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DEAD box proteins are putative RNA helicases that function in all aspects of RNA metabolism,
including translation, ribosome biogenesis, and pre-mRNA splicing. Because many processes
involving RNA metabolism are spatially organized within the cell, we examined the subcellular
distribution of a human DEAD box protein, DDX1, to identify possible biological functions.
Immunofluorescence labeling of DDX1 demonstrated that in addition to widespread punctate
nucleoplasmic labeling, DDX1 is found in discrete nuclear foci �0.5 �m in diameter. Costaining
with anti-Sm and anti-promyelocytic leukemia (PML) antibodies indicates that DDX1 foci are
frequently located next to Cajal (coiled) bodies and less frequently, to PML bodies. Most impor-
tantly, costaining with anti-CstF-64 antibody indicates that DDX1 foci colocalize with cleavage
bodies. By microscopic fluorescence resonance energy transfer, we show that labeled DDX1
resides within a Förster distance of 10 nm of labeled CstF-64 protein in both the nucleoplasm and
within cleavage bodies. Coimmunoprecipitation analysis indicates that a proportion of CstF-64
protein resides in the same complex as DDX1. These studies are the first to identify a DEAD box
protein associating with factors involved in 3�-end cleavage and polyadenylation of pre-mRNAs.

INTRODUCTION

DEAD box proteins are a family of putative RNA helicases
found in all cellular organisms and in some viruses. They are
characterized by eight conserved amino acid motifs, includ-
ing the core DEAD (Asp-Glu-Ala-Asp) motif involved in
ATP hydrolysis and coupling of ATPase and RNA helicase
activity (Pause and Sonenberg, 1992). At least 14 human
DEAD box proteins have been identified to date, summa-
rized in the DExH/D protein family database (Jankowsky
and Jankowsky, 2000). DEAD box proteins are thought to
modulate RNA secondary structure in all cellular processes
involving RNA, including transcription, pre-mRNA pro-
cessing, ribosome biogenesis, RNA export, translation initi-
ation, and RNA degradation (Schmid and Linder, 1992; de la
Cruz et al., 1999). Although many of the biological functions
of the prokaryotic and lower eukaryotic DEAD box proteins
have been identified, DEAD box proteins in higher eu-
karyotes remain largely uncharacterized.

DDX1 is a human DEAD box protein that was identified
by differential screening of a cDNA library enriched in tran-
scripts present in two retinoblastoma (RB) cell lines: Y79 and
RB522A (Godbout and Squire, 1993). The 2.7-kb DDX1 tran-
script encodes a protein with a predicted molecular mass of
82.4 kDa (Godbout et al., 1998). In addition to the eight
conserved DEAD box family motifs, DDX1 also contains a
region with homology to heterogeneous nuclear ribonucle-
oprotein U (hnRNP U) (Godbout et al., 1994). HnRNP U or
scaffold attachment factor A, a protein located in the nuclear
matrix, has recently been shown to function as a repressor of
RNA polymerase II elongation by inhibiting transcription
factor TFIIH-mediated carboxyl-terminal domain phosphor-
ylation (Kim and Nikodem, 1999). Interestingly, the domain
common to both hnRNP U and DDX1 was found to mediate
binding of TFIIH to the RNA polymerase II holoenzyme.

The DDX1 gene has been mapped to chromosome 2p24,
�400 kb telomeric to the proto-oncogene MYCN (Amler et
al., 1996; Kuroda et al., 1996; Noguchi et al., 1996; Pandita et
al., 1997). MYCN, a member of the myc family of transcrip-
tion factors, is amplified and overexpressed in approxi-
mately one-third of all neuroblastoma (NB) tumors as well
as in �10% of RB tumors (Brodeur et al., 1984; Seeger et al.,
1985; Sakai et al., 1988; Doz et al., 1996). DDX1 is coamplified
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with MYCN and overexpressed in a subset of NB and RB cell
lines and tumors (Godbout and Squire, 1993; Squire et al.,
1995). Preliminary studies have shown that NB patients with
amplification of both DDX1 and MYCN have a worse prog-
nosis than do patients with only the MYCN gene amplified
(Squire et al., 1995; George et al., 1996). The role of DDX1 in
the tumorigenic process is not known, although it is pre-
dicted to involve RNA binding and the modulation of RNA
secondary structure.

The eukaryotic cell nucleus is spatially organized into
many subnuclear domains, including the nucleolus, Cajal
(coiled) bodies, splicing factor compartments (speckles),
promyelocytic leukemia (PML) nuclear bodies, Sam68 nu-
clear bodies (SNBs), and cleavage bodies (Schul et al., 1998;
Misteli, 2000). A number of these structures have been im-
plicated in RNA metabolism. For example, splicing factor
compartments are thought to supply pre-mRNA splicing
factors (Fu and Maniatis, 1990) as well as poly(A) binding
protein II (Krause et al., 1994) and hyperphosphorylated
RNA polymerase II (Bregman et al., 1995) to neighboring
RNA transcription/processing sites. Cajal bodies, first dis-
covered in 1903 by light microscopy, contain components
involved in pre-mRNA splicing, rRNA processing, and his-
tone mRNA 3� end maturation (Matera, 1999; Gall, 2000).
PML bodies are frequently found adjacent to Cajal bodies
and contain proteins involved in RNA processing as well as
apoptosis (Seeler and Dejean, 1999; Ruggero et al., 2000).
Also located next to Cajal bodies and sometimes PML bod-
ies, cleavage bodies contain proteins involved in pre-mRNA
3�-end cleavage and polyadenylation as well as the tran-
scription factors TFIIE and TFIIF (Schul et al., 1996; Gall,
2000). Recently, the DEAD box protein Gemin3 has been
shown to be associated with the spinal muscular atrophy
gene product SMN in nuclear bodies called gems (Charroux
et al., 1999). Gems are similar in size and commonly associate
with Cajal bodies (Matera and Frey, 1998; Carvalho et al.,
1999).

