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The coiled body is a specific intranuclear structure of unknown function that is enriched
in splicing small nuclear ribonucleoproteins (snRNPs). Because adenoviruses make use
of the host cell-splicing machinery and subvert the normal subnuclear organization, we
initially decided to investigate the effect of adenovirus infection on the coiled body. The
results indicate that adenovirus infection induces the disassembly of coiled bodies and
that this effect is probably secondary to the block of host protein synthesis induced by the
virus. Furthermore, coiled bodies are shown to be very labile structures, with a half-life
of -2 h after treatment of HeLa cells with protein synthesis inhibitors. After blocking of
protein synthesis, p80 coilin was detected in numerous microfoci that do not concentrate
snRNP. These structures may represent precursor forms of the coiled body, which goes
through a rapid cycle of assembly/disassembly in the nucleus and requires ongoing
protein synthesis to reassemble.

INTRODUCTION

Since the pioneering electron microscopic studies of
Bernhard and coworkers, it has became clear that the
nucleus of higher eukaryotic cells is a very complex
compartment organized into distinct structural do-
mains (Monneron and Bernhard, 1969; Bouteille et al.,
1974). Early work from these groups has established
clearly that RNA/protein complexes in the nucleus
are localized to distinct types of structures that include
the nucleolus, the perichromatin fibrils and perichro-
matin granules, the clusters of interchromatin gran-
ules, and the coiled body (reviewed in Monneron and
Bernhard, 1969; Smetana and Busch, 1974). Electron
microscopic autoradiography has demonstrated fur-
ther that extranucleolar RNA synthesis occurs in as-
sociation with perichromatin fibrils (recently reviewed
in Fakan, 1994), whereas the small nuclear ribonucleo-
proteins (snRNPs) involved in splicing of pre-mRNA
and several protein splicing factors have been local-
ized in association with perichromatin fibrils, clusters
of interchromatin granules, and coiled bodies (re-
viewed in Spector, 1993). According to the view that
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splicing occurs cotranscriptionally (Beyer and Os-
heim, 1988; LeMaire and Thummel, 1990; Bauren and
Wieslander, 1994), perichromatin fibrils are likely to
represent nascent transcripts with associated snRNPs
engaged in active splicing of the newly synthesized
pre-mRNA (Fakan, 1994). However, the additional
presence of snRNPs in interchromatin granules and
coiled bodies remains intriguing and poorly under-
stood.
The coiled body is a distinct subnuclear organelle

that contains splicing snRNPs and is intimately asso-
ciated with the nucleolus (recently reviewed in Boh-
mann et al., 1995b). Coiled bodies have been observed
in almost all cell types examined, ranging from mam-
mals to plants. A specific component of the human
coiled body is a novel protein with an Mr of -80 x 103
called p80 coilin (Andrade et al., 1991); more recently,
a homolog protein named SPH-1 was identified in
Xenopus laevis (Tuma et al., 1993). In the nucleus of
amphibian oocytes, SPH-1 is localized in prominent
"spheres" that also contain snRNPs and, therefore,
may be closely related or equivalent to coiled bodies
(reviewed in Gall et al., 1995; Roth, 1995).
In this work we sought to investigate whether ade-

novirus infection affects the coiled body. Adenovi-
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ruses have long been considered an invaluable tool for
understanding the mechanisms of pre-mRNA pro-
cessing in mammalian cells because the maturation of
viral RNA is carried out by the host cellular machinery
and involves capping, polyadenylation, methylation,
and splicing (reviewed in Ziff, 1980; Sharp, 1984). Con-
sistent with these data, we and others have demon-
strated previously that the virus subverts the normal
subnuclear organization by recruiting the host-splic-
ing snRNPs to the sites of viral transcription (Bridge et
al., 1993; Jimenez-Garcia and Spector, 1993; Pombo et
al., 1994; Puvion-Dutilleul et al., 1994).
The human adenovirus type 2 (Ad2) causes a pro-

ductive infection of HeLa cells that proceeds through
an infectious cycle of -36 h (reviewed in Tooze, 1980).
This cycle is conventionally divided into early and late
stages, separated by the onset of viral replication that
occurs -8 h after infection. During the early phase of
infection, -40% of the viral genome is expressed, en-
coding a small number of proteins that prime the
infected cell for viral DNA replication (Horwitz, 1990).
After the onset of viral DNA replication, -90% of the
genome is expressed, and the amount of created RNA
increases up to 10-fold. During this phase a single
major late promoter (MLP) is strongly activated and
encodes a large primary transcript that gives rise to
five families of mRNAs (L1-L5) by differential splicing
and polyadenylation (Tooze, 1980; Sharp, 1984). Each
of these mRNAs has in common a 5'-noncoding re-
gion of 201 nucleotides, called the tripartite leader,
and is derived by the splicing of three small introns.
Transcription from MLP attains a maximum level 18 h
after infection and then remains constant for at least
10 h, yielding large amounts of structural polypep-
tides that comprise the virion particle or are involved
in packaging viral genomic DNA (Horwitz, 1990).
During this period the viruses compete with the host
cell for control of the translational apparatus, and Ad2
has evolved multiple mechanisms that suppress cellu-
lar protein synthesis and enhance translation of late
viral mRNAs (reviewed in Zhang and Schneider,
1993).
In the present study we report that coiled bodies

disassemble in the nucleus of adenovirus-infected
cells, and we argue that the effect of adenoviral infec-
tion on the coiled body may be secondary to the block
of host protein synthesis induced by the virus.

