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Breast cancer susceptibility gene BRCA1 is implicated in the
control of mitotic progression, although the underlying mecha-
nism(s) remains to be further defined. Deficiency of BRCA1
function leads to disrupted mitotic machinery and genomic
instability. Here, we show that BRCA1 physically interacts and
colocalizes with Nlp, an importantmolecule involved in centro-
somematuration and spindle formation. Interestingly, Nlp cen-
trosomal localization and its protein stability are regulated by
normal cellular BRCA1 function because cells containing
BRCA1 mutations or silenced for endogenous BRCA1 exhibit
disrupted Nlp colocalization to centrosomes and enhanced Nlp
degradation. Its is likely that the BRCA1 regulation of Nlp sta-
bility involves Plk1 suppression. Inhibition of endogenous Nlp
via the small interfering RNA approach results in aberrant spin-
dle formation, aborted chromosomal segregation, and aneu-
ploidy, whichmimic the phenotypes of disrupted BRCA1. Thus,
BRCA1 interaction of Nlp might be required for the successful
mitotic progression, and abnormalities of Nlp lead to genomic
instability.

The successful mitosis requires the assembly of a strictly
bipolar mitotic apparatus that will ensure that chromosomes
equally distribute to the daughter cells. This process is con-
trolled by the centrosomes that are required for spindle forma-
tion and function (1). Abnormalities of centrosome have been
demonstrated to cause chromosomal missegregation and gen-
eration of aneuploidy, consequently leading to cell malignant
transformation and tumorigenesis (2, 3). The machinery that
controls centrosome stability involves multiple important cel-
lular proteins, including p53 (4), BRCA1 (5), Gadd45 (6, 7), p21
(8), and Cdk2/cyclin E (9). The precise coordination among
those regulators maintains centrosome duplication and stabil-
ity. Prior to mitosis, centrosomes undergo maturation (10),
which is characterized by centrosome enlargement, recruit-
ment of �-tubulin, and an increased microtubule nucleation

activity (11, 12). Centrosomematuration is regulated by several
mitotic kinases (13), such as Plk1 (Polo-like kinase 1) (14),
Aurora-A (15), andNek2, a member of NIMA (never inmitosis
gene A)-related kinase (16). Recently, a Plk1-regulated ninein-
like protein, termed Nlp, has been characterized as an impor-
tant molecule involved in centrosome maturation (17). Nlp
interacts with �-tubulin ring complex and stimulates microtu-
bule nucleation in the interphase. Upon the G2/M transition,
Nlp is subjected to phosphorylation by Plk1 and Nek2 (17, 18)
and departs from the centrosome. It is thus suggested that the
delicate association of Nlp with the centrosome is required for
proper centrosome maturation and spindle assembly (17).
BRCA1, a breast cancer susceptibility gene that accounts for

more than 70% of hereditary breast cancer cases, is a critical
regulator in the control of cell cycle progression (19, 20).
BRCA1 interacts with multiple important cellular proteins,
including RAD51 (21), BRCA2 (22), p53 (23), c-Myc (24), and
p300 proteins (25). It is speculated that the BRCA1 proteinmay
exert its control over cellular functions by acting as a platform
for these proteins to converge and interact and may, therefore,
create interactive modes for regulating their respective func-
tions. BRCA1 is linked to the control of centrosome stability
(26). Mouse embryonic fibroblasts (MEFs)3 carrying targeted
deletion of exon 11 of the Brca1 gene exhibit centrosome
amplification and abnormalities of spindle formation (5).
BRCA1 may regulate centrosome duplication, probably
through its interacting proteins such as p53 (23), BRCA2 (27),
Cdk2 (28), and �-tubulin (29–31), or its downstream genes
such as p21 (32) and Gadd45a (33, 34). Most recently, BRCA1
was reported to be required for mitotic spindle assembly
through its interaction with three spindle pole proteins, TPX2,
NuMA, nuclear mitotic apparatus protein; and XRHAMM,
Xenopus homolog to human RHAXX (35). These findings
strongly suggest that BRCA1 is involved in themitotic machin-
ery. However, the importance of BRCA1 in the control of
mitotic progression still remains to be further defined.
In this report, we demonstrate that BRCA1 physically inter-

