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Abstract 
Nucleoli are formed on the basis of ribosomal genes coding for RNAs of ribosomal particles, 

but also include a great variety of other DNA regions. In this article, we discuss the 

characteristics of ribosomal DNA: the structure of the rDNA locus, complex organization and 

functions of the intergenic spacer, multiplicity of gene copies in one cell, selective silencing of 

genes and whole gene clusters, relation to components of nucleolar ultrastructure, specific 

problems associated with replication. We also review current data on the role of non-ribosomal 

DNA in the organization and function of nucleoli. Finally, we discuss probable causes 

preventing efficient visualization of DNA in nucleoli. 
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Nucleoli have been known since the works of Wagner (1835) and Valentin (1836) as the most 

conspicuous components of cell nucleus. A century later, it was found that these nuclear bodies 

are assembled around certain chromosomal loci, termed afterward “nucleolus organizer regions 

(NORs)” (Heitz 1931; McClintock 1934). Subsequent findings indicated that structure and the 

main function of nucleoli are based upon transcription of ribosomal genes. In recent studies, 

multiple other genomic regions have been found within and closely adjacent to the nucleoli. 

This review is focused on peculiarities of ribosomal DNA and on the role of non-ribosomal 

DNA sequences in organization and function of nucleoli.  
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Ribosomal DNA (rDNA) 

rDNA locus  

Ribosomal DNA is responsible for production of ribosomal RNAs. Thus, in mammalian cells, 

there are three kinds of coding regions which produce 18S RNA of the small ribo-somal subunit, 

as well as 28S and 5.8S RNAs of the large ribosomal subunit (Gonzalez and Sylvester 1995). 

Accord-ingly, each transcription unit includes three genes, sepa-rated by internal transcribed 

spacers, ITS1 and ITS2, and flanked by external spacers, 5′ ETS and 3′ ETS (Fig. 1). These 

spacers vary significantly in composition and size in different species (reviewed in Nazar 2004). 

The transcription units of rDNA locus are separated from each other by non-transcribed, or 

intergenic, spacers, NTS or IGS (Fig. 1).  

Fig. 1. Organization of rDNA in mammalian cell. NOR nucleolus organizer region, the cluster 
of rDNA loci, NTS (IGS) non-transcribed (intergenic) spacer, 5′-ETS, 3′-ETS external 
transcribed spacers, ITS1, 2 internal transcribed spacers, UCE/CPE promoter including 
upstream control element (UCE) and core promoter element (CPE), Sal Sal box, the sequence 
serving as transcription terminator, En enhancer. 

In yeast and infusoria, the spacers are rather uniform (Philippsen et al. 1978; Wild and Gall 

1979). But generally, structure and length of the IGS vary to a large extent not only from species 
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to species, but also within the species, and even within a single individual (Lewin 1980; 

Wellauer and Dawid 1977; Reeder et al. 1976). The satellite contents of the DNA are 

particularly variable (Gonzalez et al. 1992a; Gonzalez and Sylvester 1995, 2001; Maden et al. 

1987; Sasaki et al. 1987). Most frequently, the small repetitive arrays get increased or reduced 

in number as a result of slipped-strand mispairing and other errors associated with replication 

(Tautz et al. 1986; Levinson and Gutman 1987). Human IGS includes various kinds of DNA 

repeats, both tandemly and non- tandemly arranged; they include simple sequence motifs, 

microsatellites (2–6 bp), long repeats (cca 2 kb), as well as transposable elements. Among the 

latter, Alu, belonging to the short interspersed elements (SINE), are predominant (Tautz et al. 

1986; Gonzalez et al. 1989; Gonzalez and Sylvester 1995). Some of rDNA repeats also contain 

nucleotide substitutions, supplementary microsatellite clusters, and, more seldom, extended 

deletions (Ryskov et al. 1993; Braga et al. 1995; Kupriyanova et al. 2015). It has long been 

known that the rDNA spacers include regulatory sequences. Thus, the promoter of each 

ribosomal gene is partly or entirely situated in IGS, upstream of the start codon. Typically, it 

consists of two parts: core domain and upstream control domain (Haltiner et al. 1986; Clos et 

al. 1986; Paule 1994; Reeder 1992; Doelling and Pikaard 1995). Another essential part of the 

spacer is the terminator. It may be absent in rDNA of Xenopus and Drosophila, and in these 

cases, the transcription is ceased by a kind of processing (Labhart and Reeder 1986; McStay 

and Reeder 1986; Tautz and Dover 1986; De Winter and Moss 1986). In mammalian cells, 

transcription of rDNA is terminated at the 3′ end of each gene, at a sequence motif called “Sal 

box” with the length of 18 bp in mouse and 11 bp in human (Grummt et al. 1985; Kuhn et al. 

1988). Sal box binds the TTF-1 (transcription termination factor 1) protein, which is essential 

for arresting RNA polymerase I (pol I) (Grummt et al. 1985, 1986; La Volpe et al. 1985; Bartsch 

et al. 1987; Pfleiderer et al. 1990; Diermeier et al. 2013; reviewed in Németh et al. 2013). But 

it seems that one such site is not sufficient, for each human or murine rDNA unit is provided 

with 10 terminators, T1–10 (reviewed in Diermeier et al. 2013). Other sites regulating the 

expression of rDNA have been found in the non-transcribed spacers. A usual component of IGS 

is the enhancer; enhancers appear as clusters of repeating sequences distanced from the 

regulated region (Pikaard et al. 1990; Moss et al. 1985). In mammalian cells, there are also one 

or more reduced transcription units situated ~2 kb upstream of the core promoter. Such units 

include spacer promoter, spacer terminator, and a minigene producing transcripts of ~150 bp, 

termed promoter-associated RNAs (pRNAs), which are involved in rDNA silencing (Sylvester 

et al. 2003; Mayer et al. 2006, 2008; Moss et al. 2007; McStay and Grummt 2008; Santoro et 

al. 2010; Anosova et al. 2015). Until recently, extensive IGS regions of mammalian cells had 
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been regarded as receptacles of useless, “junk” sequences. But this idea will probably follow 

the fate of the general “junk DNA” theory. Remarkably, RNA-seq analysis of human and 

murine rDNA revealed a specific pattern of low-abundance expression over the entire IGS 

region (Zentner et al. 2011, 2014; reviewed by Jacob et al. 2012), indicating that the spacer has 

a complex functional organization. The same idea is suggested by the data of Chip and Chip-

seq analysis which show a regular distribution of pol I and its transcription factors throughout 

the intergenic region (Copenhaver et al. 1994; Hu et al. 1994; O’Sullivan et al. 2002; Zentner 

et al. 2011, 2014). A special role belongs to the IGS in the recent theory of “nucleolar 

detention,” according to which nucleoli may serve as a kind of lumber room for useless proteins 

and other cell components (Audas et al. 2012a). The process is triggered when RNAs produced 

by loci situated within the IGS recognize and “capture” proteins furnished with a “detention 

signal” (Audas et al. 2012a, b; Jacob et al. 2012; Diermeier et al. 2013; Padeken and Heun 

2014; reviewed in Lam and Trinkle- Mulcahy 2015).  

 

 

 

Repetitive arrays  
 

The presence of numerous ribosomal gene copies in one cell is one of the most remarkable 

characteristics of rDNA. There are exceptions to this rule. For instance, some species of 

Protozoa and Myxomycetes have only one chromosomal gene which is amplified into a set of 

extrachromosomal inverted repeats in the course of somatic growth (Lewin 1980). But 

generally, metazoan genomes contain several hundred ribosomal gene copies (Birnstiel et al. 

1971); in plants, this number often reaches several thousands (Rogers and Bendich 1987). 

Usually, rDNA is arranged in clusters of tandem repeats, nucleolus organizer regions (NORs). 

These regions were first discovered as secondary constrictions of mitotic chromosomes (Heitz 

1931; McClintock 1934). But later, it was found that some of the NORs make no secondary 

constrictions; such clusters are transcriptionally silent and may appear both within and without 

nucleoli (Sullivan et al. 2001; Strohner et al. 2001; Kalmárová et al. 2007). In certain cases, 

rDNA is organized as inverted repeats (Bergold et al. 1983). In amphibia (Birnstiel et al. 1971; 

Bird 1978), insects (Birnstiel et al. 1971), and fungi (Butler and Metzenberg 1993), ribosomal 

genes are amplified into numerous extrachromosomal copies (reviewed in Moss and 

Stefanovsky 1995). Human diploid genome contains about 400–600 copies of a 43-kbp unit 
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(Moss et al. 2006; Stults et al. 2009). Human NORs with an average size of 3 Mbp are situated 

on the short arms of the acrocentric chromosomes 13, 14, 15, 21, and 22 (Henderson et al. 1972; 

Long and Dawid 1980; Puvion-Dutilleul et al. 1991). The abundance of ribosomal gene repeats 

not only enables the cell to regulate the production of ribosomal RNA more efficiently, but also 

increases the frequency of recombination. The number of repeats varies as a result of unequal 

homologous exchange, and this may cause damage to the cell (La Volpe et al. 1984; Mroczka 

et al. 1984; Erickson and Schmickel 1985; Sylvester et al. 1986, 1989; Cassidy et al. 1986; 

Dumenco and Wejksnora 1986; Tower et al. 1989; Stults et al. 2009). The partial silencing of 

rDNA seems to be an important factor in maintaining sta-bility of the loci (Peng and Karpen 

2007). Gene conver-sion is regarded as an additional stabilizing process, since it reduces the 

variability (Gonzalez and Sylvester 1995; Elder and Turner 1995). Tandem arrangement of 

rDNA increases the risk of inappropriate transcription; therefore, isolation of each repeat from 

its neighbors on the DNA strand seems necessary. Such demarcating function is ascribed to 

insu-lators (Valenzuela and Kamakaka 2006). Association of CTCF protein with human and 

murine rDNA at the spacer promoter region suggests the presence of an insulator ele-ment here 

(Torrano et al. 2006; van de Nobelen et al. 2010; Zentner et al. 2011). Remarkably, CTCF 

depletion leads to disorganization of nucleolar structure and overexpression of ribosomal genes 

(Hernández-Hernández et al. 2012). Studies of restriction products show that the repeats within 

NORs vary in length and structure (Kominami et al. 1981; Gonzalez et al. 1985, 1990; Maden 

et al. 1987; Sasaki et al. 1987). Variants with tissue-specific expression were found among 

murine rDNA repeats (Tseng et al. 2008). In situ hybridization on the preparation of isolated 

DNA fibers, “molecular combing” (Bensimon et al. 1994; Michalet et al. 1997; Anglana et al. 

2003; Caburet et al. 2005; Tseng et al. 2008) revealed high percentage of non- canonical, 

including palindromic, sequences (about one- third of the repeats), and great variability in the 

length of IGS (from 10 to 50 kb) in several types of human cells (Lebofsky and Bensimon 2005; 

Caburet et al. 2005). It seems that the variability in the length of NORs provides each person 

with a unique rDNA electrophoretic karyotype, a kind of “fingerprints” (Stults et al. 2008). The 

palindromic structures may cause fork stalling and/ or arrest by forming hairpin structures 

during lagging strand synthesis, which apparently results in significant slowing down of rDNA 

replication. Thus, in HeLa cells, the average speed of replication fork for the whole genome is 

1.7 μm/min, but only 1 μm/min for rDNA (Lebofsky and Bensimon 2005). If the palindromes 

are pseudogenes (Caburet et al. 2005), they must be non-functional by definition (Mighell et al. 

2000). But it is still unknown whether the length and composition of IGS have any impact on 

transcription of the adjacent genes. The multiplicity and high sequence similarity of rDNA 
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repeats greatly hinder their study. For that reason, NORs were excluded from the initial 

sequencing and analysis of the human genome. 

 

 

 

Active and silent rDNA  
 

It is typical for the clustered rDNA that its transcription-ally active genes are interspersed by 

transcriptionally silent repeats (Conconi et al. 1989; Santoro 2005, 2014; Zillner et al. 2015). 

The active genes are characterized by hypomethylation of CpG sites and histone modifications 

generally associated with transcriptionally active nucleoplasmic chromatin (i.e., H3K4me3 and 

H3K9ac), whereas transcriptionally silent rDNA is condensed, hypermethylated, and marked 

with repressive histone modifications (i.e., H3K27me3 and H4K20me3) (Heintzman et al. 

2007; McKeown and Shaw 2009; Zentner et al. 2011; Zillner et al. 2013; reviewed in McStay 

and Grummt 2008; Shaw and McKeown 2011). Key role in the silencing scheme belongs to the 

nucleolar remodeling complex (NoRC) (Strohner et al. 2001). Targeting NoRC to rDNA leads 

to repositioning of a promoter-bound nucleosome, changes in histone modifications, increase 

in DNA methylation, and silencing of rRNA genes (Zhou and Grummt 2005; Li et al. 2006; 

Mayer et al. 2006, 2008; Schmitz et al. 2010; Anosova et al. 2015). On the other hand, 

nucleosome remodeling and deacetylation complex (NuRD) creates chromatin state in which 

rDNA is poised for transcription, though not yet transcribed (Xie et al. 2012). It has been 

established that the active ribosomal genes form loops in which a promoter is joined to the 

terminator. Transcription termination factor 1 (TTF-1) and protooncogene c-Myc seem to be 

particularly important for this connection (Németh and Längst 2008; Pontvianne et al. 2013; Li 

and Hann 2013). Both proteins regulate the association of epigenetically activated rDNA genes 

with the nucleolar matrix (Shiue et al. 2014). TTF-1 binds to an upstream site, termed T0, 

located 170 bp upstream of the transcription start site (Clos et al. 1986). This is required for 

efficient transcription initiation and for the recruitment of chromatin remodeling complexes that 

establish distinct epigenetic states of rRNA genes. Interaction of TTF-1 with CSB (Cockayne 

Syndrome protein B), NoRC, or NuRD leads to the establishment of active, silent, or poised 

state of chromatin, respectively (Strohner et al. 2001; Santoro et al. 2002; Yuan et al. 2007; Xie 

et al. 2012; Diermeier et al. 2013). In steadily cycling cells, chromatin structure of ribosomal 

genes is maintained through multiple rounds of cell division (e.g., Li et al. 2006, reviewed in 
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Birch and Zomerdijk 2008; Santoro and De Lucia 2005; Guetg et al. 2012). From prophase to 

late anaphase, the gene activity is efficiently blocked by cdc2/cyclin B-directed phosphorylation 

of SL-1 and other transcription factors (Heix et al. 1998; Voit et al. 2015). Nevertheless, the 

components of pol I transcription machinery, including the upstream binding factor (UBF) and 

promoter selectivity complex (SL1), can be detected on certain NORs even in metaphase (Babu 

and Verma 1985; Moss et al. 1985; Weisenberger and Scheer 1995; Jordan et al. 1996; Roussel 

and Hernandez- Verdun 1994; Roussel et al. 1996; Gebrane-Younes et al. 1997; Sirri et al. 

