling events including 

cytoskeleton reorganization and formation of structures for cell motility. The process of cell adhesion may 

drive other cellular responses, for example CYR61 can stimulate migration, and can enhance proliferation 

induced by other mitogens. Conversly, CYR61 can induce both senescence and cell death. CYR61 can 

activate NOX1 to produce reactive oxygen species (ROS), which leads to the activation of DDR (including 

ATM, CHK1, CHK2 and p53), p38 MAPK and ERK, and consequently pRB. Activation of p53 and pRB 

result in senescence. CYR61 can also induce ROS through other pathways, for example via 5-

lipoxygenase and mitochondria, and enhances the activity of the TNF family of apoptotic factors TNF-α, 

FasL and TRAIL. The ability of CYR61 to modulate the activity of inflammatory cytokines such as TNF-α 

is consistent with its proposed role in inflammation. 

 

DUSP1. DUSP1 (Dual specificity phosphatase 1), or MKP-1 (Mitogen activated protein kinase 

phosphatase 1), is the archetypical member of the DUSP family, which can dephosphorylate both tyrosine 
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and serine/threonine residues of their substrates. DUSP1/MKP-1 regulates the activities of MAP kinases 

(MAPKs), including p38, JNK and ERK, by dephosphorylating the TXY motif in the kinase domain leading 

to their inactivation. It has the highest affinity for p38 and JNK, however substrate specificity varies 

depending on cell type and mechanisms of activation (Reviewed in (Korhonen and Moilanen, 2014)). 

Through its mediation of these MAPK pathways, it has been shown that DUSP1/MKP-1 can negatively 

regulate cell cycle transition and proliferation, facilitate differentiation, negatively regulate inflammation 

and immune response, and increase survival through the negative regulation of apoptosis (Reviewed in 

(Boutros et al., 2008)) DUSP1/MKP-1 is regulated at multiple levels, including transcription, mRNA 

stability, protein stability and post-translational modification (Reviewed in (Boutros et al., 2008)). Signaling 

pathways that are reported to mediate DUSP1/MKP-1 include ERK1/2, p38 MAPK, JNK, protein kinase C 

(PKC)ε, cAMP/protein kinase A (PKA); thus, DUSP1/MKP-1 is a negative feedback regulator of MAPKs. 

Typically DUSP1/MKP-1 protein is returned to basal level only a few hours after stimulation. Consistent 

with other IEGs, it is activated in response to numerous stimuli in different cell types, for example growth 

factors, cytokines, or stresses such as heat shock, hypoxia or DNA damage (Reviewed in (Boutros et al., 

2008)). Accordingly, DUSP1 transcription is regulated by numerous factors, including AP-1, CREB, GR, 

NF-κB, and p53. DUSP1 mRNA is also stabilized, such as by binding proteins ELAV (or HuR) and NF90 

in response to certain stresses (Reviewed in (Korhonen and Moilanen, 2014)).  Conversely, DUSP1 

mRNA is also targeted my miR-101 to reduce DUSP1/MKP-1 levels and allow effective p38 MAPK and 

JNK signaling (Zhu et al., 2010). 
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B)  
 
Table of significantly differentially expressed genes following 1hr 1µM CX-5461. 
Gene Name Fold Change Log2FC p-value Adj p-value 

RGS16 31.6509 4.9842 1.09E-27 2.78E-24 
FOSB 13.9362 3.8008 5.88E-18 7.16E-15 
HES1 11.2021 3.4857 2.87E-09 9.57E-07 
EGR4 10.8062 3.4338 3.55E-07 7.11E-05 
EGR3 9.0163 3.1725 4.03E-196 1.13E-191 
TMEM88 9.0016 3.1702 2.08E-05 2.42E-03 
EGR2 8.4245 3.0746 1.13E-10 5.74E-08 
GPR62 7.0781 2.8234 1.11E-04 9.82E-03 
hsa-mir-3187 7.0078 2.8090 2.57E-05 2.82E-03 
BHLHE40 6.3736 2.6721 3.31E-06 4.73E-04 
NR4A3 5.4380 2.4431 1.26E-10 6.17E-08 
AC012360.6 4.8428 2.2758 8.67E-06 1.11E-03 
KLF10 4.5211 2.1767 1.70E-09 6.19E-07 
RP11-405L18.4 4.4771 2.1626 5.28E-04 3.66E-02 
ATF3 4.2675 2.0934 3.89E-48 2.18E-44 
LIF 3.9746 1.9908 1.29E-12 8.83E-10 
NR4A1 3.8623 1.9495 1.17E-09 4.61E-07 
ZC3H12A 3.5721 1.8368 7.19E-16 7.75E-13 
CSRNP1 3.4285 1.7776 5.57E-78 7.80E-74 
ARC 3.3886 1.7607 5.71E-07 1.04E-04 
DACT1 3.1479 1.6544 3.32E-04 2.49E-02 
KDM6B 3.1419 1.6516 4.11E-06 5.82E-04 
SIK1 2.9524 1.5619 7.77E-20 1.15E-16 
NUAK2 2.9365 1.5541 1.19E-49 8.33E-46 
JUNB 2.8433 1.5076 6.02E-31 1.87E-27 
AC016999.2 2.7599 1.4646 7.14E-04 4.72E-02 
ERRFI1 2.7316 1.4498 3.74E-57 3.50E-53 
KBTBD8 2.7005 1.4332 3.59E-27 8.10E-24 
SLC19A2 2.6767 1.4205 8.09E-07 1.39E-04 
DLX2 2.6733 1.4186 3.41E-05 3.60E-03 
GADD45B 2.6104 1.3843 5.14E-07 9.69E-05 
PER1 2.6076 1.3827 1.71E-08 4.79E-06 
CLK1 2.5674 1.3603 2.47E-05 2.76E-03 
MXD1 2.5246 1.3360 3.69E-13 3.14E-10 
SPRY4 2.5217 1.3344 1.57E-39 6.27E-36 
TRIB1 2.4431 1.2887 5.28E-12 3.43E-09 
SLFNL1 2.3861 1.2547 7.12E-06 9.45E-04 
IL11 2.3586 1.2380 1.09E-40 5.10E-37 
ID4 2.3511 1.2333 1.98E-05 2.33E-03 
SERTAD1 2.3088 1.2072 1.13E-36 3.97E-33 
ZNF597 2.2780 1.1877 7.58E-13 5.59E-10 
FAM46C 2.2762 1.1866 6.87E-06 9.21E-04 
IL6 2.2569 1.1743 1.95E-20 3.21E-17 
RGS2 2.2555 1.1735 2.91E-06 4.23E-04 
MYLIP 2.2526 1.1716 1.40E-06 2.25E-04 
CCRN4L 2.1921 1.1323 7.97E-13 5.72E-10 
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NPAS4 2.1918 1.1321 9.37E-05 8.69E-03 
BCL2L11 2.1802 1.1245 2.72E-04 2.13E-02 
ARL5B 2.1693 1.1172 8.24E-31 2.31E-27 
DUSP8 2.1626 1.1127 7.08E-11 3.82E-08 
TNFSF9 2.1610 1.1117 2.51E-06 3.76E-04 
MIDN 2.1361 1.0950 2.22E-15 2.31E-12 
CDKN1A 2.0758 1.0537 2.59E-08 6.92E-06 
ZNF124 2.0570 1.0406 1.11E-08 3.33E-06 
C21orf91 2.0295 1.0211 1.96E-09 6.96E-07 
NFKBIA 2.0294 1.0210 1.98E-19 2.64E-16 
MAFF 2.0235 1.0169 3.76E-27 8.10E-24 
FOXD1 2.0209 1.0150 3.71E-05 3.85E-03 
BCL3 2.0197 1.0141 2.89E-04 2.25E-02 
          
IQCC 0.4823 -1.0520 1.49E-07 3.28E-05 
ZNF658 0.4761 -1.0708 3.14E-04 2.39E-02 
ZNF624 0.4588 -1.1241 6.87E-10 2.91E-07 
MIR221 0.4579 -1.1270 3.80E-08 9.69E-06 
SNORD104 0.4453 -1.1672 3.50E-04 2.61E-02 
RP11-181K3.4 0.4444 -1.1701 1.97E-04 1.62E-02 
ZNF572 0.4115 -1.2810 6.03E-04 4.10E-02 
RN5-8S1 0.4049 -1.3044 2.68E-04 2.10E-02 
RP3-410C9.1 0.2687 -1.8961 5.75E-07 1.04E-04 
SNORD78 0.2112 -2.2432 1.16E-04 1.01E-02 
AL592188.2 0.1210 -3.0470 2.37E-04 1.89E-02 
RP11-305P14.1 0.0943 -3.4069 1.92E-04 1.60E-02 
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BOX 18 B. Significantly differentially expressed genes following 1hr 1µM CX-5461. 
 
GADD45B. GADD45B is a member of the Gadd45 (Growth arrest and DNA damage-inducible protein) 

group of genes, which encode GADD45α, GADD45β, and GADD45γ. Expression of these proteins is 

induced in response to stress, such as DNA damage, resulting in cell cycle arrest, DNA repair, 

senescence or apoptosis (Reviewed in (Tamura et al., 2012)). GADD45β participates in DNA repair, 

interacting with PCNA to promote nucleotide excision repair (NER) (Vairapandi et al., 1996). It both 

augments p21 activity and disrupts the CDK1/cyclinB complex, leading to cell cycle arrest at G1/S and 

G2/M (Vairapandi et al., 1996; Vairapandi et al., 2002). GADD45β can also activate p38 and JNK MAPK 

pathways, promoting senescence or apoptosis, by interacting with the upstream kinase MKK4 (Takekawa 

and Saito, 1998; Mita et al., 2002; Takekawa et al., 2002; Yoo et al., 2003; Lu et al., 2004; Cho et al.). 

Conversely, it can prevent activation of the JNK pathway, resulting in resistance to apoptosis, by 

interacting with MKK7 (De Smaele et al., 2001; Papa et al., 2004; Papa et al., 2007).  GADD45B 

transcription is induced by NF-κB, directly through NF-κB binding sites at its promoter (Jin et al., 2002). 

NFY, SP1, EGR1 and SMAD transcription factors are also reported to induce GADD45B expression (Yoo 

et al., 2003; Zumbrun et al., 2009). GADD45B can also be induced by mRNA stabilization (Zumbrun et al., 

2009). 

CDKN1A. Cyclin-dependent kinase inhibitor 1A (CDKN1A) encodes the p21 protein (Reviewed in (Abbas 

and Dutta, 2009b; Jung et al., 2010)). p21 is a predominant member of the Cip/Kip family of cyclin-

dependent kinase inhibitors (CDKIs). Following cell stress, such as DNA damage or oncogene activation, 

p21 associates with several CDK complexes to regulate progression of the cell cycle. Particularly, p21 

inhibits CDK1 and CDK2, which is required for both the activation of RB and the consequent inhibition of 

E2F-dependent gene expression, and also the firing of replication origins and activation of proteins 

involved directly in DNA synthesis. In addition, p21 has roles in stress responses such as cell death, DNA 

repair, and senescence that are independent of its CDKI activity. For example, p21 interacts with PCNA 

(proliferating nuclear antigen), a subunit of DNA polymerase δ, inhibiting DNA replication and PCNA-

dependent DNA repair processes. p21 also associates with transcription factors, including E2F1, STAT3, 

and MYC, and represses their transcriptional activity, thereby further inhibiting both cell growth and 

apoptosis. The anti-apoptotic activity of p21 can also occur in the cytoplasm, where it binds and inhibits 

proteins directly involved in the induction of apoptosis.  CDKN1A is one of the key transcriptional targets 

of p53 (el-Deiry et al., 1993), in fact p21 is required for p53 mediated G1 and G2 cell cycle arrest 

(Waldman et al., 1995; Bunz et al., 1998). In addition to its regulation by p53, p21 is also induced in 

response to diverse stimuli in a p53-independent manner, including DNA damage, TGF-β, p16INK4a -RB, 

or RAS-RAF-MAPK signalling. Several transcription factors activate p21 independently of p53 (Reviewed 

in (Abbas and Dutta, 2009a)) : SP1/SP3 have six binding sites in the CDKN1A promoter, and regulate 

p21 induction in response to various stimuli and stress signals; E2F1 and E2F3 strongly activate 

CDKN1A; a number of members of the Kruppel-like transcription factor (KLF) family, which are key 

transcriptional regulators of proliferation and differentiation, also upregulate CDKN1A transcription; others 

include AP2, STATs, C/EBPα and β, NEUROD1, GAX, HOXA10, CDX2 and MYOD1. p300/CBP can 

cooperate with several of these transcription factors to induce p21. CDKN1A transcription is also activated 

by several nuclear receptors, though binding to their responses elements in the CDKN1A promoter. 

Alternatively, c-MYC can repress the transcription of p21, through interacting with SP1 and other 

transcription factors. CDKN1A transcription is also regulated at the level of transcriptional elongation. p53-

dependent activation of CDKN1A involves Pol II phosphorylation and recruitment of transcription 
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elongation factors, and this is ablated when cells are blocked in S-phase. CHK1 can inhibit CDKN1A 

transcriptional elongation by disassembling elongation factors (Beckerman et al., 2009). SP3 can inhibit 

CDKN1A transcription by promoter bound Pol II (Valin et al., 2013). CDKN1A mRNA stability and 

translation is mediated by micro RNAs, including the miR-17-92, miR-106a-363, and miR-106b-25 

clusters which have been shown to down-regulate CDKN1A expression, as well as RNA binding proteins 

that can stabilise or destabilise CDKN1A mRNA (Reviewed in (Freeman and Espinosa, 2013; Khuu et al., 

2016)).  

SERTAD1. SERTAD1 is a recently identified oncogene, that encodes the p34/SEI-1 protein.  p34 

promotes cycle progression by binding to CDK4 and antagonising the regulatory effect of p16INK4a on the 

CDK4/Cyclin D complex (Sugimoto et al., 1999; Li et al., 2004). p34 contains two transactivation domains 

and has intrinsic activation activity, but it does not directly interact with DNA; it is reported to interact with 

PHD- and/or bromodomain-containing transcription factors to co-activate its target genes, such as at E2F, 

p53, and SMAD1 responsive promoters (Hsu et al., 2001; Watanabe-Fukunaga et al., 2005; Peng et al., 

2013). p34 directly interacts with XIAP (X-linked inhibitor of apoptosis protein), protecting it from 

ubiquitination and degradation, thereby enhancing XIAP antiapoptotic activity (Hong et al., 2009). It has 

also been shown to inhibit ROS-induced cell death and/or senescence, which involve indirectly inducing 

ubiquitination of PKC-δ and/or ASK1, respectively (Lee et al., 2009; Hong et al., 2011). Finally, p34 can 

downregulate the tumor suppressor PTEN, by interacting with NEDD4-1 E3 ubiquitin ligase and 

enhancing its stability, resulting in PTEN degradation and activation of the PI3K/AKT pathway (Jung et al., 

2013; Hong et al., 2014). Therefore, p34 may act as an oncoprotein through control of cell-cycle 

progression and apoptosis, by both transcriptional regulation and direct interaction with regulatory 

complexes.  

NF-κB (NFKB1A, BCL3). The NF-κB signaling pathway is an immediate early response network that 

transduces signals from diverse stimuli to the NF-κB transcription factor. NF-κB denotes a family of 

proteins that associate as homo- or heterodimers, including NFKB1 (p50), NFKB2 (p52), REL, RELA 

(p65), or RELB.  Under normal conditions, the majority of NF-κB dimers are bound by IκBs (inhibitors of 

κB) in the cytoplasm, preventing their nuclear localization and transcriptional activity. IκBs are 

characterized by ankyrin repeat domains capable of interacting with the Rel homology domains present in 

NF-κB transcription factors (Nolan et al., 1993), and include the typical family members IκBα, IκBβ, IκBε, 

and IκBδ, as well as two atypical family members Bcl-3 and IκBζ.  The canonical and non-canonical NF-

κB pathways are well characterized. In the canonical pathway, an extracellular signal initiates the 

assembly of the IκB kinase (IKK), which phosphorylates NF-κB bound IκB, leading to its ubiquitination and 

degradation by the proteasome, and to the translocation of NF-κB dimers to the nucleus where they 

regulate the transcription of target genes. In the noncanonical pathway, IKK phosphorylates the precursor 

protein p100 (NFKB1), which exists in inactive NF- κB dimers, resulting in its processing to p50. The 

resulting population of active NF- κB dimers is different from that in the canonical pathway, and drive 

transcription of a different set of genes.  The most significant role of NF-κB is in the immune system, 

regulating the expression numerous genes in response to pathogens (Reviewed in (Bonizzi and Karin, 

2004)).  However, NF-κB also regulates genes with diverse cellular functions such as cell growth, 

proliferation, differentiation, apoptosis and stress response. The set of genes that are activated by NF-κB 

are unique for different stimuli, and display varying rates of induction, transcription, and repression. The 

mechanisms that drive this diversity include the selective regulation of IκBs, which display selectivity for 

certain NF-κB family members, and the different activities of the NF- κB hetero- and homo-dimers. NF- κB 
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dimers have varied binding preference for NF-κB consensus sequences, which show considerable 

sequence variability. Only p65, c-Rel and Rel-B contain the transcription activation domain (TAD) 

necessary for positive regulation of gene expression; p50 and p52 lack TADs, and may therefore repress 

transcription. NF- κB dimers also undergo posttranslational modifications that affect their ability to recruit 

transcriptional coactivators, which include p300/CBP, p/CAF, and p160 proteins (SRC-1, SRC-2, and 

SRC-3). NFKB1A. IκBα is the prototypical member of the IκB family. Its rapid degradation following 

activation of NF-κB signaling pathways leads to the release of multiple NF-κB dimers, although p65:p50 

heterodimers are reported to be the its primary target. NFKBIA, encoding IκBα, is strongly activated by 

NF-κB (Brown et al., 1993; Scott et al., 1993; Sun et al., 1993). The newly synthesized IκBα then binds to 

NF-κB, resulting in a negative feedback loop (Arenzana-Seisdedos et al., 1997). Hence, levels of IκBα are 

central to the control of NF-κB signaling. BCL3. BCL3 is an atypical member of the inhibitor of IκB family 

of proteins. In contrast to the typical members of this family, BCL3 associates with nuclear p50 or p52 

homodimers, and can both promote or repress transcription of NF-κB target genes (Reviewed in 

(Maldonado and Melendez-Zajgla, 2011)). BCL3 was identified by translocation into the immunoglobulin 

alpha-locus in some cases of B-cell leukemia, and has since been found overexpressed in a number of 

cancers (Cogswell et al., 2000; Thornburg et al., 2003; Pallares et al., 2004; Liu et al., 2013; Tu et al., 

2016). Its oncogenic properties are proposed to arise from dysregulation of genes targeted by these NF-

κB dimers. BCL3 has been shown upregulate cyclin D expression (Park et al., 2006), inhibit p53 through 

upregulation of HDM2 (Kashatus et al., 2006), and play a role in stabilizing c-MYC (Liu et al., 2013). Like 

IκBα, the transcription of BCL3 is induced by NF-κB. It can also be induced by AP-1 (Rebollo et al., 2000) 

and the Jak/STAT pathway (Richard et al., 1999). BCL3 also negatively regulates its own 

transcription(Brocke-Heidrich et al., 2006).  

MXD1. Max dimerisation protein 1 (MXD1, MAD1) encodes a member of a sub-family of MAX interacting 

proteins that form part of the basic helix-loop-helix leucine zipper protein MYC/MAX/MAD network of 

transcription factors (Ayer et al., 1993)(Reviewed in (Luscher, 2012)). The bHLH-Zip motif functions as a 

DNA binding and dimerisation module, and homo- or heterodimerization of this class of transcription 

factor is required for specific DNA binding. MAX serves as a cofactor for DNA binding by both the MYC 

family of transcription factors as well as MXD1-4.  Enhanced or deregulated expression of MYC is one of 

the most frequent events associated with human cancer (Reviewed in (Grandori et al., 2000)). MYC 

directly regulates a considerable number of genes; its transcriptome includes proteins with roles in cell 

cycle control, protein translation and metabolism, ribosome biogenesis, differentiation and apoptosis. 

Consequently, MYC is capable of driving cell cycle progression and blocking terminal differentiation of 

many cell types (Reviewed in (Hurlin and Huang, 2006)). MYC family proteins heterodimerize with MAX, 

which is essential for most of the activities of MYC, and generally activate transcription.  MXD1-4 also 

heterodimerise with MAX, acting as MYC antagonists but also performing functions in their own right. 

MXD1 antagonises MYC-mediated transcriptional activation by competing for binding to MAX, as well as 

recruiting repressor complexes to common target genes, and can block MYC-dependent cell 

transformation (Reviewed in(Luscher, 2012)). MXD1 acts as a transcriptional repressor at its target genes, 

which have roles in cell proliferation and apoptosis, and acts as an inhibitor of cell proliferation. Target 

genes identified for MXD1 include CCND2 (Cyclin D2), TERT, FOXM1, BCL6, PTEN, and those encoding 

eIF4F subunits. MXD1 also heterodimerises with the bHLH-Zip protein MLX, a common dimerisation 

partner of MXD1, MXD4, MONDOA and MONDOB. Thus MXD1 acts in different transcriptional networks, 

though less is known about the function of MXD1/MLX complexes (Billin et al., 1999; Meroni et al., 2000). 

Key to the regulation of MXD1 is that Pol II is paused at the MXD1 promoter prior to stimulation, and 
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C/EPB and SP transcriptional regulators also bind constitutively to the promoter where they cooperate in 

activating MXD1(Jiang et al., 2008; Hein et al., 2011).  Thus pathways that target these factors are central 

to MXD1 transcriptional activity, including STAT3 and RAS/RAF/ERK pathways, for example G-CSF and 

TGFb cytokines activate MXD1 via these pathways.  

AP-1 (JUNB and FOSB). The AP-1 (Activator Protein 1) transcription factor regulates a wide range of 

cellular processes, including proliferation, differentiation, survival, inflammation, migration and wound 

healing (Reviewed in (Shaulian, 2010)). The ability of this transcription factor to control a diverse range of 

target genes and processes arises from its structural complexity: AP-1 is a dimeric complex comprised of 

JUN (JUN, JUNB, JUND), FOS (c-FOS, FOSB, FRA1 and FRA2), MAF, and ATF protein sub-families.  

The composition of AP-1 complexes and the targeting of specific AP-1 components by multiple signal 

transduction events underlie the complexity transcriptional regulation by AP-1. JUN is the most potent 

transcriptional activator in its group, while its transcriptional activity is attenuated or antagonized by JUNB. 

Broadly, JUN is considered to positively regulate cell proliferation, while JUNB and JUND negatively 

regulate proliferation. Consistent with this, JUNB competitively inhibits the JUN mediated induction of cell 

cycle regulatory proteins such as cyclin D1.  In addition, JUNB containing AP-1 complexes also directly 

regulate the expression of cell cycle regulatory proteins, including cyclin A and p16INK4A, preventing G1/S 

transition. FOS proteins cannot homodimerise, but form stable heterodimers with JUN family proteins and 

enhance their DNA binding activity. c-FOS and FOSB contain transcriptional activation domains, while 

FRA1 and FRA2 do not.  FOS family members exhibit different expression patterns during the cell cycle: 

while c-FOS and FOSB are only found during G0/G1 transition, FRA1 and FRA2 are also present in 

exponentially growing cells. AP-1 is regulated by MAPK signaling cascades, including the ERK (for 

example, in response to serum and growth factors), JNK and p38 families (for example, in response to 

pro-inflammatory cytokines and genotoxic stress) (Reviewed in (Karin, 1995)). MAPKs activate various 

transcription factors that induce specific JUN and FOS family genes, resulting in increased AP-1 

complexes. MAPKs also mediate post-translational phosphorylation of AP-1 components directly, 

regulating their activity, including transactivation potential, DNA binding, and protein stability.  

microRNA-221 microRNA-221 (miR-221) is encoded in a cluster with the closely related miR-222 on the 

X chromosome. It is one of the most frequently upregulated mRNAs in human cancer, and its expression 

correlates with aggressive tumor features and poor overall survival (Reviewed in (Garofalo et al., 2012; 

Chen et al., 2013; Wang et al., 2014)). The role of miR-221 as an oncomiR reflects its biological functions; 

it downregulates several tumor suppressors and promotes cell proliferation, invasive capabilites, 

resistance to apotosis, and maintenance of an undifferentiated state. Some of its well characterised gene 

targets include: cyclin dependent kinase inhibitors CDNK1B (p27) and CDKN1C (p57), supporting 

progression through the cell cycle; the pro-apoptotic factors BMF and PUMA, consistent with role in 

protecting cells from apoptosis; MyoD and KIT, preventing differentiation (Yang et al., 2013b; Tan et al., 

2014); PTPμ, a tyrosine phosphatase that participates in cell adhesion regulation, therefore promoting 

migration; TRPS1 transcription factor, resulting in increased levels of EMT-promoting ZEB2; TIMP3, a 

metallopeptidase inhibitor, resulting in activation of MMPs; ER-α and FOXO3 transcription factors; and 

PTEN, resulting in activation of the pro-survival PI3K/AKT pathway. miR-221 activation of AKT can also 

modulate DNA damage repair and confer protection from cell death by PTEN independent mechanisms 

(Li et al., 2014). Recently, gene expression profiling identified 602 mRNAs - including RB and Wee1 cell 

cycle inhibitors, pro-apoptotic factor APAF1, and transcriptional repressors ANXA1 and CTCF - as new 

miR-221 targets.  The same study found that MYC/MAX, NF-κB, Wnt/β-catenin, and RB-E2F pathways 
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are induced in miR-221 expressing cells (Lupini et al., 2013). Finally, MDM2 is a direct target of miR-221, 

resulting in activation of p53 (Fornari et al., 2014). While research into mir-221 has largely focused on its 

targets, rather than its transcriptional regulation, recent publications have reported that p53 (Fornari et al., 

2014), NF-κB and c-Jun (Galardi et al., 2011) can induce miR-221/222 transcription. The ERK1/2 pathway 

also promotes miR-221/222 expression (Terasawa et al., 2009). Conversly, mir-221 has also been 

reported to activate NF-κB by binding directly to the coding region of RelA mRNA and increasing its 

stability. It can also reduce the degradation of RelA and STAT3 protein by downregulating the ubiquitin E3 

ligase PDLIM2 (Liu et al., 2014). Therefore mir-221/222 act in a positive feedback loop with both NF-κB, 

through RelA, and p53, through MDM2.  ER-α is able to repress miR-221/222 transcription, in this case 

forming a negative feedback loop, as it is target itself by miR-221 (Di Leva et al., 2010). miR-221/222 is 

also reported to be down regulated in response to inflammatory stimuli (Dentelli et al., 2010). Interestingly, 

while miR-221 and miR-222 are reportedly co-expressed, miR-222 levels were not significant in our data 

set. 
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C)  
 
