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DDX1 bodies, cleavage bodies, Cajal bodies (CBs), and gems are nuclear suborganelles that contain factors involved in
RNA transcription and/or processing. Although all four nuclear bodies can exist as distinct entities, they often colocalize
or overlap with each other. To better understand the relationship between these four nuclear bodies, we examined their
spatial distribution as a function of the cell cycle. Here, we report that whereas DDX1 bodies, CBs and gems are present
throughout interphase, CPSF-100-containing cleavage bodies are predominantly found during S and G2 phases, whereas
CstF-64-containing cleavage bodies are primarily observed during S phase. All four nuclear bodies associate with each
other during S phase, with cleavage bodies colocalizing with DDX1 bodies, and cleavage bodies/DDX1 bodies residing
adjacent to gems and CBs. Although inhibitors of RNA transcription had no effect on DDX1 bodies or cleavage bodies,
inhibitors of DNA replication resulted in loss of CstF-64-containing cleavage bodies. A striking effect on nuclear
structures was observed with latrunculin B, an inhibitor of actin polymerization, resulting in the formation of needlelike
nuclear spicules made up of CstF-64, CPSF-100, RNA, and RNA polymerase II. Our results suggest that cleavage body
components are highly dynamic in nature.

INTRODUCTION

The DEAD box protein DDX1 is a putative RNA unwinding
protein that has been associated with RNA processing as
well as RNA transport (Bleoo et al., 2001; Kanai et al., 2004).
DDX1 has a widespread punctate distribution pattern in the
nucleus and is also found in discrete nuclear bodies with an
estimated diameter of �0.5 �m (Bleoo et al., 2001). These
DDX1 bodies frequently colocalize with cleavage bodies.
Cleavage bodies were first identified by immunofluores-
cence labeling using antibodies against cleavage stimulation
factor CstF-64 and the cleavage and polyadenylation speci-
ficity factor CPSF-100 (Schul et al., 1996). Transcription fac-
tors TFIIE and TFIIF have also been found to colocalize with
cleavage bodies (Gall, 2000). Cleavage bodies have diame-
ters of 0.3–1 �m and range in number from 1 to 4 per nucleus
(Schul et al., 1996). Based on FRET analysis and coimmuno-
precipitation experiments, DDX1 and CstF-64 proteins are in
close proximity to each other and can reside in the same
complex (Bleoo et al., 2001).

Cleavage bodies frequently associate with Cajal bodies
(CBs, also known as coiled bodies) in the nucleus (Schul et
al., 1996, 1999). CBs have diameters ranging from 0.2 to 1.0
�m, and number from 1 to 10 per nucleus. The Sm epitope,
shared by small nuclear ribonucleoproteins (snRNPs), was
the first molecular component identified in CBs (Eliceiri and
Ryerse, 1984; Fakan et al., 1984). Subsequent analyses
showed that p80-coilin protein is also highly enriched in CBs

(Andrade et al., 1991; Raska et al., 1991). In addition to Sm
proteins and p80-coilin, CBs contain a large variety of pro-
teins including RNA polymerases, transcriptional factors,
and nucleolar constituents. Based on its protein content, CBs
have been proposed to play roles in snRNP and small nu-
cleolar ribonucleoprotein (snoRNP) biogenesis, posttran-
scriptional modification of spliceosomal snRNAs, assembly
site for the transcription machinery, and pre-rRNA process-
ing (reviewed in Matera, 1999; Gall, 2000; Ogg and Lamond,
2002; Cioce and Lamond, 2005). CBs are closely associated
with histone gene clusters in both amphibians and mamma-
lian cells (Gall et al., 1981; Callan et al., 1991; Frey and
Matera, 1995; Schul et al., 1999). Consistent with a role in
histone gene transcription, CBs contain U7 snRNP, which is
required for processing the 3�-end of histone pre-mRNA
(Wu and Gall, 1993; Frey and Matera, 1995; Wu et al., 1996).
Cyclin E and CDK2 have been shown to localize to CBs at
the G1/S boundary of the cell cycle, when cyclin E is first
expressed (Liu et al., 2000). The cyclin E/CDK2 interacting
protein p220/NPAT, also found in CBs, has been proposed
to link cyclin E/CDK2 kinase activity to histone gene tran-
scription (Ma et al., 2000).

Gems are nuclear structures that are indistinguishable
from CBs in most cell lines and adult tissues (Matera and
Frey, 1998; Young et al., 2000). Work carried out in Hela PV
and fetal tissues demonstrates that gems can also reside
adjacent to or exist separately from CBs (Liu and Dreyfuss,
1996; Young et al., 2001; Hebert et al., 2002). Gems contain the
survival motor neuron (SMN) protein encoded by the SMN1
gene, which is frequently mutated or deleted in spinal mus-
cular atrophy (SMA; Lefebvre et al., 1995). SMN forms a
complex with Gemins 2–7 and interacts with Sm, Sm-like
proteins, RNA helicase A, and hnRNP R, Q, and U (re-
viewed in Gubitz et al., 2004). The SMN-protein complex
plays a critical role in snRNP biogenesis (Pellizzoni et al.,
2002; Yong et al., 2002) and has been implicated in the
assembly of snoRNP particles (Pellizzoni et al., 2001a) and
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the pol II transcription/processing machinery (Pellizzoni et
al., 2001b). Consistent with the close association observed
between gems and CBs, SMN interacts directly with p80-
coilin and absence of p80-coilin prevents recruitment of
SMN to CBs (Hebert et al., 2001; Tucker et al., 2001). The
symmetrical dimethylarginines of p80-coilin regulate its in-
teraction with SMN and determine whether SMN will local-
ize to CBs (Hebert et al., 2002).

The close association between DDX1 bodies, cleavage
bodies, CBs, and gems suggests that they may play an
interactive role in the cell, perhaps by providing factors or
preassembled complexes required for RNA transcription
and/or processing. To more closely define the relationship
between these four nuclear bodies, we carried out a series of
triple-labeling experiments using antibodies to DDX1
(DDX1 bodies), SMN (gems), CstF-64/CPSF-100 (cleavage
bodies), and Sm (CBs) at different stages of the cell cycle.
Nuclear bodies were visualized by confocal microscopy and
were three-dimensionally reconstructed to reveal the loca-
tion of each nuclear body with respect to the others. Here,
we report specific patterns of associations between these
four nuclear bodies depending on the stage of the cell cycle.
We also demonstrate that inhibitors of RNA transcription,
DNA replication, and actin polymerization specifically affect
subsets of nuclear bodies and/or their protein composition.
Our data support a role for actin polymerization in the
movement or distribution of CstF-64 and CPSF-100 within
the nucleus.

MATERIALS AND METHODS

Cell Synchronization, Flow Cytometry, and Drug
Treatment
Two types of HeLa cells were used: HeLa (ATCC, Rockville, MD) and HeLa
PV obtained from Dr. Gideon Dreyfuss (University of Pennsylvania School of
Medicine, Philadelphia, PA). HeLa cells were grown on glass coverslips in
DMEM supplemented with 10% fetal calf serum, 100 U/ml penicillin, and 100

�g/ml streptomycin. HeLa cells were synchronized using the double thymi-
dine block method modified from Pederson and Robbins (1971); i.e., cells
were exposed to 2.5 mM thymidine for 12 h, and the thymidine was removed
for 12 h, after which time thymidine was added for an additional 12 h. To
determine number of cells at different stages of the cell cycle, cells were
harvested at 0 (immediately after removal of the second thymidine block), 1,
3, 4, 5, 6, 8, 10, 11, and 12 h. In the case of HeLa PV, cells were harvested at
3, 6, and 11 h. Propidium iodide-stained cells were gated to remove cell debris
and aggregates and analyzed by flow cytometry (FACSort using Cell Quest
version 3.2.1, BD Biosciences, San Jose, CA). Based on the profiles obtained
from this analysis, we have chosen the following time points: 1, 3, 5, 6, 8, and
11 h, to represent early S (50% of cells in S), mid-S (73% of cells in S), late S
(83% of cells in S), early G2 (43% of cells in G2), mid-G2 (67% of cells in G2),
and early G1 phase (83% of cells in G1), respectively (Figure 1). Note that cells
in mitosis were not analyzed because previous studies have shown that
nuclear bodies disappear during this stage of the cell cycle (Andrade et al.,
1993; Schul et al., 1996; Bleoo et al., 2001).

