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a b s t r a c t

The centrosome is an important cellular organelle which nucleates microtubules (MTs) to form the
cytoskeleton during interphase and the mitotic spindle during mitosis. The Cep290 is one of the cen-
trosomal proteins and functions in cilia formation. Even-though it is in the centrosome, the function of
Cep290 in mitosis had not yet been evaluated. In this study, we report a novel function of Cep290 that is
involved in spindle positioning. Cep290 was identified as an interacting partner of DDA3, and we
confirmed that Cep290 specifically localizes in the mitotic centrosome. Depletion of Cep290 caused a
reduction of the astral spindle, leading to misorientation of the mitotic spindle. MT polymerization also
decreased in Cep290-depleted cells, suggesting that Cep290 is involved in spindle nucleation. Further-
more, DDA3 stabilizes and transports Cep290 to the centrosome. Therefore, we concluded that DDA3
controls astral spindle formation and spindle positioning by targeting Cep290 to the centrosome.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Cell division is essential for the proliferation of eukaryotic cells
and produces two daughter cells from a single cell. The processes of
cell division are sequential events, and is known as the cell cycle.
The final goal of the cell cycle is to separate sister chromatids and
cellular components into two daughter cells [1]. For this purpose,
all chromosomes are aligned at the metaphase plate in metaphase
and two centrosomes start to pull the chromosomes and generate
tension between sister-kinetochores. Perfect chromosome align-
ment leads to spindle assembly checkpoint (SAC) silence and acti-
vates APC/C which degrades the seperase inhibitor, securin. As
anaphase onset, activated separase dissolves the cohesion between
sister-chromatids which can move toward the spindle pole by the
pulling force of the spindle [2].

The mitotic spindle controls accurate spindle positioning,
chromosome alignment, faithful chromosome segregation, and
cleavage furrow formation correctly by spindle MT dynamics [3].
Spindle positioning is governed by the interaction between astral
MTs and the cell cortex. Astral MTs anchor the spindle pole to the
cortex. Abnormal spindle rotation induces chromosome mis-
segregation and mitotic delay. Previously, it has been reported that
g).
spindle formation is specifically important for bipolarity and re-
quires MT-associated proteins (MAPs) and centrosomal proteins at
M-phase entry [4]. Centrosomal proteins control MT organization
such as g-tubulin ring complexes (g-TuRCs). g-TuRCs localize to the
MT organizing center in the centrosome and nucleate MTs. Loss of
g-TuRC proteins leads to the generation of monopolar spindles and
abnormal centrosome maturation [5].

In animal cells, centrosomes functions in MT organization, cell
polarity, and cilium formation [6]. Centrosomes contain two cen-
trioles that are duplicated once per cell cycle. Centriolar satellites
are centrosome-associated structures, defined by the protein PCM-
1. A key function of satellites lies in targeting centriolar and PCM-1
from the cytoplasm to the centrosome through MTs [2]. Loss of
PCM-1 leads to the reduction of centrin and pericentrin in cen-
trosomes in cycling cells and primary cilia assembly [7]. CEP family
proteins are components of centrosome and essential for cell di-
vision. These proteins primarily control centriole duplication, MT-
kinetochore (KT) assembly, bipolarity, and mitotic progression [8].
Thirty-one CEP proteins have been identified and many of them are
being evaluation. Among them, Cep27, a component of Augmin
complex, plays a critical role of centrosome-independent MT gen-
eration. Another CEP protein, Cep55, is expressed in cancer cells
and important for faithful cytokinesis [9,10].

