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Summary

The nucleolus is a large nuclear domain and the site of of the RNA processing machinery, the formation of
ribosome biogenesis. It is also at the parting of the ways of prenucleolar bodies, the role of precursor ribosomal RNAs
several cellular processes, including cell cycle progression, in stabilizing the nucleolar machinery and the fact
gene silencing, and ribonucleoprotein complex formation. that nucleolar assembly is completed by cooperative
Consequently, a functional nucleolus is crucial for cell interactions between chromosome territories. This has
survival. Recent investigations of nucleolar assembly opened a new area of research into the dynamics of nuclear
during the cell cycle and during embryogenesis have organization and the integration of nuclear functions.
provided an integrated view of the dynamics of this process.

Moreover, they have generated new ideas about cell cycle Key words: Nucleolus, Cell cycle control, CDK, pol | transcription,
control of nucleolar assembly, the dynamics of the delivery rRNA processing, Nuclear body

Introduction organize and control the transcription of specific genes. In

In eukaryotes, the nucleus is re-assembled after each mitosg¥cling cells and during embryogenesis, the assembly process
and consequently mitotic exit is a crucial period forhas common features, although their duration is variable. In
establishment of nuclear functions. When the chromosomeidition to the products of RNA polymerase | (pol I)
reach the mitotic poles, the nuclear envelope reforms whilanscription and processing of the precursor ribosomal RNAs
chromatin decondenses to form chromosome territories (for @re-rRNAs), ribosome biogenesis needs pol I transcription
review, see Cremer and Cremer, 2001). The nuclear machine®y 5S rRNAs as well as ribosomal protein import. The details
responsible for gene expression is then progressively import@d these other pathways involved in nucleolar assembly at the
into the nucleus or activated, and nuclear bodies are r&xit of mitosis are still lacking; they are therefore not discussed
assembled (Spector, 2001). This period of the cell cycle allowkere.
us to investigate the initial organization of nuclear functions. Early work suggested that nucleolar assembly depends on
Nucleolar assembly provides a good example of such dynamiBe activation of the pol | transcription machinery (Benavente,
organization since it is an early event that takes place in al991; Scheer and Hock, 1999; Thiry, 1996). This generates
cycling cells and requires cooperation between transcriptiopre-TRNAs (47S in mammals), which recruit the rRNA-
and processing (for reviews, see Scheer et al., 1993; Scheer gtdcessing machinery. Noticeably, proteins and small nucleolar
Weisenberger, 1994). Furthermore, the formation of an actii8NAs (snoRNAs) involved in rRNA processing were observed
nucleolus is important for nuclear architecture, functionain nuclear bodies, called prenucleolar bodies (PNBs), before
compartmentalization of the nucleus and control of cellocalizing at sites containing newly transcribed rRNAs
proliferation (for reviews, see Carmo-Fonseca et al., 200dJiménez-Garcia et al., 1994). From these observations,
Cockell and Gasser, 1999; Lamond and Earnshaw, 1998; Ols&pector and co-workers concluded that PNBs are mobile
et al., 2000; Pederson, 1998; Strouboulis and Wolffe, 1996).nuclear bodies that participate in the delivery of the rRNA-
The nucleolus is the factory in which ribosome subunits arprocessing complexes to sites of ribosomal gene (rDNA)
synthesized and assembled before being exported to th@nscription (Jiménez-Garcia et al., 1994).
cytoplasm (for a review, see Hadjiolov, 1985; Mélése and Here, we discuss recent findings that have illuminated the
Xue, 1995; Shaw and Jordan, 1995). Ribosome biogenesigll cycle controls on nucleolar assembly, the dynamics of
is accomplished by specific transcription and processingelivery of the processing machinery and the role of pre-
machineries. Consequently, the establishment of nucleolaRNAs in stabilizing nucleolar machinery. It is now clear that
functions at the end of mitosis depends on their activatiorgctivation of pol | transcription at exit of mitosis is not
targeting and/or recruitment (Fig. 1). In cycling cells, nucleolasufficient to generate nucleolar assembly (Fig. 2). These new
assembly is generally initiated during telophase and continuddings provide a more integrated view of the assembly
for 1-2 hours into early G1 phase (Fig. 1). In this case, mitosisgrocess and its dynamics in which the localization of a
follows an interphase during which nucleoli have been fulljcomponent reflects its time of residency and binding affinity.
active, and nucleolar assembly benefits from machinery and
complexes inherited from the previous cell cycle. Similarly,
during embryogenesis, de novo nucleolar assembly integratB&ckground: pol I transcription and rRNA
material of maternal origin, but it is programmed over severdprocessing
cell cycles, as nuclei become progressively more competent o mammalians, the basal pol | transcription machinery is
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composed of pol |, the upstream bind
factor (UBF) and the selectivity factor SL1
TBP-TAR (TBP-associated factor) compl
(for reviews, see Comai, 1999; Moss -
Stefanovsky, 1995). An important factor is
transcription termination factor (TTF-:
which mediates termination of pol
transcription and remodeling of the rDI ﬁ
promoter (Langst et al., 1998). Other fac 0 Early G1
that modulate or facilitate transcription y
also involved and are regulatory targ
depending on different stimuli (for reviev
see Grummt, 1999; Reeder, 1999). T
particular pol | transcription is close
correlated with cell growth and cell cycle, 0% @
the mechanisms controlling the correlat a‘
between the level of ribosome production
cell cycle phase remain to be clarified. e
Processing of pre-rRNAs is very compl & ¢
involving  cleavage, methylation a Telophase
pseudouridylation (for reviews, see Smith \ .
Steitz, 1997; Tollervey, 1996). Cleavages @ 5
remove the 5and 3 external transcribe (>
spacers and the internal transcribed sp: +—
are controlled by several ribonucleoprot i '
(RNP) complexes, which act sequentic
There are early and late process Fig. 1.Nucleolus cycle in human cells. The nucleolus during interphase is organized in
complexes, which act at early steps and  three main components: the fibrillar centers in yellow containing the rDNA; the dense

