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ABSTRACT 

Ribosomal biogenesis and protein translation are finely coordinated with cell 

proliferation. All three RNA polymerases Pol I, II, and III are utilized for highly 

efficient and accurate ribosome production. The transcriptional activity of Pol I has 

been found to be a key determinant for ribosome biogenesis. As an immediate early 

gene, Myc can orchestrate the transcriptional activities of all RNA polymerases upon 

mitogenic stimulation. The direct roles of Myc-mediated Pol II & III transcription have 

been well studied, but that of Myc-mediated Pol I transcription remains unclear. 

Here we showed that Myc with its obligatory partner Max colocalizes in 

nucleoli and Myc binds to ribosomal DNA, and that association is followed by 

recruitment of the Myc cofactor TRRAP which enhances histone acetylation. Using 

the ligand-activated MycE system, we also showed that c-Myc could activate Pol I 

transcription in the absence of Pol II transcription.  

Furthermore, using a model system of cell lines with variable Myc status, we 

showed that Myc rapidly induced gene loop structures in rDNA chromatin which 

juxtaposes upstream and downstream rDNA sequences. In addition, the origins of two 

or more rDNA gene loops are closely juxtaposed, suggesting the possibility that Myc 

induces nucleolar chromatin hubs.  

Next, we investigated the role of Myc in chromatin domain organization of rRNA 

genes and the compartmentalized distribution of nucleoli, and found that Myc mediated 

a spatial organization of mammalian rRNA genes into distinct chromatin loops by 

tethering to nucleolar matrix via their 5’ and 3’ nontranscribed spacer sequences. We 

found evidence that Myc corporated with co-activators to become a regulatory complex 

that governed the transcription of rRNA by orchestrating dynamic chromatin-loop 

architecture. 

Finally, we demonstrated that Myc plays a role in the overall structural integrity 

of the nucleolus and that Myc antagonized its antagonistic partner Mad1 programming 

the epigenetic status of rDNA chromatin. These changes are discussed in relation to 

current knowledge about nucleolar structure as well as the organization of 

chromosomes and transcription factories in nuclear regions outside the nucleolus. 
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1 INTRODUCTION 
Why is the nucleolus important? The nucleolus is the largest transcription factory 

and is a key nuclear compartment for biosynthesis of ribosomal subunits. Moreover, 

ribosome biogenesis makes up a very large part of the metabolic effort of a cell (Raska, 

Koberna et al. 2004). The nucleolus is a relatively dynamic sub-nuclear compartment. Its 

morphology correlates with status of ribosome biogenesis. Abnormalities in the number, 

size and morphology of nucleoli have also been associeated with the progression of 

cancer (Derenzini, Trere et al. 1998). Eukaryotic genomes contain hundreds of head-to-

tail tandem rDNA packed within the nucleous and only a proportion appears to be 

transcribed while the remaining repeats remain inactive during transcription. Thus, rRNA 

genes serve as a very important model for the study of how epigenetic modifications and 

spatial chromatin arrangements can regulate the expression and silencing of genes. In fact, 

in the RNA polymerase I transcription machinery within the nucleolus a vast array of 

cellular signaling cascades are collected and integreated to regulate the production of 

ribosomes which then guide cell growth and proliferation (Moss and Stefanovsky 2002). 

There is increasing evidence that many oncoproteins and tumour suppressor proteins are 

involved in modulating the biogenesis of ribosomes. Since one general feature of cancer 

is aberrant Pol I transcription, one promising means of treating cancerous diseases could 

involve targeting components of the Pol I transcription complexes. Indeed, it has been 

found that several currently approved drugs exert anticancer activity at least in part by 

interfering with the synthesis of rRNA (Drygin, Rice et al.). 

 

As an immediate early gene, Myc levels appear to increase in response to 

mitogenic stimulation (West, Stoneley et al. 1998). Myc is reported to play a critical role 

in the proliferation and animal development (Davis, Wims et al. 1993; Nesbit, Tersak et 

al. 1999; Vita and Henriksson 2006). Myc-dependent histone modification has been found 

by genomic scale chromatin immunoprecipitation (ChIP) experiments to influence  global 

chromatin structure (Fernandez, Frank et al. 2003; Knoepfler 2007). The most distinctive 

characteristics of Myc target genes are their involvement in the biogenesis of ribosomes 

and the synthesis of proteins (Dang, O'Donnell et al. 2006). Evidently, c-Myc directly 

regulates RNA polymerase III (Pol III) transcription (Gomez-Roman, Grandori et al. 

2003)  producing a variety of short untranslated RNAs, including tRNA, 5S rRNA, 7SL 

RNA (Dieci, Fiorino et al. 2007), 7SK (Yang, Zhu et al. 2001), B2 (Allen, Von Kaenel et 

al. 2004), Alu RNAs (Mariner, Walters et al. 2008) and several ncRNAs implicated in the 
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processing of RNA (Dieci, Fiorino et al. 2007). While 5S rRNA is transcribed by Pol III, 

the rest of the rRNA is transcribed by RNA polymerase I (Pol I), and their activities 

account for fifty percent or more of total cellular transcription (Russell and Zomerdijk 

2005). Although Myc had previously been shown to influence rRNA processing 

(Schlosser, Holzel et al. 2003) and control expression of UBF for Pol I trancscription 

(Poortinga, Hannan et al. 2004), we found in a previous study that overexpressed Myc 

accumulates in nucleoli where rRNA is transcribed (Arabi, Rustum et al. 2003). This 

observation led us to speculate that Myc may play a direct and crucial role in Pol I 

transcription. However, most Pol III-transcribed genes lack E-box sequences and in these 

cases Myc/TFIIIB interaction may recruit Myc’s localization at Pol III templates in vivo 

(Gomez-Roman, Grandori et al. 2003; Kassavetis and Geiduschek 2006). Therefore, it 

remains unclear whether Myc also makes E-box-independent contact with rDNA in this 

context even though many putative E-box sequences are dispersed along rDNA. 

 

 

 



 

  3 

2 THE RIBOSOME BIOGENESIS AND LIFE 
In actively growing animal and plant somatic cells, eighty percent of the total 

cellular RNA production is devoted to ribosome biogenesis. In proliferating mammalian 

cells, around thirty-five percent of nuclear transcription is dedicated to the production of 

the rRNAs and a significant proportion of total mRNA gene transcription is needed in the 

production of proteins necessary for the assembly of ribosome  (Rudra, Zhao et al. 2005).  

Therefore, the increase in ribosome production occurs along with the increased need for   

protein synthesis in metabolically active cells. Mammalian ribosome is made from 

complexes of RNAs and proteins. Ribosomes are assembled into two distinct units 

referred to as the larger unit, 60S, and the smaller unit, 40S. The larger 60S subunit 

contains three RNA species, the 28S, 5.8S and 5S rRNAs, and ~49 ribosomal proteins (r-

proteins), while the small 40S subunit contains a single RNA, the 18S rRNA, and ~33 r-

proteins (Andersen, Lam et al. 2005; Boisvert, van Koningsbruggen et al. 2007) (Fig 1). 

The 18S, 5.8S and 28S rRNAs are made from the 45S or 47S precursor ribosomal RNAs 

(pre-rRNAs), synthesized by Pol I, through sequential endonucleolytic and exonucleolytic 

cleavages (Gonzalez and Sylvester 1995). whereas Pol III synthesizes  short 5S rRNA and 

RNA polymerase II (Pol II) transcribes the mRNAs for ribosomal proteins and auxillary 

factors (Raska, Koberna et al. 2004).  

Morphological and functional changes of nucleoli are considered as reliable 

markers of the proliferative state of tumors and the prognosis of cancers. Increased 

nucleolar size has been associated with increases in rRNA transcription and protein 

synthesis (Drygin, Rice et al.; Derenzini, Trere et al. 1998). In fact, increases in nucleolar 

size is used by one silver nitrate staining technique, called AgNOR, to diagnose cancer 

(Aubele, Biesterfeld et al. 1994). Since deregulation of ribosome biogenesis implicated 

with cancers, it may be that that tumorigenisis starts with the overexpression of rRNA 

(Ruggero and Pandolfi 2003).  
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Fig 1. Model of ribosome biogenesis 

Transcription of ribosomal DNA (rDNA) by RNA polymerase I occurs either in the fibrillar centres (FCs) or 

at the boundary between the FC and the dense fibrillar component (DFC) region. The pre-ribosomal RNA 

transcripts are spliced and modified by small nucleolar ribonucleoproteins (snoRNPs) in the DFC. Final 

maturation of the pre-ribosomal ribonucleoprotein and assembly with ribosomal proteins occurs mostly in 

the granular component (GC) region. In the GC, the 5.8S and 28S ribosomal RNAs (rRNAs) assemble with 

the 5S rRNA transcript to form the 60S subunit, whereas the 18S rRNA alone assembles into the 40S 

ribosome subunit. The 40S and 60S ribosome subunits are both exported to the cytoplasm, where they bind 

to mRNA to form functional ribosome (From Boisvert et al., 2007 with copyright permission from Nature 

Reviews Molecular Cell Biology) 

 

2.1 THE NUCLEOLUS AND THE RIBOSOMAL GENES 
The eukaryotic nucleus is highly compartmentalized. This compartmentalization 

has attracted much research into into how genes interact with nuclear bodies or their 

constituent proteins to create ‘transcription factories’ (Fraser and Bickmore 2007). 

Because there is a high concentration of RNA and proteins in the nucleolus, it is a 

prominent subnuclear organelle and may serve as new model of nuclear functional 

compartmentalization in which the synthesis of rRNA and biogenesis of ribosomes 

occurs. The nucleolar integrity is preferentially maintained by the transcription of rRNA 
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genes. In mammalian cells, the nucleolus falls apart when cells enter mitosis and rDNA 

transcription stops, and it reassembles when they exit mitosis and transcription starts 

again (Heix, Vente et al. 1998). On the contrary, the nucleolus of yeast is intact and 

separated along the mitotic spindle during mitosis (Fuchs and Loidl 2004). Mammalian 

cells have been observed by electron microscopy (EM) to have three main nucleolar 

components: the fibrillar centers (FC), the dense fibrillar component (DFC), and the 

surrounding granular component (GC) (Raska, Koberna et al. 2004; Hernandez-Verdun 

2006) (Fig 2). General speaking, the FCs of nucleoli exist in an inverse proportion 

between size and number; cells in which the biogenesis of ribosomes is high have many 

small FCs, while cells in which transcription activities are are greatly reduced have small 

nucleoli with one large-sized FC (Hozak, Cook et al. 1994). The location of the nucleolar 

machineries is related to their involvement in ribosome biogenesis and processing steps. 

Nascent transcripts are found at the junction between the FC and DFC and accumulate in 

the DFC. The processing of the 47S pre-rRNA leads to the formation of 18S, 5.8S, and 

28S rRNA in the DFC and the intranucleolar migration of RNA continues and the 

synthesis of ribosomal subunits occurs in the GC (Sirri, Urcuqui-Inchima et al. 2008).  

 
Fig 2. The nucleolus of mammalian cells as seen by electron microscopy. 

 a The nucleolus (Nu) is in direct contact with the invagination of the nuclear envelope (arrow) visible on 

this section of a HeLa cell. Bar, 1 μm. b In a HeLa cell, the three main nucleolar components are visible in a 

section of material fixed in glutaraldehyde and osmium tetroxyde, embedded in Epon and the section 

contrasted with uranyl acetate and lead citrate. Fibrillar centers (asterisks) of different sizes, are surrounded 

by the dense fibrillar component (DFC) and the granular component (GC). Bar, 0.1 μm. c Preferential 

contrast of DNA and RNA using the NAMA-Ur staining in a PtK1 cell. The chromatin is highly contrasted 

around and also inside the nucleolus (arrows). Nu nucleolus. Bar, 0.5 μm (From Hernandez-Verdun 2006 

with copyright permission from Histochemistry and Cell Biology) 

 

Eukaryotic genomes contain from hundreds to thousands of repeated ribosomal 

genes (Long and Dawid 1980). In human diploid cells, which contain around 400 rRNA 
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genes, the genomes are arranged in clusters as tandem head-to-tail repeats in a telomere-

to-centromere direction and they constitute the nucleolar organizer regions (NORs) 

responsible for formation of nucleoli (Gonzalez and Sylvester 1997), and located on the 

short arms of the five human acrocentric chromosomes (13, 14, 15, 21 and 22) (Fig 3) 

(Henderson, Warburton et al. 1972; Gonzalez and Sylvester 1997; Russell and Zomerdijk 

2005; Wright, Mais et al. 2006). On inactive NORs, rDNA appears to be packaged in a 

form that is indistinguishable from the surrounding heterochromatin. During interphase, 

silent NORs can be visualized as condensed foci of rDNA that do not have associated Pol 

I transcription machinery, while active NORs remain undercondensed during mitosis and 

have a distinct chromatin structure which appears as a secondary constriction on 

metaphase chromosome (Heliot, Kaplan et al. 1997). Each ribosomal gene unit is usually 

made up of a transcribed sequence and an external non-transcribed spacer in which all the 

sequences necessary for proper Pol I transcription such as proximal promoters, spacer 

promoters, enhancers and terminators (Liau and Perry 1969). For instance, a human 

rDNA repeat is 43 kb long. Sequences encoding pre-rRNA (13 kb) are separated by non-

transcribed intergenic spacers (IGSs) of approximately 30 kb (Fig 3). In the rDNA 

promoter contains a core element and an upstream control element (UCE) that function 

synergistically to recruit a transcriptionally competent Pol I complex (Xie, O'Mahony et 

al. 1992).                              