Mutations of several CEP proteins tend to cause disorder. For
example, mutations of Cep290, known as BBS14 or KIAA0373, are
observed in ciliopathies which are a group of diseases associated
with ciliary dysfunction such as retinal degeneration, Joubert
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Fig. 1. Cep290 interacts with DDA3 and localizes in the centrosome. (A) A peptide of Cep290 identified in the DDA3 complex purified from mitotic cells. (B) HeLa cells were
synchronized by a thymidine-nocodazole block, released into fresh media, and harvested at the indicated times. Cell lysates were analyzed via immunoprecipitation and Western
blotting with indicated antibodies. (C) HeLa cells were fixed with MeOH and stained with antibodies as indicated. Images are maximum projections from z stacks of representative
cells stained for Cep290 (green), b�tubulin or Plk1 (red), and DNA (blue). (D) 28 h after transfection, HeLa cells were fixed with MeOH and stained with antibodies as indicated.
Images are maximum projections from z stacks of representative cells stained for Cep290 (green), Myc (red), and DNA (blue). Scale bars, 5 mm. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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syndrome type 5, and Bardet-Biedl syndrome type 14 (BBS14) [11].
Cep290 is a satellite protein that localizes at the transition zone
between basal body and cilia [8]. Recently, it has been reported that
Cep290 plays a role in the ciliary transport process and is associated
with several satellite proteins. For example, loss of centriolar sat-
ellites in PCM-1 depleted cells led to relocalization of Cep290 from
satellites to the centrosome [12]. Another satellite proteins such as
SSX2IP and NPHP5 promote the ciliary entry of the BBSome and the
BBSome integrity together with Cep290 [13,14]. Moreover, deple-
tion of Cep290 results in the redistribution of centriolar satellites
around the centrosome. It also has been suggested that CEP290
may form complexes with several MT-based transport proteins.

Despite the fact that Cep290 is a protein that localizes at the
centrosome, its function through mitosis is unclear. Interestingly,
we identified Cep290 as an interacting partner with DDA3 through
proteomic analysis by mass spectrometry. DDA3 is known as a
novel MAP that is highly phosphorylated in mitotic cells and acts as
MT-destabilizing factor and controls spindle dynamics [15]. Further,
DDA3 controls chromosome congression via interactionwithMCAK
[16]. Based on this information, we hypothesized that Cep290 may
have functions in mitosis via interaction with DDA3 and spindle
MTs. Here, we confirmed the functions of Cep290 in the mitotic
process. We demonstrated that Cep290 localizes at the centrosome,
and the depletion of Cep290 protein causes several defects such as
asymmetric spindle and decrease of astral spindle during mitosis.
Moreover, DDA3 regulates the stability and the localization of
Cep290 by their interaction. We concluded that DDA3 transports
Cep290 into the centrosome to regulate astral spindle formation
and spindle orientation.
2. Materials and methods

2.1. Chemicals and antibodies

Antibodies against Plk1, Cyclin B1, Hsp 90, p38MAPK, and Myc
were purchased from Santa Cruz Biotechnology (USA). Antibodies
against Centrin, TPX2, and g-tubulin were purchased from Abcam
(USA), GeneTex (USA), and Sigma (USA), respectively. Rabbit anti-
bodies against DDA3 and GFP were described previously [15,17].



H. Song et al. / Biochemical and Biophysical Research Communications 463 (2015) 88e9490



Fig. 3. Cep290 controls spindle positioning. (A) HeLa cells were transfected with a siControl or siCep290. Images are maximum projections from z stacks of representative cells
stained for Plk1 (red) and DNA (blue). The distance between pole and cortex was measured. Then, the ratio between two pole-to-cortex distances was calculated and plotted. Error
bars show SEM. *, p < 1.33762 � 10�5. (B) Images are maximum projections from z stacks of representative cells stained for Cep290 (green), Plk1 (red), and DNA (blue). The angles
between the axis crossing the two poles of metaphase spindles and the cover slip were measured. Error bars show SEM. *, p < 0.000386. (C and D) Images are maximum projections
from z stacks of representative cells stained for Centrin or Cep290 (green), b-tubulin or Plk1 (red), and DNA (blue). AU, arbitrary units. Scale bars, 5 mm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Anti-b-tubulin E7 monoclonal antibody was obtained from the
Developmental Studies Hybridoma Bank (USA).

