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Background: Cancerous inhibitor of protein phosphatase 2A (CIP2A) is overexpressed in most types of human cancer.
Results: Depletion of CIP2A prolongs cell division time and CIP2A interacts with NIMA-related kinase 2 (NEK2) during G,/M

phase to facilitate centrosome separation.

Conclusion: CIP2A is involved in cell cycle progression through centrosome separation and mitotic spindle dynamics.
Significance: This provides a novel role for CIP2A in cell cycle progression.

Cancerous inhibitor of protein phosphatase 2A (CIP2A) is
overexpressed in most human cancers and has been described as
being involved in the progression of several human malignan-
cies via the inhibition of protein phosphatase 2A (PP2A) activity
toward c-Myc. However, with the exception of this role, the
cellular function of CIP2A remains poorly understood. On
the basis of yeast two-hybrid and coimmunoprecipitation
assays, we demonstrate here that NIMA (never in mitosis
gene A)-related kinase 2 (NEK2) is a binding partner for
CIP2A. CIP2A exhibited dynamic changes in distribution,
including the cytoplasm and centrosome, depending on the cell
cycle stage. When CIP2A was depleted, centrosome separation
and the mitotic spindle dynamics were impaired, resulting in the
activation of spindle assembly checkpoint signaling and, ulti-
mately, extension of the cell division time. Our data imply that
CIP2A strongly interacts with NEK2 during G,/M phase,
thereby enhancing NEK2 kinase activity to facilitate centrosome
separation in a PP1- and PP2A-independent manner. In conclu-
sion, CIP2A is involved in cell cycle progression through centro-
some separation and mitotic spindle dynamics.

The human oncoprotein cancerous inhibitor of protein
phosphatase 2A (CIP2A) is encoded by the KIAA1524 gene (1),
and its overexpression has been reported in most human cancer
types (2-25). In general, the PI3K-AKT and RAF-RAS-MEK
signaling pathways are known to play a role in promoting
malignant growth in human cancers. ETS1, one of the tran-
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scription factors activated by the RAS-MEK signaling pathway,
increases the transcription of CIP2A mRNA (26). The CIP2A
level is correlated with the proliferation of human cancer cells
and with cancer progression in a large variety of human malig-
nancies (5, 27), and CIP2A has a reported tumor-promoting
role in several xenograft studies (5, 28 —30). CIP2A performs its
role in malignant cellular growth by inhibiting PP2A” activity
toward the oncogenic transcription factor c-Myc (28, 31).
c-Myc expression rapidly induces the activation of cyclin
E-cdk2 kinase activity, with the simultaneous release of
p27Kip1 from cdk2 complexes, which is essential for G, /S tran-
sition and cell cycle progression (32, 33). Although CIP2A is
known to cause c-Myc stabilization and is overexpressed in
almost all human cancer types, with the exception of inhibiting
PP2A activity toward c-Myg, the cellular function of CIP2A is
poorly understood. Thus, the identification of a novel role for
CIP2A in cell cycle progression would be essential.

NIMA -related kinase 2 (NEK?2) is a serine/threonine kinase
that participates in mitotic progression. NEK2 localizes to mul-
tiple sites, including the centrosome, nucleus, and cytoplasm.
Moreover, NEK2 specifically associates with the chromosomes
at M phase of the cell cycle (34), and its expression and activity
peakin S and G, phases to function as a core component of the
human centrosome (35, 36). The role of NEK2 is to displace
such centrosomal linker components as C-Nap1 and rootletin
from the centrosomes by phosphorylation at the onset of mito-
sis. The disassembled linker proteins facilitate centrosome sep-
aration and the establishment of the mitotic spindle (35,
37-41).In addition to the role in centrosome separation, NEK2
is also known to be involved in meiotic events, including chro-
mosomal condensation and segregation (42, 43), in microtu-
bule stabilization through NIP2/centrobin (44, 45), and in kin-

2 The abbreviations used are: PP2A, protein phosphatase 2A; SAC, spindle
assembly checkpoint; TRITC, tetramethylrhodamine isothiocyanate; DTB,
double thymidine block; SMC, structural maintenance of chromosomes;
NIMA, never in mitosis gene A.
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etochore microtubule attachment stability through Hecl
phosphorylation (46 —48).

In this study, we investigate for the first time the role of
CIP2A in association with the cell cycle. CIP2A exhibited
dynamic changes in localization, including the cytoplasm and
centrosome, depending on the stage of the cell cycle. Addition-
ally, the depletion of CIP2A resulted in the activation of SAC
signaling because of impaired mitotic spindle dynamics, ulti-
mately extending the duration of cell division. Our data indicate
that CIP2A strongly interacts with NEK2 at G,/M phase,
thereby enhancing NEK2 kinase activity to facilitate centro-
some separation in a PP1- and PP2A-independent manner.

EXPERIMENTAL PROCEDURES

Yeast Two-hybrid Screening—A cDNA encoding a dominant
negative mutant of mouse PP2C € (D302A) was cloned into
pGBK-T7 to the produce “bait” vector, and this construct was
used to screen a human brain cDNA library in the pACT2 vec-
tor. The dominant negative mutant was used because it was
expected to associate with its substrate in a more stable manner
than the wild-type protein in the cells. Five independent clones
encoding human VAPA (vesicle-associated membrane pro-
tein-associated protein A) were isolated by screening 1 X 10°
library clones.

Plasmids and Antibodies—Human cDNA NEK2A was pur-
chased from OriGene. The full-length and truncated mutants
of NEK2A were prepared by PCR and subcloned into the Xhol-
BamHTI sites of the pEGFP-C1 mammalian expression vector,
which contains an N-terminal GFP epitope tag. The plasmid
encoding CIP2A was a gift from Dr. Jukka Westermarck at the
University of Turku and Abo Akademi University, Finland, and
the plasmid encoding CIP2A #3 siRNA-resistant cDNA was
provided by Jae-Sung Kim at the Korea Institute of Radiological
and Medical Sciences. The full-length and truncated mutants of
CIP2A were prepared by PCR and subcloned into the EcoRI-
Xhol sites of the pCMVTag2B mammalian expression vec-
tor, which contains an N-terminal FLAG epitope tag.