The procedure for GM38 (normal human fibroblasts) synchronization was
as described above except that the cells were cultured in the presence of
thymidine for 16 h instead of 12 h (with a 12-h interval between the two
thymidine blocks). To study cells in S phase, cells were immunostained 3 h
after release from the second thymidine block. The percentage of GM38 cells
arrested in S phase was examined by adding 5-bromo-deoxyuridine (BrdU,
Sigma, St. Louis, MO) to a final concentration of 200 �M 30 min before
immunostaining.

Cells were treated with the following drugs: 6 �g/ml actinomycin D
(Sigma) for 1 h, 50 �g/ml �-amanitin (Sigma) for 4 h, 10 �g/ml aphidicolin
(Sigma) for 1 h, 4 mM hydroxyurea (Sigma) for 1 h, 5 �M latrunculin B
(Calbiochem, San Diego, CA) for 40 min, and 20 �M cytochalasin D (Sigma)
for 40 min. With the exception of �-amanitin, cells were released from the
second thymidine block for 2.5 h before adding the drug. In the case of
�-amanitin, cells were treated with the drug immediately after release from
the second thymidine block. To monitor the efficiency of actinomycin D
treatment, 5-fluorouridine (5-FU, Sigma) was added to a final concentration of
1.3 mM 30 min after addition of actinomycin D. To pulse-label cells with 5-FU,
cells were incubated in 1.3 mM 5-FU for 10 min followed by growth in
medium without 5-FU for 40 min. For the experiments where both actinomy-
cin D and latrunculin B were used, cells were first treated with 6 �g/ml
actinomycin D for 60 min and then subjected to 5 �M latrunculin B for 40 min.
To monitor the efficiency of aphidicolin treatment, BrdU was added to a final
concentration of 200 �M 30 min after addition of aphidicolin.

Immunofluorescence Labeling
Cells adhering to coverslips were fixed in 1% paraformaldehyde in phos-
phate-buffered saline (PBS) for 10 min and permeabilized for 5 min in 0.5%

Figure 1. Flow cytometry analysis of synchronized HeLa cells. Cells were synchronized using the double thymidine block method. Cells
released from arrest were collected at the indicated time points and analyzed by flow cytometry. For each time point, the percentage of cells
in G1, S, and G2 phases are shown in the insets.
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Triton X-100 in PBS. A higher percentage of paraformaldehyde (3%) was used
for the latrunculin B and cytochalasin D experiments in order to maximize
retention of cells on coverslips. Cells were immunostained with rabbit anti-
DDX1 antibody (batch 2923) at a 1:1000 dilution (Bleoo et al., 2001), goat
anti-CstF-64 antibody at a 1:100 dilution (Santa Cruz Biotechnology, Santa
Cruz, CA), mouse anti-CstF-64 at a 1:1000 dilution (gift from Dr. James
Manley, Columbia University), goat anti-CPSF2 (CPSF-100) at a 1:100 dilution
(Santa Cruz Biotechnology), mouse anti-SMN antibody at a 1:1000 dilution
(BD Biosciences), goat anti-SMN (N-19) antibody at a 1:100 dilution (Santa
Cruz Biotechnology), mouse anti-RNA polymerase II antibody (H5) at a 1:100
dilution (Bregman et al., 1995), rabbit anti-hnRNP K at a 1:100 dilution (gift
from Dr. Pradip Raychaudhuri, University of Illinois at Chicago), and mouse
anti-Sm monoclonal antibody (mAb) Y12 at a 1:3000 dilution (gift from Dr.
Joan Steitz, Yale University). The Y12 antibody recognizes multiple Sm anti-
gens of the snRNPs within CBs (Lerner et al., 1981). Because many of our
experiments involved triple-labeling, we frequently had to use the mouse Y12
antibody rather than the more commonly used rabbit p80-coilin antibody to
detect CBs. To ensure that these two antibodies are equally efficient at recog-
nizing CBs, we examined their colocalization within CBs by coimmunostain-
ing HeLa cells (ATCC) with mouse anti-Sm antibody and rabbit anti-p80
coilin antibody (gift from Dr. Edward Chan, University of Florida at Gaines-
ville). Examination of more than 50 cells revealed �95% colocalization in CBs,
consistent with previous reports indicating that both p80-coilin and Sm are
found within CBs (reviewed in Gall, 2000) and that the Y12 antibody recog-
nizes both Sm and p80-coilin proteins (Hebert et al., 2002).

In some experiments, we monitored either BrdU incorporation into DNA or
5-FU incorporation into RNA using anti-BrdU antibodies. Anti-BrdU anti-
body (Roche, Laval, Quebec, Canada) was used at a 1:50 dilution to monitor
DNA synthesis. To detect 5-FU incorporation, a 1:200 dilution of anti-BrdU
antibody (Sigma) was used (anti-BrdU antibody also recognizes 5-FU; Bois-
vert et al., 2000). The mouse mAb to actin (clone C4; ICN Biomedicals, Costa
Mesa, CA), which detects nuclear actin (Gedge et al., 2005), was used at a 1:100
dilution. Secondary antibodies included Alexa 488 donkey anti-mouse, Alexa
488 donkey anti-rabbit, Alexa 555 donkey anti-goat, Alexa 555 goat anti-
mouse (all from Molecular Probes, Eugene, OR), and Cy5 donkey anti-rabbit
(Jackson ImmunoResearch Laboratories, West Grove, PA). All secondary
antibodies were used at a 1:200 dilution. Coverslips were mounted onto slides
with glycerol containing 1 mg/ml �-phenylenediamine and 1 �g/ml 4�,6-
diamidino-2-phenylindole (DAPI).

For triple-staining with anti-DDX1, anti-CstF-64, and anti-BrdU antibodies
(see Figures 8 and 9), cells were fixed in 1% paraformaldehyde and incubated
with anti-DDX1 and anti-CstF-64 antibodies, followed by secondary antibody
staining. Cells were then washed with PBS, fixed in 4% paraformaldehyde,
treated with 2 N HCl for 15 min to denature the DNA, and washed with
sodium borate (pH 8.5). The neutralized cells were immunostained with
anti-BrdU (Roche) antibody. For triple-staining with anti-DDX1, anti-hnRNP
K and anti-CstF-64 (see Figure 3E), cells were fixed in 1% paraformaldehyde
and incubated with rabbit anti-hnRNP K, and mouse anti-CstF-64 antibodies,
followed by secondary antibody staining. Cells were then washed with PBS,
fixed in 1% paraformaldehyde, and incubated with rabbit anti-DDX1 anti-
body directly conjugated to Alexa Fluor 647 dye (Molecular Probes).

Fluorescence Microscopy
Cells were viewed on a Zeiss LSM 510 confocal laser scanning microscope
(Thornwood, NY) with a plan apochromat 63� (NA 1.4) oil immersion lens.
Images from individual channels were collected sequentially in order to avoid
signal bleed-through. All parameters (gain/offset value, laser intensity, and
pinhole settings) were maintained constant during image acquisitions. Frame
size and zoom factor were set to meet Nyquist sampling criteria. Image stacks
(z-series) were taken at 0.3-�m intervals.

To determine the 3D spatial relationships between the different types of
nuclear bodies, cell images were three-dimensionally reconstructed in Imaris
(version 4.1.1, Bitplane AG, Zurich, Switzerland). For each image set, a
background value was determined using Metamorph (Universal Imaging,
Downingtown, PA). To do this, a region was drawn in an area where there
were no cells, and an average value of pixel intensity for each channel was
calculated. The image was then background-corrected by subtracting the
background values from the image. To remove shot noise from the detector,
a 3 � 3 � 1 median filter was applied to each image. Each image was then
surface rendered (surpass mode in Imaris) using intensity threshold values
specific to each antibody. These values were determined by comparing num-
ber of nuclear bodies defined at specific threshold values with the number of
clearcut foci observed under the microscope. These threshold values were
used as guides throughout the analysis. A minimum of 30 cells were three-
dimensionally reconstructed and examined for each triple-labeling experi-
ment at each time point.