                
       Fig 3.  Structure of human ribosomal gene repeat and the chromosomal location of NORs  

     (From Wright et al., 2006 with copyright permission from Biochemical Society Symposia)                                                  
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2.2 DYNAMIC ORGANIZATION OF NUCLEOLAR COMPARTMENTALIZAT-
ION 
There is an accumulating evidence that the organizations of genome and their 

associated functional chromatin domains are dynamically linked within nuclear 

architecture (Berezney, Mortillaro et al. 1995). Light and electorn microscopy have help 

elucidate the relationship between nuclear structure and gene expression (Brown, Guest et 

al. 1997). Ribosomal RNA gene transcription that makes possible the assembly of the 

nucleolus may also link between specialized transcription and nuclear compartmentation 

(Hernandez-Verdun, Roussel et al. 2002). Currently, the only detailed visualization of 

active rRNA genes with nascent rRNA transcripts, known as Christmas trees (CTs), was 

obtained from the disintegration of nucleoli by hypotonic spreading (Miller and Beatty 

1969). Since this technique involves disruption of the nucleolar structure, it cannot be 

used to  accurately depict the arrangement of rDNA in the intact nucleolus or elucidate the 

relationship between the nucleolar structures and their functions (Biggiogera, Malatesta et 

al. 2001). Moreover, a structural image of Christmas tree corresponds to fully extended 

rRNA genes whose lengths usually greatly exceed the diameter of nucleoli, suggesting 

that the fully active ribosomal genes are compacted within nucleoli (Raska, Koberna et al. 

2004). 

Fluorescence in situ hybridization (FISH) enables visualization of spatial nuclear 

arrangement of chromosome territories and their sub-domains (Cremer, Lichter et al. 

1988). Studies using this method of visualization have revealed that in the interphase 

nuclueus the folding and looping of chromatin, which rang in size from 25 to 100 

kilobases (kb), leads to the formation of discrete ‘territories’ for individual chromosomes 

(Klaus, McCarrey et al. 2001; Brown 2003). Recently, one study, using a comprehensive 

three-dimensional fluorescence in situ hybridization (3D-FISH), immunofluorescence, 

and chromosome conformation capture (3C) analysis to obtain a three dimensional 

depiction of the organization of the genome and observe the looping and interaction 

between physically distant chromatin segments, has demonstrated that widely separated 

active genes can colocalize to hypersensitive sites of active transcription (Osborne, 

Chakalova et al. 2004). In the proposed ‘transcription factory’ model, RNA polymerase 

complexes and transcription factors aggregate into a factory surrounded by a cloud of 

DNA loops (Faro-Trindade and Cook 2006). Genes such as β-globin, α-globin, and 

immunoglobulin genes, have been found to be dynamically recruited to ‘transcription 

factory’ depending upon the transcriptional state (Schneider and Grosschedl 2007). These 
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transcription loci may be maintained by flanking ubiquitously expressed house-keeping 

genes or by locus control regions (Ragoczy, Bender et al. 2006; Zhou, Xin et al. 2006).  

Accordingly, it has been proposed that the multiloop-subcompartment model with a 

rosette-like structure (Kreth, Munkel et al. 1998) is maintained by the attachment of the 

ends of each domain, as well as denominated scaffold attachment regions or/and matrix 

association regions (S/MARs), to the nuclear matrix (Klaus, McCarrey et al. 2001; Brown 

2003; Cremer and Cremer 2006; Linnemann, Platts et al. 2009). Interestingly, becausese 

there is an enrichment of the repetitive elements spreading on the 5’- and 3’-

nontranscribed spacer regions rDNA in the nucleolar matrix (Bolla, Braaten et al. 1985; 

Keppel 1986; Smith and Rothblum 1987; Stephanova, Stancheva et al. 1993), it has been 

speculated that the non-transcribed segment, IGS, of rDNA could have a higher order 

structure associated with the organization of rDNA at the nucleolus and in metaphase 

chromosomes (Gonzalez and Sylvester 1995). 

 

2.3 CONTROL OF RIBOSOMAL RNA SYNTHESIS 
The rRNA gene promoter consists of around 150 bp of DNA containing two 

distinct sequence elements--the upstream control element (UCE or UE) and the core 

promoter (Core), though there is very poor conservation of this sequence in mammals, 

amphibia, and yeasts (Boukhgalter, Liu et al. 2002). Briefly, the initiation of mammalian 

rDNA transcription requires assembly of a specific complex, one containing Pol I and at 

least four basal transcription initiation factors, at the rDNA promoter. This preinitiation 

complex formation results from the synergistic action of the upstream binding factor 

(UBF), the “selectivity” complex (SL1 in human or TIB-IB in mouse), and the dedicated 

DNA-dependent RNA polymerase I (Pol I). The most important step in the assembly of a 

productive transcription initiation complex is the recruitment of Pol I to the rDNA 

promoter, which is achieved through the interaction of UBF with the mammalian 

homolog of the yeast Pol I subunit A49, PAF53, (Hanada, Song et al. 1996; Grummt 

2003) and through the interaction of TIF-IB/SL1 with the mammalian homolog of yeast 

Rrn3p, TIF-IA (Moorefield, Greene et al. 2000). UBF is a  sequence non-specific high 

mobility group (HMG)-box proteins that interacts with the minor groove of DNA  

(Bazett-Jones, Leblanc et al. 1994; Moss and Stefanovsky 2002); the HMG boxes enable 

UBF to loop about 140 base pairs (bp) of DNA into a nucleosome-like structure, called an 

enhancosome (Bazett-Jones, Leblanc et al. 1994). While the preinitiation complex is 

being formed, UBF bound to the upstream and core promoter regions activates rDNA 

transcription by recruiting Pol I to the rDNA promoter, stabilizing the binding of TIF-
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IB/SL1 and displacing nonspecific DNA-binding proteins, such as histone H1 (Kuhn and 

Grummt 1992; Grummt 2003). UBF is also reported to regulate the escape of Pol I 

promoter (Panov, Friedrich et al. 2006) and transcription elongation (Stefanovsky, 

Langlois et al. 2006). However, Pol I promoter specificity is conferred by TIF-IB/SL1, 

with the isolated SL1 containing four polypeptides, TATA box binding protein (TBP), 

and five TATA binding protein-associated factors (TAF1110/95, TAF168, TAF135, and 

TAF112) (Denissov, van Driel et al. 2007). 

In addition, transcription termination factor (TTF-1) is involved in both the 

termination of transcription and in rRNA transcription associated with the remodeling of 

ribosomal chromatin through its recruitment of ATP-dependent remodeling factors to the 

rDNA promoter (Langst, Blank et al. 1997; Jansa and Grummt 1999). Rrn3p was initially 

identified in yeast as a fraction of the Pol I and was thought to be essential for functional 

recruitment of the polymerase to the pre-initiation complex (Milkereit and Tschochner 

1998). Recently, however, a stepwise assembly model for formation of preinitiation 

complex (PIC) at the rDNA promoter has been hypothesized. Together, these 

observations show that the assembly of functional RNA Pol I initiation complexes may 

proceed sequentially, the more subunits added, the greater the stability (Dundr, 

Hoffmann-Rohrer et al. 2002; Grummt 2003).  

Indeed, the nucleolus can be regarded as a transcription factory. It is has great 

stabilty and it architecturally composed of compact compartments in which the 

biosynthesis occurs. As observed by FRAP (fluorescent recovery after photobleaching) 

technique in the living cells, the Pol I transcription machinery is a highly dynamic 

complex whose components are assembled from freely diffusible subunits. Each of the 

components is steadily and rapidly exchanged between the nucleoplasm and the 

nucleolus. Real-time evaluation of promoter-associated multiprotein complexes indicates 

that the occupancy of transcription factors at their binding sites is transient, as the Pol I 

transcription complex is dismantled after transcription is terminated and the new one is 

reassembled from subunits on ribosomal genes when a new round of transcription begins 

(Dundr, Hoffmann-Rohrer et al. 2002; French, Osheim et al. 2003; Grummt 2003).  

 

2.3.1 Regulating initiation and elongation of rRNA transcription 
There is a fine balance between the growth status of the cell and the accumulation 

of rRNAs, which is largely controlled at the level of rDNA transcription. The 

transcription of rRNA genes is efficiently regulated to be responsive to both general 

metabolism and specific environmental challenges, whereas signaling pathways that 
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affect cell growth in response to nutrients and growth factors and cell cycle regulators 

have a direct influence on rRNA synthesis (Russell and Zomerdijk 2005). Pol I 

transcription also oscillates during cell cycle progression, with rDNA transcription being 

greatest in the S and G2 phases, silent in mitosis, and slowly recovering in G1 (Drygin, 

Rice et al.).  

Studies have previously shown that the regulatory pathways controlling rRNA 

synthesis mainly occur at the level of transcription initiation, elongation, and RNA 

processing. The activity of basal Pol I factors has been proven to be regulated by 

posttranslational modifications (Fig 3) (Moss and Stefanovsky 2002). The 

phosphorylation status of several components of the Pol I machinery can alter the activity 

and interactions of these poroteins and thus regulate rDNA transcription during the cell 

cycle. For instance, the phosphorylated states of SL1 and TTF-1 by CDK1-cyclin B are 

attributed to silencing of rDNA transcription during mitosis (Sirri, Urcuqui-Inchima et al. 

2008). On the other hand, phosphorylation of UBF by G1-specific CDK-cyclin complexes 

increases rDNA transcription during G1 progression (Voit, Hoffmann et al. 1999). 

Phosphorylation of mammalian Rrn3 at several sites has been found to result from a 

combination of RSK and ERK kinases. In addition to ERK signaling, mouse Rrn3/TIF-IA 

has been shown to be regulated via the mTOR (mammalian target of rapamycin) nutrient-

sensing pathway by phosphorylation at Ser44, whereas Rapamycin-mediated inactivation 

of TIF-IA is caused by hypophosphorylation of Ser44 and hyperphosphorylation of 

Ser199 (Mayer, Zhao et al. 2004). TIF-IA  has also been found to be inactivated by 

phosphorylation by c-Jun N-terminal kinase (JNK) at a single threonine residue (Thr 200) 

during a true stress response (Mayer, Bierhoff et al. 2005). SL1 activity is regulated by 

PCAF acetylation of its TAFI68 subunit, while SIRT1(mSir2), a family of NAD+-

dependent histone deacetylases, leads to Pol 1 transcriptional repression because of the 

deacetylation of TAFI68 (Muth, Nadaud et al. 2001). SL1 is also inactivated by CDK1 

phosphorylation (Heix, Vente et al. 1998). Transcriptional silencing in quiescent cells 

correlates with hypophosphorylation of UBF, while activation of Pol I transcription upon 

serum stimulation involves the phosphorylation of UBF at a specific serine residue 

(Ser484) by the G1-specific kinase complexes cdk4/cyclin D1 and cdk2/cyclin E. During 

S phase, an increase in UBF activity is achieved through cdk2/cyclin E- and cdk2/cyclin 

A-dependent phosphorylation at serine residue Ser388 (Voit and Grummt 2001; Grummt 

2003). In addition, extracellular signal-regulated kinase (ERK) induces phosphorylation 

of UBF at two threonine residues (Thr117 and Thr201) under mitogenic stimulation 

(Drygin, Rice et al.; Stefanovsky, Langlois et al. 2006).  Recent research has shown that 
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the mTOR pathway is involved in phosphorylation of UBF in its C-terminal domain, 

thereby promoting its interaction with SL1/TIF-IB (Drygin, Rice et al.; Hannan, 

Brandenburger et al. 2003). 

                              
Fig 4. Regulation of the Pol I basal factors 

Black arrows indicate interactions, green ones indicate activating and red ones indicate repressive 

interactions  or posttranslational  modifications (From Moss et al., 2002 with copyright permission from 

Cell) 

 

2.3.2 Epigenetic regulation of ribosomal gene activity 
The amount of rRNA gene transcription in a cell depends on how many ribosomes 

are needed to manufacture proteins (Grummt 2003). Generally, the transcription rate of 

euchromatic active rDNA is altered by reversible changes in Pol I transcription factors 

which affect the efficiency of pre-initiation complex assembly, initiation, promoter 

escape, and transcription elongation or termination from active rRNA genes (Russell and 

Zomerdijk 2005). However, even in metabolically active cells, only a subset of repetitive 

rDNA copies is transcribed, and therefore rDNA silencing is cell- and tissue-specific. For 

example, psoralen crosslinking studies show that only 30% to 50% of the rRNA genes in 

proliferating yeast or murine cells can be found in an psoralen-accessible chromatin 

structure from active transcription (Conconi, Widmer et al. 1989; Dammann, Lucchini et 

al. 1995; Sandmeier, French et al. 2002). Thus, it is reasonable to suggest that the cell 

could modulate rRNA synthesis by changing the number of transcriptionally active 

repeats when required (French, Osheim et al. 2003; Grummt and Pikaard 2003). In the 

recent decades, posttranslational modifications of histone proteins have been associated 
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with the organization of chromosomal domains and gene regulation. In fact, several 

epigenetic characteristics, known as histone code, have distinguished potentially active 

from inactive mammalian rRNA genes (Santoro, Li et al. 2002) and specific 

modifications on histones can alter the ratio of active to silent copies of rRNA genes 

(McStay and Grummt 2008). Likewise, the epigenetic modifications on chromatin 

structure play an essential role in the regulatation of  the transcriptional state of any given 

rRNA gene.  