MATERIALS AND METHODS

Cell Culture
HeLa-cell monolayer cultures were maintained in Dulbecco's mod-
ified minimum essential medium supplemented with 10% fetal calf
serum. Subconfluent cells were infected with wild-type Ad2 at a
multiplicity of infection of 20-focus-forming units (ffu) per cell.
Virus titers, expressed as ffu/ml, were determined on HeLa mono-
layers, as described previously (Philipson, 1961). The cells were
inoculated with virus in serum-free medium; after incubation for

1-2 h, the medium was removed and replaced by fresh medium
supplemented with 10% serum. The virus added was sufficient to
infect >80% of cells in all experiments.

For drug experiments fresh culture medium was added and al-
lowed to equilibrate for 1 h. The cells were then exposed to 100 JIM
anisomycin, 100 ,uM cycloheximide, or 1 ,uM emetine (Grollman,
1968; Vazquez, 1979). Stock solutions were prepared in 10% ethanol
and stored at -20°C (10 mg/ml anisomycin, 10 mg/ml cyclohexi-
mide, and 1 mg/ml emetine). Control experiments were performed
in the presence of ethanol (0.1% final concentration).

Antibodies
Monoclonal antibodies were raised against recombinant human
coilin by using standard procedures (Harlow and Lane, 1988).
Spleen cells from an immunized BALB/c mouse were fused with
mouse Ag8 plasmacytoma cells, and the resulting hybridomas were
screened by immunofluorescence. The cell line 1D4-8, which se-
cretes antibodies of the IgGl class, was derived from a positive
clone by limiting dilution in microtiter plates. This hybridoma cell
line was then used to induce a peritoneal tumor in pristane-primed
adult female mice, and ascitic fluid was collected.

In addition, a rabbit polyclonal serum raised against a His6-coilin
fusion protein (see reference 204 in Bohmann et al., 1995a) was used.
Fibrillarin was detected with the monoclonal antibody 72B9 (Reimer
et al., 1987). Splicing snRNPs were labeled with monoclonal anti-
bodies Y-12 (Lerner et al., 1981) and 7.13 (Billings et al., 1982) and
human autoimmune serum C45 (kindly provided by Dr. W. van-
Venrooij).

Probes
Biotinylated 2'-O-methyl oligonucleotides were synthesized as de-
scribed by Sproat et al. (1989). Biotin residues (either 2 or 4) were
linked at the 5' terminus via flexible alkyl spacer arms to additional,
nonbase-pairing deoxycytidine residues. The exon probe (5'-AI-
AIUACUIIAAAIACCI-3') is complementary to the second leader of
the major late transcription unit (nucleotides 7, 226-7, 243; Roberts et
al., 1986), and the intron probe (5'-IACCAIAUIIACICIICC-3') is
complementary to the first intron of the tripartite leader (nucleo-
tides 6, 189-6, 206; Roberts et al., 1986).

Immunofluorescence and In Situ Hybridization
Cells were grown on lOX 10 mm2 glass coverslips, rinsed twice in
phosphate-buffered saline (PBS), fixed with 3.7% paraformaldehyde
in PBS for 10 min at room temperature, and permeabilized with
0.5% Triton X-100 in PBS for 15 min. Alternatively, the cells were
rinsed in PBS, permeabilized with 0.5% Triton X-100 in CSK buffer
(Fey et al., 1986) for 30 s on ice, and then fixed with 3.7% parafor-
maldehyde in CSK for 10 min at room temperature.

For immunofluorescence, the cells were washed in PBS contain-
ing 0.05% Tween 20 and 0.05% NaN3 (PBS-Tw) and incubated with
primary antibodies diluted in PBS-Tw for 1 h at room temperature.
For double-labeling experiments, both primary antibodies were in-
cubated simultaneously for 2 h at room temperature. Antibody-
binding sites were detected with secondary antibodies conjugated
to either fluorescein isothiocyanate (FITC) or Texas Red (TxRed)
(Dianova, Germany; and Vector Laboratories, UK). The samples
were mounted in VectaShield (Vector) and sealed with nail polish.
Controls were performed using nonimmune sera and a variety of
rabbit, human, and mouse antibodies with distinct specificities.