acts and colocalizes withNlp. Nlp centrosomal localization and
its protein stability are likely dependent on normal cellular
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BRCA1 function. Suppression ofNlp using the siRNAapproach
disturbs the process of chromosomal segregation and results in
aberrant spindle formation, failure of chromosomal segrega-
tion, and aneuploidy.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Cell lines used were human
cervical cancer line HeLa, human osteosarcoma line U2OS,
human breast carcinoma line HCC1937 that harbors homozy-
gous mutant BRCA1, primary human normal fibroblast line
GM00380, and Chinese hamster ovary cell line. Both
HCC1937/BRCA1 andHCC1937/GFP cells, which are isogenic
lines of HCC1937, were kindly provided by D. M. Livingston of
Harvard Medical School and maintained in ACL4 medium.
HCC1937/BRCA1 is a HCC1937 cell line that stably expresses
GFP-BRCA1, but HCC1937/control is used as a control for the
HCC1937/BRCA1 cell line (36). Cell transfection was carried
out as described previously (34).
Plasmid Clones—For construction of pEGFP-Nlp, the

KIAA0980 fragment (75–4848) was inserted into the sites
between SalI and SmaI of the pEGFP-C3 plasmid. GST-Nlp
plasmid was constructed by ligating KIAA0980 fragment (75–
4848) into the BamHI and NotI sites of pGEX-5X-1 vector.
Additionally, Myc-tagged BRCA1 was made by inserting the
open reading frame region of BRCA1 into the pCS2-MTvector.
GST-BRCA1 was made by cloning BRCA1 cDNA into the
pGEX-5X-1 vector. TheMyc-Nlp plasmidwasmade by cloning
the cDNA fragment of KIAA0980 into the NcoI and XhoI sites
of the pCS2�MT vector.
Cellular Protein, Western Blotting Analysis, and Antibodies—

Cellular proteins were prepared and subjected to immunoblot-
ting analysis as described previously. For immunoprecipitation,
cellular lysates were incubated with 10 �l of antibody and 20 �l
of proteinA/G agarose beads at 4 °C for 4 h. Immunocomplexes
were washed with lysis buffer and examined by immunoblot-
ting analysis (34). KIAA0980/Nlp polyclonal antibody was pro-
duced using Ac-CQEKVDKLKEQFEKNTKSD-amide short
peptide (putative KIAA0980 protein 1310–1327 amino acids)
from Invitrogen. In addition, the following antibodies were also
used in the experiments; BRCA1, green fluorescent protein
(GFP), c-Myc, p53, and actin were commercially provided from
Santa Cruz Biotechnology.
GST Protein Preparations—Escherichia coli were collected

by centrifugation and resuspended in cold sodium chloride-
Tris-EDTA buffer. After incubation with lysozyme (100
�g/ml), bacteriawere treatedwithDTT:Dithiothreitol (10mM)
and Sarkosyl (0.7%) and subjected to sonication. Following cen-
trifugation, supernatants were mixed with glutathione-agarose
beads at 4 °C overnight. After washing with PBS, glutathione-
agarose bead-conjugated GST fusion proteins were ready for
use in the designed experiments.
siRNA Treatment—The NLP siRNA sequence was designed

as 5�-(GUGAGUCUUGAGGAAUUC C)d(TT)-3� and 5�-(C
AUG UAG AUU UGA GAG AGA)d(TT)-3�. The nonspecific
siRNA (control) sequence was designed as 5�-(AUUGUAUGC
GAU CGC AGA C)d(TT)-3�. These sequences do not match
any other sequences in the GenBankTM. Transfection assays
were conducted with 5 �l of 20 �M siRNA and 1 �l of Lipo-

fectamine. Cells were incubated with siRNA for 24–96 h until
they were ready to assay for gene knockdown analysis.
Immunofluorescent Staining of Centrosome—Cells were

placed in 100-mm dishes. 16 h later, cells were fixed with 2%
paraformaldehyde in PBS for 10 min at room temperature and
washed with PBS. Cells were treated with cold methanol at
�20 °C and followed by 0.5% Triton X-100 and 0.5% bovine
serum albumin in PBS for 30 min. After incubation with anti-
bodies to �-tubulin and Nlp, the plates were washed and incu-
bated with Cy3- or Cy4-conjugated goat anti mouse IgG. Fol-
lowing washing with PBS, Cells were visualized using an
Olympus fluorescent microscope, and photographs were gen-
erated using a Kodak digital camera.