An open chromatin structure is one characterized by acetylation of histone H4 and 

dimethylation of histone H3 at lysine 4 (H3K4me2), whereas silent chromatins are 

characterized by histone H4 hypoacetylation and methylation of H3K9 and H4K20 

(Strahl and Allis 2000; Santoro, Li et al. 2002). Using ChIP-chop assays by methylation-

sensitive enzyme HpaII, active rRNA genes display euchromatic structures associated 

with methylated-free CpG sequences, hyperacetylated histone H4, and histone H3 

methylated at lysine 4. Conversely, silent rRNA genes are characterized by 

heterochromatin features, including methylated CpG sequences, hypoacetylated histone 

H4, histone H3 methylated at K9, histone H4 methylated at K20 and the heterochromatin 

protein HP1 (Zhou, Santoro et al. 2002; Santoro 2005). 

Alternatively, an ATP-dependent nucleolar remodeling complex, NoRC, consisting 

of SNF2h and TIP5, has been found to interact with the transcription terminator factor 

TTF-I, associate with the rDNA promoter region of silent genes, and represse rRNA 

transcription through recruitment of histone-modifying and DNA-methylating activities; 

thereby establishing and/or maintaining a repressive higher-order chromatin structure 

(Santoro, Li et al. 2002; Zhou, Santoro et al. 2002; Santoro 2005; Santoro and Grummt 

2005). Interestingly, IGS transcript has been shown to play an important role in silencing 

the rDNA locus. RNA interaction studies reveal that the 150-300 nt RNAs 

complementary to the rRNA promoter are required for tethering NoRC to nucleolar 

chromatin and formation of  heterochromatin (Grummt 2007) (Fig 5). In contrast, the 

transcription activator CSB (Cockayne syndrome group B protein), a DNA-dependent 

ATPase, interacting with TTF-1, may compete with NoRC in recruitment of TTF-1 to 

determine the epigenetic state of the rDNA (Yuan, Feng et al. 2007). TTF-I also has been 

reported to trigger an ATP-dependent nucleosome-remodeling activity that is required to 

establish an transcriptionally competent rDNA chromatin (Langst, Blank et al. 1997). To 

date, the role of TTF-I as a chromatin remodeler in the transition between the open and 

closed states of ribosomal genes remains unclear.  
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Because association of UBF with rDNA extends across the entire transcribed 

region, UBF binding may be ascribed to the transcriptionally active rRNA genes 

(O’Sullivan, Sullivan et al. 2002; Mais, Wright et al. 2005). The depletion of UBF leads 

to reversible methylation-independent compaction of chromatin and a reduction in the 

number of actively transcribed rDNA repeats. These results suggest the modulation of 

UBF levels may be an important determinant of the relative proportion of active and silent 

rRNA genes during growth and differentiation (Drygin, Rice et al.; Sanij, Poortinga et al. 

2008).  

           
Fig 5. Model depicting the role of non-coding RNA in heterochromatin formation and gene silencing. 
First, intergenic spacer (IGS) transcripts are synthesized [step 1] which is then processed [step 2]. RNA that 

matches the rDNA promoter associates with the chromatin remodelling complex NoRC [step 3]. Once 

bound to RNA, NoRC is recruited to the rDNA promoter [step 4]. The large subunit of NoRC, TIP5, 

interacts with histone modifying enzymes, such as HDACs, HMTs, and DNMTs [step 5], leading to 

heterochromatic histone modifications and de novo DNA methylation [step 6]. As a consequence, 

transcription complex formation is impaired and rRNAgenes are silenced [step 7]. (From Grummt, 2007 

with copyright permission from Human Molecular Genetics) 

 

2.4 TUMOUR SUPPRESSORS AND ONCOGENES IN RIBOSOMAL 
BIOGENESIS 
The comparative expressed sequence hybridization observed that rRNA is 

synthesized at abnormally high levels in every tumour type investigated (Williamson, Lu 

et al. 2006). From the view of the perturbation between Pol I transcription and growth-
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factor signaling in cancer cells, it indicates that abnormally upregulation of rRNA 

synthesis is mandatory for all tumours. In addition to kinase signaling, Pol I transcription 

is regulated by an interplay between oncogenes and tumor suppressors (Fig 5) (Drygin, 

Rice et al.). Generally, tumor suppressor proteins are common targets for genetic 

alteration in human cancers and have been implicated in the suppression of cell 

transformation (Levine 1997).  

The retinoblastoma susceptibility (Rb) gene was the first tumor suppressor to be 

identified in a human cancer. pRb and its related pocket proteins p107 and p130 restrict 

cell growth and proliferation. Typtically, pRb executes its antiproliferative function solely 

through interaction with the E2F family of transcription factors and overriding 

progression through the G1 restriction point (Drygin, Rice et al.; Chellappan, Hiebert et 

al. 1991). pRb accumulates in the nucleoli of the differentiated or cell-cycle-arrested cells 

and has been shown to repress rRNA synthesis (Hannan, Kennedy et al. 2000; Grummt 

2003) by disrupting the interaction between UBF and SL-1 (Hannan, Hannan et al. 2000) 

and leading to dissociation of UBF from rDNA (Voit, Schafer et al. 1997). In addition, a 

tantalizing correlation exists between pRb-CBP (CREB-binding protein) competition and 

ERK phosphorylation of UBF in the regulation of rRNA gene transcription. The binding 

of acetyltransferase CBP to HMG boxes 1 and 2 causes UBF acetylation, whereas pRb 

displaces CBP from its binding site and recruits HDAC1 to catalyse the deacetylation of 

UBF (Pelletier, Stefanovsky et al. 2000; Moss, Langlois et al. 2007). Other members of 

the pocket protein family revealed that p130 also can bind UBF and repress Pol I 

transcription (Ciarmatori, Scott et al. 2001). Additionally, pRb has been shown to inhibit 

protein synthesis by the binding of pRb to TFIIIB and blocking Pol III transcription 

(Sutcliffe, Brown et al. 2000). 

 Similar to pRb and p130, the tumor suppressor p53 also represses ribosome 

biogenesis by repressing Pol I transcription (Zhai and Comai 2000; Grummt 2003) and 

Pol III transcription (Cairns and White 1998). The repression of p53 on Pol I synthesis is 

attributed to its interaction with two subunits of SL1, TBP and TAFI110, which impairs 

initiation complex formation (Zhai and Comai 2000; Grummt 2003). Also, the effect of 

the tumor suppressor PTEN (phosphatase and tensin homolog deleted on chromosome 

ten) downregulating phosphatidylinostiol 3-kinase (PI3K) and acting upstream of mTOR 

has been revealed to lead to trigger the activation of various downstream signaling events 

that inhibit cell proliferation. Conversely, inactivation of PTEN results in constitutive 

activation of PI3K/AKT pathway and tumorigenesis (Zhang, Comai et al. 2005). In 

contrast to operating in the cytoplasm to counteract the PI3K pathway, PTEN has been 
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shown to arrest cell growth by downregulating Pol I transcription due to disruption of 

SL1/TIF-IB from the assembly of transcription initiation complexes (Yin and Shen 2008). 

Furthermore, the interplay between PTEN and GSK (glycogen synthase kinase) 3ß bound 

at the rDNA promoter inhibits rDNA transcription by blocking interaction with SL1/TIF-

IB (Vincent, Kukalev et al. 2008).  

Tumour suppressor of alternative reading frame (ARF), p14ARF, stabilizes the 

abundance of p53 by inhibiting MDM2, an E3 ligase promoting p53 degradation 

(Vousden and Lane 2007). The growth-restricting function of p14ARF was consistent 

with its downregulating tRNA production (Morton, Kantidakis et al. 2007) and rDNA 

transcripton (Sugimoto, Kuo et al. 2003). The downregulation on tRNA synthesis occurs 

via p53-mediated repression of Pol III transcription (Morton, Kantidakis et al. 2007), 

while rRNA synthesis is compromised by interefering with UBF phosphorylation and 

sequentially impairing pre-initiation complex formation (Ayrault, Andrique et al. 2004) 

and by inhibiting rRNA processing via catalysing the degradation of B23/nucleophosmin 

(Itahana, Bhat et al. 2003). Runt-related transcription factor 2 (Runx2) is another cancer-

related protein that can inhibit rRNA synthesis by interacting with UBF and SL1 

throughout the rRNA gene repeats and by affecting local chromatin histone 

modifications at rDNA regulatory regions (Young, Hassan et al. 2007). In addition, 

JHDM1B, a nucleolar histone demethylase, represses rRNA transcription via 

demethylating Lys4 of histone H3 and dissociating UBF from rDNA (Frescas, 

Guardavaccaro et al. 2007). Another potential tumour suppressor Maf1 has been shown 

to repress transcriptions of the TBP and tRNA genes in humans (Johnson, Zhang et al. 

2007). 

On the other hand, several oncogenes implicating in tumours have been linked with 

up-regulation of ribosome biogenesis. Thus, it is plausible that developing cancer might 

achieve a proliferative advantage as the specific oncogenes enhance the production of 

rRNA. Nucleophosmin (NPM or B23), an abundant nucleolar phosphoprotein which has 

both oncogenic and tumor suppressor activities. The recent studies have shown that the 

nucleophosmin gene (NPM) is frequently overexpressed in tumors, and that chromosomal 

translocations of NPM are implicated in the development of hematological malignancies. 

Nucleophosmin posseses intrinsic endoribonuclease and histone chaperone activity; NPM 

has been reported to affect multiple cellular processes which include pre-rRNA 

processing, response to genotoxic stress, control of cellular ploidy, DNA repair, 

maintenance of chromatin structure, and regulation of the activity and/or stability of the 

tumor suppressors p53 and p14ARF. Overexpression of nucleophosmin has been shown 
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to upregulate TAFI48 levels and to stimulate proliferation of transformed cells (Drygin, 

Rice et al.; Bergstralh, Conti et al. 2007). 

Proteins of myc proto-oncogene family are often up-regulated in a wide range of 

cancers. Myc directly increases protein synthesis by controlling the expression of multiple 

components of the protein synthetic machinery, including ribosomal proteins, initation 

factors of translation (Dang, O'Donnell et al. 2006). Nonetheless, the contribution of Myc-

dependent increases in protein synthesis leading to cancer remains unknown. Most 

recently, a search for Myc gene targets has consistently identified many genes that are 

implicated directly in ribosome biogenesis, including many r-protein genes and 

processing factors such as B23/nucelophosmin (Cole and McMahon 1999; Levens 2003; 

Ruggero and Pandolfi 2003; White 2005) as well as genes that are indirectly implicated 

via cell cycle switches such as p27cip, CDK4 and cyclin D2 (Coller, Grandori et al. 2000). 

Most of the genes whose expressions are induced by Myc are transcribed by Pol II. 

Nevertheless, Myc was found to localize in nucloleoli at the sites of rRNA synthesis 

(Arabi, Rustum et al. 2003) and directly regulate Pol III transcription of 5S rRNA gene 

(Gomez-Roman, Grandori et al. 2003). These findings imply that Myc might regulate 

ribosome biogenesis directly via the implication of all Pol transcriptions.   

 
Fig 6. Oncogenes and tumor suppressors control Pol I transcription. 

Red lollipops indicate upregulating the level of trnascription factors and stabilizing proteins, whereas green 

lollipops mean inhibiting or interfering with macromolecular interctions involved in Pol I transcription. 

(Modification from Drygin et al., 2010, Annual Review of  Pharmacology Toxicology) 
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3 MYC ONCOPROTEIN AND THE TRANSCRIPTION 
CONTROL OF CELL BEHAVIOR 
Myc was originally deifined as an oncogene (v-myc) transduced by a number of 

avian myelocytomatosis retrovirus (MC29) whose retroviral transduction and generation 

of chimeric v-gag-myc are capable of potently inducing neoplastic disease. Subsequently, 

the cellular homolog of v-myc, was identified and eventually shown to be a member of a 

family of proto-oncogenes comprising c-myc, N-myc, and L-myc (Nesbit, Tersak et al. 

1999), and myc family was the first cellulr oncogene that could be activated through 

retroviral promoter insertion (Payne, Bishop et al. 1982). Myc expression, strictly 

regulated by external signals and extracellular matrix contacts, has been implicated in a 

broad range of biological functions including proliferation, growth, apoptosis, energy 

metabolism, and differentiation (Gomez-Roman, Felton-Edkins et al. 2006). Normally, 

Myc transcripts are rapidly induced and predominantly localized in the cell nucleus upon 

mitogenic stimulation and are down-regulated during cellular differentiation (Henriksson 

and Luscher 1996). It is widely assumed that Myc, a basic helix-loop-helix zipper 

(bHLHZ), heterodimerizes with its obligatory small bHLHZ protein Max to binds to 

target genes by recognizing the hexameric DNA sequence CACGTG, known as E-boxes, 

and to function as transcriptional activators (Grandori, Cowley et al. 2000). Generally, the 

molecular mechanism of transcription activation by Myc involves recruitment of 

complexes containing TRRAP and histone acetyltransferases (HAT) such as GCN5 

(Grant, Sterner et al. 1998) and TIP60 (Doyon, Selleck et al. 2004).   