1999, 2008; O’Sullivan et al. 2002; Leung et al. 2004; Prieto and McStay 2005). Such NORs, 

termed “transcriptionally competent” or just “competent” (Dousset et al. 2000; Savino et al. 

2001), are transcribed, while the other, “non-competent” NORs remain silent during interphase 

(Weisenberger and Scheer 1995; Roussel et al. 1996; Gebrane-Younes et al. 1997). The 

competence, which can be revealed by UBF or silver nitrate staining, is regularly distributed 

among the different chromosomes (Héliot et al. 2000; Smirnov et al. 2006). After S phase, some 

NORs may become “asymmetrical,” when only one of the daughter chromatids acquires the 

competence signal. The presence of such NORs causes mitotic asymmetry (Kalmárová et al. 

2008).  

Organization of rDNA in the nucleolus 

Structure of nucleoli is based upon transcriptionally active rDNA (Henderson et al. 1972; Long 

and Dawid 1980; Puvion-Dutilleul et al. 1991; Raska 2003; Raska et al. 2006a, b; Cmarko et 

al. 2008; Sirri et al. 2008). Crude versions of that structure appear on ectopical loci in the form 

of “pseudo-NORs” or “neo-NORs” produced experimentally on the basis of simple UBF 

binding arrays (Mais et al. 2005; Prieto and McStay 2007; Grob et al. 2014). It has been known 

that nucleoli are usually formed at the end of mitosis around competent NORs, which gradually 

unfold and fuse into a few bodies. But the organization of rDNA in the interphase is still not 

understood. On the one hand, hypotonically isolated and spread ribosomal genes appear as so-

called Christmas trees, in which the “tree stem” represents a single DNA fibril, from which the 

transcripts grow like branches (Miller and Beatty 1969; Trendelenburg et al. 1974; Scheer and 

Zentgraf 1982; Trendelenburg and Puvion-Dutilleul 1987; Mougey et al. 1993; Scheer et al. 

1997; Albert et al. 2011). On the other hand, electron microscopical studies show that 
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transcription of rDNA and the first steps of rRNA processing take place in the FC/DFC units, 

i.e., fibrillar centers (FC) surrounded by dense fibrillar components (DFC) (Fig. 2).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. A schematic representation of nucleolus-associated DNA. Nu nucleolus, Np 

nucleoplasm, RC chromosome carrying ribosomal genes (ribosomal chromosome), Cen 

centromere, PR proximal flanking region, DR distal flanking region, NRC non-ribosomal 

chromosome, FC/DFC FC/DFC unit - the center of rDNA transcription consisting of fibrillar 

center (FC) surrounded with dense fibrillar component (DFC). Green dots represent granular 

component of the nucleolus. 

 

The transcribed part of rDNA as well as the transcription signal after pulse labeling has been 

observed in the DFC or at the border between DFC and FC (Raška et al. 1983a, b, 1995; Ochs 

et al. 1985; Raska et al. 1989, 2006a, b; Scheer and Benavente 1990; Hozák et al. 1993, Cmarko 

et al. 2000; Melcák et al. 1996; Koberna et al. 2002; Casafont et al. 2006; Shaw and McKeown 

2011). But it proved to be very difficult to find out how the elements of “Christmas trees” are 

accommodated among the elements of nucleolar ultrastructure. There are reasons to believe that 

each FC/DFC unit typically accommodates one transcriptionally active rDNA repeat (Haaf et 

al. 1991; Haaf and Ward 1996; Denissov et al. 2011), which forms multiple coils passing 

through DFC and adjacent FC area (Reeder and Lang 1997; Cheutin et al. 2002; Puvion-

Dutilleul et al. 1991; Derenzini et al. 2006; McStay and Grummt 2008). Pictures of osmium 
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amine staining show the presence of some DNA in the FC, but the status and composition of 

this DNA still have not been determined (Derenzini et al. 2006, 2014). Further studies are 

needed to establish the position of inactive rDNA repeats, as well as the “poised genes” 

(reviewed in Németh and Längst 2011). The latter, together with silent genes, may be localized 

in the fibrillar center but, upon activation, move toward the DFC (Raska et al. 2006b). 

According to the data of chromatin capture analysis, the promoter of each active gene is joined 

to the respective terminator and may be close topographically to several loci of the gene (Grewal 

et al. 2005; Arabi et al. 2005; Gomez-Roman et al. 2006; Grandori et al. 2005; Németh et al. 

2008; Németh and Längst 2008; Shiue et al. 2009, 2014; Denissov et al. 2011; Lykke-Andersen 

et al. 2011; Xie et al. 2012; Diermeier et al. 2013; reviewed in Németh and Längst 2011). Based 

on such data, and considering increased binding of promoter selectivity complex SL1 over the 

entire region, Denissov et al. (2011) proposed a “core-helix model.” According to it, a single 

ribosomal gene occupying the FC/DFC unit assumes the form of rotating cylindrical solenoid. 

The transcribing pol I complexes driven by actin revolve around the SL1-containing core, which 

is situated in the FC and serves as an anchor for both the promoter and the terminator of the 

rDNA repeat; the nascent rRNAs exit radially into the DFC. Remarkably, this chiefly 

speculative model seems to be the only hypothesis describing organization of rDNA in the 

interphase nucleoli. So far, it is not even known whether replication of ribosomal genes occurs 

within FC/DFC units or in other nucleolar structures. 

 

 

 

Reproduction of rDNA  
 

Replication of rDNA should be viewed in connection with two circumstances: the great number 

of the gene copies in the cell and the ongoing transcription, which may even intensify during S 

phase (Gorski et al. 2008). Accordingly, each cycling cell must have means to avoid two 

significant dangers. On the one hand, the multiple tandemly repeated rDNA arrays may be 

recombination hotspots and thus present a potential source of genomic instability (Stults et al. 

2009; Ide et al. 2010). This risk is probably diminished by alternation of silenced and active 

repeats in each array (Santoro 2005, 2014). On the other hand, collision of the swiftly running 

replication and transcription machineries (reviewed in Magdalou et al. 2014) must be prevented, 

which requires a special spatio-temporal arrangement of replication. Thus, in yeast cells, each 
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rDNA repeat has one potential origin of replication, and clusters of synchronously firing origins 

are separated by a few units with silent origins (Pasero et al. 2002). Besides, there is an efficient 

fork barrier situated at the 3′ end of each transcription unit; it arrests the upstream moving of 

the forks, which prevents collision of replication and transcription complexes (Brewer and 

Fangman 1988; Linskens and Huberman 1988; reviewed in Rothstein et al. 2000). In human 

cells, rDNA replication may be initiated all over the IGS and even upon the genes (Lebofsky 

and Bensimon 2005), though the potential origins situated upstream of the transcribed region 

are used more frequently (Little et al. 1993; Yoon et al. 1995; Gencheva et al. 1996; Scott et al. 

1997). The replication forks may terminate and converge at variable sites throughout the rDNA 

repeat (Little et al. 1993). Fork barriers exist (Gerber et al. 1997; Akamatsu and Kobayashi 

2015), but often fail to stop the progress of DNA polymerase complex, so that replication 

proceeds at far distances in both directions (Edenberg and Huberman 1975; Lebofsky and 

Bensimon 2005). Neighboring origins fire within 60 min of each other; the distance between 

them varies from tens of kilobases to a couple hundred kilobases, with an average of 80 kb 

(Lebofsky and Bensimon 2005). In such conditions, additional mechanisms must be engaged 

to protect genome stability. Separation of rRNA gene transcription and replication domains 

probably could make up for the relaxed timing and spacing (Pliss et al. 2005). Such separation 

may be achieved by regulation at the level of FC/DFC units; indeed, in vivo observations 

indicate that transcription is suspended in the units involved in the replication (Smirnov et al. 

2014; also our new data prepared for publication).  

 

 

 

Non-ribosomal DNA in nucleoli  
 

Clusters of rDNA repeats, which include the transcribed and non-transcribed parts, are usually 

regarded as the founders of nucleoli. But this role may be shared by the regions of the same 

chromosomes adjacent to NORs (Gon-zalez et al. 1989, 1992; Kaplan et al. 1993) (Fig. 2). In 

human cells, these regions have a very similar structure upon all five acrocentric chromosomes 

(Floutsakou et al. 2013). The proximal flanking sequences, which are positioned in the 

neighborhood of centromeres, consist largely of satellite DNA, frequently undergo 

recombination, and have numerous analogues in other parts of the genome. In contrast, the 

distal sequences, which are situated closer to the telomeres, exhibit low segmental duplication, 



11 
 

but contain chromatin signature characteristic of promoters, as well as putative genes, 

interspersed among marks associated with heterochromatin. These sequences may regulate the 

activity of the NORs and participate in the structural organization of the nucleoli by anchoring 

rDNA to perinucleolar chromatin (Floutsakou et al. 2013). Microscopic studies have shown 

that various other parts of the genome may regularly or occasionally find their way to the 

nucleoli. In different cell types and species, satellite DNA of centromeres is a common 

component of the perinucleolar shell of condensed late replicating chromatin and appears also 

in the interior of nucleoli (Comings 1980; Manuelidis 1984; Manuelidis and Borden 1988; Haaf 

and Schmid 1989, 1991; Bartholdi 1991; Billia and Deboni 1991; Ochs and Press 1992; Léger 

et al. 1994; Carvalho et al. 2001; Wong et al. 2007). Par-ticularly, centromeres of chromosomes 

with a lower con-tent of G-dark bands tend to be localized at the nucleolus (Carvalho et al. 

2001). Telomeres, together with telomerase components (Rawlins and Shaw 1990; Vourc’h et 

al. 1993; Armstrong et al. 2001; Zhang et al. 2004), territories of human chromosomes 1, 9, and 

Y (Stahl et al. 1976; Léger et al. 1994), as well as parts of acrocentric chromosomes (Kalmárová 

et al. 2008; Pliss et al. 2015), are often found within or very close to nucleoli. Data of 3C 

analysis suggest that ribosomal genes may interact with repetitive sequences belonging to other 

chromosomes (O’Sullivan et al. 2009). Functional significance of this interaction is not clear. 

Abundant data have been recently obtained by sequence analysis of nucleolus-associated 

domains (NADs), which represent the entire DNA content of isolated nucleoli (Németh et al. 

2010; van Koningsbruggen et al. 2010). In the studies of human cells, it was found that NADs, 

not counting the ribosomal genes, constitute about 4 % of the genome and include sequences 

from all chromosomes. The bulk of these domains consists of AT-rich sequences, satellite 

repeats (mainly alpha-, beta-, GAATG/CATTC types), members of the zinc-finger, olfactory 

receptor defensin and immunoglobulin protein-coding gene families, transcriptionally active 5S 

rRNA genes, and tRNA genes (Matera et al. 1995; Thompson et al. 2003; van Koningsbruggen 

et al. 2010; Németh et al. 2010). Analysis of the transcriptional status and chromatin feature 

showed that NADs contain mainly inactive chromosomal regions (Németh and Längst 2011; 

van Koningsbruggen et al. 2010). There is still an uncertainty about the composition of NADs. 

The often used term “nucleolar association” is somewhat ambiguous; it embraces sequences of 

two essentially different compartments, nucleolar interior and nucleolar periphery, since these 

are swept together in methods based on the isolation of nucleoli. Besides, this isolation requires 

breaking of NOR-bearing and perhaps some other chromosomes, which may introduce further 

errors. This problem has been partly solved by using in situ hybridization to confirm the data 

of deep sequencing (van Koningsbruggen et al. 2010). Factors directing various DNA 
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sequences toward the nucleolus, as well as consequences of the perinucleolar positioning, have 

become a focus of intensive study recently (reviewed in Padeken and Heun 2014; also reviewed 

in Matheson and Kaufman 2015). Localization of NADs in the perinucleolar region is correlated 

with heterochromatin formation and transcriptional silencing (Zhang et al. 2007; Pandey et al. 

2008; Mohammad et al. 2008; Fedoriw et al. 2012; Jakociunas et al. 2013; Yang et al. 2015). 

Thus, the inactivating center of X chromosome (Xic) is associated with nucleoli (Zhang et al. 

2007). Deletion of Xic locus reduces this association (Csankovszki et al. 2001). Remarkably, 

admittance to the perinucleolar region is not guaranteed by the DNA sequence, for only inactive 

X chromosome is found among the NADs (Zhang et al. 2007). The proteins involved in NAD 

localization often also regulate rDNA transcription and/or nucleolar structure. For example, 

CTCF (Yusufzai et al. 2004; van de Nobelen et al. 2010; Huang et al. 2013), NCL (Roger et al. 

2003; Rickards et al. 2007; Cong et al. 2012), NPM1 (Murano et al. 2008), and Ki-67 

(Rahmanzadeh et al. 2007; Booth et al. 2014) all regulate transcription of ribosomal genes. 

