
Summary. The nucleolus is a nuclear compartment and
represents the most obvious and clearly differentiated
nuclear structure seen in the microscope. Within nucleoli
most events of ribosome biogenesis, such as ribosomal
RNA synthesis, processing, and ribosome subunit
assembly, take place. Several lines of evidence now
show that the nucleolus has also numerous non-
ribosomal functions. This review is focused on the
recent progress in our knowledge of how to correlate the
known biochemical processes taking place in the
nucleolus with nucleolar structures observed in the
microscope. We still lack detailed enough information to
understand fully the organization and regulation of the
processes taking place in the nucleolar sub-structures.
However, the present power of microscopy techniques
should allow for an in situ description of the
organization of nucleolar processes at the molecular
level in the years to come.
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Introduction

The most prominent structure of a eukaryotic
nucleus is the nucleolus. Its straightforward role consists
of rRNA synthesis and biogenesis of ribosomal subunits
(Busch and Smetana, 1970). This nuclear organelle
contains relatively little chromosomal DNA but is rich in
protein and ribonucleoprotein (RNP) complexes,
including the large and small pre-ribosome subunits as
they undergo assembly. 
The nucleolus is formed around discrete

chromosomal loci known as nucleolus organizer regions,
or NORs, which consist of tandemly repeated genes for
rRNA (Hernandez-Verdun, 2006; Raska et al., 2006a,b).
Several NORs can exist within investigated species, but

each organizer resides on a separate chromosome. In
human cells, the NORs appear on the short arms of the
five acrocentric chromosomes (chromosomes 13, 14, 15,
21, and 22) which contain in total about 400 ribosomal
genes (Hadjiolov, 1985). During interphase, ribosomal
repeats from more than one NOR-bearing chromosome
often cluster together and participate in the formation of
a given nucleolus. In mitosis, rRNA synthesis ceases as a
result of phosphorylation of the relevant
nuclear/nucleolar factors and the nucleoli disassemble; at
the end of mitosis, phosphorylation of the relevant
factors is reversed, RNA synthesis resumes and nucleoli
reform. In other words, nucleologenesis is concurrent
with the (re)initiation of NOR transcription (DiMario,
2004; Chen et al., 2005; Hernandez-Verdun, 2006).
Using the established evidence from the yeast

Saccharomyces cerevisiae, mostly because of its
powerful genetic and biochemical suitability that is not
readily applied in metazoan systems (Granneman and
Baserga, 2003; Huh et al., 2003; Tschochner and Hurt,
2003; Conconi, 2005; Chedin et al., 2007), that can be
frequently, but not always, transposed to higher
eukaryotes, dramatic progress has been made in the
elucidation of nucleolar function through extensive
proteomic analysis (Andersen et al., 2002, 2005; Scherl
et al., 2002; Pendle et al., 2005). The ability to isolate
large amounts of purified nucleoli, and ongoing
improvements in protein separation methods prior to
high-throughput mass spectrometry allowed scientists to
identify over 700 nucleolar proteins in human (Lam et
al., 2005; Boisvert et al., 2007). A comparison of such
data from human and budding yeast showed that ~ 90 %
of human nucleolar proteins have yeast homologues
(Andersen et al., 2005). This demonstrates that the
nucleolar proteome is largely conserved through
evolution (Boisvert et al., 2007). All these studies,
together with the application of bibliographic and
bioinformatic analyses (Coute et al., 2006; Hinsby et al.,
2006; Vollmer et al., 2006; Schuemie et al., 2007), have
contributed to the emerging concept of the nucleolus as a
compartment that is also involved in the control of
numerous (non-ribosomal) cellular functions (Boisvert et
al., 2007). Furthermore, time-lapse video microscopy,
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together with fluorescence recovery after
photobleaching, fluorescence loss in photo-bleaching
assays and fluorescent RNA cytochemistry have shown
that most nuclear protein components, but also several
types of RNA, are constantly being exchanged with the
surrounding nucleoplasm (Pederson, 2001; Hernandez-
Verdun, 2006; Lam et al., 2007). 
Although a great portion of the mammalian

nucleolar proteome (approximately 30%) is associated
with rRNA processing and ribosome biogenesis, many
other categories of nucleolar proteins and RNAs have
discrete, apparently non-ribosomal functions, consistent
with additional processes that occur within the
nucleolus. Moreover, approximately 30% of the
identified proteins lack functional annotation (Andersen
et al., 2005; Boisvert et al., 2007). At the same time,
many nucleolar proteins are also present at other cellular
locations, and some only accumulate transiently,
depending on various cell stimuli, in nucleoli (Andersen
et al., 2005). Importantly, the interaction between
individual multifunctional nucleolar factors is essential
for the coordination of the functions of this nuclear
compartment and illustrates principles of nucleolar
architecture, i. e. a combination of many protein–protein
and protein–nucleic acid interactions (Gorski et al.,
2006; Hernandez-Verdun, 2006; Raska et al., 2006a;
Sirri et al., 2008).
In this review, we focus on recent findings and novel

