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Abstract. During the early development of Xenopus
laevis, we followed in individual nuclei the formation of
a nucleolus by examining simultaneously its structural
organization and its transcriptional competence. Three
distinct situations were encountered with different fre-
quencies during development. During the first period of
general transcriptional quiescence, the transcription fac-
tor UBF of maternal origin, was present in most nuclei
at the ribosomal gene loci. In contrast, fibrillarin, a ma-
jor protein of the processing machinery, was found in
multiple prenucleolar bodies (PNBs) whereas nucleolin
was dispersed largely in the nucleoplasm. During the
second period, for most nuclei these PNBs had fused
into two domains where nucleolin concentrated, gener-
ating a structure with most features expected from a
transcriptionally competent nucleolus. However, RNA

polymerase I-dependent transcription was not detected
using run-on in situ assays whereas unprocessed riboso-
mal RNAs were observed. These RNAs were found to
derive from a maternal pool. Later, during a third pe-
riod, an increasing fraction of the nuclei presented RNA
polymerase I-dependent transcription. Thus, the struc-
tural organization of the nucleolus preceded its tran-
scriptional competence. We conclude that during the
early development of X. laevis, the organization of a de-
fined nucleolar structure, is not associated with the tran-
scription process per se but rather with the presence of
unprocessed ribosomal RNAs.

Key words: fibrillarin ® nucleolin ® nucleologenesis ®
pre-TRNA e UBF transcription factor ® Xenopus devel-
opment

URING interphase, the nucleus of a eukaryotic cell is
highly organized (Lamond and Earnshaw, 1998).
Whereas the chromatin corresponding to individ-

ual chromosomes occupies defined territories (Cremer et
al., 1993), the machineries supporting nuclear functions
dedicated to transcription, processing, replication and re-
pair have been localized in specific sites possibly determin-
ing functional domains in the nucleus (reviewed by Spec-
tor, 1993; Jackson, 1995; Strouboulis and Wolffe, 1996;
Singer and Green, 1997; Lamond and Earnshaw, 1998).
Understanding how the spatial and temporal assembly of
these molecular machineries operate will be critical to de-
cipher how they can be controlled and coordinated.

The nucleolus represents an attractive model of a func-
tional domain involved in RNA metabolism. It is present
in the nucleus as a morphologically distinct nuclear or-
ganelle and its organization has been largely documented
in the literature (reviewed by Hadjiolov, 1985). Within this

Drs. Almouzni and Hernandez-Verdun contributed equally to this work.

Address correspondence to D. Hernandez-Verdun, Institut Jacques
Monod, 2 place Jussieu, 75251 Paris Cedex 05, France. Tel.: 331 44 27 40
38. Fax: 331 44 27 59 94. E-mail: dhernand@ccr jussieu.fr

O The Rockefeller University Press, 0021-9525/98/09/1167/14 $2.00

The Journal of Cell Biology, Volume 142, Number 5, September 7, 1998 1167-1180

http://www.jcb.org

domain, the ribosomal genes (rDNAs) organized in multi-
ple copies are transcribed and processed in morphologi-
cally distinct regions. The transcription machinery is local-
ized in the fibrillar component: i.e., the fibrillar center
(FC)! and dense fibrillar component (DFC), whereas the
processing machinery is found in the DFC and the granu-
lar component (GC; Shaw and Jordan, 1995). The rDNA
transcription machinery, as defined in vitro, is composed
of RNA polymerase I (RNA pol I) in association with the
upstream binding factor (UBF), and the promoter selec-
tivity factor designated SL1 in human cells (Bell et al.,
1988, 1989; Jantzen et al., 1990), and Rib 1 in Xenopus lae-
vis (McStay et al., 1991; Bodeker et al., 1996). UBF specif-
ically binds to the rDNA promoter (Learned et al., 1986;
Bell et al., 1989; Jantzen et al., 1990; McStay et al., 1991) as
the first step of the assembly of a stable RNA pol I initia-
tion transcription complex (reviewed by Moss and Ste-
fanovsky, 1995). After transcription, processing, cleavage,

1. Abbreviations used in this paper: CCD, charge-coupled device; DFC,
dense fibrillar component; FC, fibrillar center; FISH, fluorescent in situ
hybridization; GC, granular component; MBT, midblastula transition;
PNB, prenucleolar bodies; RNA pol I, RNA polymerase I; snoRNA,
small nucleolar RNA; UBF, upstream binding factor.
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methylation, and pseudo uridylation of the ribosomal
RNAs (rRNAs), involve a complex machinery composed
of a multitude of small nucleolar RNAs (snoRNAs) and
several proteins (reviewed by Smith and Steitz, 1997). The
function of the major protein, fibrillarin (Ochs et al.,
1985b), depends on its association with snoRNAs U3
(Gerbi et al., 1990; Filipowicz and Kiss, 1993), as well as
with other snoRNAs, up to and including snoRNAs U63
(Smith and Steitz, 1997).

The development of specific antibodies against individ-
ual nucleolar proteins and the use of specific probes to
localize the TDNAs as well as the rRNAs have made it
possible to analyze the dynamic organization of this nu-
clear domain. A stable nucleolar entity appeared depen-
dent on ongoing transcription since inhibition of rDNA
transcription could severely affect nucleolar organization.
Therefore, it was concluded that the existence of the nu-
cleolar structure was strictly dependent on the nucleolar
transcriptional function (Benavente et al., 1987; Scheer et
al., 1993; Weisenberger et al., 1993).

It has also been established that the nucleolus is built at
late telophase in cycling cells (reviewed by Scheer et al.,
1993; Thiry and Goessens, 1996). This process is character-
ized by two major events, the activation of RNA pol I
transcription and the formation of the prenucleolar bodies
(PNBs) that move to sites of active transcription after mi-
tosis (Jiménez-Garcia et al., 1994). Both events are prede-
termined by the nucleolar activity taking place during the
interphase preceding mitosis. Indeed, during mitosis, com-
ponents of the transcription machinery seem to remain as-
sociated with rDNAs (Roussel et al., 1996) and PNBs are
formed of preexisting nucleolar complexes such as fibril-
larin, nucleolin, protein B23, and snoRNAs. Therefore,
the activity of the rDNAs and the formation of a func-
tional nucleolar domain in telophase depend on events oc-
curring in the preceding interphase. The question is now to
understand the mechanism of de novo assembly of nucle-
oli in nuclei originating from parental cells in which no
previous nucleolar activity existed.

During early embryogenesis of X. laevis, the timing of
transcriptional activation provides an interesting situation
(reviewed by Davidson, 1986) that we decided to exploit in
this study. After fertilization, a series of rapid cleavages
are observed and the zygotic genome is transcriptionally
quiescent. Schematically, around the 12" division, at a
time called the midblastula transition (MBT; Newport and
Kirschner, 1982), the cell cycle lengthens and a sequential
activation first of transcription of class II genes, followed
by class III genes and only several cycles later class I genes
is observed. However, the exact timing of these events as
estimated by measuring accumulation of specific RNAs
collected from a population of embryos during various
time windows seemed to depend on the sensitivity of the
method (Brown and Littna, 1966; Nakahashi and Yamana,
1976; Shiokawa et al., 1994). Moreover during each win-
dow of accumulation, it is impossible to assess precisely
when the process started and if this activation operates by
a progressive recruitment of an increasing number of nu-
clei that become transcriptionally competent (as proposed
by Shiokawa et al., 1994) or if they increase their individ-
ual rate of transcription in a coordinated manner. These
parameters are absolutely critical to correlate a structural
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organization potentially associated with a transcriptional
event within an individual nucleus at a precise time during
development.

