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Dynamics and three-dimensional localization
of ribosomal RNA within the nucleolus
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2Formation de Recherche en Evolution 2141 Centre National de la Recherche Scientifique,
Unité de Formation de Recherche Pharmacie, 51096 Reims Cedex, France

ABSTRACT

Although rRNA synthesis, maturation, and assembly into preribosomal particles occur within the nucleolus, the route
taken by pre-rRNAs from their synthetic sites toward the cytoplasm remains largely unexplored. Here, we employed
a nondestructive method for the incorporation of BrUTP into the RNA of living cells. By using pulse-chase experi-
ments, three-dimensional image reconstructions of confocal optical sections, and electron microscopy analysis of
ultrathin sections, we were able to describe topological and spatial dynamics of rRNAs within the nucleolus. We
identified the precise location and the volumic organization of four typical subdomains, in which rRNAs are succes-
sively moving towards the nucleolar periphery during their synthesis and processing steps. The incorporation of
BrUTP takes place simultaneously within several tiny spheres, centered on the fibrillar centers. Then, the structures
containing the newly synthesized RNAs enlarge and appear as compact ringlets disposed around the fibrillar centers.
Later, they form hollow spheres surrounding the latter components and begin to fuse together. Finally, these struc-
tures widen and form large rings reaching the limits of the nucleoli. These results clearly show that the transport of
pre-rRNAs within the nucleolus does not occur randomly, but appears as a radial flow starting from the fibrillar

centers that form concentric rings, which finally fuse together as they progress toward the nucleolar periphery.

Keywords: BrUTP; nucleolus; ribosomal RNA; ribosome biogenesis; transfection

INTRODUCTION

Since it became evident that cell nuclei are compart-
mentalized organelles (Spector, 1993; Strouboulis &
Wolffe, 1996; Singer & Green, 1997; Lamond & Earn-
shaw, 1998), one of the major goals in cell biology has
been to understand their functional organization. In par-
ticular, the nucleolus provides the fascinating possibil-
ity of linking morphologically distinct structures such as
those seen in the electron microscope with biochemi-
cal features of the synthesis of rRNAs and stepwise
maturation of ribosomes.

In eukaryotic cells, the synthesis and maturation of
cytoplasmic rRNAs mainly take place in the nucleolus
(Hadjiolov, 1985; Sollner-Webb et al., 1996). The 18S,
5.8S, and 25/28S rRNAs are synthesized as simple
precursor RNAs (pre-rRNAs), which contain long ex-
ternal and internal transcribed spacers. The primary
transcripts are processed through a complex pathway

Reprint requests to: Marc Thiry, Laboratoire de Biologie Cellulaire
et Tissulaire, Université de Liege, 20, rue de Pitteurs, 4020 Liége,
Belgique; e-mail: mthiry@ulg.ac.be.

of endonucleolytic cleavages, exonucleolytic diges-
tions, and covalent modifications. These pre-rRNAs are
assembled with ribosomal and nonribosomal proteins
in addition to the separately transcribed 5S rRNAs. In
this way, the large and small preribosomal particles are
formed and subsequently released from the nucleolus
into the cytoplasm, where they assembled into fully
functional ribosomes.

Using cytological methods, considerable efforts have
been devoted to the identification of the nucleolar sites
at which the various biochemical events in rRNA syn-
thesis take place. In the mammalian cell nucleolus, three
major substructures have been visualized by electron
microscopy: the fibrillar center (FC), the dense fibrillar
component (DFC), and the granular component (GC)
(Thiry & Goessens, 1996). Most studies dealing with
the nucleolus have been focused on the identification
of IDNA transcription sites (Shaw & Jordan, 1995; Thiry
& Goessens, 1996; Scheer & Hock, 1999). There is a
general consensus that transcription occurs in the fi-
brillar regions of the nucleolus, but whether it is within
the DFC, or at the border of the DFC and the FC, or
even within the FC, remains a matter of much debate.
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Kinetic information concerning the synthesis and mat-
uration of pre-rRNA molecules within the nucleolus of
intact, active cells is equally sparse. Autoradiographic
studies (Fakan, 1978) have consistently shown that
when rRNAs are labeled with tritiated uridine for short
periods of time, the signal is uniquely localized on the
fibrillar part of the nucleolus. The GC only becomes
labeled after longer periods of radioactive incubation
and/or after a cold chase. In complementary biochem-
ical studies (Daskal et al., 1974; Royal & Simard, 1975),
45S pre-rRNAs appear restricted to the fibrillar com-
ponent while 32S (i.e., pre-28S) rRNAs are also lo-
cated in the GC. Together, these data suggest a
migration of pre-rRNA molecules from the fibrillar com-
ponent into the GC. However, autoradiography dis-
plays a projection onto a plane of the three-dimensional
data, thus discarding the possibility of dealing with the
question of the spatial organization of the labeling.