The method of Grande et al. (1996) was used to estimate the probability of
random association between nuclear bodies. The probability of random as-
sociation between two nuclear bodies was determined using the formula p �
(4/3) � �� (d)3� n � m/v, where d is the distance between the centers of
two adjacent nuclear bodies, n and m are the average number of each nuclear
body per nucleus, and v is the volume of nucleus in cubic micrometers. The
probability of random association between three nuclear bodies was deter-

mined by first determining p1 and p2, each of which represent the probability
of two nuclear bodies randomly associating (with p1 and p2 measuring the
two different sets of nuclear body pairs). p1 was multiplied by p2 to get the
probability of three nuclear body randomly associating with each other.

Immunoelectron Microscopy
HeLa cells were fixed in a mixture of 4% paraformaldehyde and 0.1% glutar-
aldehyde in Tris-phosphate buffer, pH 7.5, for 1 h. Cells were dehydrated in
graded ethanol and embedded in Unicryl resin. For immunocytochemical
labeling, sections on nickel grids were placed on drops of 1% bovine serum
albumin in Tris-phosphate buffer for 10 min to block nonspecific binding sites.
The grids were placed on drops of anti-DDX1 antibody (1/100 dilution) for
1 h, washed, and floated on drops containing Fab(2)-gold particles (10 nm;
Electron Microscopy Sciences, Hatfield, PA). Labeled grids were examined
using a Hitachi H7000 electron microscope (Rexdale, Ontario, Canada).
The specificity of immunostaining was verified by omitting the anti-DDX1
antibody.

Western Blot Analysis
For analysis of DDX1 and CstF-64 protein during different stages of the cell
cycle, whole-cell extracts were prepared by resuspending the cells in 10
mM HEPES-NaOH, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.5
mM phenylmethylsulfonyl fluoride and lysing cells in an equal volume of
50 mM Tris-HCl, pH 8.0, 1% SDS followed by syringing through a 23-
gauge needle. Whole-cell extracts were electrophoresed on a SDS-10%
polyacrylamide gel followed by transfer onto nitrocellulose. Blots were
immunostained with rabbit anti-DDX1 antibody (2910), mouse anti-Cst-
F64 antibody or goat anti-actin antibody (Santa Cruz Biotechnology).

RESULTS

Association of DDX1 Bodies with Cleavage Bodies, Cajal
Bodies, and Gems during the Cell Cycle
To determine the number of DDX1 bodies, cleavage bodies,
CBs, and gems at different stages of the cell cycle, HeLa
ATCC cells were examined in early G1 (11 h), early S (1 h),
mid-S (3 h), late S (5 h), early G2 (6 h), and mid-G2 (8 h).
Synchronized cells were triple-labeled with antibodies to the
following: 1) DDX1 (DDX1 bodies), CstF-64 (cleavage bod-
ies), and CPSF-100 (cleavage bodies); 2) DDX1, CPSF-100,
and Sm (CBs); 3) DDX1, CstF-64, and either Sm or SMN
(gems); and 4) DDX1, Sm, and SMN and examined by con-
focal laser scanning microscopy. In early G1, 87% of cells
had DDX1 bodies with an average of 1.7 per cell, 92% of cells
had CBs with an average of 3.8 per cell, and 93% of cells had
gems with an average of 4.0 per cell (Table 1). Slight in-
creases in the average numbers of DDX1 bodies, CBs, and
gems were observed at early S (Table 1). These numbers did
not change appreciably from mid-S to mid-G2 phases of the
cell cycle. In contrast, there was an average of 1.2 CPSF-100-
containing cleavage bodies at G1, with �60% of cells having
at least one CPSF-100-containing cleavage body. By early S,
�90% of cells had CPSF-100-containing cleavage bodies,
with an average of 2.8 per cell. These numbers remained
constant until mid-G2. The most dramatic cell cycle-depen-
dent change in nuclear body number was observed with
CstF-64, with 5 and 24% of cells having at least one CstF-
64-containing cleavage body (with averages of 0.1 and 0.4
per cell) in early G1 and early S, respectively. The number of
CstF-64-containing cleavage bodies per cell peaked at mid-S
with an average of 2.4 (95% positive cells), followed by a
decrease to 1.4 (67% positive cells) by late S. By early G2,
14% of cells had at least one CstF-64-containing cleavage
body with an average of 0.3 per cell, with a further reduction
to 0.1 (3% positive cells) by mid-G2.

To investigate the spatial relationships between the differ-
ent types of nuclear bodies, we used Imaris software to
three-dimensionally reconstruct the images of nuclear bod-
ies, as described in Materials and Methods. Using this pro-
gram, we define two types of associations between nuclear
bodies: 1) colocalization with extensive or complete overlap
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and 2) adjacent localization with minimal overlap. As pre-
dicted based on previous reports (Matera and Frey, 1998;
Carvalho et al., 1999; Young et al., 2000), �90% of CBs
colocalized with gems in G1, S, and G2 phases of the cell
cycle (Table 1). The percentage of colocalizing DDX1 bodies
and CPSF-100-containing cleavage bodies was equally high,
except in early G1 when only 16% colocalization was ob-
served. In contrast, associations between DDX1 bodies and
CstF-64-containing cleavage bodies were rarely observed in
early G1 (2%), early G2 (6%), and mid-G2 (3%) phases of the
cell cycle. In mid-S, 80% of DDX1 bodies colocalized with
CstF-64-containing cleavage bodies, whereas in late S, there
was 42% colocalization.

Because CBs colocalize with gems and DDX1 bodies gen-
erally colocalize with CPSF-100/CstF-64-containing cleav-
age bodies during S and CPSF-100-containing cleavage bod-
ies during G2, we next studied associations between DDX1
bodies, cleavage bodies, and CBs/gems. In G1, only 9% of
DDX1 bodies associated with CPSF-100-containing cleavage
bodies and CBs/gems. The remaining 91% of DDX1 bodies
failed to associate with either CPSF-100-containing cleavage
bodies or CBs (Table 1; Figure 2, A and B). In keeping with
the low percentage of CstF-64-containing cleavage bodies
during early G1, 98% of DDX1 bodies showed no association
with CstF-64-containing cleavage bodies and gems (Table 1;
Figure 2C).

In early S phase, triple associations between DDX1 bodies,
CPSF-100-containing cleavage bodies, and CBs/gems were
common, with 72% of DDX1 bodies colocalized with CPSF-
100-containing cleavage bodies, which in turn were found
adjacent to CBs/gems (Table 1). Triple associations were
considerably less frequent (17% of DDX1 bodies) when
cleavage bodies were detected with anti-CstF-64 antibody.
By mid-S, 80–90% of DDX1 bodies colocalized with both
CstF-64- and CPSF-100-containing cleavage bodies, and
DDX1 bodies/cleavage bodies were commonly found adja-
cent to CBs and gems (Figure 3, A and B). A three-dimen-
sional reconstruction of the typical DDX1 body/cleavage
body/CB association observed during mid-S is shown in
Figure 4A. Within the limits of resolution of light micros-
copy, DDX1 and CstF-64 are shown as occupying the same
space, whereas Sm has an adjacent location. Similar associ-

ations were observed at late S, early G2, and mid-G2 (Figure
3C), except that CstF-64-containing cleavage bodies were
rarely seen in G2 (Figure 3D).

The method of Grande et al. (1996), described in Materials
and Methods, was used to estimate the probability that three
nuclear bodies would randomly associate. At mid-S, the
average numbers of DDX1 bodies, CPSF-100-containing
cleavage bodies, and CBs are 2.5, 2.9, and 4.9, respectively
(Table 1). The volume of the nucleus in S phase HeLa cells is
�900 �m3 (Yang et al., 1997). Using an estimated 0.5 �m as
the distance between the centers of two nuclear bodies, the
probability of random associations between DDX1 bodies,
cleavage bodies, and CBs is �1 event in 1000 nuclei. Similar
results were obtained for DDX1 bodies, cleavage bodies and
gems. As �80% of cells (70% of DDX1 bodies) show triple
associations in mid-S, we propose that association between
the different nuclear bodies may be of either functional or
structural significance.