2.2. Cell culture and transfection

HeLa cells were cultured in Dulbecco's Modified Eagle's medium
(DMEM, WelGENE Inc.) supplemented with 10% fetal bovine serum
Fig. 2. Cep290 is involved in astral spindle formation. (A) HeLa cells were transfected with
harvested at 72 h post-transfection and lysates were analyzed by Western blotting against t
and imaged for GFP-Histone H2B by time lapse starting from 60 h after transfection. Ima
transfected with a siControl or siCep290. Images for b-tubulin were acquired under a consta
and normalized to control sample (n ¼ 10 cells for each quantification). *, p < 0.025736; **,
siRNA transfection, HeLa cells were fixed with MeOH and stained with antibodies as ind
projections from z stacks of representative cells stained for TPX2 (green), b-tubulin (red), and
and normalized to control sample (n ¼ 10 cells for each quantification). *, p < 0.000256 (tw
with a siControl or siCep290. Control or Cep290-depleted cells were treated with 1 mg/ml noc
immunofluorescence staining of b-tubulin. AU, arbitrary units. Scale bars, 5 mm. (For interpr
version of this article.)
(FBS, Invitrogen), penicillin (100 units/mL), and 100 mg/mL strep-
tomycin (Invitrogen). The cells were maintained at 37 �C in a hu-
midified atmosphere containing 5% CO2. siRNAs were synthesized
by Bioneer, Inc. (South Korea). The sequence targeting Wip1
(siCep290-1 and siCep290-2) was 50-CUAAGUACAGGGACAUCUU-30

and 50-CACUUACGGACUUCGUUAAUU-30. The control siRNA (siGL2)
was 50-CGTACGCGGAATACTTCGATT-30. siRNAs were transfected
control (siControl) or Cep290-specific siRNAs (siCep290-1 and siCep290-2). Cells were
he indicated antibodies. (B) HeLa/GFP-Histone H2B cells were transfected with siRNAs
ges were captured every 3 min to monitor mitotic progression. (C) HeLa cells were
nt exposure time. b-tubulin immunofluorescence intensity on spindles was quantified
p < 0.00049 (two-tailed t test relative to control cells). Error bars, SEM. (D) 72 h after
icated. Images, which were acquired under a constant exposure time, are maximum
DNA (blue). b-tubulin immunofluorescence intensity on astral spindles was quantified

o-tailed t test relative to control cells). Error bars, SEM. (E) HeLa cells were transfected
odazole for 3 min, released to fresh media for 9 min, fixed with MeOH, and analyzed by
etation of the references to color in this figure legend, the reader is referred to the web
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into HeLa cells using DharmaFect 1 (Dharmacon, Inc.). DNA trans-
fection was performed using Lipofectamine 2000 (Invitrogen, USA)
as instructed by the manufacturer.

2.3. Immunofluoresence

HeLa cells on coverglasses were fixed with methanol at �20 �C
for 30 min. Alternatively, cells were extracted with the BRB80-T
buffer (80 mM PIPES, pH 6.8, 1 mM MgCl2, 5 mM EGTA, and 0.5%
Triton X-100) and fixed with 4% paraformaldehyde for 15 min at
room temperature (Fig. 1B). The fixed cells were then per-
meabilized and blocked with PBS-BT (1 � PBS, 3% BSA, and 0.1%
Triton X-100) for 30 min at room temperature. Coverslips were
then incubated in primary and secondary antibodies diluted in PBS-
BT. Images were acquired using an LSM image examiner (Carl Zeiss,
Germany) under a Zeiss LSM510 confocal microscope and 63� oil
immersion lens. Alternatively, images were acquired with AxioVi-
sion 4.8.2 (Carl Zeiss) under a Zeiss Axiovert 200 M microscope
using a 1.4 NA plan-Apo 100� oil immersion lens and a HRm CCD
camera. Deconvolved images were obtained using AutoDeblur v9.1
and AutoVisualizer v9.1 (AutoQuant Imaging).

2.4. Live cell image

For time-lapse microscopy, HeLa cells stably expressing GFP-
H2B were cultured in Leibovitz's L-15 medium (Invitrogen) sup-
plemented with 10% fetal bovine serum (Invitrogen) and 2 mM L-
glutamine (Invitrogen). Cells were placed into a sealed growth
chamber heated to 37 �C and observed on a Zeiss Axiovert 200 M
microscope with a 20� lens. Images were acquired every 3 min for
5 h with AxioVision 4.8.2 (Carl Zeiss).