steps of rRNA processing, respectively.

example, fibrillarin participates in early rRI
processing, and Nop52 participates in

rRNA processing (Savino et al., 1999).

Cell cycle control of nucleolar
assembly

In higher eukaryotic cells, entry into mito

fibrillar component in blue corresponding to sites of transcription and early rRNA
processing; and the granular component in green corresponding to late rRNA
processing. At the G2/M transition, the rRNA processing machinery (green) leaves the
nucleolus and during prophase becomes partially distributed over the surface of all the
condensed chromosomes. The rDNA present on some chromosomes are still active
(yellow and blue). At metaphase, pol | transcription is repressed (red spots for inactive
rDNA). The reactivation of pol | transcription in telophase is concomitant with the
gathering of the rRNA processing machinery into PNBs (green spots) at the
chromosome periphery. At the end of mitosis (M/G1), nucleolar domains start to reform
around the active NORs and give rise to a complete nucleolus after association of

is accompanied by a global inhibition
transcription, in particular pol | transcriptic
Strikingly, the pol | transcriptional machine
—the pol | complex, UBF, SL1 and TTF-1 (Gébrane-Younes anhediated phosphorylation of SL1 abrogates its transcriptional
al., 1997; Jordan et al., 1996; Roussel et al., 1996; Sirri et ah¢tivity in vitro (Heix et al., 1998), and CDK1-cyclin-B is
1999) — remains associated with rDNA when pol | transcriptiomecessary not only to establish repression but also to maintain
is repressed. It assembles at sites termed nucleolar organitefrom prophase to telophase. Indeed, in vivo inhibition of
regions (NORs) when interphase chromatin condenses inf@DK1—cyclin-B leads to dephosphorylation of the mitotically
mitotic chromosomes. The NORs are the chromosome regiopiosphorylated forms of components of the pol | transcription
containing the repeats of rDNA genes. During mitosis, thenachinery and restores pol | transcription in mitotic cells (Sirri
rRNA-processing machinery becomes partially distributecet al., 2000).
over the surface of all the chromosomes. Fibrillarin, nucleolin, Interestingly, the restoration of pol | transcription by in vivo
protein B23, PM-Scl 100, Nop52 and also snoRNAs U3 anthhibition of CDK1-cyclin-B in mitotic cells leads to the
U14, colocalize mainly at the chromosome periphery (for accumulation of pre-rRNAs, which are not processed to form
review, see Hernandez-Verdun et al., 1993). The colocalizatiamature rRNAs. Therefore, the activation and/or relocalization
of these different factors involved in rRNA processing suggestsf the pre-rRNA-processing machinery that normally occurs at
that processing complexes are at least to some exteexit from mitosis (Fig. 1) is not, or not exclusively, dependent
maintained during mitosis. They persist throughout mitosis andn inhibition of CDK1-cyclin-B; pol | transcription and
are found at telophase and in early G1 phase in numerous PNB®-rRNA processing might thus be regulated by distinct
(Jiménez-Garcia et al., 1994). mechanisms. Recent results show that inhibition of
How is pol | transcription repressed during mitosis? Som&€DK1-cyclin-B in mitotic cells induces the formation of
components of the pol | transcription machinery, such as SLBNBSs, but that the presence of CDK inhibitors prevents proper
(Heix et al., 1998) and TTF-1 (Sirri et al., 1999), are mitoticallyrelocalization of the pre-rRNA-processing machinery from
phosphorylated by CDK1l-cyclin-B. CDK1-cyclin-B- these PNBs to the reforming nucleoli in early G1 phase (Sirri

several NORs in early G1.



Nucleolar assembly 2267

Processing
machinery
around
chromosomes

Pol | =

Pol | + PNB

formation

rRNAs

Late processing 4— CDK

Recruitment
......... =t controlled by
unknown
CDK(s)

gt

@ ’ Associ ation of NORs ‘

Fig. 2.Nucleolar assembly in cycling cells. During mitosis the RNA pol | machinery is associated with the rDNA in NORs (yellomdbars) a