Association of Nuclear Bodies in HeLa PV Cells
HeLa PV differs from Hela ATCC in that gems (SMN foci)
frequently reside adjacent to (rather than colocalize with)
CBs in these cells (Liu and Dreyfuss, 1996). We therefore
examined associations between DDX1 bodies, CstF-64- or-
CPSF-100-containing cleavage bodies, gems, and CBs in this
cell line. As shown in Table 2, associations between nuclear
bodies were less frequent in HeLa PV cells than in HeLa
ATCC cells. Important differences noted in HeLa PV com-
pared with HeLa ATCC include the following: 1) with a
single exception out of �120 cells analyzed, CstF-64-contain-
ing cleavage bodies were not detected at any phase of the
cell cycle; 2) CPSF-100-containing cleavage bodies were not
detected in G1, but were found in low numbers (average of
0.2 per cell) in S and G2; 3) DDX1 bodies were found in
reduced numbers throughout the cell cycle, with averages of
0.2, 0.6, and 0.5 per cell at G1, S, and G2, respectively; 4)
numbers of CBs and gems were also reduced throughout the
cell cycle; 5) the percentage of CBs that associated with gems
was 35–67%, depending on the stage of the cell cycle, with
adjacent localization being the predominant pattern (�70%
of associations); 6) the percentage of DDX1 bodies that as-
sociated with CPSF-100-containing cleavage bodies was

Table 1. Associations between DDX1 bodies, cleavage bodies, Cajal bodies, and gems in HeLa ATCC cells during the cell cycle

Cell cycle phaseb

DDX1
bodies

(DDX1)a

Cleavage bodies a

CBs (Sm)a
Gems

(SMN)a

% DDX1 bodies
associated with
cleavage bodies

containing CPSF-100c

% CBs
associated

with
gemsd

% DDX1 bodies
associated with
cleavage bodies

containing CPSF-100
and CBs/gemseCPSF-100 CstF-64

Early G1 (11 h) 1.7 (0–6) 1.2 (0–5) 0.1 (0–2) 3.8 (0–7) 4.0 (0–8) 16 (2) 89 9 (2)
Early S (1 h) 2.4 (0–4) 2.8 (0–7) 0.4 (0–4) 4.7 (1–9) 5.2 (1–7) 83 (17) 84 72 (17)
Mid-S (3 h) 2.5 (0–5) 2.9 (0–7) 2.4 (0–5) 4.9 (0–7) 4.9 (1–7) 94 (80) 95 68 (72)
Late S (5 h) 2.8 (0–5) 2.6 (0–6) 1.4 (0–8) 4.1 (1–9) 3.9 (2–7) 84 (42) 90 65 (33)
Early G2 (6 h) 2.8 (0–5) 2.5 (1–5) 0.3 (0–4) 4.1 (0–7) 4.5 (0–9) 82 (6) 90 58 (3)
Mid-G2 (8 h) 2.7 (0–6) 2.6 (0–5) 0.1 (0–5) 4.3 (0–7) 4.3 (0–9) 86 (3) 89 55 (1)

A minimum of 30 cells were three-dimensionally reconstructed and examined for each triple-labeling experiment at each time point.
a Average number of nuclear bodies per cell with the range of nuclear bodies in cells analyzed in parentheses.
b Time after release in parentheses.
c Percentage of DDX1 bodies that associate with cleavage bodies (shown by CPSF-100 staining, with CstF-64 staining values in parentheses),
with colocalization being the predominant pattern (97% of associations).
d Percentage of CBs that associate with gems, with colocalization being the predominant pattern (95% of associations).
e Percentage of DDX1 bodies that associate with cleavage bodies (shown by CPSF-100 staining or CstF-64 staining, with CstF-64 staining
values in parentheses) and CBs/gems (with �90% of colocalizing DDX1 bodies/cleavage bodies being adjacent to CBs/gems).
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�20% during S and G2, with colocalization observed in
�60% of cases; and 7) the number of triple associations
between DDX1 bodies, gems, and CBs was 31% in S phase (8
triple associations out of a total of 26 DDX1 bodies observed
in 45 cells) and 61% (11 triple associations out of a total of 18
DDX1 bodies observed in 34 cells) in G2 phase. A three-
dimensional reconstruction of a typical DDX1, SMN, and Sm
triple association in HeLa PV is shown in Figure 4B, with all
three nuclear bodies having an adjacent location relative to
each other.

Association of Nuclear Bodies in GM38, COS7, MDCK,
and NIH3T3 Cells
To further investigate nuclear body associations in human
cells, we extended our analysis to the normal human fibro-
blast strain GM38. GM38 was triple-stained with anti-DDX1,
anti-CstF-64, and anti-SMN antibodies and examined by
indirect immunofluorescence. All four types of nuclear bod-
ies were relatively rare in cycling GM38 fibroblasts. How-
ever, close associations between DDX1 bodies, CstF-64-con-
taining cleavage bodies, and gems were still commonly
observed in GM38 fibroblasts with DDX1 bodies/cleavage
bodies residing adjacent to gems (Figure 5A). To enrich for
cells in S phase, GM38 fibroblasts were exposed to two 16-h
rounds of thymidine. BrdU incorporation was used as a
marker for cells in S phase. Three hours after the second
thymidine block, 62% of GM38 fibroblasts were in S phase
compared with 21% in an unsynchronized cell population,
as revealed by BrdU staining. Consistent with these num-
bers, 67% of S-phase-synchronized GM38 fibroblasts had
CstF-64-containing cleavage bodies, most of which colocal-
ized with DDX1 foci. The majority of DDX1 bodies/cleavage
bodies were found adjacent to gems.

Next, we studied the SV40-transformed monkey kidney
cell line COS7. More than 60% of cells analyzed contained
DDX1 and CstF-64-containing cleavage bodies with the pre-
dominant form of association being colocalization. Although
CBs and gems were less commonly observed in COS7 cells,
they frequently colocalized with each other (Figure 5B).
However, in contrast to HeLa and GM38 cells, only �10%
DDX1 bodies associated with CBs/gems (Figure 5B). We
also examined MDCK (Madin-Darby canine kidney) cells
and NIH3T3 mouse fibroblasts for nuclear body associa-
tions. DDX1 bodies were only found in �30–40% of cells.
Although CstF-64 aggregates were observed in MDCK and
NIH3T3 cells, there were no distinctive CstF-64-containing
cleavage bodies in these two cell lines. Associations between
DDX1 bodies and gems were occasionally observed in
MDCK cells and were absent in NIH3T3 cells (unpublished
data).

Structural Characterization of DDX1 Bodies
In a previous study, we postulated that DDX1 might be a
constituent of cleavage bodies (Bleoo et al., 2001). However,
the work described here suggests that DDX1 bodies often
exist independent of CstF-64- and CPSF-100-containing
cleavage bodies, especially during G1 phase (Figure 2). To
further characterize DDX1 bodies, we examined whether
hnRNP K, a protein previously shown to coimmunoprecipi-
tate with DDX1 (Chen et al., 2002), is also found in DDX1
bodies. Because both anti-DDX1 and anti-hnRNP K antibod-
ies were prepared in rabbit, we first costained HeLa ATCC
cells in mid-S phase with either anti-hnRNP K and anti-
CstF-64 antibodies, or anti-DDX1 and anti-CstF-64 antibod-
ies. Colocalization of hnRNP K and CstF-64 within the same
nuclear bodies was observed at the same frequency as that of

Figure 2. Association of DDX1 bodies, CBs,
and gems in early G1 phase. HeLa ATCC
cells were synchronized using the double
thymidine block method. Eleven hours after
release, cells were fixed with 1% paraformal-
dehyde and triple-stained with (A) anti-
DDX1, anti-CPSF-100, and anti-Sm antibod-
ies, (B) anti-DDX1, anti-CPSF-100, and
anti-Sm antibodies, and (C) anti-DDX1, anti-
CstF-64, and anti-SMN antibodies. Arrows,
DDX1 bodies; arrowheads, cleavage bodies,
CBs, or gems that are not associated with
DDX1 bodies. Scale bar, 10 �m.
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DDX1 and CstF-64. Next, we directly conjugated anti-DDX1
antibody with Alexa 647 and immunostained HeLa ATCC
cells in mid-S phase with directly conjugated anti-DDX1,
anti-CstF-64, and anti-hnRNP K antibodies. All three pro-
teins were found within the same nuclear bodies in �90% of
cells.

