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Abstract

Cajal bodies (CB) are ubiquitous nuclear structures involved in the
biogenesis of small nuclear ribonucleoproteins and show narrow
association with the nucleolus. To identify possible relationships
between CB and the nucleolus, the localization of coilin, a marker of
CB, and of a set of nucleolar proteins was investigated in cultured PtK2

cells undergoing micronucleation. Nocodazol-induced micronucleated
cells were examined by double indirect immunofluorescence with
antibodies against coilin, fibrillarin, NOR-90/hUBF, RNA polymerase
I, PM/Scl, and To/Th. Cells were imaged on a BioRad 1024-UV
confocal system attached to a Zeiss Axiovert 100 microscope. Since
PtK2 cells possess only one nucleolus organizer region, micronucleated
cells presented only one or two micronuclei containing nucleolus. By
confocal microscopy we showed that in most micronuclei lacking a
typical nucleolus a variable number of round structures were stained
by antibodies against fibrillarin, NOR-90/hUBF protein, and coilin.
These bodies were regarded as CB-like structures and were not stained
by anti-PM/Scl and anti-To/Th antibodies. Anti-RNA polymerase I
antibodies also reacted with CB-like structures in some micronuclei
lacking nucleolus. The demonstration that a set of proteins involved in
RNA/RNP biogenesis, namely coilin, fibrillarin, NOR-90/hUBF, and
RNA polymerase I gather in CB-like structures present in nucleoli-
devoid micronuclei may contribute to shed some light into the under-
standing of CB function.
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Introduction

Several structural and functional nuclear
domains have been characterized over the
last decades. The nucleolus, the most promi-
nent nuclear domain, is involved in rRNA
synthesis. In contrast, several other nuclear
bodies have been poorly characterized in
functional terms. One of the best known is

the Cajal body (CB), first detected by light
microscopy of sliver-stained nucleolar ac-
cessory bodies in 1903 by the Spanish cy-
tologist Ramon y Cajal (1). Later, the same
structure was characterized by electron mi-
croscopy as a round threaded non-membrane-
limited structure measuring 0.2 to 1.0 µm in
diameter and denominated coiled body (2-
4). Today, the structure is called Cajal body
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in honor of Ramon y Cajal (5).
Despite its ubiquitous presence in the

nuclei of most animal and plant cells, its
function has not been identified (6-10). In
the early 90s, a novel protein enriched in the
CB was recognized by human autoantibod-
ies and designated p80-coilin (7). Anti-coilin
antibodies were extremely valuable probes
for studying the CB by immunofluorescence
and immunoelectronic microscopic tech-
niques. The renewed interest in this nuclear
structure has stimulated studies of its behav-
ior during cell division and cell proliferation
(8-10). CBs are dynamic structures that dis-
assemble during mitosis to reappear at late
G1, after nucleolus reformation (8,9). They
vary in number and size in different cell
lines, being more prominent in fast growing
cells (8,11-13).

Although the function of CB is not fully
understood, several lines of evidence point
to possible roles in the processing of small
nuclear ribonucleoprotein (snRNP), histone
genes processing and pre-rRNA (14-17). CBs
are not involved in pre-mRNA transcription
or splicing since they lack DNA, nascent
pre-mRNA and some essential splicing fac-
tors such as SC-35 (16).

An intriguing relationship between CB
and nucleolus was observed in its first de-
scription in 1903, and was further strength-
ened by electron microscopy studies (18),
and by the demonstration of several nucle-
olar antigens in CBs, such as snRNPs,
fibrillarin, Nopp140, NAP57, and ribosomal
protein S6 (16,19). Fibrillarin is a 34-kDa
phosphoprotein found in association with
uridine-rich small nucleolar RNAs which
participates in rRNA processing (16). In con-
trast, the nucleolus organizer region (NOR)-
90 protein, involved in the regulation of
rRNA transcription, is not found in CBs.
NOR-90 protein, the human upstream bind-
ing factor (hUBF), is a nucleolar transcrip-
tion factor found in association with rRNA
genes (20). The full length human p80-coilin
was sequenced (21) and recently a self-asso-

ciation N-terminal domain and a cryptic
nucleolar localization signal were identified
within the protein (22). It was suggested that
the self-association domain plays an impor-
tant role in localizing coilin to CBs in HeLa
cells and showed that coilin hyperphospho-
rylation reduces self-interaction (22). These
observations led to the hypothesis that phos-
phorylation may control aspects of coilin
function by altering its folding and subcellu-
lar localization.