The following commercial antibodies were used: anti-
CIP2A, anti-B-actin, anti-cyclin A, and anti-cyclin B1 (Santa
Cruz Biotechnology, San Diego, CA); anti-y-tubulin and anti-
FLAG antibody (M2) (Sigma); anti-a-tubulin and anti-lamin B1
(Abcam, Cambridge, MA), and anti-NEK2, anti-BubR1, and
anti-GFP antibodies (BD Biosciences).

Cell Culture—HeLa and HEK293 cells were cultured using
Dulbecco’s modified Eagle’s medium (Hyclone) supple-
mented with 10% FBS at 37 °C in a humidified atmosphere of
5% CO, in air.

Transfection and Cell Synchronization—The transfection of
siRNA into HeLa cells was performed using Dharmafect trans-
fection reagent (Dharmacon, Lafayette, CO).

The following siRNA oligonucleotides were used to suppress
CIP2A expression: GFP, 5'-GUU CAG CGU GUC CGG CGA
GTT-3'; CIP2A #1,5'-CUG UGG UUG UGU UUG CACUTT-
3'; CIP2A #2,5'-GAC AGA AACTCA CACGACTAT-3';and
CIP2A #3, 5'-GGA GUG GUU UGU CGG AGC A-3'. For
NEK?2 silencing, ON-TARGET plus SMART pool (Dharmacon,
Lafayette, CO) siRNA oligonucleotides were used.
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For the preparation of cells arrested in G; phase (G,/G;
block), HeLa cells were serum-starved for 72 h in DMEM con-
taining only 0.2% FBS. For synchronizing the cells in G,/S phase,
2 ug/ml of aphidicolin was added to the culture medium for
16 h after cell starvation for 12 h. Early S phase-blocked cells
were obtained by double thymidine block. S phase-blocked cells
and mitotic cells were obtained by treatment with 100 um
5-fluorodeoxyuridine for 24 h and 100 ng/ml nocodazole for
16 h, respectively. For G,/M phase arrest, HeLa cells were syn-
chronized by treatment with 2 mm thymidine for 24 h, released
for 3 h, and cultured in the presence of 100 ng/ml nocodazole
for 12 h.

Immunoprecipitation—FLAG-tagged CIP2A and NEK2A
were transfected into HEK293 cells using calcium phosphate.
At 24 h after transfection, the cells were lysed in IP buffer (50
mm Tris-HCI (pH 8.0), 50 mm NaCl, 1 mm EDTA, 1% Triton
X-100, and protease inhibitor mixture (Roche Diagnostics))
and homogenized by sonication for 3 s. Each cell extract was
incubated with the indicated antibodies for 2 h, followed by an
additional 2 h of incubation with protein A-agarose beads
(Roche).

Western Blotting—Cell lysates were prepared using 5X SDS
sample buffer and heating at 95 °C for 5 min. The proteins were
separated electrophoretically on a 12% SDS-polyacrylamide gel
and transferred onto a 0.45-um pore size nitrocellulose mem-
brane for 2 h. The membrane was incubated overnight with
antibodies at 4 °C, followed by incubation with HRP-conju-
gated goat anti-mouse or anti-rabbit IgG (Fab) (Enzo Life Sci-
ences, Farmingdale, NY) at room temperature for 2 h. The pro-
teins were visualized with a PowerOpti-ECL Western blotting
reagent (Animal Genetics, Yeongtong-gu, Gyeonggi-do, Korea)
and analyzed using an LAS3000 luminescent image analyzer
(Fuji Film, Tokyo, Japan).

Immunofluorescence and Microscopic Analysis—HeLa cells
(1 X 10° cells) were seeded onto 0.1% gelatin-coated glass cov-
erslips in 12-well plates. After 24 h, the cells were fixed with 70%
methanol (—20 °C) for 10 min, washed with PBS, and then per-
meabilized with 0.1% Triton X-100 at room temperature for 10
min. After washing with PBS, the cells were blocked with 0.1%
BSA at room temperature for 30 min and immunostained over-
night with the following primary antibodies at 4 °C: 1:300 anti-
CIP2A, 1:200 anti-Nek2, 1:500 anti-+y-tubulin, or 1:500 anti-«-
tubulin. The secondary antibodies used were goat anti-mouse
IgG, F(ab’),-FITC, goat anti-mouse IgG, F(ab’),-TRITC, goat
anti-rabbit IgG, F(ab’),-TRITC, goat anti-rabbit IgG, and
F(ab’),-FITC (Santa Cruz Biotechnology). Alternatively, cells
were extracted with PHEMT buffer (60 mm Pipes, 25 mm Hepes
(pH 6.9), 10 mm EGTA, 4 mm MgCl,, and 0.5% Triton X-100;
Figs. 3, A and B, and 4, B and H, and supplemental Fig. S2) and
then fixed with 4% paraformaldehyde for 15 min at room tem-
perature. After washing with PBS, the cells were permeabilized
and blocked with PBS-BT (PBS, 3% BSA, and 0.1% Triton
X-100) for 30 min at room temperature. Coverslips were sub-
sequently incubated in primary antibodies for 1 h, and FITC- or
TRITC-coupled secondary antibodies diluted in PBS-BT. DNA
was stained with 5 ug/ml Hoechst dye. Images were acquired
with AxioVision 4.8.2 (Carl Zeiss) under a Zeiss Axiovert 200 M
microscope using a 1.4 numerical aperture plan-Apo X63 oil
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immersion lens and a HRm charge-coupled device camera.
Deconvolved images were obtained using AutoDeblur v9.1
and AutoVisualizer v9.1 (AutoQuant Imaging). Some images
were acquired under a confocal laser scanning microscope (FV
300, IX71, Olympus) using a X40 dry lens and Fluoview v.5.0
software.

Live Imaging—HeLa cells were transfected with siRNAs for
24.-h and seeded (3 X 10°) in a glass-bottom dish. The sequence
of differential interference contrast/FITC images was acquired
every 3 min for 24 h using an Olympus IX81 microscope. The
experiments were performed in a temperature-controlled
chamber that was maintained at 37 °C with a humidified atmo-
sphere of 5% CO, in air. Metamorph software (Molecular
Devices, Dowingtown, PA) was used for acquisition and
analysis.

