
Molecular Biology of the Cell
Vol. 10, 3815–3824, November 1999

Nuclear Domains Enriched in RNA 3*-processing
Factors Associate with Coiled Bodies and Histone
Genes in a Cell Cycle–dependent Manner
Wouter Schul,* Ineke van der Kraan,* A. Gregory Matera,† Roel van Driel,*
and Luitzen de Jong*‡

*E. C. Slater Instituut, University of Amsterdam, BioCentrum Amsterdam, 1018 TV Amsterdam, The
Netherlands; and †Department of Genetics, Center for Human Genetics and Program in Cell Biology,
Case Western Reserve University, Cleveland, Ohio 44106-4955

Submitted March 1, 1999; Accepted August 11, 1999
Monitoring Editor: Thomas D. Fox

Nuclear domains, called cleavage bodies, are enriched in the RNA 39-processing factors CstF 64
kDa and and CPSF 100 kDa. Cleavage bodies have been found either overlapping with or adjacent
to coiled bodies. To determine whether the spatial relationship between cleavage bodies and
coiled bodies was influenced by the cell cycle, we performed cell synchronization studies. We
found that in G1 phase cleavage bodies and coiled bodies were predominantly coincident,
whereas in S phase they were mostly adjacent to each other. In G2 cleavage bodies were often less
defined or absent, suggesting that they disassemble at this point in the cell cycle. A small number
of genetic loci have been reported to be juxtaposed to coiled bodies, including the genes for U1
and U2 small nuclear RNA as well as the two major histone gene clusters. Here we show that
cleavage bodies do not overlap with small nuclear RNA genes but do colocalize with the histone
genes next to coiled bodies. These findings demonstrate that the association of cleavage bodies
and coiled bodies is both dynamic and tightly regulated and suggest that the interaction between
these nuclear neighbors is related to the cell cycle–dependent expression of histone genes.

INTRODUCTION

The cell nucleus contains various distinct structural and
functional domains, each with its own morphology and
protein composition (de Jong et al., 1996; Lamond and Earn-
shaw, 1998). One well-studied nuclear domain is the coiled
body, which owes its name to its appearance as a ball of
coiled threads in the electron microscope (Monneron and
Bernhard, 1969). Coiled bodies are small spherical struc-
tures, one to five per nucleus, with a diameter of 0.2–1.0 mm.
They are evolutionary conserved from plants to mammals,
indicating that they have a crucial role in the nucleus (for
reviews, see Lamond and Carmo-Fonseca, 1993; Gall et al.,
1995). Over the years, many nuclear factors have been found
concentrated in coiled bodies. Among these are nucleolar
constituents, such as fibrillarin (Raška et al., 1990) and
Nopp140 (Meier and Blobel, 1992), U3 small nucleolar RNA
(Jiménez-Garcı́a et al., 1994), and nucleoplasmic factors, such
as the general transcription factors TFIIH and TFIIF (Grande
et al., 1997; Jordan et al., 1997) and the RNA-processing
factors U1, U2, U4/U6, and U7 small nuclear ribonuclear
protein (Carmo-Fonseca et al., 1992; Wu and Gall, 1993; Frey

and Matera, 1995). The protein p80-coilin is especially en-
riched inside coiled bodies (Andrade et al., 1991; Raška et al.,
1991) and is a hallmark for this nuclear domain. It has
become clear that coiled bodies are dynamic structures. Dis-
ruption of cellular processes, e.g., by heat shock or drug
treatment, rapidly alters the distribution and number of
coiled bodies (Carmo-Fonseca et al., 1992). Coiled bodies also
undergo changes during the cell cycle. During mitosis they
disassemble, and only small remnants are left in the mitotic
cell (Carmo-Fonseca et al., 1993). Coilin enters the nucleus in
telophase, but coiled bodies are not formed until later in G1
(Carmo-Fonseca et al., 1993; Ferreira et al., 1994). Thus sev-
eral lines of investigation indicate that there is a direct
relationship among the transcriptional, metabolic, and de-
velopmental states of the cell and the number, morphology,
and distribution of coiled bodies.