For in situ hybridization, the cells were fixed in paraformalde-
hyde and permeabilized with 0.2% SDS in 10 mM Tris-HCl, pH 7.5,
1 mM EDTA, and 150 mM NaCl for 5 min with gentle shaking. The
cells were then equilibrated in 6x SSPE containing 0.01% Tween 20,
treated with 0.5 mg/ml Escherichia coli tRNA in 6x SSPE and 5x
Denhardt's solution for 30 min, and then incubated with the bioti-
nylated oligonucleotide probes diluted to 2 pM/,ud in the same
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buffer for 1 h. Alternatively, the samples were denatured in 70%
formamide, 2x SSC, and 50 mM sodium phosphate for 3 min at
73°C before hybridization. Hybridization was performed at room
temperature in a moist chamber. After hybridization, the cells were
washed three times in 6x SSPE at room temperature and twice in
4x SSC and 0.1% Tween 20 at 37°C for 5 min. The cells were then
sequentially incubated with FITC-conjugated avidin (5 ,ug/ml), bi-
otinylated anti-avidin (5 ,ug/ml), and FITC-avidin (Vector).
Nuclease digestion was performed on cells fixed in paraformal-

dehyde and permeabilized with SDS before hybridization. The sam-
ples were washed twice with 10 mM Tris-HCl, pH 7.5, and incu-
bated with 200 ,ug/ml heat-inactivated RNase A (Sigma, St. Louis,
MO) in the same buffer for 1 h at 37°C.

SDS-PAGE and Immunoblotting
Cells were harvested by scraping with a rubber policeman and
lysed by boiling for 5 min in SDS-PAGE sample buffer (62.5 mM
Tris-HCl, pH 6.8,2% SDS, 5% 13-mercaptoethanol, 10% glycerol, and
0.01% bromophenol blue). Proteins were separated on 8% acryl-
amide gels and transferred to nitrocellulose membranes. The mem-
branes were blocked and washed with 2% nonfat milk powder in
PBS. The blots were incubated overnight with primary antibodies
diluted in washing buffer, washed, and incubated for 1 h with
secondary antibody conjugated to alkaline phosphatase (Bio-Rad,
Richmond, CA).

Statistical Analysis
The number of coiled bodies per nucleus (NcB) was counted in -400
cells from each experimental group by using a random sampling
procedure. Postmitotic daughter cells were not scored because
coiled bodies are not yet formed at this stage (Ferreira et al., 1994).
For each group, NCB frequency tables were calculated, and the
Kruskal-Wallis (KW) test was applied to investigate the hypothesis
that all of the groups had similar distributions (Siegel and Castellan,
1988). The contingency table was used to determine a KW statistic,
and the level of significance chosen was a = 5%. The hypothesis that
all samples were taken from the same population was rejected if the
calculated p-value associated with the KW statistic was <0.05.
When the null hypothesis was rejected, the nonparametric test
described by Conover (1980) was used to determine which pairs of
groups tended to differ; this was done at the same level of signifi-
cance (a = 5%). The hypothesis that any two groups were taken
from the same population was rejected if the calculated p-value was
<0.05.

Fluorescence Microscopy
Samples were examined with a Zeiss LSM 310 microscope
(Oberkochen, Germany). Confocal microscopy was performed with
argon ion (488 nm) and HeNe (543 nm) lasers to excite FITC and
TxRed fluorescence, respectively. For double-labeling experiments,
images from the same confocal plane were sequentially recorded
and superimposed. Alternatively, images were digitized with a
Hamamatsu SIT-camera and an ARGUS 10 image processor
(Hamamatsu Photonics, Japan). The images were captured with the
use of separate filters and then superimposed. To obtain a precise
alignment of superimposed images, the equipment was calibrated
by using multicolor fluorescent beads (Molecular Probes, Eugene,
OR) and a dual-band filter that allows simultaneous visualization of
red and green fluorescence.

Electron Microscopy
Immunoelectron microscopy was performed by using anti-coilin
monoclonal antibodies and a pre-embedding technique as described
previously (Ferreira et al., 1994). The cells were sequentially incu-
bated with monoclonal antibody 1D4-5 (diluted 1:1000 in 0.1%
gelatin, 1% bovine serum albumin, 0.15 M NaCl, and 0.1 M Tris-

HCl, pH 7.4) and goat anti-mouse IgG coupled to 5-nm gold parti-
cles (Serotec, Oxford, UK; diluted 1:50 in 0.1% gelatin, 1% bovine
serum albumin, 0.15 M NaCl, and 0.1 M Tris-HCl, pH 7.4). After
immunogold labeling, the cells were post-fixed, dehydrated, and
embedded in Epon (Ferreira et al., 1994). Ultrathin sections were
observed with a Jeol 100CXII electron microscope operated at 80 kV.