RESULTS

Nlp Is Characterized as a BRCA1-associated Protein and
Colocalized with BRCA1—To gain molecular insights into the
biological function of BRCA1, a yeast two-hybrid screen
approach was employed to identify BRCA1-interacting pro-
teins. Four different baits that harbor the C-terminal region of
BRCA1 protein from 1293 to 1863 amino acids were used to
screen a HeLa cDNA library. Following two-round screenings,
one partial cDNA clone that interacts with the BRCA1 bait was
identified as the KIAA0980. Recently, this gene product was
characterized as a Plk1-regulated substrate and named Nlp
(ninein-like protein) due to its significant similarity to ninein
(17).
An initial effort was made to determine the physical interac-

tion between BRCA1 and Nlp proteins. GST-BRCA1 or GST
alone proteins were incubated with the lysates isolated from
HeLa cells transfected with Myc-tagged Nlp vector. Following
GST pulldown and immunoblotting analysis, Myc-tagged Nlp
was detected in GST-BRCA1 pulldown complexes but not in
GST pulldown complexes (Fig. 1A). Similarly, GST-Nlp, GST-
p53, and GST-actin were incubated with cell lysates containing
Myc-tagged BRCA1. Both GST-Nlp and GST-p53 (positive
control) were shown to bring downMyc-taggedBRCA1but not
GST-actin or GST alone protein (Fig. 1B). The physical inter-
actions between endogenous Nlp and BRCA1 proteins were
also examined. Cellular lysates were prepared from HeLa cells
and incubated with anti-BRCA1 or anti-Nlp antibodies. Fol-
lowing immunoprecipitation, Nlp protein was observed in the
immunocomplex prepared with antibody to BRCA1, and
BRCA1 was also detected in Nlp immunoprecipitates (Fig. 1C).
In addition, the in vitro translated Nlp and the purified FLAG-
Nlp were pulled down by GST-BRCA1, further supporting a
direct interaction of Nlp with BRCA1 (Fig. 1D and supplemen-
tal Fig. 1A). Moreover, anti-Nlp antibody was incubated with
cell lysates extracted from HCC1937 cells (BRCA1-deficient
line) that were transfected with wild-type (WT) or mutant
BRCA1 (P1749R and Y1853insA) expression vectors. Interest-
ingly, only WT BRCA1 was detected in the Nlp immunocom-
plexes, but both P1749R and Y1853insA were not found in the
immunoprecipitates by Nlp (supplemental Fig. 1B).
To identify the regions required for Nlp interaction with

BRCA1 protein, a series of Myc-tagged Nlp deletion protein
expression vectors were introduced into HeLa cells, and cell
lysates were incubated with GST-BRCA1. Following pulldown
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and immunoblotting analysis, the full-length Nlp, Nlp-
(1030–1382), and Nlp-(1187–1382) were detected in the
GST-BRCA1 complexes, but Nlp N-terminal fragments
including Nlp-(1–370), Nlp-(361–831), andNlp-(691–1050)
were undetectable (Fig. 1E). Along with the observations
that both Nlp-(1030–1382) and Nlp-(1187–1382) were able
to immunoprecipitate endogenous BRCA1 (results not
shown), these results indicate that the C-terminal region
harboring 1187–1382 amino acids is required for Nlp asso-
ciation with BRCA1.
We also performed immunofluorescent staining with anti-

bodies to BRCA1 and Nlp. The staining patterns of Nlp (green
spots) were found to substantially overlap with BRCA1 protein
(red spots) (Fig. 1F). Additionally, we transfected pEGFP-Nlp
into U2OS cells and carried out immunostaining with BRCA1
antibody. TheGFP-Nlp fusion protein was seen to localize with
BRCA1 (results not shown). Collectively, the results in Fig. 1
demonstrate a specifically physical association of Nlp with
BRCA1.