The emerging view is that many nuclear factors are not
only concentrated in domains, but that these domains can be
spatially and functionally associated with each other and
with specific genomic elements (for review, see Schul et al.,
1998a). Several genes and domains enriched in specific pro-
teins have now been found juxtaposed to coiled bodies. One
of the first examples of such a juxtaposition are the domains
enriched in the CstF 64-kDa and CPSF 100-kDa proteins‡ Corresponding author. E-mail address: a311luit@chem.uva.nl.
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(Schul et al., 1996). CstF and CPSF are essential 39-processing
factors for virtually all mRNAs, together with factors such as
CFI, CFII, and poly(A) polymerase (for review, see Wahle
and Kühn, 1997). Immunolocalization studies showed that
the CstF 64-kDa and CPSF 100-kDa subunits distributed
diffusely throughout the nucleus and concentrated in a few
small foci. These foci were found to associate with coiled
bodies (Schul et al., 1996). Because these domains could be
observed as morphologically distinct structures in the elec-
tron microscope and were enriched in RNA 39 cleavage
factors, we called them “cleavage bodies.” Cleavage bodies
were mainly found either adjacent to coiled bodies or over-
lapping with them. The degree of overlap may be correlated
with the transcriptional activity of the locus. For example,
treatment of cells with transcription inhibitors resulted in a
complete colocalization of coiled bodies and cleavage bodies
(Schul et al., 1996). Additionally, ;20% of the cleavage bod-
ies were found to contain newly synthesized RNA. Coiled
bodies, however, are known to be devoid of newly synthe-
sized RNA (Fakan and Bernhard, 1971; Moreno Diaz de la
Espina et al., 1982; Callan and Gall, 1991; Schul et al., 1996;
Jordan et al., 1997; Schul et al., 1998b). Thus only cleavage
bodies that do not overlap with a coiled body, i.e., the
cleavage bodies adjacent to coiled bodies, contain newly
synthesized RNA. We hypothesized that specific genes, lo-
cated at the periphery of coiled bodies, might recruit the
necessary cleavage factors and cause the formation of cleav-
age bodies next to coiled bodies (Schul et al., 1996).

There have also been reports of other nuclear domains
that are closely associated with coiled bodies. Liu and Drey-
fuss (1996) identified domains enriched in the protein SMN
that often occur adjacent to coiled bodies, called “gemini of
coiled bodies” or “gems.” Yannoni and White (1997) found
domains in the nuclei of Drosophila neurons that were en-
riched in the protein ELAV, referred to as “ELAV dots” and
the “ELAV web,” which were often associated with coiled
bodies. It is unknown whether there is any relationship
between nuclear domains, cleavage bodies, and the coiled
body–associated genes.

There is, however, increasing evidence that the spatial
association of different nuclear domains and genomic ele-
ments is a fundamental organizational principle of the cell
nucleus. The grouping of specific genes and domains en-
riched in transcription and processing factors, as found in
the nucleolus, also occurs at other sites in the nucleus (dis-
cussed by Schul et al., 1998a). It is becoming increasingly
clear that the spatial relationship between different domains
and genes is a common organizational principle, probably to
allow an efficient and controlled synthesis and processing of
a range of gene transcripts. In keeping with this idea, several
genes have been found to preferentially associate with coiled
bodies: the histone gene clusters (Gall et al., 1981; Callan et
al., 1991; Frey and Matera, 1995), the U1 and U2 small
nuclear RNA (snRNA) genes (Frey and Matera, 1995; Smith
et al., 1995), and the U3 small nucleolar RNA genes (Gao et
al., 1997) are all frequently located adjacent to coiled bodies.
It remains unclear, however, whether there is any relation-
ship between these genes and cleavage bodies.

To study the spatial relationship among coiled bodies,
cleavage bodies, and several coiled body–associated genes,
we performed immunofluorescent and in situ hybridization
double-labeling experiments on cells in different stages of

the cell cycle. Confocal laser scanning microscopy, in com-
bination with image restoration to correct for diffraction-
induced distortions, allowed a detailed analysis of the small
nuclear domains. We found that the overlap between coiled
bodies and cleavage bodies changes during the cell cycle.
These changes can be correlated with both the spatial juxta-
position and transcription activity of the cell cycle–regulated
histone gene cluster on human chromosome 6p21.

MATERIALS AND METHODS

Cell Culture and Synchronization
T24 cells (from human bladder carcinoma) were grown on circular
glass coverslips at 37°C under a 10% CO2 atmosphere in Dulbecco’s
modified Eagle’s medium (Life Technologies, Gaithersburg, MD)
supplemented with 1% glutamine (Life Technologies), 10% fetal calf
serum (Life Technologies), and antibiotics (100 IU/ml penicillin and
100 mg/ml streptomycin; Life Technologies).