RESULTS

Adenoviral RNA Is Not Detected in Coiled Bodies
HeLa cells were infected with Ad2 and harvested
14-16 h after infection. The cells were fixed with
paraformaldehyde, permeabilized with SDS, and in-
cubated with a 2'-O-methyl ribonucleotide probe
complementary to the second leader of the major
late transcription unit (Figure 1). This probe, which
hybridizes to unspliced and spliced RNAs, pro-
duced an intense labeling of both the nucleus and
the cytoplasm from infected cells (Figure 1A),
whereas it did not stain uninfected cells (Figure 1C).
In infected cells, the staining was completely abol-
ished when digestion with RNase A was performed
before hybridization (Figure 1B), indicating that the
modified riboprobe is not hybridizing with the viral
single-stranded DNA molecules that accumulate in
the nucleus. In contrast, when DNA probes are
used, it is necessary to digest the samples with
RNase and DNase to discriminate between RNA
and single-stranded DNA (Jimenez-Garcia and
Spector, 1993; Pombo et al. 1994; Zhang et al., 1994).
Thus, 2'-O-alkyloligoribonucleotides are particu-
larly useful as antisense probes to localize Ad2 RNA
molecules in situ.
To specifically visualize unspliced viral RNA, we

made use of a riboprobe complementary to the first
intron of the tripartite leader (Figure 1). Surprisingly,
this probe failed to produce any labeling unless the
cells were denatured before hybridization. Under
these conditions, the probe stained exclusively the
nuclei of infected cells (Figure 1, D and F), and diges-
tion with RNAse A confirmed that the riboprobe hy-
bridized specifically to RNA molecules (Figure 1E).
When the exon probe was used to perform hybridiza-
tion under the same denaturation conditions, the re-
sults were similar to those obtained in the absence of
denaturation (our unpublished observations).
Within the nucleus both the exon and the intron

probes revealed a complex pattern of ring-like struc-
tures (Figure 1, A and D), similar to that observed
previously when in situ hybridization was per-
formed with a genomic Ad2 probe (Pombo et al.,
1994). To analyze whether coiled bodies are part of
the intranuclear domains containing Ad2 RNA, we
performed immunolocalization studies by using an-
tibodies to the coiled-body protein p80 coilin. Two
types of anti-coilin antibodies were used: a mouse
monoclonal antibody raised against recombinant
human coilin (see MATERIALS AND METHODS)
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Figure 1. In situ detection of
Ad mRNA. HeLa cells were

infected for 16 h and hybrid-
ized with biotinylated 2'-O-
methyl oligonucleotides (A
and D). The exon probe is
complementary to the second
leader of the major late tran-
scription unit, and the intron
probe is complementary to the
first intron of the tripartite
leader. In the diagram, boxes
represent exons and lines rep-
resent introns. As controls, in-
fected cells were digested with
RNase A before hybridization
(B and E); altematively, hy-
bridization was performed on
noninfected cells (C and F).
Bar, 10 ,um.

and a rabbit polyclonal serum raised against a His6-
coilin fusion protein (Bohmann et al., 1995a). West-
ern blot analysis of total cellular protein extracts
shows that both antibodies react specifically with
p80 coilin in either uninfected or Ad2-infected cells.
In addition, the data indicate that the amount of p80
coilin per cell remains approximately constant
throughout infection (Figure 2). By immunofluores-
cence, both antibodies revealed the presence of
coiled bodies in the nucleus of either uninfected or
infected cells. However, most uninfected cells con-
tained one to five coiled bodies per nucleus,
whereas infected cells were mostly devoid of coiled
bodies or contained only one or two (Table 1). Dou-
ble-labeling experiments using anti-coilin antibod-
ies, and either the exon or the intron probe failed to
detect any accumulation of viral RNA in the coiled
body (Figure 3).

Because coiled bodies in noninfected cells are en-
riched in snRNPs (Lamond and Carmo-Fonseca,
1993) and because snRNPs redistribute in the nu-

cleus of infected cells colocalizing with the sites of
viral transcription (Pombo et al., 1994), we sought to
determine whether snRNPs persist in the coiled
bodies of infected cells. Double-labeling experi-
ments with either the exon probe and anti-Sm anti-
bodies or anti-coilin and anti-Sm antibodies confirm
that snRNPs redistribute and colocalize with viral
RNA (our unpublished observations) and demon-
strate that snRNPs are still present in coiled bodies
(Figure 4). However, in contrast with noninfected
cells, coiled bodies no longer appear to represent
sites of higher snRNP concentration in the nucleus
(Figure 4, compare A and B).
In conclusion, the results show that after Ad2

infection coiled bodies become scarcer and do not
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Figure 2. Specificity of anti-coilin antibodies. HeLa cell extracts
(-105 cells per lane) were prepared from uninfected and Ad-in-
fected cells 8 and 24 h after infection. The proteins were fractionated
on 8% SDS-PAGE, transferred to nitrocellulose, and immuno-
blotted. (A) Coomassie Blue-stained gel. (B) Immunoblot probed
with rabbit polyclonal serum 204.3. Mr markers are shown on the
left (in kDa).

associate with either spliced or unspliced viral
mRNA. Therefore, it is unlikely that coiled bodies
play a direct role in the processing of adenoviral
RNA.