Electron microscopy was used to examine the ultrastruc-
ture of DDX1 bodies. Thin sections of HeLa ATCC cells on
nickel grids were first incubated with anti-DDX1 antibody,
followed by 10-nm Fab(2)-gold particles. Based on number

of gold particles, DDX1 proteins are relatively abundant and
evenly distributed within DDX1 bodies (Figure 6). Further-
more, DDX1 bodies are roughly circular with a diameter of
�0.5 �m. As with other nuclear bodies, DDX1 bodies are
located within densely staining regions of the nucleus.

Analysis of CstF-64 and DDX1 Protein Levels during the
Cell Cycle
CstF-64-containing cleavage bodies are rarely seen outside S
phase in HeLa ATCC and GM38 cells. The S phase-specific
increase in the number of CstF-64-containing cleavage bod-
ies could result from either an increase in overall levels of
CstF-64 or their redistribution. In support of the former,
Martincic et al. (1998) have previously reported a fivefold
increase in CstF-64 protein levels during the G0 (serum-
starved) to S phase transition in mouse 3T6 fibroblasts. To
examine whether CstF-64 protein levels change during the
cell cycle, we prepared whole-cell extracts from synchro-
nized HeLa ATCC cells immediately after release from the

Figure 3. Triple associations of DDX1 bodies, cleavage bodies, and
either CBs or gems at mid-S and early G2 phases. (A and B) For
mid-S phase, HeLa ATCC cells were fixed 3 h after release from the
double thymidine block and triple-stained with anti-DDX1, anti-
CstF-64, and anti-SMN antibodies (A) or anti-DDX1, anti-CstF-64,
and anti-Sm antibodies (B). Arrowheads indicate DDX1 bodies that
colocalize with cleavage bodies, which in turn are adjacent to gems
in A and CBs in B as determined by confocal microscopy. (C and D)
For early G2 phase, HeLa ATCC cells were fixed 6 h after release
from the second thymidine block and triple-stained with anti-
DDX1, anti-CPSF-100, and anti-Sm antibodies (C) or anti-DDX1,
anti-CstF-64, and anti-CPSF-100 antibodies (D). During early G2,
CPSF-100-containing cleavage bodies remained associated with
DDX1 bodies and CBs (C), whereas CstF-64-containing cleavage
bodies disappeared (D; arrowheads in C and D). (E) HeLa cells in
mid-S phase were triple-stained with anti-DDX1, anti-CstF-64, and
anti-hnRNP K antibodies. Arrowheads in E indicate colocalization.
Scale bar, 10 �m.

Figure 4. (A) Association between DDX1 bodies (green), cleavage
bodies (red), and Cajal bodies (purple) during S-phase in HeLa
ATCC cells. The images of different types of nuclear bodies were
three-dimensionally reconstructed using surface rendering tech-
niques with the Imaris program (version 4.1.1, Bitplane AG). (A)
Cleavage bodies predominantly colocalized with DDX1 bodies,
whereas CBs (and gems) were mostly found adjacent to DDX1. To
better illustrate the spatial relationship between DDX1 bodies and
cleavage bodies, only two types of nuclear bodies are shown in A�
(CB and cleavage body) and A� (CB and DDX1 body). Removal of
the green channel (DDX1) reveals the entire shape of the cleavage
body, whereas removal of the red channel (CstF-64) reveals the
entire shape of the DDX1 body. (B) Association between DDX1
bodies (green), CBs (purple), and gems (red) during S phase of the
cell cycle in HeLa PV cells. All three nuclear bodies have an adjacent
association, as illustrated in B� and B�.
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second thymidine block (0 h) and at 1, 3, 4, 5, 6, 8, 10, and
11 h after thymidine block release. As shown in Figure 7,
there was no significant change in overall CstF-64 levels
during the cell cycle. As expected based on our previous
report, there was no change in DDX1 levels during the cell
cycle (Bleoo et al., 2001).

Absence of RNA in DDX1 Bodies and Cleavage Bodies
Previous studies have shown that there is no newly synthe-
sized RNA in CBs (Raska, 1995; Schul et al., 1996), although
snRNPs are associated with CBs (Wu et al., 1991; Carmo-
Fonseca et al., 1992). In contrast, Schul et al. (1996) have
reported that �20% of cleavage bodies contain nascent RNA
in unsynchronized T24 cells. To address whether nascent
RNAs are present in cleavage bodies during the S phase of
the cell cycle, we labeled HeLa ATCC cells with 5-FU for 15
min during mid-S phase (3 h after release of the second
thymidine block). Of 50 cells analyzed, none showed signif-
icant 5-FU labeling in cleavage bodies (Figure 8A). To de-

termine whether mature RNAs are found in cleavage bodies,
HeLa ATCC cells in mid-S phase were pulsed with 5-FU for
10 min and incubated for an additional 40 min before im-
munostaining. Although the overall RNA signal was stron-
ger in these cells than in the previous experiment, there was
no accumulation of 5-FU in cleavage bodies (Figure 8B). Our
results suggest that cleavage bodies are devoid of RNAs
during S phase, consistent with our previous report indicat-
ing that RNA is not found within DDX1 bodies and cleavage
bodies in unsynchronized cells (Bleoo et al., 2001).

Effect of Inhibiting RNA Transcription and DNA
Replication on Nuclear Bodies
Inhibition of transcription using actinomycin D disrupts CBs
and gems (Carmo-Fonseca et al., 1992; Liu and Dreyfuss,
1996). To pursue the possibility that active transcription is
required for the specific types of associations observed be-
tween nuclear bodies during S phase, we treated S phase

Figure 5. Colocalization of nuclear bodies
in normal human GM38 fibroblasts and
COS7 cells. (A) GM38 fibroblasts were fixed
with 1% paraformaldehyde and triple-
stained with anti-DDX1, anti-CstF-64, and
anti-SMN antibodies. Nuclear body associa-
tions are indicated by the arrowheads. (B)
COS7 cells were fixed with 1% paraformal-
dehyde and triple-stained with anti-DDX1,
anti-Sm, and anti-SMN antibodies. The ar-
rowhead points to the DDX1 body, whereas
the arrows indicate colocalization of the CB
and gem. Scale bar, 10 �m.

Table 2. Associations between DDX1 bodies, cleavage bodies, Cajal bodies, and gems in HeLa PV cells during the cell cycle

Cell cycle phasea

DDX1
bodies

(DDX1)b

Cleavage
bodies
(CPSF-
100)b

CBs
(Sm)b

Gems
(SMN)b

% DDX1 bodies
associated with

cleavage bodiesc,d

% DDX1 bodiesd,e % CBs
associated

with
gemsd,f

% DDX1 bodies
associated with

CBs and gemsd,g
Associated
with CBs

Associated
with gems

Early G1 (11 h) 0.2 (0–2) ND 1.5 (0–3) 2.6 (0–7) ND (0/14) ND (0/8) ND (0/8) 35 (19/54) ND (0/14)
Mid-S (3 h) 0.6 (0–2) 0.2 (0–2) 1.5 (0–3) 2.0 (0–4) 24% (5/21) 42% (11/26) 38% (10/26) 41 (21/51) 31 (8/26)
Early G2 (6 h) 0.5 (0–2) 0.2 (0–1) 1.7 (0–4) 2.7 (0–5) 21% (3/14) 67% (12/18) 61% (11/18) 67 (39/58) 61 (11/18)

A minimum of 35 cells were three-dimensionally reconstructed and examined for each triple-labeling experiment at each time point. ND, not
detected.
a Time after release in parentheses.
b Average number of nuclear bodies per cell with the range of nuclear bodies in cells analyzed in parentheses.
c Percentage of DDX1 bodies that are associated with cleavage bodies (shown by CPSF-100 staining), with colocalization being the
predominant pattern (�60% of associations).
d Parentheses indicate number of associations per total number of nuclear bodies examined.
e Percentage of DDX1 bodies that are associated with CBs or gems, with adjacent localization being the predominant pattern (�70% of
associations).
f Percentage of CBs that are associated with gems, with adjacent localization being the predominant pattern (�70% of associations).
g Percentage of DDX1 bodies that are associated with CBs and gems, with adjacent localization being the predominant pattern (�70% of
associations).
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HeLa ATCC cells with 6 �g/ml actinomycin D, a concen-
tration that inhibits RNA polymerase I, II, and III. Consistent
with previous reports, actinomycin D treatment caused dis-
ruption of CBs and gems (unpublished data). However,
DDX1 bodies and CstF-64-containing cleavage bodies were
not altered as the result of transcription inhibition and re-
mained associated (unpublished data). Similar results were
observed with 50 �g/ml �-amanitin, which specifically in-
hibits RNA polymerase II (unpublished data).