Functional Cellular BRCA1 Is Required for Nlp Localization
to Centrosome—The centrosomal localizations ofNlpwere fur-
ther confirmed by double staining experiments using poly-
clonal anti-Nlp (green spots) and monoclonal anti-�-tubulin
(red spots) antibodies in human HeLa or U2OS cells (supple-
mental Fig. 2A) or introduction of pEGFP-Nlp expression vec-
tors into Chinese hamster ovary or HeLa cells (supplemental
Fig. 2B). Next, themultiple deletionmutants of GFP-Nlp fusion
protein vectors were used to map the regions required for cen-
trosome localization of Nlp (Fig. 2A). Full-length Nlp-(1–1382)
revealed normal centrosomal localization. Similarly, twoC-ter-
minal fragments, Nlp-(1030–1382) and Nlp-(1187–1382), also
showed normal centrosomal localization. In contrast, three
N-terminal fragments, Nlp-(1–380), Nlp-(361–831), and Nlp-
(651–1050), displayed aberrant centrosomal localization, as
reflected by the abnormal aggregations of Nlp fusion proteins
(Fig. 2A). These observations suggest that theC terminus ofNlp
might be required for its localization at centrosomes.
Considering that the C terminus of Nlp is also critical for its

interaction with BRCA1 (Fig. 1E), we examined whether Nlp
centrosomal localization is correlated to cellular BRCA1 status.
Following the introduction of pEGFP-Nlp into HeLa, U2OS,
RKO, GM00380, NIH3T3, and Chinese hamster ovary cells,
which contain wild-type BRCA1, GFP-Nlp was found to local-
ize at centrosomes (Fig. 2B). Interestingly, in HCC1937 cells
that harbor homozygous BRCA1 mutations, GFP-Nlp dis-
played abnormal patterns of subcellular localization as mani-
fested by protein aggregation (Fig. 2B). In addition, two isogenic
cell lines (HCC1973/BRCA1 and HCC1973/control) (36)
derived from HCC1973 were employed. In HCC1973/BRCA1
cells, which are stably transfected with wild-type BRCA1
expression vector and express functional BRCA1 protein, GFP-
Nlp resumed normal centrosomal localization. However, in
HCC1973/control cells, GFP-Nlp still revealed abnormal cen-
trosomal localization, as seen in parental HCC1973 cells (Fig.
2B). Similarly, WT BRCA1 or mutant BRCA1 (P1749R and
Y1853insA) expression vectors were transiently introduced
into HCC1973 cells and followed by fluorescent examination.
We found that Nlp displayed centrosomal localization in cells
expressing WT BRCA1 but not in cells containing mutant
forms (results not shown).
Next, HeLa cells were co-transfectedwith pEGFP-Nlp vector

and BRCA1 siRNA. Following the knockdown of endogenous
BRCA1 (Fig. 3, C and D), there were substantial increases in
abnormal aggregations of Nlp fusion protein (Fig. 2, C and D).
In contrast, nonspecific siRNA had no significant effect on the
Nlp-centrosomal localization. Together with the observations
in Fig. 2B, these data suggest that functional cellular BRCA1
might be required for Nlp colocalization to centrosomes.
Functional BRCA1MaintainsNlp Stability—It has been pro-

posed that Nlp/Nlp protein stability might be associated with
itscentrosomallocalization(17).Nlp/Nlpexpressioniscellcycle-
dependent and regulated by anaphase-promoting complex
(APC) (37). Considering that the centrosomal localization of
Nlp is dependent on BRCA1, we examined Nlp expression in
cells with known BRCA1 status. In the human cell lines
(MCF-7, HCT116, HeLa, and HCC1937/BRCA1) with func-
tional BRCA1, Nlp protein was evidently detected, although its

FIGURE 1. Interaction of Nlp with BRCA1. A, Myc-tagged Nlp vector was
expressed in HeLa cells. Cellular extracts were incubated with GST-BRCA1,
and GST pulldown complexes were analyzed with anti-Myc antibody. B, cell
lysates were made from HeLa cells transfected with Myc-tagged BRCA1 vec-
tor and incubated with GST proteins. The GST pulldown complexes were
examined with anti-Myc antibody. C, HeLa cell lysates were immunoprecipi-
tated with anti-actin, anti-BRCA1, and anti-Nlp antibodies (Ab). The immuno-
complexes were analyzed with antibodies against BRCA1 and Nlp, respec-
tively. D, purified FLAG-tagged Nlp from lysates of HeLa cells transfected with
p3XFlag-Nlp was incubated, pulled down with GST-BRCA1, and analyzed by
immunoblotting assay. E, a series of Myc-tagged Nlp deletion mutants were
transiently introduced into HeLa cells. Whole cell lysates were prepared and
incubated with GST-BRCA1. The GST pulldown complexes were analyzed
with anti-Myc antibody. IB, immunoblot. F, U2OS cells were fixed and
stained with antibodies to BRCA1 and Nlp and examined for BRCA1 (green
spots) and Nlp (red spots). DAPI, 4�,6-diamidino-2-phenylindole.
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levels varied among different lines. In contrast, there were
extremely low levels of Nlp inHCC1937 andHCC1937/control
cells. The similar patterns of Nlp expression were observed in
the normal MEFs and the MEFs derived from BRCA1 knock-
outs (Fig. 3A). Next, several vectors expressing either WT
BRCA1 or mutated BRCA1 (P1749R and Y1853insA) were
transfected into HCC1937/control cells. Nlp expression was
clearly rescued following the introduction of WT BRCA1, but
no evident changes in the cells expressingBRCA1mutantswere