Previous cellular fractionation experiments with anti-
DDX1 polyclonal antibodies revealed that DDX1 is primarily
a nuclear protein, although it is also abundant in the cyto-
plasm of DDX1-amplified cells (Godbout et al., 1998). To
determine the subnuclear localization of DDX1, we exam-
ined DDX1 distribution by confocal and digital imaging
microscopy. DDX1 was found to be widely distributed
throughout the nucleus; however, it was also located within
nuclear foci of 0.5 �m diameter. These foci frequently
costained with anti-CstF-64, previously reported to recog-
nize cleavage bodies. Both coimmunoprecipitation and flu-
orescence resonance energy transfer (FRET) analyses sug-
gest that CstF-64 and DDX1 are in proximity to each other.
We propose that, like CstF-64, DDX1 may play a role in the
processing of pre-mRNAs.

MATERIALS AND METHODS

Cell Culture
HeLa (human cervical carcinoma cells), GM38 (normal human lung
fibroblasts), SKN (human neuroblastoma cells), COS-7 (transformed
African green monkey kidney fibroblasts), HISM human intestinal
smooth muscle cells, T24 (human bladder carcinoma cells), MRC-5
(normal human embryo lung fibroblasts), 293 (transformed human
kidney cells), C3H 10T1/2 (mouse embryo fibroblasts), NIH 3T3

(mouse embryo fibroblasts), and Indian muntjac fibroblasts were
grown on glass coverslips at 37°C in a 6% CO2 atmosphere in
DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
calf serum and antibiotics (100 U/ml penicillin and 100 �g/ml
streptomycin [Invitrogen, Carlsbad, CA]). Human retinoblastoma
cells RB778, RB893, RB522A, and RB(E)-2 were grown in suspension
with the same medium described above. The cells were allowed to
adhere to poly-l-lysine-coated coverslips for 30 min. All cells were
used at 40–70% confluence. RNA was labeled by adding 2 mM
5�-fluorouridine (FU) (Sigma, St. Louis, MO) to cells at 37°C for 5, 10,
or 15 min as previously described (Boisvert et al., 2000).

Immunofluorescence Labeling
Cells adhering to coverslips were fixed in 1% paraformaldehyde in
phosphate-buffered saline (PBS) for 10 min and permeabilized for 5
min in 0.5% Triton X-100/PBS. Alternatively, cells were fixed and
permeabilized in �20°C 1:1 methanol/acetone for 10 min. Cells
were incubated for 1 h in blocking buffer (3% bovine serum albumin
in PBS) containing the primary antibody, rinsed in PBS, and incu-
bated in blocking buffer containing the secondary antibody. Cover-
slips were mounted onto slides with glycerol containing 1 mg/ml
p-phenylenediamine � 1 �g/ml 4�,6-diamidino-2-phenylindole
(DAPI).

Antibodies and Immunoprecipitation
Rabbit polyclonal DDX1 antiserum (batch 2923) was produced us-
ing the use of nondenatured recombinant DDX1 (amino acids
1–186). To verify antibody specificity, GST-DDX1 was bacterially
expressed and purified with the use of glutathione-Sepharose 4B
(Godbout et al., 1998). Glutathione S-transferase (GST) was cleaved
with thrombin and DDX1 (0 or 5 �g) was spotted onto nitrocellu-
lose. The filters were incubated in blocking buffer and subsequently
in primary antibody (anti-DDX1 or unrelated rabbit polyclonal anti-
aldehyde dehydrogenase) at the dilution used for immunofluores-
cence labeling. After an overnight incubation at 4°C, the unbound
antibody was used to stain fixed and permeabilized cells for immu-
nofluorescence detection.

The following primary antibodies were used in this study: rabbit
polyclonal p80 coilin (Andrade et al., 1993), mouse monoclonal Y12
against the Sm antigens (Pettersson et al., 1984), mouse monoclonal
CstF-64 (Takagaki et al., 1990), mouse monoclonal Sam68 (Santa
Cruz Biotechnology, Santa Cruz, CA), mouse monoclonal SC-35
(ATCC hybridoma 2031), mouse monoclonal 5E10 against PML
bodies (Stuurman et al., 1992), and mouse monoclonal bromode-
oxyuridine, which recognizes halogenated UTP (Sigma). Secondary
antibodies included Alexa 488 goat anti-mouse, Alexa 594 goat
anti-rabbit (Cedarlane Laboratories, Oakville, ON, Canada), and
Cy3 donkey anti-rabbit (Jackson Immunoresearch, West Grove, PA).

For the coimmunoprecipitation experiments, we used rabbit poly-
clonal antiserum (batch 2910) generated with the use of denatured
recombinant DDX1 (amino acids 1–186) (Godbout et al., 1998). The
antibody was precleared with protein A-agarose beads and incu-
bated for 3 h with nuclear extracts prepared from HeLa cells (Dig-
nam et al., 1983). Immune complexes were precipitated with protein
A-agarose beads and run on an SDS polyacrylamide gel. Proteins
were transferred to nitrocellulose membrane by electroblotting, and
Western blot analysis was carried out with anti-DDX1 antibody,
anti-CstF-64 antibody, and anti-Sam68 antibody.

Affinity Purification of Anti-DDX1 Antibody
One milligram of glutathione-Sepharose 4B-purified GST-DDX1
was buffer exchanged into 1 ml of coupling buffer (0.2 M NaHCO3,
0.5 M NaCl; pH 8.3) with the use of P30 centricons (Millipore,
Bedford, MA). The recombinant DDX1 was then applied to a 1-ml
HiTrap N-hydroxysuccinimide activated Sepharose column (Amer-
sham Pharmacia Biotech, Piscataway, NJ) and incubated for 30
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min at room temperature. Deactivation and washing of the column
was performed with alternate washes of 0.5 M ethanolamine, 0.5 M
NaCl (pH 8.3) and 0.1 M acetate, 0.5 M NaCl (pH 4.0). The column
was equilibrated with Tris-buffered saline and 1 ml of anti-DDX1
antiserum from batch 2923 was diluted 10-fold with Tris-buffered
saline and applied to the GST-DDX1 affinity column at a flow rate of
1 ml/min and allowed to recirculate for 18 h at 4°C. The column was
washed with 85% buffer A (10 mM Tris-HCl, 20% glycerol; pH 8.0)
and 15% buffer B (buffer A � 1 M NaCl). Nonspecifically bound
proteins were eluted with 50% buffer A and 50% buffer B. Antibod-
ies were eluted with 100 mM glycine pH 3.0 and fractions neutral-
ized to pH 8.0 with 1 M Tris-HCl, pH 11.0. The anti-DDX1 antibod-
ies were concentrated with the use of P30 centricons and buffer-
exchanged with buffer A in a final volume of 1 ml.