The convergence of DDX1 bodies, cleavage bodies, CBs,
and gems by early S phase is intriguing, especially in light of
the fact that the great majority of nuclear body associations
have the same configuration; i.e., DDX1 bodies colocalize
with cleavage bodies, with gems and CBs having an adjacent
location to the other two nuclear bodies. Furthermore, the

pattern of CstF-64 appearance and disappearance in cleav-
age bodies as the cell cycle progresses from mid-S to late S to
early G2 suggests a specific need for CstF-64 during S phase.
As DNA replication is the hallmark of S phase, we ad-
dressed the possibility that DNA replication might be in-
volved in either association of cleavage bodies with DDX1
bodies, CBs, and gems, or the aggregation of CstF-64 protein
within cleavage bodies. HeLa ATCC cells in S phase were
treated with aphidicolin, an inhibitor of eukaryotic DNA
polymerase �, �, and � (Burgers and Bauer, 1988). As shown
in Figure 9, aphidicolin efficiently inhibited DNA replica-
tion, as revealed by the lack of BrdU incorporation. Al-
though DDX1 bodies, CBs, and gems were not affected by
inhibition of DNA replication, a dramatic decrease in the
number of CstF-64-containing cleavage bodies was observed
(Figure 9). Only 24% (25/105) of cells retained CstF-64-
containing cleavage bodies after aphidicolin treatment, com-
pared with 98% (98/100) in untreated control cells. Further-
more, a reduction in the size of CstF-64-containing cleavage
bodies was observed in the 24% of cells that retained these
nuclear structures. An interesting finding is that when we
replaced anti-CstF-64 antibody with anti-CPSF-100 antibody
in these experiments, CPSF-100-containing cleavage bodies
appeared completely normal, suggesting that the effect
observed on inhibition of DNA replication is related to
CstF-64 and not to cleavage bodies per se (Figure 9B).
Next, we treated S-phase cells with hydroxyurea (HU), a
drug that blocks DNA replication by inhibiting the activ-
ity of ribonucleotide reductase (Thelander and Reichard,
1979). After HU treatment, only 38% cells retained CstF-
64-containing cleavage bodies, supporting a special link
between CstF-64 aggregation into cleavage bodies and
DNA replication.

To determine whether the CstF-64-specific effect ob-
served upon inhibition of DNA replication might be me-
diated through close proximity or association with nas-
cent DNA, HeLa ATCC cells were labeled with BrdU for
30 min during mid-S phase (3 h after release of the second
thymidine block). Of �20 cells analyzed, none showed
significant BrdU incorporation in cleavage bodies (Figure
8C).

Effects of Inhibiting Actin Polymerization on Nuclear
Bodies
The nonrandom nuclear body associations observed during
S phase suggest directed and regulated movement within
the nucleus. In the cytoplasm, actin and microtubule motors
are responsible for moving organelles along filaments (re-
viewed in Ehrenberg and McGrath, 2004). Actin also plays
important roles in the nucleus (e.g., in chromatin remodel-
ing, transcription, and RNA transport), although it is still not
known whether actin exists in a filamentous state in the
nucleus (reviewed in Bettinger et al., 2004). Of note, fila-
ments believed to be composed of actin were found to be
embedded into CBs by immunogold labeling (Kiseleva et al.,
2004). Furthermore, Gedge et al. (2005) have reported that
nuclear actin partially colocalizes with CBs in cultured hu-
man cells. We therefore used two inhibitors of actin poly-
merization, latrunculin B, which inhibits actin polymeriza-
tion by sequestering actin monomer (Coue et al., 1987;
Spector et al., 1989), and cytochalasin D, which binds to the
barbed end of actin filaments (Cooper, 1987), to examine
whether either the formation of nuclear bodies or the asso-
ciation between nuclear bodies during S phase was depen-
dent on an actin polymer.

After latrunculin B treatment, DDX1 bodies, CBs, and
gems remained intact (Figure 10, A and B). However, rather

Figure 6. Ultrastructural analysis of a DDX1 body. Thin sections of
HeLa ATCC cells were incubated with anti-DDX1 antibody and 10-nm
F(ab)2-gold particles. Cells were scanned for the presence of DDX1
aggregates using a Hitachi H7000 electron microscope. A magnifica-
tion of the DDX1 body is shown in the inset. Scale bar, 0.5 �m.

Figure 7. Western blot analysis of CstF-64 and DDX1 protein
levels during the cell cycle. Synchronized HeLa ATCC cells were
harvested at the indicated time points after release from the second
thymidine block. Whole-cell extracts (40 �g/lane) were electropho-
resed through a 10% SDS-PAGE gel and electroblotted onto nitro-
cellulose. CstF-64 was detected using a 1:1000 dilution of mouse
monoclonal anti-CstF-64 antibody, whereas DDX1 was detected
using a 1:5000 dilution of rabbit polyclonal anti-DDX1 antibody.
Actin was visualized using a 1:500 dilution of goat polyclonal
anti-actin antibody.

Nuclear Bodies and the Cell Cycle

Vol. 17, March 2006 1133



than cleavage bodies, long thin needlelike structures (re-
ferred to as nuclear spicules) were observed in more than
80% of cells immunostained with either anti-CstF-64 or
anti-CPSF-100 antibodies (Figure 10, A–C and E). Most
cells exhibited an aberrant nuclear morphology, as ex-
pected after disruption of the cytoskeleton. Identical re-
sults were obtained using the following: 1) different con-
centrations of paraformaldehyde (1 and 3%), 2) different
primary anti-CstF-64 antibodies, and 3) different second-
ary antibodies. Control experiments where cells were
treated with 0.1% dimethyl sulfoxide (DMSO), the diluent
used for latrunculin B, revealed normal cleavage bodies.
Of note, cytochalasin D treatment (also dissolved in 0.1%
DMSO) neither disrupted cleavage bodies nor resulted in
the formation of nuclear spicules, even though cytoplas-
mic filamentous actin could no longer be visualized by
phalloidin staining (Figure 10D). Decreasing the concen-
tration of latrunculin B (to 2 �M) or increasing the con-

centration of cytochalasin D (to 40 �M) generated the
same results as obtained with the original drug concen-
trations (unpublished data).

To determine whether nuclear spicules are S phase-spe-
cific, we analyzed unsynchronized HeLa ATCC cells. We
found that the number of unsynchronized cells with nuclear
spicules was much higher (�70%) than the number of cells
in S phase (29%; Figure 1). A high percentage of cells with
nuclear spicules was also observed in unsynchronized
GM38 treated with latrunculin B (unpublished data). We
then examined whether the formation of nuclear spicules
was transcription-dependent. HeLa ATCC cells were incu-
bated with 6 �g/ml actinomycin D for 60 min before the
latrunculin B treatment. The number and appearance of
nuclear spicules in actinomycin D/latrunculin B-treated
cells was comparable to that observed in cells treated with
latrunculin B alone, indicating that these structures are not
dependent on active transcription (see Figure 12, left panel).