concepts of the nucleolus as a highly dynamic
subnuclear compartment specialized in ribosome
production. The primary focus will be on nucleoli of
human cells. However, we will also document results
from yeast and other species where equivalent data have

not yet been determined for human cells. 
Relating ribosome production to nucleolar
structures

Morphologically, nucleoli consist of three basic
components, which have been implicated in rRNA
metabolism: the fibrillar center (FC) – innermost, lightly
stained component with fine fibrillar appearance, the
dense fibrillar component (DFC) – dense substructure
usually forming a rim around the FC, and the granular
component (GC) – peripheral region of closely packed
15 nm granules (Fig. 1). Nevertheless, the overall
structure of a nucleolus is largely determined by its
activity in ribosome biogenesis (Melese and Xue, 1995;
Berciano et al., 2007). A good example of this is found
in human lymphocytes. Peripheral blood (dormant)
lymphocytes contain usually a single small nucleolus
containing just one FC. Upon cell activation with
phytohemagglutinin, the nucleoli become much larger
and exhibit many FCs (Fig. 2; Raska et al., 1983a,b).
However, the higher nucleolar activity in large-sized rat
neurons is accompanied by the formation of a giant FC
(Lafarga et al., 1989; Casafont et al., 2007). Striking
changes occur when nucleolar transcription is inhibited
e.g. by low doses of actinomycin D. In this case, the
major nucleolar components redistribute into clearly
segregated zones and nucleoli disintegrate later on
(Busch and Smetana, 1970; Hadjiolov, 1985).
It is generally thought that ribosome biogenesis is a

vectorial process which may be envisaged as an
assembly line, beginning in the fibrillar part, i.e. FC and
DFC, and continuing into the surrounding granular
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Fig. 1. A. Electron microscopical mapping of nucleolar transcription on resin sections of HeLa cells. Hypotonically incorporated BrU was revealed by
labeling with a monoclonal antibody to BrU and a secondary antibody coupled with 10 nm colloidal gold. Gold particles within the nucleolus are
confined to the DFCs together with the DFC/FC border. Bar: 0.2 µm. Reproduced from Koberna et al. (2002). Copyright 2002 The Rockefeller
University Press. B. Schematic representation of nucleolar ultrastructure. The respective ribosomal functions are ascribed to the FCs (yellow), DFC
(green), and GC (pink) of the nucleolus. Reproduced with permission, from Raska et al. (2004). © Portland Press Ltd.



portion of the nucleolus. In this way, the fibrillar part
represents sites of nucleolar location of the rRNA genes
(rDNA) and rDNA is the organizing center for the pol I
transcriptional process. The product of transcription, pre-
rRNA, is the initial material from which ribosomes are
generated. The affinities of proteins and RNP factors for
the pre-rRNA ultimately provide the basis for the
structures of the subnucleolar compartments, and the
nucleolus is built around relatively stable
macromolecules i.e. rRNA genes and nascent transcripts
(Scheer and Hock, 1999; Olson and Dundr, 2005; Raska
et al., 2006a,b). It seems that pol I driven transcription
organizes and maintains the typical steady-state
nucleolar structure. However, Gonda et al. (2003) have
shown in Xenopus that the integrity of nucleolar
morphology can be uncoupled from RNA polymerase I
(pol I)-driven transcription. RNA binding proteins
FRGY2a and FRGY2b reversibly disassemble the
nucleolus, probably through their non-sequence-specific
rRNA binding, which may prevent the interaction of
rRNA with other RNAs or proteins, although pol I
transcription continues. Therefore, transcription activity
of pol I is not sufficient for the maintenance of nucleolar
structure, which, in addition, must depend on the
complex intermolecular interaction of nucleolar
components. 
Only a subset of the rDNA repeats is actively

transcribed at any given time (Grummt, 2003; McStay,
2006; Preuss and Pikaard, 2007). Recent studies clearly
indicate that the transcriptional state of rDNA is