Thus, we decided to develop an approach that would en-
able us to examine within the same nuclei, the transcrip-
tional state and the organization of defined nucleolar do-
mains at distinct time periods. This could be achieved by
run-on in situ transcription assays paralleled with the de-
tection of specific markers of the nucleolus. We found that
the transcription factor UBF was associated to the zygotic
rDNA in two loci before any detectable RNA pol I activ-
ity. The processing protein, fibrillarin, was dispersed in
several PNB structures in the nuclei of the rapid cleavage
stage embryo and later regrouped around UBF and
rDNAs, forming a network of DFC as determined by elec-
tron microscopy analysis. Surprisingly, an important
amount of pre-ribosomal RNAs (pre-rRNAs) was de-
tected with this fibrillar network whereas rRNA transcrip-
tion was not yet activated to a detectable level. Thus, the
structurally defined nucleolus was inactive for transcrip-
tion but contained pre-rRNAs from a maternal pool that
was maintained during early development of X. laevis.
Therefore, we propose that during the de novo nucleolar
building, the presence of pre-rRNAs of maternal origin
rather than the onset of rRNA transcription is critical to
structurally organize the nucleolar domain.

Materials and Methods

Biological Materials

Eggs were obtained from female X. laevis as previously described (Wu
and Gerhart, 1991). Embryos were produced by in vitro fertilization (Al-
mouzni and Wolffe, 1995) and allowed to develop at 23°C in 0.1X modi-
fied Barth solution (Gurdon and Wickens, 1983) for different times after
fertilization. In brief, at this temperature, early blastula could be collected
6 h after fertilization (stage 8), midblastula 7 h after fertilization (stage
8.5), late blastula 9 h (stage 9), early gastrula 10 h after fertilization (stage
10), gastrula 11 h after fertilization (stage 10.5), late gastrula 13 h after fer-
tilization (stage 12), and neurula 18 h after fertilization (stage 15; as speci-
fied by Nieuwkoop and Faber, 1994). Nuclei were then isolated under
conditions preserving functional properties such as specific import of pro-
teins, DNA replication and transcription (Taddei, A., and G. Almouzni,
personal communication). They were processed immediately after prepa-
ration for cytological studies. Xenopus A6 cells were grown as described
(Smith and Tata, 1991).

Primary Antibodies and Probes

Two characterized human sera from patients suffering from scleroderma
autoimmune disease were used: an anti-UBF (Roussel et al., 1993) and an
anti-fibrillarin (Gautier et al., 1994) autoantibodies. Mouse monoclonal
autoantibody 72B9 (Reimer et al., 1987) and rabbit polyclonal antibodies
raised against Xenopus fibrillarin (a kind gift of M. Caizergues-Ferrer,
Laboratorie de Biologie Moléculaire Eucaryote, Toulouse, France) were
also used. Nucleolin labeling was performed using rabbit polyclonal serum
directed against human nucleolin (a kind gift of C. Faucher, Toulouse,
France).

Probes for rDNA and rRNA detection correspond either to the entire
Xenopus ribosomal transcription unit inserted into pBr322 (plasmid
pXcr7 kindly provided by F. Amaldi, Universita di Roma Tor Vergata, It-
aly), or to parts of the unit. A probe designated 5S'ETS (external tran-
scribed spacer) was produced by digestion of pXcr7 with Notl and Saul at
sites +176 and +632, respectively. A probe that recognizes a part of ITS1
(internal transcribed spacer) was also produced by digestion of pXcr7 with
Kpnl and Mlul at sites +2764 and +3077, respectively. All the probes
were labeled with the nick-translation kit (GIBCO BRL, Gaithersburg,
MD) according to manufacturer’s instructions using biotin-14-dCTP or
a-[*P]dCTP.
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Immunofluorescence

Isolated nuclei were fixed in paraformaldehyde in PBS and centrifuged
onto a coverslip. A6 cells were cultured on coverslips and fixed. After
washing, the different coverslips were postfixed in methanol, permeabi-
lized in 0.1% Triton X-100 (IBI, New Haven, CT) in PBS and rinsed. The
coverslips were then treated with 5% BSA in PBS before incubation with
primary antibodies. They were then incubated with fluorescein or Texas
red isothiocyanate (FITC or TRITC) conjugated secondary antibodies
(anti-human, anti-mouse, or anti-rabbit IgG; Jackson ImmunoResearch
Laboratories, West Grove, PA), rinsed, counterstained with DAPI (4'-
6-diamidino-2-phenylindole dihydrochloride; Polysciences, Inc.,Warrington,
PA) and mounted with an antifading solution (Citifluor, London, UK).

Combined Immunolocalization and In Situ
Hpybridization of rDNA or rRNA

After fibrillarin immunolabeling, hybridization of rDNA was performed
as previously described (Junéra et al., 1995). rRNA hybridization was also
performed using this protocol with the following modifications. RNase
treatment was omitted and samples were not denatured before hybridiza-
tion. The rRNA hybridization mixture contained 40% formamide
(GIBCO BRL), 10% (wt/vol) dextran sulfate (Sigma Chemical Co., St.
Louis, MO), 50 ng/ul sonicated salmon testes DNA (Sigma Chemical Co.)
and the biotinylated rDNA probes diluted to a final concentration of 2 ng/
wlin 2X SSC (1X salt sodium citrate: 0.15 M NacCl, 0.015 M trisodium cit-
rate, pH 7). As a control for the detection of RNA, hybridization was pre-
ceded by RNase digestion as described previously (Highett et al., 1993).

Assay of RNA Polymerase Activity In Situ

Cultured A6 cells or embryonic nuclei were used. Alternatively, A6 nuclei
were prepared (Marzluff and Huang, 1980). All nuclei were centrifuged
on coverslips. Run-on transcription was performed as previously de-
scribed by incorporation of Br-UTP (Sigma Chemical Co.; Masson et al.,
1996). 100 pg/ml a-amanitin, 0.2 pg/ml actinomycin D to inhibit transcrip-
tion or 5 pg/ml aphidicolin to inhibit DNA synthesis were added to the
run-on buffer. Before immunolabeling, cells and nuclei were fixed with
paraformaldehyde in PBS and permeabilized with Triton X-100 (0.1% in
PBS). A monoclonal anti-Br-deoxyuridine antibody that also recognizes
Br-UTP (Boehringer Mannheim, Mannheim, Germany) was used. Hu-
man anti-fibrillarin antibody was used as a marker of a structurally de-
fined nucleolus. Run-on and fibrillarin signals were obtained using respec-
tively FITC-conjugated goat anti-mouse and TRITC-conjugated goat
anti-human antibodies (Jackson ImmunoResearch Laboratories).