Light Microscopy
Images of single-labeled cells were collected on a Zeiss-Axioplan II
microscope (Carl Zeiss, Thornwood, NY) with a cooled charge-
coupled device camera (Cooke Corporation, Auburn Hills, MI). All
double-labeled cells were viewed on a Zeiss LSM 510 confocal
microscope with a plan apochromat 63�/1.4 oil immersion lens.
Argon and helium-neon (HeNe) lasers were sequentially used to
scan at wavelengths 488 and 543 nm, respectively. A UV laser was
used to excite DAPI-stained cells. The image stacks were three-
dimensionally reconstructed by maximum likelihood projections
using the Zeiss LSM 510 image analysis software. To measure the
three-dimensional distances between structures, the centers of each
foci were marked and the Zeiss LSM 510 software calculated the
distance based on pixel dimensions. For colocalization experiments,
a minimum of 20 cells was three-dimensionally reconstructed and
examined.

Where indicated, images were deconvolved with the use of Soft-
works 2.5 software (Applied Precision Inc., Issaquah, WA) to re-
move out-of-focus information. The required point spread functions
were generated as recommended by the manufacturer. The decon-
volution program is based on a constrained iterative algorithm
developed in the laboratory of John Sedat (University of California,
San Francisco, San Francisco, CA).

To determine the likelihood of nuclear bodies randomly colocal-
izing with DDX1 foci, we used a method published by Grande et al.
(1996) that takes into account total cell volume and the size of the
foci in question as well as their abundance. This calculation is based
on the following equation: p � (4/3)�(d)3�n�m/v where p is the
probability, d is the distance between the centers of adjacent struc-
tures, n and m are the average number of each structure per nu-
cleus, and v is the volume of the nucleus in cubic micrometers.

Microscopic Fluorescence Resonance Energy Transfer
HeLa cells were fixed, permeabilized, and labeled for DDX1, CstF-
64, PML, Sm, and p80 coilin as described above, with the exception
that the coverslips were mounted in glycerol without p-phenylene-
diamine. The donors, anti-CstF-64, anti-PML, and anti-Sm antibod-
ies, were labeled with Alexa 488 goat anti-mouse secondary anti-
body. The acceptors, anti-DDX1 and anti-p80 coilin antibodies, were
labeled with Cy3 donkey anti-rabbit secondary antibody. Cells were
observed with a Zeiss LSM 510 microscope, as described above,
except that all images were collected with the pinhole apertures
wide open. Alexa 488 was excited with a 488-nm Argon laser and
detected with a 505–550-nm band-pass filter. Cy3 was excited with
a 543-nm HeNe laser and detected with a 560-nm long-pass filter.
The FRET image was collected with the 488-nm Argon laser for
excitation and the 560-nm long-pass filter for detection. Photode-
struction of the acceptor was done with the 543-nm HeNe laser.

FRET was determined on a pixel-by-pixel basis with the three-
filter set method as described by Youvan et al. (1997). The back-
ground noise of every channel in all images was calculated by
averaging four regions of 20 pixels outside of the cell. Subtracting

the background value plus twice the SD produced corrected images.
The final FRET image was calculated according to the following
equation: final FRET � FRET � (FRET�donor ratio � FRET�acceptor
ratio), where the donor and acceptor ratios are the amount of
respective fluorophores contributing to the FRET intensity (calcu-
lated with the use of single labeled donor and acceptor slides). The
Cy3 did not exhibit any excitation by the Argon laser at 488 at the
current filter and laser settings. The final FRET images were cor-
rected for background as described above with the use of Meta-
morph 4.5 software (Universal Imaging, Downingtown, PA). All
images were rescaled identically in Adobe Photoshop 6.0 (Adobe
Systems, Mountain View, CA) using the CstF-64 image to define the
maximum value.

RESULTS

Subcellular Localization of DDX1
The subcellular distribution of DDX1 in HeLa cells was
examined by indirect immunofluorescence using anti-DDX1
antiserum (2923). We observed predominant staining in the
nucleus, although there was some signal in the cytoplasm as
well (Figure 1A). These results are in agreement with pre-
vious cellular fractionation experiments (Godbout et al.,
1998). In the nucleus, DDX1 was present in a granular/
punctate pattern throughout most of the nucleoplasm, as
well as in a few brightly labeled discrete foci. DDX1 was
generally depleted in the nucleolus. Simultaneous staining
with DAPI precluded a general association with chromatin.
Approximately 90% of HeLa cells contained at least 1 DDX1
focus and 70% of these foci were visible by digital interfer-
ence contrast (Figure 1B). The number of foci in each cell
varied from 0 to 15, with an average of 4.7, each �0.5 �m in
diameter. To ensure that DDX1 foci were not due to an
artifact caused by cell fixation in paraformaldehyde, we also
fixed cells with methanol/acetone. DDX1 foci were ob-
served regardless of the fixative used.

To verify that anti-DDX1 antiserum specifically recog-
nized DDX1, we carried out competition experiments with
bacterially expressed DDX1 protein as described in MATE-
RIALS AND METHODS. As shown in Figure 1C, the DDX1
signal was specifically reduced with 5 �g of DDX1 protein.
No alteration in signal intensity was obtained with anti-
aldehyde dehydrogenase (ALDH) antibody in the presence
of DDX1 protein. Antibody specificity was further docu-
mented with anti-DDX1 antibody that had been affinity-
purified with a DDX1-Sepharose column. Western blot anal-
ysis demonstrated that the affinity-purified antibody
recognized a predominant band at 90 kDa, representing the
main form of DDX1 (our unpublished data). Immunofluo-
rescence staining with purified anti-DDX1 antibody gave a
pattern indistinguishable from that of the nonpurified anti-
serum.