Likewise, depletion of modulo (NCL) in flies disrupts nucleolar structure as demonstrated by 

immunofluorescence (Padeken et al. 2013), and after depletion of Ki-67 in human cells, their 

nucleoli become fewer and smaller (Booth et al. 2014). Long noncoding RNAs (lncRNAs) seem 

to be essential for regulation of structure and function of the perinucleolar region (Mohammad 

et al. 2008; Jacob et al. 2013; Padeken and Heun 2014; Matheson and Kaufman 2015). One of 

such lncRNAs produced by a locus situated on inactive X (Xi) chromosome was named Firre 

(Yang et al. 2010). Firre is required for normal perinucleolar positioning of the mouse Xi (Yang 

et al. 2015). This protein binds CTCF, which may regulate both the silencing of Xi and its 

association with nucleolus (Hacisuleyman et al. 2014; Yang et al. 2015). By attracting various 

segments of chromatin, constraining their mobility, and removing them from the 

transcriptionally active environment, nucleoli, together with nuclear periphery, play an essential 

part in the dynamic organization of the genome (Berger et al. 2008; Matheson and Kaufman 

2015). Clustering around nucleoli might contribute to a more stable positioning of the DNA 

elements (Padeken and Heun 2014). Experiments with late replication labeling (Cremer and 

Cremer 2001) and GFP-tagged histones (van Koningsbruggen et al. 2010) indicate that after 

mitosis, perinucleolar chromatin partly returns to the nucleoli and partly moves to the nuclear 

lamina. Thus, composition of the perinucleolar region shows a degree of stability, though it 

may exchange components with lamina-associated domains (LADs) (van Koningsbruggen et 

al. 2010; Németh and Längst 2011; Kind et al. 2013).  
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“Invisibility” of nucleolar DNA  
 

It can be seen from the aforesaid that nucleoli contain dif-ferent sorts of DNA in both loose and 

condensed states (Fig. 2). But for some reason, we do not observe in nucleoli the alternation of 

dense and sparse chromatin foci which is typical for nucleoplasm. Moreover, it is well known 

that on preparations of cells stained with DAPI or other DNA markers, nucleoli usually appear 

as dark holes (Fig. 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. DAPI staining of a HeLa cell nucleus. Confocal section. The signal is hardly 
detectable in the entire nucleolus and in some small areas of nucleoplasm 
 

 

The intranucleolar signal is extremely weak, though exceed-ing the background. We find a 

similar pattern in distribu-tion of various histones revealed by antibodies or as GFP constructs 

(e.g., Müller et al. 2007). This shows a striking contrast with results of in situ hybridization 

staining of transcribed and non-transcribed rDNA (e.g., Junera et al. 1995) or immunostaining 

for such DNA-binding proteins as UBF or TTF-1. Replication signal observed after 

incorporation of various nucleotides also has an amazingly low intensity within nucleoli (e.g., 
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O’Keefe et al. 1992), especially during early S phase, when transcriptionally active ribosomal 

genes are replicated. Dimitrova (2011) attempted to explain this phenomenon by suggesting 

that certain parts of rDNA may leave nucleoli, get replicated in nucleoplasm or at nucleolar 

periphery, and afterward return to their former positions. But study of incorporated nucleotides 

in vivo (Smirnov et al. 2014) revealed no significant exchange of DNA between nucleoli and 

nucleoplasm or nucleolar periphery. Even electron microscopy studies fail to clarify the matter. 

Thus, osmium amine reaction on ultrathin sections (Derenzini et al. 2006) reveals patches of 

condensed DNA in nucleoli, comparable with those in nucleoplasm. But only a pale 

homogenous staining appears in the area of fibrillary centers; the supposedly coiled DNA of 

active ribosomal genes is scarcely detected. Bearing these data in mind, we will consider the 

following hypotheses:  

 

 

1. Special biophysical properties of nucleoli.  

 

Since the intranucleolar space is characterized by extremely crowded condition, all processes 

in it are strongly influenced by short-range entropic forces which compel macromolecules to 

“crystallize” into nanostructures (Hancock 2014). One consequence of this may be 

redistribution of electric charges and low permeability of the nucleolus for DNA staining 

reagents, as well as certain antibodies, GFP constructs, etc. This hypothesis appears to be the 

easiest to verify experimentally.  

 

 

2. Peculiar structure of chromatin in the nucleolus.  

 

The state of rDNA chromatin may be “unusual.” At any rate, standard ChIP protocol proves to 

be rather inefficient when applied to nucleolar components (Prieto and McStay 2008). This 

hypothesis, as well as the previous one, suggests that DNA is present in nucleoli in sufficient 

quantity, but for some reason eludes detection.  
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3. Extremely low concentration of DNA in the nucleolus.

It would be the simplest explanation of the phenomenon: There is just too little DNA to be 

detected. But does this view agree with the facts? For one thing, DNA is not homogeneously 

distributed in the nucleolar volume, but forms foci of variable density, which may be seen on 

the electronograms. On the other hand, the average concentration of DNA in the nucleoli does 

not seem to be particularly low. As we have seen, cca 4 % of human genome belong to NADs. 

Although the larger part of this may be represented by DNA sequences in the perinucleolar 

region (Fig. 2), NORs alone constitute roughly 1 % of human genome (about 30 Mb) (Németh 

and Längst 2011). To this, we must add those non-ribosomal NADs which are known to be 

intranucleolar, e.g., Alu, Kpn elements, pentameric arrays of chromosome 15 (Kaplan et al. 

1993), centromeres (Ochs and Press 1992), together with the adjacent regions. “Core nucleoli” 

obtained from isolated nuclei by centrifugation and extensive nuclease treatment are deprived 

of ribosomal genes, yet still contain about 1 % of the total nuclear DNA (Bolla et al. 1985). 

Thus, nucleoli will claim about 2 % of human genome. But how much is the volume occupied 

by this DNA? Since mammalian cells typically contain 2–3 nucleoli with average diameter of 

1–3 μm (e.g., Smetana et al. 2006), and average diameter of the nucleus in such cells is about 6 

μm (Alberts et al. 2002), the ratio of nucleolar volume to the volume of the nucleus lies between 

4 and 40 %. These estimates indicate that mean value of DNA concentration in nucleoplasm is 

generally higher than in nucleoli. Nevertheless, the differences are not so great as to account 

for the extraordinary low intensity of DAPI or replication labeling. Thus, none of the three 

examined hypotheses seems con-clusive. Perhaps, their combination will provide a solution in 

the future. But for the present, the invisibility of DNA in the nucleolus still remains a riddle. 
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ABSTRACT
The essential structural components of the nucleoli, Fibrillar Centers (FC) and Dense Fibrillar
Components (DFC), together compose FC/DFC units, loci of rDNA transcription and early RNA
processing. In the present study we followed cell cycle related changes of these units in 2 human
sarcoma derived cell lines with stable expression of RFP-PCNA (the sliding clamp protein) and GFP-
RPA43 (a subunit of RNA polymerase I, pol I) or GFP-fibrillarin. Correlative light and electron
microscopy analysis showed that the pol I and fibrillarin positive nucleolar beads correspond to
individual FC/DFC units. In vivo observations showed that at early S phase, when transcriptionally
active ribosomal genes were replicated, the number of the units in each cell increased by 60–80%.
During that period the units transiently lost pol I, but not fibrillarin. Then, until the end of
interphase, number of the units did not change, and their duplication was completed only after the
cell division, by mid G1 phase. This peculiar mode of reproduction suggests that a considerable
subset of ribosomal genes remain transcriptionally silent from mid S phase to mitosis, but become
again active in the postmitotic daughter cells.
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nucleolus; rDNA; replication

Introduction

Nucleoli are formed around clusters of ribosomal
genes, called Nucleolus Organizer Regions (NORs),
which in mammalian cells are coding for 18S, 5.8S
and 28S RNAs of the ribosomal particles.1-9 Each cell
contains hundreds/thousands of gene repeats, but not
all of them are transcribed.10-13 The trancriptionally
active genes, which in cycling cells represent about a
half of the entire rDNA (rDNA), are replicated in
early S phase, and replication of the silent genes is
postponed until late S phase.14,15

The essential structural components of the nucleoli,
Fibrillar Centers (FC) and Dense Fibrillar Components
(DFC), together compose FC/DFC units. All RNA
polymerase I (pol I) dependent transcription seems to
take place within these units, namely in DFC or at the
border between DFC and FC.5,6,16-26 Early pre-rRNA
processing mediated by the small-subunit processome,
which includes fibrillarin, takes place in DFC.27,28

Structures exhibiting pol I transcription activity
were visualized by light microscopy in the cells treated

with DRB (5,6-dichloro-1-b-D-ribofuranosylbenzimi-
dazole), a specific inhibitor of RNA polymerase II.
After that treatment, normally compact nucleoli
unravel into necklace-like structures positive for
rDNA transcription signal, pol I, its transcription fac-
tors, or components of early rRNA processing
machinery.29-31 It is supposed that each bead in these
necklaces corresponds to a single FC/DFC unit. More-
over, it is believed that the nucleolar beads correspond
to individual transcriptionally active genes.29-32 The
patterns of in situ hybridization staining for rDNA
gene and spacer regions29-30 support this view.

Organization of FC/DFC units is still poorly under-
stood. On hypotonically treated spread prepara-
tions,19,33,34 actively transcribed rDNA repeats appear
as so-called Christmas trees, in which the “tree stem”
represents a single DNA fibril, with the transcripts
growing from it like the branches.19,35,36 But accom-
modation of the Christmas trees in the nucleolar com-
partments remains unclear up to this time. Data of
electron microscopy and electron tomography suggest
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that active rRNA genes form coils surrounding FC.31

More recent studies using 3C assays,32,37-46 reviewed
in ref.,47 show that the active genes, supposedly local-
ized in the FC/DFC units, form loops. In each of these
loops, promoter is joined to terminator through a
number of proteins, among which transcription termi-
nation factor 1 (TTF-1) and protooncogene c-Myc
seem to be particularly important;48 both are bound to
non-transcribed spacer regions and regulate associa-
tion of epigenetically activated rDNA genes to the
nucleolar matrix.39 According to a core-helix model
proposed by Denissov et al,32 the transcribing pol I
complexes driven by actin revolve around the SL1
(selectivity factor 1) containing core, which is situated
in FC and serves as an anchor for both promoter and
terminator of the rDNA repeat; the nascent rRNAs
exit radially into DFC.

Since organization of rDNA transcription centers
within nucleoli still remains a subject of speculation,
even less is known about re-organization of FC/DFC
units in the course of cell cycle, particularly during
and after replication. In the cycling cells, sufficient
number of active ribosomal genes must be bequeathed
upon the next generation. This could be accomplished
by immediate restoration of the original chromatin
structure on both helices arising in the wake of the
replication fork. But in that case, the maternal cell
would have excess of active ribosomal genes for a con-
siderable part of interphase. Thus the simple symmet-
rical reproduction may prove to be unfavourable for
cell homeostasis.

In the present study, correlative light and electron
microscopy (CLEM) and specially produced cell lines
allowed us to visualize FC/DFC units and precisely
determine the corresponding stage of the cell cycle in
vivo. Following the dynamics of the units in the cell
cycle, we discovered a peculiar mode of their repro-
duction. Namely, the number of FC/DFC units
increased in the course of S phase, but only by 60–
80%. The duplication was completed in the daughter
cells after mitosis.

Methods

Cell culture and cell lines

Human derived HeLa, HT-1080 (human fibrosar-
coma), and primary LEP (human embryonic fibro-
blast, Sevapharm, Czech Republic) cells were
cultivated at 37�C in Dulbecco modified Eagle’s

medium (DMEM, Sigma, #D5546) containing 10%
fetal calf serum, 1% glutamine, 0.1% gentamicin, and
0.85g/l NaHCO3 in standard incubators.

We produced 2 cell lines stably expressing: 1) GFP-
RPA43 and RFP-PCNA (Smirnov et al, 2014); 2)
GFP-fibrillarin and RFP-PCNA. The plasmid con-
struct for RFP-PCNA was received from the Max
Planck Institute for Molecular Cell Biology and Genet-
ics, Dresden. GFP-RPA43 and GFP-fibrillarin vectors
were received from Laboratory of Receptor Biology
and Gene Expression Bethesda, MD.49 The constructs
were transfected into HT-1080 cells using Fugene
(Qiagen, #E2312), and G418 (GIBCO, #11811031)
was used for selection of stable clones with 2-colored
fluorescence.

Incorporation of DNA and RNA nucleotides

For labeling of replication and transcription sites, sub-
confluent cells were incubated 5 min with 5-ethynyl-
2�-deoxyuridine (EdU) (Invitrogen, #C10337) at a final
concentration of 10 mM and 5-fluorouridine (FU)
(Sigma, #F5130) at a concentration of 100 mM. The
cells were fixed in 2% formaldehyde freshly prepared
from paraformaldehyde, permeabilized with Triton X-
100, and processed for FU immunocytochemistry.
The replication signal was visualized using EdU Alexa
Fluor 647 Imaging Kit (Invitrogen #C10337). Addi-
tionally, we used incorporation of Cy3-dUTP and
Cy5-dUTP, which were introduced into the cells by
means of the scratch procedure.50

Immunocytochemistry

Incorporated FU signal was visualized by a mouse
monoclonal anti-BrdU antibody (Sigma, #B8434). Pri-
mary antibodies against human rRNA polymerase
(pol I) and Upstream Binding Factor (UBF) were
kindly provided by Dr. U. Scheer (Biocenter of the
University of Wurzburg). We also used polyclonal
(rabbit) anti-RPA43 (Thermo Scientific, #
PIPA525184). For visualization of fibrillarin in nucle-
oli, we used antibodies against human fibrillarin or
mouse monoclonal fibrillarin (clone 17C12), kindly
donated by Kenneth M. Pollard (Scripps Research
Institute, La Jolla, CA). Secondary anti-human, anti-
rabbit, and anti-mouse antibodies were conjugated
with Alexa 488 (Invitrogen, #H10120), Alexa 532
(Invitrogen, #A-11002), Cy3 (Jackson ImmunoRe-
search Laboratories, #109-165-088, #111-165-003,
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#115-025-062,), or DyLight 488 (Jackson ImmunoRe-
search Laboratories, #109-005-044, #111-475-003,
#115-475-003). Coverslips with the cells were then
mounted in Mowiol.

Light microscopy

Confocal images were acquired using SP5 (Leica) con-
focal laser scanning microscope equipped with a 63£/
1.4NA oil immersion objective. Live cell imaging was
performed with a spinning disk confocal system based
on Olympus IX81 microscope equipped with Olym-
pus UPlanSApo 100£/1.4NA oil immersion objective,
CSU-X spinning disk module (Yokogawa) and Ixon
Ultra EMCCD camera (Andor). For live cell imaging
cells were maintained in glass bottom Petri dishes
(MatTek) at 37�C and 5% CO2 using a microscope
incubator (Okolab).

Correlative light and electron microscopy (CLEM)

Cells were grown in glass bottom Petri dishes with
grid (MatTek). DIC images and confocal z-stacks in
the regions of interest were obtained on the spinning
disk microscope. After that, cells were fixed in 2% glu-
taraldehyde (EMS, #16019) in Soerensen buffer
pH 7.3, post-fixed in 2% OsO4(EMS, #19140), dehy-
drated in a series of ethanol solutions and embedded
in epoxy embedding mixture (EMS, #14130). The
blocks containing cells were separated from the cover-
slips after brief submerging in liquid nitrogen. The
region of interest was localized by the a-numeric
imprint on the surface of the block. Thin sections
made on Leica Ultracut UCT ultramicrotome were
mounted on formwar/carbon–coated nickel grids,
contrasted with lead citrate and uranyl acetate, exam-
ined on the transmission electron microscope Mor-
gagni (FEI) at 80kV. Comparing the ultrastructural
images with optical sections of the z stacks, we looked
for correspondence between GFP-positive nucleolar
beads and FC/DFC units which appeared distinctly on
the thin sections.