Propidium Iodide Staining and Flow Cytometry—HeLa cells
(1 X 10°/100-mm dish) were synchronized by double thymi-
dine block and released into fresh media for the indicated times.
The cells were harvested at specific time points by trypsiniza-
tion and fixed overnight with ice-cold 70% ethanol. After wash-
ing with PBS containing 0.25% Triton X-100, the cells were
suspended in PBS containing 1% BSA, 20 pg/ml propidium
iodide, and 10 pwg/ml RNase A and incubated for 30 min at 37 °C
in the dark. The samples were analyzed using a BD Biosciences
FACScan, and the data of 20,000 events for each sample were
plotted with CellQuest software (BD Biosciences).

Kinase Assays—The EGFP-NEK2A construct was transiently
expressed for 48 h in HEK293 cells with the indicated siRNAs.
The cells were scraped off into NEB lysis buffer (50 mm HEPES
(pH 7.5), 100 mm NaCl, 10 mm MgCl,, 5 mm MnCl,, 5 mm KCl,
2 mMm EDTA, 1 mm DTT, 0.1% Nonidet P-40, and protease
inhibitor mixture) and lysed as described previously (49). The
EGFP-NEK2A construct was immunoprecipitated using the GFP-
Trap matrix (Chromotek, Martinsried, Germany). The purified
kinases were washed three times in lysis buffer and twice in
kinase buffer (25 mm MOPS (pH 7.2), 12.5 mm 3-glycerophos-
phate, 25 mm MgCl,, 5 mm EGTA, 2 mm EDTA, and adding
0.25 mm DTT prior to use). The kinases bound to the GFP-Trap
matrix were incubated with 1 ug of myelin basic protein sub-
strate and a total ATP concentration of 100 um ATP for 30 min
at 30 °C. The reaction was stopped by adding ADP-Glo reagent.
The in vitro kinase activity was measured using a ADP-Glo
kinase assay kit (Promega, Madison, W1) following the protocol
of the manufacturer. HEK293 cells were transfected with the
pcDNA3.1 and CIP2A-FLAG plasmids for the in vitro kinase
reaction using purified CIP2A. An empty pcDNA3.1 vector was
used as the negative control. The cells were lysed, and the
FLAG-tagged proteins were retrieved with 20 ul of anti-FLAG
M2 affinity gel (Sigma) per each immunoprecipitation. The
samples were rotated for 4 h at 4 °C. The resin was then washed
three times with 1X wash buffer, and the proteins were eluted
from the resin with elution buffer containing 100 ug/ml FLAG
peptide for 30 min at 4 °C with gentle shaking. The supernatant
was collected and stored at —20 °C until further analysis. For
the kinase reaction, the eluted proteins were incubated with 0.5
pg of active recombinant NEK2 (Upstate), 50 um of ATP, and 1
pg of myelin basic protein substrate.

30 JOURNAL OF BIOLOGICAL CHEMISTRY

Tubulin Polymerization Assay—The porcine brain tubulin
polymerization assay was performed in 100-ul volumes at 37 °C
using a tubulin polymerization assay kit (Cytoskeleton, Denver,
CO). A3,o was measured every 1 min for 30 min. The results are
presented as the change in base line-corrected turbidity over
time.

Fluorescence Loss in Photobleaching—HeLa cells stably
expressing GFP-a-tubulin were transfected with a control or
siCIP2A and placed in a sealed growth chamber heated to 37 °C.
Cytoplasmic GFP-a-tubulin was photobleached with a fiberop-
tically pumped dye laser, and images were acquired at 0.5-s
intervals for 300 s with ZEN 2011 software (LSM) under a con-
focal microscope (LSM 700, Carl Zeiss) with a X40 objective. 10
half-spindles from 10 metaphase cells in each transfection were
analyzed by measuring the absolute GFP-a-tubulin fluores-
cence intensity in a defined rectangle area contained entirely
within each half-spindle. Fluorescence intensities for each half-
spindle were normalized to their maximum intensity at the
beginning of the time lapse, and the 10 normalized datasets
were averaged to generate a single trace for each transfection.

RESULTS

CIP2A Localizes to Various Sites during the Cell Cycle—Al-
though CIP2A is overexpressed in almost all types of human
cancer and is known to inhibit PP2A activity toward c-Myc, the
cellular function of CIP2A is poorly understood. A yeast two-
hybrid assay was performed using CIP2A as the bait to identify
novel binding partners that may provide clues to other cellular
functions of CIP2A. One of the prey used was NEK2, which is
known to be associated with centrosome splitting. Because it is
known that CIP2A stimulates tumor cell proliferation, we
decided to study role of CIP2A in the regulation of the cell cycle.
To ascertain whether CIP2A subcellular localization changes
during the cell cycle, HeLa cells were treated with chemical
inhibitors to block the cell cycle at a specific stage. CIP2A was
mainly localized in the cytosol, although a weak signal was
observed in the nucleus at S phase and exhibited a multiple-
focus shape in cells blocked at mitosis by nocodazole treatment
(Fig. 1A). We also confirmed CIP2A localization using a double
thymidine block (DTB). Consistent with nocodazole treatment,
CIP2A was strongly localized as discrete foci at mitosis (Fig.
1B), implying that the CIP2A focal localization was not an arti-
fact of the nocodazole treatment. This focal localization was
also confirmed in mitotic arrest caused by nocodazole and taxol
treatment (Fig. 1C). Because the centromere region appeared as
multiple foci when immunostained, we examined whether
CIP2A localized to the centromere region by coimmunos-
taining with CREST as a centromere marker. CIP2A did not
colocalize with CREST at prometaphase and metaphase but
displayed a centrosome localization pattern at metaphase
(Fig. 1D).