We examined 15 cell lines or cultures, including normal
and transformed cells from different species, to determine
the prevalence of nuclear DDX1 foci. Ten cell lines contained
discrete nuclear DDX1 foci, including HeLa, GM38, 293, T24,
NIH 3T3, RB778, MRC5, SKN, COS-7, and RB522A (which
overexpresses DDX1 as the result of having amplified copies
of the gene). Five cell lines contained DDX1 protein but no
discrete foci, including Indian muntjac fibroblasts, C3H
10T1/2, HISM, RB(E)-2, and RB893. The presence of DDX1
foci in the normal lung fibroblast culture GM38 indicates
that these foci are not restricted to transformed cells. These
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Figure 1. Immunofluorescence labeling of DDX1. HeLa cells were immunolabeled with anti-DDX1 polyclonal antibody (2923). (A) General
staining pattern of DDX1 and its distribution relative to chromatin (DAPI). DDX1 is widely expressed in the nucleus, where it is found in
both foci and nucleoplasm. The DDX1 signal has a punctate appearance in both the nucleoplasm and cytoplasm. Nuclear foci are shown in
red in the merged (DDX1 � DAPI) image. The cells were observed with a Zeiss Axioplan II microscope equipped with a cooled,
charge-coupled device camera; the image collected was deconvolved with the use of Softworks 2.5 software. (B) DDX1 foci are often visible
by digital interference contrast (DIC) (indicated by the arrowhead). The image was collected with a Zeiss LSM 510 confocal laser scanning
microscope. (C) Anti-DDX1 antibody is specifically competed by purified DDX1. Either anti-DDX1 polyclonal antibody (2923) or anti-ALDH
polyclonal antibody was incubated overnight with either 0 or 5 �g of nitrocellulose-bound purifed DDX1 protein. The unbound fraction was
then used to indirectly label HeLa cells. The image was collected with a Zeiss Axioplan II microscope. The DDX1 signal is greatly reduced
after antibody adsorption to 5 �g of DDX1 protein, whereas the ALDH signal is unaffected. Bar, 5 �m.
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results suggest that DDX1 foci are nuclear bodies commonly
found in a wide variety of cells.

DDX1 Foci Are Adjacent to PML and Cajal Bodies
A number of nuclear bodies have been identified to date.
Among the best defined are the splicing factor compartment

(speckle), the PML oncogenic domain, and the Cajal body.
Within the eukaryotic nucleus, the SC-35 antibody recog-
nizes �20–50 speckles that contain splicing factors, hyper-
phosphorylated RNA polymerase II, and several polyade-
nylation factors (Fu and Maniatis, 1990; Schul et al., 1998).
Double labeling with SC-35 and DDX1 antibodies demon-
strated that DDX1 foci are not components of splicing factor
compartments (Figure 2A).

Figure 2. Subnuclear localization of DDX1 with
respect to other nuclear bodies. HeLa cells were
immunolabeled with anti-DDX1 antibody (2923)
and either anti-SC-35 (A), anti-PML (B), anti-Sm
(C), anti-Sam68 (D), or anti-CstF-64 (E) antibod-
ies. Adjacent localization of a DDX1 focus and
PML body is indicated by the arrowhead in B,
merged image. Adjacent localization of DDX1
foci and Cajal bodies are indicated by the arrow-
heads in C, merged image. All 3 DDX1 foci colo-
calize with cleavage bodies in E, merged image.
The images were collected with the use of a Zeiss
LSM 510 confocal laser scanning microscope. Bar,
5 �m.
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PML bodies, also known as PML oncogenic domains, are
spherical structures 0.2–1.0 �m in diameter that are present
in �10–30 copies per cell (Ruggero et al., 2000). Based on the
growing list of proteins that localize to PML bodies, a vari-
ety of roles have been proposed for these structures, includ-
ing gene regulation, control of cell growth, cellular differen-
tiation, and apoptosis (Seeler and Dejean, 1999). Cajal bodies
are spherical structures of �0.5 �m in diameter, which are
often located next to PML bodies (Lamond and Carmo-
Fonseca, 1993). First observed in the light microscope by
Ramon y Cajal (1903), Cajal bodies appear as a tangle of
electron-dense threads 0.1–1.0 �m in diameter (Monneron
and Bernhard, 1969). The number of Cajal bodies, although
variable, is usually one to five per cell (Lamond and Carmo-
Fonseca, 1993). Cajal bodies contain many components re-
quired for the transcription and processing of pol I, pol II,
and pol III RNAs and have been hypothesized to function as
transcriptosome assembly sites (Gall, 2000).

We investigated whether there was a relationship be-
tween DDX1 foci and PML bodies. HeLa cells were
costained with a mouse monoclonal antibody to the PML
protein and anti-DDX1 antibody. Nuclear foci were ob-
served with both these antibodies with an average of 12.8
PML bodies and 4.8 DDX1 foci per cell (Figure 2B and Table
1). The image stacks were three-dimensionally reconstructed
to reveal the subnuclear distribution of the two foci. As
shown in Figure 2B, DDX1 foci do not colocalize with PML
bodies; however, 18% of foci were found next to PML bodies
(Table 1). The three-dimensional distance between the DDX1
foci and PML bodies located adjacent to each other ranged
from 0.35 to 0.6 �m.

With the use of a method published by Grande et al. (1996)
(described in MATERIALS AND METHODS), we deter-
mined the likelihood that nuclear bodies would randomly
colocalize with DDX1 foci. Based on our calculations, the
probability of a randomly positioned PML body pairing
with a randomly positioned DDX1 focus is 1 event in 40
nuclei. We observed pairing in 15 out of 30 nuclei, indicating
that there is a relationship between a fraction of DDX1 foci
and PML bodies.