Software and data analysis

For measurement of FC/DFC units in 3D confocal
images, we developed a MatLab based software. The
program identifies each unit by creating a maximum
intensity projection of the confocal stack and blurring
the projection with a Gaussian filter (s D 8–10 pixels),

thresholding the blurred image with a value obtained
by Otsu’s method for automatic threshold selection.
After that the optical section whereupon the unit had
maximum intensity was identified. The final result
contains 3D coordinates of each unit, its size
(FWHM), the value of x2, and integral intensities in
the spheres with radii 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0
pixels respectively. FC/DFC units were counted after
deconvolution with Huygens software.

Results

Nucleolar beads correspond to FC/DFC units

To observe the cell cycle related dynamics of the FC/
DFC units in vivo, we used the earlier produced cell
line51 based upon human fibrosarcoma (HT1080)
with stable expression of RFP-PCNA (the sliding
clamp protein) and GFP-RPA43 (a subunit of pol I)
(Fig. 1A). Control staining showed that RFP-PCNA in
these cells well colocalizes with replication signal
(incorporated Cy5-dUTP), and GFP-RPA43 colocal-
izes not only with anti-pol I antibody signal, but also
with the transcription signal (incorporated FU), so
that the nucleolar transcription foci correspond to the
observed nucleolar beads.51

For another visualization of the nucleolar beads, we
produced a cell line with stable expression of RFP-
PCNA and GFP-fibrillarin (Fig. 1B). In these cells,
RFP-PCNA colocalizes with incorporated Cy5-dUTP
(not shown); GFP-fibrillarin colocalizes with anti-
fibrillarin and anti-pol I antibody staining (Fig. 1B).

On the thin resin sections of these cells, FC/DFC
units appeared as multiple, well defined, and mutually
separated structures (Fig. 2). The well contrasted
GFP-positive foci represented nucleolar beads (Sup-
plement A). Employing CLEM, we established corre-
spondence between the RPA43-positive nucleolar
beads and FC/DFC units (Fig. 3A-F). This enabled us
to study dynamics of the units on individual cells in
vivo by observing RPA43 and fibrillarin signals on the
beads.

CLEM analysis also allowed us to estimate the size
of FC/DFC units at different stages of interphase. We
measured area occupied by the middle sections of the
units and calculated the diameter of the corresponding
sphere. Thus we found that the average size of the
units did not change significantly from middle G1
through G2 phase. In our estimates, mean value of the
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diameter in the cells expressing RFP-PCNA and GFP-
RPA43 was 250 § 43 nm.

FC/DFC units may lose GFP-RPA43 but not fibrillarin
in early S phase

The stage of cell cycle in our cell lines was determined
by RFP-PCNA signal. Particularly, based upon the
distinct morphological criteria,51,52 we divided S phase
into 4 consecutive stages, S1–4 (Fig. 1A, B). Here S1
corresponds to early S phase, when dot-like replication
foci are evenly distributed in the nucleoplasm. In S2,
the foci preserve the granular aspect, but a fringe of
coarse replication foci can be distinguished along the
nuclear lamina. In S3, which represents mid S phase,
there are conspicuous fringes along the nuclear lamina
and around the nucleoli; in the nucleoplasm the foci
are large and surrounded by vast spaces devoid of sig-
nal. At stage S4, i.e. in the very end of S phase, replica-
tion foci are large and sparse, distributed without any

particular pattern, and altogether occupy a small part
of the nuclear volume.

Short-term observations (up to 20 min with
intervals 1 or 2 min) at different stages of inter-
phase, showed that most FC/DFC units preserved a
stable expression of pol I and fibrillarin during
most part of G1, as well as in mid through late S
phase, and G2. But at the stages S1 and S2 some
units lost their GFP-RPA43 signal (Fig. 4A,
arrows). This loss was probably transient; some-
times the units which have thus vanished seemed
to re-appear within a few minutes (Fig. 4A, arrow-
heads). During the same stages of S phase, we also
observed emerging of the new single dots with rap-
idly increasing intensity of the GFP signal, and
splitting of the previously existing foci (Fig. 4B).

In the cell line expressing GFP-fibrillarin, we
observed a similar multiplication of the units during
S1 and S2 stages of S phase, but the fibrillarin signal
never vanished (Fig. 4C).

Figure 1. Cell lines with stable expression of fusion proteins. (A) GFP-RPA43 and RFP-PCNA.51 (B) GFP-fibrillarin and RFP-PCNA. (A) and
(B) show one cell passing through G1 and several stages of S phase. Both RPA43 and fibrillarin signals appear as nucleolar beads. Scale
bars: (A,B): 5 um
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Thus, FC/DFC units multiply in the course of early
S phase; they also may lose pol I (most likely for a
short period), but they do not lose fibrillarin.

Mobility of FC/DFC units

In the short-term observations with 1 min intervals
between the succeeding confocal z-stacks, we found
that nucleoli moved within the nuclei constantly and
changed their form. In addition to that, FC/DFC units
were also involved in a rather rapid motion (Supple-
ment B). To estimate the speed of this motion, we
selected one unit as a point of reference and measured
every minute the relative displacement of other 10–20
closely situated units. The measurements were done
on the 2D projections of z-stacks. The displacements
[calculated as: di D (Dxi

2 C Dyi
2)1/2, where “i” relates

to i-unit] were averaged and used as estimates of the
relative speed of the units movement. The values
obtained for 2D projections were multiplied by the
factor 1.57 (p/2) to get the corresponding 3D esti-
mates. Thus defined, the relative speed of the FC/DFC
units was about 0.5 mm/min at mid G1 and S4, but it
was reduced to about 0.3 mm/min at S1 stage of S
phase (Table 1).

Figure 3. CLEM analysis of FC/DFC units. (A, B) Cells on glass-bottom dish supplied with grid; region of interest is framed. (C) The cell
selected in (B); a confocal image showing expression of GFP-RPA43 (green) and RFP-PCNA (red). (D) An optical section of the same cell
in green channel. (E, F) Ultrathin sections corresponding to the optical section in (D). The marked nucleolar beads in (D) correspond to
FC/DFC units in (E) and (F) (framed numbers 1 through 7). Scale bars: 2 mm

Figure 2. FC/DFC units (arrows) in the nucleolus of a cell sta-
bly expressing GFP-RPA43. The units are surrounded by the
nucleolar granular component (stars). NM – nuclear mem-
brane. Scale bar: 1 mm.
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Regular changes of FC/DFC units in the course of
interphase

Counting the numbers of pol I and fibrillarin positive
nucleolar beads in individual cells, we studied repro-
duction of the FC/DFC units during the cell cycle.

After mitosis, the units appear from the unfolding
transcriptionally competent nucleolar organizers
(Fig. 5A). It seemed that each NOR was transformed

into one nucleolar necklace. This supposition was con-
firmed in experiments with calyculin A, an inhibitor of
protein phosphatases PP1 and PP2A, which causes
more or less complete premature chromosome con-
densation,52-54 and reveals NORs as compact struc-
tures in interphase cells.55 Following the effects of
calyculin A in living cells, we observed shrinking of
the necklaces into individual NORs (Fig. 5B).

Figure 4. Short term observations of FC/DFC units during early S phase. Projections of confocal z-stacks representing fragments of the
cell nuclei. (A) Disappearing signal (arrows) in the cell expressing GFP-RPA43. Arrowheads show putative re-appearance of a vanished
unit (arrowheads). (B,C) Proliferation of the units in the cells expressing GFP-RPA43 (B) or GFP-fibrillarin. (C) The new units appear after
splitting of previously existing foci (arrows), or emerge de novo (arrowheads). Scale bars: (A) 500 nm; (B) 500 nm; (C) 3 mm
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Within the early part of G1, assemblies of necklaces
formed nucleoli. During that period, the pol I positive
dots, which have gradually evolved from NORs and
acquired the aspect of FC/DFC units, became smaller
and more numerous. Additional 1h long observations
in the period between mid G1 and S phase revealed no
change in the number of units.

In the long-term observations which covered the
entire cell cycle or its large parts, we found that the
number of FC/DFC units increased by 60–80% during
early S phase, namely, at S1 and S2 (Fig. 6A, B). The
number did not change in the course of S3, from S3 to
the end of G2, as well as for the most part of G1 phase.
Thus the cells entered mitosis when duplication of the
units had not been accomplished. In this respect, there

was no difference between the cells expressing GFP-
RPA43 and GFP-fibrillarin. Remarkably, in the daugh-
ter postmitotic cells, during middle and late G1 phase,
total number of the FC/DFC units was higher than in
the maternal cell at G2. Value of the increase varied
between 10 and 20%, which seemed sufficient to com-
pensate the incomplete duplication in early S phase
(Fig. 6B).

Intensity of GFP-RPA43 signal on individual units
did not change from middle G1 to the end of S phase,
and distribution of the intensities had no tendency to
asymmetry (Table 2).

In HeLa and LEP cells, the nucleolar beads are also
not competely duplicated in the course of S phase

To verify our findings on another object, we used
HeLa and primary LEP (human embryonic fibroblast,
Sevapharm, Czech Republic) cells. HeLa cells were
synchronized by mitotic shake. To obtain G1 and S
phases, we incubated cells for 2 and 8 h (HeLa) or for
6 and 24 h (LEP) after the shake. Fixation was pre-
ceded with a short pulse of EdU (5 min) for precise
identification of the stage of cell cycle. Then the cells
were fixed with PFA solution and processed for

Table 1. Estimated speed of FC/DFC movements.

Mean displacement (mm) Displacement in 1 min (mm)

Cell cycle
phase in 1 min in 5 min minimal maximal

S1 2D 0.19 § 0.01 0.20 § 0.02
3D 0.33 § 0.02 0.36 § 0.02 0.08 0.80

G1 2D 0.26 § 0.02 0.29 § 0.02
3D 0.45 § 0.03 0.50 § 0.03 0.00 1.05

S4 2D 0.28 § 0.01 0.32 § 0.01
3D 0.48 § 0.02 0.56 § 0.02 0.14 1.05

Figure 5. NORs and nucleolar necklaces in the cells expressing GFP-RPA43. Projections of confocal z-stacks. (A) After telophase, each
mitotic NOR (arrow) gradually unfolds into a necklace (arrowheads). Nucleoli are formed from one or more necklaces. Emerging nuclei
of the daughter cells are outlined in the first frame representing telophase. (B) Interphase cell treated with calyculin A for 1 h. A part of
cell nucleus is shown. Nucleolar necklaces (arrowheads) gradually shrink into NORs (arrow). Scale bars: (A) 2 mm, (B) 3 mm
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immunocytochemistry using antibodies against pol I
or UBF (Fig. 6D,E). In HeLa cells, we found the fol-
lowing numbers of nucleolar beads: 251 § 25 at G1,
280 § 24 at S1 and 406 § 42 at S4. Thus between G1
and late S phase the number increased on average by
62% (Fig. 6C). In LEP cells the numbers of the beads
were: 76 § 3 at G1, 114 § 4 at S1, and 87 § 5 at
S3CS4. This corresponds to a 75% increase in the
course of the S phase. The great dispersion of the
mean value in this assay is due to the individual

variability of the cells and lower contrast of the
immuno-staining compared to the GFP signal in the
transfected cell lines. Nevertheless, our data show that

Figure 6. Dynamics of the number of FC/DFC units in the course of cell cycle. (A) Counts of the GFP-RPA43 positive units in individual
cells. (B) Averaged data for both GFP-RPA43 and GFP-fibrillarin positive units. The values are presented as proportions to the numbers
at G1 phase. In (A) and (B) the number of units increases twice: between G1 and mid S phase by cca 70%; in the daughter postmitotic
cells at G1 by cca 15%. (C,D,E) Nucleolar beads stained with anti pol I antibody in synchronized HeLa and LEP cells. (C) Counts of the
beads show incomplete duplication (increase by 62% in HeLa and by 75% in LEP cells) between G1 and late S (stages S3 and S4). (D,E):
pol I (green) and incorporated EdU (red) in a HeLa (D) and LEP (E) cell. The replication signals correspond to S1 stage. Scale bar: 2 mm

Table 2. Intensity of GFP-RPA43 signal on individual FC/DFC
units.

Cell cycle phase Average Asymmetry of distribution

G1 0.56 § 0.50 ¡0.03§ 0.50
S1 0.62 § 0.80 0.08§ 0.55
S4 0.59 § 0.50 ¡0.02§ 0.40
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FC/DFC units are “underduplicated” in HeLa and dip-
loid LEP cells as well as in the transfected cell lines.

Common activators of rDNA transcription had no
significant effect on reproduction of FC/DFC units

Incomplete duplication of the FC/DFC units during S
phase, followed by what seemed to be a compensatory
increase in the daughter cells, suggested that ribo-
somal genes in a number of the units may remain
transcriptionally silent from S3 to the end of G2 phase,
but get activated in the cells of next generation. We
attempted to reveal the nature of this silencing by
studying effects of some activators of rDNA
transcription.

Observing the individual cells in the period between
G1 and S4 in the presence of 0.5 mM TSA or 1 mM
AzdC, we found in all cases 60–80% increase in the
number of FC/DFC units, just as without the treat-
ment (Table 3A).

In another group of experiments we used roscovi-
tine, an inhibitor of Cdc2-cyclin B kinase, which
causes specific dephosphorylation of the basic tran-
scription factor SL1 and can stimulate transcription in
metaphase NORs.55,56 We treated cells at S3 stage
with 150 mM roscovitine, and observed no increase in
the number of pol I positive units (Table 3B).

These results indicate that the hypothetical silenc-
ing was resistent to TSA and AzdC dependent changes
in the chromatin structure and did not depend on the
phoshorylation of SL1.

Discussion

FC/DFC units of nucleoli play key role in cell
metabolism being centers of ribosomal transcrip-
tion and early rRNA processing. In the present
work, we focused on the dynamics of these units in
the course of the cell cycle. Using CLEM and spe-
cially produced cell lines, we showed that

population of the units expressing both pol I and
fibrillarin undergoes specific changes during 2 peri-
ods of interphase: early G1 and early S.

At early G1, when nucleoli are re-assembled after
mitosis, NORs unfold into nucleolar necklaces with
gradually multiplying beads so that each NOR produ-
ces one necklace (Fig. 5) This process is concluded by
mid G1. Then, the number of the beads, or FC/DFC
units, does not change until the end of G1.