Figure 3. Ad mRNA is not detected in
coiled bodies. HeLa cells were infected for
16 h. In situ hybridization with either the
intron (A) or the exon (C) probes was com-
bined with immunofluorescence using an-
ti-coilin serum 204.3 (B and D). Arrow-
heads indicate coiled bodies. Bar, 10 ,um.

Table 1. The number of coiled bodies per nucleus (NcB) in unin-
fected and adenovirus-infected cells

Infected
Uninfected (16 h p.i.)

NCB % of cells % of cells

0 19 79
1 25 17
2 36 4
3 14 0
4 4 0
5 2 0

In each group 300-400 cells were analyzed. Coiled bodies were
identified as brightly fluorescent foci with an apparent diameter of
.0.8 Elm. Microfoci (-0.3 ,um) labeled by anti-coilin antibodies were
not included in the analysis. Ad2 infection was confirmed by in situ
hybridization with the exon probe. Statistical analysis indicated that
NCB differs between the two groups.

Adenovirus Infection Induces the Disassembly of
Coiled Bodies
In the majority of cells harvested 16 h after infection,
coiled bodies were no longer visible (Table 1). How-

Vol. 7, July 1996 1141



L. Rebelo et al.

Figure 4. The distribution of snRNPs and coilin in Ad-infected cells. Double-labeling experiments were performed using anti-Sm
monoclonal antibody (A-C) and rabbit anti-coilin serum (D-F). In uninfected HeLa cells (A and D), splicing snRNPs are highly concentrated
in coiled bodies (arrows). At 16 h after Ad infection, snRNPs are recruited to the sites of viral transcription (B and C); in some cells, coiled
bodies are still present (B and E, arrows); however, in the majority of infected cells, coiled bodies have disassembled, and coilin is detected
in 50-100 microfoci that do not seem to concentrate snRNPs (C and F). Bar, 10 t,m.

ever, both the mouse monoclonal and the rabbit poly-
clonal anti-coilin antibodies revealed 50-100 microfoci
dispersed throughout the nucleoplasm (Figure 4F). In
order to further characterize these structures, we per-
formed immuno-electron microscopy using the mono-
clonal antibody 1D4-6. Figure 5 depicts a representa-
tive staining of control, uninfected HeLa cells. The
immuno-gold particles are predominantly associated
with coiled bodies, i.e., round structures which have a
diameter of 0.5-1 ,tm and appear to consist of a tangle
of loosely coiled threads (Figure 5B, large arrow). In
addition, there is a specific labelling of small dense
spheres of approximately 0.05 ,um in diameter (Figure
5B, arrowheads). Upon adenovirus infection, typical
coiled bodies are still visible in cells at early stages of
infection (Figure 6, A and B). However, at later stages
of infection the gold particles decorate dense, homo-
geneous structures with a diameter of approximately
0.3 ,um (Figure 6C).
Double-labelling experiments using either anti-Sm

and anti-coilin antibodies (Figure 4C and F), the intron
or exon probes and anti-coilin antibodies, or anti-

fibrillarin and anti-coilin antibodies (Figure 7 and
unpublished observations) demonstrate that the mi-
crofoci contain coilin and fibrillarin but do not con-
centrate either snRNPs or Ad2 RNA. Thus, we con-
clude that adenovirus infection induces the formation
of intranuclear dense microbodies which contain coi-
lin and fibrillarin but are distinct from coiled bodies.

Coiled Bodies Disassemble in the Presence of
Protein Synthesis Inhibitors
Having established that Ad2 infection results in the
loss of coiled bodies, we next sought to investigate
which mechanism is responsible for this effect. Be-
cause the disassembly of the coiled body occurs dur-
ing the late phase of Ad2 infection and because this
stage is marked by the inhibition of cellular protein
synthesis (Zhang and Schneider, 1993), we decided to
analyze the effects of drugs that block protein synthe-
sis on coilin and the coiled body. Uninfected cells were
incubated with anisomycin and harvested at 1-h inter-
vals. For each time point, immunofluorescence was
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Figure 5. Immunoelectron microscopic localization of coilin in uninfected cells. HeLa cells were immunogold-labeled with the anti-coilin

monoclonal antibody 1D4-6. In these cells, the nucleolus (NU) is typically reticulated, with numerous fibrillar centers. B shows that

immunogold particles are specifically localized on coiled bodies that have a diameter of 0.5-1 ,um and seem to consist of a loose tangle of

coils (large arrow); in addition, there are gold particles associated with microspherules of -0.05 ,um in diameter that appear dispersed in the

