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CENP-W was originally identified as a putative oncogene,
cancer-upregulated gene 2 (CUG2) that was commonly up-reg-
ulated in many cancer tissues. Recently, CENP-W has also been
identified as a new centromeric component that interacts with
CENP-T. As a complex with CENP-T, CENP-W plays crucial
roles in assembly of the functional kinetochore complex. In this
study, the subnuclear localization of CENP-W was extensively
analyzed using various approaches. We found that ectopically
expressedCENP-Wprimarily accumulated in the nucleolus and
remained substantially associated with the nucleolus in stable
cells. The following fractionation study also showed that
CENP-W is associated with RNA as well as DNA. Moreover, a
considerable amount of CENP-W was found in the nuclear
mesh-like structure, nuclear matrix, possibly indicating that
CENP-W participates in diverse subnuclear activities. Finally,
biochemical affinity binding analysis revealed that CENP-W
specifically interacts with the nucleolar phosphoprotein,
nucleophosmin (B23). Depletion of cellular B23 by siRNA treat-
ment induced a dramatic decrease of CENP-W stability and
severemislocalization during prophase. Our data proposed that
B23may function in the assembly of the kinetochore complex by
interacting with CENP-W during interphase.

Mammalian nucleus is a highly organized well compartmen-
talized organelle, and each nuclear compartment is considered
a distinct functional domain that performs various nuclear pro-
cesses (1). Nuclear proteins participating in specific cellular
activities are targeted toward specific sites, and the integration
of functionally related proteinsmay support efficient coordina-
tion of nuclear activities (2, 3).
The nucleolus is one of the most easily observed amorphous

subnuclear structures in mammalian cells during interphase
(4). Even though the function of the nucleoli is primarily asso-
ciated with ribosome biogenesis, several recent investigations

have revealed that nucleoli regulatemany essential cellular pro-
cesses such as cell cycle control, sequestering of regulatorymol-
ecules, and assembly of ribonucleoprotein (5, 6). The composi-
tion of nucleoli can change dynamically under different cellular
conditions (7, 8). Furthermore, several recent studies have also
revealed that there are some proteins found in nucleoli with no
identifiable function related to the ribosome biogenesis or
other recently identified novel functions of the nucleolus (9).
This observation led us to consider this compartment as an
interesting multifunctional organelle, and not simply an RNA
factory. Indeed, determining the roles of temporal components
of the nucleoli is a topic of current interest (9).
Nucleophosmin/B23 is a multifunctional nuclear phospho-

protein that primarily exists in the nucleoli (10). B23 partici-
pates in diverse cellular processes, including ribosome biogen-
esis, ARF-p53 interaction, apoptotic cell death, and centrosome
amplification (11, 12). B23 is frequently overexpressed,
mutated, or deleted in human cancer and is believed to play a
crucial role in the regulation of cell growth, proliferation, and
transformation. Protein B23 was also observed in a nuclear
matrix abundant inmalignant cells and proliferating B lympho-
cytes (13). The nuclear matrix is defined as the insoluble struc-
tural framework of the nucleus that remains after sequential
extraction of the nuclei with non-ionic detergents, nucleases,
and high salt buffers (14). Although the nuclear matrix mainly
consists of a nuclear lamina protein shell, numerous studies
have reported the presence of other components that partici-
pate in essential nuclear events, including DNA- and RNA-
binding proteins (15). Functionally, thematrix is believed to act
as a dynamic support for many essential nuclear functions such
as organization of chromatin, DNA replication, and RNA syn-
thesis (16–18).
CENP-W is initially identified as CUG2,3 which is commonly

up-regulated in various types of human cancers and highly
oncogenic when expressed in mouse fibroblast cell line (19).
Recently, CUG2was re-namedCENP-W (20) based on the new
finding that it forms a complex with another novel centromere
component, CENP-T, which was found to be a member of the
CENP-A centromeric nucleosome-associated complex (21).
Hori et al. (20) reported that the CENP-W-CENP-T complex
functions upstream of other components and that depletion of
this complex induced severe defects in the recruitment of other
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kinetochore components, such as CENP-H, -O, and -S.
Although many previous reports showed evidences of a close
functional relationship between the centromere and nucleolus,
Foltz et al. (21, 22) recently discovered that B23 is present in the
CENP-A nucleosome, suggesting that B23 may play a seques-
tering role in the formation of centromeric protein complex
during interphase.
In the present study, we analyzed the biochemical character-

istics of CENP-W to gain insight into the undiscovered aspects
of this newly identified putative oncoprotein. To our surprise,
CENP-W was present in many of the important nuclear sub-
compartments. Furthermore, this new centromeric component
specifically interacts with a nucleolar protein, B23.

EXPERIMENTAL PROCEDURES

Cloning and Antibodies—A549 and HeLa cells purchased
from American Type Culture Collection were grown in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum under the standard cell culture condition. Cell
fractionation studies of CENP-W were conducted using either
transiently expressed 293T cells or stable cells generated in
A549 and HeLa cells with pcDNA-3FLAG-CENP-W (23).
Transient transfection of 293T cells was performed using either
EffecteneTM (Qiagen) or polyethylenimine reagent (Sigma-Al-
drich) according to the vendor’s instructions. The full-length
cDNA gene of B23 and fibrillarin was isolated by PCR-based
amplification using a human stomach cancer library (Invitro-
gen) and then inserted into the pDsRed-N1 plasmid (Clontech)
with XhoI and EcoRI. For co-immunoprecipitation, the ORF of
B23 is also reconstructed to the pcDNA3–6Myc vector (23)
using NcoI and XhoI restriction sites. A series of nuclear local-
ization sequence (NLS) mutants of EGFP-CENP-W (23) were
generated by PCR-based mutagenesis using an EZchange site-
directed mutagenesis kit (Enzynomics) according to the manu-
facturer’s instructions. The small interfering RNAs (siRNA)
against B23 (B23–1; 5�-AACACCACCAGUGGUCUUAAG-3�
and B23–2; 5�-GAAAAUGAGCACCAGUUAU-3�) (24) was
synthesized from Bioneer referring to the previous report and
transfected to cells using Lipofectamine (Invitrogen).
Anti-FLAG, anti-GFP, anti-GST, and anti-Myc antibodies

were purchased from Sigma-Aldrich, and anti-B23, CENP-H,
CENP-B, cyclin B1, andMad1 antibodies were purchased from
Santa Cruz Biotechnology. Anti-CENP-T antiserum produc-
tion was performed by Aprogen using recombinant hexahisti-
dine-fused CENP-T proteins purified using Ni-NTA Super-
flow™ resin (Qiagen).
Identification of CENP-W-interacting Nucleolar Proteins—