Table of pathways significantly enriched in differentially expressed genes expressed genes following 1-3hr 1µM CX-5461.  
   1hr CX-5461 3hr CX-5461 
  minimum 

adjusted p-
value 

 
adjusted 
p-value 

 
Differentially expressed genes 

 
adjusted 
p-value 

 
Differentially expressed genes 

1 WNT signaling pathway 
 

1.149E-06 2.115E-01 

SNAIL1 
 
 1.149E-06 

CSNK2A2, NLK, VEGF-A, ENC1, TCF7, 
REST, CLDN1, AXIN1, LEF1, FZD8, FZD9 
 

DKK1 
 
 

FRAT1, WNT16, BMP4, AXIN2, FZD2, JUN, 
DKK1, TAB1 
 

2 GnRH signaling 

5.560E-06 5.560E-06 

JUNB, FOSB, PER1, ATF-3, MEF2D, 
NUR77 
 2.721E-03 

DUSP4, MEF2D, SRC, MAP2K3 
 
 

DUSP1 
 
 

EGR1, FOS, JUN, PLCB2, PLCB4, 
DUSP1 
 

3 Immune response 
(HSP60 and HSP70/ 
TLR signaling pathway) 6.677E-06 8.278E-02 

JUNB, FOSB, IL6, NFKBIA, NFKBIE 
 
 6.677E-06 

IL1B, IL6, NFKBIE, IRAK2, FOSB, NFKB1, 
RELB, ICAM1, HSPA14, IL12A, TLR4, 
MAP2K3 

 
JUN, FOS, TAB1 
 
 

4 Immune response  
(TLR2 and TLR4 
signaling pathways) 7.223E-05 3.112E-02 

JUNB, FOSB, IL6, NFKBIA, NFKBIE, PEL1 
 
 7.223E-05 

IRAK2, PTGS2, IL1B, IL6, NFKBIE, FOSB, 
PEL1, NFKB1, RELB, TLR4, MAP2K3 
 

 
JUN, FOS, TAB1 
 
 

5 Immune response  
(IL-18 signaling) 

1.071E-04 9.741E-02 

JUNB, FOSB, IL6, NFKBIA, NFKBIE 
 
 1.071E-04 

PTGS2, IL1B, IL6, NFKBIE, FOSB, 
NFKB1, RELB, ICAM1, CCL2, SRC, 
MAP2K3 

 
JUN, FOS, TAB1 
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6 Immune response  
(TLR5, TLR7, TLR8, and 
TLR9 signaling 
pathways) 

2.154E-04 6.284E-03 

JUNB, FOSB, IRF1, IRF7, IL6, NFKBIA, 
NFKBIE 
 2.154E-04 

IRAK2, IRF7, IL1B, IL6, NFKBIE, FOSB, 
NFKB1, RELB MAP2K3 
 

 
JUN, FOS, TAB1 
 
 

7 DNA Damage 
(ATM/ATR regulation of 
G2/M checkpoint) 2.154E-04 3.021E-02 

CDKN1A, PLK3, GADD45B 
 
 2.154E-04 

PLK3, CDKN1A,GADD45B 
 
 

 
CHEK2, CCNA2, WEE1, CDC25C, ATRIP, 
CDC25B 
 

8 TGF-β receptor 
signaling 

2.510E-04 2.382E-02 

CDKN1A, NFKBIA, KLF10, GADD45B 
 
 2.510E-04 

CDKN2B, TNPO1, NFKB1, RELB, 
CDKN1A, SMURF1, SKI, MAP2K3, SKIL, 
TSC22D1, GADD45B 

 
ER81, TAB1 
 
 

9 Immune response 
(C5a signaling) 

2.510E-04 2.039E-01 

JUNB, FOSB, NFKBIA, NFKBIE 
 
 2.510E-04 

SPHK1, C5AR1, IL1B, NFKBIE, NFKB1, 
RELB, FOSB 
 

 
JUN, FOS, PLCB2, PLCB4,GNAZ, C5 
 
 

10 NF-κB activation 
pathways 

2.657E-04 2.039E-01 

PELI1, NFKBIA, NFKBIE 
 
 2.657E-04 

IRAK2, IL1B, NFKBIE, PEL1, NFKB1, 
RELB, MALT1, TLR4 
 

 
TNFRSF13C, TAB1 
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Box 18 C. Selected pathways enriched in significantly differentially expressed genes 
following 1-3hr 1µM CX-5461. 
 
WNT signaling pathway. The Wnt signaling pathway is fundamental in development and tissue 

homeostasis, regulating cell proliferation, polarity, migration, and fate determination (Reviewed in 

(MacDonald et al., 2009a)). The canonical Wnt signaling pathway functions by regulating levels of the β-

catenin transcriptional co-activator. In the absense of Wnt, β-catenin is targeted for proteasomal 

degredation as a result of modification by a complex consisting of Axin, APC, CK1α, and GSK3β, and Wnt 

target genes are repressed by the TCF/LEF family of HMG box proteins. Binding of a member of the Wnt 

family ligands to a Fzd family receptor and its co-receptor LRP5/6 results in the recruitment of DSH and 

inhibition of Axin-APC-CK1α-GSK3β modification of β-catenin. Stabilized β-catenin associates with 

TCF/LEF, resulting in the activation of Wnt target genes. Wnt also activates a number of non-canonical 

signaling pathways that are independent of β-catenin. In mammals, there are 19 Wnt ligands and 10 Fzd 

receptors, which in combination have variable capacities to activate β-catenin. Cell context dependent 

expression of TCF/LEF HMG box family members (LEF1, TCF7, TCF7L1, TCF7L2) confers further 

diversity, with LEF1 generally behaving as an activator, TCF7L1 as a repressor, and TCF7 and TCF7L2 

as both.  TCF/ β-catenin transcription is regulated at a number of different levels, including alternative 

promoter transcription of dominant negative TCF7 and LEF1 genes, antagonists that disrupt TCF/ β-

catenin complexes or transcriptional activity, and post-translational modification of specific TCF/LEF 

proteins. This enables the diverse, context specific activation of Wnt target genes, including genes 

involved in cell cycle progression, extracellular matrix remodeling, cell adhesion, and cell differentiation. A 

number of Wnt signaling proteins are regulated by TCF/ β-catenin, including upregulation of DKK1, Axin2, 

LEF1, TCF7, and some members of the FZD family, resulting in a complicated feedback loop.  

 
TGFβ signaling pathway. TGFβ signaling is involved in many cellular processes, including growth 

inhibition, cell migration, EMT, ECM remodeling and immune suppression (Reviewed in (Akhurst and 

Hata, 2012)). The canonical TGFβ signaling pathway is relatively straightforward, however the action of 

TGFβ is highly cell type and context dependent.  TGFβ superfamily ligands are synthesized as a 

precursor which form homodimers and associate in large latent complex with latency-associated peptid 

(LAP) and latent TGFβ binding protein (LTBP) at the ECM.  Release of this complex from the ECM and 

proteolysis of LAP makes TGFβ available for signaling via a heteromeric complex of two related type I 

and type II receptors. Binding of the ligand induces phosphorylation and activation of the type I receptor 

by the type II receptor, and subsequent phosphoryltaion and activation of TGFβ receptor-specific SMADs 

(R-SMADs: SMAD2 or SMAD3). R-SMADs then form complexes with the common mediator SMAD (co-

SMAD: SMAD4) and translocate to the nucleus, where they bind SMAD-binding element (SBE), usually in 

concert with other transcription factors that mediate the TGFβ signaling transcriptional response. Binding 

of TGFβ ligands to their receptor complex also results in activation of non-cononical SMAD independent 

signaling pathways, including the MAPK, PI3K/AKT, and NF-κB pathways. Further, crosstalk with these 

and other pathways, particularly WNT, Hedgehog, Notch and Interferon pathways, significantly influences 

TGFβ signaling. This generates the complex responses that enable TGFβ to be involved in diverse 

biological processes during both development and in adult tissue homeostasis.  
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H) Table of pathways significantly enriched in differentially expressed genes expressed genes following 1-24hr 1µM CX-5461.  

 1hr  
CX-5461 

3hr  
CX-5461 

6hr  
CX-5461 

12hr  
CX-5461 

24hr  
CX-5461 

  adjusted  
p-value 

adjusted  
p-value 

adjusted  
p-value 

adjusted  
p-value 

adjusted  
p-value 

1 Development (WNT signaling pathway. Part 2) 9.446E-02 1.851E-09 1.211E-05 3.391E-03 5.129E-04 

2 Reproduction (GnRH signaling) 2.774E-08 1.489E-04 5.553E-09 1.943E-07 3.485E-05 

3 Development (PEDF signaling) 1.290E-03 2.157E-03 1.475E-08 2.820E-02 8.479E-04 

4 Immune response (HSP60 and HSP70/ TLR signaling pathway) 1.562E-02 2.124E-08 2.755E-06 9.313E-04 6.412E-03 

5 Colorectal cancer (general schema) 3.439E-02 7.477E-06 4.863E-05 6.240E-08 2.567E-05 

6 Immune response (C5a signaling) 8.553E-02 3.086E-06 1.498E-07 1.024E-04 3.057E-06 

7 Immune response (TLR2 and TLR4 signaling pathways) 2.267E-03 3.399E-07 5.513E-06 3.189E-04 3.390E-03 

8 Development (Role of HDAC and calcium/calmodulin-dependent kinase 
(CaMK) in control of skeletal myogenesis) 

1.562E-02 4.034E-03 4.588E-07 1.372E-02 6.412E-03 

9 Immune response (IL-18 signaling) 2.067E-02 6.708E-07 2.005E-06 7.323E-03 1.546E-04 

10 NF-AT signaling in cardiac hypertrophy 2.548E-02 1.007E-03 1.146E-06 3.523E-03 1.011E-02 
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11 Development (Angiotensin signaling via STATs) 2.700E-01 1.744E-02 5.134E-04 1.683E-02 1.202E-06 

12 Development (TGF-beta-dependent induction of EMT via MAPK)  7.689E-02 6.333E-05 4.313E-04 1.378E-06 1.405E-04 

13 Development (Regulation of epithelial-to-mesenchymal transition (EMT)) 1.292E-01 8.898E-04 1.503E-03 1.392E-06 2.455E-05 

14 DNA damage (ATM / ATR regulation of G2 / M checkpoint) 1.992E-03 1.941E-06 1.413E-06 6.949E-03 2.254E-02 

15 Immune response (TNF-R2 signaling pathways) 9.515E-03 1.220E-03 1.650E-06 5.074E-03 8.603E-05 

16 Transcription (Role of AP-1 in regulation of cellular metabolism) 4.877E-04 1.981E-03 6.467E-05 7.886E-06 1.892E-06 

17 Immune response (TLR5, TLR7, TLR8 and TLR9 signaling pathways) 9.781E-05 1.934E-06 2.129E-05 7.283E-03 2.454E-03 

18 Immune response (IL-17 signaling pathways) 2.067E-02 4.112E-06 2.005E-06 2.010E-03 4.021E-05 

19 Breast cancer (general schema) 3.319E-01 6.403E-04 1.300E-04 2.239E-06 6.050E-04 

20 Development (TGF-beta receptor signaling) 1.392E-03 3.086E-06 9.995E-03 2.327E-03 2.823E-02 
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CHAPTER 5. INHIBITION OF POL I TRANSCRIPTION BY CX-5461 INDUCES 
ACTIVATION OF ATM/ATR SIGNALING INDEPENDENTLY OF GLOBAL DNA 
DAMAGE 
 

5.1 Introduction 

 

RNA-sequencing analysis in BJ-T p53shRNA cells indicated that the DNA damage 

response (DDR) pathway is acutely regulated in response to CX-5461 treatment. 

Activation of these pathways results in multiple checkpoint responses, including G1 

arrest, delayed replication of DNA (intra-S checkpoint), and G2 arrest (Reviewed in 

(Smith et al., 2010)). Further, sustained DDR pathway activation results in senescence 

or apoptosis (Rodier et al., 2009)(Reviewed in (Salama et al., 2014)).  Therefore, 

activation of DDR is consistent with the phenotype observed in BJ-T and BJ-T 

p53shRNA cells after inhibition of Pol I transcription, and we have selected this 

pathway for validation.  

 

DNA damage response (DDR) refers to the interwoven network of processes, 

including DNA damage recognition processes, repair pathways, and cell cycle 

checkpoints, which safeguard genomic integrity following structural changes to DNA.  

Genomic insults can create a huge variety of structurally diverse DNA lesions, and it is 

estimated a cell can experience 104-105 lesions each day. The vast majority of these 

arise as a result of direct damage by environmental agents (such as UV, IR, or 

genotoxic chemicals), reactive oxygen species (ROS), or spontaneous hydrolysis of 

nucleotide residues. Some however can also arise as a result of DNA metabolism 

processes, such as replication errors or uncontrolled recombination. A diverse array of 

specific recognition proteins and processes is required for the detection and resolution 

of each of these DNA alterations (Reviewed in (Giglia-Mari et al., 2011b)).  However, 

the activation of DDR checkpoints generally involves common DNA-protein complexes 

that localise to either single stranded DNA (ssDNA) or double stranded breaks (DSBs), 

and initiate signaling cascades under the control of ATR (ATM and RAD3-related) and 

ATM (Ataxia-telangiectasia mutated), respectively (Reviewed in (Warmerdam and 

Kanaar, 2010)). ATR and ATM are phosphoinositide three-kinase-related kinases 

(PIKK) family kinases, which preferentially phosphorylate target proteins on serine 

(Ser) or threonine (Thr) residues.  The mechanisms of activation and relationship 

between the ATM and ATR pathways are complex (Reviewed in (Smith et al., 2010)), 

however some characteristics of this DNA damage response are well established 

(FIGURE 19). ATM is activated as a result of DSBs, which can arise as a result of 

DNA damaging agents, collapse of replication forks, or uncapped telomeres. In 
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undamaged cells, ATM exists as homodimers; upon DNA damage ATM dissociate into 

active monomers, undergoes post-translational modification at number of sites 

(including autophosphorylation at Ser1981 and three other residues), and is recruited 

to DSB sites (Bakkenist and Kastan, 2003).  The MRE11–RAD50–NBS1 (MRN) 

complex is also recruited to DSB sites, where it acts as a damage sensor and is 

required for timely DNA repair. The interaction between ATM and NBS1 (Nijmegen 

breakage syndrome 1) is central to ATM recruitment to DSB sites. Two major sensor 

proteins, 53BP1 (p53-binding protein 1) and BRCA1 (breast cancer type 1), mediate 

this interaction, and post-translational modification of NBS1 is also required. ATM 

phosphorylates MRN complex components, which in turn activate DDR processes, 

and maintain ATM activity at the DSB. ATM also interacts with MDC1 (mediator of 

DNA damage checkpoint protein 1), which is anchored to DSB sites via its interaction 

with histone H2A.X that is phosphorylated at Ser319 (γH2A.X).  ATM phosphorylates 

both MDC1, enhancing its oligomerization at the DSB, and H2A.X. This results in the 

repeated binding of additional MDC1 molecules and the expansion of γH2A.X and the 

DSB foci. ATR is activated as a result of ssDNA, which can arise as a result of UV or 

bulky lesions that result in replication fork stalling, or resection of DSBs. RPA 

(Replication protein A) binds to ssDNA and recruits ATR, via both its association with 

ATRIP (ATR interacting protein), and its association with 9-1-1 (RAD9-HUS1-RAD1) 

which is recruited through RAD17. TOPBP1 (DNA topoisomerase II binding protein 1) 

is also localized to sites of damage, and further activates ATR. ATR phophorylates 

RPA, ATRIP, Rad17, 9-1-1 and TOPBP1, acting as a feedback loop to amplify 

checkpoint activation. The phosphorylation of a wealth of transducers by ATM and 

ATR, many of which are also protein kinases, relays a wide-spread signal to numerous 

downstream effectors of DDR, thereby activating cell cycle checkpoints and DNA 

repair, and mediating either checkpoint recovery or alternatively senescence or 

apoptosis (Matsuoka et al., 2007).   

 

A well characterised example of ATM and ATR signaling is the activation of cell cycle 

checkpoints, via targeting of the CHK1 (checkpoint kinase 1) and CHK2 (checkpoint 

kinase 2) effector kinases (FIGURE 19). Following DNA damage, ATM-CHK2 and 

ATR-CHK1 pathways are activated in response to DNA double-strand breaks (DSBs) 

and single-stranded DNA (ssDNA) respectively. Phosphorylation of CHK1 and CHK2 

occur at distinct sites, including CHK1-S317 and -S345 phosphorylation by ATR, and 

CHK2-T68 phosphorylation by ATM, which are commonly utilized to establish pathway 

activation. Progression through the cell cycle is mediated by Cyclin-CDK complexes - 

phosphorylation of CDK reduces the activity of these complexes to prevent cell cycle 
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progression, while CDC25 (cell division cycle 25) phosphatases remove inhibitory 

phosphate groups from CDK to enable cell cycle progression. Inhibitory 

phosphorylation of the CDC25A phosphatase during G1/S, and CDC25C during G2/M, 

by CHK1 and/or CHK2 prevents CDC25 dephosphorylation of CDKs, resulting in cell 

cycle arrest. Further, p53 is targeted by ATM and/or ATR (via phosphorylation at S15), 

or by CHK1 and/or CHK2 (via phosphorylation at S20), resulting in p53 stabilization 

and activation of p53-dependent cell cycle checkpoints or programmed cell death. As 

DDR is primarily regulated by post-translational signaling cascades, we chose to 

perform Western analysis of these well characterised ATM and ATR target sites to 

interrogate DDR pathway activation following inhibition of Pol I transcription.  

 

5.2 ATM and ATR signaling pathways are acutely activated following 

inhibition of Pol I transcription by CX-5461. 

 

Initially we examined CHK1 and CHK2 activation over a 24hr time course (FIGURE 20 

A). BJ-T cells with wild-type p53 levels were used, as both ATM-CHK2 and ATR-CHK1 

pathways converge at p53, and thus activation of this protein was used as a measure 

of pathway activity. Following 1µM CX-5461 treatment, levels of CHK2-T68 

phosphorylation were increased for at early time points up to 12hrs, consistent with 

CHK2 activation by ATM. Levels of levels of CHK1-S345 phosphorylation were also 

increased for at early time points up to 6hrs, consistent with CHK1 activation by ATR. 

Further, levels of p53-S15 phosphorylation were increased prior to total levels of p53, 

consistent with p53 activation by ATM and/or ATR. Downstream cell cycle checkpoint 

proteins CDC25A and CDK1 were also examined. CDC25A phosphatase showed 

reduced levels after 24h CX-5461 treatment, consistent with its phosphorylation by 

CHK2, resulting in its nuclear exclusion and subsequent proteasomal degradation 

(Reviewed in (Donzelli and Draetta, 2003)). CDK1-Y15 phosphorylation is increased 

following 3h CX-5461 treatment, consistent with CDC25 inactivation. Sustained 

inhibitory phosphoryation of CDK1 prevents CDK1-cyclin B mediated cell cycle 

progression, and thus G2 cell cycle arrest (Reviewed in (Donzelli and Draetta, 2003)).  

Together, the data indicate that the DDR pathway is acutely activated in response to 

CX-5461 treatment, consistent with the RNA-Sequencing results in BJ-T p53shRNA 

cell lines. 

 

To further investigate the dynamics of pathway activation, we performed Western 

analysis in both BJ-T and BJ-T p53shRNA cell lines at acute time points (30min to 3hr) 

following 1µM CX-5461 treatment (FIGURE 20 B). Increased levels of CHK2-T68, 
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CHK1-S345, and p53-S15 phosphorylation were observed within 30min, while 

increased total levels of p53 were not observed until 1hr following CX-5461 treatment. 

This is consistent with early p53 activation by DDR pathways. Phosphorylation of p53-

S20 was not consistently observed, however phosphorylation at this site is reported to 

occur transiently. We were not reliably able to detect p53-S20 phosphorylation 

following 10Gy γIR as a positive control, and therefore we cannot conclude whether 

p53 is phosphorylated at this CHK1 and CHK2 target site (results not shown). 

Increased levels of CDK1-Y15 phosphorylation were observed at later time points, 3hr 

following CX-5461 treatment. Together the data indicate that both ATM and ATR 

targets are acutely activated following CX-5461 treatment, preceding changes in p53 

and cell cycle regulatory proteins.  

 

To investigate ATM and ATR pathway activation at different phases of the cell cycle, 

we performed Western analysis on live cell sorted G1, S and G2 populations of BJ-T 

and BJ-T p53shRNA cells (FIGURE 20 C). Following 2hr CX-5461 treatment, CHK1-

S345, CHK2-T68 and p53-S15 phosphorylation occurred predominantly during S and 

to a lesser degree G2, but not G1 phases of the cell cycle.  In contrast, total levels of 

p53 were increased equally across all phases of the cell cycle. To control for accuracy 

of sorting, RB (active in G1) and Cyclin B (expressed in G2) were used as cell cycle 

marker proteins. This data supports a model where ATR- and ATM- dependent 

signaling pathways are activated during S and G2 phases of the cell cycle in response 

to inhibition of Pol I transcription, by a mechanism that is independent of the well-

established p53 activation by nucleolar stress (FIGURE 20 C).  

 

To confirm that CHK1/CHK2 pathway activation was by ATM and ATR, we performed 

CX-5461 treatment in the presence of the ATM inhibitor KU-55933 (ATMi) (Hickson et 

al., 2004) and ATR inhibitor VE-821 (ATRi) (Reaper et al., 2011) (FIGURE 20 D). BJ-T 

cells were pre-treated with either ATMi or ATRi for 30min, prior to the addition of 1µM 

CX-5461 for 2hr. Phosphorylation of CHK1-S345 was inhibited in the presence of 

ATRi, while phosphorylation of CHK2-T68 was inhibited in the presence of ATMi. 

Levels of total p53 and p53-S15 phosphorylation were not reduced by either ATMi or 

ATRi alone, but in the presence of combined ATMi/ATRi p53-S15 phosphorylation was 

inhibited and levels of total p53 were reduced. This suggests that increased levels of 

total p53 following CX-5461 treatment were caused in part by DDR pathway activation. 

To confirm that the ATM and ATR signaling pathways were activated independently of 

p53, we also performed Western analysis of BJ-T p53shRNA cells following CX-5461 

treatment in the presence of ATMi and ATRi (FIGURE 20 E). Following 2h 1μM CX-
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5461 treatment, phosphorylation of CHK1-S345 and CHK2-T68 occurred at similar 

levels in BJ-T and BJ-T p53shRNA cells, and were dependent upon the activity of ATR 

and ATM respectively. Therefore, these data demonstrate that CX-5461 induces p53-

independent activation of the ATM/ATR signaling pathways.   

 

The above data demonstrates that key DDR ATM/ATR signaling pathways are 

activated at early time points following CX-5461 treatment, prior to the activation of 

p53. We have shown that ATM/ATR signaling induced by p53 activates both p53 and 

CHK1/CHK2 during S and G2 cell cycle phases. This is consistent with our 

observations that BJ-T cells treated with CX-5461 undergo p53-dependent G1 cell 

cycle arrest, and p53-independent S-phase delay and G2 cell cycle arrest (FIGURE 

11). Therefore, the data support a model in which ATM/ATR signaling pathways 

mediate the p53-independent proliferation defect following inhibition of Pol I 

transcription by CX-5461.  

 

5.3 ATM and ATR signaling pathways are activated in the absence of global 

DNA damage following inhibition of Pol I transcription by CX-5461. 

 

As the canonical ATM and ATR signaling pathways are activated in response to DNA 

damage, we examined whether inhibition of Pol I transcription by CX-5461 was 

associated with induction of DNA damage.  BJ-T cells wild-type for p53 were utilized 

for these assays: the ATM and ATR signaling pathways are activated in both BJ-T p53 

wild type and p53shRNA cells following CX-5461 treatment (see FIGURE 20), 

however since p53 has established functions following DNA damage, BJ-T p53 wild 

type cells were expected to have greater integrity of DDR for pathway detection.  

 

First, we examined the commonly used marker of DNA damage, gH2A.X. Depending 

upon the type of DNA damage, gH2A.X can spread over several megabases around 

DNA damage sites forming condensed foci (for example at DSBs), or can be 

homogenously distributed throughout the nucleus (for example at UV lesions) 

(Reviewed in (Giglia-Mari et al., 2011b)). Western analysis of gH2A.X was performed 

following treatment of BJ-T cells with 1μM CX-5461 over a time course of 10min to 

3hr.  No accumulation in gH2A.X levels was observed compared to untreated controls 

(FIGURE 21 A). In contrast, ATM/ATR signaling pathway activation was observed 

following just 10min of CX-5461 treatment, with maximal response by 30min (FIGURE 

21 A). Therefore, we expected DNA damage to have arisen by these time points if it 
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was in fact driving the observed ATM/ATR signaling response. As a positive control, 

BJ-T cells were exposed to 10Gy gIR to induce DSBs. These cells showed increased 

gH2A.X levels, which were highest 30min following IR (FIGURE 21 A), consistent with 

reports that DSB foci are maximal approximately 30min following the induction of 

DSBs. Therefore, CX-5461 treatment did not induce gH2A.X levels at early time points 

at which ATM/ATR signaling pathway activation was detected.  

 

We also performed immunofluorescence (IF) analysis of both gH2A.X and ATM auto-

phosphorylation at Ser1981. DNA damage sites can be identified by the local 

concentration of DDR signaling proteins activated at the chromatin surrounding the 

break site, including gH2A.X and active ATM at DNA DSBs. Following 30min treatment 

with 1μM CX-5461, no increase was observed in DNA damage foci, using either 

marker. For ATM phos-S1981 foci, most cells (approximately 70-80%) displayed 

background foci, with an average of <5 foci per cell; no significant difference was 

observed in either measure between control and CX-5461 treated populations 

(difference between means foci per cell 0.93±2.71) (FIGURE 21 B). Positive control 

cells exposed to 5Gy gIR displayed an increase in ATM phos-S1981 foci 

(approximately 20 foci per cell. n.s.), while cells treated with 10μM KU-55933, which 

inhibits ATM auto-phosphoryation at S1981 and therefore acts as a negative control, 

did not display any detectable foci (FIGURE 21 B).  For gH2A.X foci, approximately 10-

15% of cells displayed foci, with an average of less than one foci per cell; no 

significant difference was observed in either measure between control and CX-5461 

treated populations (difference between means foci per cell -0.27±0.29) (FIGURE 21 

C). All positive control cells exposed to 5Gy gIR displayed abundant gH2A.X foci 

(approximately 35 foci per cell. **p<0.005 compared to control and CX-5461 treated 

cells) (FIGURE 21 C). These results are consistent with earlier experiments 

establishing the senescence phenotype, which showed γH2A.X foci did not increase 

until 48-96hr following CX-5461 treatment (See FIGURE 12). Thus to summarise, DNA 

damage foci were not detected at early time points following CX-5461 treatment, 

indicating that the ATM/ATR signaling pathway was not activated as a result of DNA 

damage.  