The increase in Myc level appears as an immediate early response to by a wide 

range of growth factors, cytokines, and mitogens (West, Stoneley et al. 1998). Normally, 

Myc level rapidly declines during the terminal differentiation of many cell types 

meanwhile constitutive induction of Myc facilitates proliferation and modulates terminal 

differentiation (Grandori, Cowley et al. 2000). The crucial role of Myc in cell 

proliferation and animal development is demonstrated when homozygous deletion of the 

myc gene is lethal to mice at E9.5-10.5 days (Davis, Wims et al. 1993). In quiescent cells, 

a failure to induce Myc in response to mitogenic stimulation inhibits re-entry to the cell 

cycle (Roussel, Cleveland et al. 1991). However, ectopic expression of Myc in quiescent 

cells potenitates entry into the S phase of cell cycle (Kaczmarek, Hyland et al. 1985; 

Eilers, Schirm et al. 1991; Steiner, Philipp et al. 1995). Consistently, overespression of 

Myc in cycling cells attenuates requirements for growth factors, blocks exit from the cell 
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cycle, accelerates cell division, and increases cell size. The ability of Myc to promote cell 

growth was proposed to provide abundant building blocks as well as increasing cell 

metabolism and protein synthesis (Iritani and Eisenman 1999). Indeed, the association 

between cell growth and Myc-regulated protein synthesis was verified in the cells lacking 

Myc proteins (Mateyak, Obaya et al. 1997).  

Although the recent studies have demonstrated that Myc might also function as a 

transcriptional repressor, the suppression of transcription was found to be implicated with 

negative autoregulation (Penn, Brooks et al. 1990) and might still contribute to 

transformation (Lee, Dolde et al. 1996). Interestingly, Myc was also shown to sensitize 

cells to undergo apoptosis (Askew, Ashmun et al. 1991; Evan, Wyllie et al. 1992; Shi, 

Glynn et al. 1992), and the crucial role of Myc in apoptosis has been supported by the 

observation of resistance to apoptotic stimuli in myc null cells (de Alboran, Baena et al. 

2004). Myc overexpression leads to apoptosis partly dependent on the Arf-Mdm2-p53 

pathway (Zindy, Eischen et al. 1998). 

 

3.1 FUNCTIONAL DOMAINS OF MYC AND ITS TRANSACTIVATION 
Like most transcription factors, the Myc protein has two major domains (Adhikary 

and Eilers 2005) (Fig 7). The 90 amino acids within C-terminal domain (CTD) is required 

for dimerization with its partner protein Max and sequence-specific DNA binding 

(Blackwood and Eisenman 1991). Myc bHLHZ mutations lead to the loss of association 

with Max and the abrogation of Myc’s transcriptional activities (Crouch, Lang et al. 

1990). Consistently, a recent report showed that the SNF5 homolog INI1 interacting with 

Myc in vivo through bHLHZ domain can block Myc transcription (Cheng, Davies et al. 

1999). At the second domain, N-terminus of c-Myc has short ‘acidic’, ‘proline-rich’ and 

‘glutamine-rich’ clusters in which is involved in transactivation and required for Myc’s 

biological activities (Kato, Barrett et al. 1990).  

Within the N-terminal transcriptional activation domain (TAD), referred to as Myc 

homology boxes, highly conserved among Myc family proteins throughout evolution 

(Henriksson and Luscher 1996), contains two conserved segments termed Myc box (MB) 

I, II, III , and IV which are crucial for transcriptional activity (Cowling and Cole 2006). 

MBI contributes to gene activation and Myc protein degradation, MBII is critical for the 

majority of Myc’s activity (Pelengaris, Khan et al. 2002), MBIII is implicated in 

transcription repression, apoptosis, transformation, and lymphomagenesis (Herbst, 

Hemann et al. 2005), and MBIV functions in apoptosis and transformation and modulates 

DNA-binding (Cowling, Chandriani et al. 2006). In biological assays, MBI deletion was 
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found to attenuate only Myc transforming activity (Stone, de Lange et al. 1987) while 

small deletions or single missense mutations in MBII are sufficient to eliminate virtually 

all Myc biological activities which include oncogeneic activity, apoptosis and blocking 

differentiation (MacGregor, Li et al. 1996). The MBI and II domain have recently been 

shown to facilitate Myc binding to a nuclear cofactor TRRAP 

(TRansactivation/tRansformation-domain Associated Protein). Disruption of TRRAP 

binding due to deletions or mutations in N-terminus of Myc is defective in transformation 

and oncogenic activity in turn (McMahon, Van Buskirk et al. 1998; Nikiforov, Chandriani 

et al. 2002).  

Nonetheless, numerous reviews showing high levels of Myc in transformed cell 

lines correlates with down-regulation of specific mRNAs. It has become clear that Myc 

can suppress gene expression by mechanisms that are un-related to E-box-binding 

(Facchini, Chen et al. 1997). In particular, Myc has been shown to down-regulate intiator 

(INR) elements-mediated transcription by associating and interfering with the function of 

proteins, such as TFII-I, YY-1 and Miz-1 (Sakamuro and Prendergast 1999). The most 

convincingly demonstrated mechanism of transcriptional inhibition by Myc is its 

association with MIZ-1 (Staller, Peukert et al. 2001). Recently, the MBII and the bHLHZ 

regions have been found indispensible for Myc-mediated repression of target genes 

expression (Li, Nerlov et al. 1994). At present, it remains unclear if Myc can act as an 

active repressor of transcription like Mad family proteins (Mad1, Mxi1, Mad3, and Mad4) 

since the association of MIZ-1 promotes stabilization of Myc by inhibiting its ubiquitin-

dependent degradation (Salghetti, Kim et al. 1999) and antagonizes the cell cycle arrest by 

MIZ-1 (Staller, Peukert et al. 2001).                    

 
Fig 7. Domains of Myc and their binding proteins.  
The N terminus of Myc has three highly conserved elements, known as MycboxesI–III. The C terminus 
contains the basicregion/helix–loop–helix/leucine-zipper (BR/HLH/LZ) domain. T58, S62 and T71 are 
known phosphorylation sites of Myc, and are targeted by glycogen synthase kinase-3 (T58), MAP kinase 
(S62) and Rho-dependent kinase (T71), respectively. The domains of Myc that interact with specific binding 
proteins are shown above the full-length protein structure. If the interaction results in Myc-dependent 
transactivation, the domain is represented in green. If the interaction results in Myc-dependent repression, 
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the domain is shown as a red bar, and if protein interaction results in the repression of Myc function, the 
domain is represented in blue. Interactions that mediate both transcriptional activation and repression by 
Myc are indicated by a dashed bar. Domains of Myc that bind with partner proteins for which a role has not 
yet been determined are shown in grey. FWB7 is not a transcriptional cofactor, but is part of an E3 ubiquitin 
ligase that regulates Myc protein stability. SKP2 functions as part of an E3 ubiquitin ligase and as a cofactor 
for Myc. p300 is a histone acetyltransferase and p400 is a histone exchange factor. TIP48 and TIP49 are 
hexameric ATPases that are part of chromatin remodelling complexes, whereas TIP60 is a histone 
acetyltransferase complex. TRAPP, an adaptor protein, is the core subunit of the TIP60 and GCN5 
complexes. Med, Mediator. (From Adhikary et al., 2005 with permission from Nature Reviews Molecular 
Cell Biology) 

 

3.2    DETERMINANTS OF MYC GENOMIC BINDING 
While the expression profiling studies for understanding Myc’s broad effects on the 

cell, it is very difficult to identify bona fide c-Myc target genes that explain its diverse 

biological activities (Berns, Hijmans et al. 2000). It raises a question of what genes are 

regulated through direct Myc binding and what genes are regulated indirectly as a 

consequence of the activities of primary targets or as part of a more general cellular 

response. In the past decades two strategic approaches have been exploited to delineate 

direct target genes of Myc by employing the conditionally inducible Myc-ERTAM fusion 

protein (Littlewood, Hancock et al. 1995) and the myc-null rat fibroblast cell system 

(Mateyak, Obaya et al. 1997). From the availability of consensus binding sites for 

Myc/Max heterodimer in vivo,  the sequence motif of C/GACCACGTGGTG/C has the 

highest affinity of binding (Blackwell, Huang et al. 1993) and Myc/Max heterodimmer 

favors C/G sequences flanking the core CACGTG (Boyd and Farnham 1997) in vitro 

studies. 

 Large-scale analyses of genomic binding studies utilize arrays comprising of E-

box-containing sequences (Fernandez, Frank et al. 2003), annotated promoters (Li, Van 

Calcar et al. 2003), or CpG island-enriched DNA (Mao, Watson et al. 2003) to screen 

Myc-bound DNA fragments isolated from several human cell types. The study indicated 

that up to 15% of genomic loci can be found associated with c-Myc binding in different 

cell types (Knoepfler 2007). Given that a canonical E-box is expected at a frequency of 

once per 4 kb on average, it seems likely that Myc/Max heterodimer recognizes a 

restricted subset of potential binding. Apparently, the promoter-proximal E-boxes within 

CpG-rich, H3-K4-methylated, euchromatin islands constitute conserved high-affinity 

Myc-binding sites. However, methylation of CpG within the potential Myc/Max binding 

sites will influence the Myc’s accessibility (Prendergast, Lawe et al. 1991). Myc/Max 

binding is also likely to be affected by the proximity of other transcription factors; for 
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example, AP2 prevents Myc from binding to target genes (Gaubatz, Imhof et al. 1995) 

while the E-boxes proximal to an estrogen response element, are enhanced Myc binding 

in a ligand-dependent manner by interaction with the TRRAP coactivator complex 

(Cheng, Jin et al. 2006) and HIF-2α has been reported to augment Myc/Max binding 

target genes and transcriptional activity (Gordan, Bertout et al. 2007). It suggests that 

Myc prefers binding to genes that have been accessed previously by other transcription 

factors or are already actively transcribed. 

An recent analysis has demonstrated that histone modifications with active marks 

(H3-K4, H3-K79 methylation ) are the characteristic of Myc-binding sites (Guccione, 

Martinato et al. 2006). Another, Myc preferentially associates with promoters of genes 

which are marked by methylated H3-K4 and highly enriched in the “replacement “histone 

H3.3. While methylated H3.3-K4 can be associated with actively transcribed loci and also 

mark the silent loci that were previously active, these observations have suggested that 

Myc perhaps could reactivate the silenced loci via recognizing H3-K4 or H3.3-K4 

methylation (Mito, Henikoff et al. 2007; Eilers and Eisenman 2008; Ng and Gurdon 

2008). Altogether, the affinity for the putative E-boxes may be a stochastic process and is 

highly dependent on chromatin structure and local transcriptional environment (Boyd and 

Farnham 1999).  

 Conversely, in a genome-wide binding study of embryonic stem (ES) cells Myc 

has apparently a high affinity binding to those regions which locate near the 5’ ends of 

active genes and constitute euchromatic islands (Kim, Chu et al. 2008). Moreover, the 

extremely high level of Myc has been identified to occupy promoters lacking canonical 

(CACGTG) E-boxes, bind to the E-box motifs distant from annotated promoters 

(Fernandez, Frank et al. 2003), and be enriched at noncanonical E-boxes (CATGTG, 

CACATG) in vivo (Morrish, Giedt et al. 2003). Perhaps those observations may in part 

contribute to about half of the euchromatic islands without canonical E-boxes bound by 

Myc/Max heterodimers (Guccione, Martinato et al. 2006). 

In mammalian cells, the interplay between Myc and Mad family proteins is 

important in growth, cell cycle progression, and differentiation (Grandori, Cowley et al. 

2000). Mad proteins are expressed preferentially in non-proliferating cells. Furthermore, 

Mad proteins inhibit reporter genes that are activated by Myc, interfere with 

transformation of rat embryo fibroblasts, block cell growth, and prevent apoptosis. 

Usually, the Mad family proteins antagonize Myc function by competing with Myc for 

available Max, competing with Myc-Max heterodimers for available binding sites, and 
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causing repression at bound sites (Grandori, Cowley et al. 2000; Luscher 2001; Iritani, 

Delrow et al. 2002; Popov, Wahlstrom et al. 2005). 

 

3.3 THE IMPLICATION OF UBIQUITIN-MEDIATED MYC TURNOVER IN ITS 
TRANSCRIPTIONAL ACTIVITY  
Importantly, the rapid synthesis of Myc requires degradation to maintain steady-

state levels. Myc family proteins have short half-lives on the order of 20-30 min, and the 

process of Myc degradation is carried out through the ubiquitin proteosome pathway. 

Indeed, many tumor-related mutations in Myc are associated with significant stabilization 

of the protein (Salghetti, Kim et al. 1999). Ubiquitinylation of Myc involves three 

enzymatic activities: the E1 activating enzyme, the E2 conjugating enzyme, and the E3 

ligase (Pickart 2001). During the last several years, it has demonstrated that the 

proteasome-mediated degradation of c-Myc is directed by at least two E3 ligases—Fbw7, 

which recognizes the Myc Box I phosphodegron (Yada, Hatakeyama et al. 2004), and 

Skp2, which interacts with a non-phospho-dependent binding site on Myc Box II (Kim, 

Herbst et al. 2003). Mutations in Fbw7 leading to increased abundance of c-Myc are 

associated with several types of tumours (Welcker and Clurman 2008). Nonetheless, 

ubiquitylation of several transcription factors has also been linked with their 

transcriptional regulations (Conaway, Brower et al. 2002). For example, ubiqutin-

mediated degradation of c-Myc by the Skp2 complexes is also implicated in activating 

Myc-dependent transcription (Kim, Herbst et al. 2003). Moreover, recent evidence links 

ubiquitin ligase HectH9/Huwe1 destabilizing N-Myc to enhancing its transcriptional 

activity in tumor cell proliferation (Adhikary, Marinoni et al. 2005). 