mediated by an epigenetic network with a close
relationship to nucleolar architecture (Li et al., 2006;
Espada et al., 2007). The interplay of DNA methylation,
histone post-translational modification and chromatin-
remodeling activities establish silencing at the rDNA
locus in higher eukaryotes, including humans (Grummt
and Pikaard, 2003; Santoro, 2005). Consistent with the
existence of active and silenced rDNA repeats there are
probably two classes of NORs. Some NORs are fully
repressed in a heterochromatic nucleosomal state and are
not associated with any transcription factors. The
remaining NORs are apparently in a more or less open
euchromatic state in which they can be, or are,
transcribed (Huang et al., 2006). The silent NORs are
associated with methylation at cytosine bases located 5`
to a guanosine in a CpG dinucleotide of rDNA promoter,
as well as with the ATP-dependent nucleolar remodeling
complex that interacts, at the promoter level, with the
DNA methyltransferase 1 and with the histone
deacetylase HDAC1 (Santoro et al., 2002). Although
increasing evidence implicates a number of factors in the
regulation of ribosomal chromatin, including pol I,
transcription upstream binding factor (Mais et al., 2005;
Huang et al., 2006; Stefanovsky et al., 2006) and non-
coding functional elements from intergenic spacers
(Gonzales and Sylvester, 2001; Caburet et al., 2005;
Lebofsky and Bensimon, 2005; Mayer et al., 2006), the
mechanisms that control the transition between
heterochromatin and euchromatin states of NORs and
the maintenance of each state are not completely

1293
Nucleolus

Fig. 2. Dormant and
phytohemagglutinin stimulated
human peripheral blood
lymphocytes. A and B show
light micrographs, C and D
show equivalent cells at
ultrastructural level. 
A. Lymphocyte, stained for
RNA containing structures
with toluidine blue, contains a
small nucleolus (arrow) with
RNA enriched structures only
at its periphery. B. After 48 h
stimulation, lymphocytes
contain large nucleoli (arrow).
C. Prior to stimulation, one
large FC is seen in the
nucleolus of the dormant cell.
D. After 48 h stimulation
several tiny FCs are scattered
in the large nucleolus of the
stimulated cell. Bars: A, B, 5
µm; C, D, 0.5 µm.
Reproduced with permission,
from Raska et al. (2004). ©
Portland Press Ltd.



understood (Preuss and Pikaard, 2007). 
The active rRNA genes in the forms of Christmas

trees (CTs) are seen in electron micrographs of isolated
and highly loosened chromatin spreads (Miller and
Beatty, 1969). These spectacular preparations enable the
ribosomal DNA axis engaged with many pol I molecules
and the attached nascent transcript to be visualized. The
terminal knobs that can be seen on the nascent rRNA
transcripts correspond to rRNA processing complexes.
These RNP complexes base-pair with sequences near the
5’ end of pre-rRNA.
It is emphasized that CTs are visualized in a standard

way only using certain cell types, typically yeast cells
and maturing amphibian or insect oocytes. Due to the
presence of interfering chromatin structures in
mammalian somatic cells, a complete ribosomal genes
repeat has never been visualized and the few pictures
obtained of ribosomal genes show either CTs with
maximal pol I loading or inactive ribosomal genes
covered by nucleosomes (Raska, 2003; Raska et al.,
2006a,b). 
The CTs have not yet been truly seen in ultrathin

sections of embedded cells in electron microscopy
preparations. For this reason we do not yet have direct
proof of the precise localization of nucleolar
transcription. However, a strong indication, using mainly
ultrastructural localization of halogenated nucleotides
incorporated into nascent rRNA of mammalian and plant
cells, shows that CTs are in the DFC, including the
border region between the DFC and the FC (Melcak et
al., 1996; Koberna et al., 1999, 2002; Cmarko et al.,
2000; Gonzalez-Melendi et al., 2001; Raska, 2003;
Raska et al., 2004; Casafont et al., 2006). 
In vivo activation of the human rRNA promoter

requires protein-protein interaction between DNA-
binding protein, upstream binding factor and the
promoter selectivity factor (SL1) for the targeting of pol
I and stable preinitiation complex formation (Russell and
Zomerdijk, 2006). In combination with several other pol
I transcription factors, this confers pol I promoter
specificity to produce a long single pre-rRNA transcript
(Grummt and Pikaard, 2003). Pre-rRNA initially
accumulates in DFC, and its first processing steps take
place in this region. These processing modifications
encompass methylations and pseudouridylations before
the three mature rRNAs (18S, 5.8S and 28S rRNA) are
produced by nuclease cleavage. Each modification is
made at a specific position in the pre-rRNA. These
positions are specified by “guide RNAs” called small
nucleolar RNAs (snoRNAs) (Lestrade and Weber, 2006;
Reichow et al., 2007). The most studied of these is U3
snoRNA, the most abundant snoRNA. The U3 snoRNA
is essential for rRNA processing leading to formation of
18S rRNA (Borovjagin and Gerbi, 2004; Granneman and
Baserga, 2005).
The transcription of rDNA and pre-rRNA processing