Further significant changes take place during
early S phase, when transcriptionally active ribo-
somal genes are replicated.14,15 FC/DFC units occa-
sionally lost their RPA43 signal, but not their
fibrillarin signal (Fig. 4B,C). This lead us to think
that such disappearance of pol I, not observed at
other stages, is directly connected to replication of
the ribosomal genes. According to our earlier
hypothesis,51 transcription is suspended in the FC/
DFC units involved in rDNA replicating, which
provides a basis for efficient separation of replica-
tion and transcription machineries in nucleoli. Our
present data agree with this hypothesis. Remark-
ably, fibrillarin, which is associated with processed
rRNA, but not with rDNA,28 is retained by the
units throughout the S phase.

The loss of pol I must be of a short duration, for at
the same period we observe an increase in the total
number of pol I and fibrillarin positive FC/DFC units
(Fig. 6). This increase may be detected directly
(Fig. 4B, C) or by counting the units before and after
early S phase (Fig. 6A, B). During the rest of S, as well
as G2 and most of G1 phase, the number of FC/DFC
units do not change.

In this work we assume that all DNA, including
the ribosomal genes, is duplicated between G1 and
G2 phases. But when we followed progress of indi-
vidual cells through the cell cycle, we found that in
the course of S phase the number of FC/DFC units
increased only by about 70% (Fig. 6A, B); the

Table 3. AzdC, TSA (A) and roscovitine (B) had no significant effect on reproduction of FC/DFC units.

A. Relative increase in the number of units ranges between 60 and 80%. B. The number of units at S3 does not change in presence of roscovitine

S4

G1 TSA AzdC Control (0 min) 90 min 180 min

1 1.68 1.74 390 384 390
1 1.59 1.70 354 355 352
1 1.84 1.64 316 314 318
1 1.65 1.64 459 451 451
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duplication was never completed until the end of
interphase. But after mitosis, an additional multipli-
cation of the units took place, so that each daughter
cell by mid G1 acquired as many units as the mater-
nal cell had at the same stage. Data obtained on
HeLa and diploid LEP cells after synchronization
agree with these findings (Fig. 6C, D).

Since there are good reasons to believe that FC/
DFC units correspond, more or less precisely, to indi-
vidual transcriptionally active repeats of rDNA,29,30,32

our data suggest that about 30% of active ribosomal
genes remain silent from the middle S till the end of
G2 phase, and get re-activated in the cells of next gen-
eration, at early G1 phase (Fig. 7). This may be impor-
tant for maintaining optimal level of rDNA
transcription. Production of ribosomes is regulated at
different levels; it seems that one of the mechanisms
prevents excessive production of the rDNA transcrip-
tion centers after replication. Interestingly, neither
intensity of pol I signal on the units, nor their average
size measured on electron microscopic preparations,
did change after replication of the active rDNA
(Table 3). This suggests that transcription activity per
unit remains at a stable level for the most part of
interphase.

The hypothetical silencing of some ribosomal genes
after replication appears to be so efficient, it could not
be prevented by AzdC and TSA, nor reversed by
roscovitine (Table 3). Likewise, the permanently inac-
tive ribosomal genes, which are usually present in
mammalian cells,12,13,57 did not respond to the treat-
ment. Alternatively, duplication of the active genes
may be complete, but not always followed by duplica-
tion of the FC/DFC units. In that case, some of the
units (cca 30% of the entire pool in the studied cells),
would accommodate more than one active gene until
the end of interphase. But distribution of the signal
intensity showed no tendency to asymmetry, neither
before nor after early S phase. This suggests that an
original number (probably just one) of active genes
per unit is restored shortly after replication.

Our findings also indicate that restoration of rDNA
activity after replication is not always symmetrical,
i.e., one of the daughter helices may become silent.
This hypothesis complements our data on asymmetri-
cal NORs which regularly appear on certain r-chro-
mosomes and cause a mitotic asymmetry.58

Thus reproduction of FC/DFC units in nucleoli fol-
lows a peculiar pattern, which includes an incomplete
duplication during early S phase. Our data suggest
that a considerable subset of ribosomal genes remain
transcriptionally silent from late S phase to mitosis,
but become again active in the postmitotic daughter
cells.
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ABSTRACT
Nucleoli are formed on the basis of ribosomal DNA (rDNA) clusters called Nucleolus Organizer
Regions (NORs). Each NOR contains multiple genes coding for RNAs of the ribosomal particles.
The prominent components of the nucleolar ultrastructure, fibrillar centers (FC) and dense
fibrillar components (DFC), together compose FC/DFC units. These units are centers of rDNA
transcription by RNA polymerase I (pol I), as well as the early processing events, in which an
essential role belongs to fibrillarin. Each FC/DFC unit probably corresponds to a single
transcriptionally active gene. In this work, we transfected human-derived cells with GFP-RPA43
(subunit of pol I) and RFP-fibrillarin. Following changes of the fluorescent signals in individual
FC/DFC units, we found two kinds of kinetics: 1) the rapid fluctuations with periods of
2–3 min, when the pol I and fibrillarin signals oscillated in anti-phase manner, and the
intensities of pol I in the neighboring FC/DFC units did not correlate. 2) fluctuations with
periods of 10 to 60 min, in which pol I and fibrillarin signals measured in the same unit did
not correlate, but pol I signals in the units belonging to different nucleoli were synchronized.
Our data indicate that a complex pulsing activity of transcription as well as early processing is
common for ribosomal genes.

KEYWORDS
fibrillarin; fluctuation; pol I;
rDNA; transcription pulsing

Introduction

Nucleoli are formed on the basis of ribosomal DNA
(rDNA) clusters called Nucleolus Organizer Regions
(NORs). In human cells these clusters are situated on
the short arms of chromosomes 13, 14, 15, 21, 22.
Each NOR contains multiple genes, transcriptionally
active and silent,1-6 coding for 18S, 5.8S and 28S
RNAs of the ribosomal particles.7-11 The prominent
components of the nucleolar ultrastructure, fibrillar
centers (FC) and dense fibrillar components (DFC),
together compose FC/DFC units. These units provide
the stage for rDNA transcription by RNA polymerase
I (pol I),12-27 as well as the first steps of rRNA process-
ing, in which an essential role belongs to C/D snoR-
NAs associated protein fibrillarin.28-34 Remarkably,
there are reasons to believe that each FC/DFC unit
typically accommodates a single transcriptionally
active gene,35-38 but this gene apparently forms several
coils within DFC and adjacent FC area.9,37,39-41 NORs
appear in light microscopy as beads on a string, or
nucleolar necklaces.35-37,43,46

In our previous study,42 using specially produced
cell lines and correlative light and electron microscopy
(CLEM), we found that FC/DFC units correspond to
the nucleolar beads positive for the signals of rDNA
transcription, pol I, its transcription factors, and com-
ponents of early rRNA processing machinery. Follow-
ing the dynamics of the units in the cell cycle, we
found that pol I and fibrillarin colocalize in the FC/
DFC units for the most part of interphase. But during
early S phase, when transcriptionally active ribosomal
genes are replicated,44,45 pol I, though not fibrillarin,
may transiently disappear from some units. This
agreed with our earlier supposition46 that the tran-
scription machinery withdraws from those FC/DFC
units in which DNA is to be replicated, whereas fibril-
larin, being not bound to DNA directly, may remain
in the units throughout S phase. Since the finding
about pol I and fibrillarin was obtained when the sig-
nals of these two proteins were observed indepen-
dently, it also raised a more general question about
dynamic relations between the components of rDNA
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transcription and early rRNA processing machineries
in the nucleolus.

In this work, by measuring intensities of pol I and
fibrillarin signals in individual FC/DFC units or whole
nucleoli in transfected cells, we found that these pro-
teins are engaged in at least two kinds of fluctuations.
One may be characterized as intrinsic and relatively
quick (with periods of about 2–3 min); the other, as
extrinsic and relatively slow (with periods of 10 to 60
min). Both kinds seem to be based upon changing sta-
tus of rDNA promoter.

Methods

Cell culture, plasmids, and cell lines

Human derived HEP2 (HeLa derivative), HT-1080
(human fibrosarcoma), and HeLa cells were cultivated
at 37�C in Dulbecco modified Eagle’s medium
(DMEM, Sigma, #D5546) containing 10% fetal calf
serum, 1% glutamine, 0.1% gentamicin, and 0.85g/l
NaHCO3 in standard incubators.

The plasmid constructs for RFP-fibrillarin and
RFP-PCNA were received from the Max Planck
Institute for Molecular Cell Biology and Genetics,
Dresden. GFP-RPA43 and GFP-fibrillarin vectors
were received from Laboratory of Receptor Biology
and Gene Expression Bethesda, MD.47 The con-
structs were transfected into HT-1080 cells using
Fugene (Qiagen, #E2312), and G418 (GIBCO,
#11811031) was used for selection of stable clones
with two-colored fluorescence.

We also used two earlier produced cell lines stably
expressing: 1) GFP-RPA43 and RFP-PCNA;46 2)
GFP-fibrillarin and RFP-PCNA.42

Incorporation of RNA nucleotides

For labeling of transcription sites, sub-confluent cells
were incubated for 5 min with 5-fluorouridine (FU)
(Sigma, #F5130) at a concentration of 100 mM. The
cells were fixed in 2% formaldehyde freshly prepared
from paraformaldehyde, permeabilized with Triton X-
100, and processed for FU immunocytochemistry.

Immunocytochemistry

Incorporated FU signal was visualized by a mouse
monoclonal anti-BrdU antibody (Sigma, #B8434). Pri-
mary antibodies against human rRNA polymerase
(pol I) and human fibrillarin were kindly provided by

Dr. U. Scheer (Biocenter of the University of
Wurzburg). We also used polyclonal (rabbit) anti-
RPA43 (Thermo Scientific, # PIPA525184). Secondary
anti-human and anti-mouse antibodies were conju-
gated with Alexa 488 (Invitrogen, #H10120) Alexa
532 (Invitrogen, #A-11002), Cy3 (Jackson ImmunoR-
esearch Laboratories, #109-165-088, #111-165-003,
#115-025-062,), or DyLight 488 (Jackson ImmunoRe-
search Laboratories, #109-005-044, #111-475-003,
#115-475-003). Coverslips with the cells were then
mounted in Mowiol.

Light microscopy

Confocal images were acquired using SP5 (Leica) con-
focal laser scanning microscope equipped with a 63£/
1.4NA oil immersion objective. For in vivo cell imag-
ing we used a spinning disk confocal system based on
Olympus IX81 microscope equipped with Olympus
UPlanSApo 100£/1.4NA oil immersion objective,
CSU-X spinning disk module (Yokogawa) and Ixon
Ultra EMCCD camera (Andor). The live cells were
maintained in glass bottom Petri dishes (MatTek) at
37�C and 5% CO2 using a microscope incubator
(Okolab). For assessment of the technical error during
the image acquisition, control measurements of signal
intensity dynamics were performed on 170 nm car-
boxylate yellow-green microspheres (Invitrogen,
#P7220).

Software and data analysis

For measurement of FC/DFC units in 3D confocal
images, we developed a MatLab based software. The
program identifies each unit by creating a maximum
intensity projection of the confocal stack and blurring
the projection with a Gaussian filter (s D 8–10 pixels),
thresholding the blurred image with a value obtained
by Otsu’s method for automatic threshold selection.
After that, the optical section whereupon the unit had
maximum intensity was identified. The final result
contains 3D coordinates of each unit, its size (full-
width half-maximum), the value of x2, and integral
intensities in the spheres with radii 1.0, 1.5, 2.0, 2.5,
3.0, 3.5, and 4.0 pixels respectively. FC/DFC units
were counted after deconvolution with Huygens
software.

For measuring signals in the entire nucleoli we used
a custom ImageJ plugin46 available at https://github.
com/vmodrosedem/segmentation-correlation. Based
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on the confocal stacks in two channels, the program
identifies the regions occupied by nucleoli, measures
their areas (in pixels), and the average intensities of
both signals within these areas. Additionally it calcu-
lates Pearson’s correlation coefficient and Spearman’s
rank coefficient between the signals corresponding to
the two channels within the volume of nucleoli.

MatLab software was used for Fourier analysis of
the time series.

Results

Quick fluctuations of pol I and fibrillarin signal
intensities in the FC/DFC units

HEP2 and HT1080 cells were transfected with GFP-
RPA43 and RFP-fibrillarin, and 3D confocal images of
the entire nuclei in two channels were acquired in vivo
every 1 or 2 minutes for 10–15 min. The fluorescent
signals in both channels appeared mostly in the form
of nucleolar beads which correspond to the FC/DFC
units.42 Remarkably, in a few beads the RPA43 signal
became invisible or scarcely visible, but was restored
in several minutes, while the fibrillarin signal
remained intensive (Fig. 1). These observations con-
firm our earlier hypothesis46 about a transient

withdrawal of pol I processing machinery, from the
FC/DFC units involved in DNA replication.

In the images of the transfected cells, we measured
the intensity of GFP-RPA43 and RFP-fibrillarin sig-
nals in individual FC/DFC units in one central pixel
of each unit, or within a circular region of interest
with total area of 9 square pixels. These two methods
provided similar results, but the latter seemed more
precise. The measurements were based on pol I signal,
since it reveals the units more distinctly than fibrillarin
signal. In both HEP2 and HT1080 cells, we found that
the intensities of pol I and fibrillarin fluctuated in
anti-phase manner (Fig. 2A, B). In other words,
increase of one signal was usually attended by decrease
in the other and vice versa. The values of Pearson cor-
relation of the sequential differences (RD), which we
selected as a measure of synchrony for the quickly
changing signals, had variable, but always negative,
values ranging between ¡0.25 and ¡0.98. Relative
Standard Deviation (RSD) of the fluctuations for both
fibrillarin and pol I was about 10%. In control meas-
urements of synthetic yellow-green microspheres (see
Methods, section Light microscopy) the RSD ranged
between 1% and 3% (Fig. 2C). Spectral analysis based
on Fourier transformation of the time series with
1 min intervals revealed two maxima: at about 2 and

Figure 1. HEP2 cells transfected with GFP-RPA43 (green) and RFP-fibrillarin (red). One unit (arrow) had very weak pol I signal, at the
beginning of observation, but after 5 minutes it was restored. In contrast, another unit (arrowhead) originally had pol I signal, but lost it
after 5 min (compare top left and bottom left images). Both marked units preserved their fibrillarin signals (top middle and bottom mid-
dle images). Scale bar: 3 mm.
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3 min (Fig. 3A). Similar fluctuations were recorded in
the cell lines with stable expression of GFP-RPA43/
RFP-PCNA46 and GFP-fibrillarin/RFP-PCNA42 at all
stages of interphase (Fig. 3B).