In recent years, immunocytological methods have
been developed for detecting newly synthesized RNAs
within the cell using a BrUTP analog (Jackson et al.,
1993; Wansink et al., 1993). These approaches have
shown that transcription by RNA polymerase Il is or-
ganized in discrete foci scattered throughout the nu-
cleoplasm. However, it has proven difficult to visualize
the nucleolar transcription sites (Jackson et al., 1993;
Wansink et al., 1993; Iborra et al., 1996; Pombo et al.,
1999; Wei et al., 1999). Unless special procedures are
employed, the nucleolus remains unlabeled despite
the high level of transcription within this organelle
(Hadjiolov, 1985; Moss & Stefanovsky, 1995). Labeling
of the nucleolus can be achieved by several methods.
RNA polymerase Il inhibitors such as a-amanitin or
DRB can be employed or, alternatively, RNA polymer-
ase |-mediated transcription can be stimulated in a va-
riety of ways (Jackson et al., 1993; Wansink et al.,
1993; Hozak et al., 1994). For example, NH,SO, has
been added to the transcription medium (Jackson et al.,
1993) and Masson et al. (1996) have reported that by
removing glycerol from the permeabilization and tran-
scription buffers and improving permeabilization with
Triton X-100, it is possible to reveal RNA polymerase |
transcription without the addition of inhibitors. Recently,
Koberna et al. (1999) have shown that the use of a
hypotonic shift procedure facilitates the uptake of BrUTP
into the nucleolus. However, all these experimental con-
ditions perturb the cell integrity and may cause partial
degradation of subcellular structures, leading to ultra-
structural modifications as reported by some authors
(Dundr & Raska, 1993; Masson et al., 1996). In addi-
tion, the nucleolar labeling is always restricted to the
synthetic sites and the transport of newly labeled rR-
NAs either within or from the nucleus to the cytoplasm
has not yet been detected.

In the present work, we addressed the following ques-
tion: What is the volumic organization of sites contain-
ing newly synthesized rRNA molecules during their
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elongation and also during their processing within the
nucleolar volume? To answer this point, we used a
new method for BrUTP incorporation within optimally
preserved cells that allowed us to follow the kinetics
of rRNA synthesis and maturation. Our data, ob-
tained with laser scanning confocal microscopy
coupled to three-dimensional image reconstructions,
electron microscopy, and double labeling with RNA
polymerase | and fibrillarin, reveal the volumic orga-
nization of rRNAs during the time course of their
synthesis and maturation. They demonstrate that
BrUTP-labeled rRNAs are initially localized both within
the FC and in the inner part of the DFC, then they
migrate rapidly within ringlets around the FC and hol-
low spheres centered on each FC. Finally, they are
present within voluminous rings whose external limits
correspond to the periphery of the nucleolus. Both
the functional significance and the new insights brought
by these results are discussed.

RESULTS

Immunofluorescence localization of
BrUTP-labeled RNAs in intact HeLa cells

When HelLa cells were lipofected (or pulse-labeled) for
15 min with BrUTP-FuGene-6 complexes and then
chased for 15 min in the culture medium devoid of
complexes, a significant proportion of cells (45%, n =
4,000) exhibited a clear labeling in their nucleoplasm
and, to a greater extent, in the nucleoli, as observed
both by phase contrast and fluorescence microscopy
(Fig. 1A,B). The nucleoplasmic labeling appears as mul-
tiple fine dots dispersed in extranucleolar areas of the
nuclei, whereas its nucleolar counterpart is formed by
a limited number of large spots lying in the nucleolar
volume. To determine whether the extranucleolar incor-
poration of BrUTP was due to RNA polymerase Il ac-
tivity, cells were pretreated with 100 ug mL ! @-amanitin,
a specific inhibitor of this enzyme (Roeder, 1976). After
a 1-h treatment, all the nucleoplasmic dots disappeared
and the labeling became exclusively nucleolar or cyto-
plasmic, as confirmed by phase contrast microscopy
(Fig. 1C,D). The nucleolar labeling was similar to that of
untreated cells, which clearly demonstrates that the
BrUTP incorporation observed in nucleoli is strictly RNA
polymerase | dependent. This was further evidenced
by the abolition of the nucleolar labeling when cells
were pretreated for 30 min with 0.05 ug mL~* actino-
mycin D, which only inhibited RNA polymerase | activ-
ity under these conditions (Fig. 1E,F). Finally, when
nonlipofected cells were used, or cells lipofected with
FuGene-6 alone or with FuGene-6-UTP (instead of
BrUTP), the slides were completely devoid of label.
Furthermore, no label was observed when the primary
antibody was omitted (results not shown).
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FIGURE 1. Immunofluorescence localization of BrUTP-labeled RNAs in intact HeLa cells. Cells were lipofected for 15 min
with BrUTP-FuGene-6 complexes and then cultured for 15 min. Cells were grown without the addition of inhibitors (A,B) or
in presence of either a-amanitin (C,D) or actinomycin D (E,F). BrUTP-labeled rRNAs were detected by an indirect immu-
nofluorescence method. A,C,E: Phase contrast images; B,D,F: single optical section of the same fields obtained in confocal

microscopy. Bar: 10 um.