Optical Microscopy

Images were taken with a Leica epifluorescence microscope equipped
with a thermoelectronically cooled charge-coupled device (CCD) camera
(Leica, Lasertech, Germany). Gray scale images were collected separately
with filter sets for FITC and rhodamine/TRITC using an oil immersion
lens (63X, NA 1.4 plan Apochromat). A Leica confocal laser scanning mi-
croscope (imaging system TCS4D) was also used. For fluorescein and
Texas red excitation an argon Krypton laser operating respectively with
the 488 nm and 568 lines was used. Gray scale images were pseudo col-
ored and merged using the Adobe Photoshop 4.0 software. Quantification
of the data was performed using the NIH image 1.56 software.

Electron Microscopy

Isolated nuclei of Xenopus embryos were fixed with 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer, pH 7.4, at 4°C. They were washed in
cacodylate buffer, post-fixed in 1% OsO4 for 1 h at 4°C, stained with
0.05% uranyl acetate en bloc, dehydrated in graded alcohol and embed-
ded in Epon 812. Ultrathin sections were contrasted with uranyl acetate
and lead citrate, and examined in a Philips EM412 electron microscope.
For immunolocalization, isolated nuclei were fixed in paraformalde-
hyde in PBS, washed in Sorensen buffer (sodium phosphate buffer, pH
7.4) for 30 min, dehydrated in graded alcohol and embedded in LRWhite
(Polyscience, Niles, IL). Ultrathin sections were picked up on 200 mesh
nickel grids and indirect immunolabeling was performed. After incuba-
tion with PBS, 0.5 M glycine, sections were blocked with PBS, 0.5% fish
gelatin, and 0.1% Tween, incubated with the polyclonal serum against Xe-
nopus fibrillarin and then with 10 nm gold conjugated anti-rabbit antibody
(AuroProbe; Pharmacia Biotech, Uppsala, Sweden) or 5 nm protein
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A-—gold. Ultrathin sections were contrasted with uranyl acetate. In control
experiment, the primary antibody was omitted.

Protein Analysis by Immunoblotting

Total protein extract from 12 eggs or embryos were prepared by homoge-
nization in 100 pl of modified RIPA buffer (20 mM Tris-HCI, pH 8, 1 mM
EDTA, 150 mM NacCl, 1% deoxycholate, 0.1% SDS, 1% NP-40, 10 pg/ml
leupeptin, 10 wg/ml pepstatin, 10 pg/ml aprotinin, and 1 mM PMSF). The
samples were sonicated and centrifuged at 6,000 g for 10 min. Proteins in
the yolk-free supernatants were adjusted in sample buffer (Laemmli,
1970). A6 cells were lysed directly and sonicated in this buffer. For nuclear
extracts, nuclei were collected by centrifugation of nuclear suspensions
before solubilizing the proteins. Western blots were performed as previ-
ously described (Roussel et al., 1993).

Northern Blot Analysis

RNAs were purified from eggs or embryos at various times after fertiliza-
tion using the kit RNA now (Biogentex, Seabrook, TX), followed by a
LiCl precipitation (Almouzni and Wolffe, 1995). RNAs were denatured in
50% formamide, 1.84 M formaldehyde, 10 mM sodium phosphate buffer,
pH 6.5, and fractionated on 0.8% agarose gel containing formaldehyde.
RNAs were transferred onto a nitrocellulose filter (BA-S85; Biorad, Her-
cules, CA). After baking and cross-linking, the filter was prehybridized
for 5 h at 42°C in buffer containing 50% formamide, 5X SSPE (Maniatis
et al., 1982), 10X Denhardt’s solution (Maniatis et al., 1982), 0.1% SDS,
and 50 pg/ml salmon sperm DNA. It was hybridized with the appropriate
32P-labeled probe in the same buffer for 20 h at 42°C. After hybridization,
the filter was washed twice for 10 min each in 2X SSC, 0.1% SDS at 65°C,
and finally once for 5 min in 0.1X SSC, and 0.1% SDS at 65°C. Autorad-
iography was performed with a Phospholmager (Molecular Dynamics,
Inc., Sunnyvale, CA). The size of the RNAs was determined by compari-
son to an RNA ladder (GIBCO BRL).

Results

The Maintenance and Subcellular Localization of
the Maternal Pool of Nucleolar Proteins during Early
Development of X. laevis

The presence of three nucleolar proteins (UBF, fibrillarin,
and nucleolin) was investigated at different stages of de-
velopment of X. laevis (Fig. 1). Western blot analysis using
specific antibodies and performed with A6 cell lysates or
whole protein extracts from eggs or embryos at different
times after fertilization revealed two Xenopus UBF forms
of 82 and 85 kD (Guimond and Moss, 1992; Fig. 1 a), fibril-
larin of 34 kD (Lapeyre et al., 1990; Fig. 1 b) and the two
forms of Xenopus nucleolin of 90 and 95 kD (Caizergues-
Ferrer et al., 1989; Messmer and Dreyer, 1993; Fig. 1 ¢).
Whereas the equivalent of 10° A6 cells was needed to de-
tect each nucleolar protein, the material extracted from
the equivalent of 1.5 eggs was sufficient to obtain a signal
(Fig. 1, compare lanes A6 and E). This is consistent with
the excess amount of RNA pol I activity found in an egg
when compared with a somatic cell (Gurdon and Wickens,
1983). The relative amount of the three antigens was de-
termined in embryos at later stages of development. No
detectable change was noticed until 12 h after fertilization
consistent with the maintenance of the maternal pool
throughout early development. Increasing amounts of the
three proteins were measured at later stages, possibly re-
flecting new synthesis. Accumulation of fibrillarin was al-
ready observed 13 h after fertilization while UBF and nu-
cleolin increased only slightly. At 18 h after fertilization,
the three nucleolar proteins were already present in large
quantities.
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Figure 1. The maternal pool of nucleolar proteins is conserved
until zygotic activation. Total protein extracts from A6 cells (A6),
eggs (E), or embryos at different times after fertilization were
prepared. Proteins extracted from 10° A6 cells or 1.5 eggs or em-
bryos were loaded onto each lane of an SDS-8% polyacrylamide
gel. The gel was blotted onto nitrocellulose and probed with anti-
human UBF (a), anti-human fibrillarin (b), and anti-human nu-
cleolin (c) sera. Detection of the complexes was achieved using
an appropriated second antibody coupled to peroxidase and re-
vealed by ECL.

The subcellular distribution of these proteins was exam-
ined. Nuclei were isolated and both nuclear and total ex-
tracts were compared (Fig. 2) from embryos 6 h after fer-
tilization (inactive RNA pol I transcription) and 13 h after
fertilization (active RNA pol I transcription; Brown and
Littna, 1964; Brown and Littna, 1966; Shiokawa et al.,
1989). The results are presented for UBF; however similar
results were obtained for the pool of fibrillarin and nucleo-
lin (data not shown). Using embryos 6 h after fertilization,
a strong signal was detected with the total protein extract
prepared from 1.5 embryos (Fig. 2, lane 2). The extract
corresponding to the equivalent number of nuclei (1,500
nuclei according to Nieuwkoop and Faber, 1994; Fig. 2,
lane 3) was not sufficient to detect a UBF signal: up to an
equivalent of 15,000 nuclei was required to detect a weak
signal (Fig. 2, lane 4). These data are consistent with nuclei
containing only a limited fraction of the UBF pool at this
stage, the majority being in the cytoplasm. Using embryos
13 h after fertilization, the difference of signal intensity be-
tween total and nuclear extracts was greatly reduced as
compared with 6 h after fertilization (Fig. 2, lanes 5 and 6).
This is in agreement with previous results (Messmer and
Dreyer, 1993) reporting nuclear translocation of nucleolin
starting at early blastula. Our results indicate that the ma-
ternal pool of these nucleolar proteins is recruited late in
nuclei formed during early development.