Remarkably, the fluctuations of pol I signal in the
FC/DFC units belonging to the same nucleolus, even
to the same nucleolar necklace (Fig. 3C), usually did
not correlate. This lack of synchrony indicates that the
observed quick fluctuations could not be caused by
the technical errors of microscopy, but reflected varia-
tions of functional state in the individual units.

On the other hand, the fluctuations must be based
on an exchange of the proteins between FC/DFC
units and their near environment, i.e. the granular
component of the nucleoli. Besides, as we found ear-
lier, the units are involved in permanent motion, the
distances between them significantly change42 (Smir-
nov et al, 2016). This implies that fluctuations in the
neighboring units may influence one another. To
explore this possibility, we measured 3D distances
between the centers of closely situated FC/DFC units,
as well as the intensities of their GFP-RPA43 signal,
in series of observations with 1 min interval. In these
experiments we found that mere lengthening/

shortening distances between the units did not corre-
late with the intensities of their signals (Fig. 3D). We
also could not detect any effect of variation (increase
or decrease) of pol I signal in the neighboring units
(Fig. 3E).

Thus our observations revealed quick anti-phase
fluctuations of pol I/fibrillarin levels, which seemed to
occur in each individual FC/DFC unit more or less
independently.

Slower fluctuations of pol I and fibrillarin signal
intensities in the nucleoli

Observations during 1–2 hrs with intervals of 5 min
revealed other fluctuations in the intensities of GFP-
RPA43 and RFP-fibrillarin signals in the FC/DFC
units. The corresponding periodogram had a larger
peak at about 60 min, and two other peaks at about
20 and 10 min (Fig. 4A). At this time scale, the pol
I and fibrillarin signals in the units seemed to fluc-
tuate independently. The Pearson correlation (R) of
the signals could take both positive and negative
values, and on average did not significantly differ
from 0 (Fig. 4B). But when the signal intensities

Figure 2. Rapid anti-phase fluctuations of signal intensities measured in FC/DFC units of HEP2 (A) and HT1080 (B) cells transfected with
GFP-RPA43 (green) and RFP-fibrillarin (red). Each graph represents measurements with 2 min interval in an individual unit. Correlations
of the sequential differences (RD) have negative values in all cases. C: control measurements of intensity of green (graphs 1, 2) and yel-
low (graphs 3, 4) 170 nm carboxylate fluorescent microspheres.
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were measured in the whole nucleolar areas defined
by a software (see “Methods”) the GFP-RPA43 and
RFP-fibrillarin signals correlated positively, with R
about C0.5. This synchrony probably reflects a peri-
odicity in the exchange of proteins between the

nucleoli, in which granular component is predomi-
nant, and nucleoplasm.

The fluctuations of the pol I signals in the different
units belonging to the same nucleolar necklace, or
even to different nucleoli of the same cell,

Figure 3. Characteristics of the rapid fluctuations of pol I and fibrillarin signal in FC/DFC units. (A) Fourier analysis of the time series for
transfected HEP2 cells. The averaged periodogram shows two peaks at about 2 and 3 min. The data are obtained from 20 records with
1 min intervals. (B) Quick fluctuations of pol I (top) and fibrillarin (bottom) signals in the stable cell lines expressing GFP-RPA43/RFP-
PCNA and GFP-fibrillarin/RFP-PCNA respectively. Examples of individual units showing that the fluctuations appear in G1, early S (S1)
and late S (S4) phases of cell cycle. (C) Simultaneous signal in eight units (numbers and arrows on the left panel) belonging to one
nucleolar necklace of the transfected HT1080 cell. Records of pol I signal intensities measured with interval of 1 min (graph on the right)
show absence of correlation between the neighboring units. Occasional correlations at certain time points may be random events; alter-
natively they may result from the slower fluctuations which have a tendency to synchrony (see Fig. 4C). (D, E) Mutual independence of
the signal variations in 10 neighboring FC/DFC units belonging to one nucleolar necklace. (D) Variations of the intensity of GFP-RPA43
signal in one unit (DI) do not correlate with variations of the average distance to its 2 nearest neighbors (DD). (E) Variations in the inten-
sity of GFP-RPA43 signal in one unit (DI) do not correlate with summed up variations of intensity in the two nearest neighbors, calcu-
lated as: DI(S) D DIp C DIf, i.e., sum of variations of signal intensity in the preceding (p) and following (f) unit. The order of the units in
the necklace was selected arbitrarily. Scale bar: 2 mm.
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were synchronous: the correlation (R) always took
positive values; the average for 20 pairs of nucleoli was
C0.66 § 0.21. RSD of the fluctuations (used as a mea-
sure of their amplitude) was 9.1 § 0.9%. After remov-
ing trends and normalizing the time series, the values
of R significantly increased (Fig. 4C). This suggests a
contribution of still lower frequencies which could not
be detected in our observations.

The signal intensities measured in the whole nucle-
oli also fluctuated, but less distinctly than in the indi-
vidual FC/DFC units; RSD was 1.5 § 0.2%. The
fluctuations of the signal in different nucleoli within
the same cell nucleus showed signs of synchrony with
variable correlation ranging from C0.1 to C0.6.

Treatment of the cells with 0.05 g/ml ActD for
10 min inhibited incorporation of 5-fluorouridine
(FU)48 and caused subsequent disintegration of the
nucleoli even if the cells were transferred to the fresh
cultivation medium. But during the first hour of the
treatment, the pol I signal in the FC/DFC units
remained intensive, and its fluctuations in the neigh-
boring units still positively correlated (Fig. 5A). Fibril-
larin signal in the cells was preserved, but its
fluctuations were reduced (Fig. 5A), and after removal
of the trend caused by fluorescence bleaching, correla-
tion of the signal intensity in the neighboring units
did not significantly differ from 0. This disappearance

of synchrony in the presence of Act D indicates that
the fluctuations of the fibrillarin signal depend on
elongation of rRNA. After 3 h in fresh medium, when
the structure of the nucleoli was ruined, and the units
fused into larger structures resembling NORs, the fluc-
tuations of pol I signal intensity also became asyn-
chronous, and their amplitudes were decreased
(Fig 5B).

Thus the observations of FC/DFC units during 1–
2 h revealed other fluctuations of pol I signal charac-
terized by longer periods, general synchrony of all
nucleoli in the cell nucleus, and no pronounced corre-
lation with fibrillarin signal.

Correlation of pol I and fibrillarin signals
with transcription signal in the nucleoli

To correlate our data on the intensity of protein con-
structs with the nucleolar transcription, we incubated
HT 1080 cells with FU; after fixation of the cells, we
visualized FU, pol I and fibrillarin by the respective
antibodies (Fig. 6). In such preparations, the intensity
of signals was measured either for the entire nucleolar
areas defined by the software or in all (pol I or fibril-
larin positive) FC/DFC units. Intensities of anti-pol I
and anti-fibrillarin signals always positively correlated
with intensity of transcription signal. When the

Figure 4. Fluctuations of pol I and fibrillarin signal intensities in FC/DFC units observed with 5 min intervals. (A) Fourier analysis of the
time series for transfected HEP2 cells. The averaged periodogram shows three peaks at about 10, 20, and 60 min. The data are obtained
from 20 records with 5 min intervals. (B) Fluctuations of GFP-RPA43 (continuous line) and RFP-fibrillarin (dotted line) signals measured
in the same unit do not correlate significantly. The graphs represent the records of three units. (C) Synchrony of GFP-RPA43 signals in
three FC/DFC units measured in different nucleoli of the same cell (left graph). The mean value of the correlation (R) is increased after
removal of the trends (right graph), which suggests presence of low frequency components in the time series.

426 M. HORN�A�CEK ET AL.



measurements included the entire nucleoli (Fig. 6A,
B), correlation between pol I and FU signals did not
differ significantly from the correlation between fibril-
larin and FU signals (0.77 § 0.03 and 0.76 § 0.03
respectively). This is not surprising, since both pro-
teins are accumulated within FC/DFC units. But when
the correlation was measured within the units, it was
higher between pol I and FU signals (0.85 § 0.03),
and considerably lower between fibrillarin and FU sig-
nals (0.34§ 0.02) (Fig. 6C, D). Comparing parameters

of the intensity distributions, we found further simi-
larities between pol I and the transcription signals.
Both distributions showed asymmetry with positive
skewness (C0.29 and C0.30 respectively); the values
of RSD were 0.22 for pol I and 0.25 for FU. RSD for
the values of GFP-RPA43 signal intensity measured in
one unit at different time points was lower, i.e., about
0.1 (see section 2 of the Results), apparently because
FC/DFC units are more precisely defined by GFP sig-
nal than by immunofluorescence.

Figure 6. Correlation of pol I and fibrillarin signal intensity with intensity of transcription signal in HeLa cells. (A, B) Anti-pol I (green, A)
and anti-fibrillarin (green, B) signals show similar correlation with the signal of incorporated 50 fluorouridine (FU) (red), when the signal
intensities are measured in the entire nucleoli. Contours of the nucleoli determined by a software (see Methods) are shown by blue line.
(C, D) The signal intensities measured within FC/DFC units. (C) The positive correlation between anti-pol I and anti-FU signals is higher
than in A. (D) Correlation between anti-fibrillarin and anti-FU signals is much lower than in B. Scale bar: 5 mm.

Figure 5. Fluctuations of pol I and fibrillarin signal intensity in FC/DFC units in HT1080 cells after inhibition of rRNA transcription with
0.05 mg/ml ActD for 10 min. (A) During the first 1 h after the treatment, fluctuations of GFP-RPA43 signal in two neighboring units (1)
and (2) still correlate positively, but fluctuations of RFP-fibrillarin signal (3) are reduced to a low amplitude noise. (B) 3 h after the treat-
ment. The fluctuations of intensity measured in GFP-RPA43 foci decline and lose their synchrony. The foci do not correspond to individ-
ual FC/DFC units, but were produced by their fusion after inhibition of pol I activity.
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Together the data presented in this section indicate
that the observed fluctuations of pol I signal in FC/
DFC units are closely related to fluctuations of their
transcription intensity.

Exchange rates of fibrillarin and pol I are related
to their fluctuations in FC/DFC units

We studied recovery of GFP-RPA43 and RFP-fibril-
larin signals in the transfected cells after photobleach-
ing of single FC/DFC units with two lasers (405 nm
and 560 nm) (Fig. 7A, B). On average, the mobile frac-
tion was higher for fibrillarin than for pol I (Fig. 7B),
but the mean value of the half-life time for both pro-
teins was about 20 sec. This indicates that the mobile
fractions of pol I and fibrillarin could undergo multi-
ple cycles of exchange during one period of fluctua-
tions described in the first two sections of our Results.

Since the value of half-time varied considerably
among individual FC/DFC units, we supposed that this

variability may be linked to the anti-phase fluctuations
of pol I and fibrillarin intensities. To examine this pos-
sibility, we conducted FRAP experiments with extended
pre-bleach period and selected the cases in which the
anti-phase dynamic was noticeable before the bleaching
(Fig. 7C, D), i.e., pol I and fibrillarin signals appeared to
reach or approach the opposite extremes of their varia-
tions. In such cases, when intensity of one of the signals
was at its higher/lower values, the half-life of its subse-
quent recovery proved to be shorter/longer than the
half-life of the other signal in the same FC/DFC unit.

These data suggest that the described fluctuations of
fibrillarin and pol I signals, as well as the intensity of
transcription in individual FC/DFC units, may indeed
correlate with the exchange rates of those proteins

Discussion

In the present study we followed in real time the fluo-
rescent signals of RPA43 subunit of pol I and

Figure 7. Double-channel FRAP analysis of pol I and fibrillarin signals in individual FC/DFC units. (A) GFP-RPA43 (top panel) and RFP-
fibrillarin (mid panel) signals were bleached in one unit defined by broken line. Bottom panel shows overlay of the two channels. (B)
FRAP kinetics for the units shown in A. Table at the bottom shows averaged parameters. The mean values of half-life for pol I and fibril-
larin do not differ significantly, but fibrillarin has larger mobile fraction within the units. (C) FRAP experiment as in A and B, but with
extended pre-bleach period. Selected are assays in which the anti-phase dynamic (see Fig. 2) appeared clearly during the 6000 pre-bleach
period. When intensity of pol I signal is at its higher values (left graph), the half-life of its subsequent recovery proves to be shorter than
the half-life of the fibrillarin signal in the same FC/DFC unit. The right graph represents the reverse situation. Values of half-life (t1/2) are
indicated over the respective curves. These data suggest a correlation between anti-phase fluctuations of the signal intensity and the
exchange rates of pol I and fibrillarin in FC/DFC units. Scale bar: 2 mm.
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fibrillarin in the nucleoli of human derived cells. Since
intensity of such signals positively correlates with the
actual number of the fusion protein molecules within
the region of interest,49 our data refer to the changing
contents of nucleoli. Measuring the signal intensities
of GFP-RPA43 and RFP-fibrillarin in the FC/DFC
units, we observed specific fluctuations of two kinds.
Firstly, in the short term experiments, when images
were taken every 1–2 min, the pol I and fibrillarin sig-
nals fluctuated in anti-phase manner (Fig. 2), and the
intensities of pol I in the neighboring FC/DFC units
belonging to the same NOR did not correlate
(Fig. 3C), which shows that these rapid fluctuations
cannot be attributed to artifacts or technical errors.
Secondly, in the longer observations with intervals of
5 min, correlation of pol I and fibrillarin signals mea-
sured in the same unit became uncertain; but we
found well defined synchrony of pol I signals in the
units belonging to different nucleoli (Fig. 4A, C). Here
again technical error could not be the chief source of
the fluctuation, since the intensities of fibrillarin signal
in different FC/DFC units were not synchronized.