 

We considered that ATM/ATR signaling pathway activation might occur as a result of 

DNA damage specifically at the rDNA, and that our assays might not have been 

sensitive enough to detect the induction of DNA damage at these sites.  Therefore, as 

a positive control we utilised an established U2TR I-PpoI-dd cell line in which DNA 
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damage can be induced at a defined site in the rDNA.  I-PpoI is an intron-encoded 

homing endonuclease from the myxomycete Physarum polycephalum that cuts with 

high specificity at an endogenous 15bp recognition sequence. This recognition 

sequence exists in the 28S transcribed region of rDNA. In human cells, it has been 

reported that approximately 10% of the rDNA copies are cut in presence of the I-PpoI 

enzyme. A few other single copy cut sites can also be found outside the rDNA repeats, 

due to the degeneracy of the I-PpoI restriction sequence (Muscarella et al., 1990; Flick 

et al., 1998; Monnat Jr et al., 1999). The human osteosarcoma U2OS cell line was 

derived from a moderately differentiated sarcoma in a 15 year old female, in 1964 

(Ponten and Saksela, 1967). It contains functional p53 and RB, but does not express 

endogenous p16 (Diller et al., 1990; Stott et al., 1998). Importantly, it expresses ATM, 

ATR and other DDR pathway proteins at high levels, and is commonly utilised for 

interrogation of these pathways (Gately et al., 1998).  The U2TR I-PpoI-dd system has 

two levels of control of endonuclease activity.  First, U2OS-TR (U2TR) cells stably 

express tetracyclin repressor protein, enabling levels of expression of the I-PpoI-dd 

protein to be regulated through a tetracycline inducible promoter. Second, the addition 

of a destabilization domain (dd) to I-PpoI targets the endonuclease for proteasomal 

degradation. Shield-1 ligand binds to this domain and stabilizes the I-PpoI-dd protein, 

enabling rapid induction of its levels in the cell (Banaszynski et al., 2006). Together 

these provide tight control of onset of DSBs at the rDNA. 

 

We induced I-PpoI endonuclease activity for 3hr in U2TR I-PpoI-dd in order to 

generate DSBs at 28S rDNA. The level of DNA damage at the 28S target site can be 

determined by qRT-PCR using primers that flank the I-PpoI target site, as DSBs within 

the amplified region result in a loss of PCR product compared to undamaged sites in 

the human genome (Berkovich et al., 2007, 2008). Following 3hr I-PpoI induction, 

amplification of the 28S rDNA cut site was significantly reduced (FC=0.65, *p<0.05 

compared to uninduced vehicle control), indicating that there are sufficient levels of 

endonuclease activity and DNA damage at the rDNA (FIGURE 21 D). We also 

performed Western analysis to determine whether the ATM/ATR signaling pathways 

were activated. Following 2hr 1µM CX-5461 treatment, increased levels of p53-S15 

phosphorylation and CHK2-T68 phosphorylation were detected, consistent with the 

results in BJ-T cells. Following 3hr I-PpoI induction, increased levels of p53-S15 

phosphorylation and CHK2-T68 phosphorylation were also detected, and I-PpoI 

induced cells also displayed increased levels of gH2A.X (FIGURE 21 E). This indicates 

that following I-PpoI induction, DNA damage is induced at the 28S endonuclease 
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target site in the rDNA, and activation of ATM/ATR signaling pathway can be robustly 

detected.   

 

To determine whether the induction of DNA damage could be detected when it occurs 

specifically at the rDNA, we performed co-immunofluorescence analysis of DNA 

damage foci at the nucleoli (FIGURE 21 F and G). UBF was selected to be the 

nucleolar marker, as it binds across the entire transcribed region of transcriptionally 

competent rDNA, and therefore is expected to associate closely with the 28S cleavage 

site. ATM phos-S1981 and gH2A.X were used as markers of DSB foci.  IF analysis 

showed that in the absence of I-PpoI induction, cells have low levels of DNA damage 

at sites outside of the rDNA repeats. For both ATM phos-S1981 and gH2A.X, the 

majority of cells displayed less than ten DSB foci. Some cells displayed DSB foci that 

co-localised with the nucleolar marker UBF (in approximately 28% of cells for ATM 

phos-S1981 and 13% of cells for gH2A.X), which could be due to background I-PpoI 

activity. However, very few cells displayed multiple DSB foci at the rDNA or altered 

nucleolar morphology, indicating background I-PpoI activity is low relative to that in I-

PpoI induced cells. In cells in which I-PpoI was induced, multiple DSB foci co-localised 

with the nucleolar marker UBF (in approximately 55% of cells for ATM phos-S1981 

and 74% of cells for gH2A.X). These cells, in which DSB foci are detected at the rDNA, 

also displayed strikingly altered nucleolar morphology. Specifically, UBF relocalised to 

one or two foci at the periphery of a condensed nucleoli, which could be identified by 

the absence of DAPI staining of DNA. This is consistent with the direct inhibition of Pol 

I transcription by DDR pathways, as has been previously reported, and the well-

described reorganisation of the nucleoli following DNA damage that results in altered 

nucleolar proteome and the formation of nucleolar caps around a nucleolar remnant 

(Shav-Tal et al., 2005; Kruhlak et al., 2007; Boisvert et al., 2010; Calkins et al., 2013) 

(Reviewed in (Boulon et al., 2010a)).  Therefore, our assays are clearly able to detect 

DNA damage when it is present specifically at the rDNA. To further confirm that DNA 

damage was not induced at the rDNA following inhibition of Pol I transcription by CX-

5461, we performed IF analysis for ATM phos-S1981 and gH2A.X in U2TR I-PpoI-dd 

cell lines following 2hr 1µM CX-5461 treatment (FIGURE 21 F&G). Consistent with our 

results in BJ-T cells, no increase in DNA damage foci could be detected following CX-

5461 treatment (with DSB foci co-localised with UBF in approximately 10% of cells for 

both ATM phos-S1981 and gH2A.X). 
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Finally, we extended our analysis of DNA damage following CX-5461 treatment in BJ-

T cells to include additional types of DNA lesions. Comet assays are commonly used 

to determine levels of DNA damage; they can be performed under neutral conditions, 

which detect DSBs, or alkaline conditions, which detect DSBs, SSBs, and the majority 

of abasic sites and DNA adducts (Collins, 2002). In cells that have DNA damage, 

fragments migrate out of the nucleus under the influence of an electric current, forming 

a ‘tail’. Increased extent tail moment (ETM), a measure of the length and proportion of 

DNA in the tail, reflects increased levels of DNA damage. Following 30min treatment 

with 1μM CX-5461, no difference was observed in comet tails under neutral conditions, 

between control and treated cells (results not shown). Subsequently, more sensitive 

alkali conditions were used for analysis. Following 30min treatment with 1μM CX-5461, 

comet tails under alkali conditions also had no significant difference in ETM between 

control and CX-5461 treated populations (difference between means 0.24±45.6, n.s. 

for n=4 experiments) (FIGURE 21 H). In contrast, significantly increased ETM was 

observed for positive control cells exposed to 500µJ UV (from 140 ETM in control and 

CX-5461 treated cells, to 290 ETM in UV treated cells **p<0.005). Therefore, CX-5461 

treatment does not increase general DNA damage in the cell at this early time point.  

 

Therefore, we have shown 30min 1μM CX-5461 treatment did not induce detectable 

DNA damage, either genome wide or specifically at the rDNA, as determined by 

Western analysis of gH2A.X, IF analysis of DNA damage foci, and comet analysis. As 

activation of the ATM/ATR signaling pathways is observed following 30min 1μM CX-

5461 treatment, we conclude that this pathway is likely being activated by a 

mechanism other than the induction of DNA damage typically associated with 

ATM/ATR activation. 

 

5.4 ATM and ATR signaling pathways mediate the p53-independent cell cycle 

checkpoints following inhibition of Pol I transcription with CX-5461. 

 

We have shown that following CX-5461 treatment of BJ-T cells, the ATM and ATR 

signaling pathways are activated predominantly in S and G2 phases of the cell cycle, 

and cells undergo p53-independent S-phase delay and G2 cell cycle arrest. This led 

us to propose that the p53-independent proliferation defect is mediated by ATM/ATR 

signaling pathway.  Therefore, we investigated the relative contribution of ATM and 

ATR signaling to the regulation of cell cycle checkpoints following inhibition of Pol I 

transcription with CX-5461.   
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First, we examined cell cycle profiles in BJ-T and BJ-T p53shRNA cells treated with 

CX-5461 in the presence of the ATM and/or ATR inhibitors (FIGURE 22 A and B).  BJ-

T and BJ-T p53shRNA cells treated with either 5µM KU-55933 (ATMi) and/or 1µM VE-

821 (ATRi) alone did not display any changes in BrdU/PI cell cycle profiles following 

24hr treatment.  BJ-T cells treated with CX-5461 displayed similar proportions of G1 

and G2/M cell cycle arrest in the presence of ATMi and ATRi, though the S-phase 

delay appeared to be partially rescued in the presence of both inhibitors (FIGURE 22 

A).  In contrast, BJ-T p53shRNA cells treated with CX-5461 displayed markedly 

different proportions of G1, S, and G2/M cell cycle populations following 24hr 

treatment in the presence of ATMi and ATRi (FIGURE 22 B).  Cells treated with CX-

5461 in the presence of ATMi or ATRi alone exhibited a relatively reduced proportion 

of cells in S phase, compared to cells treated with CX-5461 alone (50% in CX-5461 

only treated cells, compared to 42% in ATMi (*p<0.05) and 37% in ATRi combination 

treated cells). Cells treated with CX-5461 in the presence of ATMi/ATRi combined 

displayed a relatively reduced proportion of cells in S-phase, and also an increased 

proportion of cells in both G1 and G2/M phase (33% G1 / 15% S / 17% G2/M in CX-

5461 only, compared to 38% G1 / 32%  S / 29% G2/M in ATMi/ATRi combination 

treated cells). This suggests that inhibition of ATM and ATR activity can partially 

rescue the p53-independent S-phase delay and G2 cell cycle arrest following 

treatment with CX-5461.   

 

Escape from the G2 cell cycle arrest appeared to be associated with increased cell 

death. BJ-T cells treated with CX-5461 displayed similar levels of cell death in the 

presence of ATMi and ATRi, with no increase in either Sub-G1 populations after 24hr 

(3-5% of cells), or Annexin V positive populations after 72hr (10-15% of cells), 

compared to cells treated with CX-5461 alone (FIGURE 22 A).   In contrast, BJ-T 

p53shRNA cells treated with CX-5461 displayed increased levels of cell death in the 

presence of ATMi /ATRi combined, with slightly increased proportions of Sub-G1 

populations after 24hr (from 2% to 12%, *p<0.05), and Annexin V positive populations 

after 72hr (from 14% to 29%), compared to cells treated with CX-5461 alone (FIGURE 

22 B).  

 

To further establish the role of ATM and ATR signaling in the activation of p53-

independent cell cycle checkpoints following CX-5461 treatment, we performed time-

course cell cycle experiments of BJ-T p53shRNA cells treated with CX-5461 in the 

presence of high dose ATM and ATR inhibitors (FIGURE 22 C).  BrdU/PI cell cycle 
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analysis was performed at 3hr, 6hr, 12hr, 24hr, and 96hr. Cells treated with CX-5461 

in the presence of 10µM KU-55933 (ATMi) displayed partial rescue of the S-phase 

delay, but a similar proportion of cells arrested in G2, compared to cells treated with 

CX-5461 alone.  Cells treated with CX-5461 in the presence of 10µM VE-821 (ATRi) 

displayed a decreased proportion of cells in G2, compared to cells treated with CX-

5461 alone. Cells treated with CX-5461 in the presence of ATMi/ATRi combined 

display a markedly decreased proportion of cells in G2. To determine if the decreased 

proportion of cells in G2 was associated with an increased proportion of cells entering 

M, we performed phos-H3 analysis of cells following 12hr treatment. Cells treated with 

CX-5461 in the presence of ATRi, or ATMi/ATRi combined, appeared to have an 

increased proportion of cells in M (with levels restored to those observed in vehicle 

control cells, approximately 1-1.5%) (FIGURE 22 D). This supported our earlier 

results, indicating that inhibition of ATM and ATR activity can partially rescue the p53-

independent S-phase delay and G2 cell cycle arrest following treatment with CX-5461.   

 

We had observed both rescue of the S-phase and G2 cell cycle defects, as well as 

increased levels of cell death, in BJ-T p53shRNA cells treated with CX-5461 when 

ATM and ATR activity are inhibited. Therefore, we next examined whether rates of cell 

proliferation following CX-5461 treatment are increased or decreased in the presence 

of ATMi and/or ATRi.  BJ-T and BJ-T p53shRNA cells were treated with 5µM KU-

55933 (ATMi) and/or 1µM VE-821 (ATRi), at which doses we did not observe changes 

in rates of proliferation following treatment alone (FIGURE 23 A and B); and 100nM 

CX-5461, at which dose we had previously observed reduced levels of proliferation but 

no increase in cell death (BJ-T approximate doubling times: control=40hr, CX-

5461=183hr ****p<0.0001 for n=3 experiments. BJ-T p53shRNA approximate doubling 

times: control=37hr, CX-5461=112hr **p<0.005 for n=3 experiments) (See FIGURE 9). 

In BJ-T cells treated with CX-5461, we did not observe a change in the rates of 

proliferation in the presence of ATMi, we observed slightly reduced rates of 

proliferation in the presence of ATRi (approximate doubling times: CX-5461=183hr, 

CX-5461/ATRi=506hr **p<0.005 for n=3 experiments), and cells were arrested 

completely in the presence of ATMi/ATRi combined (approximate doubling times: CX-

5461=183hr, CX-5461/ATMi/ATRi=∞ **p<0.005 for n=3 experiments) (FIGURE 23 A). 

As we did not observe increase in cell death in BJ-T cells treated with CX-5461 and 

ATMi/ATRi combined (FIGURE 22 A), these results suggest treatment with ATMi and 

ATRi promotes activation of p53-dependent cell cycle checkpoints following CX-5461 

treatment.  In BJ-T p53shRNA cells treated with CX-5461, we did not observe a 
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change in rates of proliferation in the presence of ATMi, but we observed reduced 

rates of proliferation at levels indicative of cell death in the presence of ATRi 

(approximate doubling times: CX-5461=112hr, CX-5461/ATRi=∞ *p<0.05 for n=3 

experiments), and to a greater degree in the presence of ATMi/ATRi combined 

(approximate doubling times: CX-5461=112hr, CX-5461/ATMi/ATRi=∞ *p<0.05 for 

n=3 experiments) (FIGURE 23 B).  As rescue of the G2 cell cycle defect was also 

observed in BJ-T p53shRNA cells treated with ATRi and combined ATMi/ATRi 

(FIGURE 22 B), these results suggest that escape from ATM and ATR mediated cell 

cycle checkpoints following CX-5461 treatment does not result in increased rates of 

proliferation, but instead results in cell death.  

 

We also examined rate of cell proliferation following CX-5461 treatment in the 

presence of combined CHK1/CHK2 inhibitor AZD7762 (CHK1/CHK2i) (Zabludoff et al., 

2008). In BJ-T cells, slightly reduced rates of proliferation were observed in both cells 

treated with CHK1/CHK2i alone, and cells treated with CX-5461 and CHK1/CHK2i 

(FIGURE 23 A). This suggests that when ATM and ATR are active, inhibition of CHK1 

and CHK2 can result in activation of p53-dependent cell cycle checkpoints, consistent 

with previously published results. In BJ-T p53shRNA cells and BJ-LSTR cells, we did 

not observe changes in rates of proliferation following treatment with CHK1/CHK2i 

alone. In cells treated with CX-5461, only a slight reduction of proliferation was 

observed in the presence of CHK1/CHK2i (n.s. for n=3 experiments) (FIGURE 23 B 

and C). This suggests that the ATM and ATR kinases can mediate the response to 

CX-5461 through their targets in addition to CHK1 and CHK2.   

 

Finally, we examined whether inhibition of the ATM and ATR signaling pathway can 

also promote the anti-proliferative effect of CX-5461 in transformed BJ-LSTR cell lines. 

In BJ-LSTR cells, slightly reduced rates of proliferation were observed in both cells 

treated with ATMi alone (*p<0.05 for n=3 experiments), and cells treated with 

combined ATMi/ATRi alone (**p<0.005 for n=3 experiments). This suggests ATMi has 

an anti-proliferative effect in this transformed cell line, consistent with previously 

published results (Li and Yang, 2010).  However, BJ-LSTR cells treated with ATRi 

alone did not display a change in rates of proliferation, while BJ-LSTR cells treated 

with CX-5461 displayed reduced rates of proliferation indicative of cell death in the 

presence of ATRi, and to a greater degree in the presence of ATMi/ATRi combined 

(approximate doubling times: control=34hr, CX-5461=81hr ****p<0.0001 for n=3 

experiments, CX-5461=81hr, CX-5461/ATRi=∞ ****p<0.0001 for n=3 experiments, 
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CX-5461=81hr, CX-5461/ATMi/ATRi=∞ ***p<0.0005 for n=3 experiments) (FIGURE 

23 C). These results suggest that the combination of ATM and ATR inhibitors with CX-

5461 treatment can moderately increase the anti-proliferative effect of these inhibitors 

in transformed cell lines.  

 

Collectively, these results show that the ATM and ATR signaling pathways mediate, at 

least in part, the p53-independent cell cycle checkpoints following inhibition of Pol I 

transcription by CX-5461. Inhibition of ATR and ATM activity in BJ-T p53shRNA cells 

can rescue the cell cycle defects, with cells partially escaping S-phase delay and G2 

arrest induced by CX-5461 treatment. In contrast, inhibition of ATM and ATR activity in 

BJ-T p53 wild-type cells does not rescue the G2 cell cycle arrest, indicating that p53 

can mediate both G1 and G2 cell cycle arrest following CX-5461 treatment, consistent 

with the known functions of p53 in cell cycle checkpoint regulation.  BJ-T p53shRNA 

cells also display reduced rates of proliferation associated with increased levels of cell 

death following CX-5461 treatments in the presence of ATR and ATM inhibitors, 

suggesting that escape from cell cycle checkpoints following CX-5461 treatment drives 

cells to undergo cell death.   

 

5.5  Discussion 

 

To identify primary signaling pathways that underlie the p53-independent phenotypic 

responses to inhibition of Pol I transcription by CX-5461, we had performed RNA-

sequencing analysis in BJ-T p53shRNA cells at acute time points following CX-5461 

treatment. The DNA damage (ATM/ATR regulation) pathway was identified by 

functional gene ontology enrichment analysis of differentially expressed genes, and we 

selected this pathway for further validation. Western analysis of ATM/ATR kinase 

substrates CHK1 and CHK2 demonstrated that they were activated by phosphorylation 

at their ATM and ATR target sites, CHK2 phos-T68 and CHK1 phos-S345 

respectively, by 30min following CX-5461 treatment (FIGURE 20 B). In addition, co-

treatment with ATM inhibitor prevented activation of CHK2 phos-T68, and ATR 

inhibitor prevented activation of CHK1 phos-S345. This confirms that ATM and ATR 

are required for the activation of this pathway following CX-5461 treatment (FIGURE 

20 B).  Further work from our laboratory has also directly detected activation of ATM 

by western analysis of its auto-phosphorylation site ATM phos-S1987 following 2hr 

treatment with 1µM CX-5461 in BJ-T cells (Quin et al., 2016). Therefore, we were able 
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to validate our RNA-sequencing data and demonstrate that ATM/ATR signaling 

pathway is rapidly activated in response to inhibition of Pol I transcription by CX-5461.  

 

One surprising result is that the ATM/ATR signaling pathway is activated in the 

apparent absence of DNA damage. The canonical ATM and ATR signaling pathways 

are activated in response to DSBs and ssDNA, respectively (Reviewed in (Giglia-Mari 

et al., 2011a)). However, at early time points following CX-5461 treatment, at which we 

could detect ATM/ATR dependent activation of CHK1 phos-S345 and CHK2 phos-

T68, we did not detect any increase in DNA damage. We utilized a number of assays 

for DNA damage. These included western analysis of levels of the commonly used 

marker of DNA damage gH2A.X, IF analysis for specific DNA damage foci using both 

gH2A.X and ATM autophosphorylation site ATM phos-S1981, and alkaline comet 

assays which detect DSBs, SSBs, as well as other DNA lesions. However, no DNA 

damage above background was detected by any of these assays 30min following CX-

5461 treatment (FIGURE 21), at which time increased levels of CHK1 phos-S345 and 

CHK2 phos-T68 could already be observed. Further, no increase in gH2A.X levels 

could be detected by western analysis for up to 3hr following CX-5461 treatment, at 

which time robustly increased levels of CHK1 phos-S345 and CHK2 phos-T68 had 

been observed for over 2hrs (FIGURE 21 A). We also utilized an rDNA targeting 

endonuclease (I-PpoI) as a positive control for detection of DNA damage at the rDNA, 

in an inducible expression system in U2OS cell lines. In this U2TR I-PpoI-dd system, 

we could detect DNA damage by both western analysis of gH2A.X levels (FIGURE 21 

E), and IF analysis of DNA damage foci at the rDNA using IF for both gH2A.X and 

ATM phos-S1981 (FIGURE 21 F and G), giving us confidence our assays were of 

sufficient sensitivity to detect DNA damage specifically at these sites. The activation of 

ATM and ATR by non-canonical mechanisms independent of DNA damage has 

previously been reported (See Section 5.1 for examples). However, a mechanism 

accounting for the activation of ATM/ATR by inhibition of Pol I transcription and/or 

nucleolar disruption had not previously been described. Thus, ATM/ATR signaling is 

activated independently of DNA damage by a novel non-canonical pathway following 

inhibition of Pol I transcription by CX-5461. 

 

To better understand the roles of the p53 and ATM/ATR signaling pathways in 

mediating the cell cycle checkpoint responses to inhibition of Pol I transcription by CX-

5461, we performed western analysis of pathway activation in G1, S and G2 

population, as well as western and cell cycle analysis in the presence of ATM and ATR 
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inhibitors. These results lead us to propose the following model, which is presented in 

FIGURE 24.  First, activation of p53 by the nucleolar stress pathway mediates G1 cell 

cycle arrest. In support of this, knock-down of p53 is sufficient to rescue the G1 arrest 

phenotype (FIGURE 22 A and B), and in G1 only increased levels of total p53, and not 

increased levels of ATM/ATR signaling targets p53 phos-S15, CHK1 phos-S345 and 

CHK2 phos-T68, are observed (FIGURE 20 C). Second, activation of p53 by the 

nucleolar stress pathway may mediate S-phase delay and G2 cell cycle arrest 

independently of ATM/ATR.  In support of this, p53 wild type cells maintain G2 cell 

cycle arrest in the presence of combined ATM/ATR inhibition (FIGURE 22 A), and 

levels of total p53 are increased in G1, S and G2 (FIGURE 20 C). Levels of total p53 

are also increased in in the presence of combined ATM/ATR inhibition, though at a 

reduced amount (FIGURE 20 C). Third, ATM/ATR signaling is specifically activated in 

S and G2. In support of this, levels of ATM/ATR signaling targets p53 phos-S15, CHK1 

phos-S345 and CHK2 phos-T68 are not increased in G1, but are increased 

predominantly in S-phase, and also to a lesser extent in G2 (FIGURE 20 C). Fourth, 

ATM/ATR signaling can also activate p53. In support of this, levels of ATM/ATR 

signaling target p53 phos-S15 are increased concomitantly with ATM/ATR signaling 

targets CHK1 phos-S345 and CHK2 phos-T68 (FIGURE 20 B and C), and inhibition of 

both ATM and ATR results in the absence of p53 phos-S15, and reduced levels of 

total p53 (FIGURE 20 D). Fifth and finally, ATM/ATR signaling mediates p53-

independent S-phase delay and G2 cell cycle arrest. In support of this, in the absence 

of p53, inhibition of ATM or ATR partially rescue the cell cycle defects, particularly the 

S-phase delay, and combined inhibition of ATM and ATR rescues the cell cycle 

defects to enable cells to progress to mitosis at rates equivalent to that in untreated 

cells (FIGURE 22 C and D). Therefore, according to our model, inhibition of both p53 

and ATM/ATR signaling pathways is required for cells to escape the cell cycle 

checkpoint responses to inhibition of Pol I transcription by CX-5461 (FIGURE 24). 

Cells that escape cell cycle checkpoint responses to CX-5461 remain unable to 

execute normal proliferation, and instead progression through G2 and into mitosis is 

associated with increased levels of cell death (FIGURE 22 B).   

 

The identification of this pathway has important implications for the therapeutic use of 

CX-5461. We have shown that in tumorigenic BJ-LSTR cell lines, combined ATM/ATR 

inhibition and CX- 5461 treatment resulted in an increased anti-proliferative effect of 

CX-5461 (FIGURE 23 C). Therefore, we extended our analysis to determine whether 

combination therapy with ATM/ATR inhibitors increased the therapeutic efficacy of CX-

5461, using the murine model of Eµ-Myc lymphoma. Our research group had 
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previously shown that CX-5461 selectively induces cell death in malignant B-cells in 

vivo in this model, and that sensitivity of this tumor type to CX-5461 is dependent upon 

p53 (Bywater et al., 2012) (See Section 3.7). In experiments performed by Jennifer 

Devlin, we first examined whether CX-5461 activates ATM/ATR signaling in p53 wild-

type and p53 -/- Eµ-Myc lymphoma cell lines. Following 30min treatment with CX-

5461, activation of p53 phos-S15 was observed in p53 wt cells, and activation of chk1 

phos-S345 was observed in both p53 wt and p53 -/- cells, at doses of 300nM and 

above. We could not examine activation of chk2 phos-T68 due to a lack of mouse 

specific antibodies. Therefore, inhibition of Pol I transcription by CX-5461 also acutely 

activates the ATM/ATR singling pathway in this model. Cell cycle analysis of these p53 

wt and p53 -/- Eµ-Myc lymphoma cell lines following 24hr treatment with 100nM CX-

5461 indicated that while p53 wt cells are more sensitive to CX-5461 (~10% Sub-G1 in 

vehicle, and ~70% Sub-G1 in CX-5461 treated cells), inhibition of Pol I transcription by 

CX-5461 induces a G2 cell cycle defect and cell death in p53 -/- cells (~ 5% Sub-G1 in 

vehicle, and ~60% Sub-G1 in CX-5461 treated cells). Importantly, combined treatment 

of p53-/- Eµ-Myc lymphoma cells with CX-5461 and the dual Chk1/Chk2 inhibitor 

AZD7726 abrogates the G2 arrest, and results in significantly increased levels of cell 

death compared to treatment with CX-5461 alone (Quin et al., 2016). Finally, in vivo 

analysis in mice with established disease from transplanted p53 -/- Eµ-Myc lymphoma 

showed that treatment with CX-5461 can provide a modest survival benefit in p53 -/- 

Eµ-Myc lymphoma, and that combination therapy with CX-5461 and AZD7726 resulted 

in significantly increased survival benefit compared to single agent treatment (Quin et 

al., 2016).  Therefore, we have shown that targeted inhibition of the ATM/ATR 

signaling pathway can lead to improved therapeutic benefit in the treatment of cancers 

lacking functional p53 with CX-5461.  