Evidence for the migration of BrUTP-labeled
rRNAs from the nucleolus to the cytoplasm

To exclusively visualize the rRNA transcripts and their
potential movements, lipofected cells were pretreated
with a-amanitin to abolish extranucleolar transcription.

The labeling obtained after various chase times was
analyzed by confocal microscopy (Fig. 2). When the
slides were fixed immediately after lipofection, it is note-
worthy that very few cells were labeled and that the
fluorescence was preferentially found over the nucleol
(data not shown). When the cells were chased for only
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FIGURE 2. Evidence for the migration of BrUTP-labeled rRNAs from the nucleolus to the cytoplasm. a-amanitin-treated
Hela cells were lipofected for 15 min with BrUTP-FuGene-6 complexes and then cultured in medium without BrUTP for
2 min (A,B), 15 min (C,D), 30 min (E,F), and 60 min (G,H) before being fixed. BrUTP-labeled rRNAs were detected by an
indirect immunofluorescence method. A,C,E,G: Phase contrast images; B,D,F,H: single optical section of the same fields

obtained in confocal microscopy. Bar: 10 um.

2 min after lipofection with BrUTP (Fig. 2A,B), the nu-
cleolar labeling consists of many tiny spots, which oc-
cupy a limited portion of the nucleoli (compare panels
A and B, Fig. 2). After a 15-min chase, the labeling
appears to have migrated towards the periphery of the
nucleoli leaving the center largely unlabeled (Fig. 2C,D).

After 30 min, this tendency is confirmed with the label-
ing being localized at the extreme limits of the nucleoli,
forming fluorescent rims that sometimes contact each
other (Fig. 2E,F). After a 15- or 30-min chase, a cyto-
plasmic labeling progressively appears (Fig. 2D,F). It
becomes predominant after a 90 min chase, with in-


http://www.rnajournal.org

Downloaded from www.rnajournal.org on February 14, 2006

1754

tense, punctuated foci covering the cytoplasm, whereas
the nucleolar labeling is extremely faint (Fig. 2H). Taken
together, these data suggest the passage of the tran-
scripts from their synthesis sites toward the cytoplasm.

Time-dependent migration of BrUTP-rRNAs
from RNA polymerase |-positive sites
to the periphery of the nucleoli

Having localized BrUTP incorporation, we attempted to
determine whether this incorporation strictly takes place
in sites where the rRNA machinery is located and
whether the labeled RNA are rapidly excluded from
these sites. To perform this study, the spatial distribu-
tion of pre-rRNAs (Fig. 3, green) obtained in a-amanitin-
treated cells lipofected with BrUTP for increasing times
of chase was compared in individual optical sections to
that of RNA polymerase | (Fig. 3, red), a marker of
rRNA synthesis sites (Scheer & Rose, 1984). Similar
experiments, conducted in the absence of @-amanitin,
led to similar results (data not shown).

BrUTP RNA Pol. 1

M. Thiry et al.

After short chase periods, BrRNAs (Fig. 3A) and RNA
polymerase | (Fig. 3B) display identical patterns in the
nucleoli. Superimposition of these two images reveals
a systematic colocalization of RNA polymerase | with
most of the transcripts, as indicated by the yellow sig-
nal in Figure 3C,D. This result indicates that all the
sites containing RNA polymerase | are active for RNA
synthesis. However, the transcripts occupy a much wider
zone around RNA polymerase |, suggesting a rapid
migration of the transcripts from their elongation sites.
Fifteen to thirty minutes after lipofection, the relative
surface of colocalization of the two signals strongly
decreases and typically appears as rings positioned
around the sites at which RNA polymerase | was lo-
cated (Fig. 3H,L). RNA polymerase | is detected as
round spots at the center of the structures, whereas the
BrUTP labeling seems to expand around these spots in
a centrifugal manner, occupying an increasingly wider
territory as the chase time increases. It is striking that
the gaps present in the BrUTP labeling correspond to
the RNA polymerase I-positive spots (Fig. 3E-G,|—K).