To identify CENP-W-interacting proteins in nucleolus, immu-
noprecipitation was performed with 293T cells transfected
with FLAG-CENP-W. After nucleoli purification (25), the
nucleoli were lysed in a protein extraction buffer (50 mM Tris,
pH 7.5, 150 mM NaCl, 0.5% Nonidet P-40, and 0.5% Triton
X-100), incubated with 1 �g of anti-FLAG antibody (Sigma-
Aldrich), and then treated with protein A-agarose (Amersham
Biosciences). Next, the samples were washed and the bound
proteins were then eluted and subjected to SDS-PAGE. After
the proteinswere visualized using a silver staining kit (Peptron),
the protein bands that were only found in the CENP-W-bound

fraction were cut from the gel and sent for subsequent identifi-
cation by mass spectroscopy (Genomine). For the GST pull-
down assay, the lysate containingGST-CENP-W (23) was incu-
bated with 30 �l of 50% slurry of glutathione-agarose beads
(Peptron). After three washes, eluents were subjected to SDS-
PAGE, and the further analysis methods were identical with
those of immunoprecipitation. Total RNAs from H293 cells or
Escherichia coli were extracted using a GenEluteTM total RNA
miniprep kit (Sigma-Aldrich), and the mRNA fraction was fur-
ther purified with an Oligotex mRNA midi kit (Qiagen) from
H293 cells.
Cell Fractionation—Cell fractionation experiments were

conducted as previously described, with slight modification
(26). For isolation of the cell nuclei, cells were resuspended in
CSK buffer (10 mM PIPES, pH 6.8, 100 mM NaCl, 300 mM

sucrose, 3 mM MgCl2, 0.5 mM phenylmethylsulfonyl fluoride, 1
mM DTT) supplemented with 0.5% (v/v) Triton X-100. After 5
min of incubation on ice, the sample was sedimented by cen-
trifugation at 7,500 rpm for 4 min. The pellet, which contained
the chromatin DNA, was then digested by incubation with 1
unit/�l RNase-free DNase I (Sigma) or 100 �g/ml RNase A
(Sigma) at 37 °C for 15min.Next, the sampleswere centrifuged,
and the supernatant and pelletwere designated fractions S1 and
P1, respectively. The pellet was then extracted with (NH4)2SO4
in CSK buffer at a final concentration of 0.25 M, and the super-
natant (S2) was collected by centrifugation. After the pellet was
further washed with the CSK buffer containing 0.25 M

(NH4)2SO4, the remaining insoluble fractions were dissolved in
8 M urea and designated as the P3 fraction.
Nuclear Matrix Isolation—High salt isolation of the nuclear

matrixwas performed as previously described (27). Briefly, cells
were extracted in CSK buffer supplemented with 0.5% Triton
X-100 for 5 min at 4 °C. After being separated from the soluble
proteins by centrifugation, the pellet was subsequently incu-
bated with DNase I (1 unit/�l) to remove the chromatin.
Ammonium sulfate solution was then added to the sample to a
final concentration of 0.25 M, and the solution was spun down
after 5 min of incubation. The pellet was further extracted by
the addition of 2 M NaCl in CSK buffer, after which the soluble
proteins were finally harvested by centrifugation. The remain-
ing insoluble pellet was dissolved with urea buffer containing 8
M urea and considered to be the nuclearmatrix fraction.Where
indicated, cells were pretreatedwith hydrogen peroxide (2mM),
Trichostatin A (30 �M), or camptothecin (10 �M) for 24 h
before fractionation. Anti-TBP (TFIID) (Santa Cruz Biotech-
nology), anti-Lamin A/C (Santa Cruz Biotechnology), and anti-
�-Tubulin antibodies (Sigma) were used to verify the
fractionation.
RNA Binding Assay—Sucrose fractionation was performed

as previously described (28). The purified nuclei of HeLa-
FLAG-CENP-W stable cells were resuspended in buffer A (25
mM Tris, pH 7.5, 100 mM KCl, 1 mM DTT, 2 mM EDTA) sup-
plementedwith 0.05%Nonidet P-40, 1mMNaF, protease inhib-
itor mixture, and 0.1 unit/ml of RNase inhibitor (New England
Biolabs). Next, the samples were sonicated several times for
15 s. The cleared supernatants by centrifugation were overlaid
on top of 5 ml of 10–30% (w/w) sucrose gradients in buffer A.
The samples were then centrifuged at 38,000 rpm for 3.5 h and
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4 °C in a Beckman SW55Ti rotor.Where indicated, the nuclear
extracts were pretreated with RNase A (250 �g/ml) for 20 min
at 30 °C prior to sedimentation. Finally, the fractions were col-
lected from the top with a capillary pipette and labeled as frac-
tion 1. RNA was separately purified using TRI reagent (MRC)
and resolved by electrophoresis with 1.2% agarose gel contain-
ing 0.6 M formaldehyde.
Fluorescence Microscopy—Localization of the EGFP-conju-

gated wild-type and mutant CENP-W proteins was observed
with an Olympus IX70 fluorescence microscope (200 � mag-
nification) after transient transfection toHeLa or SKOV-3 cells.
The immunostaining was performed as described before (23)
using either fluorescein isothiocyanate (FITC)-linked anti-
mouse secondary antibodies (Vector Laboratories) or Cy3-
linked anti-rabbit antibodies (Jackson ImmunoResearch).
Imaging was done either using an Olympus IX70 fluorescence
microscope or an LSM5-Pascal confocal imaging system
(Zeiss).
For the nuclear matrix in situ immunofluorescence,