nucleoplasm (arrowheads). Bar, 0.5 p.m.
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Figure 6. Immunoelectron microscopic localization of coilin in Ad-infected cells. HeLa cells were harvested 16 h after infection and
immunogold labeled with the anti-coilin monoclonal antibody 1D4-8. In some cells, coiled bodies are still visible (A, arrow). Arrowheads in
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Figure 7. The coilin microfoci induced by Ad contain fibrillarin. Ad2-infected HeLa cells were harvested 16 h after infection and
double-labeled using either the exon probe and anti-coilin antibody (A and B) or the anti-fibrillarin and anti-coilin antibodies (C and D). The
exon probe produces an intense labeling of dot-like structures (B, arrowheads) that do not colocalize with coilin microfoci (A). In contrast,
fibrillarin colocalizes with coilin in the microfoci (C and D, small arrows); on the upper right corner these panels depict an uninfected cell
containing a typical coiled body (arrowheads). Bar, 10 ,tm.

performed with anti-coilin antibodies, and the number
of coiled bodies per nucleus was counted in -400
cells. The results show that anisomycin induces a pro-
gressive decrease of coiled bodies in the nucleus. After
2 h of treatment, the average number of coiled bodies
per nucleus was reduced by one-half, and after 4-5 h
of drug treatment, -70% of cells were devoid of coiled
bodies (Figure 8). In contrast, a parallel Western blot
analysis revealed that the amount of p80 coilin per cell
was not significantly altered after 5 h of drug treat-
ment (Figure 9D). Interestingly, the nuclei of anisomy-

(Figure 6 cont.) A point to virus-induced dense microbodies that
are not labeled by anti-coilin antibody. B depicts a large magnifica-
tion of the coiled body shown in A. At later stages of infection, when
viral particles accumulate in the nucleoplasm (arrowheads), the
anti-coilin antibody labels homogeneous dense spheroidal structures
with -0.3 ,um in diameter (C, arrows). Nu, nucleolus. Bar, 0.5 ,um.

cin-treated cells often contained coilin microfoci,
which appear very similar to those observed in ade-
novirus-infected cells (Figures 9B and 11, fluorescence
microscopy; Figure lOB, electron microscopy). Double-
labeling experiments further confirmed that the aniso-
mycin-induced microfoci contain fibrillarin but not
snRNPs (Figure 11); they also revealed that in aniso-
mycin-treated cells snRNPs tend to accumulate in en-
larged "speckles," which are known to correspond to
clusters of interchromatin granules (Figure 1 B). After
removal of anisomycin from the culture medium, the
microfoci disappeared, whereas snRNP-containing
coiled bodies reappeared and reached numerical val-
ues similar to those observed in nontreated cells (Fig-
ures 8 and 9).
Treatment of uninfected HeLa cells with either cy-

cloheximide or emetine for 5 h also induced a decrease
of coiled bodies in the nucleus (Table 2) and the ap-
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100%- - - - - Figure 8. Anisomycin induces a re-
_90% - 1 - 1 1_versible loss of coiled bodies. Quanti-

80% fication of the number of coiled bodies
70% per cell nucleus (NcB) was performed

o 60% in control cells (Ao = untreated), in

a 40% cells treated with anisomycin for 1-5 h530% - | | S - - - - l l l l (A1 = anisomycin 1 h; A2 = anisomy-C

30% cin 2 h; A3 = anisomycin 3 h; A4 =

X 10% anisomycin4 h; A5 = anisomycin 5 h),0%- _ and in cells treated for 5 h and then
allowed to recover for 5 or 24 h (R5 =AO Al A2 A3 A4 A5 R5 R24 recovery 5 h; R24 = recovery 24 h). At

Group each time point, -400 cells were ran-

Number of coiled domly selected and analyzed. The fig-
bodiesperced *O 01 *2 *3 *4 *5 *6 *7 ure depicts the calculated frequencies

of NCB. Statistical analysis indicated
that treatment with anisomycin induced significant changes in coiled-body frequency at all time points examined, whereas after 24 h of
recovery the distribution of NCB did not differ from that observed in untreated cells. Similar results were obtained in another two independent
experiments.

pearance of coilin microfoci (our unpublished obser-
vations).

In summary, the results show that coiled bodies are
very dynamic structures that require ongoing protein
synthesis and indicate that the effects of adenovirus
infection on the coiled body are probably secondary to
the block of host protein synthesis induced by the
virus.