Cells were synchronized in G1 and S phase by mitotic shake-off,
essentially as described by Zwanenburg (1983). Exponentially grow-
ing cells were washed twice with fresh medium to remove free-
floating material. Tapping the culture flask dislodged mitotic cells,
which were subsequently harvested by removing the medium. The
mitotic cells were allowed to reattach to coverslips and were cul-
tured for 4–10 h, allowing them to enter G1 and S phase.

Cells were synchronized in S and G2 phase by a hydroxyurea
block. Cells on coverslips were cultured in the presence of 2 mM
hydroxyurea for 20 h. The medium was then replaced by fresh
medium to release the block. Cells were cultured for another 4–10 h
to enter S and G2 phase.

Immunofluorescence Labeling
All steps were performed at room temperature unless stated other-
wise. Coverslips with attached cells were rinsed once in PBS and
incubated with 2% paraformaldehyde in PBS for 15 min. After
fixation cells were rinsed twice with PBS and permeabilized with
0.5% Triton X-100 (Sigma, St. Louis, MO) in PBS for 5 min. Cells
were subsequently rinsed twice in PBS, incubated in PBS containing
100 mM glycine (Sigma) for 10 min, and incubated for 10 min in PBS
containing 0.5% BSA (Sigma) and 0.05% gelatin from cold water fish
skin (Sigma) (PBG).

For immunolabelling polyclonal antibody 204/5 from rabbit
against p80-coilin (a gift from Dr. A.I. Lamond, Department of
Biochemistry, University of Dundee, Dundee, United Kingdom)
(Bohmann et al., 1995), a monoclonal antibody from mouse against
CstF 64 kDa (gift from Drs. Y. Takagaki and J.L. Manley, Depart-
ment of Biological Sciences, Columbia University, New York, NY)
(Takagaki et al., 1990), and anti-5-bromodeoxyuridine (BrdU) poly-
clonal antibody from rat (Seralab, Crawley Down, United Kingdom)
were used.

Fixed cells were incubated overnight at 4°C or for 2 h at room
temperature with primary antibodies diluted in PBG. Subsequently,
cells were washed four times for 5 min each in PBG and incubated
with secondary antibodies diluted in PBG for 1.5 h. Secondary
antibodies were donkey anti-mouse immunoglobulin G (IgG) cou-
pled to DTAF (4,6-dichlorotriazinyl amino fluorescein) or Cy3 (Jack-
son ImmunoResearch, West Grove, PA), donkey anti-rabbit IgG
coupled to FITC or Cy3 (Jackson), and donkey anti-rat IgG coupled
to Cy3 (Jackson).

After labeling, cells were washed two times for 5 min each in PBG
and two times for 5 min each in PBS followed by incubation in PBS
containing 0.4 mg/ml Hoechst 33258 (Sigma) for 5 min. All cover-
slips were mounted in Vectashield (Vector Laboratories, Burlin-
game, CA).
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Fluorescent In Situ Hybridization in Combination
with Immunofluorescence Labeling
When immunofluorescence labeling was combined with in situ
hybridization, the following adaptations and additions to the above
protocol were implemented. PBG was substituted with PBS contain-
ing 0.1 mg/ml nuclease-free acetylated BSA (Sigma) and 0.1 mg/ml
herring sperm DNA (PBH). After primary and secondary antibody
labeling, the cells were fixed for 5 min with 2% formaldehyde in
PBS, washed twice in PBS, incubated 10 min in 100 mM glycine in
PBS, and washed in PBS.

Cells were dehydrated by subsequent incubations in 70, 90, and
100% ice-cold ethanol for 4 min per incubation and air dried.
Genomic DNA was denatured by incubating the coverslips in 23
SSC containing 70% formamide, pH 7.2, at 80°C for 5 min. Imme-
diately after, the cells were treated with the 70, 90, and 100% ice-cold
ethanol for 4 min each and air dried. The cells were incubated
overnight in probe solution at 37°C.