Subnuclear Distribution of the Nucleolar Proteins,
UBF, Fibrillarin, and Nucleolin

The subnuclear localization of these proteins was followed
by immunofluorescence on embryonic nuclei isolated at
different stages of development. To ensure that the data
collected were statistically significant, labeling of each nu-
cleolar protein was determined on more than 1,500 nuclei
at a specific stage, prepared from at least four distinct
batches of fertilization.

UBF labeling did not vary significantly at the different
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Figure 2. Subcellular distribution of the maternal pool of UBF
during development. Total (7) or nuclear (N) protein extracts
were prepared and analyzed by SDS-8% polyacrylamide gel,
blotted onto nitrocellulose and probed with anti-human UBF se-
rum. For A6 cells, an equivalent to 66,000 nuclei was loaded (A6,
N, lane 7). Lanes 2 and 3 contain respectively total and nuclear
proteins from 1.5 embryos 6 h after fertilization. Lane 4 contains
nuclear proteins from 15 embryos 6 h after fertilization (an equiv-
alent to 15,000 nuclei since one embryo contains only 1,000 nuclei
at this stage). Lanes 5 and 6 contain, respectively, total and nu-
clear proteins from 1.5 embryos 13 h after fertilization (one em-
bryo contains ~15,000 nuclei at this stage).

times of development examined (Fig. 3, A-C) or at later
stages (not shown). It was always distributed in several
beads aligned as a folded filament and confined to two
sites in the nuclei, one of them being more predominant
than the other. A single confocal optical section corre-
sponding to the predominant site is shown for each stage
(Fig. 3, A-C). Interestingly, the distribution of UBF at
each embryonic stage was similar to that of somatic A6
cells (Fig. 3 D) known for their high nucleolar activity
(Masson et al., 1996). In somatic cells, it was previously re-
ported that the distribution of UBF as an alignment of
small beads corresponded to actively transcribing genes
while UBF clustered in large spots reflected rather ab-
sence of transcription (Jordan et al., 1996). Thus, it was
surprising to find that during development, the subnuclear
distribution of UBF was similar at all stages (Fig. 3, A-C)
whether or not rRNA synthesis was active. The precise
determination of active and inactive stages is presented
below.

Fibrillarin as revealed by immunostaining showed a dot-
like distribution in embryonic nuclei isolated 6 h after fer-
tilization (Figs. 3 A" and 4 A’). Labeling was associated
with dense particles of different sizes visible in phase con-
trast and dispersed throughout the nucleoplasm. At later
stages, the fibrillarin redistributed in particles clustered in
two sites within the nucleus (Figs. 3 B”and 4 B’). This clus-
tering was first observed in 3% of the nuclei in embryos
7 h after fertilization, increased rapidly to reach 75% of
the population of nuclei isolated 9 h after fertilization to fi-
nally become generalized to 90% of embryonic nuclei 12 h
after fertilization (see below, Fig. 12).

Fibrillarin clustered on the same nuclear sites as UBF,
and localized in dense structures in phase contrast (Fig. 4
B"). Merging fibrillarin and UBF signals from the same
optical section (Fig. 3, B’~-D”) showed their tight intrica-
tion.
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The distribution of nucleolin, a major nucleolar protein
that associates with rRNAs (Serin et al., 1996), was exam-
ined. Nucleolin was mainly diffusely distributed through-
out the nucleoplasm in embryonic nuclei 6 h after fertiliza-
tion and was also weakly present in foci corresponding to
fibrillarin dots (Fig. 4 A). Later, while fibrillarin started to
cluster, colocalization of both nucleolin and fibrillarin was
observed. Fibrillarin and nucleolin were colocalized on
two large structures that appeared dense in phase contrast
when the regroupment was complete (Fig. 4, B-B”).

Fibrillarin Regrouped Near rDNA Early during X.
laevis Embryogenesis

To determine whether fibrillarin regroupment occurred
near ribosomal genes, IDNA was revealed by in situ hy-
bridization and fibrillarin was detected on the same nuclei.
Whereas, the dot-like pattern distribution of fibrillarin did
not show any preferential localization compared with
rDNA sites at 6 h after fertilization (not shown), a small
fraction of dots began to distribute around the rDNA af-
fecting 30% of the nuclei at 7 h after fertilization (Fig. 5
A”). Partial regroupment became complete in an increas-
ing number of nuclei between 7 and 9 h after fertilization.
At 9 h after fertilization, fibrillarin was entirely regrouped
around the rDNA and no isolated dot could be seen; the
two labelings were always close to one another (Fig. 5 B”).
Several foci of fibrillarin were generally observed in the
same site and corresponded to the dense structures ob-
served by phase contrast microscopy (Fig. 5, A” and B”).
The space around and between the dense structures was
occupied by rDNAs. In A6 cells (Fig. 5, C-C”), one of the
two rDNA sites was preferentially amplified and occupied
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merge

Figure 3. Localization by confocal microscopy of
UBF and fibrillarin in nuclei from embryos at 6 h
(A-A"), 9 h (B-B”), and 13 h (C-C”) after fertiliza-
tion and in A6 cell (D-D”). Alignments of small
beads are seen in green (A-D) using anti-human
UBF serum. Fibrillarin labeling with anti-mouse
fibrillarin serum in red appears on dot-like struc-
tures scattered throughout the nuclei at 6 h after
fertilization (A’). Regroupment of fibrillarin is ob-
served around UBF 9 h (B’) and 13 h (C") after fer-
tilization and in A6 cells (D’). A”-D” are merged
images of both signals on one optical section. The
white line indicates the nuclear contour (A”-D").

10 um

a central position in the large nucleolus. Fibrillarin was
present around each rDNA site but accumulated preferen-
tially at the periphery of the larger one.