CENP-W stable cells grown on the coverslips were fixed and
permeabilized with ice-cold CSK buffer containing 0.5%Triton
X-100 for 10 min at 4 °C. Then, cells were further incubated
with DNase I (1 unit/�l) or RNase A (200 �g/ml) in digestion
buffer (50 mM NaCl, 10 mM PIPES, pH 6.8, 3 mM MgCl2, 1 mM

EGTA, and 0.5% Triton X-100) for 30 min. After extraction
with 0.25 M (NH4)2SO4 in CSK buffer, the coverslips were fixed
and immunostained with anti-FLAG antibody.

RESULTS

Nucleolar Localization of CENP-W—Wepreviously reported
that CENP-W contains a putative NLS sequence and is exclu-
sively localized in the nucleus inmouse fibroblast NIH3T3 cells
(19). To elucidate the subnuclear distribution of CENP-W in
human cells, we transiently transfected EGFP-conjugated
CENP-W to HeLa cells and examined its localization using flu-
orescence microscopy and comparison with EGFP alone as a
control. In HeLa cells, the green fluorescence of EGFP-
CENP-W was detected as several clumped dots inside the
nucleus (Fig. 1A), whereas EGFP was dispersed throughout the
entire cell in the control group. This distribution pattern did
not agree with our earlier findings in CENP-W stable cells
established in A549, MCF-7, or HeLa cells with FLAG-tagged
CENP-W (23). Rather, CENP-W in stable cells was seen as
numerous nuclear foci throughout the nucleus. Therefore,
we considered the possibility that the unexpected localiza-
tion of CENP-W was an artifact of high expression levels.
However, the earliest images, which were observed at around
6 h after transfection when the expression levels were low,
showed almost identical subnuclear distribution as previous
observations.
This subnuclear pattern suggested that CENP-W is localized

in the nucleolus. To determine if this were the case, we trans-
fected EGFP-CENP-W along with RFP-B23 fusion protein as a
nucleolar marker and then evaluated the samples to determine
if these two proteins were co-localized in cells. In contrast with
the EGFP controls, EGFP-CENP-Waccumulated in the specific
subnuclear regions, which were well merged with the B23 pro-
tein signals (Fig. 1A). To confirm the nucleolar localization of

CENP-W, we visualized the nucleolus using another well
known nucleolar marker protein, fibrillarin. The results of this
experiment also indicated that these two proteins clearly co-lo-
calized in the nucleoli (Fig. 1A). To determine if this nucleolar
localization of CENP-Wwas aHeLa cell-specific phenomenon,
we transfected EGFP-CENP-W and RFP-B23 plasmids into the
human ovarian adenocarcinoma cell line, SKOV-3. A clear co-
localization of CENP-W and B23 was also observed in this cell
line (Fig. 2B), which excluded the possibility that nucleolar
accumulation of EGFP-CENP-W is HeLa cell-specific. Finally,
we considered the possibility that an EGFP tagmight induce the
nucleolar localization of CENP-W. To test this, we transfected
the FLAG-tagged version of CENP-W, which is the same con-
struct used for establishment of stable cell lines, and the immu-
nostainedCENP-Wwith anti-FLAG antibody. As shown in Fig.
1C, FLAG-tagged CENP-W also co-localized with endogenous
B23 in the nucleoli, confirming the nucleolar localization of
CENP-W.
Because the subnuclear distribution of CENP-W in stable

cells differed from that of the transiently expressed protein, we
traced the localization of FLAG-CENP-Wover time after trans-
fection in HeLa cells using immunofluorescence microscopy.
CENP-W was localized in the nucleolus in most of the trans-
fected cells at 24 h after transfection. Approximately 48 h after
transfection, the initial nucleolar accumulation tended to grad-
ually spread out to become small nuclear dots, which were still
nucleolus-associated (Fig. 1D). Finally, numerous foci patterns
were observed in most cells at 3 days after transfection.
These observations promptly raised the question of whether

the CENP-W proteins were still associated with the nucleolus
in stable cells. To address this question, we first selected an
A549 stable cell line in which the expression level of FLAG-
CENP-W was as low as the endogenous level by RT-PCR. We
then visualized FLAG-CENP-W in these stable cells by elimi-
nating the soluble proteins inside the nucleus by pretreatment
with 0.5% Triton X-100. When the soluble nucleoplasmic pro-
teins were removed in the A549-CENP-W cells, CENP-W did
not appear randomly scattered throughout the nucleus, but
rather substantially associatedwith the nucleolus (Fig. 1E). This
nucleolar association was observed in �70% of the tested cells.
To confirm these findings, a biochemical subcellular fraction-
ation experiment was conducted using both A549-CENP-W
stable cells and transiently transfected 293T cells. The nucleo-
lar fractionation results clearly demonstrated that CENP-W
was present in the nucleoli of stable cells, being distributed in
approximately the same level in both the nucleoplasm and
nucleoli, whereas most transiently expressed CENP-W was
localized in the nucleolus (Fig. 1F). These results demonstrated
that even though CENP-W appears to be scattered throughout
the nucleus, it is still associated with the nucleoli in stable cells.
The integrity of the cell fractionation was verified by immuno-
detection of �-tubulin and B23. Taken together, these results
indicated that CENP-W, the new component of the centro-
meric complex, is associated with the nucleolus in human cells.
Identification of the Nucleolar Determinants of CENP-W—

Based on a web-based searching program, we previously
reported that there is one predicted NLS sequence of 17 amino
acids (14KRKAPRGFLKRVFKRKK30) with a 98% probability