seen (Fig. 3B). We employed the siRNA approach to inhibit
endogenous BRCA1 (Fig. 3C) and found that suppression of
BRCA1 was coupled with the reduction of Nlp protein expres-
sion (Fig. 3D) but not NLP mRNA.
Because Plk1 regulatesNlp centrosomal localization (17) and

BRCA1 suppresses Plk1 (38), we examined Plk1 expression
after employment of BRCA1 siRNA. Interestingly, expression
of Plk1 was elevated following BRCA1 inhibition (Fig. 3D), sug-
gesting that BRCA1 regulation of Nlp stability might involve
inhibition of Plk1. These results were further supported by the
observation that introduction of BRCA1 expression vector into
HeLa cells significantly suppressed mRNA levels of Plk1 (Fig.
3E) and that overexpression of Plk1 substantially down-regu-
lated endogenous Nlp but had no effect on BRCA1 expression
(Fig. 3F). Additionally, BRCA1 is likely required for suppression
of Plk1 after ionizing radiation (Fig. 3G), which is similar to the
report by others (38). Consistently, employment of Plk1 siRNA
was shown to partially rescue the Nlp degradation caused by
BRCA1 siRNA in HeLa cells (Fig. 3H). Furthermore, introduc-
tion of C-terminal Nlp that could compete for the binding of
endogenousNlp to BRCA1 resulted in reduction of Nlp expres-
sion (data not shown). Taken together, these findings indicate
that BRCA1 regulates Nlp expression, probably through its
inhibitory role in regulating Plk1.
Suppression of Endogenous Nlp Abrogates Chromosomal

Segregation—Much effort was then taken to examine whether
depletion of endogenous Nlp would interfere with chromo-
somal segregation and mitotic progression. Following treat-
ment with Nlp siRNA, both HeLa and GM00380 cells silenced
for Nlp revealed dramatic binuclear or multinuclear cells, cou-
pled with bigger sizes (Fig. 4A). In contrast, nonspecific siRNA
treatment had no effect on those cells. Quantitative analysis
showed that after treatment with Nlp siRNA for 96 h, more
than 80% of HeLa cells and 20% of GM00380 cells displayed
such abnormal nuclear patterns (Fig. 4B), indicating that dis-
ruption of Nlp causes chromosomal instability. Similarly, sup-
pression of endogenous BRCA1 by siRNA also resulted in mul-
tiple nuclei in both cell lines (Fig. 4A). To confirm the specific
effect of Nlp siRNA, the rescuing experiments were included,
and results are shown in Fig. 4C. Multinuclear and centrosome
amplification caused by Nlp siRNA were only rescued by co-
introduction of Nlp expression vector but not by BRCA1 vec-
tor. Vice versa, BRCA1 siRNA-induced multinuclear and cen-
trosome amplification were only rescued by BRCA1 expression
vector and not by Nlp expression vector. Therefore, disruption
of endogenous Nlp results in chromosomal instability, which
mimics the phenotypes of disrupted BRCA1.
To confirmwhetherNlp is an important effector required for

BRCA1 function in regulating genomic stability,WTBRCA1 or
mutant BRCA1 expression vectors were transfected into
HCC1937 cells, which have significant centrosome amplifica-
tion and multiple nuclei due to BRCA1 deficiency. Expression
of exogenous WT BRCA1 substantially reduced centrosome
amplifications and multiple nuclei, but two BRCA1 mutants
(P1749R and Y1853insA) had no improving effect on centroso-
mal abnormalities of HCC1937 cells. When Nlp siRNA were
co-introduced into cells to suppress endogenous Nlp, the res-
cuing role of WT BRCA1 in HCC1937 was greatly eliminated.