Next, we studied the subnuclear distribution of DDX1 foci
in relation to Cajal bodies. HeLa cells were double-labeled
with anti-DDX1 antibody and mouse monoclonal anti-Sm,
an antibody that recognizes mature snRNPs in the nucleo-
plasm and in Cajal bodies (Lerner et al., 1981). In these
experiments, there was an average of 3.0 Cajal bodies and

4.4 DDX1 foci per cell. Although only 1% of DDX1 foci
colocalized with Cajal bodies, 4.6% of DDX1 foci partially
overlapped with Cajal bodies and 28% of DDX1 foci were
adjacent to them (Figure 2C, Video 1, and Table 1). Three-
dimensional distances ranged from 0.2 �m for partially
overlapping structures to 0.4 �m for adjacent structures. If
the distribution of these two nuclear bodies is random, we
would expect adjacent localization in 1 in 500 nuclei. The
close association observed in 40 of 64 nuclei indicates a
nonrandom relationship between DDX1 foci and Cajal bod-
ies.

There was significant variation in the number of nuclear
bodies observed from cell to cell. We therefore tested
whether there was an overall correlation between the num-
ber of DDX1 foci and the number of either PML or Cajal
bodies in any one cell. Linear regression analysis indicated
positive correlation between the number of DDX1 foci and
the number of PML bodies (p � 0.012) and Cajal bodies (p �
0.027). Previous studies have shown that fluctuations in
PML body number occur during the cell cycle, with the
highest number of PML bodies present during the G1-S
phase transition (Koken et al., 1995; Terris et al., 1995). The
general correlation between the number of DDX1 foci, PML
bodies, and Cajal bodies may therefore reflect similar cell
cycle variations.

DDX1 Foci Associate with Cleavage Bodies
Other structures that have been found to localize adjacent to
Cajal bodies include SNBs and cleavage bodies. SNBs con-
tain Sam68, an RNA-binding protein (Wong et al., 1992) that
serves as a possible adapter protein for Src kinases (Richard
et al., 1995; Taylor et al., 1995), as well as SLM-1 and SLM-2,
both of which are nuclear proteins that heterodimerize with
Sam68 (Chen et al., 1999; Di Fruscio et al., 1999). Cleavage
bodies contain the proteins CstF-64 and CPSF 100 kDa, both
of which are involved in mRNA 3� cleavage and polyade-
nylation (Schul et al., 1996) as well as the transcription fac-
tors TFIIE and TFIIF (Gall, 2000).

We costained HeLa cells with purified anti-DDX1 anti-
body and mouse monoclonal antibody to either Sam68 or
CstF-64. DDX1 foci were never found to colocalize with
SNBs (Figure 2D). Although HeLa cells were previously
reported to contain elevated areas of CstF-64 staining rather
than distinct cleavage bodies (Schul et al., 1996), we found
that 90% of our HeLa cells had distinct cleavage bodies.

Table 1. Nuclear localization of PML, Cajal, and cleavage bodies with respect to DDX1 foci

NB
Avg. no. of NBs

per cella
Ave. no. of DDX1

foci per cell

% of DDX1 foci
colocalized
with NBsb

% of DDX1 foci
partially colocalized

with NBsc

% of DDX1 foci
adjacent to

NBsd

PML 12.8 (30) 4.8 0.0 (0.0) 0.0 (0.0) 18.0 (6.7)
Cajal bodies 3.0 (65) 4.4 1.1 (1.6) 4.6 (6.8) 27.9 (41.0)
Cleavage bodies 4.6 (50) 4.9 65.0 (70.0) 0.0 (0.0) 1.2 (1.3)

a Parentheses indicate number of cells analyzed.
b Parentheses indicate percentage of NBs colocalizing with DDX1 foci.
c Parentheses indicate percentage of NBs partially colocalizing with DDX1 foci.
d Parentheses indicate percentage of NBs adjacent to DDX1 foci.
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When cells were double-labeled with anti-CstF-64 and anti-
DDX1 antibodies, 65% of DDX1 foci colocalized with cleav-
age bodies and 1.2% showed adjacent (0.4 �m) localization
(Figure 2E and Video 2). There was an average of 4.6 cleav-
age bodies and 4.9 DDX1 foci per cell (Table 1). Overall, 89%
of cells that contained distinct DDX1 and CstF-64 foci ap-
peared to have some foci that colocalized. These measure-
ments only take into account distinct CstF-64 foci that colo-
calize with DDX1 foci. In cells with no distinct cleavage
bodies, most DDX1 foci appeared to contain some CstF-64
protein. The distance between the three-dimensional CstF-64
and DDX1 foci was calculated to be 0.0 �m, strongly sug-
gesting that DDX1 is found in the same structure as CstF-64.

Cleavage bodies have been reported to associate with
Cajal bodies in a cell cycle-dependent manner in the T24
bladder carcinoma cell line; colocalization with Cajal bodies
was predominantly observed in G1 phase cells, whereas
cells in S phase displayed mostly adjacent localization (Schul
et al., 1999). In the colon carcinoma line CaCo, cleavage
bodies were found to colocalize with a Cajal body in only
1–5% of nuclei (Schul et al., 1996). In agreement with the
latter, we observed 1 HeLa cell of 20 that showed colocal-
ization of CstF-64 with p80 coilin, a protein found in Cajal
bodies (our unpublished data). However, these Cajal bodies
were weakly labeled compared with other Cajal bodies in
the same cell. Overall, 45% of CstF-64 cleavage bodies were
found adjacent (0.4 �m) to Cajal bodies, implying some
spatial and/or functional relationship.

We analyzed additional cell lines with DDX1 foci to de-
termine whether DDX1 was commonly enriched within
cleavage bodies. COS-7, SKN, and GM38 cells were double-
labeled with anti-DDX1 and anti-CstF-64 antibodies and the
subnuclear distribution of the two proteins was analyzed.
Although cleavage bodies were generally less distinct in
these three cell lines compared with HeLa cells, we fre-
quently observed colocalization of DDX1 foci and CstF-64
(our unpublished data). We therefore conclude that the
DEAD box protein DDX1 is a common component of sub-
nuclear domains previously identified as cleavage bodies.