The probes were produced from human genomic clones of the
RNU1 locus at 1p36, of the RNU2 locus at 17q21 (gifts of Dr. A.M.
Weiner, Department of Molecular Biophysics and Biochemistry,
Yale University School of Medicine, New Haven, CT) (Frey and
Matera, 1995), of the histone gene cluster locus at 6p21, or of the
dihydrofolate reductase gene locus at 5q12–13 (clone CHB203;
American Type Culture Collection, Manassas, VA). The probes
were labeled by nick translation using digoxigenin-labeled dUTP
essentially as described by Rigby et al. (1977) and Langer et al. (1981).
The probe was heat denatured in 70% deionized formamide to-
gether with COT-1 DNA (Boehringer Mannheim, Indianapolis, IN)
at 80°C for 10 min. The final probe solution contained 23 SSC, 50%
formamide, 10% dextran sulfate, COT-1 and herring sperm DNA,
and the labeled probe.

After incubation with probe solution, the coverslips were washed
three times for 5 min each in 23 SSC containing 50% formamide, pH
7.2, at 39°C and three times for 5 min each in 13 SSC at room
temperature. The cells were washed twice in PBS and incubated for
30 min in PBH. Subsequently, the coverslips were incubated for 60
min in PBH containing FITC-conjugated anti-digoxigenin antibody
(Sigma). The cells were then washed four times in PBS. The cells
were stained with Hoechst and embedded and mounted as de-
scribed above.

Confocal Laser Scanning Microscopy and Image
Analysis
Images of double-labeled cells were produced on a Leica (Nussloch,
Germany) confocal laser scanning microscope with a 1003, 1.35 oil
immersion lens. A dual-wavelength laser was used to excite green
(DTAF or FITC) and red (Cy3) fluorochromes simultaneously at 488
and 514 nm, respectively. The fluorescence signals from the two
fluorochromes were recorded simultaneously. Optical cross-talk
was quantified and subtracted as described previously (Manders et
al., 1992). Image analysis was performed using Scil-Image software,
developed at the University of Amsterdam (Van Balen et al., 1994).
For detailed analysis of the spatial relationship between two label-
ing patterns, the images were subjected to a restoration procedure to
correct for diffraction-induced distortions using a measured point
spread function (Van der Voort and Straster, 1995).

BrdU Labeling
To detect cells in S phase, BrdU was added to the culture medium
of cells at a final concentration of 10 mM. The cells were incubated
for 10 min at 37°C and subsequently washed twice with culture
medium for 1 min at 37°C. The cells were fixed and permeabilized
as described above. Before immunolabelling, DNA was denatured
in 2 N HCl at 37°C for 30 min, after which the coverslips were
washed twice with PBS.

Flow Cytometry
The degree of synchronization was also analyzed by flow cytom-
etry. Cells were fixed and stained essentially as described by Kris-
han (1975). Approximately 106 cells were harvested and concen-
trated by centrifugation at 1200 rpm for 10 min and subsequently
resuspended in 2 ml of PBS. Slowly, while gently mixing, 6 ml of
96% ethanol were added. The fixed cells were stored at 4°C. The
suspension of fixed cells was centrifuged for 5 min at 1000 rpm, and
the pellet was resuspended in 0.25 ml of PBS. Then 0.25 ml of 4
mg/ml RNase (Sigma) in PBS and 0.5 ml 1 mg/ml propidium
iodine plus 0.2 mg/ml saponin (Sigma) in PBS were added, and the
mixture was incubated at 37°C for 15 min. The suspension was
passed through a 0.7-mm needle twice to reduce aggregation of cells
before flow cytometric measurements. Measurements were per-
formed using a Becton Dickinson (Mountain View, CA) FACStar
plus.

RESULTS

Synchronization of Cells
The observed spatial associations between coiled bodies and
cleavage bodies fall into three categories: bodies completely
overlap; they only partially overlap; or they are adjacent to
each other. Each of these conditions is detectable in an
asynchronous cell population; however, it remains unclear
what causes these differences (Schul et al., 1996). To investi-
gate whether the cell cycle has any influence on this spatial
relationship, we synchronized T24 cells by a hydroxyurea
block or by mitotic shake-off.

To obtain cells in G1 and S phase we used mitotic shake-
off. This yields mitotic cells that synchronously enter G1
phase and proceed to S phase in several hours. The time at
which these cells enter S phase was determined by detecting
DNA synthesis using BrdU labeling at several time points
after mitotic shake-off. Figure 1 shows that the percentage of
cells that contain BrdU labeling starts to increase ;10 h after
mitotic shake-off, marking the beginning of S phase.