CIP2A localization was observed in unperturbed cells to ana-
lyze the dynamics of localization during mitosis. CIP2A was
detected as foci during prometaphase. After the completion of
chromosome alignment, CIP2A was localized with centro-
somes, and this was maintained until cytokinesis (Fig. 1E).
Taken together, CIP2A is mainly localized in the cytosol yet
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FIGURE 1. CIP2A localizes to various sites, including the centrosome, during the cell cycle. A-E, representative cells counterstained for DNA with Hoechst
33258. A and C, Hela cells were starved or treated with the indicated drugs for synchronization in each phase. B, HelLa cells were synchronized by DTB and
released into fresh medium at the indicated times. The cells were then immunostained with antibodies against lamin B1 (green) and CIP2A (red). AS, asynchro-
nized cells; 5-FU, 5-fluorodeoxyuridine. D and E, HelLa cells were immunostained for CREST (green) and CIP2A (red). Scale bars = 10 um.

moves to the centrosome after the completion of chromosome
alignment until cytokinesis.

CIP2A Depletion Retards Centrosome Separation—Because
centrosome separation occurs prior to mitosis and is a key step
for the faithful segregation of chromosomes (50), and because
the induction of active NEK2A induces premature centrosome
splitting (38), the effect of CIP2A depletion on centrosome sep-
aration was examined. The protocol outlined in Fig. 24 was
used to measure the distance between the centrosomes after
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treatment with monastrol to inhibit Eg5 activity. Three siRNAs
against different regions of CIP2A were designed, and a CIP2A
siRNA-resistant rescue vector (CIP2Arv) against the #3 siRNA
was used in rescue experiments. The average distance between
the centrosomes was 2.3 um in the control cells, whereas the
distance was reduced to 1.87 um (mean) in the CIP2A-depleted
cells. Importantly, the distance was restored by overexpression
of CIP2Arv, excluding off-target effects of siRNA (Fig. 2B). This
phenotype was further confirmed using HeLa cells stably express-
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ing GFP-tubulin without synchronization and inhibition of the
kinesin Eg5. Although the centrosomes were separated well at the
beginning of cell division in the control cells, the GFP signal was
barely separated in the CIP2A-depleted cells (Fig. 2C).

Depletion of CIP2A Delays Mitotic Progression—Because
CIP2A depletion reduces MDA-MB-231 cell proliferation (3, 5,
51) and is known to bind to NEK2, cell cycle progression in
CIP2A-depleted cells was analyzed. HeLa cells stably express-
ing GFP-histone H2B were transfected with CIP2A siRNA, and
cell division was observed using time-lapse microscopy. When
the duration of cell division was measured by a count of more
than 300 cells, most of the control cells were found to have
completed cell division within 70 min. Conversely, the cell divi-
sion time was extended in the CIP2A-depleted cells (Fig. 2D).
To determine the effect of CIP2A depletion on cell cycle pro-
gression, CIP2A-depleted HeLa cells were synchronized using
DTB and released from the G, /S boundary. The progression of
the cell cycle was then analyzed using flow cytometry. The con-
trol and CIP2A-depleted cells progressed to G,/M phase by 8 h
after DTB release. 23% of the control cells progressed from
G,/M to G, phase after 30 min, whereas only 9.5% of the
CIP2A-depleted cells progressed to G, phase. This delayed pro-
gression was sustained until 9.5 h (Fig. 2E). To determine which
mitotic phase is linked to the delayed progression from G,/M to
G, phases in the CIP2A-depleted cells, we counted the CIP2A-
depleted HeLa cells expressing GFP-histone H2B in each
mitotic phase. CIP2A depletion increased the metaphase I pop-
ulation. Thus, the metaphase II population was decreased
because of the extended time at metaphase I, and this pheno-
type was rescued by cotransfection with CIP2Arv (Fig. 2F).
These results suggest that CIP2A may function as a cell cycle
regulator during mitosis.

CIP2A Depletion Impairs Mitotic Spindle Dynamics—The
SACisacritical cellular mechanism that prevents chromosome
segregation until the completion of chromosome congression.
The SAC is activated when the kinetochores are not correctly
attached to microtubules or when tension is not applied at the
kinetochores. Because CIP2A depletion caused a delay in
mitotic progression, we addressed whether CIP2A is associated
with SAC activation by immunostaining Mad2 and BubR1 in
CIP2A-depleted cells. Mad2 and BubR1 were well localized at
the kinetochore in prometaphase of CIP2A knockdown cells,
whereas Mad2 and BubR1 were still found at the kinetochore in
metaphase cells. Only 18.1% of the metaphase control cells
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were Mad2-positive, and 28.8% of the metaphase CIP2A-de-
pleted cells were recorded as positive for Mad2. Moreover,
BubR1-positive metaphase cells increased from 31.1 to 41.2%
for the control and CIP2A-depleted populations, respectively
(Fig. 3, A and B). This phenotype was further confirmed using
HeLa cells stably expressing GFP-CENP-A. Although the GFP-
CENP-A signal was perfectly aligned along the metaphase plate
in the control cells, the GFP signal was detected away from the
metaphase plate in the CIP2A-depleted cells, and most of the
unaligned centromeres were not attached to microtubules (Fig.
3C). This finding suggests that spindle stability or attachment is
impaired in CIP2A-depleted cells. To determine whether SAC
activation is associated with spindle formation and stability, the
microtubule intensity was measured and was significantly
reduced in the CIP2A-depleted cells prior to cold treatment
and further decreased after cold treatment compared with the
control cells (Fig. 3D). This phenotype was consistent with that
of NEK2A-depleted cells. Next, the kinetics of microtubule
repolymerization were examined. The cells were treated with
nocodazole to completely depolymerize the microtubules and
then released by a change to fresh medium. The rate of micro-
tubule polymerization was then determined by measuring the
microtubule intensity. The CIP2A- and NEK2A-depleted cells
showed slower microtubule repolymerization than the control
cells (Fig. 3E), indicating that CIP2A and NEK2A depletion are
involved in the spindle dynamics. To further confirm this fact,
the effect of CIP2A and NEK2A on spindle dynamics was
directly analyzed with a fluorescence loss in photobleaching
experiment that measured the turnover rate of a/ 3-tubulin het-
erodimers on the mitotic spindle. HeLa cells stably expressing
GFP-a-tubulin were transfected with siCIP2A, siCIP2A with
CIP2Arv, and siNEK2, and then the cytoplasms of metaphase
cells were photobleached continuously while time-lapse images
were captured every 0.5 s to record the decrease in GFP fluo-
rescence on the spindle (Fig. 3F). The half-life of GFP-a-tubulin
on the control metaphase spindle was 186 * 47 s. This was
decreased to 106 = 44 s (mean) in siCIP2A metaphase spindles
and rescued to 181 = 49 s in siCIP2A- and CIP2Arv-transfected
cells. It indicates that CIP2A depletion clearly impairs the rate
of microtubule turnover on metaphase spindles. Collectively,
CIP2A depletion impedes the dynamics of the mitotic spindle
and proper centrosome separation.