Overlay  Colocalization

FIGURE 3. Evidence for the time dependent migration of BrUTP-labeled rRNAs from RNA polymerase | rich sites to their
periphery. Double immunofluorescence detection of BrUTP-labeled rRNAs (green; A,E,I,M) and RNA polymerase | (red;
B,F,J,N) in a-amanitin-treated HeLa cells cultured in medium without BrUTP for 5 min (A-D), 15 min (E-H), and 30 min (I-P)
after lipofection with BrUTP-FuGene-6 complexes. Overlay of green and red signals (C,G,K,0). Colocalization of green and
red signals with highest intensity shown in yellow relative to all the labeled sites in blue (D,H,L,P). Bar: 5 um.
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Finally, 1 h after transfection, the colocalization areas
become very rare (Fig. 3P).

The spatial distribution of pre-rRNAs obtained in
a-amanitin-treated cells lipofected with BrUTP for in-
creasing times of chase was also compared in individ-
ual optical sections to that of fibrillarin, a marker of the
DFC where the majority of the maturation steps occur
(Thiry & Goessens, 1996). The results clearly show
that most of the BrUTP signal is colocalized with fibril-
larin between 5 and 15 min of chase (data not shown).

Ultrastructural identification of the nucleolar
components containing BrUTP-RNAs during
their migration within the nucleolus

To define the fine structural location of rRNA transcripts
during their intranucleolar migration, our approach
was adapted at the ultrastructural level in absence of
a-amanitin. Under these conditions, the ultrastructure
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of the compact HelLa cell nucleolus was very well pre-
served: the various nucleolar components (FC, DFC,
and GC) were easily recognizable (Fig. 4). In particular,
the FC were clearly visible, their diameter ranging from
0.4 to 1.2 um. The first sites to be labeled are both
fibrillar components, i.e., FC and part of DFC (Fig. 4A).
Later, the labeling is restricted to the DFC immediately
surrounding the FC (Fig. 4B). Afterwards, the gold label
is present over extensions of the DFC rims, mainly at a
remote distance from the FC (Fig. 4C). Finally, the gold
labeling progressively moves into the GC. At this stage,
the FC and the DFC are gold-free (Fig. 4D). Control
experiments were performed to check the specificity of
the labeling. No signal was observed when nonlipo-
fected cells were used, or cells lipofected with FuGene-6
alone or with FuGene-6-UTP (instead of BrUTP). Like-
wise, no label was seen when the anti-BrdU antibody
was omitted from the medium in the immunocytolog-
ical reaction. Finally, when cells were lipofected with

FIGURE 4. Ultrastructural identification of nucleolar components containing the BrRNAs during their movement within the
nucleolus. Immunogold labeling detection of BrUTP-labeled rRNAs on ultrathin sections of HelLa cells lipofected with
BrUTP-FuGene-6 complexes and then cultured in medium without BrUTP for 10 min (A), 15 min (B), and 30 min (C,D). Cells
were grown without the addition of inhibitor. Under these experimental conditions, the three main nucleolar components are
clearly identified: The fibrillar centers (Fc), the dense fibrillar component (F) and the granular component (G). Ch: Con-
densed chromatin. Bars: 0.4 um.
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BrdUTP instead of BrUTP, the labeling was exclusively
found over DNA-containing structures, such as blocks
of condensed chromatin (data not shown).

Three-dimensional structure of nucleolar
subdomains containing BrUTP-rRNAs

To provide data concerning the volumic organization
of the sites containing BrUTP-labeled RNAs during
their movement from initial sites of transcription to
the periphery of the nucleolus, we performed three-
dimensional image reconstruction. To do this, we used
the z-series of confocal optical sections, which allowed
us to obtain highly resolved three-dimensional visual-
izations. Using the same magnification, we examined
pre-rRNA localization within the nucleolar volume after
various chase times in the absence (data not shown) or
in the presence of a-amanitin (Fig. 5), either through a
single optical section (left panels), or through a three-
dimensional reconstruction of the whole volume (right
panels). For short chase times, the BrUTP labeling ap-
pears as multiple fluorescent spots that are often aligned
and grouped in clusters (Fig. 5A). The three-dimensional
reconstruction (Fig. 5B) shows that these fluorescent
spots are individual full beads 0.5 um in diameter (in-
set), organized as a necklace. After a 15-min chase,
these spots have partly fused together as a result of
their progressive, centrifugal growth, leading to the gen-
eration of large strands (Fig. 5D). However, a closer
examination reveals that the global labeling is com-
posed of individual ringlets 0.8 um in diameter, whose
centers are devoid of fluorescence. A volumic repre-
sentation reveals a small central depression (see inset
in Fig. 5D) and a smooth surface. After a 30-min chase,
the labeling expands within larger rims, assembled in
wider and more complex structures, that are the result
of the partial fusion of several rims originating from
different FCs (Fig. 5E). Each unlabeled part of the rim
corresponds to the individual spots previously observed
in Figure 5C,D. The three-dimensional organization re-
vealed that the labeling is organized as hollow spheres
1.5 um in diameter, with an irregular surface due to the
presence of numerous threadlike structures (Fig. 5F
and inset). Finally, after prolonged chase times (1 h),
the nucleolar labeling becomes larger and more pe-
ripheral (Fig. 5H). A view of an individual optical section
demonstrates that it is composed of several very large
threads localized at the outer part of the nucleolus
(Fig. 5G). Large areas of the labeling display a higher
fluorescence intensity, which could correspond to an
accumulation of rRNAs at the periphery of the nucleoli.
The volumic representation indicates that the labeling
is organized as several large rings 3—4 um in diam-
eter, whose surface is homogenous (Fig. 5H). Although
some of these rings are complete, others are com-
posed of a succession of peripheral clusters of labeled
material, interrupted by gaps. This is consistent with a