Fine Structure of the Nucleolar Domain and Nucleolar
Components during X. laevis Embryogenesis

The structural organization of nuclei was also analyzed at
high resolution by electron microscopy. At 6 h after fertili-
zation, highly decondensed chromatin and round-shaped
dense fibrillar structures could be observed (Fig. 6, A and
B). The aspect of these dense structures was reminiscent
of the PNBs previously described (Ochs et al., 1985q;
Scheer et al., 1993; Zatsepina et al., 1997) confirming pre-
vious report (Hay and Gurdon, 1967). The presence of
fibrillarin in these structures (Fig. 6 C) further supports
their identification as PNBs. Discrete structures in which
nucleolar proteins accumulated could be observed before
any typical nucleolar assembly. In nuclei from embryos 8
and 9 h after fertilization, nucleolar domains could be
identified around which chromatin was not as loosely com-
pacted as in other parts of the nuclei (Fig. 6 D). However,
it was surprising to find that in these nucleolar domains,
DFC formed a network (Fig. 6 D). Since DFC in a net-
work is generally associated with transcribing nucleoli, this
observation was unexpected. Immunolabeling of fibrillarin
(Fig. 6 E), confirmed that this DFC was generated, at least
in part, by regroupment of PNB-containing fibrillarin
around the rDNAs as described above (Figs. 3 and 5). In
nuclei 13 h after fertilization, the nucleoli increased in size
and complexity, and were organized in DFC and in GC as
seen in fully active nucleoli (Fig. 6, F and G). Since, DFC
formed a network already 8 h after fertilization, it was
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Figure 4. Localization of nucleolin (Nuc) and fibrillarin (Fib) in
nuclei from embryos 6 h (A-A") and 9 h (B-B”) after fertilization.
While dot-like structures are seen using anti-human fibrillarin se-
rum at 6 h after fertilization (A’), nucleolin labeling with anti-
human nucleolin serum is diffuse in the nucleoplasm (A). Both
proteins are colocalized 9 h after fertilization (B and B’). (A”and
B”) are phase contrast microscopy.

therefore important to examine the transcriptional activity
of these embryonic nuclei.

Transcriptional Activity of the rDNA at the Time of
Fibrillarin Regroupment

We analyzed transcription by in situ run-on assays and lo-
calized the nucleolar domain on the very same nuclei by
fibrillarin labeling. For each time after fertilization, 200
embryos were collected for nuclear isolation and at least
600 nuclei were analyzed. These experiments were per-
formed with three distinct batches of fertilization. On A6
cells, the run-on conditions used had permitted the selec-
tive detection of RNA pol I activity concomitantly with
RNA pol II activity in a proportion that was representa-
tive of what was expected on the basis of biochemical esti-
mations (Masson et al., 1996). RNA pol III activity was be-
lieved to be very low in cultured cells under these
conditions (Marzluff and Huang, 1980; Wansink et al.,
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1993). The same conditions were used with embryonic nu-
clei and with nuclei isolated from A6 cells. A specific class
of transcripts was further characterized using inhibitors.
RNA pol I activity was abolished by 0.2 pwg/ml of actino-
mycin D and was not affected by 100 pg/ml of a-amanitin.
Interestingly, only RNA pol I activity was detected in nu-
clei isolated from A6 cells (Fig. 7 D). The activities de-
tected in embryonic nuclei depended on the time after fer-
tilization. No signal was detected in nuclei 6 h after
fertilization (data not shown). Importantly, a signal was
first detected only in very few nuclei (no more than 3% of
the nuclei) isolated 7 h after fertilization. These nuclei dis-
played PNBs that had already regrouped as judged by
fibrillarin labeling. The fraction of nuclei with transcrip-
tional activity increased between 7 and 9 h after fertiliza-
tion correlating with the fraction of nuclei in which the nu-
cleolar proteins had regrouped completely. Transcription
in these nuclei was scattered throughout the nucleoplasm
in foci of different intensity, a distribution compatible with
RNA pol II transcripts (Fig. 7 A). None of the transcripts
colocalized with fibrillarin (Fig. 7 A”) and the use of inhib-
itors confirmed that they were not RNA pol I transcripts.
RNA pol I activity colocalizing with fibrillarin was first
seen only in 2% of the nuclei isolated from embryos 9 h af-
ter fertilization. In these nuclei, RNA pol I activity was the
major transcription signal, whereas low levels of other
transcription activities were detected outside the nucleoli.
Later, RNA pol I activity was seen in 10% of the nuclei
10 h after fertilization, to reach 40% of the nuclei 11 h af-
ter fertilization (Fig. 7, B-B”), and in most nuclei 12 h after
fertilization. RNA pol I activity was visible in all nuclei
18 h after fertilization: it was often higher in one of the two
nucleolar structures than in the other (Fig. 7, C-C”). This
difference was amplified in A6 nuclei (Fig. 7, D-D”). Thus,
it appears that regroupment of nucleolar proteins oc-
curred in a large fraction of embryonic nuclei before a sig-
nificant fraction of the nuclei had detectable RNA pol I
activity as illustrated by the graph summarizing the data
(Fig. 12). A correlation can be established between re-
groupment of nucleolar proteins and the onset of RNA
pol II and pol III activities. However, the regroupment of
these proteins around rDNA was not associated with the
onset of rIDNA transcription.

The Presence and Localization of Pre-rRNAs before the
Activation of RNA Pol I-dependent Transcription

The nucleolar domain observed after nucleolar protein re-
groupment exhibited a structural organization compatible
with nucleolar activity, whereas no RNA pol I transcrip-
tion was detected in most nuclei at that time. As the role
of rRNAs seemed crucial for nucleolar organization
(Weisenberger et al., 1993), we looked for the presence of
rRNAs in these structures. Thus, in situ hybridization was
performed using the rTDNA probe (Fig. 8) on nondena-
tured embryonic nuclei at early stages (Figs. 9 and 10) and
at later stages (not illustrated). rRNAs were first detected
in nuclei 7 h after fertilization that had initiated the re-
groupment of fibrillarin (Fig. 9 a, A-A"). The signal was
associated with these sites of regroupment but not with the
multiple fibrillarin foci that were still dispersed. It was
abolished by RNase treatment arguing in favor of an
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RNA-derived hybridization signal (Fig. 9 a, B-B”). At 9 h
after fertilization, relatively high rRNA signals were de-
tected in the nuclei where the nucleolar domains were
formed (Fig. 9 b, A-D, 2) while no signal was detected in
nuclei where fibrillarin was still dispersed (Fig. 9b, A-D, 1).

To determine whether these TRNAs were processed,
probes that hybridize specifically with the processed se-
quences (5'ETS and ITS1 probes) were used (Fig. 8).
Strong signals were obtained on A6 cells with the 5S’ETS
(Fig. 10 a, B-B”) and ITS1 probes (not shown) but the en-
tire nucleolar domain was not stained in contrast to what
was observed with the rDNA probe (Fig. 10 a, A—A") ar-
guing in favor of the specificity of these two probes. In em-
bryonic nuclei 7 and 9 h after fertilization, the 5’ETS and
ITS1 probes gave the same pattern of hybridization as the
entire TIDNA probe (compare Fig. 10 b, B-B” and C-C”
with Fig. 10 b, A-A"), i.e., colocalizing and also surround-
ing the nucleolar fibrillarin signal. It is noteworthy that the
distribution of the 5'ETS and ITS1 probes was homoge-
neous in embryonic nuclei as opposed to the punctuated
distribution in A6 transcribing nucleoli (compare Fig. 10 b,
B-B” and C-C” with Fig. 10 a, B-B”). Therefore, the ho-
mogenous distribution of TRNA over the nucleolar do-
main found in embryonic nuclei between 7 and 9 h after
fertilization can be identified as incompletely processed
pre-TRNAs.