Depletion of CIP2A Delays NEK2 Degradation—Because
CIP2A binds to NEK2 and we found that they function in cell

FIGURE 2. Depletion of CIP2A retards centrosome separation and delays mitotic progression. A, schematic of the protocol used to treat the cells. HeLa cells
were transfected with siRNAs or siRNAs with siRNA-resistant rescue vector (CIP2Arv), and the cells were plated onto glass coverslips for synchronization after
24 h. Following DTB, the cells were released into fresh medium. After 5 h, the cells were exposed to 100 um monastrol for 4 h to inhibit Eg5-dependent
centrosome splitting. The cells were then fixed and stained for y-tubulin (red) and DNA (blue). B, the distance between the two centrosomes was analyzed (n =
15 cells/condition. The results of three independent experiments are shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001; one-tailed Student’s t test. Scale bar = 5 um.
C, GFP-tubulin stably expressing HelLa cells was transfected with siRNAs and plated onto a glass-bottom plate after 24 h. The distance between the two
centrosomes was analyzed at the beginning of the cell division n = 67 cells for control, n = 54 for CIP2A-depleted cells. ***, p < 0.001, one-tailed Student’s t test.
Scale bar = 10 um.D and F, HeLa cells stably expressing histone H2B-GFP were used to assess the time of mitosis and categorize the mitotic phases. D, cells were
transfected with siRNAs, and mitotic progression was followed by time-lapse microscopy recording the DIC and GFP signals every 3 min. The arrowheads point
to unaligned chromosomes. The mitosis time is given in minutes (n = 50 cells/condition). The results of three independent experiments are shown. ¥, p < 0.05,
one-tailed Student'’s t test). Scale bars = 5 um. E, Hela cells transfected with siRNAs were synchronized with DTB and released into fresh medium. After the
indicated times, the cells were fixed and stained with propidium iodide solution for DNA, followed by flow cytometry to analyze the DNA content. The
distribution and percentage of cells in Go/G, and G,/M phases of the cell cycle are indicated. AS, asynchronized cells. F, the percentages of mitotic cells with
nuclear envelope breakdown to the formation of a bipolar spindle/metaphase plate with some unaligned chromosomes (prometaphase), the unaligned state
to metaphase without unaligned chromosomes (metaphase ), metaphase without unaligned chromosomes to anaphase (metaphase Il), anaphase/telophase
and cytokinesis, and unaligned chromosomes over the total number of mitotic cells. n = 80 cells/condition. The results of four independent experiments are
shown. *, p < 0.05; **, p < 0.01; *** p < 0.001, one-tailed Student’s t test.
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cycle progression, NEK2 levels were examined in CIP2A-de-
pleted cells by immunoblot assay at the various time points
after DTB release. NEK2 degradation was delayed significantly
in CIP2A-depleted cells, which is consistent with mitotic delay
in these cells. On the other hand, cyclin B degradation, which is
one of the main events for mitotic exit, was also delayed in
CIP2A-depleted cells (Fig. 4A4). Because NEK2 is known to
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localize to the spindle pole, NEK2 localization and intensity
were examined at the spindle poles of CIP2A-depleted cells.
NEK?2 localization was not influenced throughout the cell cycle
(Fig. 4C). However, the fluorescence intensity of NEK2 at the
centrosome of CIP2A-depleted cells increased more than 35%
compared with controls, consistent with delayed NEK2 degra-
dation (Fig. 4B). In addition, to establish whether the delayed
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FIGURE 4. Knockdown of CIP2A prolongs the duration of mitosis and NEK2A degradation. A, Hela cells transfected with siRNAs for 24 h were plated,
synchronized by DTB, released, and harvested at the indicated times. The expression of CIP2A, NEK2, cyclin A, and cyclin B1 were analyzed by Western blotting
(WB). B-Actin served as the loading control. AS, asynchronized cells. B, HeLa cells were transfected with siRNAs for 72 h, fixed, and stained for NEK2 (red) and DNA
(blue). Shown are the maximum projections from deconvolved z stacks of representative control cells or CIP2A-depleted cells. The NEK2 signals at the
centrosomes were quantified. n = 10 cells/condition. **, p < 0.01, one-tailed Student’s t test. Scale bar = 5 um. C, HeLa cells were transfected with siRNAs and
fixed and stained for NEK2 (red), y-tubulin (green), and DNA (blue) after 72 h. The images were acquired under a constant exposure time for each channel. Shown
are the maximum projections from deconvolved z stacks of the control and CIP2A-depleted cells. Scale bars = 5 um. D, tubulin polymerization reactions were
performed alone (Mock) or in the presence of 2.9 ug (high) or 0.58 g of recombinant NEK2A protein or 10 um paclitaxel. Polymerization was initiated by
incubation at 37 °C and followed by absorbance readings at 340 nm.