To obtain cells in S and G2 phase we used a hydroxyurea
block. Hydroxyurea is able to block the cell cycle at the

Figure 1. Graph displaying the percentage of cells in S phase,
indicated by BrdU labeling, at different time points after synchro-
nization by mitotic shake-off.
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beginning of S phase, and a subsequent release from this
block yields a cell population that is enriched in S phase cells
(Fox et al., 1987; Tobey et al., 1988). The synchronization of
cells and their progression through the cell cycle were mon-
itored by flow cytometry. Approximately two-thirds of the
cells in an asynchronous culture were in G1 phase, whereas
approximately one-third of the population was in S or G2
phase (Figure 2A). After the hydroxyurea block most cells
were found to accumulate in G1 phase (Figure 2B), and 4 h
after release from the block the majority of cells had pro-
gressed to S phase (Figure 2C). Approximately 8 h after
release from the block, the population was enriched in cells
in late S and G2 phase (Figure 2D).

Because it is known that not all cells recover from a
synchronization procedure with the same efficiency, and
some cells advance faster through the cell cycle than others,
there cannot be an absolute synchronous progression
through the cell cycle of all cells (Grdina et al., 1984). Only a
substantial enrichment of cells in a certain stage of the cell
cycle can practically be achieved. Additionally, the longer
after the release from the synchronization block, the more
asynchronous a cell population will become. We therefore
only used hydroxyurea-synchronized cells to study middle
to late S phase and G2 phase and mitotic shake-off to study
G1 and early S phase.

Spatial Association between Coiled Bodies and
Cleavage Bodies Changes during the Cell Cycle
Double labeling of synchronized cells with antibodies
against p80-coilin and CstF 64 kDa allowed the analysis of
the spatial association between coiled bodies and cleavage
bodies in the cell cycle. Cells in middle and late G1 phase,
synchronized by mitotic shake-off, mainly contained coiled
bodies and cleavage bodies that completely overlapped (Fig-
ures 3, first column, and 4A). When we allowed this popu-
lation to proceed to S phase, the percentage of colocalizing
bodies was greatly reduced, and most coiled bodies and
cleavage bodies were either adjacent or only partially over-
lapping (Figures 3, second column, and 4B). Similarly, cells
synchronized in S phase by hydroxyurea treatment showed
the same percentages of adjacent and partially overlapping
bodies (Figure 3, third column). A cell population in late S
and G2 phase, 8 h after release from the hydroxyurea block,
still contained coiled bodies but had fewer cleavage bodies.
The cleavage bodies that we did observe were often less
bright and less defined in shape (Figure 4C). As a result, the
percentage of solo coiled bodies, i.e., coiled bodies unasso-
ciated with a cleavage body, was significantly higher in
these cells in late S and G2 phase (Figure 3, fourth column).
The number of coiled bodies per cell stayed approximately
the same in the cell cycle (Figure 3).

Summing up, we have found that cleavage bodies prefer-
entially overlap with coiled bodies during G1 phase, reside
adjacent to coiled bodies during S phase, and seem to dis-
integrate during late S and G2 phase (also see Figure 4).

Cleavage Bodies Coincide with Histone Genes but
Not with snRNA Genes Adjacent to Coiled Bodies
Several human genes have been shown to preferentially
associate with coiled bodies (Frey and Matera, 1995; Smith et
al., 1995; Gao et al., 1997). Given the peculiar cell cycle–

dependent spatial relationship between coiled bodies and
cleavage bodies, we investigated whether cleavage bodies
had any relationship with the U1 snRNA, U2 snRNA, and
histone genes.

Because the degree of association between coiled bodies
and the aforementioned genes can vary greatly between cell

Figure 2. Histograms of flow cytometry measurements on hy-
droxyurea-synchronized cells. (A) Unsynchronized cells contain
cells in G1, S, and G2 phase. (B) Cells treated with hydroxyurea are
mainly found in G1 phase. (C) Approximately 4 h after release from
the hydroxyurea block the cells have progressed to S phase. (D)
After 8 h the population contains few cells in G1 phase and is
enriched in cells in late S and G2 phase. These data show the degree
of synchronization of the cells used in the immunofluorescent la-
beling experiments.
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types (Frey and Matera, 1995), we first determined to which
extent the genes and coiled bodies are associated in T24 cells.
We used fluorescent in situ hybridization, with probes
against the U1 gene cluster on chromosome 1p36, the U2
gene cluster on chromosome 17q21, and the major histone
gene cluster on chromosome 6p21, in combination with im-
munofluorescent labeling with an antibody against p80-coi-
lin to compare the distribution of the genes and coiled
bodies. We found that 38% of the T24 cells contained coiled
bodies located next to a histone gene cluster (Figure 4D),
56% next to a U2 snRNA gene cluster, and 25% next to a U1
snRNA gene cluster. These associations persisted through-
out the cell cycle and did not appear to be specific for one
particular stage. As a control, the dihydrofolate reductase
gene at chromosome 5q12–13 was compared with coiled
bodies and was not found associated with this nuclear do-
main in any of the 34 nuclei analyzed. In agreement with
reports that coiled bodies do not contain DNA (Thiry, 1994,
1995), we never found any of the genes colocalizing with
coiled bodies. Now that we had established that the snRNA
and histone genes were often associated with coiled bodies
in T24 cells, they seemed good candidates to be involved
with cleavage bodies adjacent to coiled bodies.