Quantification of fluorescence signals obtained after flu-
orescent in situ hybridization (FISH with rDNA and
5'ETS probes) and run-on assays on A6 cells or embryonic
nuclei 9 h after fertilization was performed using the NIH
image 1.56 software (Table I). Unprocessed transcripts
were specifically labeled by FISH with the use of S'ETS
probe or by incorporation of Br-UTP in a run-on assay.
The signal obtained by FISH with rDNA probe that la-
beled all rRNAs was also quantified. In A6 transcribing
cells, unprocessed transcripts represent a fraction of 1/15
of the total rRNA as determined by FISH (ratio 5'ETS/
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phase contrast

Figure 5. Fibrillarin becomes clustered near
the rDNAs during development. Embryonic
nuclei and A6 cells were labeled with anti-
fibrillarin human serum (red, A’-C’) before
performing rDNA hybridization in situ with
an rDNA biotinylated probe (green, A-C).
Images were directly numerized from a cam-
era on a fluorescence microscope and then
both labelings were merged (A-C”). At 7 h
after fertilization, part of the fibrillarin in red
was clustered close to rDNAs in green (A”)
but isolated dots of fibrillarin were seen in the
nucleoplasm (arrows, compare with Fig. 4 for
earlier time). At 9 h after fertilization, all the
fibrillarin dots were regrouped around rDNA
(B”). In the A6 cell (C-C”), most rDNAs (C)
were totally embedded in the largest nucle-
olar structure labeled by anti-fibrillarin serum
(C"). Sites of fibrillarin accumulation are

sl dense in phase contrast (A"-C").

rRNA). Performing the same quantification with embry-
onic nuclei 9 h after fertilization gave a ratio S’ETS/rRNA
of 1. Therefore, nearly all the rRNAs detected are unpro-
cessed pre-rRNAs. By run-on assays, the elongating rRNA
transcripts gave a signal that was 6.5 times the signal ob-
tained by FISH with the 5'ETS probe. If these pre-rRNAs
were newly transcribed in nuclei 9 h after fertilization, the
signal obtained by run-on assays should be detected at a
mean value of integrated density 6.5 times stronger (ex-
pected value 2,167 instead of 0). Since no signal was de-
tected, we conclude that nearly all pre-rRNAs detected by
FISH are imported to nucleolar sites.

If rRNAs were not produced by activation of zygotic
rDNA transcription, they might possibly originate from
the maternal pool that was maintained during the early de-
velopment of X. laevis. Performing Northern blot analysis
using the 5'ETS probe, we showed that embryos between
2 and 9 h after fertilization contained a stable level of 40 S
pre-rRNAs (Fig. 11), in agreement with previous reports

Table I. Quantification of Fluorescent Signals

A6 cells Embryonic nuclei
FISH S'ETS 75 *+8 335 = 60
FISH rRNAs 1,180 = 300 331 £ 60
Ratio 1/15 11
FISH S'ETS 75 *+8 335 = 60
run-on elongating transcripts 483 = 100 no nucleolar signal
(expected 2,167)
Ratio 1/6.5 —

FISH is less sensitive than run-on assays to detect unprocessed transcripts. Quantifica-
tion of fluorescence signals was performed with NIH image 1.56 on acquisitions ob-
tained after FISH with rDNA and 5'ETS probes and run-on assays on A6 cells or em-
bryonic nuclei 9 h after fertilization. For each method, 20 images were chosen at random
and the same thresholding was applied. The signal was quantified leading to an inte-
grated density value. The mean of 20 values is given for each case and the ratios be-
tween the different methods are established (Ratio).
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(Busby and Reeder, 1982). At the time of the initial nucle-
olar building, we demonstrated that this pool of 40 S pre-
rRNAs was present. Since transcription was not detected
before 11 h after fertilization, the pre-rRNAs found in nu-
clei between 7 and 9 h after fertilization by in situ method
could be of maternal origin.

Discussion

Following fertilization in X. laevis, the zygotic genome re-
mains silent during the first rapid divisions, and transcrip-
tion is then progressively established with a delay between
RNA pol II, RNA pol III, and RNA pol I transcription
(reviewed by Kirschner et al., 1985; Gurdon and Wake-
field, 1986; Shiokawa et al., 1994). The delay in the onset
of transcription makes it possible to study the de novo as-
sembly of the machineries involved in transcription and
processing, independently of the active transcription pro-
cess itself. In this study, we took advantage of this biologi-
cal model to investigate the building of transcriptionally
competent and structurally defined nucleoli.
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Figure 6. Ultrastructural analysis of
nuclei at different times during X. lae-
vis development: 6 h (A-C), 8 h (D and
E) and 13 h after fertilization (F and
G). At 6 h after fertilization, the nuclei
exhibited decondensed chromatin and
: e numerous nuclear pore complexes (A).
> Round-shaped dense fibrillar struc-
3 4 tures similar to PNB were observed (A
and B). When sections were incubated
with anti-fibrillarin antibodies, these
dense fibrillar structures were labeled
by protein A gold (C). At 8 h after fer-
tilization, the nucleolar domain was
characterized by dense fibrillar compo-
nent forming a network (D) and con-
taining fibrillarin (gold particles in E).
At 13 h after fertilization (F), the nu-
cleolus was formed by dense fibrillar
component (DFC) surrounded by
granular component (GC).The star in-
dicates a structure similar to fibrillar
center. Fibrillarin was localized on
DFC whereas no label was detected
over the granular component (G). Bar:
e 0.2 pm.

Nuclei Establishing Transcriptionally
Competent and Structurally Defined Nucleoli Are
Progressively Recruited

Global estimations of RNA pol I activity in X. laevis em-
bryogenesis have been examined by several authors. The
first ones established that RNA pol I activity was initiated
in the early gastrula stage (Brown and Littna, 1964; Brown
and Littna, 1966; Nakahashi and Yamana, 1976). Similar
timing for RNA pol I transcription activation was ob-
served on injected rDNAs (Busby and Reeder, 1983). Us-
ing a more sensitive assay, others detected RNA pol I ac-
tivity at blastula stage (Shiokawa et al., 1981a; Shiokawa et
al., 1981b); measurement of the radioactivity incorporated
by embryonic cells was performed for periods of 4 h or 2 h.
In this type of assay, it is hard to establish precisely when
transcription actually begins.

Data concerning the expression and nuclear localization
of individual nucleolar proteins during embryonic devel-
opment are available for X. laevis (Caizergues-Ferrer et
al., 1989, 1991; Messmer and Dreyer, 1993) but there is
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presently no investigation on the building of the nucleolus
that considers both the targeting to rDNAs of the nucle-
olar proteins and the transcriptional activity in the same
nuclei. Such events should be analyzed in the same cells
because cell divisions become asynchronous after the first
12 divisions in Xenopus embryos. Consequently, in certain
cells, some nuclei can be engaged in nucleolar building
earlier than others depending on the state of differentia-
tion (Shiokawa and Yamana, 1979; Caizergues-Ferrer et
al., 1991). Thus, global evaluation of the events is only in-
dicative and cannot demonstrate precise correlation.