CENP-W Interacts with B23

42760 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 49 • DECEMBER 9, 2011



score (19). In comparison to NLS, no consensus sequence for
nucleolar localization has been established to date, except for
the finding that such sequences are frequently enriched with
arginine and lysine residues (29). Because the predicted NLS
sequence of CENP-W is highly enriched in arginine and lysine
residues, we evaluated this sequence to determine if it also func-
tions as the primary determinant of nucleolar targeting of
CENP-W. To accomplish this, we reconstructed partial cDNAs
of CENP-W fused to EGFP. We then tested the localization of
EGFP fused with the predicted NLS sequence (amino acid res-
idues 14–30) in both HeLa and SKOV-3 cells and compared
these findings with the results obtained using an RFP-conju-
gated B23 nucleoli marker. The results revealed that this puta-
tiveNLS alonewas able to target the recombinant protein to the
nucleoli in both cell lines (Fig. 2B), even though some of this
protein was dispersed in the nucleus in low levels. Whereas,
EGFP alone (Fig. 2A) or EGFP conjugated with the C terminus
region without NLS (residues 31–88) (Fig. 2C) diffused
throughout the entire cell.

To determine the key element inside this NLS, we next gen-
erated site-directed mutants of CENP-W based on the finding
that there are three basic amino acid stretches in this putative
NLS. Two basic amino acids from each stretchwere substituted
for glycine residues (R15G/K16G, K23G/R24G, or K27G/
R28G) in the EGFP-fused construct, and the green fluorescence
signals of each mutant protein were monitored after transfec-
tion in bothHeLa and SKOV-3 cells.Whenwe altered the basic
amino acids in the three different stretches separately, each
mutant protein was relatively well accumulated in the nucleo-
lus (Fig. 2, D–F). However, when two sites (R15G/K16G and
K27G/R28G) were changed together (Fig. 2G), or all three were
mutated (Fig. 2H), the nucleolar accumulation in HeLa cells
and even the nuclear localization in SKOV-3was disturbed. B23
conjugated with RFP was co-expressed as a nucleolar control,
and no disturbance was observed in the nucleolar targeting of
B23 by the dislocalization of the mutant CENP-Ws. The failure
of these mutants to drive EGFP into the nucleolus suggested
that the predictedNLS sequence of CENP-Wplays amajor role

FIGURE 1. Subnuclear distribution of CENP-W. A, localization of EGFP-tagged CENP-W in HeLa cells. After EGFP-CENP-W was transfected to HeLa cells, the
green fluorescence images were captured using fluorescence microscopy at 200� magnification. As nucleolar marker proteins, B23 and fibrillarin were
conjugated with RFP and co-transfected with CENP-W. DAPI signals were also applied to localize the nucleus of each cell. B, localization of EGFP-CENP-W in
SKOV-3 cells. C, localization of FLAG-CENP-W in HeLa cells. After HeLa cells were transfected with the FLAG-tagged CENP-W, CENP-W was visualized using
anti-FLAG and FITC-labeled anti-mouse secondary antibody and B23 using anti-B23 and Cy3-labeled anti-rabbit antibody. D, localization of FLAG-CENP-W in
time course. After transfection of FLAG-CENP-W in HeLa cells, the distribution of CENP-W was analyzed at different time points using immunofluorescence
microscopy. The endogenous B23 (red) was also stained at 48 h. E, localization of CENP-W in A549 stable cells. After extraction of soluble proteins with 0.5%
Triton X-100, cells were immunostained with anti-FLAG antibody. F, nucleolar fractionation of CENP-W-expressing cells. The nucleolus fraction was obtained
from either transiently expressed 293T cells or A549-FLAG-CENP-W stable cells. Each fraction was analyzed by Western blotting with anti-FLAG, anti-�-tubulin,
and anti-B23 antibodies. T, total cell extract; C, cytoplasmic fraction; N, nuclear fraction; Np, nucleoplasmic fraction; No, nucleolar fraction.
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in nuclear and nucleolar targeting and that its three basic
stretches may function together in the direction of this protein.
CENP-W May Form a Complex with RNA—Based on the

finding thatCENP-W is localized in the nucleolus, we evaluated
CENP-W to determine if it was associated with RNA. To
accomplish this, transiently transfected 293T cells or A549-
FLAG-CENP-W stable cells were subjected to a chromatin
fractionation experiment. Initially, the soluble fraction of the
cells was extracted by permeabilizing the cell withTritonX-100
and thenwashed, after which the remaining sample was further
incubated with DNase I or RNase A.We found that a portion of
the CENP-W proteins was released by DNase I and RNase A
digestion (S1 fractions of Fig. 3, A and B) and further extracted
by the addition of salt (S2 fractions). Because the release of
CENP-W is not observed in the S1 fraction of the control sam-
pleswithout nuclease, the solubilization of CENP-Wappears to
be nuclease-specific. To confirm this finding, we gradually
increased the amount of nuclease and then harvested the solu-
ble CENP-W. As shown in Fig. 3 (C and D), the amount of
CENP-W released was proportional to the amount of nuclease

added. This observation may indicate that CENP-W forms a
complex with DNA and RNA.
To demonstrate the previous finding more clearly, a

sucrose gradient sedimentation assay was conducted using
HeLa-CENP-W stable cells. To accomplish this, the nuclear
extracts were overlaid on top of the sucrose gradients and
then fractionated by high speed sedimentation. If necessary,
RNase A digestion was conducted prior to loading. Because
it is a well known RNA-binding protein, endogenous B23 was
also detected to confirm the fidelity of the RNase A treat-
ment. Without RNase treatment, both CENP-W and B23
were widely distributed, even in the high density fractions
and the fractions that were co-fractionated with the RNA
(Fig. 3E). Conversely, preincubation with RNase A shifted
the peak position of both proteins to the low density frac-
tions, although some CENP-W remained in the high density
area. These findings showed that RNA digestion caused the
CENP-W to be released into the soluble fraction, supporting
the notion that some of the CENP-W is present in a nuclear
complex with RNA.