FIGURE 2. BRCA1 dependence of Nlp colocalization to centrosome.
A, requirement of Nlp C terminus for its colocalization to the centrosome. A
series of pEGFP-Nlp expression vectors were introduced into HeLa cells. 48 h
later, cells were subjected to fixation and staining with 4�,6-diamidino-2-phe-
nylindole and �-tubulin. Cells were examined with a fluorescent microscope.
B, a variety of human and mouse cells with known BRCA1 status were tran-
siently transfected with pEGFP-Nlp. 48 h later, cells were fixed and examined
for Nlp colocalization to the centrosome (green spots). DAP1, 4�,6-diamidino-
2-phenylindole. C, HeLa cells were co-transfected with pEGFP-Nlp expression
vector and 21-nucleotide siRNA duplexes that target BRCA1 mRNA transcript.
As a control, nonspecific 21-nucleotide siRNA duplexes (NS siRNA) were
included in the experiments. Cells were fixed and subjected to examine Nlp
colocalization to the centrosomes. D, the quantitative results of Nlp protein
aggregation in HeLa cells treated with BRCA1 siRNA were obtained from C.
The experiments were repeated three times, and at least 500 cells were exam-
ined in each single assay.
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However, introduction of either Nlp siRNA or nonspecific
siRNA into HCC1973 cells did not show exacerbated defect
(Fig. 4D). These observations indicate that Nlp is a critical mol-
ecule for BRCA1 in regulating centrosome stability.

The time-lapse imaging analyses
were employed to examine chromo-
somal segregation inHEK293T cells
silenced for Nlp. Following treat-
ment with control (nonspecific)
siRNA, cells exhibited a normal
mitotic process (Fig. 5A).
In contrast, cells silenced for Nlp

failed to complete the mitotic proc-
ess. As shown in Fig. 5B, cells with
disrupted Nlp were likely capable of
entering metaphase, as reflected by
the alignment of chromosomes in
the equatorial plate (panel a). It
appeared that cells could also move
into anaphase and start chromo-
somal segregation. However, chro-
mosomes did not separate evenly
and migrated toward no specific
direction instead of toward the two
opposite poles (panel f–h). Cells
also exhibited unsuccessful cytoki-
nesis and ended up with the pattern
of multiple nuclei (panels g–l).
Additionally, HeLa cells express-

ing GFP-�-tubulin were treated
with control siRNA or Nlp siRNA
and subjected to time-lapse imaging
analyses. We found that cells
treated with nonspecific siRNA
revealed an intact bipolar spindle
and performed a normal mitotic
process (supplemental Fig. 3A), but
cells silenced for Nlp exhibited dis-
organized mitotic spindles after
metaphase and failed to complete
mitotic process (supplemental Fig.
3B). These findings go along with
the observations that cells treated
with Nlp siRNA revealed multiple
nuclei (Fig. 4), indicating that Nlp
plays a critical role in spindle forma-
tion, chromosomal segregation, and
cytokinesis and that disruption of
Nlp results in abrogation of mitotic
progression and genomic instability
(multiple nuclei).

DISCUSSION

The physiological importance of
BRCA1 is greatly determined by its
interactions with many important
cellular proteins (21–25). It is
thought that BRCA1 may serve as a

platform for some important cellular proteins to interact, and
therefore, that it plays its controlling roles over cellular func-
tions. In the current study, a series of direct biochemical data
strongly demonstrate that Nlp is a BRCA1-interacting protein