are considered to be tightly coordinated in yeast
(Granneman and Baserga, 2005; Schneider et al., 2007).
Moreover, electron micrographs of yeast chromatin in
the form of CT have shown that the pre-rRNA

processing takes place frequently co-transcriptionally,
before transcription of the entire gene is complete
(Osheim et al., 2004). It seems that coordination
between the nucleolar transcription and RNA processing
takes place also in mammalian cells (Kopp et al., 2007;
Prieto and McStay, 2007). Furthermore, Kopp et al.
(2007), using immunoprecipitation experiments and
microinjection of plasmid DNA that contained only the
pol I promoter or the promoter with various lengths of
rDNA, suggested a model for sequential recruitment of
pol I and pre-rRNA processing factors, rather than co-
recruitment to sites of active transcription. 
An essential step in ribosomal biogenesis is the

association of processed rRNAs with 5S rRNA that is
transcribed by RNA polymerase III in the nucleoplasm
outside the nucleolus (Haeusler and Engelke, 2006), and
with up to 80 ribosomal proteins (r-proteins) to form the
RNP precursors, which mature into the 40S and 60S
subunits of the ribosome (Rundra and Warner, 2004;
Borovjagin and Gerbi, 2005). The genes encoding r-
proteins are transcribed by RNA polymerase II, and
newly translated r-proteins move into the nucleus and
nucleolus. Interestingly, r-proteins accumulate in human
nucleoli nearly 4 times more rapidly than any other
nucleolar factors and, typically, 40-80% of their
nucleolar content corresponds to protein synthesized
within the previous 2 hr in HeLa cells (Lam et al., 2007).
Moreover, photobleaching and mass-spectroscopy
experiments showed that only a subset of r-proteins is
assembled with rRNAs to form ribosomes (Lam et al.,
2007). Free r-proteins in excess of the requirement for
ribosome subunit production will continue to shuttle into
the nucleoplasm, where they are probably
ubiquitinylated and exposed to proteasome-mediated
degradation (Matsumoto et al., 2005; Andersen et al.,
2005; Lam et al., 2007). This model has some support
from study of Stavreva et al. (2006) where the
importance of ubiquitin and the proteasome in ribosome
biogenesis was shown. The data by Lam et al. (2007)
collectively point out a post-translation mechanism that,
although strikingly inefficiently, controls the
participation of r-proteins in the ribosome subunit
assembly in human cells, and that r-protein level is never
rate limiting for this process (Granneman and Tollervey,
2007). 
Ultrastructural localization, as well as live-cell

imaging of several early binding r-proteins, illustrated
their occurrence in the nucleolar GC (Kruger et al.,
2007). This indicates that pre-ribosomal assembly does
not take place in the DFC, as was generally believed
(Chooi and Leiby, 1981; Hadjiolov, 1985; Gerbi and
Borovjagin, 2004), and also provides a link between r-
proteins association with rRNA and the emergence of
distinct granules at the DFC-GC interface (Leary et al.,
2004; Kruger et al., 2007). Accordingly, the GC
probably consists, at least in part, of pre- ribosomal
subunits. However, rRNA deficient domains are also
seen within the nucleolar GC (Politz et al., 2002). Such
domains can contain tumor cell-specific protein
nucleostemin (Politz et al., 2005) or tumor suppressor
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protein ARF (Ma and Pederson, 2007). This suggests
that the GC is not only involved in ribosome synthesis
but also contains adjacent zones populated by proteins or
protein complexes that can serve nonribosomal functions
(Politz et al., 2005). According to these data, Pederson
(2007) proposed a hypothesis that disruption of normal
ribosome assembly in the nucleolus triggers a direct
negative effect on the coresident nonribosomal
mechanisms, especially on the cell cycle machinery (see
also Dez and Tollervey, 2004). It should be mentioned
that the DFC also exhibit structure-function difference:
fibrillarin, a specific marker of the DFC, is located close
to r-genes during transcription, probably associated with
nascent transcripts, but is located apart from the r-genes
during their replication (Raska et al., 1991; Pliss et al.,
2005).
Individual steps of ribosome biogenesis, including