DISCUSSION

In this study, we show that the coiled body is a very
dynamic intranuclear structure that requires ongoing
protein synthesis. The observed disappearance of
coiled bodies induced by protein synthesis inhibition
is consistent with at least two alternative models. 1)
Coiled bodies have a high turnover in the nucleus, and
inhibition of protein synthesis prevents their reassem-
bly; or 2) coiled bodies disassemble in the presence of
protein synthesis inhibitors. Consistent with the first
model, Wu and coworkers found that human p80
coilin is rapidly targeted to the amphibian sphere
organelles, where it replaces the endogenous SPH-1
protein (Wu et al., 1994). Because the level of p80 coilin
remains approximately unchanged after blocking pro-
tein synthesis (Figures 2 and 9), we conclude that this
protein is not rapidly turning over in the cell. Thus, if
the SPH-1 protein can be rapidly replaced by p80
coilin in spheres, it is more likely that these structures
go through a rapid cycle of assembly/disassembly in
the nucleus.
Our quantitative data indicate that treatment of cul-

tured cells with either anisomycin, cycloheximide, or
emetine causes a significant decrease in the number of
coiled bodies per nucleus and in the case of anisomy-
cin this effect is fully reversed upon removal of the
drug from the culture medium. Furthermore, inhibi-
tion of protein synthesis caused by either adenovirus-
infection or drugs is shown to induce the appearance

of 50-100 microfoci per nucleus, which contain coilin
and fibrillarin but do not concentrate snRNPs. At the
electron microscopic level the coilin positive microfoci
appear as dense aggregates which are clearly distinct
from coiled bodies (cf Figures 5 and 6). Possibly, these
structures correspond to the dense bodies described
by Lafarga et al. (1994) in the nucleus of supraoptic
neurons from rats injected with cycloheximide. A ma-
jor conclusion from these results is that coilin may be
present in nuclear foci which are not coiled bodies.
This emphasizes the importance of electron micro-
scopic studies in the identification and analysis of the
coiled body.

Interestingly, the coilin microfoci induced by ade-
novirus or protein synthesis inhibitors are very similar
to the so-called pre-coiled bodies that we have previ-
ously observed during early mouse embryogenesis,
before the appearance of typical coiled bodies (Fer-
reira and Carmo-Fonseca, 1995). We propose that in
actively growing somatic cells the pre-coiled bodies
are rapidly incorporated into coiled bodies and thus
are not easily detected by light microscopy. Upon
inhibition of protein synthesis, the assembly process
may be impaired and consequently the precoiled bod-
ies accumulate and become conspicuous in the nu-
cleus.
The observation that coiled bodies are very promi-

nent when cells are either incubated at low tempera-
tures (Carmo-Fonseca et al., 1993) or taken from hiber-
nating animals (Malatesta et al., 1994) is also consistent
with the idea that coiled bodies go through an assem-
bly/disassembly cycle in the nucleus (see Lamond
and Carmo-Fonseca, 1993). In this regard it is note-
worthy that typical coiled bodies are replaced by
"loosened" coiled bodies upon arousal from hiberna-
tion (Malatesta et al., 1994). Possibly, at lower temper-
atures the normal disassembly of coiled bodies is
slowed down and therefore the coiled structure ap-
pears more perceptible, whereas in the actively me-

Molecular Biology of the Cell1146



Coiled Bodies in Adenovirus-infected Cells

- anisomvcin + anisomycin recovery

D

coilin -

Figure 9. Coiled bodies disassemble in anisomycin-treated cells. The anti-coilin monoclonal antibody 1D4-6
was used to perform immunofluorescence on HeLa cells incubated in the presence of either 0.1% ethanol (A)
or 100 ,uM anisomycin for 5 h (B). In addition, cells were treated with anisomycin for 5 h, washed, and
allowed to recover for 24 h (C). Bar, 10 ,um. (D) Total cell extracts (-2x 105 cells per lane) were prepared from
untreated HeLa cells and cells treated for 5 h with anisomycin. The proteins were fractionated on 8%
SDS-PAGE, transferred to nitrocellulose, and immunoblotted using the monoclonal antibody 1D4-5.

tabolising cells from arousing animals the turnover of
coiled bodies may be greatly increased giving rise to a

poorly structured morphology.
Coiled bodies are intimately associated with the nu-

cleolus and, in fact, they were first described as "nu-
cleolar accessory bodies" in neurons by Ramon y Cajal
(1903). At the electron microscopic level, coiled bodies
are frequently observed attached to the nucleolar pe-
riphery (Carmo-Fonseca et al., 1993; Ferreira and
Carmo-Fonseca, 1995) and, in some cases, they have
even been detected inside the nucleolus (Malatesta et
al., 1994; Ochs et al., 1994). Although coiled bodies are

apparently deprived of rRNA, they contain some nu-
cleolar proteins such as fibrillarin (Raska et al., 1990,
1991), Noppl40, NAP57 (Meier and Blobel, 1994), and
ribosomal protein S6 (Jimenez-Garcia et al., 1994). Fur-
thermore, it has been shown recently that overexpres-
sion of mutated forms of the human p80 coilin gene
induces a disorganization of both the coiled body and
the nucleolus, demonstrating that the two structures
share either a common structural framework or a com-
mon assembly pathway (Bohmann et al., 1995a). Dur-

ing adenoviral infection the maturation of ribosomal
RNA is severely depressed, and the morphology of
the nucleolus is drastically altered (Raskas et al., 1970;
Ledinko 1972; Puvion-Dutilleul and Christensen,
1993). However, there is no evidence for a direct in-
teraction of the virus with the nucleolus, and because
drugs that inhibit protein synthesis do affect the pro-