M. Thiry et al.

complete dispersion of the labeling upon chase, lead-
ing ultimately to a total disorganization of these struc-
tures. It is interesting to note that for any given time
point, the nucleolar labeling tended to progress syn-
chronously within all the nucleoli of a single cell.

DISCUSSION

The approach for identifying both transcription
and processing sites in the nucleolus

This work describes a nonisotopic method for investi-
gating the kinetics of RNAs in cells at light and electron
microscopic levels. Surprisingly, previous studies sug-
gest that BrUTP is poorly incorporated into RNA and
that the presence of bromine inhibits its transport and/or
processing. For instance, microinjection of high con-
centrations of BrUTP into living cells has been proved
to be toxic and prevents transport to the cytoplasm
(Fay et al., 1997), and complete substitution of uridine
inhibited splicing and translation in vitro (Sierakowska
et al., 1989; Schmittgen et al., 1994; Wansink et al.,
1994). However, in these previous studies, the intro-
duction of nucleotide analogs was generally achieved
by cell membrane permeabilization using Triton X-100
(Dundr & Raska, 1993; Jackson et al., 1993; Wansink
et al., 1993; Hozak et al., 1994; Masson et al., 1996;
Melcak et al., 1996) or by microinjection (Wansink et al.,
1993; Masson et al., 1996; Cmarko et al., 1999). Con-
sequently, these procedures could greatly affect the
cell integrity. Moreover, the permeabilization treatment
may cause drastic alteration and partial degradation of
subcellular structures. In contrast, it has been shown
recently that when cells are exposed for short periods
of time to low concentrations of the nucleoside analog
BrU, instead of the nucleotide analog BrUTP, they grow
normally and the resulting BrRNAs are transported to
the cytoplasm (lborra et al., 1998). However, this label-
ing only revealed nonnucleolar RNAs.

The approach that we have employed uses natural
cellular mechanisms to introduce nucleotide analogs
into intact cells. We show that FuGene-6, in addition to
functioning as a transfectant for plasmids, efficiently
and rapidly mediates the uptake of the halogenated
base analog BrUTP into cultured cells. Although other
lipid transfection reagents have been successfully used
as vectors for the uptake and incorporation of BrUTP
into growing cells (Haukenes et al., 1997; Kanestrom
et al., 1998), we demonstrate that lipofection with BrUTP
can be a useful tool for studying transport of newly
labeled rRNAs in intact cells either within the nucleus
or from the nucleus to the cytoplasm.

In summary, this nondestructive method presents sev-
eral decisive advantages which permits (1) the com-
plementary ultrastructural and optical investigations of
the sites in which rRNA elongation and processing take
place by using the same labeling conditions; (2) a more
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FIGURE 5. Three-dimensional structure of nucleolar subdomains containing the BrUTP-labeled rRNAs during their move-
ment within the nucleolus. a-amanitin-treated HelLa cells were lipofected for 15 min with BrUTP-FuGene-6 complexes and
then cultured in medium without BrUTP for 2 min (A,B), 15 min (C,D), 30 min (E,F), and 60 min (G,H) before being fixed.
BrUTP-labeled rRNAs were detected by an indirect immunofluorescence method. A,C,E,G: Single optical section; B,D,F,H:
three-dimensional visualization after three-dimensional reconstruction of the corresponding fields. Insets in B, D, and F
show a higher magpnification of three selected areas. Dashed lines indicate the outline of the nucleus. Bar: 5 um (1 um in
insets in B and D; 2.5 um in inset in F).

resolved ultrastructural identification of the nucleolar  sis of the volumic organization of the nucleolar com-
components containing the BrUTP-labeled RNAS, com- ponents containing the BrUTP-labeled RNAs and of
pared to previous autoradiographic studies (Fakan,  their modification along time by using confocal micros-
1978, Thiry & Goessens, 1996); (3) the detailed analy-  copy, three-dimensional reconstruction, and visualiza-
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tion; (4) the precise identification of BrUTP-RNASs rela-
tive to the transcriptional machinery by performing the
simultaneous immunodetection of RNA polymerase |
molecules.