FIGURE 2. Identification of crucial determinants in CENP-W for nuclear and nucleolar localization. After cells were transfected with EGFP-conjugated
CENP-W mutants along with RFP-B23, the photo-images of green and red fluorescence were captured and merged for the analysis. A, EGFP control; B, EGFP
conjugated with CENP-W putative NLS sequence (amino acids 14 –30); C, CENP-W C terminus region (amino acids, 31– 88); D, CENP-W NLS mutant (R15G/K16G);
E, CENP-W (K23G/R24G); F, CENP-W (K27G/R28G); G, CENP-W (R15G/K16G/K27G/R28G); and H, CENP-W (R15G/K16G/K23G/R24G/K27G/R28G).
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CENP-W Is Nuclear Matrix-associated—During the chro-
matin fractionation experiment, we noticed that a considerable
amount of CENP-W remained in the insoluble fraction after
full digestion of theDNAorRNA (P3 fraction in Fig. 3,A andB).
Indeed, even after the cells were subjected to double digestion
with DNase I and RNase A, the insoluble portion was still
observed in the last pellet, and the amount did not differ greatly
from the amount observed during the single digestion (data not
shown). Considering that the remaining insoluble portion of
the nuclei that are resistant to the salt extraction corresponds to
the nuclear matrix, these findings indicated that some
CENP-W was associated with components of the nuclear
matrix. To test this, we fractionated CENP-W-expressing sta-
ble A549 cells according to the widely accepted high salt
nuclear matrix preparation method (27) and then compared
the findings with the results from the transiently expressed
CENP-W. As a first step, soluble proteins were obtained by
detergent treatment (Lane 1 in Fig. 4A). Next, chromatin-asso-

ciated proteins were released by DNase I digestion followed by
ammonium sulfate addition (Lane 2), after which they were
further extracted with 2 M NaCl (Lane 3). The resulting pellet
was then collected and dissolved in 8 M urea (Lane 4), which
contains the enriched nuclear matrix and matrix-associated
proteins (27). The fractionation results showed that CENP-W
was evenly distributed, with approximately one-third being in
the soluble, chromatin-enriched and nuclear matrix fractions.
In addition, a similar pattern was observed in transient cells
with a slight decrease in the chromatin fraction. The fraction-
ation was verified by immunodetection of endogenous
marker proteins such as �-tubulin as a cytoplasmic protein
marker, Lamin A/C as a nuclear matrix protein, and TATA-
binding protein (TBP) as a matrix-associated transcription
factor (30). Furthermore, the association of CENP-W with
the nuclear matrix appeared to be stable and unresponsive to
environmental changes, because no significant proportional
changes were observed upon the treatment of various chem-

FIGURE 3. CENP-W may form a complex with RNA as well as DNA. A, CENP-W is released by DNase I treatment. A549-FLAG-CENP-W stable cells or 293T cells
transfected with FLAG-CENP-W were fractionated according to the protocols depicted below (For details, see under “Materials and Methods”). After the cells
were digested DNase I (1 unit/�l), the released proteins were isolated (S1), and the remaining precipitation was further extracted using 0.25 M ammonium
sulfate. The control experiment was also performed under the same conditions without nuclease. Each fraction was analyzed by Western blot analysis using
anti-FLAG antibody. The boxed fraction of CENP-W corresponds to the protein released by the DNase I digestion. B, CENP-W is released by RNase A digestion.
The solubilized portion of CENP-W by RNase A (100 �g/ml) digestion is highlighted as a box. C, DNase I-dependent release of CENP-W. After cells were incubated
with increasing amounts of DNase I (0, 1, 3, and 10 units/�l), the supernatant was collected by centrifugation. D, RNase A-dependent release of CENP-W. After
increasing amounts of RNase A (0, 5, 50, and 250 �g/ml) was added to the cells, the supernatant was separated from remaining sample. E, RNA binding assay
in sucrose gradient centrifugation. The nuclear extracts isolated from HeLa-FLAG-CENP-W stable cells were incubated with or without RNase A (250 �g/ml). The
resulting sample was then analyzed by 10 –30% sucrose gradient sedimentation. CENP-W and B23 were identified using Western blotting with anti-FLAG and
anti-B23 antibodies, respectively.
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icals, such as trichostain A, hydrogen peroxide, and camp-
tothecin (Fig. 4B).
The biochemical fractionation results were further sup-

ported by in situ indirect immunodetection of CENP-W. Cov-
erslips harboring A549 CENP-W stable cells were incubated
with detergent and then subjected to DNase I or RNase A
extraction. The resulting samples were used for immuno-
staining of CENP-W with anti-FLAG antibody. Although the
signals were greatly attenuated after nuclease digestion, some
CENP-W, which is resistant to nuclease extraction, was still
observed by in situ immunodetection (Fig. 4C). These data con-
firm that some of the CENP-W associates with the nuclear
matrix in human cells. To determine which domain of
CENP-Wwas important for targeting to the nuclearmatrix, the
FLAG-tagged deletion mutants of CENP-W were expressed in
293T cells and then fractionated.Western analysis showed that
the C terminus of CENP-W (amino acids 61–88) rather than N
terminus region (amino acids 1–60) functions more critically
for the incorporation into the matrix (Fig. 4D). These findings
suggest that this basic N-terminal region, which is responsible
for nuclear and nucleolar targeting of CENP-W, is not relevant
to matrix association.
CENP-W Interacts with B23—In an attempt to search for new

binding partners of CENP-W and understand how CENP-W is
associated with nucleoli, the nucleolar proteins present in the
complex with CENP-W were analyzed in an affinity binding
experiment. Specifically, we transfected 293T cells with GST-