the rRNA processing machinery (brown gradient) is in the cytoplasm mostly around all chromosomes. Pol | transcriptiom&dmainta
repressed (red spots) during mitosis by the activity of CDK1—cyclin-B. At the end of mitosis (M/G1), the inhibition of CDIKB-eytivity
releases the mitotic silencing of pol | transcription (green spots) and induces the formation of PNBs correspondingttdRiiifferen
processing complexes (orange and brown bodies). Recruitment (dashed orange arrow) of the early processing machineryasycaittempo
activation of transcription (rRNA in blue), but the late processing machinery (dashed brown arrow) is recruited laterdied patiway
(early G1). Finally in G1, association of several NORs completes nucleolar formation.

Nucleolus

etal., 2002). An (or more than one) unidentified CDK thereforeevealed particles and dense fibrils in material connecting
seems indispensable for proper localization of the processimNBs to the nucleolus. The precise characterization of this flow
machinery (Fig. 2), restoration of pre-rRNA processing andwill be important if we are to understand the principles behind
consequently, formation of a functional nucleolus. this specific delivery. Studies of the dynamics of PNBs in living
cells also indicate that the different types of PNB have different
) ) . lifetimes. In addition there is an ordered recruitment of their
Dynamics of the rRNA-processing machinery content to the nucleolus, which indicates that this pathway is
PNBs first appear as densely packed fibrils and later as mostiggulated.
granular structures. This suggests that different PNBs are At exit from mitosis, the processing machinery is delivered
generated at different times or that the composition of PNB® the nucleolus through PNB formation and by directional
varies (Fomproix et al., 1998; Savino et al., 2001; Verheggeflow. However, during interphase, analysis of the dynamics of
et al., 2000). Because rRNA-processing complexes are firébrillarin by fluorescence recovery after photobleaching
observed in PNBs and then enter the reforming nucleoli 8&RAP) shows that fibrillarin exchanges rapidly between the
PNBs disappear, PNBs were initially considered to be mobilaucleoplasm and nucleolus through an ATP-independent
structures carrying rRNA-processing complexes towards sitediffusion mechanism (Dundr et al., 2000; Phair and Misteli,
of pol | transcription (Bell et al., 1992; Benavente, 1991;2000; Snaar et al., 2000). If this diffusion mechanism is also
Jiménez-Garcia et al.,, 1994; Ochs et al., 1985). Howevepresent at exit from mitosis, PNB formation could be
examination of the dynamics of PNBs in living cells, usingdetermined by interaction(s) between the rRNA-processing
fluorescently tagged proteins (Dundr et al., 2000; Savino et atpmplexes and partners that no longer exist after nucleolar
2001) and 4D time-lapse microscopy, shows that PNBs do nassembly (see the discussion of the role of rRNAs below).
move from the chromosome surface to the nucleolus. Instead,In addition to the PNBs, there are other bodies that contain
oriented flow between PNBs and between PNBs and nuclealucleolar components. For example, several nucleolar
ensures progressive delivery of the rRNA-processingomponents involved in pre-rRNA processing, including
machinery to the nucleoli (Savino et al., 2001). In fact, the flod3 snoRNA, fibrillarin, nucleolin, B23 and Nop52, can
could comprise large complexes, since electron microscopy hascumulate in large cytoplasmic particles termed nucleolus-
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derived foci (NDF) during anaphase and telophase of variows., 2000; Verheggen et al., 1998). An inactive nucleolus is
mammalian cell lines (Dundr et al., 1997; Dundr et al., 2000formed while the RNA pol | complexes accumulate in
Dundr and Olson, 1998). NDFs contain partially processed prewucleoplasmic structures that exclude rDNA (Bell and Scheer,
RNAs that persist throughout mitosis (Dundr and Olson, 199811999; Verheggen et al., 2000).