FIGURE 3. CIP2A depletion impairs mitotic spindle dynamics. A-D and F, Hela cells were transfected with siRNAs for 72 h, fixed, and stained with the
indicated antibodies. Shown are the maximum projections from deconvolved z stacks of representative control or CIP2A-depleted Hela cells stained for
Mad2/BubR1 (A and B, red), a-tubulin (C-E, red) and DNA (blue). Scale bars = 5 um. A, the Mad2 fluorescence-positive cells of the total metaphase cells were
quantified (n = 102 cells for control, n = 112 for CIP2A-depleted cells). B, the BubR1 fluorescence-positive cells of the total metaphase cells were quantified. n =
100 cells for control, n = 98 for CIP2A-depleted cells. *, p < 0.05; **, p < 0.01; one-tailed Student's t test. C, HeLa cells stably expressing GFP-CENP-A were
transfected with siRNAs and stained for a-tubulin (red) and DNA (blue). The images were acquired under a constant exposure time for each channel. The insets show
the single focal planes of the boxed regions. Scale bar = 5 um. D, total immunofluorescence intensity for tubulin on the metaphase spindle was quantified and plotted.
In addition, siRNA-transfected cells were incubated at 4 °C for 15 min, and the microtubule fluorescence intensity of the metaphase cells was quantified and
normalized to their respective control samples. n = 10 cells/condition. **, p < 0.01; ***, p < 0.001; one-tailed Student’s t test. E, control, CIP2A-depleted or
NEK2-depleted Hela cells were treated with 0.1 ng/ml nocodazole for 10 min at 37 °C to completely depolymerize the mitotic spindle. The nocodazole-treated
cells were washed twice with prewarmed PBS, released into fresh medium, and fixed 0 and 6 min after release. The images for tubulin were acquired under a
constant exposure time, and the tubulin immunofluorescence intensity on the metaphase spindles was quantified and normalized to their respective control
sample at the 0-min time point.n = 10 cells/condition. *, p < 0.05; ***, p < 0.001; one-tailed Student’s t test. F, HelLa cells stably expressing GFP-a-tubulin were
transfected with siRNAs. GFP fluorescence intensity was acquired every 0.5 s while a photobleaching laser was focused to a diffraction-limited spot in the
cytoplasm away from the spindle. 10 half-spindles from 10 metaphase cells were quantified, and fluorescence signals for each half-spindle were normalized to
their intensity at 0 s. The 10 half-spindles were then averaged at each time point to generate mean traces.
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NEK?2 degradation affects microtubule polymerization, in vitro
microtubule polymerization assays were performed. The recom-
binant NEK2A-added reaction mixture enhanced polymerization.
However, when the NEK2A-added amount was high (2.9 ug of
NEK2A), microtubule polymerization was decreased to mock
control levels, whereas paclitaxel as a positive control showed the
highest microtubule polymerization compared with mock con-
trols (Fig. 4D).

CIP2A Interacts with and Affects NEK2A Kinase Activity—
NEK2A was identified as a CIP2A-binding partner protein in a
yeast two-hybrid screening. Thus, immunoprecipitation was
performed to confirm whether NEK2A can form a complex
with CIP2A in mammalian cells. Endogenous NEK2A and
NEK2B clearly bound to CIP2A (Fig. 54). Next, to determine
the CIP2A region responsible for binding to NEK2A, CIP2A-
truncated mutants were generated and tagged with FLAG. The
deletion of the C-terminal portion of CIP2A (AC305), which
includes the coiled-coil domain, resulted in a weak interaction
with NEK2A but did not abolish their interaction. In contrast,
an N-terminal deletion (AN600) removing the region contain-
ing the armadillo repeat sequence and leucine zipper domain
did not affect NEK2A binding (Fig. 5B). Next, to determine the
NEK2A region responsible for binding to CIP2A, NEK2A-trun-
cated forms were generated and tagged with GFP. The removal
of the C-terminal portion of NEK2A (AC40), which includes
the coiled-coil domain, did not affect CIP2A binding, whereas
deletion of the N-terminal portion of NEK2A (AN271), which
covers the kinase domain, did abolish binding to CIP2A (Fig.
5C). These results indicate that the C-terminal coiled-coil
domain of CIP2A and the N-terminal kinase domain of NEK2A
are involved in their strong binding.

To identify the cell cycle stage at which CIP2A binds to
NEK2A, cells were synchronized by DTB, released at the G,/S
boundary, and then immunoprecipitated with anti-CIP2A anti-
body at the indicated time points. The binding of NEK2A and
CIP2A markedly increased 9 h after release, which was the
G,/M stage according to the cyclin A and B level (Fig. 5D).
However, the increased NEK2A amount after release may be a
cause of the enhanced binding between NEK2A and CIP2A at
9 h. To exclude this possibility, the NEK2A level was normal-
ized by increasing amounts of cell lysates obtained at 0 h, and
then immunoprecipitation analysis was performed. Although
the NEK2A expression level was similar between the 0 and 9 h
points, the binding of NEK2A and CIP2A was enhanced at 9 h
(Fig. 5E). This indicates that CIP2A interacts with NEK2A spe-
cifically at the G,/M point. We next examined whether binding
between CIP2A and NEK2 affects the function of NEK2.
HEK293 cells were transfected with EGFP-NEK2A and CIP2A
siRNA, and EGFP-NEK2A was immunoprecipitated. The
NEK2A activity was then measured and found to have
decreased by ~22% in the CIP2A-depleted cells compared with
the control cells (Fig. 5E).

There are four possible hypotheses to explain how CIP2A
enhances NEK2A kinase activity. 1) CIP2A solely interacts with
NEK2A, which leads to an enhancement of the kinase activity.
2) Because the formation of a PP1-NEK2A complex prevents
NEK2A kinase activity, it is possible that CIP2A disrupts bind-
ing between NEK2A and PP1. 3) CIP2A-NEK2 binding may
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provide strong NEK2 dimerization, which is necessary for
NEK2 kinase activity (52). 4) PP2A binding to CIP2A counter-
acts NEK2 kinase activity. To test the first hypothesis, CIP2A-
FLAG was transfected into HEK293 cells, and the CIP2A-FLAG
proteins were eluted from FLAG affinity-purifying agarose by
competition with the FLAG peptide. NEK2A activity was
increased when recombinant NEK2A was incubated with the
purified CIP2A-FLAG protein (Fig. 5F). To test the second
hypothesis, EGFP-NEK2A was cotransfected with siCIP2A in
HEK293 cells and immunoprecipitated with EGFP-NEK2A.
The level of endogenous PPla and vy isoforms was then ana-
lyzed. The depletion of CIP2A did not affect the binding
between NEK2A and PPla and vy (Fig. 5G). For the third
hypothesis, NEK2A-myc and NEK2A-FLAG were cotrans-
fected with siCIP2A in HEK 293 cells, and NEK2A was immu-
noprecipitated with FLAG antibodies. The level of NEK2
dimerization was measured. However, the depletion of CIP2A
did not affect the amount of NEK2 dimerization (Fig. 5H). To
test the last hypothesis, the distance between prometaphase cen-
trosomes was measured after treatment with a PP2A inhibitor.
The defect of centrosome separation in the CIP2A-depleted cells
was not rescued by treatment with calyculin A, an inhibitor of both
PP1 and PP2A, or okadaic acid, a more specific PP2A inhibitor
(Fig. 51). These findings indicate that CIP2A enhances NEK2A
activity in a PP1- and PP2A-independent manner.