Figure 8. Absence of RNA and DNA in cleavage bodies. (A) S phase synchronized HeLa ATCC cells were incubated with 5-FU for 15 min
and immunostained with anti-CstF-64 and anti-BrdU antibodies. Staining intensity through a cleavage body (arrowhead) and surrounding
region was profiled with Zeiss LSM 510 image software. Channel 2 (CH-2) and channel 3 (CH-3) represent staining intensities of CstF-64 and
5-FU, respectively. (B) S phase synchronized HeLa ATCC cells were pulse-labeled with 5-FU for 10 min and incubated at 37°C for 40 min
before staining with anti-CstF-64 and anti-BrdU antibodies. Staining intensity was analyzed as indicated in A. (C) S phase-synchronized HeLa
ATCC cells were incubated with 200 �M BrdU for 30 min and immunostained with anti-CstF-64 and anti-BrdU antibodies. Staining intensity
was analyzed as indicated in A.
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Next, we investigated whether RNA was located along or
within the nuclear spicules. We found that pulse-labeled
5-FU, but not fresh-labeled 5-FU, was present in the spicules
of �50% of cells, indicating that at least a subset of these
structures contain processed but not nascent RNAs (Figure
11A). We also discovered that hyperphosphorylated RNA
polymerase II, the form that is active in RNA elongation,
colocalizes with CstF-64 along the spicules in �60% of cells
examined (Figure 11B). When cells were treated with acti-
nomycin D before latrunculin B, neither hyperphosphory-
lated RNA polymerase II nor RNA could be detected in the
nuclear spicules (Figure 12, right panel).

Because the needlelike appearance of the spicules suggests a
somewhat rigid underlying filamentous structure, we exam-
ined whether either actin or nuclear intermediate filament pro-
teins called lamins were associated with the nuclear spicules.
No association was detected between nuclear actin and CstF-
64-stained spicules (Figure 11C). Similarly, lamins A/C and
lamin B appeared to be completely excluded from the nuclear
spicules (Figure 11D and unpublished data).

DISCUSSION

Highly dynamic compartments and subdomains have been
identified in the nucleus including nucleoli, splicing factor
compartments believed to supply splicing factors to tran-
scription sites, PML bodies implicated in transcriptional reg-
ulation and tumor suppression, CBs, and cleavage bodies
(reviewed in Gall, 2000; Lamond and Spector, 2003; Dellaire
and Bazett-Jones, 2004). Although great strides have been
made in the characterization of nuclear subdomains, we still
have a poor understanding of the overall structural organi-
zation of the nucleus and the roles that nuclear subdomains
play in the cell.

A number of investigations have focused on three nuclear
bodies that associate with each other, frequently or occasion-
ally depending on the study: CBs, gems, and cleavage bod-
ies. These three nuclear bodies contain proteins involved in
or postulated to be involved in RNA transcription, splicing,
processing, and transport. In a previous study, we identified
DDX1 as a component of cleavage bodies because of its

Figure 9. Inhibition of DNA replication
eliminates the majority of cleavage bodies.
Aphidicolin (10 �g/ml) was added to the
culture medium of HeLa ATCC cells 2.5 h
after release from the second thymidine block
(S phase). After 30 min, BrdU was added to a
final concentration of 200 �M for an additional
30 min. Cells were triple-stained with anti-
DDX1, anti-CstF-64, and anti-BrdU. (A) In the
absence of aphidicolin, DDX1 bodies colocal-
ized with cleavage bodies (arrowhead). BrdU-
labeled DNA was found throughout the nu-
cleus. (B) In the presence of aphidicolin, DNA
replication was inhibited as indicated by the
absence of BrdU label within the nucleus.
DDX1 bodies (arrowheads) and CPSF-100-
containing cleavage bodies were not affected
by aphidicolin treatment, although the major-
ity of CstF-64-containing cleavage bodies dis-
appeared. Scale bar, 10 �m.
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frequent presence in these nuclear bodies (Bleoo et al., 2001).
The more comprehensive study described here demon-
strates that DDX1 bodies can exist as entities that are sepa-
rate from CPSF-100- and CstF-64-containing cleavage bod-
ies. Furthermore, cells that do not form cleavage bodies as
visualized by confocal microscopy often have well-defined
DDX1 bodies. In support of an independent status for DDX1
bodies, we show that hnRNP K, previously found to coim-
munoprecipitate with DDX1 (Chen et al., 2002), is also
present in DDX1 bodies. Ultrastructure analysis by immu-
nogold labeling of DDX1 demonstrates that DDX1 bodies
are electron-dense structures that contain a significant
amount of DDX1 protein.

Here, we examine the spatial relationship between cleav-
age bodies, CBs, gems, and DDX1 bodies as a function of the

cell cycle in HeLa ATCC cells. To avoid bias, cells were
randomly selected, confocal microscopy settings were main-
tained throughout the analysis, and nuclear bodies were
defined based on parameters established using the Imaris
three-dimensional reconstruction program. Using these cri-
teria, and in agreement with previous studies, our results
indicate that: 1) DDX1 bodies, CBs, and gems are present
throughout the G1, S, and G2 phases of the cell cycle (pre-
vious work has shown that DDX1 bodies, cleavage bodies
and CBs disassemble during mitosis; Andrade et al., 1993;
Schul et al., 1996; Bleoo et al., 2001); 2) the number of DDX1
bodies, CBs, and gems remains constant throughout G1, S,
and G2; 3) the great majority of CBs and gems colocalize
with each other in G1, S, and G2; and 4) a high percentage of
CBs/gems associate with DDX1 bodies during G1, S, and

Figure 10. Inhibition of actin polymeriza-
tion by latrunculin B alters cleavage bodies.
S-phase synchronized HeLa ATCC cells (2.5
h after release from the second thymidine
block) were treated with 5 �M latrunculin B
for 40 min and immunostained with anti-
DDX1, anti-Sm, and anti-CstF-64 antibodies
(A) or anti-DDX1, anti-SMN, and anti-
CstF-64 antibodies (B). Latrunculin B had no
effect on DDX1 bodies, CBs, and gems (ar-
rowheads indicate association between
DDX1 bodies and CBs (A) and gems (B) after
latrunculin B treatment), but resulted in the
disappearance of cleavage bodies and the ap-
pearance of nuclear spicules. (C) HeLa ATCC
cells were treated with latrunculin B and im-
munostained with anti-CstF-64 antibody and
DAPI. A magnification of the cell highlighted
in the left panel is shown in the center panel,
demonstrating the typical appearance of nu-
clear spicules. (D) HeLa ATCC cells were
treated with 20 �M cytochalasin D for 40 min
and then immunostained with anti-CstF-64
antibody, phalloidin, and DAPI. There was
an absence of filamentous actin in the cyto-
plasm of cytochalasin D-treated cells as re-
vealed by phalloidin staining. Cytochalasin
D had no effect on cleavage bodies. (E) HeLa
ATCC cells were treated with latrunculin B
and immunostained with anti-DDX1, anti-
CPSF-100, and anti-CstF-64 antibodies. Both
CstF-64 and CPSF-100 were found in nuclear
spicules. Coverslips were mounted onto
slides with glycerol containing 1 mg/ml
�-phenylenediamine or with glycerol alone,
with identical results. Scale bars, 10 �m.
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G2, with an adjacent localization being the predominant
pattern.

In comparison with the other three nuclear bodies, the
formation and composition of cleavage bodies appears more
dynamic. For example, CstF-64-containing cleavage bodies
were primarily observed in mid-S and to a lesser extent in
late S phase, whereas the number of CPSF-100-containing
cleavage bodies doubled from early G1 to early S. The
increase in the number of CstF-64-containing cleavage bod-
ies during S phase was not accompanied by an increase in
CstF-64 protein levels, suggesting redistribution of CstF-64
rather than de novo synthesis. The predominant association
pattern at mid-S consisted of DDX1 bodies colocalizing with
CPSF-100/CstF-64-containing cleavage bodies and residing
adjacent to CBs and gems. Associations between CBs and
cleavage bodies detected with either CstF-64 or CPSF-100
antibodies have previously been reported in the human
bladder carcinoma cell line T24 (Schul et al., 1996, 1999). In
contrast to our results in HeLa ATCC and GM38, CBs were
found to localize with CstF-64-containing cleavage bodies in
G1 and to be adjacent during S phase in T24 cells (Schul et al.,
1999). This discrepancy with our results could be due to
differences between cell lines as T24 has been reported to
have a different nuclear body content compared with other
cell lines (Grande et al., 1996).