They move quickly within the cytoplasm, and when they Similarly, in mammalian embryos, functional nucleoli do
contact the nuclear envelope they disappear into the nuclenst develop immediately after fertilization. Active nucleoli are
(Dundr et al., 2000). The dynamics of NDFs in the cytoplasnassembled at species-specific stages of cleavage (Baran et al.,
could indicate that they are associated with motors, but thef©96; Baran et al., 1997). In all cases, a nucleolar precursor
is presently no direct evidence supporting this hypothesis. Timody (NPB) is present (Fléchon and Kopecny, 1998). Nucleolar
explain why NDFs are not found in all cells, Dundr and Olsorassembly occurs around these NPBs either over several cell
have suggested that, in the case of high levels of expressionayfctles, when pol | transcription is activated early, or during one
components of the processing machinery, the excess materéll cycle, when pol | transcription is activated after several
that is not retained around the chromosomes forms theskvisions.

cytoplasmic aggregates (Dundr et al., 1997).

Nucleolar assembly in relationship to general
The role of rRNAs in nucleolar assembly nuclear organization

The observation that partly processed rRNAs can beDNA genes are clustered in the NORs of mitotic
transmitted to daughter cells (Dousset et al., 2000; Dundr arghromosomes. In some species, in diploid cells, there is one
Olson, 1998) in association with several rRNA processingair of NOR-bearing chromosomes, and one nucleolus is
complexes was surprising but not completely unexpected: pgenerated around each NOR. In other species, there are several
| transcription is still active in prophase as the late rRNApairs of NORs, and in this case several NORs participate in the
processing complexes leave the nucleolus (Fan and Penmauijlding of one nucleolus. This provides an interesting example
1971; Gautier et al., 1992; Prescott and Bender, 1962). Thesé how several chromosome territories contribute to one
partly processed rRNAs are synthesized during prophastjnctional nuclear domain. In humans, there are five pairs of
stably maintained through mitosis and participate in nucleolakOR-bearing chromosomes, the acrocentric chromosomes 13,
assembly (Dousset et al., 2000). Indeed, inhibition of pol L4, 15, 21 and 22, some of which cooperate to form the
transcription at the time of nucleolar assembly does not impairucleoli. In most cells, not all ten NORs are actually associated
recruitment of fibrillarin and nucleolin in the vicinity of the with transcription factors. For example, in HelLa cells, only six
rDNA. The inactive nucleoli formed under these conditiondNORs are competent (i.e. associated with transcription factors)
contain pre-rRNAs synthesized in early prophase of théRoussel et al., 1996). At the end of mitosis, activation of these
previous cell cycle, which indicates that they participate irsix NORs induces six individual foci of pol | transcription close
nucleolar assembly. Therefore an active pol | machineryo the nuclear envelope. In living cells, these six foci move
and elongating rRNAs are dispensable for recruitment oflowly within the nuclear volume without apparent
processing factors. However, pre-rRNAs inherited fromcoordination (Savino et al., 2001). About 1 hour after initial
mitosis are involved in the early stages of nucleolar assembtyanscription firing, fusion of these foci is observed. Fusion is
and present when recruitment of processing factors occurs. a rapid process that leads to reorganization of the nucleolus and
These partly processed rRNAs inherited from mitosis arés concomitant with general movement in the nucleus (Savino
found in PNBs and NDFs in which processing complexes aret al., 2001). These data indicate that the positioning of