3. Results and disscussion

3.1. Cep290 interacts with DDA3 and localizes in centrosome during
mitosis

When the DDA3 complex was purified from mitotic cells syn-
chronized by thymidine-nocodazole treatment [15], Cep290 was
identified as a DDA3 interacting partner during mitosis through
mass spectrometry analysis (Fig. 1A). To confirm this interaction,
HeLa cells stably expressing GFP or GFP-DDA3 were arrested at
prometaphase by treating with thymidine-nocodazole, released
into drug-free media and mitotic cells were harvested at the indi-
cated time. We confirmed that the expression level of Cep290 was
increased and strongly interacted with DDA3 in early mitosis
(Fig. 1B). To investigate mitotic function of Cep290 as an interacting
partner with DDA3, we determined the localization of Cep290 in
mitotic cells. Throughout the cell cycle, including mitosis, Cep290
localizes in the centrosome (Fig. 1C). Interestingly, Cep290 also
localized at the midbody in telophase, suggesting that Cep290 also
appears to be involved in cytokinesis. To further analyze the rela-
tionship between Cep290 and DDA3 in early mitosis, HeLa cells
were transfected with myc-DDA3 and observed by microscope.
Cep290 and DDA3 co-localized around the centrosome in prom-
etaphase and metaphase (Fig. 1D), suggesting that DDA3 and
Cep290 cooperate with each other around the centrosome in early
mitosis.

3.2. Cep290 regulates astral spindle formation

To investigate the function of Cep290 in mitosis, we depleted
Cep290 protein with siRNA in HeLa cells (Fig. 2A). We took
advantage of HeLa cells stably expressing GFP-H2B to analyze
mitotic defects in the absence of Cep290 protein via live cell image.
Depletion of Cep290 caused mitotic catastrophe in prometaphase
(about 40% within mitotic cells), suggesting that Cep290 might be
involved in centrosome maturation and bipolar spindle formation
as a centrosomal protein. In contrast, some cells showed normal
mitotic progressionwithout any alteration (Fig. 2B), suggesting that
residual levels of Cep290 are enough for mitotic progression.
Interestingly, Cep290-depletion decreased the amount of spindle
and astral spindle in metaphase cells (Fig. 2C). Previously, it has
been reported that depletion of DDA3 caused chromosome
misalignment and spindle hyper-stabilization [15]. Therefore, we
asked whether DDA3-depletion also affects astral spindle forma-
tion. Even though the mitotic spindles are stabilized and increased,
the amount of astral spindle was decreased in DDA3-depleted cells
(Fig. 2D). Next, we determined whether Cep290 is involved in
spindle polymerization. As expected, Cep290-depleted cells
showed slower MT regrowth than control cells (Fig. 2E), indicating
that Cep290 participates in spindle nucleation and polymerization.
These data suggest that Cep290 and DDA3 control astral spindle
formation and MT nucleation from the centrosome.

3.3. Cep290 controls spindle positioning

Because the function of astral spindle is to fix the centrosome to
the cortex, we confirmed the spindle orientation in Cep290-
depleted cells. Cep290-depletion caused asymmetric cortical dis-
tribution because two distances between spindle pole and adjacent
cortex in each Cep290-depleted cell were different (Fig. 3A).
Moreover, the angle between the axis of themetaphase spindle and
that of the plate surface was increased by two-fold in Cep290-
depleted cells. To determine whether Cep290-depletion caused
mislocalization of centrosomal proteins, we checked their locali-
zation. Depletion of Cep290 with siRNA did not significantly alter
the amount of centrosomal proteins such as Centrin and Plk1 in
centrosomes (Fig. 3C and D), but the metaphase spindles were
misoriented in Cep290-depleted cells compared to control cells.
Taken together, we concluded that Cep290 might be involved in
spindle positioning upon its function in astral spindle formation.