nuclear export, have been studied most extensively in
yeast (Fatica and Tollervey, 2002; Ferreira-Cerca et al.,
2005; Bernstein et al., 2006; Panse et al., 2006; Seiser et
al., 2006; Rosado et al., 2007; Zemp and Kutay, 2007).
Proteomic methods have revealed several distinct,
successive pre-ribosomal particles, and refined the
model for the maturation of both 40S and 60S ribosomal
subunits. They also greatly expanded the inventory of
nonribosomal factors that participate in the ribosomal
assembly. Once ribosomal subunits are assembled into
nearly mature 60S and 40S preribosomal particles, they
are exported to the cytoplasm independently of one
another (Zemp and Kutay, 2007). Nuclear export to the
cytoplasm of the vast majority of both subunits, via the
nuclear pores, requires Crm1, the major export
karyopherin, as well as RanGTPase system and subset of
nucleoporins (Gadal et al., 2001; Trotta et al., 2003).
Ribosomal subunits undergo a few final maturation steps
before achieving translation competence in the
cytoplasm (Zemp and Kutay, 2007).
It has been shown, in human cells, that a diffusion-

based mechanism is responsible for the nucleoplasmic
transport of pre-ribosomal subunits (Politz et al., 2003).
However, it has been proposed that the double
mechanism, diffusive and active, based on actin and
myosin-driven movement might be also involved
(Cisterna et al., 2006; Percipalle, 2007).
Implications and future research direction

The existence of the nucleolus depends on the
activity of ribosomal genes and the generation of
ribosomes. It has been claimed that the nucleolus is
formed by the act of building a ribosome (Melese and
Xue, 1995). Nevertheless, it should be noted that not
only transcriptionally active NORs are present in the
nucleolus, but also most silent NORs (Kalmarova et al.,
2007). Thus, even non active genes may play a structural
role with regard to the nucleolar integrity. 
The ribosome assembly is a vectorial process

starting in the DFC and finishing in the GC, from which
almost mature ribosomal subunit particles leave the
nucleolus. However, much of the protein and RNA

movement in the nucleolus is not directed and is
apparently dependent on diffusion and relative affinities
for other nucleolar components (Politz et al., 2003;
Handwerger et al., 2005; Olson and Dundr, 2005).
Nucleolar factors dynamically change their localization
within the nucleolus, as well as between the nucleolus
and nucleoplasm, depending on the vast cellular stimuli,
and the steady state structure represents the product of
such dynamic processes (Olson and Dundr, 2005;
Handwerger and Gall, 2006; Raska et al., 2006b).
In addition, it seems that nucleoli, as the ribosome

factory, also creates the domains of molecular machinery
that can be of benefit to other functions such as cell-
cycle control, stress response, senescence and
coordination of the biogenesis of other classes of
functional RNPs (Pederson, 1998; Olson et al., 2002;
Gerbi et al., 2003; Dez and Tollervey, 2004; Kobayashi,
2008). It must be emphasized that this fact necessarily
makes any simple tripartite structural model of the
nucleolus an oversimplification. But why is the
nucleolus involved in so many other activities even if
ribosome biogenesis represents a huge investment of
resources and energy? One explanation that has been
suggested for the nucleolar localization of apparently
unconnected factors is that the nucleolus is a subnuclear
compartment that has a markedly different composition
and structure from the rest of the nucleus and, within the
nucleolus, most nuclear proteins can be met (Olson and
Dundr, 2005; Boisvert et al., 2007). Along this line, the
nucleolus is able to take advantage of a myriad of
possibilities for protein-protein interactions and may use
them for sequestration of various factors away from the
nucleoplasm, and their regulated release when required.
An alternate explanation for the involvement in
maturation of diverse RNAs (Politz et al., 2000; Pendle
et al., 2005; Sommerville et al., 2005) is that the
nucleolus simply profit from the high concentration of
RNA-editing proteins. It is possible that these proteins
may use closely related processes on different RNA,
including rRNA. It should also be noted, that the
nucleolus as a rich protein and RNA depot, is also
exploited by viruses to usurp host-cell function and
recruit nucleolar proteins to facilitate virus life cycle
(Hiscox, 2007). 
Our knowledge of nucleolar ribosome biogenesis, as

well as many new nucleolar non-ribosomal processes
has expanded dramatically in the past few years, but we
are still lacking detailed in situ structural information
about the cascade of steps in ribosomal biogenesis, as
well as about the unconvential functions. Challenging
tasks for today’s molecular cell biology are therefore to
expand our information concerning correlation of
established nucleolar metabolic processes and the
observed nucleolar structures. This endeavour should be
facilitated by means of recently developed sophisticated
light (Simpson, 2006; Hell, 2007; Lang et al, 2007) and
electron microscopical methods, together with
tomography and correlative techniques (Grabenbauer et
al., 2005; Koster and Zandberger, 2005; Yakusheva et
al., 2007; van Donselaar et al., 2007).
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