For degradation by the ubiquitin proteasome pathway, phosphorylation of 

Threonine 58 and Serine 62 in the N-terminus of Myc is quintessential for its recognition 

by the ubiquitinylation machinery (Yeh, Cunningham et al. 2004) (Fig 8). 

Phosphorylation at Serine 62 is a target of the Extracellular Receptor Kinase (ERK) and 

Threonine 58 is targeted by Glycogen Synthase Kinase (GSK-3ß) (Lutterbach and Hann 

1994); Ras-activated signaling pathways up-regulate phosphorylation at Serine 62 but 

down-regulate phosphorylation at Threonine 58. The effect of phosphorylation at Serine 

62 promotes Myc protein stabilization while Threonine 58 phosphorylation destabilizes 

Myc (Sears, Nuckolls et al. 2000). Consistently, cotransformation assays with Ras have 

shown that mutation of Threonine 58 increases Myc oncogenicity whereas mutation of 

Serine 62 decreases Myc oncogenicity (Lutterbach and Hann 1994). Intriguingly, 

phosphorylation at Threonine 58 instead of at Serine 62 is indispensible for subsequent 
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ubiquitylation of Myc (Yeh, Cunningham et al. 2004). Recently, a phosphorylation-

directed prolyl isomerase Pin1 has been shown to catalyze a cis to trans isomer change at 

Phospho-Ser/Thr-Pro motif, which makes Myc an ideal substrate for PP2A (protein 

phosphatase 2A)-mediated destabilization  (Zhou, Kops et al. 2000; Sears 2004; Dai, Jin 

et al. 2006). 

With low level of Myc protein in nucleus, the rapid degradation of Myc proteins 

implies that not all Myc targets would be bound at a given moment and their binding 

could be transiently occupied. To maintain steady-state levels, Myc would be 

continuously synthesized in order to occupy its targets. Actually, the rapid turnover of 

Myc proteins may impact Myc transcriptional regulation by permitting rapid exchange of 

Myc-recruited coregulators which include the TRRAP containing histone modifiers (Cole 

and Nikiforov 2006), the Pim1 kinase (Zippo, De Robertis et al. 2007), the Lid/Rbp2 H3-

K4 demethylase (Secombe, Li et al. 2007), the USP22 H2A deubiquitinating enzyme 

(Zhang, Varthi et al. 2008), and the HectH9 ubiquitin ligase (Adhikary, Marinoni et al. 

2005). Given a single Myc could interact with several of these proteins at once, one 

possibility is that Myc recruits distinct complexes to specific subsets of target genes. 

Moreover, the continuous replenishment of Myc proteins could induce a sequential 

change in coregulator composition at gene targets. In fact, it is conceivable that Myc’s 

recruitment of multiple coregulators could potentially lead to spreading of chromatin 

modifications (Eilers and Eisenman 2008). 

                                    
Fig 8. A diagram showing growth signal-mediated c-Myc phosphorylation and ubiquitylation 

pathways. Growth signals such as serum stimulation activate RAS. The RAS/Raf/MEK/ERK kinase 
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cascade phosphorylates c-Myc at S62. The RAS-PI3K/Akt cascade inhibits GSK3β activity. GSK3β 

mediates the phosphorylation of c-Myc at T58. Phosphorylation of T58 recruits the Pin 1 prolyl isomerase, 

which may catalyze cis-trans isomerization at the P63 bond. This conformational change facilitates the 

targeting of c-Myc by PP2A phosphatase, which dephosphorylates c-Myc at S62. Phosphorylation of T58 

and dephosphorylation of S62 serve as signals that trigger subsequent ubiquitylation and degradation of c-

Myc by the SCFFbw7 complex. (From Dai et al., 2006 with copyright permission from Neoplasia) 

 

3.4 MYC-MEDIATED CHROMATIN MODIFICATIONS ON GENE EXPRESS-
ION 
An advance in understanding the mechanisms of Myc-mediated transcriptional 

activation results from purifications of proteins bound to the Myc N-terminus. These 

studies imply that the recruitment of TRRAP (TRansactivation/tRansformation 

Associated Protein) to cellular promoters is essential for Myc-mediated oncogenic 

transformation (McMahon, Van Buskirk et al. 1998; Nikiforov, Chandriani et al. 2002) 

(Fig 6). TRRAP is a component of the 1.8 MDa SAGA complex 

(SPT/ADA/GCN5/Acetyltransferase) which is implicated in transcriptional regulation in 

yeast (Grant, Duggan et al. 1997). The functions of most components of SAGA complex 

remain unknown, but histone acetyltransferase (HAT) GCN5 has been shown associated 

with gene activation through histone acetylation (Grant, Sterner et al. 1998). TRRAP is 

also found in a complex with the H2A/H4 histone acetylase TIP60 (Doyon, Selleck et al. 

2004) and in a complex containing the Swi/Snf-related p400 protein (Fuchs, Gerber et al. 

2001). Although Myc-mediated histone acetylation is associated with TRRAP recruited to 

target genes (Frank, Schroeder et al. 2001), the consequences of Myc binding remain 

unclear since the p400/TRRAP complex is lack of histone acetyltransferase activity 

(Fuchs, Gerber et al. 2001) (Fig 9). 

In addition, Myc binds to the ATPase domain-containing cofactors called RUVBL1 

(TIP49) and RUVBL2 (TIP48) and both proteins can be found in TRRAP complexes; the 

defective ATPase mutant was found to inhibit cell transformation and potentiate Myc-

induced apoptosis (Wood, McMahon et al. 2000). With no yeast homologs in SAGA and 

NuA4 HAT complexes, TIP48 and TIP49 are found in other yeast complexes with 

chromatin remodeling activity (Shen, Mizuguchi et al. 2000). The recent study has 

revealed that the Drosophila homolog of RUVBL1, pontin, physically interacts with 

dMyc, and the diminished RUVBL expression levels exacerbates the phenotypes of dmyc 

loss-of-function in development (Bellosta, Hulf et al. 2005). Similarly, the Xenopus 

homologs of RUVBL proteins function as cofactors for Myc in cell proliferation (Etard, 

Gradl et al. 2005). 
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Myc-dependent histone modification has been well investigated at its target genes, 

but the influence of Myc on chromatin structure obviously seems to be more widespread. 

For instance, in the N-Myc null neural stem cells exhibited a pattern of global histone 

modification changes consistent with a chromatin structure sharing some features with 

heterochromatin (Efroni, Duttagupta et al. 2008). Consistently, Myc-deficient chromatin 

was enriched with histone H3 that was dimethylated and trimethylated at Lys 9 (MeK9-

H3) and substantially decreased in the characteristic marks of active chromatin: triMeK4-

H3, acetylated K9-H3, and histone H4 acetylated at all NH2-terminal K residues (Turner 

2002; Knoepfler, Zhang et al. 2006; Knoepfler 2007). As outlined above, Myc appears to 

control the genome-wide levels of histone H3 and H4 modifications (Knoepfler, Zhang et 

al. 2006), and its ability of global chromatin modifications may account for the broad 

effect of Myc on innumerable target genes (Knoepfler 2007).  

 

          
Fig 9. Model for Myc recruitment of histone acetyltransferases that open chromatin through 

acetylation of nucleosomes. The Myc protein recruits several complexes that can promote localized 

modification and remodeling of chromatin. These complexes may alter the acetylation around Myc target 

genes or perturb chromatin in some other undefined way. (From Cowling et al., 2006 with copyright 

permission from Seminars in Cancer Biology) 
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4 THE ROLE OF MYC-INDUCED PROTEIN SYNTHESIS 
AND LINKS TO THE CELL CYCLE 
An important aspect of cell proliferation is the capacity of the cell to increase in size 

and to coordinate growth and division (Grandori, Cowley et al. 2000). The proliferative 

and tumorigenic activity of Myc is well associated with its role in enhancing ribosomal 

biogenesis. Consistently, Myc transgenic mice display the increased cell size 

corresponding to augmentation of  ribosome biogenesis (Kim, Li et al. 2000). Expression 

Analysis Systematic Explorer (EASE) analysis of Myc-bound promoters shows that out 

of 430 genes, 13% have a direct role in the control of ribosome biogenesis and/or protein 

synthesis, which is comparable to the number of cell cycle genes found to be regulated by 

Myc (12%) (Schuldiner and Benvenisty 2001). Remarkably, the myc deficient Rat1 

fibroblasts provide substantial evidence for the profound influence of Myc levels on cell 

proliferation. Loss of all myc function leads to a dramatic decrease in the growth rate due 

to abnormal elongation of the G1/G0 and G2/M stages of the cell cycle (Davis, Wims et 

al. 1993; Mateyak, Obaya et al. 1997). Although several Myc target genes, cdc25A, 

cyclin E, cyclin A, and cyclin D2, have been identified, none of them, or any 

combination, can sufficiently explain the observed phenotypes of myc null cells (Hanson, 

Shichiri et al. 1994; Berns, Hijmans et al. 2000). One interpretation of a lengthening of 

the G0-to-S-phase transition could be attributed to the reduced accumulation of cellular 

mass (Mateyak, Obaya et al. 1997).  

Regulation of the protein synthesis machinery is a crucial process of growth and 

proliferation since a cell must double its protein mass before division. Biochemically, 

Myc regulates protein synthesis by all three RNA polymerases (Adhikary and Eilers 

2005), and previous studies had concentrated exclusively on Myc’s ability to regulate 

transcription of protein-encoding genes by RNA polymerase II, which include many 

target genes that encode ribosomal proteins, rRNA-processing factors and translation 

factors (Cole and McMahon 1999; Levens 2003; Ruggero and Pandolfi 2003; White 

2005) (Fig 10). Nonetheless, protein accumulation depends critically on ribosome content 

(Thomas 2000) and rRNA synthesis is a limiting step in ribosome biogenesis (Hannan 

and Rothblum 1995). Along with Myc’s direct induction of Pol III transcription (Gomez-

Roman, Grandori et al. 2003), Myc was also found to activate rRNA synthesis indirectly 

via regulation of UBF transcription (Poortinga, Hannan et al. 2004). These fruitfully 

models reverberate that the ribosome biogenesis regulated by c-Myc tightly couple to the 
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cell growth proportional to the rate of protein accumulation (Gomez-Roman, Felton-

Edkins et al. 2006).  

In our previous study overexpression of or abrogating degradation of Myc level 

accumulates in nucleoli (Arabi, Rustum et al. 2003). Although the putative E boxes 

spread along the rRNA genes between mammalian species, it still remains unclear if Myc 

might bind to rRNA gene and regulate RNA polymerase I directly since Pol III-

transcribed genes have no consensus Myc/Max binding sites (Gomez-Roman, Grandori et 

al. 2003). Besides, myc null rat fibroblasts grow and proliferate slowly correlating with its 

sluggish accumulation of cellular mass (Mateyak, Obaya et al. 1997), it implies that in the 

absence of Myc activity the basal transcription initiation machinery is sufficient, even 

inefficient, for ribosome biogenesis. With the influence of Myc on global chromatin 

structure, it raises a speculation that Myc could trigger chromatin modifications or/and 

chromatin modeling activity on rRNA genes and that Myc accelerating rRNA synthesis is 

attributed to the increment of  transcriptionally competent rDNA repeats.   

      
Fig 10.    MYC regulates the expression of proteins involved in ribosome biogenesis and control of 
translation. The proto-oncogene MYC encodes a transcription factor that is deregulated through genomic 
aberrations in a wide array of B-cell-specific malignancies and several other types of neoplasias. Most genes 
that are found to be upregulated in MYC-overexpressing cells are ribosomal proteins associated with the 
large and small ribosomal subunits. In addition, several nucleolar proteins are found upregulated, including 
B23, which is overexpressed in a wide array of tumours and might have direct consequences for tumour 
progression that is initiated by MYC. The translation factor eIF-4E is also itself a proto-oncogene and is one 
of many translation factors found upregulated in MYC-overexpressing cells. The ability of MYC to regulate 
the expression of these classes of mRNAs corresponds to an increase in protein synthesis observed in MYC-
overexpressing cells. Regulation of protein synthesis could therefore be an important mechanism by which 
MYC regulates cell growth and initiates tumorigenesis. (From Ruggero et al., 2003 with copyright 
permission from Nature Reviews Cancer) 
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5 AIMS 
The aims of this thesis were to study the function of c-Myc regulate ribosomal RNA 

synthesis and the correlation between the activity of c-Myc and the nucleolar 

compartment and structure in mammals. A list of more detailed aims is given below. 

 

• Does c-Myc bind to rDNA and regulate rRNA synthesis directly? 

• How does c-Myc activate rRNA syntheis?  

• Does Myc modify chromatin structure of rRNA genes?  