3.4. DDA3 stabilizes and targets Cep290 to the centrosome

Next, we investigated the functional relation between Cep290
and DDA3. At first, we confirmed the localization of DDA3 in
Cep290-depleted cells. The level of DDA3 on the mitotic spindle did
not change in Cep290-depleted cells (Fig. 4A). Also, we confirmed
the localization of Cep290 after transfection of DDA3 siRNA in the
centrosome. Consistent with previous data [15], the level of g-
tubulinwas not changed by DDA3-depletion. Interestingly, the level
of Cep290 protein was substantially decreased in DDA3-depleted
cells (Fig. 4B), indicating that DDA3 stabilizes Cep290 protein.
Furthermore, Cep290 was also dramatically decreased in the
centrosome in DDA3-depleted cells (Fig. 4C). Therefore, we tested
whether DDA3 regulates the targeting of Cep290 into the centro-
some aswell as the stability of Cep290. Even though the Cep290was
not increased by ectopic expression of Myc-DDA3 (Fig. 4D), its
protein levelswere increased in the centrosome (Fig. 4E). These data
indicate that DDA3 is involved in the movement of Cep290 into the
centrosome. We concluded that DDA3 controls the stability and the
transport of Cep290 into the centrosome to regulate astral spindle
formation and spindle positioning in mitosis.

Cep290 localizes at the basal body, centrosome, and satellites,
and participates in cilia formation. In accordance with previous
reports, PCM-1 and MTs are tightly associated with the localization
of Cep290 [13]. WhenMTs were disrupted by nocodazole treatment
in hTERT-RPE cells, the localization of Cep290 at satellites sub-
stantially decreased [18]. Moreover, Cep290 relocalized from



Fig. 4. DDA3 controls the stability and the localization of Cep290. (A) HeLa cells were transfected with a siControl or siCep290. Images are maximum projections from z stacks of
representative cells stained for DDA3 (green), b-tubulin (red), and DNA (blue). (B and C) HeLa cells were transfected with a siControl or siDDA3. Cells were harvested at 72 h post-
transfection and lysates were analyzed by Western blotting against the indicated antibodies. The cells were fixed with MeOH and stained with antibodies as indicated. Images are
maximum projections from z stacks of representative cells that were stained for Cep290 or DDA3 (green), g-tubulin or b-tubulin (red), and DNA (blue). (D and E) HeLa cells were
transfected with a Myc or Myc-DDA3 plasmid. Cells were harvested at 28 h post-transfection and lysates were analyzed by Western blotting against the indicated antibodies. The
cells were fixed with MeOH and stained with antibodies as indicated. Images are maximum projections from z stacks of representative cells that were stained for Cep290 (green),
Myc (red), and DNA (blue). Scale bars, 5 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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satellites to the centrosome in PCM-1 depleted cells [12]. In this
study, we elucidated the function of Cep290 in mitosis as a cen-
trosomal protein and the relationship between DDA3 and Cep290.
DDA3 interacts with Cep290 in early mitosis to stabilize and target
Cep290 into centrosome for proper astral spindle formation and
spindle positioning. Thus, the interaction between Cep290 and
DDA3 play an important role in spindle positioning during mitosis.

During mitosis, depletion of g-TuRCs causes the defects in
spindle positioning because it regulates the stability of astral MTs
and the interaction between the cortex and astral MTs [5].
However, centrosomal proteins including g-tubulin were not
altered in Cep290-or DDA3-depleted cells (Fig. 3C, D, and 4C),
suggesting that Cep290 and DDA3 are not involved in g-TuRC for-
mation. However, Cep290-knockdown induced several defects
such as a reduction of the astral spindle and spindle density, and
misorientation of the spindle (Figs. 2 and 3). It has been reported
that Cep290 is a component of the MT-membrane linkages in the
transition zone [19]. Therefore, it is a possibility that misorientation
in Cep290-knockdown condition might be caused by a weakened
interaction between MT and membrane.
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In summary, we demonstrated that DDA3 interacts with Cep290
during early mitosis and targets it into centrosome. Furthermore,
Cep290 functions as a centrosomal protein to control astral spindle
formation by regulating MT polymerization. Our novel data clearly
shows that the interaction between DDA3 and Cep290 is essential
for spindle orientation and spindle positioning during mitosis.
However, the molecular mechanism explaining how Cep290 con-
trol MT polymerization and spindle orientation in the centrosome
remains to be elucidated.
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