FIGURE 3. BRCA1 dependence of Nlp protein stability. A, a variety of human and mouse cells with known
BRCA1 status were collected for immunoblotting analysis with the Nlp antibody. B, HCC1937/control cells were
transiently transfected with either WT BRCA1 or mutated BRCA1 (P1749R and Y1853insA) expression vectors
and followed by immunoblotting assay with Nlp. C, HeLa cells were treated with BRCA1 siRNA or nonspecific
(NS) siRNA, and BRCA1 mRNA was examined at the indicated time points. D, cell lysates were collected from
HeLa cells treated with BRCA1 siRNA and subjected to immunoblotting analyses with antibodies to Nlp and
Plk1. E, different amounts of BRCA1 expression vector were introduced into HeLa cells, and the levels of PLK1
mRNA were measured using the reverse transcription-PCR approach. F, HeLa cells were transfected with the
indicated amounts of either GFP-Plk1 or pGFP vectors and subjected to analysis with antibodies to Nlp and
BRCA1. G, both WT BRCA1 and BRCA1-deficient cells were treated with 10 grays of ionizing radiation (IR), and
Plk1 expression was examined 8 h later. H, disruption of Plk1 rescues Nlp down-regulation caused by suppres-
sion of BRCA1. Plk1 siRNA were co-introduced with BRCA1 siRNA into HeLa cells. Nlp and Plk1 expression was
analyzed by immunoblotting assay with antibodies to Nlp and Plk1.
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and that its C terminus is required
for Nlp interaction with BRCA1
(Fig. 1), which suggests that the
interaction between Nlp and
BRCA1 might bridge the roles of
BRCA1 in the control of mitotic
progression. Strikingly, the findings
in this report indicate that BRCA1 is
likely required for Nlp centrosomal
localization. In addition to the
observations that normal Nlp cen-
trosomal localization correlates to
functional BRCA1 status, disrup-
tion of endogenous BRCA1 using
the siRNA approach or deletion of
the BRCA1-binding region of Nlp
abrogate the property of Nlp local-
izing to the centrosome (Fig. 2).
However, BRCA1 is also able to par-
ticipate in the mitotic machinery
through its E3 ubiquitin ligase activ-
ity. BRCA1 forms complexes with
spindle pole proteins including
TPX2, NuMA, and XRHAMM and
specifically attenuates XRHAMM
function, thereby ensuring the nor-
mal concentration of TPX2 on spin-
dle poles and proper spindle pole
assembly. However, this function of
BRCA1 is independent of centro-
some (35).
It has been proposed that Nlp sta-

bility might be associated with its
centrosomal localization. When it
departs from the centrosome, Nlp
would undergo protein degradation
(17). If this is the case, the BRCA1
regulation of Nlp centrosome local-
ization would be important for the
maintenance of Nlp stability. In
support of this hypothesis, we have
found that Nlp expression is
dependent on normal cellular
BRCA1 function. In cells with
abnormal BRCA1 status, Nlp
expression displays extremely low
or undetectable levels. Suppression
of endogenous BRCA1 via the
siRNA approach or disruption of
Nlp association with BRCA1 using
C-terminal fragment results in
enhanced degradation of Nlp
(Fig. 3).
We have recently shown that Nlp

is a fast turnover protein and
expressed in a cell cycle-dependent
manner. Its degradation is regulated
by APC/c (37). It is thus speculated

FIGURE 4. Knockdown of Nlp expression results in multiple nuclei in human cells. A, HeLa and GM00380
cells were treated with Nlp siRNA or BRCA1 siRNA. 96 h later, cells were incubated with �-tubulin, stained with
4�,6-diamidino-2-phenylindole (DAP1), and subjected to examination of nuclei with a fluorescent microscope.
NS siRNA, nonspecific siRNA. B, the quantitative results of multiple nuclei in HeLa and GM00380 cells treated
with Nlp siRNA. Cells with two or more nuclei were scored, and at least 500 cells were counted in each deter-
mination. C, HeLa cells were transfected with the indicated siRNA (BRCA1, Nlp, or nonspecific siRNA) in the
presence of either BRCA1 or Nlp expression vectors. 96 h later, cells were subjected to analyses for centrosome
amplifications and multiple nuclei. D, HCC1937 cells were transfected with pEGFP and BRCA1 (WT or mutants)
expression vectors. In some cases, nonspecific siRNA or Nlp siRNA were included. 96 h after transfection,
GFP-positive cells were subjected to analyses for centrosome amplifications and multiple nuclei. In each assay,
500 GFP-positive cells were counted, and the experiments were repeated three times.
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that disruption of the interaction between BRCA1 and Nlp
might cause abnormal or unphysiological displacement of Nlp
from the centrosome, and in turn, leads to fast degradation of