or FLAG-tagged CENP-W and then performed GST pulldown
assay or co-immunoprecipitation with anti-FLAG antibody.
Proteins that co-eluted with CENP-W were identified by SDS-
PAGE and compared with proteins bound to controls. Several
protein bands that appeared to be present only in the CENP-W
fraction were excised and identified by mass spectroscopy.
Based on the GST pulldown assay, we found that CENP-W
interactswith heat shock protein,Hsp70, andB23 (Fig. 5A). The
interaction of B23 with CENP-W became evident when the
FLAG-CENP-Wco-complex also contained B23 in a separately
performed co-immunoprecipitation experiment (Fig. 5B). To
confirm the in vivo interaction between CENP-W and B23,
we conducted co-immunoprecipitation using ectopically
expressed Myc-B23 and FLAG-CENP-W. Immunoprecipita-
tion with anti-FLAG antibody co-fractionated Myc-B23 in a
complex with the FLAG-CENP-W protein (Fig. 5C). Con-
versely, the presence of FLAG-CENP-W was detected in the
Myc-B23 complex when immunoprecipitation was conducted
using anti-Myc antibody (Fig. 5D). We also tested this interac-
tion in the endogenous level using HeLa stable cells expressing
FLAG-CENP-W.The endogenous B23was found in the FLAG-
CENP-W fraction in the stable cells (Fig. 5E). Finally, the spe-
cific interaction between these proteins was confirmed using
recombinant proteins expressed by the in vitro cell-free expres-
sion system (Fig. 5F). Taken together, these results demonstrate
that CENP-W specifically interacts with nucleolar protein B23.

FIGURE 4. A fraction of CENP-W is associated with nuclear matrix. A, nuclear matrix fractionation of CENP-W-expressing cells. Either transient 293T or stable
A549 cells was fractionated by the traditionally conducted high salt nuclear matrix preparation method as described under “Materials and Methods.” FLAG-
CENP-W or other subcellular marker proteins were visualized by Western blot analysis. Sol, soluble cytoplasmic fraction after 0.5% Triton X-100 treatment; Chr,
chromatin-enriched fraction released after DNase I and 0.25 M ammonium sulfate extraction; Wash, supernatant after 2 M NaCl high salt washing; NM, nuclear
matrix fraction finally obtained insoluble fraction solubilized by 8 M urea. B, association of CENP-W with nuclear matrix is stable. CENP-W A549 stable cells were
pretreated with trichostatin A (30 �M), H2O2 (2 mM), or camptothecin (10 �M) for 24 h before cell fractionation. C, in situ cell extraction experiment. After
extraction of soluble proteins, A549-CENP-W stable cells grown in coverslips were incubated with DNase I (1 unit/�l) or RNase A (200 �g/ml) and further
extracted with 0.25 M ammonium sulfate. The resulting sample was fixed and then immunostained with anti-FLAG antibody, followed by FITC-conjugated
anti-mouse antibody to observe the remaining CENP-W. D, domain mapping of CENP-W for matrix association. 293T cells expressing various CENP-W domains
were fractionated by the high salt nuclear matrix preparation method and analyzed by Western blotting.
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To further investigate the interaction between B23 andGST-
CENP-W, the lysate was pretreated with RNase before GST
pulldown analysis. The amount of co-isolated endogenous B23
with GST-CENP-W is dramatically decreased in proportion to
the increasing amount of RNase (Fig. 5E). Then, to test if the
purified RNA can restore the interaction of B23 and CENP-W,
we digested endogenous RNA of the lysate with 200 �g/ml
RNase and then added RNA fraction purified from H293 cells.
As shown in Fig. 5F, the B23-CENP-W complex was gradually
restored by addition of RNA, indicating that RNA is essential to
the formation of B23 and CENP-W complex. We then tested
which type of RNA is most effective in this complex formation.
When the same amount of RNAwas added to the sample, both
total RNA and mRNA preparation from H293 cells functioned
effectively, but RNA from E. coli did not restore the interaction
between B23 and CENP-W.

To determine the crucial domains for the interaction
between B23 and CENP-W, we first generated the B23 deletion
mutants. After we confirmed that all designed constructs were
expressed successfully in 293T cells, the binding activity of each
deletion mutant was determined by co-immunoprecipitation
with FLAG-CENP-W. The results showed that the dimeriza-
tion domain of B23 located in the N terminus (amino acids
1–113) of the protein was sufficient for binding with CENP-W
(Fig. 6A). In contrast, the C-terminal domain, which is report-
edly involved in histone and nucleic acid binding (10), did not
bind with CENP-W. Conversely, most small CENP-W deletion
mutants did not interact with B23 (Fig. 6B), whereas the N
terminus domain (amino acids 1–60) showed high protein sta-
bility and high binding affinity for B23. These findings suggest
that, because CENP-W is a relatively small protein, the N-ter-
minal two-thirds of the protein may participate in interaction

FIGURE 5. CENP-W interacts with B23. A, affinity purification of CENP-W-interacting proteins. Nucleoli fraction obtained from cells expressing GST-CENP-W
were subjected to GST pulldown analysis. Isolated proteins were then analyzed by SDS-PAGE and identified by mass spectroscopy. B, identification of
CENP-W-interacting protein by using the immunoprecipitation method. C, co-immunoprecipitation between CENP-W and B23. Cell lysates transfected with
Myc-B23 and FLAG-CENP-W were subjected to immunoprecipitation with anti-FLAG antibody. D, reciprocal immunoprecipitation between FLAG-CENP-W and
Myc-B23 was performed using anti-Myc antibody or normal rabbit IgG. E, GST pulldown assay for endogenous B23. HeLa stable cells expressing FLAG-CENP-W
were used for immunoprecipitation and endogenous B23 in complex with CENP-W was detected using anti-B23 antibody. F, in vitro binding assay. After
cloning into the pET15b bacterial expression vector (Novagen), the His-tagged recombinant B23 and CENP-W was expressed in vitro using the E. coli S30 T7
protein expression system (Promega). Then, co-immunoprecipitation was carried out with anti-B23 antibody. G, GST pulldown analysis after RNase treatment.
RNase was added at the indicated concentration to the lysate of H293 cells transfected GST-CENP-W, and the mixture was incubated at 25 °C for 20 min before
GST pulldown analysis. Endogenous B23 was monitored using anti-B23 antibody. H, GST pulldown assay with RNA addition. After endogenous RNA is digested
with 200 �g/ml RNase, RNA fractions extracted from H293 cells were added before GST pulldown assay. I, binding assay with different kinds of RNA. Three
different kinds of RNA preparation (1 �g) were added to the RNase-treated sample before GST pulldown assay.
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with B23 or that the three-dimensional structure sustained by
this N-terminal domain is highly required for maintaining the
stability of the entire protein and B23 binding.
CENP-W Is Stabilized by B23—Given that CENP-W has