 

Two recently published papers report similar activation of ATM/ATR signaling. Ma and 

Pederson (Ma and Pederson, 2013) reported that inhibition of Pol I transcription by 

ActD treatment in the HeLa cervical adenocarcinoma cell line induces activation of an 

ATR-CHK1 meditated G2 checkpoint in the absence of DNA damage, but that 

activation of this pathway requires that cells be treated with the inhibitor for sufficient 

time (>2hr) to prevent rRNA synthesis recovering to normal levels following withdrawal 

of treatment. Negi and Brown (Negi and Brown, 2015a) reported that inhibition of Pol I 

transcription by CX-5461 treatment in the NALM-6 p53 wild type and SEM p53 mutant 

acute lymphoblastic leukemia (ALL) cell lines results in activation of ATM/ATR 

mediated G2 cell cycle arrest and induces apoptosis. In the SEM cell line, treatment 
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with ATR inhibitor VE-821 or CHK1/CHK2 inhibitor UCN-01 was sufficient to rescue 

the G2 cell cycle arrest and enhance apoptosis in combination with CX-5461. In ALL 

cells, transient inhibition of Pol I transcription by CX-5461 was sufficient to induce G2 

arrest and commit cells to cell death, despite reactivation of rRNA synthesis within 

24hr (Negi and Brown, 2015b). These findings support our results identifying 

ATM/ATR signaling as a key pathway mediating the response to inhibition of Pol I 

transcription, that can be exploited for improved therapeutic applications. 

 

Other research groups have also reported alternative p53-independent mechanisms of 

cell cycle regulation following inhibition of Pol I transcription (Reviewed in (James et 

al., 2014)). For example, RP11 inhibition of HDM2 results in the destabilization of E2F-

1 transcription factor following siRNA knock-down of POLR1A, encoding the catalytic 

subunit of RNA polymerase I (Donati et al., 2011b); or increased proteasomal 

degradation of PIM1 results in increased levels of its target p27Kip1
 cell cycle inhibitor, 

following ActD treatment (Iadevaia et al., 2010). While we have identified and validated 

one pathway by which inhibition of Pol I transcription can mediate phenotypic 

responses in BJ-T cells, we believe it is likely that other pathways are also involved. 

This is supported by our observation that while inhibition of the ATM/ATR signaling 

pathways rescues BJ-T cells from p53-independent S and G2 phase cell cycle arrest, 

these cells still display additional phenotypes including a mitotic cell cycle defect and 

increased rates of cell death, suggesting undefined nucleolar functions mediate 

additional responses to inhibition of Pol I transcription. The RNA-sequencing data we 

present here may be a valuable tool for the identification and validation of additional 

pathways involved in mediating the response to both acute and long-term inhibition of 

Pol I transcription.  
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FIGURE 19. Schematic of the ATM and ATR DNA damage response signaling 

pathways. ATM is activated in response to DNA double stranded breaks (DSBs). ATM 

dissociates from homodimers into active monomers, undergoes post-translational 

modification at number of sites (including autophosphorylation at Ser1981) and is 

recruited to DSB sites.  The MRE11–RAD50–NBS1 (MRN) complex is also recruited 

to DSB sites. The interaction between ATM and NBS1 is central to ATM recruitment to 

DSB sites, and this interaction is mediated by 53BP1 and BRCA1. ATM 

phosphorylates MRN complex components, which in turn activate DDR processes, 

and maintain ATM activity at the DSB. MDC1 is anchored to DSB sites by γH2A.X. 

ATM phosphorylates both MDC1, enhancing its oligomerization at the DSB, and 

H2A.X, resulting in expansion of MDC1 molecules and γH2A.X and the DSB foci. ATR 

is activated in response to single stranded DNA (ssDNA). RPA binds to ssDNA and 

recruits ATR, via its association with both ATRIP and RAD9-HUS1-RAD1 (9-1-1) 

complex which is recruited through RAD17. TOPBP1 is also localized to sites of 

damage, and further activates ATR. ATR phophorylates RPA, ATRIP, RAD17, 9-1-1 

and TOPBP1 amplifying checkpoint activation. The phosphorylation of downstream 

transducers by ATM and ATR relays a wide-spread signal to numerous effectors of 

DDR. The activation of cell cycle checkpoints is one example. ATM activates CHK2 

(including Thr68 phosphorylation), while ATR activates CHK1 (including Ser317 and 

Ser345 phosphorylation). Inhibitory phosphorylation of the CDC25A (G1/S), and 

CDC25C (G2/M), by CHK1 and/or CHK2 prevents CDC25 activating 

dephosphorylation of CDKs, resulting in cell cycle arrest. p53 is targeted by ATM 

and/or ATR (via phosphorylation at S15), or by CHK1 and/or CHK2 (via 

phosphorylation at S20), resulting in p53 stabilization and activation. 
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FIGURE 20. Inhibition of Pol I transcription by 1µM CX-5461 treatment acutely 

activates ATM and ATR signaling pathways in BJ-T cells. A) Western blot of 

analysis of BJ-T cells treated with 1μM CX-5461 for 3hr, 6hr, 12hr, and 24hr compared 

to untreated control (representative of n=2 experiments). B) Western blot of analysis of 

BJ-T (left panel) and BJ-T p53shRNA (right panel) cells treated with 1μM CX-5461 for 

30min, 1hr, 2hr, and 3hr compared to 30min NaH2PO4 vehicle control (0hr) 

(representative of n=5 experiments). C) Western blot of analysis of BJ-T (left panel) 

and BJ-T p53shRNA (right panel) cells treated with 1μM CX-5461 for 2hr, then sorted 

into G1, S and G2/M phase populations based on live cell DNA stain using FACS. 

Active RB and Cyclin B levels were used to control for G1 and G2 phase populations, 

respectively (representative of n=3 experiments). D) Western blot of analysis of BJ-T 

cells +/- pre-treated with ATMi KU55933 or ATRi VE-821 for 30min, then +/- treated 

with 1μM CX-5461 in the presence of the inhibitors for an additional 2hr 

(representative of n=5) E) Western blot of analysis of BJ-T p53shRNA cells +/- pre-

treated with ATMi KU55933 or ATRi VE-821 for 30min, then +/- treated with 1μM CX-

5461 in the presence of the inhibitors for an additional 2hr, compared to BJ-T cells 

treated with CX-5461 for 2hrs (representative of n=3).  
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FIGURE 21. Inhibition of Pol I transcription by 1µM CX-5461 treatment activates 

ATM and ATR signaling pathways in BJ-T cells independently of global DNA 

damage. A) Western blot of analysis of BJ-T cells treated for 10min, 30min, 1hr and 

3hr with 1μM CX-5461, or 10min, 1hr and 3hr following 10Gy ionizing radiation (IR) 

(representative of n=3). IR was used as a positive control for induction of gH2A.X 

following DNA damage. B) Immunofluorescence analysis of ATM phos-S1981 for 

30min treatment with 1μM CX-5461, or 30min following 5Gy IR. Upper panel: 

quantitation of number of foci per cell nucleus for n=3 experiments (mean ± sem. All 

values n.s.) Lower panel: representative cells for n=3 experiments. 30min treatment 

with ATMi KU-55933 was included to demonstrate specificity of staining for ATM 

activity (n=1). C) Immunofluorescence analysis of gH2A.X for 30min treatment with 

1μM CX-5461, or 30min following 5Gy IR (mean ± sem. **p<0.005) Upper panel: 

quantitation of number of foci per cell nucleus for n=3 experiments. Lower panel: 

representative cells for n=3 experiments. D) qRT-PCR analysis of DNA damage 

induced at the I-PpoI restriction sequence in 28S rDNA following 3hr stabilization of I-

PpoI endonuclease in U2TR I-PpoI-dd cells. Relative amplification across the 28S 

rDNA cut site in I-PpoI induced compared to vehicle treated cells, normalized to 

amplification of the rDNA promoter to control for rDNA copy number (n=3, mean ±sem. 

*p<0.05). E) Western blot of analysis of U2TR I-PpoI-dd cells following 2hr treatment 

with 1μM CX-5461, 3hr stabilization of I-PpoI endonuclease in U2TR I-PpoI-dd cells, 

and 2hr following 5Gy IR (representative of n=2). F) Co-immunofluorescence analysis 

of rDNA binding protein UBF (red) and ATM phos-S1981 (green) following 3hr 

stabilization of I-PpoI endonuclease in U2TR I-PpoI-dd cells, or 2hr treatment with 1μM 

CX-5461. Upper panel: quantitation of number of cells displaying ATM phos-S1981 

foci that colocalise with rDNA (n=2 experiments, mean ± SD). Lower panel: 

representative cell for each treatment. G) Co-immunofluorescence analysis of rDNA 

binding protein UBF (red) and gH2A.X (green) following 3hr stabilization of I-PpoI 

endonuclease in U2TR I-PpoI-dd cells, or 2hr treatment with 1μM CX-5461. Upper 

panel: quantitation of number of cells displaying gH2A.X foci that colocalise with rDNA 

(n=2 experiments, mean ± SD). Lower panel: representative cell for each treatment. H) 

Alkaline comet assay for DNA damage following 30min treatment with NaH2PO4 

vehicle control or 1μM CX-5461 (n=4), and positive controls for DNA damage 30min 

treatment with 10μM etoposide (n=1) or 30min following 500μJ UV irradiation (n=2). 

Upper panel: quantitation of extent tail moment (Extent tail moment = Tail Length x Tail 

% DNA, calculated using MetaMorph MetaImaging Software. mean±SD). Lower panel: 
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representative images for 60x magnification (single nuclei) and 20x magnification 

(whole field). 
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FIGURE 22. ATM and ATR signaling pathways mediate the p53-independent S 

and G2 phase cell cycle checkpoints following inhibition of Pol I transcription by 

1µM CX-5461 in BJ-T cells. A) Cell cycle analysis and survival analysis of BJ-T cells 

following 24hr treatment with NaH2PO4 vehicle control or 1μM CX-5461, +/- treatment 

with 5µM KU-55933 (ATMi) and/or 1µM VE-821 (ATRi). Cells were incubated with 

BrdU for 30min in culture immediately prior to collection. Cells were stained for BrdU 

incorporation for DNA replication (S-phase), and PI for DNA content (G1 and G2/M). i) 

Representative cell cycle profiles of n=3 experiments. ii)  Quantitation of cell cycle 

populations in live cells using Modfit 3.0 software (representative populations of n=3 

experiments).  iii) Quantitation of cell death determined by Sub-G1 DNA content 

analysis following PI staining for DNA content (left panel; n=3 mean±sem), and 

Annexin V staining following PI exclusion analysis of live cells (right panel; n=3 mean 

±sem) using FCS express software. B) Cell cycle analysis and survival analysis of BJ-

Tp53shRNA cells following 24hr treatment with NaH2PO4 vehicle control or 1μM CX-

5461, +/- treatment with 5µM KU-55933 (ATMi) and/or 1µM VE-821 (ATRi). Cells were 

incubated with BrdU for 30min in culture immediately prior to collection. Cells were 

stained for BrdU incorporation for DNA replication (S-phase), and PI for DNA content 

(G1 and G2/M). i) Representative cell cycle profiles of n=3 experiments. ii)  

Quantitation of cell cycle populations in live cells using Modfit 3.0 software (n=3 

mean±sem ***p<0.0001, **p<0.005, and *p<0.05 relative to DMSO/vehicle treated 

population (black) or CX-5461/vehicle treated population (red)).  iii) Quantitation of cell 

death determined by Sub-G1 DNA content analysis following PI staining for DNA 

content (left panel; n=3 mean±sem *p=0.0432 relative to DMSO/vehicle treated 

population (black) or CX-5461/vehicle treated population (red)), and Annexin V 

staining following PI exclusion analysis in live cells (right panel; n=3 mean±sem) using 

FCS express software. C) Cell cycle analysis of BJ-T p53shRNA cells following 3, 6, 

12, 24, and 96hr treatment with 1μM CX-5461, +/- treatment with 10µM KU-55933 

(ATMi) and/or 10µM VE-821 (ATRi). Cells were incubated with BrdU for 30min in 

culture immediately prior to collection. Cells were stained for BrdU incorporation for 

DNA replication (S-phase), PI for DNA content (G1 and G2/M) (n=1). D) Phos-H3 

analysis for mitosis of BJ-T p53shRNA cells following 12hr treatment with 1μM CX-

5461, +/- treatment with 10µM KU-55933 (ATMi) and/or 10µM VE-821 (ATRi) Left: cell 

cycle profiles. Right: quantitation of phos-H3 positive cells (n=1).  
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FIGURE 23. Inhibition of ATM and ATR signaling pathways in combination with 

inhibition of Pol I transcription by 100nM CX-5461 induces cell death in the 

absence of p53.  Proliferation analysis of BJ cells over a time course of 0-120hr as 

determined by % cell confluency on IncuCyte ZOOM. Cells were treated with NaH2PO4 

vehicle control or 1μM CX-5461, +/- treatment with 5µM KU-55933 (ATMi) and/or 1µM 

VE-821 (ATRi), or 50nM AZD-7762 (CHK1/CHK2i) (n=1 representative experiments of 

n=3, mean±sem of technical replicates, normalized to % confluency at 0hr). For A) BJ-

T cells, B) BJ-T p53shRNA cells, and C) BJ-LSTR cells. (****p<0.0001, ***p<0.0005, 

**p<0.005, and *p<0.05 shown for cell viability at 120hr for n=3 experiments relative to 

vehicle control (red) or 1μM CX-5461 (black)). 
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FIGURE 24. Model of p53 and ATM/ATR signaling pathways mediating the cell 

cycle checkpoint responses to inhibition of Pol I transcription by CX-5461. 
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CHAPTER 6. INHIBITION OF POL I TRANSCRIPTION INITITATION BY CX-5461 

ACTIVATES ATM/ATR SIGNALING AT THE NUCLEOLI, AND IMPAIRS DNA 

DAMAGE RESPONSE. 

 

 

6.1 Introduction.  

 

We have shown that inhibition of Pol I transcription by CX-5461 activates ATM/ATR 

signaling pathways in the absence of global DNA damage.  The canonical ATM and 

ATR pathways are activated by DSBs and ssDNA, respectively. Therefore, inhibition of 

Pol I transcription by CX-5461 activates these pathways by an unknown novel 

mechanism.  

 

The activation of ATM and ATR in the absence of DNA damage has been reported 

under some conditions (Reviewed in (Shiloh and Ziv, 2013; Burgess and Misteli, 

2015)). For example, during the mitotic spindle checkpoint ATM is activated at low 

levels by Aurora B kinase, leading to ATM-mediated activation of kinetochore protein 

BUB1 (Yang et al., 2011). ATM can also be activated by ATMIN (ATM interacting 

protein), for example in response to hypotonic conditions or treatment with 

chloroquine, by a mechanism distinct from ATM pathway activation by DSBs (Kanu 

and Behrens, 2007; Zhang et al., 2012). Under conditions of oxidative stress, direct 

oxidation of Cys residues result in disulphide crosslinked ATM dimers and activation of 

ATM in a manner independent of DSBs (Guo et al., 2010). Both ATM and ATR can be 

activated under conditions of hypoxia, which leads to replication stress but not DNA 

damage (Hammond et al., 2007; Bencokova et al., 2009; Olcina et al., 2010). ATR can 

be activated by p14ARF, in a manner that is independent of DNA damage and results 

in targeting of a set of proteins distinct from that following UV irradiation (Rocha et al., 

2005). It is also possible that ATM and ATR are targeted by their canonical activation 

pathways even without DNA damage. For example, some studies have concluded that 

ATM may be activated by either tethering to chromatin or by chromatin conformational 

changes associated with DSBs (You et al., 2007; Jazayeri et al., 2008; Soutoglou and 

Misteli, 2008)). Alternatively, Pol II transcriptional stress has been shown to activate 

p53 in an ATR dependent manner.  The authors propose that as the elongating Pol II 

acts as a sensor of DNA damage, transcription blockage alone may be sufficient to 

trigger DDR signaling (Derheimer et al., 2007).  Thus, ATM and ATR can be activated 

by several different mechanisms, and their kinase activity may be broadly utilised in 

the response to diverse stimuli. Therefore, we hypothesise that defects in Pol I 
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transcription and/or rDNA chromatin are sufficient to activate ATM and ATR signaling 

in the absence of DSBs. 

 

Furthermore, it is plausible that the deregulation of nucleolar integrity resulting from 

inhibition of Pol I transcription can lead to a DNA damage response. Indeed, a 

functional relationship between the nucleoli and DNA damage response has recently 

begun to emerge.  As discussed earlier (Section 1.2.2.3), DNA damage results in the 

rapid inhibition of Pol I transcription by ATM, ATR and/or DNA-PK pathways, and the 

reorganisation of nucleolar structure (Kruhlak et al., 2007; Gilder et al., 2011; Moore et 

al., 2011; Calkins et al., 2013; Jin et al., 2014; Larsen et al., 2014; Lin et al., 2014; 

Sokka et al., 2015)(Reviewed in (van Sluis and McStay, 2015; Larsen and Stucki, 

2016)). A number of proteins involved in DDR localise to the nucleoli, and many have 

been shown to translocate between the nucleoli and the nucleoplasm in response to 

specific types of DNA damage (Cohen et al., 2008; Boisvert et al., 2010; Boisvert and 

Lamond, 2010; Moore et al., 2011). Thus, the nucleoli may mediate the function of 

these proteins in DNA damage response through nucleolar sequestration and release 

(See TABLE 1). For example, hCDC14B is phosphorylated by CHK1 and released 

from the nucleoli following DNA damage, leading to hCDC14B-induced activation of 

APC/CCdh1, and consequently the degradation of PLK1 (polo-like kinase 1) mitotic 

kinase resulting in G2 cell cycle arrest (Bassermann et al., 2008; Peddibhotla et al., 

2011).  In the case of p53 activation in response to DNA damage, the role of nucleolar 

stress signaling is well established (See Section 1.2.1). The importance of the nucleoli 

in mediating p53-dependent DDR is underscored by the observation that induction of 

nucleolplasmic DNA damage, without causing DNA damage at the rDNA and nucleolar 

disruption, does not activate p53 (Rubbi and Milner, 2003). Therefore, the nucleoli may 

act as a sensor for DNA damage response, undergoing changes following DNA 

damage, and activating appropriate DDR pathways.  

 

These findings suggest it is possible that ATM/ATR signaling pathways can be 

activated by a mechanism related to the function of the nucleoli, extending its 

proposed role as a ‘hub’ for stress signaling responses. However, the acute activation 

of ATM/ATR by inhibition of Pol I transcription and/or nucleolar disruption had not 

previously been described. Therefore, we investigated the mechanisms by which 

inhibition of Pol I transcription by CX-5461 could activate the ATM/ATR signaling 

pathways.  
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6.2 ATM/ATR signaling is activated by small molecule inhibitors of Pol I 

transcription initiation, CX-5461 and CX-5488, but not Actinomycin D. 

 

6.2.1. Introduction 

CX-5461 is highly selective for inhibition of Pol I pre-initiation complex (PIC) formation. 

We have previously shown that CX-5461 does not directly inhibit Pol II transcription, 

DNA replication, or protein synthesis at the doses used for inhibition of transcription of 

the 47S pre-rRNA (Drygin et al., 2011).  Further, the RNA-sequencing data presented 

above specifically shows that Pol II transcription is not inhibited by CX-5461 under 

conditions sufficient to activate ATM/ATR signaling. In fact, ATM/ATR signaling is 

activated following 30min 1µM CX-5461 treatment, at which time there is 

approximately 75% reduction in rRNA synthesis, but very few changes in Pol II gene 

expression (See Section 4.2).    

 

ActD selectively inhibits Pol I transcription of the rRNA genes by intercalating GC-rich 

sequences, preventing progression of Pol I through the GC-rich rDNA and elongation 

of the 47S rRNA transcript (Reviewed in (Koba and Konopa, 2005)). However, 

treatment of BJT p53shRNA cells with this commonly used inhibitor of Pol I 

transcription did not result in G2 cell cycle arrest (See FIGURE 16). Furthermore, 

differential expression of genes associated with DDR was specific to CX-5461 

treatment as opposed to ActD treatment in our RNA-sequencing analysis. This 

suggests that inhibition of Pol I transcription by ActD may not be sufficient to activate 

ATM/ATR signaling and G2 checkpoint arrest.  

 

Therefore, in order to address whether ATM/ATR pathway activation by CX-5461 

arises as a result of inhibition of the Pol I pre-initiation complex formation, rather than 

any as yet unidentified non-specific effects, we examined the activity of additional 

inhibitors of Pol I transcription. We utilized both ActD, and two additional small 

molecules related to CX-5461, CX-5447 and CX-5488.  

 

6.2.2. Results 

First, we examined ATM/ATR pathway activation following inhibition of Pol I 

transcription elongation by ActD. We treated BJ-T p53shRNA cells with 5nM ActD, for 

30min and 3hr, or 1µM CX-5461, for 30min, 1hr and 3hr, as described for FIGURE 16, 

and performed Western analysis of phos-CHK2(T68). Cells treated with 1µM CX-5461 

showed increased levels of phos-CHK2(T68) by 30min, as we had previously 
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observed (See FIGURE 20).  However, cells treated with 5nM ActD did not show any 

increase in phos-CHK2(T68), even after 3h (FIGURE 25 A).  This confirms that that 

the ATM/ATR pathway is not activated by ActD, consistent with the lack of G2 arrest in 

ActD treated BJ-T p53shRNA cells.   

 

Therefore, to further examine whether ATM/ATR pathway activation is a result of 

inhibition of Pol I transcription initiation, we examined the activity of two additional 

small molecules related to CX-5461. CX-5447 has an almost identical structure to CX-

5461 (FIGURE 25 B), but has no effect on the stability of the Pol I/SL1 complex or 

activity towards Pol I transcription (Drygin et al., 2011).  CX-5488 is a newly developed 

small molecule inhibitor of Pol I transcription, chosen for its divergent structure to CX-

5461 (personal communication, D.Drygin) (FIGURE 25 B).   

 

CX-5447 was shown to have no activity towards Pol I transcription following 3h 

treatment in BJ-T cells at doses up to 10μM (FIGURE 25 C). Correspondingly, it did 

not induce either p53 or ATM/ATR signaling pathways (FIGURE 25 D), nor affect BJ-T 

proliferation and cell cycle progression (FIGURE 25 E).  CX-5488 inhibited Pol I 

transcription at similar levels to CX-5461; following 3h of 1µM treatment in BJ-T cells, 

Pol I transcription was reduced to levels approximately 20% of that in vehicle control 

cells for both drugs (1μM CX-5461 Mean = 21.74% ****p<0.0001 relative to vehicle 

control; 1μM CX-5488 Mean = 20.09%****p<0.0001 relative to vehicle control) 

(FIGURE 25 C). Consistent with results observed for CX-5461, 1μM CX-5488 

treatment resulted in a proliferation defect associated with G1 arrest, S-phase delay 

and G2 arrest in BJ-T cells, and this proliferation defect was p53-independent 

(approximate doubling times: BJT+vehicle=20hr, BJ-T+CX-5488=50hr, 

BJTp53shRNA+vehicle=20hr, BJ-Tp53shRNA+CX-5488=53hr, for n=1 experiment) 

(FIGURE 15 E and F). Importantly, inhibition of Pol I transcription by 1μM CX-5488 

induced phos-CHK2(T68) and phos-p53(S15) (FIGURE 15 D). These results indicate 

that it is unlikely ATM/ATR signaling pathway activation arises as a result of non-

specific effects of these small molecules - CX-5447 is structurally very similar to CX-

5461 and does not cause pathway activation, while CX-5488 has a more divergent 

structure and the ATM/ATR signaling pathway is activated following inhibition of Pol I 

transcription initiation by this small molecule.  

 

6.2.3. Conclusions 

These results support that the activation of ATM/ATR signaling by CX-5461 is due to 

inhibition of Pol I transcription initiation, rather than unknown off target effects. CX-
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5447 (an inactive isomer with almost identical structure to CX-5461) did not activate 

these pathways, while CX-5488 (which inhibits Pol I transcription initiation similarly to 

CX-5461 but has a divergent structure) can activate ATM/ATR signaling. However, the 

absence of ATM/ATR signaling activation following ActD treatment suggests that 

inhibition of Pol I transcription at different steps such as initiation or elongation can 

elicit different responses.  

 

6.3  CX-5461, but not Actinomycin D, displaces Pol I from ‘open’ rDNA 

repeats. 

 

6.3.1. Introduction 

As inhibitors of initiation of Pol I transcription (CX-5461 and CX-5488), but not 

elongation of Pol I transcription (ActD), activate the ATM/ATR signaling pathway, we 

reasoned that the stimuli of ATM/ATR pathway activation may be related to the 

differences between these approaches.   

 

We have previously shown that CX-5461 inhibits rDNA transcription by preventing 

association of SL1 with the rDNA promoters thus blocking PIC assembly. Cell free 

transcription ‘order of addition’ assays show that CX-5461 inhibits Pol I transcription 

prior to PIC formation, but only minimally effects Pol I transcription after this stage. 

ChIP analysis in a number of transformed cell lines show that occupancy of Pol I, UBF, 

and most significantly SL1 are reduced at the rDNA promoter.  Electromobility shift 

assay (EMSA) of human SL1 and DNA fragments corresponding to the rDNA promoter 

shows CX-5461 disrupts the SL1/rDNA complex (Drygin et al., 2011). In contrast, ActD 

does not prevent PIC assembly at the rDNA or initiation of Pol I transcription 

(Fetherston et al., 1984; Sollnerwebb and Tower, 1986).   

 

Based on our knowledge of the activity of both ActD and CX-5461, we hypothesised 

that ActD and CX-5461 will have different effects on Pol I association with rDNA.  We 

therefore examined Pol I binding to rRNA gene promoters and transcribed region by 

ChIP following treatment with ActD and CX-5461. 