In order to gain insight into the relation-
ship between coilin and nucleolar proteins
we chose to study their behavior in micro-
nucleated cells. Micronucleation is a sponta-
neous phenomenon in some cell lines and
can also be induced by treatment with micro-
tubule inhibitors. In this process, in contrast
to normal dividing cells, the genomic mate-
rial is fractionated among several micronu-
clei but chromosome integrity is preserved
(23). In PtK cells, a rat-kangaroo cell lin-
eage, NOR is localized in the X chromo-
some. PtK2 cells, the male lineage, have only
one NOR-bearing chromosome per cell, and
upon micronucleation only the micronuclei
containing that chromosome will be able to
form a normal nucleolus and produce
rRNAs (23). Earlier studies have shown that
NOR-devoid PtK2 micronuclei present
nucleolus-related fibrillar bodies or dots
(24,25). These bodies were not recognized
by anti-RNA polymerase I antibodies but
reacted with antiserum against fibrillarin and
with a monoclonal antibody against a 180-
kDa protein also found in the nucleolus dense
fibrillar component (DFC) (24). Benavente
et al. (24) suggested that in the absence of
rRNA gene, the proteins usually found in the
DFC region assemble into spherical bodies
not containing proteins normally found in
the fibrillar center (FC) or granular compo-
nent (GC). In contrast, another study con-
ducted on the female lineage PtK1 cells em-
ploying three different human autoimmune
sera specific for FC, DFC, and GC antigens
as characterized by electron microscopy and
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immunoblotting, reported that each of these
nucleolar antigens tested could be found in
the dots (25). The behavior of coilin was not
addressed in these papers.

In view of this body of indirect evidence
linking the CB and the nucleolus, we de-
cided to investigate the distribution of the
CB marker protein coilin and a set of nucle-
olar autoantigens, fibrillarin, NOR-90/hUBF,
PM/Scl, RNA polymerase I, and To/Th in
PtK2 cells submitted to micronucleation in-
duced by the reversible microtubule inhibi-
tor nocodazole (26).

It is worthwhile mentioning that several
cellular proteins are specifically recognized
by autoantibodies elicited in the course of
autoimmune diseases, although the reason
why these molecules became targets for the
immune system is not clear. The initial rec-
ognition of one molecular species by autoan-
tibodies may evolve to the recognition of
other molecules that are related to the first
one either spatially or functionally. All the
molecular species addressed in this paper
were shown to be autoantibody targets.

Material and Methods

Cell culture

PtK2 cells obtained from the Culture Cell
Laboratory of Dr. H. Armelin, University of
São Paulo, were routinely grown in DMEM
supplemented with 10% fetal calf serum at
37ºC in a humid 5% CO2 atmosphere.
Micronucleation was induced by culturing
actively growing cells on circular coverslips
for 48 h with 400 ng/ml nocodazole (Calbio-
chem, San Diego, CA, USA). Cells were
fixed in 3% paraformaldehyde for 15 min
and permeabilized in 0.2% Triton-X100 for
3 min before processing for double indirect
immunofluorescence.

Indirect immunofluorescence

Rabbit anti-coilin antiserum R288 (7)

(1:100), mouse monoclonal anti-fibrillarin
antibody 72B9 (27) (1:30), and human anti-
sera anti-NOR-90/hUBF (1:100), anti-To/
Th (1:80), anti-RNA polymerase I (1:80),
and anti-PM/Scl (1:100), kindly provided by
Dr. E.M. Tan (Scripps Research Institute, La
Jolla, CA, USA), were used as primary anti-
bodies. Fluorescein-labeled sheep anti-rab-
bit IgG (1:100), Cy3-labeled sheep anti-
mouse IgG (1:130), and Cy3-labeled goat
anti-human IgG (1:140) antibodies were used
as secondary antibodies (Sigma, St. Louis,
MO, USA). Bisbenzimide H33342 fluoro-
chrome tetrahydrochloride (Calbiochem) was
used for chromatin staining. Coverslips were
inverted for 1 h onto 50 µl R288, washed in
0.05% PBS/Tween 20, inverted for 1 h onto
50 µl of the counterstaining antibody and
washed again. Subsequently, coverslips were
inverted for 30 min onto each individual
fluorescent conjugate. After washing, the
coverslips were mounted with buffered glyc-
erol on microscopy slides and sealed with
nail varnish. Cells were imaged on a BioRad
1024-UV confocal system (BioRad, Her-
cules, CA, USA) attached to a Zeiss Axiovert
100 microscope, using a 40X N.A. 1.2 Plan-
Apochromatic (DIC) water immersion ob-
jective. All images were collected by Kalman
averaging at least 15 frames (512 x 512
pixels), using a maximum aperture (pinhole)
of 2.0 mm. The confocal immunofluores-
cence microscopy images presented corre-
spond to a single optical plane through the
sample. Prints were generated by dye-subli-
mation with a Codonics NP1600 printer
(28,29).