In this study and as summarized in Fig. 12, regroupment
of nucleolar proteins towards the rDNA sites was corre-
lated with the transcription activities in the same nuclei.
Nuclei are progressively recruited for two main events, (a)
regroupment of nucleolar proteins and (b) RNA pol I acti-
vation, and importantly these two events are delayed dur-
ing development. The short labeling time (10 min) for the
run-on in situ assay allows precise determination of the
timing of events relative to the embryonic development.
This assay has also proved to be a sensitive method capa-
ble of revealing a few transcripts (Jackson et al., 1993;
Wansink et al., 1993). This is illustrated by the fact that in
cell lines, the initiation of the RNA pol I activity can be
demonstrated by this approach already in anaphase and
telophase (Roussel et al., 1996; Gébrane-Younes et al.,
1997). In this assay on individual nuclei, the RNA pol I ac-
tivity was first detected in only a small subset of nuclei
around midblastula (Fig. 12) but with a high level of activ-
ity. This can explain the low level of activity detected using
a global approach (Brown and Littna, 1964; Brown and
Littna, 1966; Nakahashi and Yamana, 1976; Shiokawa et
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Figure 7. T DNA transcription appears after re-
groupment of fibrillarin. In situ run-on incorpora-
tion of Br-UTP (green) in isolated embryonic nuclei
(A-C) or A6 nuclei (D) was coupled with fibrillarin
labeling (red) using the anti-fibrillarin human serum
(A-D’). Images were directly numerized from a
camera on a fluorescence microscope and both la-
belings combined (A”-D”). Superposition showed
that nucleolar transcription was not yet detected 9 h
after fertilization (A”) while rDNA transcription
was the major transcription observed on nuclei at
11 h (B”) and 18 h (C”) after fertilization, and in A6
nuclei (D”). The white line indicates the nuclear
contour (A”-D").

al., 1981a, 1989, 1994) at the initial stage of activation.
RNA pol I activity was found to take place in an increas-
ing number of nuclei up to late gastrula. For a majority of
nuclei, RNA pol I activation is thus a post-MBT event.

Presence of Pre-rRNAs before the Activation of the
RNA Pol 1

So far, it has been assumed that the structure of the nucle-
olus is the consequence of rRNA synthesis, thus the nucle-
olus would be an organelle formed by the act of building a
ribosome (Mélese and Xue, 1995).

In this study, we observed that although no RNA pol

188 5.8S 28S
— /f——
NTS 5’ETS ITS: ITS:2 3’ETS
,I,I IIII
rDNA probe
5ETSprobe
ITS1 probe

Figure 8. Representation of the specific probes corresponding to
the X. laevis ribosomal gene (rDNA). Map of the X. laevis 40 S
pre-rTRNA transcription region (boxed region; rRNA coding re-
gion are black and transcribed spacer regions are white) and sur-
rounding rDNA regions designed non transcribed spacer (NTS,
black bar). The dotted line indicates the position of the hybridiza-
tion probes. The rDNA probe is complementary to the entire
rDNA, and the two 5’ETS and ITS1 probes are complementary
to a part of the transcribed spacer regions. The S’ETS probe ex-
tends between positions +176 and +632 relative to the transcrip-
tion start site. The ITS1 probe extends between positions +2764
and +3077.
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a)

I-specific transcription was detected by the run-on in situ
assay, unprocessed rRNAs with 5’ETS and ITS1 se-
quences were associated with the building process during
MBT (Fig. 12). Had they arisen from zygotic transcription,
a detectable signal would have been expected by the run-
on in situ assay which was not the case. The distribution of
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Figure 9. (a) Presence of
rRNAs at the time of fibril-
larin regroupment. Embry-
onic nuclei isolated 7 h after
fertilization were labeled with
anti-fibrillarin serum (red)
before performing rRNA
FISH with the rDNA probe
(green). All the bright and
large foci stained by the anti-
fibrillarin (A’) contained
rRNAs (A). The rRNA sig-
nal was abolished by RNase
treatment (B). (b) Presence
of rRNAs in nucleolar do-
main 9 h after fertilization.
rRNAs (green) were present
on the sites of regroupment
of fibrillarin (red; A and B,
2). However, no rRNA was
detected when fibrillarin was
still dispersed (A and B, 1). C
is merge image of rRNA and
fibrillarin counterstained by
DAPI for DNA. D corre-
sponds to phase contrast mi-
Croscopy.

these pre-RNAs is also in favor of the fact that they were
not transcribed in the newly formed nucleolar structures.
Indeed, they exhibited a homogeneous distribution in-
stead of the punctuated distribution corresponding to foci
of transcription described in transcribing cells (Puvion-
Dutilleul et al., 1997) and also observed here in A6 cells.
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These pre-rRNAs most likely represent a fraction of the
large maternal pool of pre-rRNAs we found to be main-
tained at early stages of development. These pre-rRNAs
that were neither processed nor degraded during early de-
velopment (Busby and Reeder, 1982) would be imported
into nuclei in amounts sufficient to be detected by in situ
hybridization. Since pre-RNAs are present before tran-
scription, it is tempting to speculate that they might partic-
ipate in the building of the nucleolar domain.

Verheggen et al. De Novo Building of Nucleolus

Figure 10. (a) Distribution of rRNAs
in cycling cells. A6 cells were labeled
with anti-fibrillarin serum (red) before
performing TRNA FISH (green) with
the rDNA probe (A) or the S'ETS
probe (B). Pre-rRNAs hybridized with
the S’ETS probe occupy a limited re-
gion of the functional nucleolus (B-B”)
whereas the rRNAs hybridized with
the rDNA probe distributed all over
the nucleolar domain (A-A"). The
white line indicates the nuclear con-
tour (A”-B”). (b) Unprocessed rRNAs
are associated with the formation of
structurally defined nucleoli. At 9 h af-
ter fertilization (A-A"), IRNAs (green)
were colocalized with fibrillarin (red).
Some rRNAs are present in a region
that surrounds the fibrillarin-labeled
area (A”). The same localization was
obtained using the 5'ETS (B-B”) and
ITS1 probes (C-C”) indicating that the
rRNAs detected 9 h after fertilization
are incompletely processed rRNAs.
The white line indicates the nuclear
contour (A"-C").

The organization of the nucleolar proteins assembled at
MBT exhibited a DFC-like structure forming a complex
network. This organization was surprising since no detect-
able RNA pol I transcription was found in the majority of
the nuclei at this stage. In general, the complex network
organization of the DFC, the nucleolar component in
which pre-rRNA transcripts accumulate, is associated with
active transcription (Scheer et al., 1993; Hernandez-Ver-
dun and Junéra, 1995; Shaw and Jordan, 1995). In mutant
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Figure 11. A maternal pool of 40 S pre-rRNAs is maintained dur-
ing early development of X. laevis. A Northern blot was per-
formed using sample of RN As prepared with embryos at various
time after fertilization. Each lane was loaded with RNAs from
two embryo equivalents excepted the last one which was loaded
with RNAs from 10° A6 cells. The blot was first probed with the
32P-labeled 5’ETS probe that hybridized to 40 S pre-rRNAs. An
exposure of 24 h was performed after hybridization to 40 S pre-
rRNAs. The same blot was further rehybridized with the 32P-labeled
rDNA probe to estimate the RNA loading per lane. A short ex-
posure of 1 h was sufficient to see hybridization to 18 S and 28 S
rRNAs. Taking into account this difference, the signal obtained
for the 18 S or 28 S rRNAs was 70 times stronger than the signal
for the 40 S pre-TRNAs.