Immunoprecipitation of DDX1 and CstF-64
Coimmunoprecipitations were carried out to determine
whether DDX1 and CstF-64 are located within the same
complex. With anti-DDX1 antibody (2910), we were able to
immunoprecipitate �5–8% of input DDX1 from both HeLa
cells and RB522A cells (Figure 3, top, compare IP and S in
the last four lanes). Considerably lower levels of DDX1 were
immunoprecipitated with preimmune serum (lanes 1–4). A
similar pattern was observed using anti-CstF-64 antibody,
with �10-fold more CstF-64 coimmunoprecipitated with an-
ti-DDX1 antibody than with preimmune serum (Figure 3,
middle, compare lanes 1 and 3 with 5 and 7). The portion of
CstF-64 that coimmunoprecipitated with DDX1 was rela-
tively small, suggesting either a weak interaction between
the two proteins or an association limited to a subset of
DDX1 and CstF-64 proteins. To ensure that coimmunopre-
cipitation of CstF-64 with DDX1 was the result of specific
interaction, the filter was immunostained with an antibody
to the RNA binding protein, Sam68. As previously shown
(Figure 2D), Sam68-containing nuclear bodies were never
found to colocalize with DDX1 foci. Although Sam68 was
abundant in both HeLa and RB522A nuclear extracts, there

was no detectable Sam68 in any of the immunoprecipitation
lanes (Figure 3, bottom).

Close Proximity of DDX1 and CstF-64 as
Determined by Fluorescence Resonance Energy
Transfer
Fluorescence resonance energy transfer (FRET) is a tech-
nique that detects the radiationless transfer of energy from a
fluorescent donor to an acceptor fluorophore. For energy
transfer to occur, the two fluorophores must be in proximity
(�10 nm) and their dipoles aligned in a specific orientation.
FRET therefore achieves a resolution that is �25 times
greater than that obtained by confocal imaging alone. To
determine whether the CstF-64 and DDX1 proteins reside in
close proximity within cleavage bodies, we analyzed the
transfer of energy from CstF-64 labeled with Alexa 488 to
DDX1 labeled with Cy3 using the three-filter set technique
(Youvan et al., 1997; Schmid et al., 2001). In Figure 4, column
1 depicts donor fluorescence collected with a 505–550-nm
filter. Column 2 represents acceptor fluorophore emission at
560 nm (except for Figure 4D, which contains both the
acceptor and donor images). The final FRET image, dis-
played in column 3, is calculated from the FRET emission at
560 nm minus the contributions from both the donor and
acceptor fluorophores (see MATERIALS AND METHODS).
In Figure 4A, the FRET signal is detected in cleavage bodies
and to some extent in the nucleoplasm. The photodestruc-
tion of Cy3 acceptor molecules efficiently quenches the FRET
signal (Figure 4B). To ensure that FRET was indeed occur-
ring within cleavage bodies, a cell was found which con-
tained a DDX1 focus that was not paired with a cleavage
body. In this instance, we observed no FRET at the focus site

Figure 3. Coimmunoprecipitation of DDX1 and CstF-64. Nuclear
extracts from HeLa cells and RB522A cells (1 mg) were precleared
and incubated with 3 �l of either preimmune serum or anti-DDX1
antibody (2910). Complexes were precipitated with protein A-aga-
rose beads and run on an 8% SDS-polyacrylamide gel. Proteins were
transferred to nitrocellulose and detected with anti-DDX1 antibody
(top), anti-CstF-64 antibody (middle), and anti-Sam68 antibody
(bottom). For comparison, we have loaded 2.5% of the supernatant
(S) from each immunoprecipitation reaction next to the immuno-
precipitation (IP) lanes. IgG molecules are indicated by the asterisks.
Size markers (in kDa) are indicated on the right.
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Figure 4. DDX1 and CstF-64 undergo FRET in HeLa cells. HeLa cells were indirectly immunolabeled with anti-DDX1 antibody (2923) and
either anti-CstF-64 (A–C) or anti-PML (D) antibody. The images were collected using the three-filter set method as described in MATERIALS
AND METHODS. The first column represents the image obtained with the donor filters. The image in the second column was collected with
the acceptor filters (except D, which represents the combined acceptor and donor signals). The third column represents the final FRET image
processed to remove non-FRET components (as described in MATERIALS AND METHODS). (A) FRET was observed between CstF-64 and
DDX1 in both the nucleoplasm and cleavage bodies. (B) After photodestruction of the acceptor molecule, FRET no longer occurred (boxed
region). (C) Areas lacking CstF-64 foci (arrowhead) often did not demonstrate FRET. (D) Another subnuclear body, PML, demonstrated little
FRET with DDX1. The arrow indicates the location of adjacent PML and DDX1 foci. (E) FRET was observed between two components of Cajal
bodies, p80 coilin and Sm proteins. Bar, 5 �m.
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(Figure 4C, arrowhead). Therefore, CstF-64 may be entirely
excluded from some DDX1 foci.

As a negative control for FRET, we replaced the donor
anti-CstF-64 antibody with anti-PML antibody. As indicated
previously, 18% of DDX1 foci are found adjacent to PML
bodies. There was little FRET between DDX1 and PML,
implying that most of the labeled PML protein is situated at
a distance �10 nm from labeled DDX1 (Figure 4D). To
further validate the FRET technique, we labeled cells with
anti-p80 coilin and anti-Sm antibodies. These antibodies rec-
ognize proteins that both localize within Cajal bodies. As
shown in Figure 4E, FRET was observed between labeled
p80-coilin and Sm proteins.