RNA-binding activity and is associated with B23, we next eval-
uated CENP-W to determine if it was involved in ribosomal
RNA biogenesis or processing. To accomplish this, we first
tested the localization of CENP-W after treatment with actino-
mycin D, considering that the localization of many nucleolar
proteins that are involved in RNA biogenesis are highly
dependent on a transcriptionally active nucleolus (29). Unfor-
tunately, the nucleolar localization of CENP-W was not dis-
turbed by this inhibition of ribosomal RNA transcription,
whereas B23 clearly became dispersed throughout the nucleus
(data not shown). We also conducted RT-PCR analysis of the
pre-RNA sequence (31) to monitor the RNA synthesis over
time following transfection with CENP-W. Although treat-
ment with a low concentration of actinomycin D induced a
sharp decrease in pre-rRNA production, no significant changes
were induced by CENP-W deregulation (data not shown).
These findingsmay indicate that CENP-W is not closely related
to the activities of ribosomal RNA production.
Based on earlier reports that demonstrated B23 has molecu-

lar chaperone-like activities (32), we tested whether the deple-
tion of B23 altered CENP-W protein stability. The reduction of
cellular B23 by siRNA treatment induced a dramatic decrease
in the CENP-W protein level in HeLa-CENP-W stable cells

(Fig. 7, A and B). To exclude the possibility that CENP-W level
was reduced by cell cycle arrest upon B23 knockdown,
CENP-Wwasmonitored during various stages of the cell cycle.
No significant changes were found in the mRNA and protein
levels of CENP-Wduring the cell cycle (supplemental Fig. S1,A
and B). When several other centromere components were
monitored (Fig. 7B), the influence of B23 reduction was the
most effective on CENP-W protein stability. CENP-T, known
to interact withCENP-W, is also reducedwhen B23 is depleted.
But no significant changes were found in the CENP-H and
Mad1 protein level. Immunostaining also revealed that
CENP-W signals were clearly diminished by the suppression of
B23 in B23 siRNA-treated cells when compared with untreated
controls (Fig. 7C). To further demonstrate the effects of B23 on
CENP-W stability, 293T cells were transiently transfected with
FLAG-CENP-W combined with increasing amounts of Myc-
B23. GFP was also co-expressed as a transfection control.
Although the same amount of DNA was transfected, CENP-W
expression increased proportionally to the amount of co-trans-
fected Myc-B23 when tested with the full-length B23 (Fig. 7D).
The stabilization of CENP-W by B23 co-expression was clearly
demonstrated when CENP-W was co-transfected with the
plasmid encoding the N-terminal domain (amino acids 1–113)
of B23,whichwas previously identified to be sufficient for inter-
action with CENP-W. Taken together, these findings indicate
that the new centromeric protein, CENP-W, is stabilized via
interaction with B23.

FIGURE 6. Determination of domains required for the interaction between CENP-W and B23. A, domain mapping of B23 for binding with CENP-W. Deletion
mutants of Myc-B23 were generated and transfected into 293T cells with FLAG-CENP-W. Co-immunoprecipitation was conducted using anti-FLAG antibody,
followed by Western blot analysis with anti-Myc antibody. B, domain mapping of CENP-W for binding with B23. Immunoprecipitation between FLAG-CENP-W
mutant proteins and Myc-B23 was conducted using anti-FLAG antibody and the co-fractionated B23 was detected using Western blot analysis.

CENP-W Interacts with B23

42766 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 49 • DECEMBER 9, 2011

http://www.jbc.org/cgi/content/full/M111.228411/DC1
http://www.jbc.org/cgi/content/full/M111.228411/DC1


B23 Depletion Induces Mislocalization of CENP-W during
Mitotic Prophase—Because B23 was suggested to function in
the formation of the pre-kinetochore complex, we examined if
B23 depletion may affect the recruitment of CENP-W to cen-
tromere during prophase. Unlike B23, which was dispersed
during mitosis, CENP-W was clearly identified in centromere
region during mitosis in normal cell (Fig. 8A and supplemental
Fig. S2). Double immunostaining showed that CENP-W is co-
localized with the centromere proteins during prophase in nor-
mal cells (Fig. 8B). However, when B23 was depleted from cells,
CENP-W was not co-localized with the centromere proteins,
but rather was highly dispersed during prophase (Fig. 8B), indi-
cating that B23 functions in the recruitment of CENP-W to the
centromere complex during the assembly stage of kinetochore
at prophase.

DISCUSSION

CENP-W was originally identified as a putative oncogene
that is specifically up-regulated in many human cancer tissues
(19). Two recent papers have shed light on the cellular role of
CENP-W (20, 23). Specifically, this putative oncoprotein was
identified as a centromeric component that plays an important
role in the formation of a proper kinetochore complex during

cell mitosis. Due to the unavailability of specific antibodies for
CENP-W, we established FLAG-CENP-W stable cells in many
different mammalian cell lines. In these stable cells, CENP-W
proteins were seen as nuclear foci during interphase, some of
which are co-localized with anti-human centromere antibody
(23). However, we also found minor signals in other regions of
the nucleus, which indicated that some CENP-W proteins are
not centromeric. Based on these observations, we evaluated
CENP-W to determine if it targeted other nuclear subdomains
in addition to the centromere. To address this issue, we
started a localization study of CENP-W from the simple
approach of tracing EGFP-tagged protein. Surprisingly, the
EGFP-CENP-W was predominantly localized to the nucleo-
lus in various human cells, and altering tags did not change
this nucleolar localization (Fig. 1, A–C). This phenomenon
did not seem to be an artifact of abrupt expression when we
tested stable cells that express CENP-W at an almost endog-
enous level. Indeed,�50% of total proteins were fractionated
with the nucleoli, indicating that a significant amount of
CENP-W is associated with the nucleoli even when it is
expressed in low levels.
There is evidence of a close functional relationship between