also present (Dousset et al., 2000; Dundr and Olson, 1998). thromosome territories defined by NORs is significantly
addition, pre-RNAs and rRNA processing intermediates can bmodified at this time.
immunopurified in mitotic nucleolar processing complexes This large-scale reorganization of the nuclear architecture
(Pinol-Roma, 1999). This could indicate that the processingannot be due to interaction between rRNAs for several
complexes forming PNBs and NDFs are nucleated by theseasons. First, in living cells the nucleolar foci initially
pre-rRNAs (Dousset et al., 2000; Dundr et al., 2000; Dundapproach each other without fusing. Second, since their
and Olson, 1998; Pinol-Roma, 1999). Therefore, stable mitotisubsequent fusion takes place at a precise timepoint during the
pre-rRNAs are clearly partners of the nucleolar machinergell cycle, this is probably a regulated event rather than an
during nucleolar assembly, but their role still remains to be&vent that depends on the amount of nucleolar activity (which
characterized. varies in the different foci). Finally, even silent NORs associate
During the first cell cycles ofenopus laevismbryogenesis, with nucleoli (Sullivan et al., 2001). MacStay and co-workers
transcription is established de novo at the mid-blastuldave therefore proposed that clustering of NORs depends on
transition (MBT) after 12 cell cycles devoid of transcription. heterochromatin adjacent to rDNA genes (Sullivan et al.,
One can therefore study assembly of the nucleolar machine®901). An additional possibility is that heterochromatic
in the context of active or inactive pol | transcription. Assemblydomains of rDNA bound with Netl and Sir2 (in yeast) maintain
of a functional nucleolus iIKenopugmbryos takes several cell rDNA clustering and nucleolar integrity (for a review, see
cycles. Before any transcription, there is association of UBEarmo-Fonseca et al., 2000).
with rDNA, sequential formation of PNBs and recruitment of
different rRNA processing complexes. We have demonstrated ) )
that in the absence of pol | transcription, components dfonclusions and perspectives
the rRNA-processing machinery are recruited to rDNA inRecent findings indicate that nucleolar assembly at exit from
association with pre-rRNAs of maternal origin (Verheggen emitosis depends on cell cycle controls. Indeed, CDK1—cyclin-
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B activity represses pol | transcription during mitosis, and its substructures of rabbit cleaving embryos: an immunocytochemical study.
inactivation releases this silencing. The formation of PNBs is Mol. Reprod. Dew8, 34-44.

also controlled by the CDK1 pathway, whereas the recruitmerfie!: P and Scheer, U(1999). Developmental changes in RNA polymerase |
" . and TATA box-binding protein during earkenopusembryogenesis€Exp.
of the rRNA-processing machinery appears to depend on thecg) res248 122-135.

activity of another CDK (Fig. 2). The characterization of thegell, p., Dabauvalle, M. C. and Scheer, U1992). In vitro assembly of
CDK(s) controlling this process should be investigated in the prenucleolar bodies iHenopusegg extract]. Cell Biol. 118 1297-1304.
future. Another interesting discovery is that even afteBenavente, R(1991). Postmitotic nuclear reorganization events analyzed in

assembly of the nucleolus, the nucleolus is under the contrg "r"rii”(?_if;'i'zéggmﬁ’°i/‘|’é?ﬂg§_szola5r'§szoi'_ and Campos,(2000). To be or

of CDK throughout inierphase (Sirri et al., 2002). This iS ot to be in the nucleoluslat. Cell Biol.2, 107-112.
particularly relevant since some cell cycle regulators are€ockell, M. M. and Gasser, S. M(1999). The nucleolus: nucleolar space for
sequestered in the nucleolus. Thus, it is important to rent.Curr. Biol.9, R575-R576.