Volumic organization of rRNA transcription and
processing within the nucleolus

Our ultrastructural data demonstrate that ribosome bio-
genesis starts in the FC and in the inner part of the DFC,
then migrates rapidly in the outer part of the DFC and in
the GC. The three-dimensional reconstruction and vi-
sualization, by giving a global view, clearly indicate that
the transport of rRNAs within the nucleolus occurs nei-
ther randomly nor along tracks as for some mRNA (Law-
rence et al., 1989; Smith et al., 1999). On the contrary,
we demonstrate that transport of rRNA follows a vol-
umic, well-defined pathway from the inner part of the
nucleolus toward its periphery. This migration can be
summarized by four typical labeling patterns, which could
correspond to four main functional domains.

The first pattern consists of several small, plain beads
organized as a necklace and located within the nucle-
oli. The centers of these beads coincide perfectly with
the location of RNA polymerase |, whereas their outer
part only corresponds to BrUTP. This is confirmed at
the ultrastructural level, as RNA polymerase | has been
localized exclusively in the FC, whereas we detect
BrUTP both in the FC and part of DFC. However, it is
difficult to identify transcription sites precisely in vivo
(i.e, FC only, central, or more peripheral part of FC),
because elongation occurs so rapidly (25-50 nt per
second for rRNAs; Grummt, 1978; Hadjiolov, 1985) that
even short labeling intervals (1-2 min) are sufficient for
full transcripts to travel far away from their synthesis
sites (see superimposition of both labelings in Fig. 3C).
On the other hand, isolated nucleoli, prepared as de-
scribed previously (Vandelaer et al., 1996) and pulse-
labeled for 5 to 15 min with BrUTP, display a labeling
not only in the DFC but also indubitably in the FCs
(results not shown). Such an in vitro system could be
promising to identify the actual sites of rRNA synthesis
because, in this case, transcription occurs at a reduced
rate. Interestingly, we also show in the present study
that all the sites containing RNA polymerase | are si-
multaneously active for transcription, indicating that no
site containing this polymerase is frozen. This obser-
vation is consistent with the view that the presence of
RNA polymerase | is indicative of its activity, contrary to
what was demonstrated for RNA polymerase Il tran-
scription (Wei et al., 1999).

The second pattern is characterized by ringlets po-
sitioned around unlabeled spheres identified as FCs,
as assessed by simultaneous colocalization of BrUTP
and RNA polymerase |. Our double labelings further
indicate that the ringlets coincide very well with the
location of fibrillarin, a marker of the DFC of nucleoli.

M. Thiry et al.

Ultrastructural studies confirm that the FCs are free of
BrUTP, while the surrounding DFC is strongly labeled.
This situation is reminiscent of the localization of U8
SnoRNA, which appears as ringlets around RNA poly-
merase | and UBF immunolabeled spots (Matera et al.,
1994).

The third labeling pattern forms an irregular network
constituted with several hollow spheres in which the
unlabeled volume corresponds exactly to the beads
and ringlets observed for the two previous chasing
times. At the ultrastructural level, the labeling is mainly
localized in the DFC, at a remote distance from the FC.
Consequently, the second and third labeling pattern
clearly indicate that in the DFC, the labeling moves
from regions immediately surrounding the FC to areas
that are very distant from the FC. From a functional
point of view, this finding suggest that the DFC is not a
homogeneous component.

It is well established that the pre-rRNA processing
occurs in the DFC. Indeed, it has clearly been demon-
strated that the DFC is rich in U3SnoRNA (Puvion-
Dutilleul et al., 1991). This RNA catalyzes the initial 5’
external transcribed spacer processing and subsequent
processing events around the 18 S region (Kass et al.,
1990; Savino & Gerbi, 1990; Hughes, 1996). Other
snoRNAs, such as MRP and U8, which catalyze the
processing within internal transcribed spacer | and at
the 5.8S and 28S borders, respectively (Peculis & Steitz,
1993; Schmitt & Clayton, 1993; Chu et al., 1994), have
also been located in the DFC or in a subregion thereof
(Reimer et al., 1988; Matera et al., 1994; Jacobson
et al., 1995). A fluorescent in situ hybridization analysis
(Lazdins et al., 1997), using probes for small selected
segments of pre-rRNAs, which have known half-lives,
has also revealed that the area of the DFC in which 3’
ETS processing takes place is considerably smaller
than that in which the 5" ETS processing occurs. In the
light of our present findings, it appears that the DFC
could be subdivided into different functional subdomains
that correlate with different steps of ribosome biogen-
esis. First, the DFC directly surrounding FCs appears
as an accumulation site, needed for BrUTP-RNA pro-
cessing following its synthesis within the FC and its
rapid migration from this compartment. Second, the
regions of the DFC that are not directly in contact with
the FC are three-dimensionally structured as rings cen-
tered on the two latter components and functionally
correspond to later steps of pre-rRNA processing.