Results

PtK2 interphase cells stained with anti-
coilin antibodies showed either one or no
visible CB. A fine speckled pattern was usu-
ally seen in the nucleoplasm. Interphase cells
stained with anti-fibrillarin, anti-NOR-90/
hUBF, anti-To/Th, anti-RNA polymerase I,
or anti-PM/Scl antibodies showed the ex-
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pected nucleolar pattern.
Nocodazole-treated PtK2 cultures showed

a high proportion of micronucleated cells, as
assessed by chromatin staining. The nucleoli
of micronucleated PtK2 cells were consis-
tently and brightly labeled with either anti-
NOR-90/hUBF, anti-fibrillarin, or anti-RNA

polymerase I antibodies. In contrast, micro-
nuclei lacking a typical nucleolus were ei-
ther not stained or displayed one to several
round dots of different sizes brightly stained
with anti-NOR-90/hUBF and anti-fibrillarin
antibodies. By double indirect immunofluo-
rescence, coilin was shown to colocalize

Figure 1. Coilin colocalizes with
NOR-90, fibrillarin, and RNA
polymerase I autoantigens in
micronucleated PtK2 round bod-
ies. Confocal single plane opti-
cal sections were obtained
through the nuclear region. Pan-
els C, F, I, and L at the right
column show merged images of
the left and middle panels in
each row, respectively. Arrow-
heads point at the colocalization
(yellow/orange areas) of coilin
(A) and NOR-90 (B), coilin (D) and
fibrillarin (E), and coilin (G) and
RNA polymerase I (H). Arrows
point at nuclear bodies reacted
with anti-coilin antibodies (J) but
not with anti-PM/Scl antibodies
(K). Round bodies are consis-
tently absent in micronuclei dis-
playing nucleoli. Insets in A and
J show the bisbenzimide stain-
ing of the labeled nuclei. Magni-
fication bars = 50 µm.
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with both NOR-90 protein and fibrillarin at
the round bodies in nucleolus-devoid micro-
nuclei, as assessed by confocal microscopy
(Figure 1, arrowheads in C and F, respec-
tively). The round bodies were regarded as
CB-like structures due to the simultaneous
presence of coilin and fibrillarin.

Micronucleated PtK2 cells stained with
anti-RNA polymerase I antibody displayed
the usual nucleolar pattern and it was also
possible to detect stained bodies in some of
the nucleolus-lacking micronuclei. Confo-
cal microscopy observations showed that
RNA polymerase I colocalizes with both
coilin (Figure 1I, arrowhead) and fibrillarin
in CB-like structures of nucleolus-devoid
micronuclei.

Anti-To/Th (data not shown) and anti-
PM/Scl antibodies only stained nucleoli and
did not stain the CB-like structures formed
in nucleolus-lacking micronuclei. Confocal
microscopy showed no colocalization of the
two autoantigens and coilin in nucleolus-
devoid micronuclei (Figure 1L, arrow).

Discussion

There is major interest in understanding
how the synthesis, processing and transport
of macromolecules are coordinated within
the cell. The study and characterization of
subcellular organelles are of growing inter-
est and provide clues to understanding the
complexity of life processes and how cell
malfunctioning may lead to disease. The CB
is an intriguing subcellular organelle that
appears to be related to the nucleolus and
also to be involved in snRNP import. In
order to obtain some information about CB
we investigated the CB-specific protein coilin
and nucleolar autoantigens in cells submit-
ted to micronucleation, a process in which
only those micronuclei containing NOR
genes will be able to form a functional nucleo-
lus. Our aim was to determine the distribu-
tion of the CB-specific protein coilin and
selected nucleolar antigens inside NOR-lack-

ing micronuclei.
The detection of NOR-90/hUBF in the

round bodies of nucleolus-devoid micronu-
clei agrees with previous reports that pro-
teins of the DFC nucleolar region such as
fibrillarin gather in nuclear aggregates (dots)
in micronuclei devoid of rRNA genes (24).
Fibrillarin is found in the nucleolus at the
interface between DFC and FC and is also
detected in CB (16). In micronuclei devoid
of rRNA genes we found it localized exclu-
sively in the round bodies together with NOR-
90 and coilin.