mai, L. (1999). The nucleolus: a paradigm for cell proliferation and aging.
understand how crosstalk between cell cycle regulators and th taz. 3. Med. Biol. Re§2, 1473-1478.

active nucleolus is achieved. Lo Cremer, T. and Cremer, C. (2001). Chromosome territories, nuclear
Th.e pre-rRNAs ) generated_ by pol | transcription are architecture and gene regulation in mammalian chiit. Genet2, 202-

localized at the sites of active rDNA gene clusters. The 301.

binding affinity of the processing proteins for these preDousset, T., Wang, C., Verheggen, C., Chen, D., Hernandez-Verdun, D.

. P and Huang, S.(2000). Initiation of nucleolar assembly is independent of
rRNAs can explain the compartmentalization of the RNA polmerase | transcriptiool. Biol. Cell 11, 2705-2717.

processing machinery in the functional nUC|eO|US-_ Duringjundr, M. and Olson, M. O. J. (1998). Partially processed pre-rRNA is
nucleolar assembly, pre-rRNAs also appear to participate inpreserved in association with processing components in nucleolus derived
compartmentalization of the processing machinery. Mitotic foci during mitosisMol. Biol. Cell9, 2407-2422.

pre-rRNAs are involved in the reformation of the nucleolusPUnd: M., Meier, U. T., Lewis, N., Rekosh, D., Hammarskjold, M.-L. and
Olson, M. O. J.(1997). A class of nonribosomal nucleolar components is

after mItOSIS’, and maternail pre-rRNAs Xrenopusembryos located in chromosome periphery and in nucleolus-derived foci during
are involved in the regrouping of PNBs around rDNA. In both anaphase and telopha@hromosoma.05, 407-417.

situations, the intriguing question is how the mitotic pre-Dundr, M., Misteli, T. and Olson, M. O. J. (2000). The dynamics of
rRNAs or the maternal pre-rRNAs regroup around rDNA postmitotic reassembly of the nucleoldsCell Biol. 150, 433-446.

_ . n, H. and Penman, S(1971). Regulation of synthesis and processing of
genes. The presence of pre-rRNAs in PNBs and NDFs COl‘lﬁfnucleolar components in metaphase-arrested deldol. Biol.59, 27-42.

also expl_a_in the formation of temporarily (_)rganiz_ed_boqieSFléchon,J.—E.and Kopecny, (1998). The nature of the ‘nucleolus precursor
The stability of these rRNAs could determine their lifetime. body’ in early preimplantation embryos: a review of fine-structure
Clearly, these questions must be addressed if we are tocytochemical, immunocytochemical and autoradiographic data related to

nderstand the rol f le rRNAs in the formation an nucleolar functionZygote6, 183-191.
uma?re]tgaaé.nc(j:(; gf nouilgarsé?rtzjgtures S the formation a d/oll—:omproix, N., Gébrane-Younes, J. and Hernandez-Verdun, D(1998).

. . o, Effects of anti-fibrillarin antibodies on building of functional nucleoli at the
Ribosome biogenesis involves the pol-I, pol-Il and pol- end of mitosis.J. Cell Sci111, 359-372.
Ill-dependent transcription pathways, the intranucleaGautier, T., Robert-Nicoud, M., Guilly, M.-N. and Hernandez-Verdun, D.
translocation of 5S RNAs, the ordered assembly of ribosomal (1992). Relocation of nucleolar proteins around chromosomes at mitosis. A
: ; study by confocal laser scanning microscapyCell Sci.102 729-737.
prOtelr.]S and the export of the small and Iarge ”b‘.’som ébrane-Younes, J., Fomproix, N. and Hernandez-Verdun, D(1997).
subunits. Presently we do not know how the coordination When rDNA transcription is arrested during mitosis, UBF is still associated

between these pathways is regulated and controlled. This iswith non-condensed rDNAL Cell Sci.110, 2429-2440.
therefore an important goal of research in this area. Grummt, 1. (1999). Regulation of mammalian ribosomal gene transcription