DISCUSSION

The depletion of CIP2A in many tumors induces the inhibi-
tion of cell proliferation, whereas the overexpression of CIP2A
with simultaneous RAS oncogene expression promotes the
transformation of nonmalignant cells (28). CIP2A also posi-
tively regulates c-Myc expression, and c-Myc stimulates the
G,/S transition by enhancing cyclin-dependent kinase (CDK)
function via inhibition of the CDK inhibitors p27Kip1, p21Cipl,
and p57Kip2 (33). Regardless, the molecular mechanism by
which CIP2A increases cell proliferation has remained elusive
to date. The cell cycle has been analyzed previously in an effort
to identify the detailed molecular mechanism, although the
CIP2A level showed no change with cell cycle progression (4).
However, that study only employed a synchronization and
release experiment. In this study, we specifically examined
changes in the mitotic cell cycle using CIP2A-depleted cells.
Although the CIP2A level was unchanged with cell cycle pro-
gression, consistent with previous results (Fig. 5D), CIP2A
depletion delayed the mitotic cell cycle (Fig. 4E), indicating that
CIP2A is indeed associated with mitotic cell cycle progression
without fluctuations in its expression level. This finding pro-
vides direct evidence for a novel function of CIP2A in cell cycle
progression.

NEK2A plays a critical role in centrosome separation by
phosphorylating its target substrates at the beginning of mitosis
(35, 38—40). In this study we showed that CIP2A stimulated
NEK2A activity. Although the regulation mechanism by which
CIP2A increases NEK2A activity should be elucidated in further
studies, with these findings we can suggest the possible regulation
mechanism. It is unlikely that CIP2A enhances NEK2A activity by
stimulating NEK2A homodimerization, which is essential for
its kinase activity (52), because CIP2A did not affect NEK2A
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dimerization (Fig. 5H). NEK2A activity is also negatively regu-
lated by phosphatases (53-55), but we showed that CIP2A
enhanced the endogenous NEK2 activity independently of PP1
and PP2A (Fig. 5I). On the other hand, because the catalytic
domain of NEK2 has inhibitory autophosphorylation sites that
negatively regulate NEK2 activity (56) and CIP2A bound with
the catalytic domain of NEK2A, it is possible that the binding
of CIP2A prevents inhibitory autophosphorylation. There is
another explanation. The crystallographic analysis of NEK2
reveals that the active conformation and autoinhibitory confor-
mation of NEK2 is interchangeable by binding of the regulatory
molecule (57). Thus, the binding of CIP2A could change
NEK2A conformation into an active form.

Additionally, NEK2 is mainly localized to the centrosome
from G, to G, phases and begins to degrade at M phase (58).
There is also a report that NEK2 is localized to both the nucleus
and cytoplasm throughout the cell cycle and, moreover, associ-
ates with the chromosomes at M phase (34). CIP2A, however,
was not localized to the centrosome at the G; to G, phases
under our experimental conditions but was recruited to the
centrosome at M phase. Hence, it is unlikely that the interac-
tion between CIP2A and NEK2A functions at the G, phase
centrosome. There are three possibilities to explain this dis-
crepancy. One possibility is that CIP2A may enhance NEK2A
activity at the centrosome with CIP2A immediately dissociat-
ing, which would indicate that CIP2A and NEK2A binding is
transient at the centrosome. Indeed, we did not observe CIP2A
localization at the centrosome. Alternatively, although CIP2A
and NEK2A may not interact at the centrosome, CIP2A and
NEK2A can interact at other sites, such as the cytoplasm or
chromosomes. Therefore, activated NEK2A could play a role at
the centrosome. The last possibility is that the experimental
conditions used may not have been optimal for observing
CIP2A centrosome localization.

Similar to NEK2A, NEK2B is also localized at the centro-
some, although the level of NEK2B is lower at S and G,, phases.
However, the NEK2B level remains elevated, whereas the
NEK2A level is reduced because of degradation at M phase
(34, 58). A strong localization of CIP2A at the centrosome was

observed after the completion of chromosome congression at
M phase. Thus, CIP2A could interact with NEK2B at the late
metaphase centrosome because CIP2A was also bound to
NEK2B (Fig. 5A4). Although several reports have revealed that
the overexpression of NEK2B does not affect centrosome sep-
aration (58) and that NEK2B down-regulation leads to mitotic
delay (59), little is known about the role of NEK2B. Further
study of the CIP2A-NEK2B interaction will contribute to the
understanding of the role of CIP2A and NEK2B in centrosome
function and mitotic exit.

In addition to the delay of centrosome separation in CIP2A-
depleted cells, the dynamics of the mitotic spindle were
impaired, resulting in the activation of SAC signaling and the
extension of the cell division time. The phenotypes presented
by CIP2A-depleted cells can be understood in terms of the reg-
ulation of NEK2A-mediated Hecl phosphorylation. Many
studies have illustrated that NEK2A regulates the stability of
kinetochore microtubule attachment through Hecl Ser-165
phosphorylation and modulates chromosome alignment and
SAC signaling (46—48). In this respect, it is conceivable that
CIP2A-depleted cells show unstable kinetochore microtubule
attachment and SAC activation because the NEK2A kinase activ-
ity is impaired. However, because cells with incomplete spindle
pole separation exhibit higher rates of kinetochore chromosome
misattachment (60) and centrosome separation is impaired in
CIP2A-depleted cells, SAC activation and chromosome misalign-
ment could occur in these cells.