 

6.3.2. Results 

To examine Pol I binding at the rDNA following inhibition of Pol I transcription with 

either ActD or CX-5461, we performed ChIP analysis for a number of regions across 

the canonical rDNA sequences (Shown in FIGURE 26 A).  First, in BJ-T cells, Pol I 

was enriched across the rDNA in vehicle treated cells, relative to the –ve antibody 
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(sera only) control.  Following 3hr treatment with 1µM CX-5461, Pol I was no longer 

enriched at the rDNA (with over a 5-fold reduction in Pol I compared to vehicle treated 

cells at all rDNA regions tested. n.s. for n=3 experiments) (FIGURE 26 B). We then 

extended this analysis in BJ-T p53shRNA cells.  Pol I is enriched at the promoter and 

across the entire transcribed region of the rDNA, but not across the untranscribed 

region (IGS), in vehicle treated cells. Following 3hr treatment with 1µM CX-5461, 

levels of Pol I association with the rDNA were significantly reduced, with enrichment of 

Pol I no longer detected at the promoter or transcribed regions of the rDNA (with an 

approximately 4-fold reduction at Promoter *p<0.05, 8-fold reduction at ETS2 *p<0.05, 

and over 10-fold reduction at subsequent transcribed regions from 18S to Terminator 

**p<0.005). Following 3hr treatment with 5nM ActD, levels of Pol I association with the 

rDNA were unchanged at the promoter, but reduced across the transcribed region of 

the rDNA (with over 4-fold reduction at transcribed regions from 18S to Terminator 

*p<0.05) (FIGURE 26 B).  Therefore, consistent with the known mechanisms of 

inhibition of Pol I transcription by these drugs, Pol I remained at the rDNA promoter 

following ActD treatment, and was displaced from the rDNA promoter following CX-

5461 treatment.  As predicted, Pol I was also absent across the entire transcribed 

rDNA sequence following CX-5461 treatment. While, following ActD treatment, Pol I 

remained associated with the rDNA, but at levels that were reduced in the direction of 

Pol I transcription.  

 

Copies of the rRNA genes typically exist in two different states (See Section 1.1.2): 

active genes are associated with the cytoarchitectural transcription factor UBF, 

resulting in an ‘open’ chromatin conformation, while inactive genes are not associated 

with UBF and have a ‘closed’ chromatin conformation (Sanij et al., 2008)(Reviewed in 

(Sanij and Hannan, 2009; Grummt and Langst, 2013)). Active rRNA genes can 

achieve very high rates of transcription by Pol I, accounting for over 30% of 

transcriptional activity in an exponentially growing cell, and typically have dense Pol I 

loading across the transcribed region (Warner, 1999; Warner et al., 2001)(Reviewed in 

(Moss et al., 2007)). Therefore, we examined whether CX-5461 treatment and 

consequent displacement of Pol I from the rDNA alter the euchromatic state of rRNA 

genes and/or affect the proportion of active ‘open’ rRNA genes. 

 

First, we performed ChIP analysis for UBF in BJ-T cells. UBF was enriched across the 

rDNA in vehicle treated cells, relative to the –ve control (rabbit sera).  Following 3hr 

treatment with 1µM CX-5461, UBF was enriched at the rDNA at similar levels, 
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although it appears slightly reduced specifically at the promoter region (with 

approximately 3-fold reduction for Promoter, n.s. for n=3 experiments) (FIGURE 26 B).  

We then extended this analysis in BJ-T p53shRNA cells. Following 3hr treatment with 

either 5nM ActD or 1µM CX-5461, UBF is enriched at the enhancer, promoter, and 

across the entire transcribed region of the rDNA, at similar levels to those observed in 

vehicle treated cells (FIGURE 26 B).  Therefore, treatment with CX-5461 and 

displacement of Pol I from the rDNA did not result in changes in levels of UBF 

associated with the rDNA. As UBF is responsible for maintaining the euchromatic 

‘open’ chromatin structure of rRNA genes (Sanij et al., 2008), our data suggest that 

CX-5461 treatment does not influence UBF binding to rDNA or its role in establishing 

‘open’ rDNA chromatin. 

 

To further examine the effect of inhibition of initiation of Pol I transcription by CX-5461 

on the proportion of active ‘open’ rRNA genes, we performed psoralen crosslinking 

Southern blotting analysis. Active ‘open’ rDNA copies are accessible to psoralen, while 

inactive ‘closed’ rDNA copies are inaccessible to psoralen due to their silenced 

heterochomatic configuration. rDNA copies that have been crosslinked with psoralen 

can be distinguished by Southern blotting due to their differing rates of migration - 

active ‘open’ rDNA migrate more slowly due to their association with psoralen, and are 

therefore apparent as a separate band (FIGURE 26 C).  We treated BJ-T cells with 

1µM CX-5461 for 3hr, 12hr, 24hr, and 48hr. In vehicle treated cells, approximately 

25% of rDNA copies were in an active ‘open’ chromatin conformation. There was no 

change in the proportion of active ‘open’ rDNA copies following 3h treatment with 1µM 

CX-5461, consistent with the absence of any changes in UBF loading at rDNA 

(FIGURE 26 B and C). Following 12h treatment with 1µM CX-5461, there was still no 

change in the proportion of active ‘open’ rDNA genes. However, after 24 and 48hr 

treatment, the proportion of active ‘open’ rDNA copies appeared to increase (to 

approximately 40% and 45% of rDNA copies, respectively. n.s for n=3 experiments) 

(FIGURE 26 C). Therefore, CX-5461 treatment and consequent displacement of Pol I 

from the rDNA did not result in reduced active ‘open’ rDNA copies.  

 

6.3.3. Conclusions 

Inhibition of Pol I transcription initiation by CX-5461 results in rDNA repeats that are 

devoid of Pol I, but maintain an ‘open’ chromatin conformation.  Therefore, the ‘open’ 

subset of rDNA repeats, which were formerly associated with Pol I and undergoing 

transcription, have a novel ‘exposed’ chromatin state following CX-5461 treatment.  In 
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contrast, inhibition of Pol I transcription elongation by ActD results in rDNA repeats 

that remain associated with Pol I at reduced levels. These changes in Pol I loading at 

the rDNA are observed at early timepoints, corresponding to the activation of the 

ATM/ATR signaling pathway in CX-5461, but not ActD, treated cells. This suggests 

that inhibition of Pol I recruitment to the rDNA and the subsequent ‘exposed’ chromatin 

state of rDNA, rather than inhibition of Pol I transcription per se, is responsible for 

activation of the ATM/ATR signaling pathways. 

 

6.4  Hypotheses addressing the direct mechanism by which inhibition of Pol I 

transcription initiation by CX-5461 activates ATM/ATR signaling.  

 

Inhibition of Pol I transcription by CX-5461 rapidly reduces levels of 47S rRNA 

transcription, prevents Pol I transcription initiation at the rDNA promoter, and displaces 

Pol I from the rDNA repeats. We considered how this might result in activation of the 

ATM/ATR signaling pathways. Three distinct hypotheses were chosen for 

investigation. 

 

Broadly, they are as follows: 

 

1) ATM and ATR are locally activated at the rDNA due to displacement of Pol I 

across the rDNA repeats following CX-5461 treatment. 

2) A defect in replication arises specifically at the rDNA due to displacement of 

Pol I across the rDNA repeats following CX-5461 treatment. 

3) DDR proteins that localise to the nucleoli activate DDR signaling pathways 

following inhibition of Pol I transcription by CX-5461 due to distinct changes in 

nucleolar structure.  

 
Each of these hypotheses are explained in more detail in the corresponding sections 

below.  

 
6.4.1 Hypothesis 1. ATM substrate NBS1 (phos-S345) is specifically activated 

at the nucleoli during S/G2 following CX-5461 treatment.  

6.4.1.1 Introduction 

The canonical ATM/ATR signaling pathways are activated as a result of DNA damage, 

as described in detail in Section 5.1. However, a number of publications have reported 

the activation of ATM and ATR by additional mechanisms. Particularly, we considered 

whether ATM/ATR could be locally activated at the rDNA following CX-5461 treatment, 
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as a result of changes in active ‘open’ rDNA copies to an ‘exposed’ chromatin state. 

ATM activation may result from changes in chromatin structure. Conditions that alter 

chromatin structure, such as hypotonic conditions, treatment with chloroquine, or 

treatment with HDAC inhibitors, can induce rapid and diffuse activation of ATM 

(Bakkenist and Kastan, 2003). On the other hand, the stable association of ATM with 

chromatin, by expression of ATM-lacR fusion protein in cells with stably integrated 

lacO sequence repeats, was sufficient to activate ATM (Soutoglou and Misteli, 2008). 

ATR can also be locally activated specifically at the rDNA. A crucial activator of ATR 

response, TOPBP1, preferentially localises to the rDNA when overexpressed and 

induces ATR dependent responses distinct from its canonical role in DNA replication 

(Sokka et al., 2015). Therefore, we hypothesised that following inhibition of Pol I 

initiation by CX-5461, rDNA copies become more available for association with 

ATM/ATR and their mediator proteins, and that this is sufficient for activation of 

ATM/ATR signaling. 

 

6.4.1.2 Results. 

Initially we performed IF and ChIP analysis in BJ-T p53shRNA cell lines for both ATM, 

and replication protein A (RPA), which binds ssDNA and recruits ATR (Reviewed in 

(Cimprich and Cortez, 2008)).   We could not detect enrichment of ATM or RPA at the 

rDNA in cells treated for 3hr with either vehicle or 1µM CX-5461, by either IF (with co-

staining for UBF as a marker for active rDNA) or ChIP assays (Results not shown).  

However, we could not conclude that ATM and ATR proteins were absent from the 

rDNA, as we did not have a positive control suitable to detect their binding at the rDNA 

in these cells. Therefore, we once again utilised the U2TR I-PpoI-dd cell line, in which 

DNA damage can be induced at a defined site in the rDNA (Described in Section 5.3 

above). As the site of the DSBs are known, it is possible to both directly assess the 

level of DNA damage using a primer set that spans the I-PpoI cut site, and identify 

bound proteins by ChIP using a primer set directly adjacent to the I-PpoI cut site 

(FIGURE 27 A). I-PpoI activity was induced in U2TR I-PpoI-dd cells, and the onset of 

DNA damage confirmed by real-time PCR amplification of the 28S rDNA 

endonuclease target site, as described above (See FIGURE 21). We performed ChIP 

analysis for ATM in cells treated for 2hr with either vehicle or 1µM CX-5461, as well as 

3hr I-PpoI induced cells as a positive control. As expected, in I-PpoI induced cells ATM 

was significantly enriched at the I-PpoI endonuclease rDNA cut site (approximately 10-

fold over negative antibody IgG control, ***p<0.0005). However, no enrichment was 
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observed for ATM following vehicle or CX-5461 treatment either at the rDNA promoter 

or at the I-PpoI endonuclease rDNA cut site (FIGURE 27 B).  

 

The recruitment of ATM to chromatin is mediated by the MRE11/RAD50/NBS1 (MRN) 

complex. The stable association of both MRE11 and NBS1 with chromatin, by 

expression of lacR fusion proteins in cells with stably integrated lacO sequence 

repeats, results in ATM activation and G2 cell cycle arrest (Soutoglou and Misteli, 

2008). Therefore, we next performed IF analysis for the MRN complex at the rDNA. 

Specifically, for Nijmegen Breakage Syndrome 1 (NBS1) phosphorylation at S345, 

which was selected as it is a substrate for ATM kinase activity. As the ATM/ATR 

signaling pathways are activated specifically in S-phase and G2, we utilized BJ-T 

p53shRNA cells transfected with fluorescent ubiquitinylation cell cycle indicator 

(FUCCI). These cells are transfected with pCSII-EF-mCherry-hCdt1(30-120) and 

pCSII-EF-mVenus-hGeminin(1-110), resulting in Cherry (red) signal during G1 phase 

prior to the onset of DNA replication, due to expression of the DNA replication 

licensing factor Cdt1, and Venus (green) signal during S and G2 phase, due to 

expression of the Cdt1 inhibitor Geminin (Sakaue-Sawano et al., 2008). Cells express 

both proteins (yellow) specifically during the late G1 - S phase transition.  We 

performed co-immunofluoresence analysis of NBS1 (phos-S345) and the nucleolar 

protein NPM in this BJ-T p53shRNA FUCCI cell line. Following 1hr treatment with 1µM 

CX-5461, a small but significant increase in levels of NBS1 (phos-S345) could be 

detected specifically in the nucleoli of S/G2 cells (1.2 fold, **p<0.005) (FIGURE 27 C). 

Consistent with our previous results, we did not detect increased levels of gH2A.X in 

the nucleus or the nucleoli in these populations (gH2A.X was reduced 1.1 fold in the 

nucleus (**p<0.005) and nucleolus (****p<0.0001) in S/G2 cells following CX-5461 

treatment) (FIGURE 27 D). Therefore, the MRN complex component can localize to 

the nucleoli independent of DNA damage, and following inhibition of Pol I transcription 

initiation by CX-5461 is associated with ATM activation in the nucleoli specifically 

during S/G2. These experiments were performed in collaboration with Dr Keefe Chan 

and Dr Elaine Sanij. 

 

6.4.1.3 Conclusions. 

We did not detect significantly increased levels of ATM associated with 28S rDNA 

chromatin following inhibition of Pol I transcription initiation with CX-5461 in 

exponentially growing cell populations. However, when we specifically examined S/G2 

cell cycle populations, in which activation of ATM/ATR signaling is observed following 
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CX-5461 treatment, we observed increased levels of the ATM substrate NBS1 (phos-

S345) in the nucleoli. NBS1 is part of the MRN complex, which recruits ATM to 

chromatin. Therefore, our results suggest that following changes in Pol I occupancy at 

the rDNA due to inhibition of Pol I transcription initiation by CX-5461, ATM can be 

transiently recruited to rDNA chromatin and activated, in the absence of DNA damage.   

 

6.4.2  Hypothesis 2. Delay in DNA replication occurs rapidly following CX-5461 

treatment and occurs in both early and late S-phase. 

6.4.2.1. Introduction.  

The rDNA repeats pose challenges to replication, due to their highly transcribed and 

highly repetitive nature. Studies in S. cerevisiae have illustrated unique mechanisms 

used at the rDNA to ensure correct replication and prevent instability. These include 

replication occurring in the same direction as transcription, as a result of a Replication 

Fork Blocking (RFB) site 3’ of the rDNA transcribed region, which stalls replication 

forks moving 5’ to the rRNA genes and thus prevents collision with transcription 

apparatus. In mammals, the regulation of rDNA replication and stability is less well 

defined, but it appears to share similarities with yeast. RFBs have been described 

close to the 3’ end of the rDNA transcriptional unit in mice, where they are reported to 

colocalise with Pol I transcriptional terminator elements (Lopez-Estrano et al., 1998), 

and in humans, where they are reported to be bi-polar, arresting forks traveling in both 

directions (Little et al., 1993; Akamatsu and Kobayashi, 2015). Pol I transcription may 

be required for efficient replication: Active rRNA genes replicate in early S, and 

inactive rDNA genes replicate in late S (Li et al., 2005); while at pseudo-NORs, which 

have an open chromatin state but lack Pol I transcription, replication starts early in S-

phase, but is delayed and continues into late S-phase (Smirnov et al., 2011). These 

features at the rDNA have implications for the relationship between transcription and 

replication. The unidirectional progression of replication forks prevents the presence of 

elongating Pol I from interfering with replication, as would occur at other loci due to the 

collision of replication and transcription apparatus. In fact, the presence of Pol I may 

facilitate replication at the rDNA - proteins involved in DNA replication are reported to 

be associated with transcriptionally competent Pol I, suggesting Pol I is recruited to the 

rDNA promoter as part of a complex that coordinates both rRNA synthesis as well as 

DNA replication (Hannan et al., 1999)(Reviewed in (Drygin et al., 2010)). On the other 

hand, the absence of Pol I from the active rDNA genes could result in unusual 

chromatin structures, as a result of the ‘exposed’ state of these copies, presenting a 

challenge for DNA replication.  
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Therefore, as ATM/ATR signaling is activated predominantly in S-phase following CX-

5461 treatment, we investigated whether activation of ATM/ATR signaling arises due 

to a replication defect at the rDNA genes following inhibition of Pol I transcription. As 

inhibition of Pol I transcription initiation by CX-5461 specifically targets only active, 

early-replicating rRNA genes, we hypothesised that this scenario would result in a 

replication defect arising during early but not late S-phase.  

 

6.4.2.2. Results.  

The efficiency of replication of rDNA genes in early and late S-phase was determined 

by IP analysis of BrdU incorporation at newly synthesized rDNA in BJ-Tp53shRNA 

cells. Asynchronously growing cells were treated with vehicle control or 1μM CX-5461 

for 3h, and pulse labeled with BrdU for the final 2h of treatment. Fixed cells were then 

sorted into G1, early S-phase, and late S-phase populations, on the basis of DNA 

content by FACs (See FIGURE 28 A). BrdU-IP was performed on these populations 

and the relative enrichment at genomic regions determined by real-time PCR.   

 

First, to ensure specificity of the BrdU antibody, enrichment relative to an IgG negative 

control was determined, for populations cultured in the presence or absence of BrdU 

for 24h that had been mock sorted by FACS (n=1). The percentage of total DNA (ETS-

1 rDNA) associated with α-BrdU in treated populations was over 200-fold higher than 

for untreated populations (FIGURE 28 B). During experimental optimisation 2h BrdU 

incorporation was found to be the shortest time that resulted in levels of BrdU sufficient 

to detect enrichment. 

 

As total amounts of genomic DNA vary between early and late S-phase populations, it 

is inappropriate to calculate BrdU incorporation in sorted populations as a percentage 

of total DNA. Therefore, enrichment was determined relative to mitochondrial DNA - 

mitochondrial DNA replicates throughout the cell cycle, and is equally represented in 

early and late S-phase (Reviewed in (Mishra and Chan, 2014)). G1 sorted populations 

were used as the negative control – since no replication of genomic DNA occurs in G1, 

this population controls for both BrdU enrichment at sites other than nascent DNA, and 

the accuracy of FACs sorting of cell cycle populations.  

 

In control cells, BrdU incorporation was observed at the rDNA at equal levels in both 

early and late S-phase (with a ratio of 1 in early S-phase to 0.8 in late S-phase, n.s for 

n=4 experiments) (FIGURE 28 C), indicating that in human cells the rDNA is replicated 

during both phases of the cell cycle, as has been previously reported in mice (Li et al., 
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2005). BrdU incorporation was also observed for a known early replicating gene 

(MMP15, (Ryba et al., 2011)) in early S-phase (with a ratio of 1 in early S-phase to 0.4 

in late S-phase, **p<0.005) and a known late replicating gene (HBB, (Ryba et al., 

2011)) in late S-phase (with a ratio of 0.3 in early S-phase to 1 in late S-phase, 

****p<0.0001). However, in both cases some BrdU incorporation was also observed for 

the alternative S-phase population. This may be a result of the 2h BrdU incorporation 

period – BJ-Tp53shRNA cells take approximately 6h to complete S phase (See 

FIGURE 11), so some early S-phase cells may have sufficient time to move into the 

late S-phase population while BrdU is being incorporated. Following CX-5461 

treatment, significant reduction in BrdU incorporation was observed for rDNA 

replicating in both early and late S-phase (with a ratio of 1 in early S-phase control 

treated cells to 0.3 in early S-phase (**p<0.005) and 0.3 in late S-phase (*p<0.05) CX-

5461 treated cells) (FIGURE 28 C), indicating that replication at the rDNA is delayed at 

both stages of S-phase. Significantly reduced incorporation of BrdU was also observed 

for MMP15 (with a ratio of 1 in control treated to 0.2 in CX-5461 treated early S-phase 

cells, **p<0.005) and HBB (with a ratio of 1 in control treated to 0.3 in CX-5461 treated 

late S-phase cells, ****p<0.0001), indicating that there is a genome wide delay in 

replication. In the case of early replicating MMP15, BrdU incorporation was no longer 

increased in early S-phase compared to late S-phase, suggesting replication timing 

was delayed and continued into late S-phase.  

 

6.4.2.3. Conclusions.  

These results show that the observed S-phase defect does not preferentially affect 

cells in early S-phase. Note that this assay is unable to determine whether there is a 

replication defect at the rDNA in general: while replication of rDNA repeats is delayed 

when cells are treated with CX-5461 in both early and late S-phase, acute checkpoint 

activation in S-phase by other mechanisms would result in a genome wide delay in S-

phase progression at both the rDNA and other loci. However, as we observe a delay in 

replication in cells that are in late-S phase when treated with CX-5461, we can exclude 

the scenario that early replicating active rDNA repeats specifically experience a 

replication defect following CX-5461 treatment.  

 

6.4.3 Hypothesis 3. CX-5461 treatment results in disruption of nucleolar 

structure, and altered localisation of DNA damage response proteins, in a 

manner distinct from DNA damage. 

6.4.3.1. Introduction.  

A number of DDR proteins localise to the nucleoli, as shown by proteomic analysis.  In 
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response to genotoxic insults, a distinct population of proteins translocate between the 

nucleoli and the nucleoplasm (Cohen et al., 2008; Boisvert et al., 2010; Boisvert and 

Lamond, 2010; Moore et al., 2011). In addition to systematic analysis, the nucleolar 

regulation of some DDR proteins is beginning to be characterised in greater detail.  

For example, DNA repair factors RNF8 (ring finger protein 8) and BRCA1 localise to 

the nucleoli, where they interact with ribosomal protein RPSA, and translocate to DDR 

foci in the nucleus following gIR (Guerra-Rebollo et al., 2012). RecQ helicase WRN 

(Werner syndrome protein) is localised to the nucleoli, but translocates to the 

nucleoplasm after DNA damage in a manner that appears to be regulated by 

p300/CBP-mediated acetylation and SIRT1-mediated deacetylation (Kahyo et al., 

2008; Muftuoglu et al., 2008; Lee et al., 2015). NCL interacts with a number of proteins 

involved in DDR (including WRN (Indig et al., 2012), PCNA, (Yang et al., 2009), 

RAD51 (De et al., 2006), RPA (Daniely et al., 2002), and TopoI (Bharti et al., 1996; 

Edwards et al., 2000)), and translocates from the nucleoli to the nucleoplasm following 

DNA damage, where it can accumulate at gIR induced DSB sites (Kobayashi et al., 

2012). NPM regulates the nucleolar localisation of several base excision repair (BER) 

proteins, and both NPM and BER proteins relocalise from the nucleoli to the 

nucleoplasm following DNA damage induced by cisplatin (Moore et al., 2013; Poletto 

et al., 2014b). Conversely, both p21 and RAD9B migrate to a compartment within the 

nucleoli in response to DNA damage induced by adriamycin (Abella et al., 2010; 

Perez-Castro and Freire, 2012), while transcription factor E2F1 is sequestered in the 

nucleoli by p14ARF as an early ATM-dependent response to DNA damage (Jin et al., 

2014). These and other examples begin to paint a picture in which the nucleolus has a 

key functional role in regulating DDR through the sequestration and release of DDR 

proteins (Reviewed in (Nalabothula et al., 2010; Antoniali et al., 2014)).  

 
Consistent with a role for the nucleoli in mediating DDR, DNA damage generally 

results in the inhibition of Pol I transcription and the reorganisation of nucleolar 

structure (Reviewed in (Boulon et al., 2010b)). In fact, both ATM and ATR have been 

shown to inhibit Pol I transcription: In response to DNA DSBs, Pol I initiation is 

inhibited in an ATM-dependent manner, specifically at those nucleoli where DNA 

damage is induced (Kruhlak et al., 2007; Jin et al., 2014)(Reviewed in(Larsen and 

Stucki, 2016)); while ATR can be locally activated at the rDNA by association of its 

activator TOPBP1 with the rDNA repeats, leading to inhibition of Pol I transcription in 

an ATR-dependent manner (Sokka et al., 2015). There is some variation in the 

nucleolar response to DNA damage, with different DNA damaging agents such as UV, 

IR, or drugs (for example topoisomerase II inhibitors) reported to result in Pol I 
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inhibition and nucleolar reorganisation of different degrees (Rubbi and Milner, 2003; 

Al-Baker et al., 2004; Kruhlak et al., 2007; Moore et al., 2011)(Reviewed in (Boulon et 

al., 2010b)). However, the commonly described nucleolar structure following DNA 

damage is that of ‘nucleolar segregation’, where condensation of the nucleoli, 

separation of the granular and fibrillar components, and the formation of ‘nucleolar 

caps’ containing distinct nucleolar proteins surrounding a central body are observed 

(Shav-Tal et al., 2005)(Reviewed in (Hernandez-Verdun et al., 2010)).  Similar 

changes occur following treatment with low dose ActD, suggesting that it is the 

inhibition of Pol I transcription following DNA damage that affects the reorganisation of 

nucleolar structure (Shav-Tal et al., 2005; Perez-Castro and Freire, 2012)(Reviewed in 

(Boulon et al., 2010b; Hernandez-Verdun et al., 2010)) Therefore - considering that 

first, DNA damage leads to inhibition of Pol I transcription and reorganisation of the 

nucleoli, and second, multiple DDR proteins translocate from the nucleoli in a 

regulated manner following DNA damage - we hypothesise that inhibition of Pol I 

transcription by CX-5461 may result in the translocation of DDR proteins from the 

nucleoli and this may be sufficient to activate DDR signaling.  

 

The activation of DDR following inhibition of Pol I transcription by CX-5461, but not 

ActD, could be explained by the absence of Pol I transcription complex at the rDNA 

following CX-5461 treatment resulting in more significant changes in nucleolar 

structure.  The mechanisms that control protein targeting the nucleoli are not well 

defined, as discussed earlier (Section 1.1.1), any high affinity interactions for nucleolar 

components can impart nucleolar localization (Reviewed in (Emmott and Hiscox, 

2009)). The role of the Pol I transcription complex itself, independent of rates of rRNA 

transcription, in the formation of nucleoli is not clear. McStay et. al. have shown that 

pseudo-NORs that recruit Pol I transcription complex components but are 

transcriptionally inactive, are able to adopt some but not all of the morphological 

characteristics of the nucleoli (Reviewed in (Prieto and McStay, 2008)). Studies by 

Grummt et. al. in mice addressed the role of the Pol I transcription complex more 

specifically, by deleting the Pol I transcription factor RRN3/TIF-1A. This resulted in 

nucleolar changes different from those induced by inhibition of Pol I transcription by 

ActD, with the complete disappearance of nucleolar structures (Yuan et al., 

2005)(Reviewed in(Hernandez-Verdun et al., 2010)). While these studies still do not 

satisfactorily define the role of Pol I occupancy alone in establishing nucleolar 

structure, they suggest that it could play a role independent of rRNA transcription.  It is 

possible that, as the Pol I transcription complex interacts directly with the rDNA as well 

as with numerous other nucleolar proteins, its displacement following CX-5461 
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treatment may result in a reduced scaffold on which the network of interactions 

responsible for nucleolar localisation can take place. Therefore CX-5461 treatment 

may have unique consequences for nucleolar structure, that differs to changes 

induced by signals or inhibitors that reduce rates of Pol I transcription (such as low 

dose ActD).  

 

6.4.3.2. Results. 

To examine nucleolar structure following treatment with CX-5461, we performed 

immunofluorescence (IF) and fluorescence in-situ hybridisation (FISH) analysis. 