The distribution of cleavage bodies was compared with
the location of the genes using an antibody against CstF 64
kDa in combination with fluorescent in situ hybridization.
Careful analysis of series of confocal sections of these dou-
ble-labeled cells from a random culture revealed a frequent
overlap of cleavage bodies with the histone genes but not

with the snRNA genes. Approximately 37% of the nuclei
displayed a partial or complete overlap between a histone
gene cluster and a cleavage body (Figure 4, E and F). In cells
synchronized in G1 by mitotic shake-off we did not observe
this colocalization, which seemed to occur specifically in S
phase cells. Conversely, no overlap between cleavage bodies
and the U1 and U2 snRNA genes was detected in any of the
50 cells that were analyzed for each double labeling. We did
sometimes observe cleavage bodies adjacent to the snRNA
genes or at a small distance (,1.0 mm) (Figure 4, G and H),
as can be expected for two domains that are both associated
with coiled bodies. These findings reveal a specific relation-
ship between cleavage bodies and the histone gene cluster
adjacent to coiled bodies.

Taken together, the following picture of bodies and genes
emerges (Figure 5). In G1 phase, cleavage bodies colocalize
with coiled bodies and are often located next to histone gene
clusters (Figure 5B). In S phase, cleavage bodies are prefer-
entially located adjacent to coiled bodies (Figure 5C) and
often overlap with a histone gene cluster but not with other
coiled body–associated genes. Afterward, in G2 phase, the
cleavage bodies appear to disintegrate (Figure 5D). It is well
documented that the expression of the histone genes in-
creases at the beginning of the S phase of the cell cycle. Our
findings suggest a link between cleavage bodies and the cell
cycle–regulated expression of histone genes.

DISCUSSION

Cleavage bodies, enriched in the RNA 39-processing factors
CstF 64 kDa and CPSF 100 kDa, have a complex spatial
relationship with coiled bodies. This relationship varies
from close juxtaposition to complete colocalization (Schul et
al., 1996). To investigate whether this is a cell cycle–related
phenomenon, we performed double-labeling experiments
on cells that were synchronized in different stages of the cell
cycle. This analysis revealed that the cleavage bodies mainly
colocalize with coiled bodies during G1 phase and are pref-
erentially found adjacent to coiled bodies during S phase
(Figure 5). Coiled bodies are known to disassemble during
mitosis, and only small remnants can sometimes be seen in
mitotic cells (Carmo-Fonseca et al., 1993). Cleavage bodies
are also no longer observed during mitosis (Schul et al.,
1996). The coiled body protein p80-coilin and the cleavage
factors CstF and CPSF enter the nucleus in late telophase
when the nuclear membrane has just reformed (Ferreira et
al., 1994; Schul et al., 1996). However, coiled bodies are not
immediately formed in early G1 phase and only appear after
a lag period (Andrade et al., 1993; Carmo-Fonseca et al.,
1993). Our data show that CstF 64 kDa already accumulates
in these newly formed coiled bodies in G1 phase. At this
point in the cell cycle coiled bodies and cleavage bodies
probably constitute the same nuclear domain.

Cleavage bodies clearly formed separate domains that are
adjacent to coiled bodies when cells entered S phase. Previ-
ously we have shown that cleavage bodies that are next to
coiled bodies regularly contain newly synthesized RNA,
suggesting a colocalization with active genes (Schul et al.,
1996). We hypothesized that the shift of CstF 64 kDa and
CPSF 100 kDa from the coiled body to a neighboring loca-
tion could be caused by one or more active genes that recruit
the cleavage factors from the coiled body (Schul et al., 1996).