X. laevis embryos (o-nu) devoid of rDNA zygotic tran-
scription, compact DFC-like structures were found in
pseudonucleoli (Hay and Gurdon, 1967). However, the in-
complete genetic characterization of these mutants does
not allow one to assess which are the critical components
for the complete organization of a network in these pseu-
donucleoli. In the case of drug-inhibited transcription,
DFC did not form a network, but a homogeneous segre-
gated structure (reviewed by Hadjiolov, 1985; Shaw and
Jordan, 1995) and (Puvion-Dutilleul et al., 1992; Puvion-
Dutilleul et al., 1997).

Our findings showing the presence of pre-RNAs in all
nucleolar domains assembled at MBT shed a new light on
the current models in which the expression of genes di-
rects an apparent reorganization of nuclear components
(reviewed by Singer and Green, 1997). RN As produced by
active transcription could be the structuring element in the
organization of nuclear component; this concept could be
extended to RNAs previously transcribed. In X. laevis em-
bryogenesis, pre-rRNAs of maternal origin could play a
role in nucleolar organization of embryonic nuclei, espe-
cially in the three-dimensional organization of the DFC.

Building Functional Nucleoli in Xenopus Embryos

The transcription factor UBF was already detected at ge-
nomic rDNA sites in nontranscribing nuclei, i.e., before
MBT. Similar results were recently reported (Bell and
Scheer, 1997). This indicates that in embryonic nucleoli,
the targeting of UBF to the rDNAs occurs very early, be-
fore transcription activation.

During the building of functional nucleoli, the de novo
assembly of the rRNA processing machinery is an impor-
tant step. At pre-MBT, the structures (Hay and Gurdon,
1967) containing fibrillarin were similar to the PNBs de-
scribed in various animal and plant cells at the end of mi-
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Figure 12. Nuclear events described in this work. Percentage of
embryonic nuclei are expressed as a function of time after fertili-
zation. Schematic representations of the embryos at the different
times are presented below the graph. The first event described
was UBF association with rDNAs in nearly all embryonic nuclei
at every time after fertilization (............ ). Regroupment of fibril-
larin and nucleolin to the nucleolar domain (- -—@--—) as well as
maternal pre-rRNAs (---0--) were observed in a growing frac-
tion of embryonic nuclei between 7 and 13 h after fertilization.
The curve corresponding to RNA pol II or pol III activities de-
tected by run-on assays in nuclei (—O—) was identical to the
two latter curves since transcription activities were detected in
nuclei in that nucleolar proteins and maternal pre-rRNAs were
regrouped. However, onset of RNA pol I activity was not con-
comitant with this regroupment. The curve expressing the per-
centage of nuclei with RNA pol I activity (—#—) shows a delay
of ~2.5 h. For simplification, the period that comprises the re-
cruitment of nuclei competent for RNA pol II transcription will
be referred to as MBT and the periods before or after as pre-
MBT or post-MBT, respectively.

tosis (Ochs et al., 1985a; Jiménez-Garcia et al., 1994) and
(reviewed by Zatsepina et al., 1997). It has also been re-
ported that fibrillarin is assembled with newly synthesized
U3 snoRNAs at pre-MBT (Caizergues-Ferrer et al., 1991).
Thus, the assembly of PNB structures at pre-MBT may
represent an initial step towards the assembly of the pro-
cessing machinery.

At MBT, fibrillarin-containing PNBs regrouped around
the rDNAs before the initiation of RNA pol I transcrip-
tion. In somatic cells, it has been proposed that PNB re-
groupment is linked to rDNA transcription, as supported
by the temporal order of nucleolar building at the end of
mitosis and the effects of drugs inhibiting rDNA transcrip-
tion (Benavente et al., 1987; Scheer et al., 1993; Weisen-
berger et al., 1993). In this work, we show that pre-rRNAs
were present at the site of regroupment of the nucleolar
proteins, fibrillarin and nucleolin. In X. laevis, it has been
reported that nucleolar accumulation of nucleolin re-
quired the presence of the RNA binding domains (Mess-
mer and Dreyer, 1993). It is noticeable that nucleolin from
human and mouse was found to interact with nucleolin
recognition element motifs in the 5'ETS but also in the
ITS and in the 18S and 28S RNA sequences, i.e., with the
pre-TRNAs (Serin et al., 1996). Therefore, it is tempting to
speculate the existence of an interaction between the un-
processed rRNAs and nucleolin. Future work will address
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how these two events can be linked or regulated. We do
not exclude the hypothesis that interaction of nucleolar
proteins with rRNAs or with other proteins could play a
role in the building of nucleolus.

Significance for the Establishment of a
Functional Nucleolus

When comparing different models of nucleologenesis, it
appears that in the majority of cases, preassembled build-
ing material is required. In this work, we found that in Xe-
nopus embryos, cytoplasmic maternal pools were progres-
sively associated with the newly formed nuclei. This was
also substantiated in vitro, since fibrillarin, nucleolin and
protein B23 present in Xenopus egg extracts accumulated
in the reconstituted nuclei and gathered in PNBs (Bell et
al., 1992; Bell and Scheer, 1997). In nuclei of early mam-
malian embryos up to four blastomeres, several nucleolar
precursor bodies containing preassembled nucleolar com-
ponents of maternal origin existed before the formation of
an active nucleolus (Biggiogera et al., 1994; Baran et al.,
1995, 1996). Similarly at the end of mitosis in cycling cells,
nucleologenesis involved the preassembled RNA pol I
transcription machinery from the mother cell (Roussel et
al., 1996), and PNBs formed by the recruitment of preex-
isting nucleolar complexes (Scheer et al., 1993).

Thus, there may be general principles directing the
building of a functional nucleolus. It can be proposed that
preassembled complexes must be recruited around the nu-
cleolar organizer regions and organized into functional do-
mains that are dependent on rRNAs. In Xenopus em-
bryos, these events were separated by several cell cycles
taking place between 7 and 12 h after fertilization. The for-
mation of PNBs occurred in nuclei of cleaving embryos in
the absence of transcription, and their subsequent re-
groupment at MBT still did not depend on transcription.
However pre-rRNAs were found in these latter structures.
The presence of pre-rRNAs independent of transcription
may be a common feature shared in the different types of
nucleologenesis. Interestingly, it was reported in plant and
animal cells that pre-rRNAs were imported from the
mother to daughter cells during mitosis (Fan and Penman,
1971; Abramova and Neyfakh, 1973; Jiménez-Garcia et al.,
1994; Medina et al., 1995; Beven et al., 1996), and pre-
rRNAs were detected in PNBs. Since activation of tran-
scription and PNB recruitment occurred simultaneously in
the somatic cell cycle, it is difficult to attribute a role to
these pre-rRNAs in the building of the new nucleolar do-
main. The delay in transcriptional activation during early
embryonic development made it possible to unambigu-
ously demonstrate the presence of these pre-rRNAs at nu-
cleolar sites. Future studies will now address the question
of how the nuclear import of these pre-RNAs and their
targeting to the rDNAs are controlled.
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