Initially experiments were performed in BJ-T cells, as disruption of the nucleoli is 

known to result in activation of p53 (See Section 1.2.1), and therefore we could 

compare the timecourse of any changes in nucleolar structure to activation of both p53 

(as a control) and the DDR proteins CHK1/CHK2. 

 

First, to initially establish whether CX-5461 induced changes in nucleolar structure, we 

performed FISH analysis with a probe targeting the intergenic spacer of the rDNA 

repeat (rDNA-FISH). To ensure specificity of the probe, co-IF was performed for UBF, 

which binds across the entire transcribed region of open rDNA repeats. In control cells, 

rDNA repeats were observed both in large nucleoli, with an open conformation 

associated with UBF, and in condensed foci, corresponding to inactive NORs devoid 

of UBF.  Following 48hr treatment with 1µM CX-5461, the rDNA repeats were 

organised in condensed structures, even those associated with UBF (FIGURE 29 A). 

We then examined whether the reorganisation of the rDNA into condensed structures 

occurs at early timepoints. Following 1hr treatment with 1µM CX-5461, rDNA repeats 

had already begun to coalesce, with rDNA-FISH showing a more condensed 

localisation in 1hr CX-5461 treated cells than control cells, though not yet to the same 

degree as for 48hr CX-5461 treated cells above (FIGURE 29 B). Thus, nucleolar 

structure is altered following CX-5461 treatment, with open rDNA reorganising into 

condensed nucleoli.   

 

Next, to establish the timecourse of nucleolar reorganisation, we performed IF analysis 

of nucleolar proteins that localise to each of the tripartite nucleolar components - the 

FC, DFC, and GC (See Section 1.1.1). UBF localises to the FCs, as this is where the 

rDNA and Pol I transcription machinery are concentrated.  The DFCs can be identified 

by the localisation of early pre-RNA processing factors, such as the snoRNP 

component Fibrillarin (FBL). The GCs are identified by the localisation of factors 
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involved in ribosome maturation, assembly and transport, such as nucleophosmin 

(NPM).  Following 1µM CX-5461 treatment, we observed nucleolar structure at 30min, 

1hr, 3hr, 12hr and 24hr. Control cells showed typical structures of active nucleoli with 

multiple UBF and FBL foci, corresponding to FC and GFC components respectively, 

interspersed within a single NPM structure, corresponding to the surrounding GC. 

After CX-5461 treatment both UBF and FBL foci compact, and NPM forms a single 

ring at the periphery of the nucleoli. There is also an increased proportion of NPM in 

the nucleoplasm (FIGURE 20 C). Changes in nucleolar structure had begun by 30min, 

and by 3hr nucleoli appear to have completed reorganisation, with UBF, FBL and NPM 

structures appearing the same at 3hr as for later 12hr (not shown) and 24hr 

timepoints. Therefore, CX-5461 results in changes in nucleolar structure as early as 

30min following treatment, which is consistent with the activation of p53 and 

CHK1/CHK2 observed at these timepoints (See FIGURE 20 B).  

 

However, the changes in nucleolar structure following inhibition of Pol I transcription 

initiation by CX-5461 treatment may not correspond to changes in nucleolar structure 

that occur following DNA damage. The changes observed here following CX-5461 

treatment were markedly different from those that were observed following DNA 

damage induced by I-PpoI endonuclease, where UBF relocalised to one or two foci at 

the periphery of a condensed nucleoli (see FIGURE 20 F).  To further compare 

nucleolar reorganisation following inhibition of Pol I transcription initiation by CX-5461 

to nucleolar reorganisation following DNA damage, we performed IF following CX-

5461 treatment, UV-irradiation, or g-irradiation, for NPM and WRN. WRN is a RecQ 

helicase with roles in DNA replication, repair, transcription and telomere maintenance 

(Reviewed in (Brosh and Bohr, 2002)). WRN is localised to the nucleoli under normal 

conditions, but following DNA damage translocates to the nucleoplasm where it can 

interact with certain other DDR proteins and repair foci (Gray et al., 1998; Marciniak et 

al., 1998; Sakamoto et al., 2001; Suzuki et al., 2001; Karmakar and Bohr, 2005; Lee et 

al., 2015). In this case, experiments were performed in BJ-T p53shRNA cells, as the 

translocation of some nucleolar proteins may be dependent upon p53 status (Boisvert 

and Lamond, 2010). We examined the localisation of NPM and WRN 1hr following 

1µM CX-5461 treatment, 100µJ UV-irradiation, or 10Gy g-irradiation (FIGURE 29 D).  

In control cells, WRN was predominantly localised to the nucleoli. After CX-5461 

treatment, WRN was excluded from the nucleoli, and diffused throughout the 

nucleoplasm. For both control and CX-5461 treatment, a background number of cells 

(approximately one quarter) also displayed WRN foci in the nucleus. Following DNA 
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damage by both UV and g-IR, the majority of cells displayed numerous WRN foci in the 

nucleus. In these cells, WRN was not predominantly nucleolar, but largely distributed 

through the nucleoplasm.  However, in contrast to CX-5461 treatment, WRN was not 

entirely excluded from the nucleoli - instead, cells had a sub-population of WRN that 

remained within the nucleoli.  Further, UV and g-IR cells did not undergo 

reorganisation of the nucleoli as observed for CX-5461 above – rather, the localisation 

of NPM reflected a similar nucleolar structure to control cells. Therefore, there are 

marked differences in the reorganisation of the nucleolus and translocation of 

nucleolar DDR proteins following inhibition of Pol I transcription initiation by CX-5461 

compared to those following DNA damage.  

 

6.4.3.3. Conclusions.  

These results show that nucleolar structure is reorganised within 3hr following CX-

5461 treatment, which corresponds to the timeline of activation of p53 and ATM/ATR 

signaling. DDR proteins specifically can also relocalise following CX-5461 treatment, 

as shown here for WRN. However, these changes to not appear to correspond to 

changes in nucleolar structure following treatment with DNA damaging agents. Nor do 

these changes seem consistent with the apparently precisely regulated translocation 

of DDR proteins to and from the nucleoli in response to specific DNA damage, as 

discussed above. Therefore, it is unclear whether changes in nucleolar structure 

following inhibition of Pol I transcription by CX-5461 could be involved in activation of 

DDR signaling pathways. 

 

6.5  DNA damage repair is compromised following inhibition of Pol I 

transcription initiation by CX-5461  

 

6.5.1 Introduction.  

A link between the nucleoli and DDR signaling pathways has been drawn by a wide 

range of reports, as discussed above (see Section 6.4.3.1). Now, we have additionally 

shown that treatment with an inhibitor of Pol I transcription initiation, CX-5461, is 

sufficient to activate the ATM/ATR key DDR signaling pathways. However, to our 

knowledge, the impact of changes in nucleolar structure and function upon the DNA 

damage response as a whole has not been comprehensively investigated.  

 

It has been proposed that as the rDNA repeats are particularly vulnerable to DNA 

damage and instability, due to their repetitive nature and high rates of transcription, the 
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nucleoli may be utilised to activate DDR in a highly sensitive manner, performing a 

protective function for the genome as a whole (Stults et al., 2008)(Reviewed in 

(Kobayashi, 2011)).  In fact, in the case of p53 activation, Rubbi and Millner 

demonstrated in their landmark study that DNA damage at the nucleoli, but not at 

nucleoplasmic DNA, is necessary and sufficient to activate p53. This activation of p53 

can be achieved by the inhibition of Pol I transcription, even in the absence of DNA 

damage (Rubbi and Milner, 2003).  Conversely, upregulated rRNA synthesis can result 

in decreased p53 response to cytotoxic stress (Donati et al., 2011a).  These studies 

indicate that p53 activation in response to DNA damage is directly related to nucleolar 

structure and function. However, less is known about how perturbations at the nucleoli 

impact upon other DDR pathways, and the overall sensitivity to DNA damage.  

 

For some DDR proteins, conditions that alter their nucleolar localisation have in fact 

been reported to impact upon their function in response to DNA damage. For example, 

PARP1, which regulates multiple cellular processes, is enriched in the nucleoli where it 

is involved in regulation of Pol I transcription through maintenance of repressive 

epigenetic state (Guetg et al., 2012). Upon DNA damage PARP1 translocates to the 

nucleoplasm, where it is activated by binding to DNA breaks, and is involved in DNA 

repair and induction of cell death (Rancourt and Satoh, 2009; Moore et al., 2011). 

Notably, delocalization of PARP1 from the nucleoli and its enrichment in the 

nucleoplasm sensitises cells to DNA-damage induced cell death (Rancourt and Satoh, 

2009). NPM also translocates from the nucleoli following DNA damage, as described 

above, and it can localise to DNA DSBs in the nucleoplasm (Koike et al., 2010). 

Inhibition of NPM association with gH2A.X sensitises cells to IR (Sekhar et al., 2011). 

BER protein APE1 (apurinic/apyrimidinic endonuclease 1), whose nucleolar 

localisation is modulated by NPM, translocates to the nucleoplasm following cisplatin 

treatment. Cells expressing mutant APE1, which does not relocalise after cisplatin 

treatment, showed significantly increased sensitivity to the drug (Poletto et al.). 

Conversely, tumor suppressor ING1 (inhibitor of growth protein 1) accumulates in the 

nucleoli after UV-irradtiation and stabilises CSIG, which activates downstream 

effectors to promote apoptosis. Mutant ING1 proteins that are not targeted to the 

nucleoli are unable to promote apoptosis following DNA damage (Scott et al., 2001; Li 

et al., 2012). Therefore, it is possible that the relocalisation of DDR proteins following 

changes in rates of Pol I transcription has consequences for sensitivity to DNA 

damage.  
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These findings suggest it is possible that DDR is altered when nucleolar structure and 

function is disrupted by inhibition of Pol I transcription by CX-5461. However, it is 

difficult to predict whether cells will be rendered less sensitive to DNA damage, for 

example due to the early activation of DDR pathways, or more sensitive to DNA 

damage, for example due to misregulation of DDR.  Therefore, we considered two 

alternative hypotheses, that a) CX-5461 treatment protects cells from DNA damage, or 

conversely b) CX-5461 treatment sensitises cells to DNA damage.  

 

6.5.2 Results. 

To determine whether the repair of DNA damage is affected by the cellular response 

to CX-5461, we first performed alkaline comet assays to determine levels of DNA 

damage following UV irradiation in the presence of CX-5461. We utilised BJ-T cells, 

with wild-type p53, as we wished to establish the overall consequences of nucleolar 

disruption on DDR, rather than signaling through any specific DDR pathway. BJ-T cells 

were pre-treated with vehicle or 1µM CX-5461 for 10min, then irradiated with 250J/m2 

UV and incubated for 20min (FIGURE 30 A). Following 30min treatment with CX-5461 

alone, no difference was observed in comet tail moment compared to vehicle treated 

cells (difference between means -20.66±16.34, n.s. for n=2 experiments), as we had 

previously shown (see Section 5.3). Following 20min after 250J/m2  UV irradiation, 

increased comet tail moment was observed compared to vehicle treated cells, as 

expected following DNA damage (from 163 ETM in vehicle treated cells, to 510 ETM in 

UV treated cells ****p<0.0001). Strikingly, cells that were UV irradiated in the presence 

of CX-5461 showed increased levels of DNA damage, with significantly increase tail 

moment compared to UV alone (from 510 ETM in vehicle treated cells, to 653 ETM in 

UV treated cells ****p<0.0001). This indicates that cellular response to CX-5461 is 

associated with attenuated repair of DNA damage.  These experiments were 

performed in collaboration with Dr. Amit Khot and Dr. Elaine Sanij. 

 

To extend this analysis, we performed IF analysis for gH2A.X in BJ-T cells following 

gIR in the presence of CX-5461.  BJ-T cells were pre-treated with vehicle or 1µM CX-

5461 for 10min, then irradiated with 10Gy gIR and incubated for 30min, 1hr, 3hr or 6hr 

(FIGURE 30 B). Following 1µM CX-5461 alone, there was no increase in gH2A.X foci 

compared to vehicle treated cells, as we have shown previously (See Section 5.3). 

Following gIR alone, increased gH2A.X foci were observed, as expected following DNA 

damage. The maximum number of foci were observed at 30min following irradiation, 

with reduced foci at later time points, likely due to the DNA repair of DSBs. 
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Interestingly, cells that were exposed to gIR in the presence of CX-5461 displayed 

increased gH2A.X foci compared to vehicle treated cells at all time points, but 

displayed reduced number and intensity of gH2A.X foci compared to gIR alone at 

30min following irradiation. In these cells, gH2A.X foci were not reduced at later time 

points, but were sustained at low levels. This suggests that DDR proteins are recruited 

to sites of DNA damage at reduced levels following CX-5461 treatment delaying DNA 

repair.  

 

Next, we examined whether the cellular response to CX-5461 is associated with 

attenuated repair of DNA damage at the rDNA, specifically. There is recent evidence 

that repair of DNA damage at the rDNA occurs by mechanisms that differ to those at 

other sites (Stimpson et al., 2014; van Sluis and McStay, 2015)(Reviewed in (Larsen 

and Stucki, 2016)). Rates of Pol I transcription could conceivably influence DNA repair 

at the rDNA, however it is unclear whether this is the case. On one hand, the 

association of a number of DDR proteins with Pol I has led others to propose that DNA 

repair is coordinated with rRNA synthesis (Reviewed in (Drygin et al., 2010)). On the 

other hand, increased rates of Pol I transcription can result in increased levels of DNA 

damage and instability at the rDNA (Guetg et al., 2010; Ide et al., 2010; Wang et al., 

2013). Further, the increased activation of DDR proteins specifically in the nucleoli 

following CX-5461 treatment, as we have shown for NBS1 above, may be protective 

for the rDNA loci. Therefore, conditions that influence repair of genome outside of the 

nucleous may not extend to the rDNA.  

 

To determine whether the cellular response to CX-5461 prevents DNA repair at the 

rDNA, we utilised the U2TR-I-PpoI-dd system described above to examine levels of 

DNA damage at the 28S I-PpoI target site (See Section 5.3).  As I-PpoI continues to 

cleave DNA while earlier lesions are undergoing DNA repair, the relative levels of DNA 

damage detected reflect the balance between these two processes. I-PpoI activity was 

induced in U2TR I-PpoI-dd cells as described above, and cells were treated with either 

vehicle or 1µM CX-5461 for the final two hours of endonuclease activation (FIGURE 

30 C). Cells treated with 1µM CX-5461 during I-PpoI activation showed a significant 

increase in 28S DNA damage, compared to I-PpoI induction alone (corresponding to a 

1.5-fold reduction in amplification of the of the target site, *p<0.05). Interestingly a 

slight increase in levels of 28S DNA damage was also observed in the presence of 

CX-5461 treatment alone (corresponding to a 1.1-fold reduction in amplification of the 

of the target site, n.s. for n=3 experiments). This may have arisen as a result of 
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reduced DNA repair of background I-PpoI endonuclease activity, as described above. 

These results indicate that DNA repair is compromised at the rDNA following CX-5461 

treatment.  

 

We also used this system to examine whether CX-5461 treatment affects the 

recruitment of DDR proteins to DSBs at the rDNA. ChIP analysis was performed for 

ATM at rDNA adjacent to the I-PpoI endonuclease target site, for the conditions 

described above. ATM was recruited to the rDNA at similar leveIs following both I-PpoI 

induction alone, and CX-5461 treatment during I-PpoI activation (% total DNA I-PpoI 

induction alone =0.088, I-PpoI induction +CX-5461 =0.091, difference between means 

0.0025±0.0013, n.s. for n=3 experiments) (FIGURE 30 C).  However, as there was 

significantly more DNA damage in these cells (see FIGURE 30 C), this suggests there 

are reduced levels of ATM per DNA damage site. This was also observed for NBS1, 

where enrichment at the I-PpoI endonuclease target site was reduced by 

approximately half in the presence of CX-5461 (n.s. for n=1 experiment). Therefore, 

DDR proteins can be recruited to DNA damage sites at the rDNA in the presence of 

CX-5461, however this may be at reduced levels.  

 

6.5.3 Conclusions.  

These results suggest that DNA damage repair is attenuated following treatment with 

CX-5461.  While CX-5461 alone does not induce DNA damage at early time points, 

when DNA damage arises from other sources (for example UV or g-IR), increased 

levels of DNA damage are observed in the presence of CX-5461. DNA damage repair 

appeared to be attenuated at both the rDNA, and at sites across the entire genome. 

However, we have not investigated the mechanisms by which this occurs in depth.  

 

6.6  Discussion. 

 
We investigated the mechanism by which CX-5461 activates the ATM/ATR signaling 

pathway independently of DNA damage. While a small number of publications have 

shown that activation of ATM and ATR can occur in the absence of DNA DSBs and/or 

ssDNA, none of the currently known mechanism of activation are linked to nucleolar 

function.  

 

6.6.1 Unique characteristics of inhibition of Pol I transcription by CX-5461. 

First, we established whether ATM/ATR signaling pathway activation was a result of 

inhibition of Pol I transcription specifically, rather than any as yet unidentified effects of 
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CX-5461. This was of particular interest as treatment with ActD, a commonly used 

inhibitor of Pol I transcription elongation, did not result in ATM/ATR signaling pathway 

activation or G2 cell cycle arrest in BJ-T p53shRNA cells. Treatment with a small 

molecule with almost identical structure to CX-5461, which did not inhibit Pol I 

transcription (CX-5447), did not activate the ATM/ATR signaling pathway. This gives 

us confidence that this class of small molecules does not result in non-specific 

activation of ATM/ATR. Treatment with another small molecule inhibitor of Pol I 

transcription, with a more divergent structure to CX-5461 (CX-5488), did activate the 

ATM/ATR signaling pathway (FIGURE 25). This indicates that ATM/ATR activation 

arises as a result of inhibition of Pol I transcription initiation, specifically. Interestingly, 

a recent publication by Ma and Pederson (Ma and Pederson, 2013) found that HeLa 

cells treated with ActD do undergo S phase delay and G2 cell cycle arrest. This is also 

associated with the activation of ATR, independently of DNA damage.   In their 

experiments, specific conditions of ActD treatment were required to activate the ATR-

mediated G2 cell cycle checkpoint: 30min treatment with ActD resulted in inhibition of 

Pol I transcription to undetectable levels, but transcription recovered and there was no 

significant change in cell cycle profile; However, 2hr treatment with ActD resulted in 

inhibition of Pol I transcription that was sustained for up to 20hr, when cell cycle arrest 

was observed. Therefore, these results may be consistent with our hypothesis that 

ATM/ATR activation arises as a result of certain conditions of Pol I occupancy at the 

rDNA, rather than inhibition of Pol I transcription per se.  

 

As CX-5461, but not ActD, acutely activates the ATM/ATR signaling pathways, we 

reasoned that the mechanism of ATM/ATR activation is related to the difference 

between these inhibitors.  Based on our knowledge of the mechanism of Pol I 

transcription inhibition by ActD (which prevents Pol I transcription elongation) and CX-

5461 (which inhibits PIC assembly and Pol I transcription initiation), we expected that 

a key difference between these treatments would be the level of Pol I occupancy at the 

rDNA, and we demonstrated that this was the case. Following 2hr ActD treatment, Pol 

I remained associated with the rDNA promoter and across the transcribed region, 

while following 2hr CX-5461 treatment, Pol I is displaced from the rDNA promoter and 

across the entire rDNA repeat (FIGURE 26).  

 

Interestingly, different signaling pathways mediate Pol I transcription at different 

stages, including PIC formation, initiation of transcription, and transcriptional 

elongation (See Section 1.1.3). For DNA damage signaling pathways specifically, in 

the few cases where the mechanism of inhibition Pol I transcription has been 
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elucidated, it has been found that the association of SL1 at the rDNA and/or PIC 

assembly is targeted. For example, p53 binds directly to SL1 preventing its interaction 

with UBF and PIC assembly (Zhai and Comai, 2000), induction of DSBs results in 

ATM activation and interferes with Pol I initiation complex assembly (Kruhlak et al., 

2007), and DNA-PK auto-phosphorylation promotes displacement of SL1 from the 

rDNA (Michaelidis and Grummt, 2002). Therefore, targeting of SL1 and inhibition of 

PIC assembly by CX-5461 may resemble the nucleolar response to DNA damage.  

 

These results would be strengthened by additional controls that inhibit either Pol I 

transcription initiation or Pol I transcription elongation. We attempted to target Pol I 

transcription initiation by siRNA depletion of POLR1A and RRN3. However, we were 

unable to achieve sufficient reduction of Pol I transcription - rates of Pol I transcription 

were reduced by approximately 50% after 48hr. This may be due to the fact that less 

than 10% of Pol I is utilised for transcription at any time, so even a small amount 

remaining after knockdown enables effective rates of 47S pre-rRNA transcription (See 

FIGURE 11 F). Under these conditions of inhibition, we could not detect activation of 

ATM/ATR signaling. We expect this is due to the differences in rapid inhibition of over 

80% of Pol I transcription by CX-5461 within 1 hour of treatment, compared to 

relatively delayed and less efficient inhibition of Pol I transcription by RNAi, as the lack 

of correlation between small molecule inhibition and RNAi phenotypes is an 

established phenomenon (Weiss et al., 2007).  
 

The displacement of Pol I from active ‘open’ rDNA repeats following CX-5461 

treatment creates unusual ‘exposed’ rDNA repeats (FIGURE 26). Typically, Pol I is 

present at very high levels on active ‘open’ rDNA repeats - studies in yeast have 

shown that Pol I is 10-100x more dense than Pol II per open reading frame, with 

frequent contact between adjacent polymerases and continuous tracks of Pol I (French 

et al., 2003; Albert et al., 2011).  The ‘exposed’ rDNA repeats are characterised by an 

‘open’ chromatin conformation, with association of UBF across the length of the 

transcribed region and accessibility to psoralen, but the complete absence of Pol I. 

This is an unusual state, as even during the complete shut down of Pol I transcription 

and disassembly of the nucleoli during mitosis, Pol I remains associated with the open 

rDNA repeats (Reviewed in (Dimario, 2004)). During differentiation, when rates of 

rDNA transcription are reduced, the proportion of active ‘open’ rDNA repeats are also 

reduced, suggesting rDNA transcription is concentrated at fewer genes in order to 

maintain the mean number of polymerases per gene (Reviewed in (Sanij and Hannan, 

2009)). Therefore it is possible that ‘exposed’ rDNA repeats have functional 
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consequences for the cell.  

 

An interesting observation is that following long term CX-5461 (24hr or 48hr), there 

was an increased proportion of rDNA repeats in an ‘open’ conformation accessible to 

psoralen (FIGURE 26 C). As this arose well after the activation of the ATM/ATR 

signaling pathways, we did not pursue it in depth. However, this could conceivably 

occur due to either a) a change in the conformation of rDNA repeats from open to 

closed, or a change in the total number of rDNA repeats, with either b) an increased 

number of open rDNA repeats, or c) a decreased number of closed rDNA repeats. We 

speculated that it could be due to preferential replication of active rDNA repeats 

associated with the S-phase defect in these cells - active rDNA repeats are replicated 

in early S-phase while inactive rDNA repeats are replicated in late S-phase (ie. 

scenario ‘b’) (Li et al., 2005) (Dimitrova, 2011).  However, BrdU-IP experiments 

determining rates of rDNA replication in early and late S-phase showed that this was 

not the case (FIGURE 28).  Another possibility is that CX-5461 treatment prevents Pol 

I transcription of the pRNA component of the nucleolar remodelling complex (NoRC), 

which is required for the epigenetic silencing of rDNA repeats (ie. scenario ‘a’). The 

pRNA is transcribed by Pol I from transcriptionally competent rRNA genes during mid 

S-phase, acting in trans with NoRC to inherit repression of late replicating silent rDNA 

copies.  Strikingly, depletion of another NoRC component, TIP5, has been shown to 

result in a reduction in rDNA copy number, specifically of late-replicating inactive rDNA 

(ie. scenario ‘c’) (Li et al., 2005; Guetg et al., 2010; Santoro et al., 2010). Thus, it 

would be interesting to pursue whether CX-5461 also inhibits Pol I transcription of 

pRNA, as based on these results we predict this may result in abrogation of NoRC-

dependent rDNA silencing and drive rDNA instability.   

 

6.6.2 Addressing the mechanisms of ATM/ATR pathway activation by CX-5461. 

Having ascertained that there are distinct differences between the inhibition of Pol I 

transcription by CX-5461 and ActD - namely that following CX-5461 treatment Pol I is 

absent the rDNA promoter, which remains in an ‘open’ configuration - we developed 

hypotheses relating to how the ATM/ATR signaling pathway could be activated by 

inhibition of Pol I transcription initiation, rather than inhibition of Pol I transcription per 

se. A review of the current literature suggested a surprisingly diverse number 

mechanism by which this could occur. Broadly, they fell into three different groups. 

The first was that ATM/ATR could be locally activated at the rDNA, due to the 

interaction of ATM/ATR or their mediator proteins with ‘exposed’ rDNA chromatin. The 

second was that the specialised mechanisms that regulate rDNA replication could be 
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compromised by the absence of Pol I from the active rDNA repeats. The third was that 

DDR proteins that localise to the nucleoli could be released due to changes in 

nucleolar structure, and act in DDR signaling pathways. Therefore, we chose to 

address each of these general scenarios individually, in order to begin to narrow down 

the potential mechanisms by which CX-5461 treatment can activate the ATM/ATR 

signaling pathway.  

 

The first hypothesis received the most support from our results. ATM and ATR can be 

activated in the absence of DNA damage by a number of mechanisms, which include 

among others activation by chromatin conformation changes and/or association of 

certain ATM/ATR pathway proteins with chromatin (Soutoglou and Misteli, 2008; 

Sokka et al., 2015). As active rDNA repeats become ‘exposed’ following CX-5461 

treatment, we considered they could be more available to ATM, ATR, or their 

associated proteins, resulting in local activation of ATM/ATR across these genes. Our 

results show that following 1hr CX-5461 treatment, there is a significant increase in 

levels of NBS1 phos-S345 in the nucleolus (FIGURE 27). NBS1 is part of the MRN 

complex that mediates the recruitment of ATM to chromatin, and NBS1 

phosphorylation at S345 is a substrate for ATM, suggesting that ATM is recruited to 

rDNA chromatin and activated following CX-5461 treatment. We detected this 

increased level of nucleolar NBS1 phos-S345 specifically in S/G2, the cell cycle phase 

in which ATM/ATR signaling is predominantly activated following CX-5461 treatment. It 

has been previously established by Soutoglou and Mistelli (Soutoglou and Misteli, 

2008) that tethering of either ATM or NBS1 to chromatin is sufficient to result in ATM 

activation and G2 cell cycle arrest in NIH3T3 cells the absence of DNA damage. In 

their experiments, tethering of NBS1 to chromatin resulted in recruitment of other MRN 

components, as well as NBS1-S345 and ATM-S1987 activating phosphorylations, 

however the recruitment of ATM at the chromatin was not detected. Similarly, we did 

not detect ATM binding at the rDNA by CHIP analysis (FIGURE 27), suggesting that it 

is transiently activated at this site. Therefore, we propose that following inhibition of 

Pol I transcription initiation by CX-5461, MRN components are recruited to the rDNA 

chromatin, and this is sufficient to activate ATM signaling in the absence of DNA 

damage. A similar mechanism could conceivably be involved in ATR activation, for 

example TopBP1 can bind to the rDNA repeat and locally activate ATR in the absence 

of DNA damage (Sokka et al., 2015). However, we have not demonstrated the direct 

recruitment of NBS1 or other ATM/ATR pathway proteins to rDNA following CX-5461 

treatment. Our ChIP assays may have had insufficient sensitivity as they were 

performed in asynchronous cell cycle populations (in which we expect <25% to be in 
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S-phase), or because the enrichment of ATM/ATR pathway proteins at any certain 

position across the 13.3 kb transcribed region of the rDNA repeat is relatively small. 