Figure 3. Cells synchronized by mitotic shake-off (mso) and hy-
droxyurea (hu) treatment revealed that the spatial association be-
tween coiled bodies and cleavage bodies is cell cycle dependent.
Coiled bodies were scored as colocalizing, partially overlapping,
adjacent, or unassociated with a cleavage body (cleavage bodies
were almost never seen unassociated with a coiled body). G1 cells
were analyzed 4 h after mso; S phase cells were analyzed 10 h after
mso or 4 h after release from hu block; and G2 cells were analyzed
8 h after release from hu block. These show that the nuclear bodies
were mainly colocalizing in G1 and adjacent in S phase.
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Figure 4. Confocal optical sections of double-
labeled cells. (A) Cells synchronized in G1
mainly contained cleavage bodies (green) that
overlapped with coiled bodies (red; also see en-
larged area). (B) Cells synchronized in S phase
contained many cleavage bodies (green) adjacent
to coiled bodies (red; also see enlarged area). (C)
Cells synchronized in late S phase and G2 phase
contained irregularly shaped cleavage bodies
(green) adjacent to coiled bodies (red; also see
enlarged area). (D) In situ hybridization showed
that histone gene loci (red) are preferentially
found adjacent to coiled bodies (green) in human
T24 cells. (E) Histone gene loci (red) were regu-
larly found colocalizing with cleavage bodies
(green), specifically in S phase. (F) This series of
optical sections show that the histone gene loci
(red) are inside the cleavage bodies (green). (G)
The U2 snRNA gene loci (red) were also often
found adjacent to coiled bodies, but they were
only found adjacent to cleavage bodies (green) or
at a small distance from a cleavage body (H). Bar:
A–E and G, 2 mm; F, 1 mm.
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A good indication that gene activity is required for the
juxtaposition of cleavage bodies and coiled bodies came
from treating cells with transcription inhibitors. Without
transcription, coiled bodies and cleavage bodies were al-
ways found to colocalize (Schul et al., 1996). Because cleav-
age bodies seem to be specifically associated with gene
activity during S phase, it seems likely that the putative gene
or genes inside cleavage bodies are only active in this stage
of the cell cycle.

Histone genes are primarily active during S phase to
supply the replicating DNA with new histones (Heintz,
1991; Stein et al., 1994). In humans the major histone genes
are clustered on chromosomes 1q21 and 6p21 (Tripputi et al.,
1986). The largest cluster, on chromosome 6, also includes
the genes for the various histone H1 isotypes (Albig et al.,
1993). Frey and Matera (1995) have recently shown that the
two human histone gene clusters are frequently positioned
next to coiled bodies in HeLa-ATCC and HEp-2 cells. In our
experiments we found a similar spatial association in T24
cells. When the location of the histone gene cluster was
compared with cleavage bodies, we found that they were

mostly next to each other in G1 phase and overlapping
during S phase. This cell cycle–dependent overlap might
suggest a functional relationship between the cleavage bod-
ies and the histone genes.

The U1 and U2 snRNA gene clusters, like the histone
genes, have frequently been observed adjacent to coiled
bodies (Frey and Matera, 1995; Smith et al., 1995). We ob-
served this same spatial association in T24 cells. The U1 and
U2 snRNA genes and the cleavage bodies were also often
located close together. This is expected because all three are
associated with coiled bodies. However, the snRNA genes
and cleavage bodies never overlapped with each other. This
indicates that the colocalization between the histone genes
and cleavage bodies is not just a fortuitous overlap. It re-
veals a specific association between the cleavage bodies and
the histone gene locus during the precise period that the
histone genes are known to be highly transcribed. It is
tempting to speculate that when cells enter S phase and
histone synthesis peaks, the cleavage factors are recruited to
the histone genes to fulfill a function there. It should be
noted, however, that most histone mRNAs are not polyad-

Figure 5. Overview of the various observations in
the different stages of the cell cycle. (A) Cleavage
bodies and coiled bodies are not observed during M
phase. (B) In G1 phase the factors CstF 64 kDa and
p80-coilin reenter the nucleus and concentrate to-
gether in overlapping cleavage bodies and coiled
bodies. Histone gene clusters, inactive in G1 phase,
are preferentially found adjacent to coiled bodies.
(C) In S phase the cleavage bodies are mostly found
adjacent to coiled bodies. They overlap with the
histone gene clusters, which have become active in S
phase. Newly synthesized RNA is found inside
cleavage bodies adjacent to coiled bodies. (D) In G2
phase the histone genes have become inactive again.
Cleavage bodies seem to desintegrate. Upon entry
into M phase the cleavage bodies and coiled bodies
have disappeared.