Nlp by APC-mediated ubiquitina-
tion. Taken together, BRCA1 inter-
action of Nlp is critical for themain-
tenance of Nlp centrosome
localization and protein stability.
Because the Nlp centrosomal local-
ization is important for centrosome
maturation and spindle formation,
Nlp interaction with BRCA1
appears to be a vital event in the reg-
ulation of mitotic progression.
Our findings are consistent with

the idea that BRCA1 is a key mole-
cule involved in the control of
mitotic events. Despite its associa-
tion with �-tubulin (29–31) and
spindle pole proteins including
TPX2, NuMA, and XRHAMM (35),
the BRCA1 interaction with Nlp is
of great importance. Given the facts
that Nlp centrosome localization
and stability are controlled by
both BRCA1 and Plk1 (Fig. 2),
the dynamic interactions among
BRCA1, Plk1, and Nlp are critical
for mitotic machinery. This can be
emphasized by the following facts.
First of all, Nlp is important for
spindle formation (17), chromo-

somal segregation, and cytokinesis (Fig. 5). Its is likely that the
fine levels of Nlp appear to be required for its physiological
function because suppression of Nlp causes aberrant mitotic
spindle structure and leads to failures of chromosomal segrega-
tion (Figs. 4 and 5). Secondly, BRCA1 interaction of Nlp regu-
lates Nlp centrosomal localization andNlp stability. Disruption
of BRCA1 abrogates Nlp localization at the centrosome (Fig. 2)
and promotes Nlp degradation (Fig. 3). Thirdly, Plk1 phospho-
rylation of Nlp causes Nlp displacement from the centrosome,
and in turn, regulates Nlp protein stability (17). Finally, the data
presented in this study and by others (12) suggest that BRCA1
can serves as a negative regulator for Plk1 expression (Fig. 3).
Thus, it can be reasonably interpreted (Fig. 6) that in mam-

malian cells, BRCA1 and Plk1 might work together to build up
a delicate machinery to maintain a fine level of Nlp protein and
precisely regulate Nlp dynamics of centrosomal localization to
ensure successful spindle formation and chromosomal segre-
gation. During the normal cell cycle progression, BRCA1 func-
tions in balancing Plk1 activity and enablingNlp to play a role in
mitotic machinery. However, loss of BRCA1 may result in
unbalanced and overpowered Plk1 activity, which causes
“abnormal Nlp displacement” from the centrosome and Nlp
degradation, and in turn, abrogates spindle formation and
chromosomal segregation. This is in line with the observations
that disruption of endogenous Nlp exhibited similar pheno-
types (such as chromosomal abnormalities) to that seen with
abrogated BRCA1 (Fig. 4). Therefore, the proper “switch
on/off” of Nlp centrosomal localization is apparently vital
machinery in the process of mitotic progression and mainly

FIGURE 5. Time-lapse images of human cells treated with Nlp siRNA. A, HEK293T cells were co-transfected
with GFP-histone 2B expression vector and control siRNA and examined for chromosomal segregation using
the time-lapse images approach. Cells exhibited normal chromosomal segregation and successful completion
of cell division (a�– h�). Arrows point to a successful completion of mitosis. B, the GFP-histone 2B expression
vector and Nlp siRNA were introduced into HEK293T cells, and time-lapse image analyses were carried out to
examine chromosomal segregation. Apparently, cells silenced for endogenous Nlp displayed abrogated chro-
mosomal segregation and mitotic failure (a�–l�). Arrows point to the unsuccessful completion of cell division.

FIGURE 6. The model for the role of the Nlp interaction with BRCA1 in
mitosis. 1, in the presence of BRCA1, Nlp interacts with BRCA1 and thus local-
izes at the centrosome, and in turn, promotes centrosome maturation. This
process is required for spindle formation and chromosomal segregation. It is
likely that BRCA1 and Plk, as well as other mitotic kinases, act together to
establish a fine balance to precisely regulate Nlp displacement and degrada-
tion. 2, in the absence of BRCA1, Nlp is unable to localize to the centrosome
and likely suffers rapid degradation, which might be enhanced by Plk1-me-
diated phosphorylation and phosphorylation mediated by other mitotic
kinases. Disruption of Nlp localization to the centrosome in turn leads to
abnormal spindle formation and chromosomal missegregation, which
greatly contribute to tumorigenesis.
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controlled by BRCA1 and Plk1. Abnormalities of this machin-
ery via either loss of BRCA1 or amplified Plk1 activity will lead
to aberrant mitotic spindle and chromosomal instability, and
subsequently, result in tumorigenesis.
In conclusion, we have demonstrated that BRCA1 interacts

withNlp. Several lines of evidence in our study indicate thatNlp
interaction with BRCA1 is required for the maintenance of Nlp
centrosomal localization and protein stability and is essential
for mitotic progression. Therefore, these findings provide a
novel link that connects BRCA1 with mitotic machinery, fur-
ther supporting the notion that BRCA1 is an important regula-
tor of cell cycle progression.
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