Alternatively, we cannot rule out that the observed association of NBS1 with the 

nucleoli and activation of ATM following inhibition of Pol I transcription initiation by CX-

5461 occurs via indirect association with rDNA chromatin.  

 

The second hypothesis is not supported by our results. Replication of the rDNA 

involves specialised mechanisms that enable coordinated Pol I transcription and 

replication. As such, we considered inhibition of Pol I transcription initiation by CX-

5461 could affect rDNA replication specifically at active ‘open’ rDNA copies.  For 

example, the absence of Pol I may prevent the recruitment of factors required for 

efficient replication of rDNA repeats, such as TTF1, which is recruited to the RFB and 

required for fork arrest specifically at transcriptionally competent rDNA (Akamatsu and 

Kobayashi, 2015). Also, due to the repetitive nature and high GC content of the rDNA, 

‘exposed’ rDNA repeats could be prone to the formation of DNA secondary structures 

or DNA:RNA hybrids, which would pose a challenge to DNA replication (Maizels and 

Gray, 2013) (Chan et al., 2014).  However, a defect in replication would be expected to 

give rise to ssDNA associated with RPA in order to activate ATR, and DSBs 

associated with gH2A.X in order to activate ATM, neither of which were observed 

following short-term CX-5461 treatment (FIGURE 21).  We investigated a potential 

replication defect at the rDNA regardless of this for two reasons: first, as there are 

specialised mechanisms of replication and repair at the rDNA, we considered there 

was a slight possibility that a replication defect may not be recognised by these 

canonical pathways; second, while we had appropriate controls for detection of DSBs 

and ATM association with the rDNA, this was not the case for ssDNA and ATR.  We 

were able to address the question of whether inhibition of Pol I transcription initiation 

by CX-5461 affects replication specifically at the active ‘open’ rDNA by determining if a 

defect in replication arises when cell are treated with CX-5461 either in early S-phase 

(when active rDNA repeats are replicated), or late S-phase (when inactive rDNA is 

replicated) (Li et al., 2005). We showed that both active and inactive rDNA repeats, as 

well as early and late replicating genes at other loci, display a delay in replication 

directly following 2 hours of CX-5461 treatment; this indicates that the delay in 

replication arises as a result of activation of a general S-phase checkpoint, rather than 

a defect in replication specifically at active rDNA repeats from which Pol I has been 

displaced.  
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For the third hypothesis, our results are less conclusive. We considered whether 

activation of ATM/ATR signaling occurs is a diffuse manner, as a result of signaling by 

DDR pathway proteins, whose activity can be modulated by the nucleoli. This 

hypothesis is supported by two key ideas: first, that numerous proteins associated with 

DDR localise to the nucleoli; second, that activation of DDR response following DNA 

damage is associated with inhibition of Pol I transcription and reorganisation of 

nucleolar structure. The activation of ATM/ATR via changes in nucleolar structure is 

supported more directly by a number of publications. For example, ATM can be 

activated by Aurora B, which is present in the nucleoli (Andersen et al., 2005; Yang et 

al., 2011). ATR can be activated by nucleolar protein p14ARF, resulting in its 

relocalisation to the nucleoli (Rocha et al., 2005). MDM2 can bind Nbs1, and this 

interaction occurs at a site overlapping that of RPL5 binding to MDM2, suggesting 

Nbs1 is released under conditions of nucleolar stress (Alt et al., 2005). NCL relocalises 

from the nucleoli to the DSBs following DNA damage, and knockdown of NCL results 

in reduced ATM activation (Kobayashi et al., 2012). Our results showed that inhibition 

of Pol I transcription by CX-5461 resulted in significant changes in nucleolar structure. 

These changes occurred early and corresponded with the onset of ATM/ATR signaling 

pathway activation (FIGURE 20 and FIGURE 29). Following inhibition of Pol I 

transcription initiation by CX-5461 for as little as 30min, rDNA repeats coalesce, the 

FC, DFC, and GC condense around them, and some nucleolar components disperse 

into the nucleoplasm. Therefore, it is likely proteins that act in DDR do translocate from 

the nucleoli following inhibition of Pol I transcription inititation by CX-5461, such as we 

observed for WRN (FIGURE 29).  However, the reorganization of nucleolar structure 

following CX-5461 treatment appears to be different from the reorganization of 

nucleolar structure that occurs during DNA damage response. For example, following 

DNA damage induced by I-PpoI endonuclease in the U2TR-I-PpoI-dd cell lines, UBF 

relocalised to one or two foci at the periphery of a condensed nucleoli (FIGURE 21).  

We do not believe this prohibits the scenario that DDR pathway proteins have 

functional consequences when relocated from the nucleolus in response to CX-5461. 

However, we did not pursue whether this was the case. As we have shown that NBS1 

activation occurs within the nucleoli (FIGURE 27), our data therefore strongly suggest 

that ATM/ATR pathway activation occurs at the rDNA, rather than due to diffuse 

signaling outside of the nucleolus.  

 

6.6.3 The nucleoli as mediators of DNA damage response. 

There are several lines of evidence that the nucleoli are involved in DDR, including 

that inhibition of Pol I transcription and reorganisation of nucleolar structure following 
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DNA damage is associated with translocation of DDR proteins to and from the 

nucleoli. Further, p53 activation following DNA damage only occurs when damage 

occurs within the nucleoli (Rubbi and Milner, 2003; Moore et al., 2011). This has led 

others to propose that the nucleoli play a key role in mediating DDR as a whole, 

however to our knowledge this has never been directly established. On the one hand, 

it has been suggested that rDNA is particularly prone to DNA damage, and the nucleoli 

may be utilised to activate DDR in a highly sensitive manner to protect the genome as 

a whole (Reviewed in (Boisvert et al., 2010; Kobayashi, 2011)). On the other hand, the 

correct localisation of DDR proteins to the nucleoli may be required for their function in 

DDR (Rancourt and Satoh, 2009; Li et al., 2012; Poletto et al., 2014a).  We considered 

how the cellular response to CX-5461 might affect DNA damage response: could CX-

5461 prime cells to rapidly respond to DNA damage due to an abundance of pre-

activated ATM/ATR kinases, or conversely, prevent the cells from responding to DNA 

damage by engaging the available ATM/ATR kinases in a separate pathway? For 

example, oxidation mediated activation of ATM prevents further activation of ATM by 

the MRN pathway, and is suggested to direct ATM kinase activity to a different set of 

targets (Guo et al., 2010). Therefore, we investigated whether CX-5461 results in 

altered response to DNA damage.  

 

We have shown that the repair of DNA damage in general is impaired following 

treatment with CX-5461 (FIGURE 30). At the rDNA, we were able to utilize I-PpoI 

endonuclease induced DNA DSBs to observe that rates of repair at these loci are 

reduced following CX-5461 treatment, and that the recruitment of DDR proteins to a 

specific DSB is also relatively reduced (FIGURE 30). In addition, IF analysis of DNA 

damage repair foci in BJ-T and BJ-T p53shRNA cells (E.Sanij and K. Chan, personal 

communication) have yielded similar results, suggesting that the observed phenotype 

arises at least in part through p53-independent DDR pathways. The compromised 

DNA repair following treatment with CX-5461 was associated with a number of 

observations that may relate to DDR pathway function. First, RNA sequencing results 

indicate that there is not an overall decrease in rates of transcription across the 

genome following inhibition of Pol I transcription initiation by CX-5461. This is also 

supported by our previously published microarray results in transformed cell lines 

(Drygin et al., 2011).  This suggest that DNA damage repair is not compromised as a 

consequence of reduced recognition of DNA lesions by transcribing polymerases. 

Second, the localisation of DDR proteins in the nucleoli is altered following CX-5461 

treatment, and this differs to the changes in localisation observed following DNA 

damage alone. This suggests that the regulation of DDR proteins by the nucleoli may 
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be altered following inhibition of Pol I transcription initiation. For example, regulatory 

modifications of DDR factors that occur in the nucleoli may be compromised (Kahyo et 

al., 2008; Muftuoglu et al., 2008; Lee et al., 2015), or proteins that are accumulated in 

the nucleoli in order to buffer their activity may be inappropriately released to interact 

with their targets and/or undergo proteasomal degradation (Jin et al., 2014). Third, the 

association of DDR proteins with DNA damage foci appears to be reduced following 

CX-5461 treatment (for example ATM, NBS1, gH2A.X). This could be due to either 

compromised recruitment of DDR proteins to DNA damage sites, or reduced levels of 

DDR proteins. Strikingly, our RNA sequencing results showed that the expression of a 

number of DDR proteins was down regulated at early timepoints following CX-5461 

treatment (FIGURE 18). Also, a recent publication from our laboratory has shown that 

Pol I transcription factor UBF is also associated with a number of highly expressed Pol 

II transcribed genes, including genes involved in the regulation of cell cycle 

checkpoints and DDR (Sanij et al., 2015). This indicates nucleolar transcription factors 

may be utilised to coordinate Pol I transcription with distinct Pol II transcription 

programs, such as DDR and other stress responses. Overall, we have been able to 

utilise the acute and specific inhibition of Pol I transcription initiation by CX-5461 to 

begin to directly address the recent speculation that the nucleoli can mediate DDR. 

Our results suggest that targeting the nucleoli by inhibition of Pol I transcription 

initiation by CX-5461 can attenuate DNA damage repair.  

 

6.6.4 Conclusions. 

Altogether, we have shown that inhibition of Pol I transcription initiation by CX-5461, 

which results in displacement of Pol I from active rDNA repeats, is associated with 

activating the ATM/ATR signaling pathways. The mechanism by which the pathway is 

activated is not clearly defined, but we have shown that there are increased levels of 

the ATM substrate NBS1 (phos-S345) specifically in the nucleoli during S/G2, 

corresponding to ATM/ATR pathway activation following CX-5461 treatment.  This 

leads us to propose a model where ATM and ATR are locally activated at the nucleoli 

due to association with exposed rDNA chromatin. However, there may be different 

pathways involved in regulation of ATM/ATR signaling at the nucleoli. For instance, 

nucleolar regulation of p53 alone has been shown to be a precise and multifaceted 

process (See Section 1.2.1). Therefore, the regulation of other stress signaling may be 

just as complex.  Intriguingly, inhibition of Pol I transcription initiation by CX-5461 

appears to attenuate the repair of DNA damage. This may simply be a result of 

disruption of nucleolar structure and function, leading to ineffective nucleolar regulation 

of DDR pathways. Alternatively, it is possible that it mimics a physiologically relevant 
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function of the nucleoli, related to its role in coordinating cellular stress response. In 

support of this, the altered localisation of some proteins from the nucleoli to the 

nucleoplasm can sensitise cells to DNA damage (Rancourt and Satoh, 2009; Poletto 

et al., 2014a). Therefore, under sub-optimal growth conditions that inhibit Pol I 

transcription, or in response to defects in rDNA chromatin, the nucleoli may mediate a 

switch in DDR, preventing DNA repair and subsequent cell cycle progression, and 

promoting senescence or cell death pathways.  This extends the model of the nucleoli 

as a central ‘hub’ that collates the numerous cell growth and stress signaling 

pathways, and then in turn coordinates appropriate cell growth or stress response. 
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FIGURE 25. ATM/ATR signaling is activated by small molecule inhibitors of Pol I 

transcription initiation, CX-5461 and CX-5488, but not Actinomycin D. A) Western 

blot analysis of phos-CHK2(T68) in BJ-T p53shRNA cells following treatment with 

NaH2PO4 vehicle control (30min), 5nM ActD (30min, 3hr) or 1μM CX-5461 (30min, 1hr, 

3hr) (representative of n=3) B) Structure of small molecules CX-5461, CX-5447 and 

CX-5488. C) qRT-PCR analysis of expression of 47S pre-rRNA following 10nM-10µM 

dose curve treatment with CX-5461, CX-5447 or CX-5488. Fold change relative to 

vehicle control (n=3±sem. ****p<0.0001; 1μM CX-5461 mean = 21.74%; 1μM CX-5488 

mean = 20.09%).  D) Western blot analysis of BJ-T cells treated with 10nM-1µM dose 

curve of CX-5461, CX-5447 or CX-5488 (representative of n=3). E) Cell cycle analysis 

with PI staining for DNA content of BJ-T cells following 48hr treatment with vehicle 

control, 1μM CX-5447 or 1μM CX-5488 (representative of n=3). F) Dose-response cell 

proliferation assays for BJ-T (solid line) and BJ-T p53shRNA (dashed line) cells 

treated with vehicle control or 1µM CX-5461 from 0hr to 96hr. Cell proliferation is 

determined by % confluency of live cells in culture measured using an IncuCyte Zoom 

(Essen Biosciences) (n=1, mean±SD of technical replicates). 
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FIGURE 26. CX-5461, but not Actinomycin D, displaces Pol I from ‘open’ rDNA 
repeats. A) Schematic of human rDNA repeats and the position of pRT-PCR 

amplicons (ENH, enhancer; ETS, external transcribed spacer; ITS, internal transcribed 

spacer; T, terminator; RFB, replication fork barrier; IGS, intergenic spacer), as well as 

the position of the amplicon used to generate a probe for Sal I digested rDNA used in 

psoralen crosslinked Southern blotting analysis. B) ChIP analysis of Pol I (POLR1A) 

and UBF binding to rDNA in BJ-T (n=3) and BJ-T p53shRNA (n=3(UBF) / 

n=4(POLR1A)) cells treated with vehicle control, 5nM ActD, or 1µM CX-5461 

(mean±sem. *p<0.05, **p<0.005, relative to vehicle control sample). C) Analysis of 

rDNA chromatin conformation in BJ-T cells treated with 1µM CX-5461 for 3hr-48hr. 

(Left panel) Southern blotting of rDNA isolated from psoralen crosslinked nuclei 

(representative image of n=3). (Right panel) Quantitation of the proportion of open 

versus closed rDNA using Phosphoimager Imagequant software (n=3, mean ± s.e.m). 
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FIGURE 27. ATM substrate NBS1 (phos-S345) is specifically activated at the 
nucleoli during S/G2 following CX-5461 treatment. A) Schematic of human rDNA 

repeats and the position of the I-PpoI endonuclease target site within 28S, as well as 

the qRT-PCR amplicons across (Primer Set 1) and adjacent (Primer Set 2) to the cut 

sites. B) ChIP analysis of ATM binding at the 28S I-PpoI endonuclease target site (left) 

and the rDNA promoter (right) in U2TR I-PpoI-dd cells following 2hr treatment with 

1μM CX-5461 or 3hr stabilization of I-PpoI endonuclease in U2TR I-PpoI-dd cells (n=3, 

mean±SD, ***p<0.005 relative to IgG control). C&D) Co-immunofluorescence analysis 

of nucleolar protein NPM1 with NBS1 phos-S343 (C) and gH2A.X (D) in BJT 

p53shRNA cells expressing FUCCI mCherry-hCdt1 (red; G1) and mVenus-hGemini 

(green; S/G2/M), 1hr following treatment with vehicle control, 1µM CX-5461, or 10Gy 

gIR. Upper panels: Quantitation of mean nuclear and mean nucleolar (co-localised with 

NPM1) signal intensity of gH2A.X (C) and NBS1 phos-S343 (D) in S/G2 populations. 

S/G2 is defined as Cherry/Venus signal ratio <1.2.  (n=2 experiments with >200 nuclei 

per condition, mean ± SD, normalized to average signal intensity of vehicle control. 

**p<0.005 ****p<0.0001). Lower panel: representative images for each treatment. 
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FIGURE 28. Delay in DNA replication occurs rapidly following CX-5461 treatment 
and occurs in both early and late S-phase. A) Representative image of 

classification of cell cycle populations on the basis of DNA content for FACS. B) IP 

analysis of BrdU enrichment (BrdU-IP) at the rDNA (ETS-1) in asynchronous BJ-T 

cells following 2hr incubation in the presence or absence of BrdU (n=1). C) BrdU-IP 

analysis of G1, early S-phase and late S-phase BJ-T cell populations following 2hr 

BrdU incubation in the presence of absence of 1µM CX-5461. BrdU enrichment was 

determined for rDNA (ETS-1), early replicating gene MMP15 and late replicating gene 

HBB, relative to mitochondrial DNA (n=4, mean±sem. *p<0.05, **p<0.005, 

****p<0.0001 relative to equivalent cell cycle population in untreated cells).  
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FIGURE 29. CX-5461 treatment results in disruption of nucleolar structure, and 
altered localisation of DNA damage response proteins, in a manner distinct from 
DNA damage. A) Combined IF (for UBF; red) and FISH (for rDNA; green) analysis of 

untreated control or 48hr 1µM CX-5461 BJ-T cells (representative images for n=1 

experiment). rDNA FISH identifies both open rDNA repeats (co-stained with UBF) and 

inactive NORs (devoid of UBF; see example indicated by white arrow). B) FISH 

analysis of rDNA (green) with DAPI counterstain (blue) of untreated control or 1hr 1µM 

CX-5461 BJ-T cells (representative images for n=1 experiment. Upper panel: single 

cell images. Lower panel: whole field images). C) IF analysis of UBF, FIB and NPM in 

BJ-T cells following treatment with 1μM CX-5461 for 0hr (30min untreated control), 

30min, 1hr, 3hr and 24hr. (Representative images of n=2/3 experiments). D) IF 

analysis of WRN (red) and NPM (green) with DAPI counterstain (blue) in BJ-T 

p53shNA cells 1hr following 1µM CX-5461 treatment, 100µJ/m2 UV, or 10Gy gIR 

(representative images for n=1 experiment). 
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FIGURE 30. DNA damage repair is compromised following inhibition of Pol I 
transcription initiation by CX-5461. A)  Alkaline comet assay for DNA damage in BJ-

T cells following 30min treatment with NaH2PO4 vehicle control or 1μM CX-5461, ± 

250J/m2 UV at t=10min treatment.  Upper panel: representative images of n=2 

experiments. Lower panel: quantitation of extent tail moment (Extent tail moment = Tail 

Length x Tail % DNA, calculated using MetaMorph MetaImaging Software) (n=2, 

mean±sem ****p<0.0001 relative to corresponding vehicle treated sample). B) 

Immunofluorescence analysis of gH2A.X (red) with DAPI counterstain (blue) in BJ-T 

cells at 30min and 3hr timepoints following 1μM CX-5461 treatment from t=0hr and/or 

250J/m2 UV at t=10min (representative images of n=2 experiments). C) qRT-PCR 

analysis of DNA damage induced at the I-PpoI restriction sequence in 28S rDNA 

following 3hr stabilization of I-PpoI endonuclease in U2TR I-PpoI-dd cells ± 2hr 1μM 

CX-5461 treatment. Relative amplification across the 28S rDNA cut site in I-PpoI 

induced compared to vehicle treated cells, normalized to amplification of the rDNA 

promoter to control for rDNA copy number (n=3, mean ±sem. *p<0.05). D) ChIP 

analysis of ATM (n=3, mean±SD) and NBS1-phosS343 (n=1) at the 28S I-PpoI 

endonuclease target site in U2TR I-PpoI-dd cells treated with vehicle control, 3hr 

stabilization of I-PpoI endonuclease and/or 2hr 1μM CX-5461 treatment. 
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B) γH2A.X IF (BJ-T cells)
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CHAPTER 7: GENERAL DISCUSSION. 
 
7.1  Summary 
 
At the commencement of this research project, we hypothesised that selective 

inhibition of Pol I transcription can offer a novel strategy for cancer therapy.  Increased 

rates of Pol I transcription and dysregulated nucleoli are prevalent in cancer cells, and 

there is an emerging understanding of how nucleolar functions (such as the activation 

of p53 by the nuclear stress pathway) might be related to the hallmarks of cancer. This 

led us to investigate whether there is therapeutic window in which inhibition of Pol I 

transcription can selectively target cancer cells.  Specifically, the aims of this research 

project were to utilise CX-5461, the newly developed specific inhibitor of Pol I 

transcription to: 1) investigate the cellular responses of isogenic cell lines at defined 

stages of transformation to inhibition of Pol I transcription initiation; and 2&3) 

investigate the phenotypic responses to inhibition of Pol I transcription, and the 

molecular pathways that mediate these responses, in normal untransformed cells.  

 

The results presented here demonstrate that in the BJ fibroblast series of isogenic 

cells lines, normal minimally immortalised cells undergo less cell death following 

inhibition of Pol I transcription initiation by CX-5461 than tumorigenic cells. This is 

consistent with our hypothesis that there is a therapeutic window in which inhibition of 

Pol I transcription can specifically target and kill cancer cells without prohibitively 

detrimental effects on normal untransformed cells.  In this model, the sensitivity of 

tumorigenic cells to undergo cell death following CX-5461 treatment is a consequence 

of the evasion of growth and proliferation checkpoints, a typical hallmark acquired 

during the process of transformation. We have shown that normal minimally 

immortalised cells undergo cell cycle arrest at G1, S and G2, following inhibition of Pol 

I transcription initiation. These cell cycle checkpoints are mediated by both the p53 

nucleolar stress pathway, and a novel p53-independent ATM/ATR signaling pathways. 

Inactivation of both these pathways results in escape from cell cycle checkpoints, and 

increased rates of cell death, following inhibition of Pol I transcription initiation by CX-

5461.  

 

7.2  Implications for the utility of CX-5461 in cancer therapy 
 
These findings highlight the importance of understanding the different pathways by 

which cells respond to inhibitors of Pol I transcription to facilitate the advancement of 
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this novel class of cancer therapeutics toward clinical use. Our research group has 

assessed the utility and efficacy of CX-5461 in pre-clinical cancer models. We reported 

that in the murine model of Eµ-Myc lymphoma CX-5461 selectively induces apoptosis 

in malignant B-cells in vivo without affecting the wild-type B-cell compartment. Further, 

the sensitivity of Eµ-Myc lymphoma cells to CX-5461 is dependent upon p53 activation 

by the nucleolar stress pathway (Bywater et al., 2012). However, we have now shown 

CX-5461 can also activate the ATM/ATR pathway and induce a G2/M checkpoint in 

this model, and that in p53 -/-  Eµ-Myc lymphoma, combination therapy with CX-5461 

and a dual inhibitor of CHK1/CHK2 can confer a significantly improved survival benefit, 

compared to a modest survival benefit conferred by CX-5461 treatment alone (Quin et 

al., 2016). Therefore, the identification of pathways activated in response to CX-5461 

can enable us to target therapy to specific cancer types based on the integrity of these 

pathways, and/or identify rational combination therapies that function in p53 mutant 

cancers.  

 

Our research group has also extended these findings to acute myeloid leukemia 

(AML), in mouse models of AML subtypes driven by mixed-linage leukemia (MLL) or 

AML/ETO fusion proteins, as well as patient derived xenograft models (Hein et al., 

2017). Consistent with the results presented above, inhibition of Pol I transcription by 

CX-5461 in both murine and human AML can induce p53-dependent apoptotic cell 

death, as well as activation of CHK1/CHK2 kinases and a G2/M cell cycle defect in 

both p53 null and p53 wild-type AML tumor cell population (Hein et al., 2017). CX-

5461 displayed potent single agent efficacy, including towards the highly aggressive 

MLL AML subtype. Interestingly, in this model inhibition of Pol I transcription initiation 

by CX-5461 also impacts AML tumor cell differentiation, with induction of myeloid 

differentiation of leukemic blasts, and the reduction of leukemia initiating cell 

populations. In this case, Pol I transcription appears to be required for the 

maintenance of self-renewal capacity. This is consistent with recent reports that rates 

of rRNA transcription and the nucleoli may play a regulatory role in the control of 

pluripotency and differentiation (Zhang et al., 2014; Woolnough et al., 2016), and that 

and inhibition of Pol I transcription can induce differentiation (Hayashi et al., 2014; 

Savic et al., 2014) (See Section 1.2.2.6).  The suppression of clonogenic capacity in 

AML is proposed to be responsible for the potent efficacy and lasting therapeutic 

benefit of CX-5461 treatment in this tumor type.   
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Therefore, in different cell and tumor types, diverse pathways may mediate the 

response to inhibition of Pol I transcription initiation, and define the predominant 

mechanism that determines the therapeutic efficacy of CX-5461 treatment.  For 

example, in some models, the selectivity of CX-5461 for targeting tumor cells depends 

upon the non-genotoxic activation of p53 by the nucleolar stress pathway (eg. Eμ-

Myc lymphoma; (Bywater et al., 2012; Devlin et al., 2016)), while in most other tumor 

cells sensitivity to CX-5461 is independent of p53 status (Drygin et al., 2011; Hein et 

al., 2017). The nucleolus is proposed to act as a ‘hub’ for coordinating cellular growth 

and proliferation, and cellular stress response. The well described p53 nucleolar stress 

response serves as a paradigm – it is a complex and nuanced process, with multiple 

layers of regulation targeting p53 transcription, translation, localization, stability, and 

activity as a transcription factor (Reviewed in (Russo and Russo, 2017)). The ability of 

CX-5461 to selectively activate p53 and induce apoptosis specifically in tumor cells is 

proposed to arise as a result of ‘addiction’ to high rates of ribosome biogenesis. In this 

model, in tumor types that have hyperactive Pol I transcription (such as those that are 

driven by the oncogene MYC), the nucleoli are no longer responsive to cellular stress 

signals, therefore the nucleolar stress response is not activated and cells escape 

activation of p53 and its tumor suppressor functions; direct inhibition of Pol I 

transcription immediately restores the nucleolar stress response in these tumor types, 

resulting in the abrupt activation of p53 (Reviewed in (Hannan et al., 2013b)).  There is 

now strong evidence that the nucleoli can coordinate multiple other pathways, 

including cell cycle regulation, DNA damage response, or differentiation (Reviewed in 

(Tsai and Pederson, 2014; Woolnough et al., 2016; Tsekrekou et al., 2017)). We 

predict that nucleolar regulation of these additional responses will be found to be 

similarly as multifaceted as for p53. Importantly, we have demonstrated that 

knowledge of these pathways can be exploited to more effectively utilise inhibition of 

Pol I transcription in cancer therapy.   