Our work seems to be related to the recent studies
of discontinuous, bursting, or pulsing expression of
various genes in the nucleoplasm.49-52 Irregular pulses
of activity, alternated with pulses of silence, were visu-
alized in living cells by inserting into genome, down-
stream of the promoter, sequences encoding stem
loops of RNA, which could be detected with fluores-
cent bacteriophage coat proteins, such as MS2 or
PP7.50,55 Alternatively, transcription output has been
monitored by single molecule RNA fluorescence in
situ hybridization (smFISH).56,57 Our work provides
an approach to the study of irregular activity of ribo-
somal genes. Indeed, since we found high correlation
of pol I and incorporated FU signals within FC/DFC
units (Fig. 6), which probably correspond to individ-
ual transcriptionally active units of rDNA,35,36,38 the
observed fluctuations of RPA43 signal follow pulsing
activity of ribosomal genes. Remarkably, distribution
of pol I and FU signal intensities measured in FC/
DFC units showed considerable positive skewness (see
Results, section 3), and this agrees with the models of
pulse-like, rather than continuous, activity of the
promoters.53

Different kinetics of the transcription output is
peculiar to a specific sort of gene or current status of
the cell. Our study indicates that each ribosomal gene
may be engaged simultaneously in at least two kinds

of fluctuations. In the first kind, which is characterized
by periods about 2–3 min (Fig. 2, 3), the pol I signals,
as well as the corresponding transcription rates, in the
neighboring FC/DFC units fluctuated independently.
Such behavior, supposedly caused by inherent sto-
chasticity of the transcription, was termed “intrin-
sic”.58-64 But the second kind of fluctuations, in which
the units belonging to different nucleoli showed a pro-
nounced synchrony (Fig. 4C), apparently depends on
variations in the state of cell nucleus, especially in the
levels of pol I, its co-enzymes, and RNA nucleotides.
Such kind of pulsation may be related to the “extrin-
sic.”58,59,64 Our data about the synchronous fluctua-
tions of pol I signal seem to agree with the results of
direct measurements of rDNA transcription in the
entire nucleoli by label-free confocal Raman micro-
spectrometry.65 Notably, in this work, as well as in
ours, the extended periods of silence known from the
studies of other genes50 were not detected. Perhaps
such periods just cannot be discovered without moni-
toring transcription of individual rDNA units. But it is
also likely that production of rRNA molecules pauses
for no longer than 1–2 min.

Several models were devised in effort to understand
the nature of transcription bursting discovered in cell
populations. Some authors analyzing the results of
smFISH56,57,66 postulate one state of promoter, whose
activity is well characterized by a Poisson distribution.
In other models,67-69 the promoter switches stochasti-
cally between an active state, in which mRNA is pro-
duced with constant probability, and an inactive state,
in which transcription does not occur. The extra state
increases the potential variability of output from dif-
ferent cells in population or tissue. A still more com-
plicated model of the bursting gene expression is
suggested in recent study of actin gene in myxamoeba
Dictyostelium.70 The authors interpreted their data as
produced by a wide „spectrum” of activity states with
variable rates of initiation. Such kind of model may
agree with the complex kinetics of pol I signal inten-
sity in FC/DFC units observed in our work (Fig. 3C),
although in the case of rDNA the multiple genes of
similar structure are situated in the same cell nucleus,
where some aspects of their activity may be
synchronized.

Since the observed fluctuations did not depend on
rRNA elongation (Fig. 5A), and their amplitudes were
relatively low, we suppose that the fluctuating compo-
nents of transcription machinery are accumulated
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around the promoters, and the observed variations of
the gene output depend on a complex periodicity in
the assembly of pre-initiation complex. Moreover, the
observed correlation between the exchange rate of pol
I and the phase of fluctuation in individual FC/DFC
units (Fig. 7C, D) indicates that the rDNA promoter
may exist in multiple states with different probabilities
of initiation.

Thus, our in vivo measurements of pol I and fibril-
larin signals in FC/DFC units of mammalian cells
show that a complex pulsing or bursting activity of
transcription as well as early processing is common
for ribosomal genes.
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ABSTRACT
Numerous studies based on new single-cell and single-gene techniques show that individual genes
can be transcribed in short bursts or pulses accompanied by changes in pulsing frequencies. Since
so many examples of such discontinuous or fluctuating transcription have been found from
prokaryotes to mammals, it now seems to be a common mode of gene expression. In this review
we discuss the occurrence of the transcriptional fluctuations, the techniques used for their
detection, their putative causes, kinetic characteristics, and probable physiological significance.
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Introduction

Kinetics may lie at the heart of the mysterious ability
of biological molecules to work in concert to regulate
gene expression at the whole genome level [1].
Measuring bulk levels of RNA by such methods as
Northern blotting, RT-PCR or RNA-Seq gives the
impression that transcription is usually continuous,
that once started it proceeds at the same rate. But the
studies based on new single-cell and single-gene tech-
niques indicate that this is not the case. Perhaps, such
terms as pulsing, bursting, or fluctuation describe
temporal course of transcription more correctly. In
this review we discuss occurrence of transcriptional
fluctuations, the techniques used for detection of this
pulsatile activation, as well as its supposed causes,
dynamic characteristics, and probable physiological
significance.

1. Transcriptional fluctuation is a common
feature of gene expression.

Although the oscillating nature of transcription has
drawn quite a bit of attention in the past two decades,
the existence of this phenomenon was suggested
much earlier. An irregular distribution of the nascent
transcripts on the non-ribosomal DNA strands was
observed in a study of the chromatin spreads of the
Drosophila melanogaster cells [2]. The authors
assumed that the gaps separating the series of

polymerase complexes might result from interruptions
in initiation of transcription.

Transcriptional fluctuation has been discovered in
the cells of diverse species ranging from prokaryotes
to mammals; in developing embryos as well as in vari-
ous cell differentiation systems including embryonic
stem cells [3–12]. Viral genes and curiously enough
also the gene encoding the largest subunit of RNA
polymerase II (pol II) exhibit pulse-like expression
patterns [13,14]. The discontinuous mode of tran-
scription seems to be very common, perhaps even pre-
dominant, at least in mammalian cells [6,7,15].

Not surprisingly, various genes in the same cell dis-
play a wide range of transcriptional kinetic behaviour
[6,16–19]. In the yeast 1 out of 4 examined genes dis-
played a clearly pulsing pattern, but for the other three
genes, all housekeeping genes, such pattern was not
observed [20]. From their data the authors of this
study hypothesized that intensive transcription tends
to be continuous. This is further supported by the
study of the cyclin D1 gene whose transcription was
pulse-like when driven by its own promoter, but
became continuous under the powerful CMV
promoter [18]. Nevertheless, one should bear in mind
that transcriptional fluctuations have different kinetic
characteristics (see the section 4), and may elude
observation, for instance, if the intervals between the
successive measurements are not sufficiently short.
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Besides, some data show that housekeeping genes may
also be transcribed in a pulse-like manner [22,23].

Although the discontinuous expression has been
studied predominantly in genes transcribed by pol
II, the products of RNA polymerase III, which also
works under a complex regulation, [24] are also
likely to be issued in pulses. On the other hand, it
is very difficult to analyze the discontinuous tran-
scriptional activity driven by RNA polymerase I
(pol I), since the ribosomal genes transcribed by
pol I exist in numerous copies and their expression
is usually very intensive. However, the direct meas-
urements of ribosomal RNA production in the
entire nucleoli by the label-free confocal Raman
microspectrometry showed a pulse-like pattern of
the ribosomal DNA transcription [23]. In our work
on tumour-derived cells expressing a GFP-RPA43
(a subunit of pol I) fusion protein, we measured
the fluorescence signal upon the nucleolar beads,
which are likely to represent individual transcrip-
tionally active genes [25–29]. Our data, comple-
mented with the measurements of nascent
transcription revealed by the incorporated fluorour-
idine signal, suggested that the ribosomal genes are
also transcribed in pulse-like manner [25].

Transcriptional fluctuation seems to be irregular in
most cases (Figures 1A, 1B, and 1D), but it may also
appear as bursts separated by periods of inactivity
(Figure 1C) [6]. Such regular or oscillatory patterns of
gene expression are observed when a gene is involved
in a regulatory circuit with a negative feedback [1].
For example, the estradiol receptor hERa cycles on the
estrogen responsive pS2 gene promoter with a period
of approximately 20 minutes, which periodically pre-
vents association of pol II and initiation of transcrip-
tion [30]. Less regular oscillations with the average
period of 5 hours were detected after DNA damage in
human tumour-derived cells transfected with p53-CFP
[31]. A more complicated form of gene expression
pulsing is represented by circadian rhythms, which
requires also external signals for maintaining or shift-
ing the phase of the biological clock [32,33].

Transcriptional fluctuation should be distinguished
from the transcriptional cycle (initiation, elongation,
termination and recycling of the RNA polymerases)
[34], which may, however, sometimes interfere with
periodicity of transcription since the period of the
polymerase recycling is usually comparable to the
elongation time [1].

Even this brief sketch suffices to show that the phe-
nomenon of transcriptional fluctuation, which has
become known only recently, is a common feature of
gene expression.

2. Detection of discontinuous transcription

Discontinuous transcription can be studied in vivo as
well as after fixation/lysation of the cells (Table 1).
One important approach is based on the transcription
arrest by a proper inhibitor, e.g. a–amanitin, with a
subsequent fixation or lysis of the cells at various time
points after release from the block [17,21]. Subse-
quently, quantitative PCR (qPCR) and other quantita-
tive methods are used to analyze the transcriptional
fluctuation in a cell population. Nevertheless, some
significant events may be overlooked, when the differ-
ences among the individual cells are averaged.

Single molecule RNA fluorescence in situ hybrid-
ization (smFISH) is used for quantitative analyses of
gene expression and nascent transcripts in a certain
period of time at the single cell level [35–37]. The

Figure 1. Common patterns of discontinuous transcription. Each
vertical line represents one event of RNA synthesis, i.e. one termi-
nation. A: Typical bursts: irregular and alternated by long inter-
vals of silence. The burst size tends to be constant. B: An
undulating pattern with rare transcription events between the
bursts. C: Regular pulsing based on feedback loops. D: Rare tran-
scription events.
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number of new RNA molecules may be determined
with high precision by comparing the frequency and
intensity of the fluorescence signal in the cell with a
set of standard dilutions [38–40]. The results of such
quantification alone provide indirect, but valuable
information for modeling the expression kinetics in a
cell population or tissue, when the studied gene is sup-
posed to be transcriptionally active in all the cells [21].
Indirect data, e.g. the kinetics of homologous chroma-
tids, can be obtained by visualization of nascent tran-
scripts upon the chromatin spreads [2]. Isolation of
chromatin rings followed by psoralen treatment and
denaturation allowed to observe distribution of nucle-
osomes at the promoter of a yeast gene [41]. By calcu-
lating the frequencies of various configurations on
electron microscopic preparations the authors con-
nected the fluctuations of the gene expression with the
nucleosome dynamics.

To observe the transcriptional activity in vivo, cells
are transfected with various constructs providing a
fluorescent signal that corresponds to the expression
of a particular gene. In the method based on a gene
trap strategy a luciferase gene is inserted under the
control of endogenous regulatory sequences [6]. Since
both the luciferase protein and its mRNA are short-
lived, the method allows to calculate the key parame-
ters of the transcriptional kinetics such as the rates of
switching the promoter on and off [6,20].

The MS2 and PP7 based labelling methods, have
become widely popular after the work of Chubb et al.
on myxamoeba Dictyostelium [17]. These methods
employ fluorescently labelled coat proteins of bacter-
iophages [17,42,43]. The MS2 or PP7 RNA transcripts

form stem loop secondary structures that are recog-
nized by the GFP-tagged coat protein. The repetitive
nature of the MS2 or PP7 sequences results in binding
of several GFP-tagged coat proteins to the same
mRNA and consequently in a high single molecule
sensitivity. GFP molecular equivalents of solubilized
fluorophores (MESF) can be used for estimating the
number of RNA molecules in each spot [44]. The fluc-
tuations of the spot intensity in the transfected cells
reflect the dynamics of the transcription. Imaging
directly the transcript instead of its protein product is
an obvious advantage of this strategy. It allows not
only to monitor the intensity of a gene expression, but
also to analyze separately the contributions of initia-
tion, elongation, and termination [18,19,45–48]. In a
more complicated system used by Shav-Tal et al. [49],
a genetic locus, its transcribed mRNAs, as well as the
translated protein were visualized in the cells express-
ing the cyan or red fluorescent protein fused to the lac
repressor protein. In this system the lac repressor pro-
tein labels the genomic locus, the MS2-yellow fluores-
cent protein labels nascent transcripts and pTet-On
controls transcriptional induction. The system allows
to follow the production of a transcript as well as the
subsequent movement of single messenger RNA –
protein complexes in the cell nucleus.

Although the described FISH and GFP based meth-
ods have provided most of the data about discontinu-
ous transcription, both approaches have their
shortcomings. The entire kinetics cannot be deduced
from the state of fixed cells and transcription inhibi-
tors may produce uncontrollable side effects. More-
over, transfection of cells with two different complex

Table 1. Methods used for detection of transcriptional fluctuations.
Method Advantages Disadvantages

In live cells 1. Gene trap with a luciferase reporter [6,20] Measuring bursting frequency directly Kinetic characteristics are assessed only
at the level of the protein expression;
abortive transcriptions and quick
fluctuations escape observation

2. Visualization of transcripts by
bacteriophage fluorescent coat proteins
(e.g. MS2) [17-19,42-48]

Measuring the chief kinetic parameters
directly

Quantification requires additional
assumptions

3. Variant of (2) with inducible transcription
[49]

As in (2), plus simultaneous assessment of
the post-splicing movement of a single
mRNA

As in (2), plus limitations attending the
additional complexity

4. Direct measurement of transcription by
microspectrometry [23]

Requires no invasive treatment, can
continue for hours

So far for pol I only, low resolution

5. Measuring intensity of RNA polymerase
signal in situ [25]

Relatively simple, applicable for individual
genes or transcription factories

Indirect; kinetics of the enzyme and the
transcription may differ significantly

In fixed / lysed cells 6. Transcription block and Release [17,21] May include qPCR and other quantitative
methods

Error of averaging; side effects of
inhibitors

7. smFISH [21,35-40] Counting transcripts with high precision Indirect, must be combined with
transcription block and/or modelling

8. Electron microscopy (chromatin spreads
[2], isolated chromatin rings [41])

Visualization of individual transcription
units

Indirect
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constructs can also introduce some inaccuracy [40].
Single molecules are efficiently detected by the MS2
technique in bacteria [4], but in the case of eukaryotes
it is still not clear how the continuous fluctuations of
intensity in a fluorescent spot reflect the intermittent
production of RNA molecules [40,50]. Therefore,
endeavours were made to correlate the alternative
approaches. Dar et al. compared the data on the activ-
ity of an HIV viral promoter obtained by the RNA
FISH and MS2 based strategy, and found a general
concordance of the two methods in terms of the num-
bers of molecules produced in one transcription burst
[51].