It is important to note that because we did our analysis
with cells labeled with both primary and secondary antibod-
ies, the distance between the structures may be greater than
the (Förster) 10-nm distance. Nevertheless, these experi-
ments represent a considerable improvement over tradi-
tional confocal microscopy resolution and suggest that
DDX1 resides in proximity to CstF-64 within cleavage bod-
ies and within the nucleoplasm.

DDX1 Foci Do not Accumulate Nascent RNA
Previous studies in T24 bladder carcinoma cells have shown
that �20% of cleavage bodies contain newly synthesized
RNA. In addition, it is known that 18% of cleavage bodies do
not colocalize with Cajal bodies in these cells (Schul et al.,
1996). Because Cajal bodies do not contain nascent RNA
(Moreno Diaz de la Espina et al., 1982; Raska, 1995; Schul et
al., 1996), Schul et al. (1996) have postulated that all cleavage
bodies not associated with Cajal bodies contain newly syn-
thesized RNA. To determine whether cleavage bodies con-
taining DDX1 have newly synthesized RNA, we examined
DDX1 foci for the presence of nascent RNA by 5�-FU incor-
poration into HeLa cells. Cells were exposed to FU for 5, 10,
or 15 min prior to fixation and analyzed by double-labeling
with anti-DDX1 antibody and anti-bromodeoxyuridine an-
tibody, which recognizes FU (Boisvert et al., 2000). The nu-
clear distribution of DDX1 and FU in cells labeled for 15 min
is shown in Figure 5A. Although both FU and DDX1 are
abundant throughout the nucleus, there does not appear to
be any FU within DDX1 foci (Figure 5A, arrowhead). Similar
results were observed at the earlier time points. To quanti-
tate the intensity of the FU within the focus, an axis was
drawn through a DDX1 focus (Figure 5A, arrow) and the
signal intensities were plotted (Figure 5B and Video 3).
There is an inverse relationship between intensity of the
DDX1 signal and intensity of the FU signal, indicating that
DDX1 foci do not accumulate nascent RNA. Three-dimen-
sional analyses of 25 HeLa nuclei clearly demonstrate that
DDX1 foci are not sites of active RNA transcription.

DDX1 during Cell Cycle
Previous publications indicate that cleavage bodies do not
persist during mitosis in the T24 bladder carcinoma cell line
(Schul et al., 1996, 1999). To investigate whether DDX1 foci
follow the same pattern as cleavage bodies, HeLa cells were
immunostained with anti-DDX1 antibody and the chroma-
tin stained with DAPI. Stage of the cell cycle was determined
by chromatin and cellular morphology. The majority of cells
in prophase contained distinct DDX1 foci; however, the foci

disappeared at metaphase (Figure 6, A–C). Cleavage bodies,
as stained by anti-CstF-64, disappeared in late prophase,
slightly earlier than DDX1 foci (Figure 6, A and B). DDX1
foci reappeared during telophase/early G1, concomitant
with cytokinesis (our unpublished data). Cells in the G1
phase of the cell cycle (as detected by the presence of a
midbody) usually contained at least one DDX1 focus,
whereas cleavage bodies were not observed (Figure 6D). In
contrast to DDX1 levels, which remained constant through-
out mitosis, the overall CstF-64 signal was reduced during
metaphase and anaphase (Figure 6C, compare the fluores-
cent intensities of the mitotic cell with the intensities of the
surrounding cells).

DISCUSSION

Lower eukaryotic DEAD box proteins function in many
aspects of RNA metabolism, including translation initiation,
ribosome biogenesis, and pre-mRNA splicing. Because these
functions occur in discrete areas of the cell, subcellular lo-
calization of higher eukaryote DEAD box proteins could
lead to the identification of putative roles for these proteins.
Based on this premise, we used confocal microscopy to
examine the subcellular distribution of the DEAD box pro-
tein, DDX1, in HeLa cells. We established that the majority
of DDX1 is distributed in a widespread punctate nucleoplas-
mic pattern, with lower levels in the cytoplasm. Interest-
ingly, DDX1 was also found in discrete foci within the
nucleus. There were an average of five DDX1 foci in HeLa
cells with diameters of �0.5 �m. DDX1 protein was found in
every cell line examined, with discrete DDX1 foci observed
in 10 of 15 cell lines, including a variety of transformed cells
as well as normal human fibroblasts. Taken together, these
results support a primary role for DDX1 in nuclear, rather
than cytoplasmic, RNA metabolism and suggest that many
cell types have a nuclear domain that contains elevated
concentrations of DDX1.

The eukaryotic nucleus is comprised of many distinct
subdomains, each of which contains specific proteins be-
lieved to contribute to a functionally organized nucleus.
Using a panel of antibodies previously shown to recognize
specific nuclear subdomains, we found that DDX1 foci do
not associate with SC-35 speckles or SNBs, but frequently
reside adjacent to PML and Cajal bodies. Most importantly,
we discovered that in HeLa, 65% of DDX1 foci colocalize
with CstF-64-labeled cleavage bodies. Although there were
no distinct cleavage bodies associated with the remaining
DDX1 foci, the majority of these appeared to contain ele-
vated levels of CstF-64. Colocalization of DDX1 foci and
cleavage bodies was also observed in three other cell lines
tested: COS-7, SKN, and GM38 cells. Analysis of the distri-
bution pattern of DDX1 foci and cleavage bodies during the
cell cycle indicates distinct patterns of disappearance and
reappearance. DDX1 foci were visible until metaphase,
whereas cleavage bodies disappeared during late prophase.
Furthermore, only DDX1 foci were detected in the early G1
phase of the cell cycle. Unlike DDX1 protein levels, which
remained constant throughout mitosis, CstF-64 levels de-
creased during prophase through to telophase, as previously
reported (Schul et al., 1996). Based on these observations, we
propose that DDX1 foci are identical to cleavage bodies and
that the lack of colocalization observed in some cases may
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reflect cell cycle fluctuations in CstF-64. However, we cannot
refute the possibility that DDX1 foci are entirely distinct
nuclear subdomains, which can merge with cleavage bodies.