Finally, the fourth labeling pattern, which is mainly
located in the GC, appears as huge peripheral rings
partially fused together, that surround the previous three
other patterns. The breaking of the more peripheral
rings could suggest a disassembly of the GC before
the spreading of preribosomal particles within the nu-
cleoplasm. The biological relevance of this finding with
respect to later steps of rRNA export from the nucleo-
lus toward the cytoplasm remains to be investigated.
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Taken together, these different labeling patterns re-
veal distinct functional subdomains in which rRNAs are
successively passing through. As previously suggested
(Lazdins et al., 1997), it is clear that these domains are
not strictly superimposed on nucleolar components iden-
tified by the presence of given proteins and snoRNAs
or identified at the ultrastructural level.

In conclusion, our study demonstrates that BrUTP
lipofection followed by immunocytological detection of
BrRNAs is a useful tool for high-resolution investigation
of the dynamics of RNAs within intact cells. Combined
with immunolocalization of proteins involved in differ-
ent nuclear activities and with highly resolved three-
dimensional visualizations of the labelings, this method
should provide a significant contribution to our under-
standing of the functional, volumic organization of the
cell nucleus.

MATERIALS AND METHODS

Cell cultures

Hela cells were grown at 37 °C under 5% CO, in Glasgow
minimum essential medium (Gibco Life Technology, Brus-
sels, Belgium) supplemented with 10% fetal calf serum. The
cells were grown on chambre slides (8-well glass slide, Gibco
Life Technology, Paisley, United Kingdom) to 60—-80% mono-
layer density. To inhibit transcription either by RNA polymer-
ase | or RNA polymerase II, 0.05 ug mL~* actinomycin D (for
1 h) or 10 ug mL~* e@-amanitin (for 2 h 30 min) were added
to some of the slides during preincubation and chasing.

Transfection

The complexes were prepared extemporaneously: 6 ulL
FuGene-6 transfection reagent (Roche Diagnostics, Brus-
sels, Belgium) were added directly into 100 ulL of Glasgow
minimum essential medium (Gibco Life Technology). After a
5-min incubation at room temperature, the diluted reagent
was added to 5 mM BrUTP (Sigma, Saint Louis, Missouri).
The mixture was incubated for a further 15 min at room tem-
perature. In each well, 150 uL of FuGene-6/BrUTP com-
plexes were added to the cells for 15 min at 37 °C. After this
pulse, the complexes were removed and the cells were either
directly fixed or incubated for increasing times at 37 °C in
Glasgow minimum essential medium supplemented with 10%
(v/v) fetal calf serum (chase).

Immunofluorescence methods

The slides were fixed for 10 min at room temperature in 4%
formaldehyde in 0.1 M PBS (pH 7.4). Then, they were per-
meabilized for 10 min in 100% methanol, rehydrated, rinsed
in PBS, and further rinsed in PBS containing 1% BSA (w/v)
and normal goat serum (NGS) diluted 1/30. The cells were
placed for 30 min at 37 °C with a monoclonal anti-BrdU anti-
body (Roche Diagnostics) diluted 1/100 in PBS, containing
NGS diluted 1/50 and 0.2% BSA. After rinsing with PBS con-
taining 1% BSA, the slides were incubated for 30 min at 37 °C

1759

with FITC-conjugated goat anti-mouse antibody (Sigma) di-
luted 1/100 in PBS containing 0.2% BSA. After several rinses,
the slides were mounted with Citifluor™ AF1 (Agar Scientific,
Starsted, United Kingdom).