• Is c-Myc involved in spatial arrangement of rRNA genes in nucleoli?  
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6  MATERIALS AND METHODS 
6.1     ANALYSIS OF MYC’s DIRECT REGULATION ON RIBOSOMAL RNA 
          SYNTHESIS   
6.1.1 The Rat1-MycER model 

The identification of Myc target genes has proven to be a more difficult task than 

anticipated. The hexameric Myc/Max binding sequences, E boxes, occur too frequently in 

the genome (Knoepfler 2007) and other bHLHZ proteins are known to interact with these 

E-box sites (Grandori, Cowley et al. 2000; Iritani, Delrow et al. 2002; Popov, Wahlstrom 

et al. 2005).  Moreover, the altering cellular behavior after Myc expression makes it 

difficult to distinguish between genes that are direct targets and those whose expression is 

modulated as a result of secondary events. Besides, Myc may cooperate with other 

mitogen-induced factors to regulate target genes (Grandori, Cowley et al. 2000). Many 

approaches of searching for Myc target genes have achieved by using the Myc-ER 

system, the fusion of human Myc to the hormone-binding domain of the estrogen receptor 

(ER), which allows conditional, rapidly regulatable Myc function in the absence of 

protein synthesis (Eilers, Picard et al. 1989). Furthermore, Myc-ERTAM, modified the 

homone-binding domain responsive to 4-hydroxytamoxifen (4-OHT) only, allows to 

investige the Myc target binding sites in vivo use (Littlewood, Hancock et al. 1995), and 

this conditional fusion hormone strategy has been used to regulate a number of other 

proteins in a wide variety of cell types and mouse models (Picard 2000). 

For identifying whether Myc protein directly regulates on Pol I transcripiton, we 

starved the Rat1-MycER cells in culture medium without serum for 3 days, and then 

induced activity of MycER by ligand 4-OHT under treatment of α-amanitin, a specific 

inhibition of Pol II transcription (Lindell, Weinberg et al. 1970). At the same time, we 

monitored the efficient inhibition of α-amanitin on Pol II transcription by using RNA blot 

hybridizing cyclin D2 mRNA, which is well known as Myc taget Pol II gene (Gomez-

Roman, Grandori et al. 2003). 

As for analyzing the influence of Myc-mediated rRNA synthesis on chromatin 

structure of rDNA, we pretreated Rat1-MycER cells with the high dosage of 

actinomycin-D to block activities of all RNA polymerases (Hernandez-Verdun 2006).  

 

6.1.2  Chromatin immunoprecipitation (ChIP) assay 
Although in vivo crosslinking/footprinting has been available in showing the  

physical occupancy of May/Max heterodimers at the proposed regulatory sites for many 
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years, the technique has discouraged its use due to difficulty and the ambiguity resulting 

from multiple potential factors that occupy Myc binding sites. For example, the other  

transcriptional  regulators including USF1, USF2, TFE3, TFEB, TFEC, microphthalmia 

bind to CACGTG sites (Prendergast 1999; Vervoorts and Luscher 1999). Another 

important method for identification of Myc/Max target genes has come from the recent 

optimization of chromatin cross-linking and immunoprecipitation procedures (Eilers, 

Picard et al. 1989), which has advanced our knowledge of the association of transcription 

factors with in vivo cognate genomic sites (Eberhardy and Farnham 2001). To date, ChIP 

is the most robust method that provides direct physical evidence of the association of a 

transcription factor with specific target gene. With ChIP, target genes in sheared 

chromatin are cross-linked to specific transcription factors that are subsequently 

immunoprecipitated with an antibody directed toward that transcription factor. After 

reversing cross-links, the deproteinized DNA may then be assayed through PCR or 

hybridized to microarrays to detect specific genomic sequences that are precipitated along 

with the transcription factor in question.  

ChIP is a sensitive technique by which transient and dynamic interactions between 

transcription factors and DNA can be detected. While investigation of Myc binding to 

rRNA genes by ChIP assay many aspects should be taken into consideration: (1) the 

location of canonical or non-canonical E-boxes to promoter, (2) the abundance of Myc 

protein within nucleoli during cell cycle, (3) the specificity and affinity of the antibody 

against Myc protein, (4) the concentration of formaldehyde for DNA-protein cross-

linking.  

Moreover, there are multiple canonical and non-canonical E boxes scattering along 

the transcribed region and the intergenic spacer in a mammalian rDNA repeat. More 

perplexing, there is a scarce of putative E boxes nearby promoter and several clusters of 

putative E boxes locate far from promoter instead. As concerned, the sheared DNA 

fragments, ranging from 0.5 to 1 kb in length, may limit resolution of this technique due 

to the different binding affinity of Myc to E-boxes and other non-canonincal sites (Mao, 

Watson et al. 2003). To enhance resolution of Myc binding locations, we designed several 

PCR primer pairs, preferentially having cluster of E-box sequences, covering 2 kb 

upstream and downstream of promoter. 
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6.2   ANALYSIS OF FUNCTIONS OF MYC ON TOPOLOGICAL STRUCTURE 
OF rDNA   

6.2.1  Chrosome conformation capture (3C) assay 
The accumulating evidence has shown that spatial organization of the eukaryotic 

genome plays an important role in regulation of gene expression. Thus, it requires a 

reliable approach permitting to investigate whether remote genomic sites interact with 

another in the nuclear space. Although fluorescent in situ hybridization (FISH) becomes 

possible to detect locations of genomic elements in the nuclear space, this approach is far 

from precise resolution to determine if co-localization of signals corresponds genomic 

elements interact with another (Vassetzky, Gavrilov et al. 2009).  

Chromosome conformation capture (3C) method was developed to investigate 

spatial organization of long genomic regions in living cells. 3C technology can provide 

quantitative frequencies of interaction between two cross-linking DNA restriction 

fragments in the nuclear space (Dekker, Rippe et al. 2002). Originally applied to analysis 

of structural organization of yeast chromosomes, this method was successfully adapted to 

analyze the conformation of gene clusters in mammalian cells (Splinter, Grosveld et al. 

2004). The preparation of formaldehyde cross-linked chromatin in the 3C assay is similar 

to that of ChIP assay. The isolated cross-linked chromatin is solubilized and digested with 

the proper amount of indicated restriction enzymes, and then followed by intamolecular 

ligation of cross-linked chromatin fragments.  

The preparation of cross-linked chromatin for restriction enzymes digestion is a 

critical event in the 3C assay. Before DNA digestion, SDS is added to digestion buffer for 

removing non-cross-linked proteins from DNA, and then Triton X-100 is added for 

sequestration of SDS. Such scenarios, the efficiency of enzyme digestion will be 

compromised because of severity of reaction conditions (Splinter, Grosveld et al. 2004), 

especially in the digestion buffer containing multiple restriction enzymes and the 

divergent sensitivity of restriction enzyme to SDS and Triton X-100. Thus, the 

concentrations of SDS and Triton X-100 applied in 3C assay should be optional to 

achieve full activities of enzymes for individual experiment. 

Besides, proper interpretation of data obtained by 3C assay depends critically on a 

quantitative comparison of signal intensities of PCR products amplified with different 

primer sets. Each primer set should be in validity only after correction for PCR 

amplification efficiency in a control DNA template. In yeast, this template could be 

obtained by digesting and randomly ligating non-cross-linked genomic DNA. For 

mammalian cells, the ligated DNAs of interest should be done by taking a BAC, PAC, or 
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YAC carrying an artificial chromosome that covers the genomic region to be analyzed 

(Splinter, Grosveld et al. 2004). Without available artificial chromosomes, we synthesized 

the control DNA templates by amplifying DNA fragments of interest individually, 

digestion with the indicated restriction enzymes, and then ligation the digested DNA 

fragments. The efficiencies of primer sets for 3C assay were analyzed in PCR with the re-

ligated DNA fragments.  

 
6.2.2 ChIP-loop assay 

Even though the assay of chromosome conformation capture gives information of 

which genomic sites interact in the nuclear space, this technique is not supplemented with 

the knowledge of which proteins are involved in interactions of a locus under study. 

Recently, a method has been developed to determine which genomic sites interact 

and to suggest candidate proteins mediating the interaction. It is a combination of 3C and 

ChIP assays. In principle, chromatins are cross-linked with formaldehyde, digested with 

restriction enzymes, subjected to precipitation with specific antibodies as for ChIP steps, 

then the protein-A/G beads with precipitated chromatins are ligated by T4 DNA ligase. 

Ligation products are purified and analyzed as in usual 3C experiments. Thus, ChIP-loop 

assay allows to investigate a panel of proteins of interest that may take part in DNA loop 

organization (Horike, Cai et al. 2005).  

However, this technique is inflicted with several technical aspects concerning the 

efficiency of restriction enzyme digestion, sizes of DNA fragments, and concentrating the 

DNA on the beads before ligation. Unless these undesired events do not take place, it 

should be reminded that proteins cross-linked to interacting DNA fragments 

immunoprecipitated by ChIP-loop assay is insufficient for assuming protein participation 

in DNA loop formation (Simonis, Kooren et al. 2007). To avoid these disadvantages, we 

modified the protocol by switching the sequential order between chromatin 

immunoprecipitation and ligation of cross-linked DNA fragments. Before performing 

chromatin immunoprecipitation, the optimal concentration of the restriction enzyme-

digested DNA fragments were ligated to avoid collision between non-adjacent DNA 

fragments in spatial nucleoli. Because that the detection of a ligation product may reflect 

a random collision rather than a specific interaction, we quantified the frequencies of 

relegated fragments of interest by comparing those of other ligated interactions with the 

variant primer sets which correspond to possibly re-ligated fragments. Moreover, we 

facilitated ChIP assays to analyze the relative enrichment of cross-linked target 

sequences coprecipitated by the protein of interest. 
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6.3   ANALYSIS OF MYC-MEDIATED INTERPLAY BETWEEN rDNA 
NUCLEOLAR MATRIX  

6.3.1  Matrix attachment region (MAR)-participation assay  
The eukaryotic chromatin fiber is organized into large domains or loops separated 

through their interaction with nuclear matrix. The nuclear matrix is a structural framework 

formed by a network of proteins consisiting of nuclear laminar, internal fibrillar, and 

residual nucleolus (Berezney 1991). Matrix Attachment Reions or Scaffold Attachment 

Regions (S/MARs) are defined as DNA fragments that can especially bind to isolated 

nuclear matrices (Fiorini, Gouveia Fde et al. 2006). Although no obvious characteristics 

common to nucleotide sequences of S/MARs, these regions generally have AT-rich 

sequences and preferentially locate in non-coding regions of DNA containing regulatory 

elements and binding sites of DNA topoisomerase II (Cockerill and Garrard 1986; 

Adachi, Kas et al. 1989).  

There are different methods of isolating S/MARs. Principally, the nuclei are 

digested by DNase I or a combination of restriction enzymes, histone and other 

nonhistone proteins are extracted with 2M NaCl or lithium diiodosalicylate (LIS), and 

then DNA sequences are separated into matrix associated and non-matrix associated 

fragments. DNA loops and S/MARs can be visualized by in situ hybridization analysis 

(Fiorini, Gouveia Fde et al. 2006).  

While isolation of nucleoli, Bolla et al suggested that it was necessary to treated 

the sonicated nuclei with DNase before centrifugation through a sucrose step gradient in 

order to gain “core nucleoli”. In the absence of DNase digestion, many nucleoli 

remained in the supernatant fraction was trapped within a chromatin network (Shiomi, 

Powers et al. 1986). At present, we isolated nucleoli according to the protocol from the 

Lamond laboratory and we check the efficiency of isolating nucleoli each experiment. 

In addition, several reports suggest that dithiothreitol (DTT) added into DNase 

digestion or/and histone extraction buffers can prevent non-specific DNA fragments 

protected by nuclear matrix from disulfide bonds occurring between proteins and 

nuclear matrix (Grdovic, Vidakovic et al. 2005). Taking this phenomenon into account, 

we presently determined the S/MARs of rat fibroblasts and HeLa cells from the 

consistent DNA fragments isolated by paralleling pretreated nucleoli in extraction 

buffer containing with or without DTT.  
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6.3.2  MAR-loop assay 

This methodology was developed by Pavan Kumar et al. (Kumar, Bischof et al. 

2007). The principle of this assay is essentially derived from the 3C technique. However, 

the obligatory crosslinking step with formaldehyde is omitted in order not to introduces a 

lot of background noises. While isolation of nucleolar halo, we did no add DTT in order 

not disrupt transcription-dependent chromatin loop structure architected by hierarchical 

protein-protein interaction. The same, the optimal concentration of the enzyme digested 

DNA fragments were ligated to avoid collision between non-adjacent DNA fragments in 

spatial nucleoli. As 3C methodology, it needs a panel of investigating efficiencies of 

primer sets to correctly interpret data obtained from MAR-loop assay. 



 

  35 

7   RESULTS  
7.1     PAPER I 
c-Myc associates with ribosomal DNA and activates RNA polymerase I transcription 

The Myc-mediated increase in cell size correlates with elevated protein synthesis, 

which is tightly coupled to cell growth (Ruggero and Pandolfi 2003). Interestingly, 

many c-Myc target genes are implicated in the protein synthesis machinery (Adhikary and 

Eilers 2005). Furthermore, c-Myc regulates genes transcribed by RNA polymerase III 

(Gomez-Roman, Grandori et al. 2003). In previous study we showed that the 

overexpression of Myc accumulates in nucleoli where rRNA is transcribed (Arabi, 

Rustum et al. 2003). Although c-Myc stimulates expression of Pol I cofactors (Poortinga, 

Hannan et al. 2004) and rRNA processing factors (Schlosser, Holzel et al. 2003), it has 

not been shown to directly regulate the activity of Pol I, which transcribes rRNA genes in 

the nucleolus to produce the main rRNA components of ribosomes. 