 

Early studies have indeed shown promise for improved efficacy of CX-5461 based 

target and/or rational combination therapies. In our research group, Devlin et. al.  

(Devlin et al., 2016) demonstrated that in the same murine model of Eµ-Myc 

lymphoma discussed above, targeting ribosome biogenesis and translation at multiple 

steps by combining CX-5461 with and the mTORC1 inhibitor everolimus, thereby 

inhibiting PI3K–AKT–mTORC1-dependent ribosome biogenesis and protein synthesis, 

resulted in significantly improved survival of tumor bearing mice. Similarly, in the Hi-

MYC mouse model of prostate cancer, combination of CX-5461 with an inhibitor of 

PIM kinases - which increases MYC stability and transcriptional activity, and are 
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frequently overexpressed with MYC in prostate cancer – leads to reduced proliferation 

and invasion, and reversion of tumors (Rebello et al., 2016). Interestingly, in 

chemotherapy-resistant and –sensitive models of ovarian cancer cell lines, 

chemoresistant cells had both increased Pol I occupancy and rRNA synthesis, and 

enhanced sensitivity to treatment with CX-5461, which was associated with DNA 

damage checkpoint activation and G2 arrest through mitotic catastrophe (Cornelison 

et al., 2017). These results were consistent with patient derived xenografts of ovarian 

cancer, which showed increased Pol I activity after chemotherapy, and had a variable 

response to CX-5461, in which one model showed complete response (Cornelison et 

al., 2017). Therefore, CX-5461 may be a novel therapeutic strategy for targeting 

chemoresistant cancers.  

 

An intriguing model is that the prevalence of upregulation of Pol I transcription in 

cancer cells exists, not because of an advantage conferred by increased ribosome 

biogenesis and protein synthesis, but rather because it is necessary to enable cancer 

cells to escape nucleolar regulation of cellular stress response pathways.  In support 

of this, work from our laboratory has shown that a 35% reduction in rDNA transcription 

following Rrn3 knockdown in Eu-Myc-Bcl2+ cells confers no proliferative disadvantage 

for up to 4 days, when Bcl2 was overexpressed to prevent the activation of apoptosis 

by the nucleolar stress pathway (Bywater et al., 2012). This suggests that increased 

Pol I transcription is in excess of that required to sustain growth and proliferation in 

cancer cells. Proto-oncogenes may have evolved to coordinately upregulate Pol I 

transcription alongside promoting growth and proliferation, not simply to provide 

sufficient ribosomes, but instead to prevent the activation of cellular stress response 

pathways by the nucleoli. For example, the C-MYC oncogene drives cell growth 

through transcriptional regulation by MYC of a cohort of genes that comprise around 

15% of the genome, including upregulation ribosomal protein genes and 5S rRNA 

genes. Therefore, the direct upregulation of Pol I transcription by MYC may in part be 

to ensure that L5/L11/5S rRNA are incorporated into new ribosomes, rather than 

available to interact with HDM2 and activate the p53 via the nucleolar stress pathway. 

(Zeller et al., 2001; Schlosser et al., 2003; Poortinga et al., 2004; Arabi et al., 2005; 

Grandori et al., 2005; Grewal et al., 2005; Gomez-Roman et al., 2006; Shiue et al., 

2009; Poortinga et al., 2011b)(Reviewed in (Patel et al., 2004; Dang et al., 2006; 

Ruggero, 2009)). This may make cancers driven by oncogenes such as C-MYC 

particularly vulnerable CX-5461, as nucleolar stress response signaling would be 

amplified upon inhibition of Pol I transcription.  
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7.3  Investigating the mechanisms of ATM/ATR pathway activation  
by CX-5461. 

 

We have extended our initial aims to begin to investigate the mechanisms by which 

the ATM/ATR pathway may be regulated by inhibition of Pol I transcription initiation by 

CX-5461. We have not yet developed a comprehensive understanding of how both 

ATM and ATR signaling pathways are activated independently of DNA damage by CX-

5461. However, we have established that inhibition of Pol I transcription initiation by 

CX-5461 results in the displacement of Pol I at ‘open’ rDNA chromatin, the 

reorganisation of nucleolar structure, and the nucleolar activation of NBS1, which 

recruits ATM to chromatin, at its ATM target site (NBS1 phos-S343). This supports a 

model in which ‘exposed’ rDNA arises from the displacement of Pol I at active rRNA 

genes, making rDNA chromatin available to associate with ATM/ATR pathway 

proteins, which is sufficient for the activation of ATM and ATR independently of DNA 

damage (Soutoglou and Misteli, 2008; Sokka et al., 2015).  

 

Further experiments addressing the mechanisms of ATM/ATR pathway activation by 

CX-5461 would benefit from additional controls for its specificity for inhibition Pol I 

transcription initiation. We could not recapitulate ATM/ATR pathway activation 

following inhibition of Pol I transcription initiation by siRNA knock-down of POLR1A 

and RRN3, likely due to the relatively delayed and less efficient inhibition of Pol I 

transcription by this method. We were able to recapitulate ATM/ATR pathway 

activation using CX-5488, a small molecule inhibitor of Pol I transcription related to 

CX-5461 but with divergent structure. However, we cannot exclude the possibility that 

members of this class of molecule share off target effects unrelated to inhibition of Pol 

I transcription initiation. Therefore, a different approach would more comprehensively 

test our model that inhibition of Pol I transcription initiation is the mechanism 

responsible for activation of ATM/ATR pathway following CX-5461 treatment. For 

example, inducible knock-out of Pol I complex components or transcription factors may 

achieve more rapid and specific inhibition of Pol I transcription (for example, utilising 

CRISPR/Cas systems (Cong et al., 2013; Mali et al., 2013)). Alternatively, as interest 

in inhibition of Pol I transcription as a therapeutic approach for cancer grows, other 

appropriate inhibitors of Pol I transcription initiation may become available. Another 

approach to more comprehensively address the specificity of CX-5461 for inhibition of 

Pol I transcription would be to specifically measure changes in nascent RNA following 

CX-5461 treatment, for example utilising global run-on sequencing (GRO-seq). RNA-

sequencing measures the steady state level of RNAs, which is a product of the rates 
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of transcription as well as the post-transcriptional processing, stability and degradation 

of a given RNA. Techniques such as GRO-seq, which measure levels of nascent RNA, 

provide a more specific assay of rates of transcription (Core et al., 2008). Utilising 

GRO-seq at acute timepoints would therefore allow us to more sensitively determine 

whether CX-5461 is inhibiting transcription at certain other loci, as well as more 

accurately detect the acute downstream transcriptional regulatory pathway responses 

to CX-5461 treatment. A complementary approach would be to perform genome-wide 

analysis of CX-5461 target sites, for example using Chem-seq (chemical affinity 

capture and massively parallel DNA sequencing) (Reviewed in (Rodriguez and Miller, 

2014)). A combination of GRO-seq and Chem-Seq experimental approaches would 

enable us to precisely identify the direct genomic targets of CX-5461. These would 

strengthen our data indicating it is the rapid and specific inhibition of Pol I transcription 

initiation that drives activation of the ATM/ATR pathway by CX-5461. 

 

A key observation is that the activation of the ATM/ATR pathway occurs in S-phase 

and G2 following CX-5461 treatment. For example, CHK1/CHK2 activation is 

predominantly observed during S-phase of the cell cycle (FIGURE 20 C), BJ-T 

p53shRNA cells arrest in G2 following CX-5461 treatment after they have progressed 

through S-phase in the presence of the drug (FIGURE 14 B), and nucleolar activation 

of NBS1 at its ATM target site is increased specifically in S/G2 cell populations 

(FIGURE 27 C). We initially considered whether this was due to inhibition of Pol I 

transcription directly causing a defect in rDNA replication. However, this is not 

supported by our data. Following CX-5461 treatment, activation of the S-phase delay 

occurs in early S-phase, when active rDNA copies are replicated, but also in late S-

phase when inactive rDNA copies, that we do not expect to be affected by inhibition of 

Pol I transcription, are replicated (FIGURE 28 C). Another more comprehensive 

replication assay to consider would be a DNA fibre assay, which visualizes the 

progression of individual replication forks. This would give additional information such 

as origin usage, speed, stalling, and termination of replication forks, and can be 

combined with FISH to analyse the rDNA specifically (Nieminuszczy et al., 2016). 

Considering that the proportion of cells in S-phase is only approximately 30% in 

exponentially growing BJ-T cells, and that the proportion of cells in S-phase can vary 

considerably at different time points following CX-5461 treatment, it is important that 

future studies addressing the mechanisms of ATM/ATR pathway activation take into 

account the cell cycle phase in order to sensitively detect changes that occur 

specifically in S-phase.  
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Currently, we do not have a clear understanding of how the activation of ATM/ATR in 

S-phase and G2 relates to our model presented above, where changes in rDNA 

chromatin state following inhibition of Pol I transcription initiation make it more 

available to associate with and activate ATM/ATR pathway proteins. One possibility is 

that ‘exposed’ rRNA gene copies enable increased R-loop formation at the rDNA. R-

loops are three-stranded structures formed by a DNA:RNA hybrid and a displaced 

ssDNA strand identical with sequence identical to the RNA molecule (Reviewed in 

(Santos-Pereira and Aguilera, 2015)) . The rDNA is particularly prone to R-loop 

formation, likely with RNA acting in trans, and G-rich sequences such as those 

downstream of the rDNA promoter increase the stability of R-loop structures (Nadel et 

al., 2015). Interestingly, the displacement of G-rich ssDNA in the formation of R-loops 

results in G4 DNA structures (see further discussion below).  Altered DNA accessibility 

can meditate the formation of R-loops independently of changes in transcription; for 

example, in Drosophila depletion of linker H1 results in increased accumulation of R-

loops in heterochromatic regions (Bayona-Feliu et al., 2017). R-loops stall replication 

fork progression, which if unresolved can result in DSBs and genomic instability, and 

BRCA1 and BRCA2 are key processing enzymes implicated in the resolution of these 

structures and the removal of R-loops (Bhatia et al., 2014; Hatchi et al., 

2015)(Reviewed in (Stirling and Hieter, 2017)). Therefore, ATM/ATR signaling may be 

activated at R-loops during DNA replication in S-phase. It would be interesting to 

pursue whether increased DNA damage can be detected at the rDNA following CX-

5461 treatment specifically in cell types deficient in the homologous recombination 

(HR) DNA repair pathway, in which BRCA1 and/or BRCA2 are frequently mutated, due 

to unresolved R-loops (Xu et al., 2017)(Reviewed in (Prakash et al., 2015)). Another 

possibility is that inhibition of Pol I transcription prevents the establishment of silent 

chromatin states at newly replicated rDNA in S-phase, resulting in more exposed 

rDNA copies available to associate with ATM/ATR pathway proteins. The pRNA 

component of the nucleolar remodelling complex (NoRC) is transcribed by Pol I from 

the rDNA promoter, and is required for epigenetic silencing of newly replicated rDNA 

repeats. Depletion of another NoRC component, TIP5, has been shown to result in a 

reduction in inactive rDNA copies (Li et al., 2005; Guetg et al., 2010; Santoro et al., 

2010). We have also reported here that following 24hr CX-5461 treatment there is an 

increased proportion of rDNA repeats in an ‘open’ conformation accessible to psoralen 

(FIGURE 26 C). Therefore, it would be interesting to pursue whether CX-5461 also 

inhibits Pol I transcription of pRNA and thus epigenetic silencing of rDNA repeats.  
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Alternatively, we could commit the resources to pursue unbiased analysis and develop 

a screen (for example RNAi knock-down or CRISPR/Cas knock-out) to identify genes 

that mediate the p53-independent anti-proliferative response to CX-5461 treatment. 

While this would be a significant undertaking, it could conceivably both a) identify 

genes required for the activation of the ATM/ATR signaling pathway in response to 

CX-5461, and downstream transmitters and effectors of the ATM/ATR signaling 

pathway in response to CX-5461, but also b) identify additional novel pathways that 

mediated the p53-independent responses to inhibition of Pol I transcription by CX-

5461, and c) identify targets whose inhibition synergises with CX-5461 to induce cell 

death, and could be exploited to enhance the therapeutic efficacy of this treatment 

approach. 

 

Another interesting observation is that CX-5461 treatment can attenuate the repair of 

DNA damage. While no increase in DNA damage is detected at early time points 

following CX-5461 treatment alone, DNA damage introduced from other sources (for 

example irradiation, or induction of a targeted endonuclease) is less efficiently repaired 

following CX-5461 treatment (FIGURE 30). At present, we can only speculate the 

mechanism underlying this. For example, it is possible that perturbation of nucleolar 

structure affects the regulation of DDR proteins by nucleolar localisation (Reviewed in 

(Tsekrekou et al., 2017)). Alternatively, the engagement of the ATM/ATR kinases in a 

separate nucleolar pathway may prevent them from being available for global DNA 

damage response (Guo et al., 2010). Regardless, this phenomenon may also have 

implications for the selective targeting of cancer cells by inhibition of Pol I transcription 

by CX-5461. Genomic instability is a common characteristic that underlies the 

acquisition of mutations that result in the hallmarks of cancer. Therefore, many tumor 

types have defects in DDR and high baseline DNA damage as a feature of their 

tumorigenic phenotype. This has motivated the strategy of developing DDR inhibitors 

for cancer therapeutics (Reviewed in (Gavande et al., 2016)). Similarly, CX-5461 could 

potentially be utilised to exacerbate DNA damage in tumorigenic cells, specifically 

inducing toxicity in these cells while sparing normal undamaged cells. Therefore, 

investigating the efficacy of inhibition of Pol I transcription initiation by CX-5461 in 

cancers with defects in specific DNA damage repair pathways, or in combination with 

traditional DNA damage inducing therapeutics, may be a promising avenue for 

targeted therapy.   
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7.4  G4 stabilisation following CX-5461 treatment 
 
Recently, Samual Aparicio’s research group reported that CX-5461 acts as a DNA G-

quadruplex stabiliser (Xu et al., 2017). Single stranded G-rich DNA sequences can fold 

into stable four stranded DNA structures called G-quadruplexes (G4s). In normal cells, 

G4s are detected at approximately 1% of the over 700,000 predicted G4 forming 

sequences (Reviewed in (Hansel-Hertsch et al., 2017)). The determinants of G4 

formation are not fully understood.  Most G4s form at transcriptionally active 

chromatin. Transcription of G-rich templates such as the rDNA can be accompanied 

by the formation of G4 DNA structures in the non-template strand (Duquette et al., 

2004). G4 DNA structures are enriched in gene regulatory regions that include 

promoters, 5′ untranslated regions and splicing sites (Chambers et al., 2015). G4 

targeting ligands and/or mutations in G4-resolving helicases can alter the regulation of 

genes with promoters that are enriched in predicted G4 motifs, suggesting a link 

between G4s and transcription regulation (Siddiqui-Jain et al., 2002; Cogoi and Xodo, 

2006; Johnson et al., 2010; Tang et al., 2016). G4 DNA increases in S-phase, 

suggesting that when the DNA strands are transiently separated at the replication fork, 

it allows the single strands to fold into G4 structures (Biffi et al., 2013). Also, replication 

origins are predicted to contain G4 motifs, and the ORC complex can bind to G4 DNA 

sequences in vitro, suggesting G4 structures may be involved in initiation of replication 

(Besnard et al., 2012; Hoshina et al., 2013). In the absence of helicases that resolve 

G4 structures in DNA, stable G4 structures can impede the progression of DNA 

polymerases and lead to replication stalling, DNA damage and genomic instability. 

Ligands that stabilise G4 structures can induce DNA breakage in human cells 

(Rodriguez et al., 2012).  

 

The rDNA is G-rich and therefore prone to forming G4 structures (Hanakahi et al., 

1999; Drygin et al., 2009). Another agent that inhibits Pol I transcription identified by 

Cylene Pharmaceuticals is the fluroquinine derivative quarfloxin (CX-3543). Unlike CX-

5461, CX-3543 does not directly target formation of the Pol I transcription complex. 

Rather, CX-3543 accumulates specifically in the nucleoli, disrupts the interaction of 

nucleolin with rDNA G4 structures, and inhibits Pol I transcription at the elongation 

stage (Drygin et al., 2009). During development by Cylene Pharmaceuticals, CX-5461 

did not show the same affinity for targeting for rDNA G4 structures as quarfloxin (Denis 

Drygin, personal communication). However, Xu et. al. report that CX-5461 is able to 

bind and stabilise G4 forming sequences in vitro in a similar manner to quarfloxin.  In 

HCT-116 colorectal carcinoma cells, 24hr treatment with 100nM CX-5461 resulted in 
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increased G4 detection by IF analysis with an antibody specific to G4 DNA structures 

(BG4, (Biffi et al., 2013)), and increased detection of DNA damage foci across the 

entire genome by IF analysis. Increased DNA damage could be detected by alkaline 

comet assay following just 30min treatment with 100nM CX-5461. DNA damage was 

detected predominantly during DNA replication in S-phase, leading the authors to 

propose it arises as a result of CX-5461 binding to DNA and impeding replication 

forks, and that non-resolved forks give rise to DNA breaks. After 30min treatment with 

1µM CX-5461, replication fork rate was not significantly reduced in WT HCT-116 cells, 

but was significantly reduced in HCT-116 cells deficient in homolgous recompination 

(HR) repair factor BRCA2, which is involved in repairing G4 associated DNA damage 

(Zimmer et al., 2016). Accordingly, cell viability assays demonstrated that the IC50 of 

CX-5461 was roughly 10-fold lower in BRCA2 deficient than WT HCT-116 cells (Xu et 

al., 2017).   

 

The stabilisation of G4s by CX-5461 is therefore consistent with an S-phase delay and 

G2 cell cycle arrest, and activation of ATM/ATR signaling, as a result of unresolved 

G4s leading to stalled replication forks and consequently DNA damage. However, if 

stabilisation of G4s were the mechanisms responsible for the activation of ATM/ATR 

signaling in BJ-T cells, we would also expect increased levels of DNA damage at early 

time points corresponding to activation of this pathway. This does not occur: we 

observed activation of the ATM/ATR pathway by 30min following CX-5461 treatment 

(FIGURE 19), at which time neither alkaline comet analysis of DNA damage (FIGURE 

21), nor Western blot and IF analysis of gH2A.X DNA damage foci (FIGURE 21), 

showed increased levels in DNA damage. To more directly address whether 

stabilisation of G4 structures by CX-5461 drives the activation of ATM/ATR signaling in 

BJ-T cells, we performed analysis of G4 levels by immunofluorescent microscopy 

analysis with an antibody specific to G4 DNA structures (1H6, (Henderson et al., 

2014)). Following 1h treatment with 1µM CX-5461, we could not detect any increase in 

signal for G4 DNA structures compared to that observed in untreated control cells 

(Supplementary FIGURE 31 A). Therefore, in BJ-T cells, activation of ATM/ATR 

signaling at the rDNA in BJ-T cells following CX-5461 treatment is independent of G4 

stabilisation.  

 

Currently we can only speculate what determines the sensitivity of specific cell lines 

but not others to stabilisation of G4 DNA by CX-5461. A common property of 

transformed cells is genomic instability, and DNA secondary structures such as G4s 
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can cause a threat to genomic stability if they are not resolved. It is possible that 

transformed cells are more prone to defects in G4 resolution. In support of this, a 

number of publications have reported a higher prevalence of G4 structures in some 

cancer cell lines than normal cells (Hansel-Hertsch et al., 2017). Alternatively, a 

number of abundant nucleolar proteins have high affinity for G4 structures, for 

example NCL (Hanakahi et al., 1999). As inhibition of Pol I transcription by CX-5461 

results in the relocalisation of nucleolar proteins, it is possible that they additionally act 

to stabilise G4 structures, and thus in transformed cell lines that are ‘addicted’ to high 

rates of Pol I transcription and ribosome biogenesis, such effects are amplified. In 

support of this, while quarfloxin accumulates in the nucleoli (Drygin et al., 2009), 

increased G4s were detected across the entire genome following quarfloxin treatment 

(Xu et al., 2017). 

 
Our research group has been able corroborate the results of Xu et. al. and observe 

stabilisation of G4 structures following CX-5461 treatment in ovarian cancer cell lines 

(Experiments performed by Dr. Elaine Sanij). For example, we have examined the 

effects of acute CX-5461 treatment on the formation of G4s using 

immunofluorescence analysis with the 1H6 antibody. While 1hr treatment with 1µM 

CX-5461 induced G4 stabilisation at similar kinetics to a bona fide G4 stabiliser 

(TMPyP4) in the OV90 malignant papillary serous adenocarcinoma cell line, CX-5461 

did not induce G4 stabilisation in the OVCAR4 high grade ovarian serous 

adenocarcinoma cell line (Supplementary FIGURE 1 B). Notably, activation of ATM 

phos-S1981, CHK1 phos-S345 and CHK2 phos-T68 were detected in both cell lines 

following 1hr treatment with 1µM CX-5461 CX-5461, irrespective of G4 stabilisation. In 

contrast, TMPyP4 did not activate CHK1 phos-S345 and CHK2 phos-T68. Moreover, 

unpublished studies from our research group deomonstrate that doses of CX-5461 

that induce cell death in AML cell lines are significantly lower than doses of CX-5461 

required for G4 stabilisation in this model. This strongly demonstrates that activation of 

ATM/ATR signaling by CX-5461 is independent of its role in G4 stabilisation.  

 

The report by Xu et. al. presents another valuable avenue for targeted therapy by CX-

5461, in cells deficient in BRCA1/2-mediated HR DNA damage repair. Xu et. al. 

measured the anti-proliferative effect of CX-5461 across a panel of 50 breast cancer 

cell lines, and found that triple negative breast cancer (TBNC) cell lines deficient in HR 

pathway components (BRCA1, BRCA2 or RAD51) are more sensitive to CX-5461. In 

xenograft models of HCT-116 cell line pairs WT or deficient for BRCA2, CX-5461 

treatment significantly inhibited growth rate only of tumors from BRCA2 deficient cell 
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lines. While in three TNBC patient derived xenografts, tumor growth inhibition was 

greater in two containing BRCA1 and BRCA2 mutations than BRCA WT. This has 

motivated the phase I/II clinical trials of CX-5461 in ovarian and prostate cancer by our 

research group (Peter MacCallum Cancer Centre) and in TNBC (Canadian trial, 

NCT02719977), for the treatment of patients with HR deficient tumors.  

 

7.5  Conclusion 
 
The advantages of CX-5461 as a novel class of cancer therapy compared to traditional 

cancer therapeutics appears have two facets. First, in specific cancers it appears that 

‘addiction’ to high rates of Pol I transcription is responsible for attenuating the 

activation of p53 tumor suppressor functions, and therefore in these tumor types CX-

5461 can restore nucleolar stress signaling to rapidly and non-genotoxically activate 

p53 (Bywater et al., 2012). Second, CX-5461 also has therapeutic efficacy in cancer 

types without functional p53. As p53 is reported to be mutated in approximately half of 

all human tumors, and this is associated with more aggressive disease and therapy 

resistance, therapies targeting tumors without functional p53 are of particular value 

(Petitjean et al., 2007a). In fact, our results suggest that the absence of functional p53 

and/or DNA damage repair pathways results in escape from normal cell cycle 

checkpoints, rendering cancer cells more vulnerable to CX-5461 treatment.  

 

Over the course of this project, the concept of inhibiting Pol I transcription as an 

approach for cancer therapy has progressed from theory, to the use of Pol I inhibitors 

for the treatment of patients in phase I clinical trials. Utilising the first-in-class CX-5461 

small molecule specific inhibitor of Pol I transcription, we began by simply establishing 

that inhibition of Pol I transcription can selectively target transformed cell lines, such as 

in the isogenic BJ fibroblast panel of cells at defined staged of transformation (Drygin 

et al., 2011). Since then, a number of publications from our research group have 

demonstrated the efficacy of CX-5461 in the treatment of different in vivo cancer 

models (Bywater et al., 2012; Devlin et al., 2016; Quin et al., 2016; Hein et al., 2017). 

The seminal publication by Bywater et. al. (Bywater et al., 2012) described that in the 

murine model of Eµ-Myc lymphoma, CX-5461 can selectively induce cell death in 

malignant B-cells while leaving normal B-cells unaffected, and that the sensitivity of 

this tumor type to CX-5461 is dependent upon p53 activation by the well characterised 

nucleolar stress pathway. Employing CX-5461 in minimally immortalized BJ-T cells, 

we were able to identify an additional pathway of response to inhibition of Pol I 

transcription initiation -  p53-independent ATM/ATR pathway activation of cell cycle 
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checkpoints in the absence of global DNA damage (Quin et al., 2016). Following this, 

we demonstrated that this pathway is activated during the therapeutic response to CX-

5461 in vivo in murine models of Eµ-Myc lymphoma (Quin et al., 2016) and AML (Hein 

et al., 2017), and that combination therapy with ATM/ATR pathway inhibitors can 

improve the efficacy of CX-5461 in p53 null cancers (Quin et al., 2016). Clinical trials 

have now been initiated for phase I / II studies of CX-5461 in patients with 

haematological malignancies (Peter MacCallum Cancer Centre, 

ACTRN12613001061729) and solid cancers (Canadian Cancer Trials Group, 

NCT02719977). Promisingly, initial results in haematological malignancies report 

durable periods of partial response or stable disease in heavily pretreated 

chemorefractory patients (Amit Khot, 2017). Going forward, our understanding of the 

mechanisms that mediate the response to inhibition of Pol I transcription initiation and 

subsequent defects in rDNA chromatin will inform rational clinical applications of this 

emerging and promising approach to therapeutics in a range of cancer types. 
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FIGURE 31. (Supplementary). A) Co-IF analysis of G4 (1H6; green) and UBF (red) 

with costaining for DAPI in BJT cell line following 1hr treatment with vehicle control or 

1µM CX-5461 (n=1). B) Co-IF analysis of G4 (1H6; green) and UBF (red) with 

costaining for DAPI in OVCAR4 (high grade ovarian serous adenocarcinoma) and 

OV90 (malignant papillary serous adenocarcinoma) cell lines following 1hr treatment 

with vehicle control, 1µM CX-5461, or 10µM TMPyP4 (Experiments performed by Dr. 

Elaine Sanij). C) Western blot analysis. (Left panel) ATM phos-S1981 and total ATM 

levels in OVCAR4 cell lines following 1hr and 3hr treatment with vehicle control, 

100nM CX-5461 or 1µM CX-5461. (Right panel) CHK1 phos-S345 and CHK2 phos-

T68 levels in OVCAR4 and OV90 cell lines following 1hr and 3hr treatment with 1µM 

CX-5461 or 10µM TMPyP4 (Experiments performed by Dr. Elaine Sanij).  
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