Although anti-RNA polymerase I anti-
bodies could be shown to stain the bodies in
nucleolus-lacking micronuclei, the staining
was rather weak in comparison with either
anti-NOR or anti-fibrillarin antibodies. In a
previous study on micronucleated PtK2 cells,
Benavente et al. (24) could not detect RNA
polymerase I in the round structures present
in micronuclei devoid of NOR. In contrast,
Hernandez-Verdun et al. (25), using antisera
against nucleolar proteins localized in FC,
DFC, and GC regions, reported that FC anti-
gens could be detected in variable amounts
in the dots of micronucleated PtK1 cells.
However, since the antisera used in the latter
study were only characterized by electron
microscopy and Western blotting and were
not compared to known human autoantibod-
ies, they might have been reacting with a set
of autoantigens other than fibrillarin, NOR-
90, and RNA polymerase I.

The occurrence of fibrillarin-bearing
round bodies in micronuclei devoid of typi-
cal nucleoli in micronucleated cells has been
reported by Benavente et al. (24). However,
the simultaneous presence of coilin, NOR-
90 protein, and RNA polymerase I in CB-
like structures is a new and interesting obser-
vation. Neither PM/Scl nor To/Th antigens,
both located in the nucleolar GC region,
were detected in the nuclear dots as assessed
with autoimmune sera. GC regions are re-
garded as the sites of ribosomal assembly
and our results agree with previous findings
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showing that GC antigens, such as ribosomal
protein S1 and the nonribosomal protein
NO38, do not segregate in the round bodies
of nucleolus-devoid micronuclei (24). It is
relevant to point out that a similar pattern of
macromolecule association with p80-coilin
in a different experimental model has been
demonstrated by our group. In adenovirus-
infected HeLa cells regular CBs disappear
and p80-coilin colocalizes with NOR-90/
hUBF, RNA polymerase I, and fibrillarin in
large agglomerates. PM/Scl and To/Th pro-
teins are not found in these agglomerates
(30).

It has been recently shown that in Xeno-
pus laevis oocytes coilin shuttles between
nucleus and cytoplasm and might be in-
volved in the transport and targeting of U7
snRNP to the Xenopus CB (15). All three
RNA polymerases can be detected in Xeno-
pus CBs and these structures have been sug-
gested to be the site where RNA polymerase
transcription and processing complexes are
assembled (5). RNA polymerase I has not
been detected in the CBs of a variety of cell
lines under normal growth conditions (19).
It is possible, however, that the CB-like struc-
tures in nucleolus-devoid micronuclei repre-
sent the aggregation of inactive proteins func-
tionally related to ribosomal biogenesis that
may not remain in the CB long enough to
accumulate to detectable levels under nor-
mal growth conditions.

At present, the reason why coilin, fibril-
larin, and NOR-90 gather at CB-like struc-
tures in nucleolus-lacking micronuclei is not
understood. However, a hypothesis may be
derived from the current body of knowledge.
Both nucleolus and CB disassemble during
mitosis and reassemble in G1. The meta-

bolic requirements of the cell at G1 impose
prompt reconstitution of functional nucleoli
in order to provide the necessary protein
synthesis. In the interphase nucleus, RNA
polymerase I, NOR-90, and fibrillarin are
found in nucleoli whereas coilin and fibril-
larin are found in the CB. During mitosis
coilin is phosphorylated at additional sites
and CB disassembles (10). Coilin has been
shown to carry a self-association N-terminal
domain and a cryptic nucleolar localization
signal (21,22). We may speculate that the
hyperphosphorylated mitotic form of coilin
is able to pick up dispersed NOR-90/hUBF,
RNA polymerase I, and fibrillarin and direct
them via the nucleolar localizing signal to
the reforming nucleoli at early G1. This mech-
anism may contribute to a rapid reconstitu-
tion of the nucleoli in G1. Upon dephospho-
rylation and delivering macromolecules to
the reforming nucleoli, coilin would activate
the self-aggregation motif and gather to form
the CB in the nucleoplasm. This sequence of
events is in agreement with the previous
observation that CB assembly only occurs
after nucleolar reformation in G1. This mech-
anism would also be consistent with the
present observations in micronucleated cells:
due to the impossibility of delivering NOR-
90/hUBF, RNA polymerase I, and fibrillarin
to the nucleolus in nucleolus-devoid micro-
nuclei, coilin would self-aggregate in CB-
like structures containing these macromol-
ecules.
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