cessing of rRNA in a similar way, it has been proposed
that this viral effect simply reflects the suppression of
host protein synthesis (Tooze, 1980). Taking into ac-

count the close association between the nucleolus and
the coiled body, it is conceivable that the disassembly
of coiled bodies may be related with the disorganiza-
tion of the nucleolus induced by protein synthesis
inhibition. Accordingly, coiled bodies are also disas-
sembled in cells infected by herpes simplex virus 1,
which makes only minimal use of the cellular RNA-
splicing machinery but shuts down host RNA poly-
merase I activity and ribosomal RNA synthesis
(Phelan et al., 1993) (A. Phelan and M. Carmo-Fonseca,
unpublished observations).
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Figure 10. Immunoelectron mi-
croscopic localization of coilin in
anisomycin-treated cells. HeLa cells
were treated with anisomycin for 5
h and immunogold labelled using
the anti-coilin monoclonal antibody
1D4-8. Panel A shows that nucleoli
(NU) have become compact, with
few fibrillar centers. (B) The immu-
nogold is specifically localized in
dense, spheroidal structures -0.3
,um in diameter (arrows). Bar, 0.5
,um.

The observed loss of coiled bodies in the nucleus of
adenovirus-infected cells while viral RNA is being
transcribed and exported to the cytoplasm at maximal

rates (Bridge et al., 1995) is in agreement with the idea
that coiled bodies contain splicing snRNPs but do not
represent major splicing sites. Although coiled bodies
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Figure 11. The coilin microfoci induced
by anisomycin contain fibrillarin. HeLa
cells were treated with anisomycin for 5 h
and then double-labeled using either anti-
coilin and anti-Sm antibodies (A and B) or
anti-coilin and anti-fibrillarin antibodies
(C and D). Arrowheads in B point to ac-
cumulation of Sm staining in enlarged
speckles; arrowheads in D point to fibril-
larin staining in nucleoli. Bar, 10 ,tm.

could be specialized sites where splicing of specific
cellular pre-mRNAs takes place, the observation that
they may also contain nonspliceosomal small RNAs
such as the U3, U7, and U8 snRNAs (Wu et al., 1993;
Bauer et al., 1994; Jimenez-Garcia et al., 1994; Frey and
Matera, 1995) suggests a more general function of the
coiled body in the metabolism of snRNPs. Consistent
with this view, it has been proposed recently that
coiled bodies may play a role in post-transcriptional
modification of snRNAs on base and sugar residues
(Bohmann et al., 1995b).

The finding that coiled bodies are very labile struc-
tures that require ongoing protein synthesis makes it
unlikely that these are just sites where inactive
snRNPs are passively stored. Rather, we favor the idea
that coiled bodies play an active role in snRNA or
snRNP metabolism, such as assembly, modification,
or recycling. According to this concept, conditions that
cause the disassembly of coiled bodies should inter-
fere with snRNP structure and function. In fact, it is
well known that the nucleus of Ad2-infected cells
contains large amounts of partially spliced viral

Table 2. The effect of protein synthesis inhibitors on the number of coiled bodies per nucleus (NCB)

Untreated Anisomycin Emetine Cycloheximide

NCB % of cells % of cells % of cells % of cells

0 18 71 56 54
1 26 20 26 28
2 37 8 15 15
3 15 1 3 3
4 3 0 0 0
5 1 0 0 0

Cells were treated with 100 ,uM anisomycin, 1 ,lM emetine, or 100 ,uM cycloheximide for 5 h. Coiled bodies were identified as brightly
fluorescent foci with an apparent diameter of .0.8 Am. Microfoci (-0.3 ,um) labeled by anti-coilin antibodies were not included in the
analysis. The results are mean values from two independent experiments. A total of 3600 cells were analyzed (-450 per experimental group).
Statistical analysis indicated that NCB is altered by all drugs; treatment with emetine and cycloheximide produced similar frequency
distributions, whereas treatment with anisomycin produced a significantly different distribution.
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mRNAs that may correspond to accumulated aberrant
intermediates (Sharp, 1984), and a possible cause for
such inefficient processing could be incomplete snRNP
recycling attributable to the absence of coiled bodies.
On the other hand, treatment of cells with anisomycin
induces a rapid and reversible disassembly of coiled
bodies, with a parallel accumulation of splicing
snRNPs in enlarged clusters of interchromatin gran-
ules. Because snRNPs have been shown previously to
accumulate in interchromatin granules when tran-
scription or splicing is inhibited (Carmo-Fonseca et al.,
1992; O'Keefe et al. 1994), one could speculate that in
the absence of coiled bodies snRNPs are no longer
correctly recycled to participate in the splicing reac-
tion. Clearly, further experiments are required to ad-
dress specifically whether snRNPs become function-
ally defective after disassembly of the coiled body.
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