3. Causes and modulators of discontinuous
transcription

Transcription fluctuations can be divided into intrin-
sic and extrinsic based on their assumed causes
(Figure 2). Variations in the levels of pol II machinery
components, free nucleotides and other important fac-
tors are extrinsic factors that can be responsible for the
pulsatile activity of the promoter [52–54]. Evidence
for the extrinsic causes of the discontinuity is provided
by the cases in which different genes are transcribed
synchronously. Chromatin spreads reveal fiber-free

gaps in the transcription units; when such gaps occupy
symmetrical positions on the sister chromatid, it sug-
gests a simultaneous silencing in the homologous
genes [2]. The transfection experiments, in which two
reporter genes were inserted into mutually remote
regions of the genome, showed no synchrony, whereas
when the two genes were located near each other, their
expression was synchronous [55]. The transcriptional
activity of the ribosomal genes from different nucleoli
also seems to be synchronous [23]. The fluctuations
can be caused by physiological signals such as hor-
mone stimulation of glucocorticoid receptor [40,56].
Schoenfelder et al. suggested that periodicity of gene
expression may result from periodical association
of different chromosomal loci in the transcription
factory [57].

Dynamic characteristics of transcriptional fluctua-
tion can be altered by factors extrinsic in respect to
the given gene and its promoter [1,53,58–61]. This
most likely also includes a cooperation of closely posi-
tioned transcription units [6,22]. The chromosomal
position of the genes undoubtedly has an impact on
the kinetic of RNA synthesis. The same reporters were
transcribed synchronously when inserted in the same
locus and asynchronously when integrated into
different loci [14,62]. In those cases, when several

Figure 2. Probable causes of discontinuous transcription. Each diagram represents a DNA locus (straight line) with its promoter (rectan-
gle), transcription start site (bent arrow), and various components of the transcription machinery (circles and triangles). a) Extrinsic
causes: the promoter switches between the active (on) and inactive (off, cross-hatched box) states depending on the level of one or sev-
eral factors in its environment; b) Intrinsic causes: inherently discontinuous activity of the promoter, it may be inactivated or reactivated
even when the contents of its environment do not change; c) Transcription is paused at the stage of elongation (e.g. as a result of an
error) and then it is resumed (e.g. after a correction); the status of the promoter does not change.
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promoters are activated by one enhancer, the tran-
scription activity of the respective genes may also cor-
relate [63].

Transcriptional oscillation can be also caused by
intrinsic factors, that is an inherently discontinuous
activity of the promoter. Such behaviour is often
referred to as “intrinsic noise” [52–54,58,64–66].
However, the stochastic nature implied by this term is
difficult to reveal. Statistical estimation of the process
by a standard random model would be insufficient for
such demonstration. Similarly, if distribution of the
intervals between certain bases in a DNA sequence
well fits a stochastic model, it does not signify that the
given sequence is a mere noise. Therefore, the terms
“noise,” “random,” “stochastic,” widely used in the
studies of discontinuous gene expression, are more or
less provisional.

The random telegraph model has been used as a
relatively simple way to describe the intrinsic fluctua-
tions [14,6,67]. According to this model, a gene can be
in one of two states: “on” or “off”. Transition between
these two states is randomly determined and may be
expressed by two constants that indicate the rates or
probabilities of switching from the silent to the active
status and back. The model predicts that the periods
during which a gene will stay inactive follows expo-
nential distribution, so that the shortest intervals of
silence will appear most frequently. Some data of
smFISH in isogenic population of both prokaryotic
and mammalian cells fit into this scheme [14,21,68].
The distribution of RNA molecules per cell in such a
simple model can be described by the Poisson statis-
tics, which implies that the events (productions of the
individual molecules) are mutually independent, that
they occur with a constant frequency, and that the
probability of the RNA production in a short interval
is proportional to the length of this interval. Single-
RNA counting in yeasts is consistent with the model
based upon this statistics [21]. However, the simplest
model has been found insufficient in many reports
[40]. The distribution profiles of RNA molecules often
appeared too broad to fit the Poisson statistics
[53,60,61]. Besides, the duration of the silent periods
often shows asymmetrical distribution, suggesting a
non-equilibrium process [69]. An alternative is repre-
sented by the bursting model, which assumes that
brief periods of high expression intensity (frequent
production) are alternated by long periods of
insignificantly low intensity (rare or no production)

[50,70–72]. The size of the bursts represents the aver-
age number of transcripts.

Since numerous specific interactions precede the
initiation of RNA synthesis, it has been suggested that
in the silent state that follows each transcription burst
at least one additional period (the refractory period) is
needed before the gene may be switched on again
[6,73]. In other words, a memory of the system, i.e. its
dependence on the past, should be taken into consid-
eration, since the length of time that has passed in the
inactive state affects the length of time to be spent
until the next active phase [74]. Such dynamics is
already incompatible with the mathematical models
based on the analysis of single cell RNA counting [14].
In contrast, a transition from the burst to silence
seems to involve no refractory period and no memory:
turning gene off is much easier than turning it on [1].

An even more complicated model of the bursting
gene expression was suggested in the recent study of
the actin gene in Dictyostelium [50]. The authors pos-
tulated a wide „spectrum“ of states with variable rates
or probabilities of initiation. These states correspond
to a potentially large number of coordinated steps pre-
ceding the actual transcription. This view is supported
by the data of qPCR or chromatin immunoprecipita-
tion (ChIP) experiments conducted at different terms
after the induction of a gene expression [1,74,75]. For
example, it was shown that after the addition of a
stimulant (estrogen) the promoter of the estrogen tar-
get gene is bound sequentially by trefoil factor 1 and
other factors including histone methyltransferases,
histone acetyltransferases, then general transcription
factors, and finally Pol II [75–77].

The discontinuous nature of transcription is appar-
ently related to a repetition in the higher-order levels
of chromatin structure involving substantial nucleo-
some-nucleosome interactions [1,40,60,61,78], which
has been described as “breathing“ [55]. Each act of
transcriptional bursting seems to require a separate
act of chromatin decondensation, arrangement of
transcription bubble, nucleosome opening, binding of
transcription factors to promoter and enhancer,
assembly of polymerase machinery, isomerisation
(conformational changes of DNA and associated pro-
teins), escape from promoter, and the last termination
of the series. These processes are regulated by
interplay of transcription factors [79,80], activity of
chromatin remodelling complexes [1,61,62,81], for-
mation of gene loops and pre-initiation complex
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assembly [21,60], disassembly and position-specific
sliding of the nucleosomes [40]. Promoter sequence
plays a significant role in genesis of the fluctuations.
Specific DNA features such as different numbers of
CCAAT boxes may strongly influence the character of
transcriptional kinetics [6,21,82]. The “phase separa-
tion model” suggests that super-enhancers can main-
tain stable bursting expression of several genes with
high frequency [83].

Another plausible cause of the transcription discon-
tinuity can be found downstream of the promoter.
The so-called promoter proximal posing [84,85],
which occurs after initiation when RNA polymerase
has passed 20 – 50 bp, can significantly affect the pat-
tern of gene expression. The phenomenon is probably
not rare. The studies in Drosophila and mammalian
cells show that pol II accumulates at the 5’ end of
20–30% genes including actively transcribed loci. The
pause may serve for coordination of transcription
with RNA processing. It is not clear how the RNA
synthesis is restarted after the arrest, but it was
reported that the proto-oncogene c-Myc plays a direct
role in the pause release [86].

Elongation may be also stalled at the 3’end, close to
the termination site, in other parts of the gene, and
sometimes in a sequence dependent manner [87–89].
Occasionally, the pauses are followed by the reverse
translocation of the RNA polymerase, a process
known as backtracking, which is caused by errors in
the nucleotide incorporation or by the formation of a
weak RNA-DNA hybrid [90–92]. All these events pre-
vent continuous transcription.

Thus, discontinuous gene expression may have
numerous causes, but it seems probable that the
dynamic pattern of transcription depends on a few
dominant factors.

4. Kinetic characteristics of discontinuous
transcription

Short periods of intensive transcription frequently
alternate with longer silent intervals, which justifies
the usage of the term ”bursting” [6]. However, the
kinetic characteristics or parameters of the transcrip-
tional fluctuation vary significantly and can be regu-
lated separately or in combinations [1,6,22]. Special
controls exist at the level of recruitment, initiation,
pausing, and elongation of the transcription by RNA
polymerase II [85]. The transcription dynamics

therefore reflects the underlying regulatory principles
of gene expression [93].

The following three kinetic parameters seem to be
the most important ones: the burst size, the coefficient
of variation and the frequency. The burst size, which
corresponds to the number of RNA molecules pro-
duced in a burst, is limited by the rate of transcription:
if one pol II complex occupies about 60 bp of DNA
strand, and passes roughly the same distance in a sec-
ond, it cannot produce more than one transcript in a
second [6]. Some genes, e.g. an immunoglobulin gene
in plasmacytoma cells [94], seem to be able to
approach this speed limit, but others are transcribed
rarely. The average burst size of the HIV-1 long termi-
nal repeat ranges from 2 to 5 mRNA molecules as
determined from the smFISH data and from the GFP
signal in vivo [51]. The average burst size can be con-
trolled by varying the amount of transcriptional acti-
vators in the cell [14].

Another important parameter of transcriptional
fluctuations is the coefficient of variation (CV), i.e. the
standard deviation of the gene expression level divided
by its mean value. In mammalian cells the mean
expression is not determined by CV, but by the burst
size and the burst frequency [63,95]. Numerous quan-
titative data suggest that the CV inversely correlates
with the mean expression [50]. Thus, after adding the
inflammatory cytokine TNFa, the expression of the
HIV LTR gene increased, but the CV decreased [15].
Such data are remarkable, since they imply that the
burst size tends to remain constant and the expression
level depends mainly on the frequency of the bursts.

The frequency is a highly variable parameter of
bursting. In different genes the average periods of fluc-
tuation (intervals between the bursts) vary from a few
minutes to hours [6,17,50,73]. In many cases burst
periods last a few minutes or less [50], but Muramoto
et al. observed both short (from 2.5 min) and long (up
to 27.5 min) pulses in the expression of the act5 gene
in Dictyostelium [22]. Since transcriptional fluctuation
is usually irregular, spectral analysis of the time series
may be useful in its study. Thus periodograms for the
fluctuations of pol I signal on the ribosomal genes
revealed several spectral components probably reflect-
ing a complex fluctuation pattern of transcription
[25].

Some of the kinetic parameters that are not directly
observed may be inferred from other data. The num-
ber of nascent mRNA molecules can be used as
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a proxy for the polymerase occupancy; knowing the
length of the gene, the polymerase speed (assumed to
be approximately 30 bp/sec), and the polymerase
occupancy, one can calculate the transcription rate.
All these parameters vary significantly in isogenic cells
[7,78]. Using minimal models of promoter cycles,
Zoller et al. were able to identify two other parameters:
the number and duration of inactive states [78]. The
authors inserted various promoters or trapped the
endogenous promoters in the murine NIH 3T3 cells
and by measuring the luciferase luminescence with
5 min intervals they found from 1 to 7 states of inac-
tivity with the duration of 6 to 14 min. The timing
suggested that the dynamics of histone modifications
rather than the interaction of transcription factors
with DNA was responsible for the variety [78].

Thus, the kinetic characteristics and especially the
burst frequency are highly variable which should be
carefully considered in the studies of transcriptional
fluctuations.

5. Physiological significance of discontinuous
transcription

In unicellular organisms, especially in bacteria and
yeasts, burst-like gene expression causes heterogeneity
in populations, since variation in mRNA levels is eas-
ily translated into heterogeneity of protein levels and
phenotype diversity including adaptation to unfavour-
able factors [4,68,96–101]. Thus, the frequency of
transcriptional bursts of the cI gene regulates transi-
tion between the lysogenic and lytic phases in the bac-
teria infected by the lambda phage [102]. In some
cases resistance of bacteria to antibiotics [103], or that
of tumour cells to chemotherapy [104,105], may be
attributable to non-genetic differences, among which
the phase of transcription fluctuation is perhaps the
most common. Advantages of the dynamic variability
of the cells improve the chances of a clonal population
to adapt to variable conditions [100,106].

In multicellular organisms variations of protein lev-
els are relatively low [20,107]. However, differentia-
tion of embryonic stem cells is associated with
extensive changes in gene expression and fluctuations
in gene expression at a certain stage of development
may alter the post-mitotic fate. Thus, discontinuous
transcription becomes a source of cell diversity
[108]. Differentiation of retina [109], neurons [110],
myoblasts [111], haematopoetic cells [10], intestinal

cells [70], seems to involve a cell fate choice based on
the bursting gene expression. Transcriptional fluctua-
tions are proposed to be a major driver of the sponta-
neous heterogeneity in gene expression, which in turn
drives the diversity of cell behaviour in changing envi-
ronmental conditions, differentiation, and disease
[70,100].

Under certain conditions fluctuations may be detri-
mental to the cell homeostasis and they have to be
suppressed [112,113]. The schemes of such suppres-
sion through feedback loops are proposed for bacteria
and yeast [114].

The remarkable ubiquity of transcriptional fluctua-
tions suggests that their role in regulatory processes in
the cell are likely to be enormous. For one thing, puls-
ing is likely to cause other pulsing. Thus, RNA proc-
essing, which is closely linked to the RNA synthesis,
may also occur in pulses [14,115]. Extensive data
about the connection between the synthesis and proc-
essing kinetics of a single RNA may be obtained by
the “fluctuation analysis” based on computing and
interpreting cross-correlation functions [48]. On the
other hand, burst size measurements suggest that
enhancers and suppressors of the fluctuations modu-
late the state of the cell, e.g. awakening the HIV virus
from latency [51]. Hardly anything is known about
the transcription kinetics of long non-coding RNAs,
which are also likely to be transcribed in pulses and
their kinetics may be essential for their regulatory role
in the cell nucleus.

Perhaps the term “burst” was coined with regard to
neurobiology, where it is applied to a pattern of action
potential in an axon [41]. A tendency of the burst size
to stability suggests that transcriptional fluctuation,
like a neuronal signal, can be resistant to noise and
serve as a channel of information [15], though, for
the present, it is difficult to tell how far the analogy
may go.

6. Conclusion

The research on discontinuous transcription has been
intensified in the last years and this rising interest in
the phenomenon reflects a recognition of its biological
relevance. There seem to be two essential problems to
be explored: 1) the nature of the local processes lead-
ing to pausing and restarting of transcription; 2)
the interaction of various transcriptional and non-
transcriptional fluctuations in the cell. Alternative
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approaches and new methods will most likely be
needed to resolve these problems. The suggested lists
of requirements include improved procedures for
arresting transcription; establishing the order of events
at the promoter; understanding whether transcrip-
tional fluctuations are stochastic or specifically regu-
lated [116]; methods for higher throughput
monitoring, which would allow to study expression
dynamics of multiple genes [117]. With these and
other innovations considerable findings potentially
pointing to a new level of gene regulation may be
made in the near future.
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