Another interestin unanswered uestion is how th by RNA polymerase IProg. Nucleic Acid Res. Mol. Bid2, 109-154.
9 q adjiolov, A. A. (1985). The nucleolus and ribosome biogenesis, Vol. 12. (ed.

presence Of_ a functional nuqleOIUS contributes to ge_ner M. Alfert, W. Beermann, L. Goldstein, K. R. Porter and P. Sitte), pp. 1-268.
nuclear architecture and function. The fact that a functional wien, New-York: Springer-Verlag.

nucleolus is a large nuclear domain (a third of the yeasteix, J., Vente, A., Voit, R., Budde, A., Michaelidis, T. M. and Grummt,
nucleus), represents the highest concentration of RNA in the!. (1998). Mitotic silencing of human rRNA synthesis: inactivation of the

; ; : ; promoter selectivity factor SL1 by cdc2/cyclin B-mediated phosphorylation.
nucleus, and is a site of silencing for reporter pol Il genes EMBO J.17, 7373-7381.

suggests that it has a general role in nuclear function. Inde€gbandez-verdun, D., Roussel, P. and Gautier, T(1993). Nucleolar
the nucleolus can exclude or sequester molecules that play aroteins during mitosischromosomes Todahd, 79-90.

role outside the nucleolus. Therefore it will be important toliménez-Garcia, L. F., Segura-Valdez, M. d. L., Ochs, R. L., Rothblum, L.
determine whether clustering of rDNA genes has a direct effect!- Hannan, R. and Spector, D. L.(1994). Nucleologenesis: U3 snRNA-

P s . containing prenucleolar bodies move to sites of active Pre-rRNA
on the organization of other genes or on the distribution of transcription after mitosi$viol. Biol. Cell5, 955-966.

heterochromatin. Jordan, P., Mannervik, M., Tora, L. and Carmo-Fonseca, M.(1996). In
vivo evidence that TATA-binding protein SL1 colocalizes with UBF and
The authors thank A. L. Haenni for critical reading of the RNA polymerase | when rRNA synthesis is either active or inactiv@ell
manuscript. This work was supported in part by grants from the Centre Biol. 133 225-234.
National de la Recherche Scientifique and the Association pour kamond, A.I. and Eamshaw, W. C.(1998). Structure and function in the

Recherche sur le Cancer (Contract 4290). nucleus Science28Q 547-553.
Langst, G., Becker, P. B. and Grummt, 1.(1998). TTF-1 determines the

chromatin architecture of the active rDNA promot€kBO J.17, 3135-
3143.
References Mélése, T. and Xue, Z(1995). The nucleolus: an organelle formed by the act
Baran, V., Fléchon, J.-E. and Pivko, J.(1996). Nucleologenesis in the of building a ribosomeCurr. Opin. Cell Biol.7, 319-324.
cleaving bovine embryo: immunocytochemical aspddts. Reprod. Dev.  Moss, T. and Stefanovsky, V. Y.(1995). Promotion and regulation of
44, 63-70. ribosomal transcription in eukaryotes by RNA polymeras&dg. Nucleic
Baran, V., Mercier, Y., Renard, J.-P. and Fléchon, J.-E(1997). Nucleolar Acid Res. Mol. Biol50, 25-65.



2270 Journal of Cell Science 115 (11)

Ochs, R. L., Lischwe, M. A., Shen, E., Caroll, R. E. and Busch, K{1985). Sirri, V., Roussel, P. and Hernandez-Verdun, D(1999). The mitotically