To study the role of c-Myc in the nucleolus, we first examined whether the 

determinants required for nucleolar accumulation. It showed that residues 294–439 of 

Myc C-terminus, harbouring the dimerization and DNA binding domain, are both 

necessary and sufficient for nucleolar localization. Indeed, the co-localization of Myc and 

Max in the nucleolus occurs under proteasome inhibition. Consistently, bimolecular 

fluorescence complementation (Grinberg, Hu et al. 2004) demonstrates that the Myc/Max 

heterodimerizes in the nucleoli of living cells after ALLN treatment.  

To test whether the Myc ubiquitination is required for nucleolar localization, we 

used Chinese hamster ovary (CHO) cells containing a temperature-sensitive defect in the 

E1 ubiquitin-activating enzyme and monitored nucleolar localization of Myc after shifting 

to the non-permissive temperature. In spite of being at the non-permissive temperature 

Myc was stabilized and accumulated within the nucleoli, suggesting that ubiquitination 

and proteasome-dependent protein degradation are not required for the nucleolar 

accumulation of Myc. 

On Myc-targeted genes transcribed by Pol II their transcriptional activations 

depend on binding of Myc/Max to the E boxes (Boyd and Farnham 1997). The human 

rDNA repeats contain numerous canonical and non-canonical E boxes both at 

regulatory sequences and throughout the transcribed region. To investigate whether c-

Myc and Max are associated with rDNA in vivo, we performed ChIP experiments. The 

association of Myc and Max was strongest with a fragment containing the non-

canonical E-box at 913–918 bp downstream of promoter. The enhanced association of 
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Myc with rDNA was paralleled by an increased implication of Myc cofactors, including 

the TRRAP as well as increased histone acetylation, a hallmark of Myc activity on Pol 

II genes. 

Previously, E3 ubiquitin ligase Skp2 is thought to play a positive role in 

transcription activation by c-Myc (Kim, Herbst et al. 2003).  To test if proteasome-

mediated protein degradation is required for rDNA transcription, we pretreated cells 

with proteasome inhibitors. The data showed the level of pre-rRNA was markedly 

inhibited after treatment of cells with the proteasome inhibitors ALLN and MG132. 

This indicates that proteasome-mediated degradation of Myc is required for Myc-

regulated Pol I transcription. 

To determine whether Myc is directly engaged in activation of Pol I transcription, 

we studied the association of Myc with rDNA after growth stimulation of normal 

resting human peripheral blood lymphocytes by cytokines treatment 

(phytohaemaglutinin (PHA), and interleukin-2 (IL-2)). Upon stimulation by cytokines, 

the enhanced binding of c-Myc was accompanied by increased association of Pol I, 

histone H4 acetylation and TRRAP with rDNA. These changes preceded the increase in 

cellular RNA synthesis after cytokine treatment, indicating that association of Myc with 

nucleolar chromatin activates rDNA transcription.  

The key role of Myc in activating rRNA synthesis in response to cytokine 

treatment was further demonstrated by siRNA-mediated knockdown of c-Myc. The c-

Myc siRNAs inhibited RNA synthesis both in PBLs and U2OS cells, whereas control 

siRNAs did not.  This result underscored the specificity of c-Myc knockdown by siRNA 

and demonstrated that Myc plays a crucial role in transcriptional activation of Pol I 

following growth stimulation. 

To investigate further whether Myc activates rDNA transcription directly, we 

used Rat1 and U2OS cells expressing MycER. Activation of MycER led to increased 

levels of 45S pre-rRNA. Consistently, the increase of pre-rRNA synthesis after 4-OHT 

treatment was prevented by inhibition of c-Myc/Max dimerization (10058-F4) or 

proteasome function (ALLN) but not by inhibition of Pol II transcription by α-amanitin. 

These findings demonstrated that activation of Pol I transcription by Myc was not due 

to secondary consequences of Myc stimulating Pol II transcription, and supported the 

view that Myc directly augments the efficiency of Pol I transcription. 

In summary, Myc associated with rDNA suggests that c-Myc stimulates Pol I 

transcription by binding to specific E-boxes, as it does at Pol II target genes. In addition, 

the binding of Myc/Max heterodimers to rDNA activates Pol I transcription by 
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increasing histone H4 acetylation at the rDNA. This increase in histone acetylation in 

growth-stimulated cells is consistent with histones being acetylated at active rDNA 

copies as well as the mechanism by which c-Myc activates Pol II target genes.  

 

7.2     PAPER II 
c-Myc induces changes in higher order rDNA structure on stimulation of quiescent 

cells 

In earlier observation showed that Myc directly activates rDNA transcription. In 

Drosophila, however, the rDNA does not contain E-boxes, and Myc activates rDNA 

transcription by an indirect mechanism (Grewal, Li et al. 2005), indicating that direct 

binding of Myc to the rDNA might have evolved quite recently. Interestingly, there is 

very low conservation of noncoding rDNA sequences between mammalian species 

(humans, mice and rats). None of the putative Myc-binding sites (E-boxes) are found 

within conserved sequence contexts, and the number and separation of E-boxes are 

completely divergent.  

To determine whether Myc can bind to and directly activate the rat rDNA, we 

performed ChIP and transcription analysis in Rat1 fibroblast cell lines. The data showed 

that Myc binds to rat rDNA both upstream and downstream of the rRNA coding 

sequences. Comparison of Rat1 cells with or without endogenous c-Myc showed that 

Myc is required for maximal induction of rDNA transcription on serum stimulation. To 

confirm that Myc induces rDNA transcription directly, we used Rat1-Myc/ER cells. In 

this system, the rapid response of rDNA transcription to direct stimulation of Myc 

activity in the absence of serum stimulation suggests that c-Myc directly activates 

rDNA transcription in rat cells. Again, rDNA transcription is still induced as a result of 

Myc/ER activation under treatment of α-amanitin. We conclude that the role of c-Myc 

as a direct regulator of rDNA transcription is conserved in spite of the sequence 

divergence in the non-coding rDNA in rats compared with humans. 

To further characterize the mechanism by which Myc activates rDNA 

transcription, we studied the Myc-dependent recruitment of Pol I transcription 

components to the rDNA. The data showed that Myc is required for efficient 

recruitment of RNA polymerase I (RPA 194) and of the TATA-binding protein 

(TBP)/SL1 to sequences upstream of the rRNA coding regions on serum stimulation. As 

expected, the levels of RNA polymerase I and TBP/SL1 found immediately 

downstream of the transcription termination site were lower than those in the promoter 

and upstream regions. Surprisingly, we also observed strong association of both RNA 
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polymerase I and TBP/SL1 further downstream of the rRNA transcription termination 

site in serum-stimulated Myc-expressing cells. 

The Myc-dependent association of RNA polymerase I and TBP/SL1 to non-

transcribed sequences downstream of the rRNA transcription unit has not been observed 

earlier. We speculated that the downstream signal could result from the physical 

juxtaposition of upstream and downstream rDNA regions during rDNA transcription 

rather than from the direct association of TBP with DNA in the downstream region. To 

determine whether such gene loops are formed in rDNA, we used the chromosome 

conformation capture (3C) technique (Splinter, Grosveld et al. 2004). We conclude that 

the rDNA in growing cells forms a higher order chromatin structure in which the 

upstream and downstream regions of rDNA genes are juxtaposed. Moreover, in Rat1-

MycER cells we showed that activation of c-Myc is sufficient for gene loop induction in 

the absence of serum stimulation. In the experiment of pretreatment with actinomycin-

D, it showed that Myc-induced gene looping in the rDNA is not dependent on enhanced 

levels of rDNA transcription, and thus may be a cause of induced transcription rather 

than its consequence. 

An independent study reported a role of the TTF-1 protein in the formation of 

higher order rDNA structure (Nemeth, Guibert et al. 2008). To determine whether the 

roles of Myc and TTF-1 in rDNA chromatin conformation changes might be related, we 

tested activation of c-Myc in the association of TTF-1 with rDNA. We conclude that 

Myc and TTF-1 play related roles in the rDNA chromatin conformation changes that are 

associated with growth stimulation. To further probe the role of Myc as a direct 

regulator of rDNA gene loop formation, we used the ChIP-loop technique to determine 

whether Myc is physically associated with rDNA gene loops. The result showed that 

Myc antibodies precipitate a chromatin fraction that contains the portion of rDNA gene 

loops containing juxtaposed upstream and downstream sequences. 

The repetitive nature of the rDNA genes suggests that gene looping might involve 

the formation of hubs from which multiple gene loops emanate. To determine whether 

c-Myc induces hubs containing two or more rDNA gene loops, we used a 3C primer set 

that spans the ligatable junction between two identical promoter containing fragments. 

The juxtaposed gene loops detected by the PCR product are induced by serum 

stimulation and the induction is completely dependent on Myc activity, as shown by the 

inhibitory activity of the 10058-F4.  

Taken together, c-Myc can directly bind to rDNA among mammals and recruit 

RNA polymerase I-related transcription factors to the rDNA when quiescent cells are 
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stimulated to re-enter the cell cycle. Using a system of conditionally inducible Myc cell 

line, we showed that on stimulation c-Myc rapidly induces spatial arrangemnet of rDNA 

chromatin that juxtapose upstream and downstream rDNA sequences and c-Myc is 

physically associated with induced rDNA gene loops. In fact, the origins of two or more 

rDNA gene loops are closely juxtaposed, suggesting the possibility that c-Myc induces 

nucleolar chromatin hubs.  

 

. 

7.3     PAPER III 
c-Myc induces recruitment of rDNA genes to the nuclear matrix in response to cell 

growth stimulation 

Mounting evidence suggests that eukaryotic chromosomal DNA is often organized 

into large loops in which the bases of loop structures are fixed at the nuclear matrix. In 

particular, the topological relationship between gene sequences located in the DNA loops 

and nuclear matrix attachment sites appears to be important for appropriate nuclear 

function (Maya-Mendoza and Aranda-Anzaldo 2003).  

Prediction with the MAR-Wiz program for potential matrix attachment sites in 

rDNA, it demonstrated that the most prominent scaffold/matrix attachment regions are 

predicted to reside exclusively in the intergenic spacer regions of mammalian rDNAs. 

Using a matrix-participation assay (Kumar, Bischof et al. 2007),  nucleoli isolated from 

Hela and TGR1 cells were digested with DNase I and RNase A, and followed by PCR 

with different primer pairs was used to identify rDNA regions protected from digestion by 

matrix attachment. we showed that a large region within the IGS of rat and human rDNA 

is robustly matrix associated under these conditions. 

 Next, we compared the nucleolar matrix protected regions in serum-starved Hela 

cells with and without re-feeding with serum. With the exception of regions around H24 

and H40, the attachment of IGS regions to the nuclear matrix was severely weakened in 

starved cells. Thus, the matrix attachment of most IGS regions appears to be specific for 

growing cells. Moreover, we demonstrated that inhibition of Myc by treatment with 

10058F4, abrogated nuclear matrix attachment of rDNA in serum stimulated cells. Our 

results suggest the existence of both constitutive and facultative matrix-attachment sites 

(Hair and Vassetzky 2007) where the latter are functionally coupled to cell growth and 

activated rDNA transcription. Establishment of the growth related facultative pattern of 

matrix attachment appears to require the activity of Myc. 
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To investigate whether S/MARs participate in the formation of previously described 

rDNA chromosomal loop structure within nucleoli, we combined 3C methodology with 

the MAR-ligation assay. The MAR-loop assay detects physical juxtaposition between any 

two genomic loci held together in close proximity in nuclear matrix preparations in the 

absence of formaldehyde crosslinking, which is normally required to maintain chromatin 

structures in a standard 3C assay (Splinter, Grosveld et al. 2004; Kumar, Bischof et al. 

2007). We conclude that the juxtaposed regions upstream and downstream of the rDNA 

transcribed region that is juxtaposed to each other in the 3C assay are also attached to the 

nuclear matrix. In the growing Hela cells, the results from both assays showed close 

proximity of regions upstream of the promoter and downstream of the transcription 

termination sites. Interestingly, numerous amplified ligation products were observed in 

both assays between primers located within the IGS. Together with the preferential 

location of MAR associated regions within the IGS, this observation strongly suggests 

that the three dimensional organization of rDNA results from anchoring of the IGS on the 

nucleolar matrix.  

 Next, we investigated whether Myc, UBF(O'Sullivan, Sullivan et al. 2002; Mais, 

Wright et al. 2005), and TTF-1 (Nemeth, Guibert et al. 2008) are physically involved in 

higher-order packaging of chromatin within IGS region of rDNA. We performed the 

ChIP-loop assay, a ChIP-combined chromatin-loop analysis (Horike, Cai et al. 2005). 

Notably, the loop organizations within IGS region were enriched in the Myc- and UBF-

associated chromatins from serum induced TGR1 and Hela cells. In contrast to TGR1 

cells, the ligated PCR products associated with loop domains were not generated in TTF-

1-immunoprecipitated chromatins in HeLa cells.  