For double labeling experiments, the slides were fixed for
5 min at room temperature in 4% formaldehyde in 0.1 M PBS
(pH 7.4) containing 1% Triton X100. They were rinsed first in
PBS, then in PBS containing 1% BSA, as well as NGS and
normal sheep serum (NSS), both diluted 1/30. They were
incubated for 30 min at 37 °C with an anti-BrdU antibody and
a rabbit polyclonal antibody against RNA polymerase | (a gift
from Dr. K. Rose, Houston, Texas) or a human autoantibody
to fibrillarin (S4; Ochs et al., 1985), both diluted 1/100 in
0.1 M PBS containing 0.2% BSA, NGS, and NSS, both di-
luted 1/50. The slides were washed with PBS containing
1% BSA and incubated for 30 min at 37 °C with an FITC-
conjugated goat anti-mouse antibody (Sigma, for BrUTP) and
a biotinylated sheep anti-rabbit antibody (Roche Diagnostics,
for RNA Polymerase 1) diluted 1/100 in PBS containing 0.2%
BSA. This secondary antibody was detected with streptavidin
labeled with Texas Red (Amersham Life Science, Little Chal-
font, United Kingdom) diluted 1/100 in PBS containing 0.2%
BSA for 10 min. After rinsing, the cells were mounted with
Citifluor™ AF1.

Confocal microscopy

A Biorad 1024ES system (Bio-Rad, Hercules, California)
mounted on an inverted IX70 Olympus optical microscope
was used. All acquisitions were made using a planapochro-
mat X60, 1.4 numerical aperture oil immersion objective. Ac-
quisitions were performed by exciting the FITC with the
488-nm line of a krypton/argon laser. The emission light was
collected through a bandpass filter at 522 + 16 nm. Texas
Red was excited with the 568-nm line of the same laser. The
emission light passed through a high-pass filter at 685 nm
before collecting. Phase contrast images were collected si-
multaneously on a specific detector. For three-dimensional
investigations, 30 to 50 optical sections were recorded with a
0.25-um z-step from the top of the cell. Colocalization of the
green and red signals was done in two ways. First, green and
red images corresponding to a single optical section were
classically overlaid and superimposition of both signals ap-
peared in yellow. Second, a more accurate picture of the
colocalization pattern was also obtained by using the Biorad
1024ES software. In this procedure, the intensity in the green
channel was plotted against that of the red one for each pixel
of both images. The scatter-plot thus obtained was used to
select the pixels that display the highest levels of both green
and red (i.e., between gray levels 126 and 255). These pixels,
which correspond to a significant labeling of both species
(i.e., to a real colocalization area) were shown in yellow rel-
ative to all the other pixels (that indicated either a single
labeling, or a low intensity of at least one of the labelings),
which were represented in blue.

Three-dimensional visualizations

Files were transferred to a Sun Sparc20 workstation (Sun
Microsystems, Mountain View, California) for processing, which
was performed using the Analyze software (CNSoftware,
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Southwater, United Kingdom)(Héliot et al., 1997; Klein et al,,
1998). Volumes were obtained by resampling the number of
sections to have an identical pixel size in the x, y, and z
directions. A 3 X 3 X 3 cubic median filter was subsequently
applied to remove background voxels that might have ap-
peared in the final volumic visualization pictures. From the
reconstructed volumes, two visualization procedures could
be used, both based on ray-tracing methods. On the one
hand, the ray passed through the whole volume, and the
value of the more intense voxel met through the ray was
attributed to the resulting pixel. By scanning all the volume
with the ray, a projection was obtained that allowed a volumic
visualization. On the other hand, the ray was reflected when
it met a voxel that had an intensity superior to a threshold. In
contrast to the first method, it led to a surfacic visualization.

Immunoelectron microscopy

Culture, permeabilization, incorporation, and washings were
all carried out in Petri dishes. Cells were fixed for 60 min at
room temperature in a mixture of 4% formaldehyde and 0.1%
glutaraldehyde in 0.1 M Sérensen’s buffer (pH 7.4). After fix-
ation, the cells were washed in Sérensen’s buffer, dehydrated
through graded ethanol solution, and finally embedded in
Epikote 812. The resin was polymerized for 2—-3 days at 40—
45°C. Ultrathin sections were mounted on nickel, collodion-
coated grids. For labeling, the grids were incubated for 30 min
by floating them on a drop of PBS (pH 7.2) containing NGS
diluted 1/30 and 1% BSA, then rinsed in PBS containing 1%
BSA. In the next step, the grids were incubated for 4 h at
room temperature with a monoclonal anti-BrdU antibody, di-
luted 1/100 in PBS (pH 7.2) containing NGS diluted 1/50 and
0.2% BSA. After washing with PBS (pH 8.2) containing 0.2%
BSA, the grids were incubated at room temperature for 1 h
with goat anti-mouse 1gG coupled to 10-nm colloidal gold
particles diluted 1/40 in PBS (pH 8.2) containing 0.2% BSA.
Then, they were rinsed in PBS (pH 8.2) containing 1% BSA,
rinsed in deionized water, and stained with uranyl acetate
and lead citrate before examination in a JEOL CX100 Il elec-
tron microscope at 60 KV.
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