To address the nature of the associations between cleav-
age bodies, DDX1 bodies, gems, and CBs during S phase,
synchronized cells were treated with inhibitors of RNA tran-
scription. Although inhibitors of transcription had the ex-
pected disruptive effect on CBs and gems (Carmo-Fonseca et
al., 1992; Liu and Dreyfuss, 1996), neither cleavage bodies
nor DDX1 bodies were affected. In contrast, inhibitors of
DNA replication caused a dramatic decrease in the number
of CstF-64-containing cleavage bodies although CPSF-100-
containing cleavage bodies, DDX1 bodies, CBs, and gems
were not affected, suggesting a specific link between CstF-64
and DNA replication. Of note, cleavage bodies in S phase
appeared to be devoid of RNA and DNA as determined by
labeling with 5-FU and BrdU. Together, these results indi-
cate that although active transcription is not required for
cleavage body formation and/or maintenance, inhibition of
DNA replication affects their protein composition.

CstF-64 in cleavage bodies could be generally associated
with DNA replication or specifically associated with the
replication of a subset of DNA, although no role in DNA
replication has been reported for CstF-64. Conversely, CstF-
64-containing cleavage bodies may be required for processes
related to DNA replication but not necessarily directly in-
volving DNA replication. For example, in mammalian cells,
CBs and cleavage bodies have both been shown to be closely

Figure 11. Association of CstF-64 and other
proteins in nuclear spicules after latrunculin
B treatment. (A) S-phase synchronized HeLa
ATCC cells (2.5 h after release from the sec-
ond thymidine block) were pulse-labeled
with 1.3 �M 5-FU for 10 min and then treated
with 5 �M latrunculin B for 40 min and im-
munostained with anti-CstF-64 (red) and an-
ti-BrdU (green) antibodies. Colocalization of
CstF-64 and RNA in the nuclear spicules gen-
erates the yellow color in the Merge panel.
(B) S-phase synchronized HeLa ATCC cells
were treated with 5 �M latrunculin B for 40
min and immunostained with anti-CstF-64
antibody (red) and an anti-RNA polymerase
II antibody that specifically recognizes the
hyperphosphorylated form of RNA polymer-
ase II (green). The yellow color in the Merge
panel indicates colocalization of CstF-64 and
the hyperphosphorylated RNA polymerase
II in the nuclear spicules. (C and D) Synchro-
nized HeLa ATCC cells were treated with
latrunculin B as described in B and immuno-
stained with anti-CstF-64 (red) and either an-
ti-actin (green; C) or anti-lamin B (green) an-
tibodies (D). No association was found
between CstF-64 and either actin or lamin B
in the nuclear spicules. Scale bars, 10 �m.
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associated with histone gene clusters that are preferentially
transcribed during S phase (Frey and Matera, 1995; Schul et
al., 1999). Schul et al. (1999) have postulated that cleavage
bodies function adjacent to CBs to promote histone gene
transcription and/or processing. As histone gene expression
and DNA replication are tightly coupled during S phase,
inhibition of DNA replication affects histone gene transcrip-
tion and vice versa (Heintz et al., 1983; Nelson et al., 2002).
Thus, the disappearance of CstF-64 in cleavage bodies that
we see upon inhibition of DNA replication could be related
to the accompanying decrease in histone gene transcription.
The fact that general inhibitors of transcription have no
effect on CstF-64 distribution suggests that the requirement
for CstF-64 in cleavage bodies during S phase is related to
the coupling between DNA replication and histone gene
transcription rather than histone gene transcription per se.
Furthermore, the lack of RNA and DNA in cleavage bodies
suggests that these structures do not serve as active sites of
transcription or processing, but rather provide preas-
sembled complexes or storage for molecules involved in
these processes, as previously postulated for CBs and cleav-
age bodies (Schul et al., 1998, 1999; Gall et al., 1999).

Our findings suggest nonrandom associations of struc-
tural and/or functional significance between the four nu-
clear bodies. Nonrandom associations imply a directed, pos-
sibly motor-driven mechanism for bringing together
different types of nuclear bodies, either through specific
molecular interactions and/or as a consequence of move-
ment along filamentous structures such as has been de-
scribed for transporting organelles along cytoplasmic actin
or tubulin fibers. Although the presence of actin in the
nucleus is well documented, it is still not known whether
physiologically-relevant nuclear actin filaments exist (re-
viewed in Pederson and Aebi, 2002; Bettinger et al., 2004).

Nuclear actin has been shown to be associated with CBs
(Gedge et al., 2005) and pore-linked filaments believed to
contain actin are embedded in CBs and other organelles
(Kiseleva et al., 2004). It has been postulated that rather than
the well-known filamentous form of cytoplasmic actin, nu-
clear actin, perhaps in association with actin binding pro-
teins that affect branching, may exist in distinct polymeric or
oligomeric forms (Pederson and Aebi, 2002).

To address a possible role for polymerized actin in either
the association or formation of nuclear bodies, we treated
HeLa ATCC cells with latrunculin B, a compound that forms
a 1:1 complex with actin monomers, thus inhibiting actin
polymerization (Coue et al., 1987; Spector et al., 1989). Al-
though CBs, gems, and DDX1 foci were not affected by
latrunculin B, there was a dramatic change in both the
CstF-64 and CPSF-100 staining patterns in more than 80% of
S-phase cells examined. Rather than the spherical shape
normally associated with cleavage bodies, immunostaining
with anti-CstF-64 and anti-CPSF-100 revealed long thin
needlelike structures (nuclear spicules) that also contained
RNA polymerase II and processed RNA. We subsequently
discovered that the formation of nuclear spicules is not
restricted to cells in S phase. These results suggest direc-
tional aggregation of CstF-64 and CPSF-100 proteins along
with RNA polymerase II upon treatment with latrunculin B.
Interestingly, cytochalasin D, which binds to the barbed end
of actin filaments, preventing association and dissociation of
actin at that end, had no effect on cleavage bodies. As the
consequence of cytochalasin D treatment in the cytoplasm is
shortened actin polymers rather than total disruption of the
actin polymer, the nuclear actin polymer may be less dra-
matically affected by cytochalasin D than by latrunculin B.
Others have reported differences between cytochalasin D
and latrunculin on the movement of nuclear components
(e.g., herpes capsid; Forest et al., 2005). Alternatively, latrun-
culin B may affect the polymerization of molecules other
than actin (e.g., actin-related proteins).

In summary, we have shown that cleavage bodies fre-
quently colocalize with DDX1 bodies and are found adjacent
to gems and CBs during S phase. Our results suggest a
general need for DDX1 bodies, CBs, and gems throughout
interphase, consistent with a role (direct or indirect) in RNA
transcription, splicing, or processing. CstF-64 in cleavage
bodies may be preferentially required when DNA is repli-
cated, perhaps for histone gene transcription, which is
tightly coupled to DNA replication. The dramatic alteration
in CPSF-100 and CstF-64 staining observed upon latrunculin
B treatment suggests a role for actin polymerization or re-
lated processes in the transport of CPSF-100, CstF-64, and
other proteins such as RNA polymerase II within the nu-
cleus. Future work will involve further examination of the
composition of the latrunculin-induced nuclear spicules and
studying the role that nuclear actin plays in the transport of
molecules associated with RNA metabolism.
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Figure 12. Nuclear spicule formation is transcription-independent
but their composition is transcription-dependent. (A) HeLa ATCC
cells were incubated with 6 �g/ml actinomycin D for 60 min before
they were treated with 5 �M latrunculin B for 40 min. Cells were
then immunostained with anti-CstF-64 and anti-RNA polymerase II
antibodies. (B) HeLa ATCC cells were pulse-labeled with 5-FU for
10 min and incubated at 37°C for 40 min. Cells were then sequen-
tially treated with actinomycin D and latrunculin B as described in
A and immunostained with anti-CstF-64 antibody and anti-BrdU
antibody that recognizes 5-FU. Neither RNA polymerase II nor
RNA was observed in nuclear spicules. Scale bar, 10 �m.
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