The putative compaction of multiple rDNA repeats in a higher chromatin 

organization in response to c-Myc activation is reminiscent of the role of SATB1 (special 

AT-rich sequence binding protein 1) in regulating chromatin-loop architecture of the 

MHC class I locus (Cai, Lee et al. 2006). Since such active chromatin hubs (Gavrilov and 

Razin 2008; Eivazova, Gavrilov et al. 2009) are associated with coactivators and active 

chromatin marks but not with corepressors, we tested whether the MAR associated rDNA 

genes might represent such structures within nucleoli by testing for the presence of 

different cofactors and chromatin marks. We thus performed the ChIP-loop assay using 

antibodies against activators and repressors in exponentially growing TGR1 cells. The 

results showed that gene loop stuctures could be precipitated by antibodies against 

TRRAP, AcH3, and AcH4 but not by antibodies against corepressors such as Sin3A, 

HDAC1 and Dmnt1. Therefore, we conclude that the c-Myc induced matrix associated 
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gene loops could be analogous to the active chromatin hub structures that have been 

described in the context of RNA Pol II transcribed genes.  

In this paper, we showed spatial organization of mammalian rRNA genes into 

distinct chromatin loops via tethering to nucleolar matrix via their 5’ and 3’ 

nontranscribed spacer sequences. Furthermore, our studies showed that activated c-Myc, 

bound within spacer region, interacts with nucleolar matrix and helps to fold the repetitive 

rRNA genes into a higher-order chromatin-loop structure that is specifically associated 

with growing cells. Using chromatin immunoprecipitation-combined loop assays, we 

provide evidence that c-Myc corporates with co-activators as a regulatory complex that 

governs rRNA transcription by orchestrating dynamic chromatin-loop architecture. 

 
 
7.4     PAPER IV 

Nucleolar organization, growth control and cancer 
 

The nucleolus is a dynamic region of the nucleus that is disassembled and 

reformed each cell cycle and whose size is correlated with cell growth rate. Nucleolar 

size is a prognostic measure of cancer disease severity and increasing evidence suggests 

a causative role of nucleolar lesions in many cancers (Derenzini, Trere et al. 1998).  

The correlation between nucleolar function and the predisposition for cancer 

underlines the importance of understanding the mechanisms controlling nucleolar 

morphology. To determine the correlation between nucleolar function and nucleolar 

morphology, we showed that Cos7 cells treated with actinomycin D contain much smaller 

nucleoli than control cells and the localization of fibrillarin changes to a weaker punctate 

pattern in treated cells. Consistently, treatments with agents like Myc inhibitor 10058F4 

and the proteasome inhibitor ALLN8 cause a change in fibrillarin localization, which 

resembles that caused by actinomycin D. It reflects that rDNA transcription per se is 

important for maintaining nucleolar size.  

In paper II, we showed that Myc induces changes in the higher order structure of 

nucleolar chromatin when quiescent Rat1 fibroblasts are stimulated to grow. With 

divergent DNA sequences and variant number and location of E boxes between 

mammalian species, we investigated the role of Myc in human origin, HeLa cells, in 

chromatin structure of rDNAs. Using 3C assay, we showed that similar gene loops can 

be detected in HeLa cells in which the promoter and terminator regions of rDNA genes 

come in close proximity to each other. In the presence of the 10058F4, the serum-

induced loop structure is reduced. Apparently, Myc is involved in the formation and 
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maintenance of rDNA loop structures. Finally, using ChIP-loop assay we showed that 

the chromatin fraction enriched in rDNA loops can be specifically immunoprecipitated 

by antibodies directed against c-Myc.  

Transcription factories are enriched in chromatin modifications that are associated 

with active genes, such as lysine acetylation and methylation of lysine 4 in histone H3 

(Zhou, Santoro et al. 2002; Santoro 2005). Consistently, our previous study showed that 

Myc-mediated recruitment of TRRAP is sufficient to promoter histone H4 acetylation 

upstream and downstream of rRNA coding region. In starved Rat1-MycER fibroblasts 

we demonstrated that activation of Myc by ligand 4-OHT leads to reduced levels of 

Mad1 protein associated with rDNA regions upstream of the rRNA coding region. 

Mad1 proteins inhibit c-Myc action by competing for binding to its binding sites and 

thereafter directly or indirectly recruiting co-factors that deacetylate histones, methylate 

DNA and repress transcription. This is well established for protein-coding genes but has 

not been shown previously for rDNA genes. It implies that the induction of Myc-

dependent active rDNA loops is accompanied by expected Myc dependent changes at the 

level of chromatin modification.  

In summary, we showed that the c-Myc oncoprotein induces changes in the higher 

order structure of rDNA chromatin in the nucleolus of growth stimulated quiescent rat 

cells. Here,  we showed that c-Myc induces similar changes in human cells, that c-Myc 

plays a role in the overall structural integrity of the nucleolus and that c-Myc and its 

antagonistic partner Mad1 interact to program the epigenetic status of rDNA chromatin.  
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8     DISCUSSION & FUCTURE PERSPECTIVES 
Previously, we have reported that Myc and proteasomes accumulate in the 

nucleolus of cells that contain excessive amounts of Myc (Arabi, Rustum et al. 2003). 

Proteasome inhibitors induce accumulation of Myc in nucleoli where Myc is normally at 

very low levels, and this suggests that Myc is normally turned over very rapidly in the 

nucleolus in concert with the high rate of rRNA synthesis. Proteasome-mediated 

degradation of Myc occurs via recognition of conserved Myc boxes in the amino terminus 

of the protein (Flinn, Busch et al. 1998; Salghetti, Kim et al. 1999) by the Skp2 (Kim, 

Herbst et al. 2003; von der Lehr, Johansson et al. 2003) and Fbw7 (Welcker, Orian et al. 

2004; Yada, Hatakeyama et al. 2004) components of SCF (for Skp1/Cullin/F-box protein) 

ubiquitin ligase complexes.  

Whereas Fbw7 reduces Myc levels to prevent inappropriate cell growth, Skp2 is 

found to play a positive role in transcription activation by Myc (Kim, Herbst et al. 2003). 

In paper I & IV, consistently, treatment with proteasome inhibitors inhibits Myc-

regulated rRNA synthesis and changes nucleolar size and structure. Since E3 ubiquitin 

ligases Fbw7 and Skp2 bind to Myc N-terminus (Kim, Herbst et al. 2003; Yada, 

Hatakeyama et al. 2004), it is no doubt that disrupting interaction between Myc and E3 

does not influence Myc’s occupancy to rDNA. The same, Myc-mediated recruitment of 

co-regulators seems to be not affected as shown in paper I. It raises a question of how 

does Skp2 act as a cofactor at Myc target genes. The recent study showed that Myc can 

recruit an active SCFSkp2 complex to Myc target promoter, resulting in ubiquitylation of 

Myc and/or other proteins present at the promoter(von der Lehr, Johansson et al. 2003). 

Interestingly, the APIS (AAA ATPases independent of 20S) complex, 19S regulatory 

particle of the proteasome, has been found recruited to certain promoters and actively 

participate in transcription (Gonzalez, Delahodde et al. 2002). With the rest of the 

proteasome also recruited to Myc target promoters(von der Lehr, Johansson et al. 2003), a 

model was proposed that ubiquitiylation of Myc is required for its transcriptional activity, 

simultaneously is destroyed, and then newly synthesized for a new cycle of transcription 

(Eilers and Eisenman 2008). Although Myc-induced architecting higher order of rDNA 

chromatin is rRNA transcription independent (in paper II), it is tempting to speculate 

whether blocking Myc degradation by proteasome inhibitior could inflict the Myc-

mediated organization of rDNA gene loops, as shown in paper II, IIII & IV. It needs 

further explore the mechanisms of E3 ligase involved in Myc-regulated rDNA 
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transcription and the influence of E3 ligase on the spatial arrangement of rDNA 

chromatin. 

 To our knowledge, induction of gene loops is a novel aspect of Myc-dependent 

gene activation (in paper II, III & IV). Juxtaposition of upstream and downstream 

regions causes gene loops in several RNA polymerase II transcribed genes in yeast 

(O'Sullivan, Tan-Wong et al. 2004), and is thought to facilitate transcriptional re-

initiation by passing newly terminated RNA polymerases back to the promoter (Ansari 

and Hampsey 2005). An important role of gene looping has been shown to be the 

control of transcriptional activity in clusters of overlapping genes. The most studied 

example of this is the globin locus, which is regulated by the transcription factor SATB, 

which binds to several sites within the cluster and restructures the locus into an active 

chromatin hub (Seo, Lozano et al. 2005). Binding of Myc to multiple (identical) repeats 

of the rDNA may bring about an analogous situation, and this possibility is supported 

by our observation that multiple Myc-dependent loops are attached to the same point (in 

paper II). It is possible that Myc-targeted Pol II transcribed genes are activated by 

similar mechanisms, but the large clusters of tandemly repeated rDNA genes make it 

easier to observe changes in higher order chromatin structure in this system. Our results 

suggest a model in which Myc-induced gene looping within the rDNA repeats forms 

part of the pathway by which rDNA transcription is reprogrammed when activated 

quiescent cells enter the growth cycle. Indeed, it has been suggested that the key effect 

of Myc may be to determine whether or not cells commit to cell cycle entry and 

proliferation (Holzel, Kohlhuber et al. 2001). One transient role for c-Myc at cell cycle 

entry could be the establishment of rDNA gene loops as part of a nucleolar 

reorganization process that is required for the increased rate of ribosome biogenesis 

associated with growing cells. 

Chromatin domain organization and the compartmentalized distribution of 

functional components are characteristic features of the eukaryotic nucleus. Nucleoli are 

the most prominent morphological structures of the cell nucleus and the organization of 

the nucleolus reflects the functional compartmentalization of the nucleolar machinery and 

its activities. Recently, nuclear scaffold/matrix attachment regions, which sometimes 

define the base of looped domain of DNA in vivo, have been observed to play a crucial 

role in chromosome architecture and gene expression. In paper III, we showed that 

spatial organization of mammalian rRNA genes into distinct chromatin loops by tethering 

to nucleolar matrix via their 5’ and 3’ nontranscribed spacer sequences. In ChIP-loop 

assay Myc and UBF apparently can collaborate in organizing the spatial structure of 
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rRNA genes. However, it is not cleaar whether ineffective UBF variants or the 

phosphorylation and acetylation states of UBF (Meraner, Lechner et al. 2006; 

Stefanovsky and Moss 2008) could affect c-Myc-mediated loop organization within 

spacer region. The discrepant involvement of TTF-1 in gene loop was observed between 

mammalian species. Using semi-quantitative PCR analysis, the absence of TTF-1 in the 

nuclear matrix associated rDNA gene loop structures in HeLa cells was not due to the 

inefficiency of antibody or the absence of TTF-1 from its binding sites. It is thus possible 

that TTF-1 is bound to rDNA sequences that are not involved in actively transcribed gene 

loop structures and that it may not therefore be required for their formation in human 

cells.  

In ChIP-loop assay it implies that the loop domains organized by Myc-mediated 

recruitment of rRNA genes to nucleolar matrix is coupled to epigenetic chromatin 

modifications that correlate with the activity of rDNA genes (in paper III). Consistent 

with our conclusions, it has become clear that the nuclear matrix not only provides a 

structural basis for nuclear architecture but also plays a part in regulating nuclear function. 

Particularly, the nuclear matrix has been a target of significant and varied research 

regarding its cellular function and role in tumorigenesis (Sjakste, Sjakste et al. 2004). 

Furthermore, recent studies have accumulated suggesting that nucleolar components like 

nucleolonema (Sato, Yano et al. 2005), actin, myosin (Obrdlik, Louvet et al.), 

nucleophosmin/B23, nucleolin/C23 (Storck, Shukla et al. 2007), USP36, fibrillarin (Endo, 

Matsumoto et al. 2009) play crucial roles in regulating the structure and function of 

nucleoli. However, many aspects remain unclear and further investigation is needed to 

determine how interactions between Myc and other nucleolar proteins leads to Myc-

mediated organization of higher order chromatin structure of rDNA during activation of 

rRNA synthesis.  

In paper IV, we showed the structure of nucleolar components are dynamic 

companying with rRNA transcription. Furthermore, the dynamic chromatin 

modification associated with Myc/Mad1 activation determines the fate of gene loop 

structure. It suggests that only transcriptionally active chromatin can organize the higher 

order of chromatin. Previously, psoralen crosslinking studies showed that only 30%-

50% of the rRNA genes in an psoralen-accessible in proliferating yeast or murine cells 

(Conconi, Widmer et al. 1989; Dammann, Lucchini et al. 1995; Sandmeier, French et al. 

2002). Thus, we wonder how Myc/Mad1 anchor rRNA genes into nucleolar matrix and 

where the inactive rDNA repeats go. Accordingly, rRNA genes are predominantly 

located within the FCs and the DFCs (Sirri, Urcuqui-Inchima et al. 2008) and the 
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condensed perinucleolar rRNA genes are typically inactive (Wachtler, Popp et al. 1987). 

In addition, the loose agglomerates of rDNA filaments were shown to located in the FCs 

and independent of transcriptional activity (Schwarzacher and Mosgoeller 2000; 

Derenzini, Pasquinelli et al. 2006). One possibility is that c-Myc recruits un-transcribed 

rRNA genes from the centre of the FC to “transcription factories” in the FC/DFC 

interface, thus creating looped rDNA structures of the kind we have observed. However, 

it still requires further investigation of whether activation of Myc could relieve the silent 

rRNA genes from repression by NoRC complexes (Santoro, Li et al. 2002; Zhou, 

Santoro et al. 2002; Santoro 2005; Santoro and Grummt 2005). Again, we need further 

determine whether dynamic switch between Myc/Mad1 network could alter the status of 

silent and active rDNA repeats.  
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