the centromere and nucleolus. Specifically, human autoanti-

FIGURE 7. CENP-W is stabilized by interaction with B23 (A) B23 knockdown induced destabilization of CENP-W. Two different kinds of B23 siRNA or
combined siRNA were transfected into HeLa-FLAG-CENP-W stable cells, and the protein level of endogenous B23 and CENP-W was examined by Western
analysis. B, stability of kinetochore components upon B23 depletion. Western analysis was performed to monitor the protein stability of several centromere
proteins after B23 siRNA treatment. C, immunofluorescence staining of B23-depleted cells. Cellular distribution of B23 and CENP-W was visualized by immu-
nostaining in B23-depleted HeLa-CENP-W cells. D, CENP-W is stabilized by B23. Increasing amounts of B23 construct encoding either full-length or N-terminal
1–113 amino acids were co-transfected with FLAG-CENP-W in 293T cells, and the protein expression level was examined by Western blot analysis. GFP plasmid
was also co-transfected and used as a transfection control.
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gens constituting of the centromere are frequently found in the
nucleolar periphery or inside nucleoli during interphase (33).
Affinity purification of a centromeric protein, CENP-C, has
demonstrated that it specifically interacts with nucleolar tran-
scription factors UBF1 and UBF2 (34).
Recently, Foltz et al. successfully isolated several undiscov-

ered centromeric components using TAP-tagged CENP-A.
CENP-T, which was later found to form a complex with
CENP-W, was first identified in that study as a proximal
CENP-A nucleosome component. In the same study, they pub-
lished the unexpected result that B23 was present in the
CENP-A nucleosome, not in the corresponding H3-nuclea-
some. These findings suggested that B23 play a sequestering
role in the formation of centromeric protein complex and chro-
matin components during interphase, whichmay be needed for
the assembly of a functional kinetochore (22). In the present
study, we found that CENP-W specifically interacts with B23,
and CENP-W protein is highly stabilized by addition of B23.
Moreover, B23 knockdown clearly promoted CENP-W mislo-
calization during prophase. Our findings suggest that the pro-
posed role B23 on the assembly of kinetochore complex (22)
may be accomplished through a direct interaction with
CENP-W, thereby increasing its stability and sequestering it
during interphase, which facilitates the recruitment of
CENP-W to kinetochore during prophase. We failed to detect
any binding activity between ectopically expressed CENP-T

andB23using co-immunoprecipitation, supporting the specific
interaction between CENP-W and B23.
Although the existence of nuclear matrix structures is still in

question, nuclearmatrix has traditionally been considered to be
an extensive RNA/protein fibrillar network that functions as a
platform to facilitate the functional assembly of nuclear com-
ponents for specialized nuclear activities (16, 17), which is envi-
sioned as a nuclear mesh-like architecture with numerous
round-shaped granules connected by filaments (35). Despite
the rigid skeletal images, it has been proposed that the nuclear
matrix is a dynamic sponge-like open structure that allows the
free diffusion of soluble nuclear materials (36). B23 has been
identified as a matrix component in diverse human cell lines
and tissues quite often, and Hsp70 is also found in the matrix
(15). The fact that these previously documentedmatrix constit-
uents were all co-purified with CENP-W in the GST pulldown
analysis (Fig. 5A) supports that CENP-W is associated with the
nuclearmatrix. Several centromeric components (CENP-B, -C,
and -F) have previously been detected in biochemically
extracted nuclear matrix (37, 38). Additionally, immunoelec-
tron microscopic analysis with autoantibodies that recognize
several centromeric proteins revealed that each pre-kineto-
chore complex forms a stable, but highly dynamic association
with the filaments of the nuclear matrix, proposing that the
strikinglymobile properties of the centromeric complexmay be
facilitated by anchoring to the matrix network (39).

FIGURE 8. B23 functions in the recruitment of CENP-W to mitotic centromere during prophase. A, distribution of CENP-W and B23 in mitotic cells. After
synchronization with nocodazole (100 ng/ml) for 12 h, HeLa-CENP-W cells were harvested at 30-min time intervals. Cells were then co-immunostained for
CENP-W and B23 using anti-FLAG and anti-B23 antibodies, respectively. B, B23 depletion inhibits the centromeric recruitment of CENP-W. After incubation with
B23 siRNA or control siRNA for 72 h, HeLa-CENP-W cells were incubated with nocodazole for 12 h. At 30 min after release, cells were harvested and CENP-W was
immunostained. Anti-CENP-B, anti-CENP-C, and anti-centromere antibody (ACA, Cortex Biochem) were also used to visualize the centromere.
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Historically, alterations in the composition, number, size,
and intranuclear localization of nucleoli were used as an early
indication of cancer and to distinguish a few types of tumor cells
from normal cells (40, 41). Alterations in the nuclear matrix
composition are also known to be cell type- and tumor-specific
and have been used for the development of protein biomarkers
of cancer (42). Given that CENP-Wwas originally identified as
a putative oncogene, its subnuclear localization in nucleoli and
nuclear matrix might be related to the tumorigenic process of
human cells. The results of the present study indicate that the
new centromeric component, CENP-W, is not solely localized
in the centromere, but rather widely distributed in various sub-
nuclear compartments, suggesting that itmight be involved in a
variety of crucial nuclear activities. The spatial or temporal
alteration of the subnuclear distribution ofCENP-W in these or
other nuclear areas in accordance with neoplasmic cell trans-
formation will be topics of our future research.
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