Nucleologenesis: composition and fate of prenucleolar badieemosoma phosphorylated form of the transcription termination factor TTF-1 is
92, 330-336. associated with the repressed rDNA transcription machider@ell Sci.
Olson, M. O. J., Dundr, M. and Szebeni, A(2000). The nucleolus: an old 112 3259-3268.
factory with unexpected capabilitiekrends Cell Biol10, 189-196. Sirri, V., Roussel, P. and Hernandez-Verdun, D(2000). In vivo release of
Pederson, T.(1998). The plurifunctional nucleoluslucleic Acids Res26, mitotic silencing of ribosomal gene transcription does not give rise to
3871-3876. precursor ribosomal RNA processirlg.Cell Biol.148 259-270.
Phair, R. D. and Misteli, T. (2000). High mobility of proteins in the Sirri, V., Hernandez-Verdun, D. and Roussel, P(2002). Cyclin-dependent
mammalian cell nucleufNature404, 604-609. kinases govern formation and maintenance of the nucledlu®Sell Biol.
Pinol-Roma, S.(1999). Association of nonribosomal nucleolar proteins in 156, 969-981.
ribonucleoprotein complexes during interphase and mitkit. Biol. Cell Smith, C. M. and Steitz, J. A.(1997). Sno storm in the nucleolus: new roles
10, 77-90. for myriad small RNPsCell 89, 669-672.
Prescott, D. M. and Bender, M. A.(1962). Synthesis of RNA and protein Snaar, S., Wiesmeijer, K., Jochemsen, A. G., Tanke, H. J. and Dirks, R.
during mitosis in mammalian tissue culture céligp. Cell Res26, 260-268. W. (2000). Mutational analysis of fibrillarin and its mobility in living human
Reeder, R.(1999). Regulation of RNA polymerase | transcription in yeast and cells.J. Cell Biol.151, 653-662.
vertebratesProg. Nucleic Acid Res. Mol. Bid2, 293-327. Spector, D. L.(2001). Nuclear domaing. Cell Sci.114, 2891-2893.

Roussel, P., André, C., Comai, L. and Hernandez-Verdun, [§1996). The  Strouboulis, J. and Wolffe, A. P.(1996). Functional compartmentalization of
rDNA transcription machinery is assembled during mitosis in active NORs the nucleus]J. Cell Sci.109 1991-2000.

and absent in inactive NOR%. Cell Biol.133 235-246. Sullivan, G. J., Bridger, J. M., Cuthbert, A. P., Newbold, R. F., Bickmore,
Savino, T. M., Bastos, R., Jansen, E. and Hernandez-Verdun, [1999). W. A. and McStay, B. (2001). Human acrocentric chromosomes with

The nucleolar antigen Nop52, the human homologue of the yeast ribosomaltranscriptionally silent nucleolar organizer regions associated with nucleoli.

RNA processing RRP1, is recruited at late stages of nucleologehe3es! EMBO J.20, 2867-2877.

Sci. 112 1889-1900. Thiry, M. ed. (1996). The Nucleolus during the Cell CycléMolecular

Savino, T. M., Gébrane-Younes, J., De Mey, J., Sibarita, J.-B. and Biology Intelligence Unit) Heidelberg: Springer-Verlag.
Hernandez-Verdun, D. (2001). Nucleolar assembly of the rRNA Tollervey, D. (1996). Trans-acting factors in ribosome syntheSig. Cell

processing machinery in living celld. Cell Biol.153 1097-1110. Res.229 226-232.

Scheer, U. and Hock, R(1999). Structure and function of the nucleolstr. Verheggen, C., Le Panse, S., Almouzni, G. and Hernandez-Verdun, D.
Opin. Cell Biol.11, 385-390. (1998). Presence of pre-rRNAs before activation of polymerase |

Scheer, U. and Weisenberger, 11994). The nucleolu€urr. Opin. Cell Biol. transcription in the building process of nucleoli during early development
6, 354-359. of Xenopus laevis). Cell Biol.142, 1167-1180.

Scheer, U., Thiry, M. and Goessens, G1993). Structure, function and Verheggen, C., Almouzni, G. and Hernandez-Verdun, D(2000). The
assembly of the nucleolu$tends Cell BioB3, 236-241. ribosomal RNA processing machinery is recruited to the nucleolar domain

Shaw, P. J. and Jordan, E. G(1995). The nucleolusAnnu. Rev. Cell Dev. before RNA polymerase | duringenopus laevidevelopmentJ. Cell Biol.
Biol. 11, 93-121. 149, 293-305.