Because of the limits of resolution of the confocal micro-
scope, proteins that appear to colocalize could be as far apart
as 0.25 �m. We therefore used FRET, a technique based on

Figure 5. DDX1 foci do not accumulate nascent RNA. (A) HeLa cells were incubated with FU for 15 min and stained with anti-DDX1
antibody (2923) and anti-bromodeoxyuridine antibody (FU). The arrowhead indicates a DDX1 focus. (B) The staining intensities of the region
through a DDX1 foci (highlighted by the arrow in the bottom left panel) were profiled with the use of the Zeiss LSM 510 image software.
The green line represents FU intensity, whereas the red line represents DDX1 intensity. Bar, 5 �m.
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Figure 6. Disappearance of DDX1 and CstF-64 foci during mitosis. HeLa cells were immunolabeled with anti-DDX1 antibody (2923) and
anti-CstF-64 antibody. The cells were mounted with DAPI to visualize the chromatin morphology. (A) Both DDX1 and CstF-64 foci are
present during early prophase (indicated by the arrowheads). (B) Only DDX1 foci are present by late prophase (arrowheads). (C) Neither
DDX1 nor CstF-64 foci can be detected during metaphase. (D) DDX1 foci reappear during G1 (arrowheads); however, CstF-64 foci are not
observed. Although the overall DDX1 signal remains constant throughout mitosis, there is a decrease in CstF-64 signal. For example, compare
the metaphase cell with adjacent cells in C. Bar, 5 �m.
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the transfer of energy between molecules located within 10
nm of each other, to further study the proximity of DDX1
and CstF-64. This technique indicated that labeled DDX1 is
within 10 nm of labeled CstF-64 in both cleavage bodies and
within the nucleoplasm. Furthermore, coimmunoprecipita-
tion experiments demonstrate that a fraction of CstF-64 is
found within the same complex as DDX1. These results
suggest a functional as well as a spatial relationship between
these two proteins.

Within the nucleoplasm, CstF-64 is known to function as
part of a heterotrimeric complex (CstF) in 3�-end pre-mRNA
cleavage by binding a GU-rich element downstream of the
AAUAAA consensus sequence (Wahle and Ruegsegger,
1999). The role of CstF-64 within cleavage bodies remains to
be elucidated. Schul et al. (1999) have observed that in T24
bladder carcinoma cells undergoing DNA synthesis, cleav-
age bodies mainly exist independently of Cajal bodies and
colocalize with replication-dependent histone gene clusters.
These cleavage bodies were previously reported to contain
newly transcribed RNA as measured by 5-bromo-uridine-
triphosphate microinjection (Schul et al., 1996). Therefore,
Schul et al. (1999) have hypothesized that cleavage bodies
may play a role in histone mRNA synthesis. Because mam-
malian histone transcripts do not undergo typical 3�-end
cleavage and polyadenylation (Dominski and Marzluff,
1999), the role of cleavage bodies in histone mRNA synthesis
is not immediately obvious. Although our data do not refute
the possibility that cleavage bodies may play a role in his-
tone mRNA synthesis, three-dimensional analysis of 25 FU-
labeled HeLa cells indicates that DDX1-containing cleavage
bodies lack nascent RNA and, consequently, do not repre-
sent sites of active transcription. We therefore propose that
cleavage bodies may function in facilitating the formation or
regeneration of transcriptional complexes, as previously
suggested for Cajal bodies (Gall, 2000). In support of this, we
and others have observed that cleavage bodies frequently
localize adjacent to Cajal bodies, which are known to contain
a number of transcriptional and splicing/polyadenylation
proteins (Gall et al., 1999). This juxtaposition suggests coor-
dinate roles for these structures in RNA metabolism. Taking
into consideration all observations with cleavage bodies to
date, we believe that these structures play a general role in
the transcription and processing of pre-mRNAs. Because
histone gene transcription is particularly active during S
phase, the observation of Schul et al. (1999) that histone gene
clusters are associated with cleavage bodies would be con-
sistent with a local requirement for elevated levels of factors
involved in transcription and processing of histone genes.

The close proximity and possible interaction of DDX1
with CstF-64 suggests a role for DDX1 in 3�-end pre-mRNA
cleavage and/or polyadenylation. Although a DEAD box
protein has not yet been reported in the cleavage and poly-
adenylation pathway, there are numerous places where a
protein involved in the modulation of RNA structure could
play a role. For example, the CstF complex preferentially
binds short RNA molecules, suggesting that RNA structure
is important for binding (Takagaki and Manley, 1997). DDX1
could alter the secondary structure of pre-mRNAs by un-
winding, or destabilizing double-stranded areas. DDX1
could also promote efficient binding of CstF to RNA sub-
strates or could be involved in the recruitment of RNA.
Because DDX1 is also found within the cytoplasm, it is

possible that DDX1 plays a role in the export of mRNA from
the nucleus. Although we have shown that DDX1 can bind
to an in vitro transcribed RNA (our unpublished data), the
substrate specificity or preference of this DEAD box protein
remains to be determined.

In conclusion, we have shown that DDX1 is found in the
nucleoplasm of all cell lines tested as well as in nuclear foci
in 10 of 15 lines tested. These foci colocalize with cleavage
bodies in all four cell lines examined. FRET analysis and
coimmunoprecipitations suggest that DDX1 is in a complex
with the pre-mRNA 3�-cleavage factor CstF-64. DDX1 there-
fore represents the first DEAD box protein associated with a
cleavage and polyadenylation factor. Although it is possible
that DDX1-containing foci represent distinct structures that
frequently merge with cleavage bodies, our results are con-
sistent with DDX1 foci and cleavage bodies representing the
same dynamic structure with variable protein composition.
In agreement with previous results in CaCo and T24, we
found that cleavage bodies are often located adjacent to
Cajal bodies in HeLa cells. Although the basis for this spatial
association is not known, our findings reinforce the emerg-
ing view of an organized eukaryotic cell nucleus. The dis-
covery of a DEAD box protein within cleavage bodies fur-
ther documents the importance of this family of proteins in
all processes involving RNA metabolism.
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