It has been reported recently that NEK2 overexpression
induces chromosomal instability in myeloma, head and neck
squamous cell carcinoma, bladder carcinoma, glioblastoma, T
cell acute lymphoblastic leukemia, colon carcinoma, and ovar-
ian carcinoma by enhancing the expression of genes involved in
cell cycle progression, DNA replication, and chromosome con-
densation (61). Because CIP2A has been reported as a gene that
is highly correlated with NEK2 overexpression and CIP2A
depletion impairs spindle dynamics and centrosome separa-
tion, the cooperation of NEK2 and CIP2A by enhancing NEK2
activity could be one of mechanisms by which chromosome
instability is induced.

FIGURE 5. CIP2A interacts with and affects NEK2A kinase activity. A-D, HEK293 cells were used for a coimmunoprecipitation analysis between CIP2A and
NEK2. A, HEK293 cells lysates were immunoprecipitated (/P) with anti-CIP2A, and the immunoprecipitated proteins were analyzed by immunoblotting. B,
FLAG-tagged CIP2A constructs were coexpressed with an NEK2A construct in HEK293 cells. The FLAG-tagged proteins were immunoprecipitated with anti-
FLAG antibodies, and the coimmunoprecipitation of NEK2A was determined by immunoblotting (WB). C, HEK293 cells were transfected with plasmids
expressing EGFP-NEK2A mutants and CIP2A-FLAG. The cell lysates were immunoprecipitated with anti-FLAG antibodies, followed by immunoblotting using
theindicated antibodies. D, CIP2A was immunoprecipitated from asynchronized (AS), G,/S phase (DTB and released for 0 h), S phase (DTB 3 h), and G,/M phase
(DTB 9 h) HelLa cells as indicated. The immunoprecipitate of CIP2A (IP) and the input whole-cell lysate was subjected to immunoblotting. £, NEK2A level was
normalized by increasing the cell lysates obtained at 0 h and then immunoprecipitated with anti-CIP2A antibody. The immunoprecipitates and the input
whole-cell lysate were subjected to immunoblotting. F, the EGFP-NEK2A construct was expressed with each siRNA in HEK293 cells. After 24 h, the cells were
synchronized by DTB and harvested at 9 h after release. The NEK2 activity was measured using an in vitro kinase assay with EGFP-NEK2 immunoprecipitation.
Data are mean = S.D.n = 3.**, p < 0.01, one-tailed Student’s t test. RLU, relative luminescence units. G, CIP2A-FLAG was purified from HEK293 cells transiently
expressing CIP2A-FLAG using anti-FLAG M2 affinity gel. The NEK2A activity in the presence of CIP2A-FLAG was measured by an NEK2 kinase enzyme system
using recombinant NEK2A and MBP protein as the substrate. pcDNA3.1 was used as a control. Data are mean = S.D.n = 3.*¥,p < 0.01, one-tailed Student’s t
test. H, the EGFP-NEK2A construct was expressed with each siRNA in HEK293 cells. After 48 h, the cells were lysed, and immunoprecipitation was assessed using
GFP-Trap. The immunoprecipitates and the whole-cell lysates (Input) were subjected to immunoblotting using anti-PP1« and vy isoform antibodies. /, the
NEK2A-myc and NEK2A-FLAG constructs were expressed with each siRNA in HEK 293 cells. After 48 h, the cells were lysed, and immunoprecipitation was
assessed using FLAG antibodies. The immunoprecipitates and the whole-cell lysates (Input) were subjected to immunoblotting using anti-myc, FLAG, and
CIP2A antibodies. J, top panel, schematic of the protocol used to treat the cells. HeLa cells were transfected with siRNAs for 24 h and replated onto glass
coverslips for synchronization. Following a double thymidine block, the cells were released into fresh medium. After 5 h, the cells were exposed to 100 um
monastrol for 4 h to inhibit Eg5-dependent centrosome splitting. Prior to fixation, the cells were treated with 1 nm of calyculin A or 0.1 nm okadaic acid. The cells
were fixed and stained for y-tubulin (red) and DNA (blue). Bottom panel, shown are the maximum projections from deconvolved z stacks of representative
control cells or CIP2A-depleted cells. The distance between the two centrosomes was analyzed (n > 11 cells/condition. ¥, p < 0.05; **, p < 0.01; one-tailed
Student'’s t test. Scale bar = 5 um.
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Structural maintenance of chromosomes (SMC) protein
complexes play important roles in functional and structural
chromosome organization, including chromosome condensa-
tion and sister chromatid cohesion processes (62— 64). In addi-
tion to SMC1-6 proteins, several proteins containing SMC
domains have been identified. Among these, the coiled-coil
protein quantitatively enriched (Ccqlp) protein interacts with
the centrosomal protein Pcplp, a yeast homolog of pericentrin
(65), and localizes to the telomere. Therefore, these two pro-
teins link the centrosome and telomere, which is essential for
meiosis. Ccqlp has an N-terminal armadillo (ARM) repeat and
a C-terminal SMC domain/coiled-coil region that is involved in
protein-protein interactions. CIP2A also has an N-terminal
armadillo repeat and a C-terminal SMC domain/coiled-coil
region. Moreover, CIP2A is strongly expressed in testes and
promotes the proliferation of spermatogonial progenitor cells
and spermatogenesis (66). Therefore, it is possible for CIP2A to
play a critical role in meiosis by regulating NEK2 activity.

In summary, we demonstrate for the first time that CIP2A is
associated with cell cycle regulation and exhibits dynamic
changes in distribution, depending on the cell cycle stage. The
depletion of CIP2A impairs cell cycle progression and leads to
aberrations in centrosome separation, mitotic spindle dynam-
ics, and SAC activation. We show that CIP2A is involved in
centrosome separation through the activation of NEK2A activ-
ity. These results have important implications for an under-
standing of the role of CIP2A in cancer progression.
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