Nuclear Bodies Near Histone Genes

Vol. 10, November 1999 3821



enylated and therefore may not require the factors CstF and
CPSF for 39 end formation. There have been reports of
histone mRNAs that do have a poly(A) tail, but their expres-
sion is not cell cycle dependent, and most of their genes are
not located in the major histone gene cluster. However, the
possibility that coiled bodies and cleavage bodies do have
some role in histone mRNA synthesis, as suggested by our
data, cannot be ruled out. Further studies will have to clarify
this issue.

Earlier indications toward the involvement of coiled bod-
ies in the production of histone mRNA have mainly come
from studies on lampbrush chromosomes in the germinal
vesicles of amphibian oocytes by Gall et al., (1981) and
Callan et al. (1991). They showed that the histone gene loci
on the lampbrush chromosomes of the newt Notophthalmus
viridescens and the frog Xenopus laevis are associated with
distinct round structures, 5–10 mm in diameter, known as
spheres or sphere organelles but now thought to be coiled
bodies (Gall et al., 1981; Callan et al., 1991). Importantly,
histone transcripts were found to be produced from the
chromatin loops immediately adjacent to the attached
spheres. Although the spheres themselves only slowly in-
corporated tritiated uridine (Callan and Gall, 1991), histone
transcripts were found closely associated with the periphery
of the spheres. This intimate spatial organization of histone
genes and distinct nuclear structures strongly suggests a
functional relationship between the two. Moreover, it dem-
onstrates that the association between coiled bodies and
histone genes is evolutionary conserved from amphibians to
humans, indicating a fundamental role of coiled bodies in
histone gene expression (Frey and Matera, 1995). It should
be noted that coiled bodies are enriched in U7 snRNA,
which is essential for histone mRNA 39 processing.The pro-
cess of histone mRNA 39 processing is not well understood,
and little is known about the protein factors involved. A
protein that binds to a conserved stem–loop structure at the
39 ends of histone transcripts, called hairpin-binding factor
(HBF) or stem–loop-binding protein 1 (SLBP1), and a less-
characterized heat-labile factor have so far been identified
(Gick et al., 1987; Melin et al., 1992; Wang et al., 1996).
Recently, stem–loop-binding protein 1 has also been found
inside coiled bodies (Abbott et al., 1999). Our results indicate
an association among coiled bodies, cleavage bodies, and
histone genes, but a rationale for this association remains
unclear.

The spatial association of genes and specific nuclear do-
mains, enriched in factors necessary for expression of these
genes, seems to be a recurring principle of nuclear organi-
zation (for discussion, see Schul et al., 1998a). The most
well-known example is the nucleolus where genes coding
for rRNA are organized in and around specific nuclear
compartments that are enriched in essential transcription
and processing factors (Hernandez-Verdun, 1986). Similarly,
Xing et al. (1993, 1995) have shown for several highly ex-
pressed genes that they are associated with the periphery of
domains enriched in RNA polymerase II, polyadenylation,
and splicing factors, known as nuclear speckles. For coiled
bodies we have recently shown that they contain elevated
levels of the transcription factors PTF and TBP, which are
both essential for the transcription of the neighboring U1
and U2 snRNA genes (Schul et al., 1998b). These findings
suggest that such nuclear domains are involved in facilitat-

ing and/or regulating gene expression by controlling the
supply of factors and enzymes to specific genes. The results
we present here on RNA 39-processing factors being redis-
tributed from coiled bodies to adjacent genes in conjunction
with gene expression agree with this theory. It is still un-
clear, however, what the molecular basis is of the association
between genes and the various nuclear domains (Misteli and
Spector, 1998).

Our data on the behavior of cleavage bodies, coiled bod-
ies, and specific genes during different stages of the cell cycle
have revealed a dynamic spatial and functional relationship
between these components. Gene expression and cell prolif-
eration appear to play an important role in this relationship.
In addition, these findings provide indications that the gen-
eral RNA 39-processing factors CstF 64 kDa and CPSF 100
kDa may be involved in the regulation or facilitation of
histone gene expression.
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