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Centrobin resides in daughter centriole and play a critical role in centriole duplication. Nucleation and stabilization of
microtubules are known biological activities of centrobin. Here, we report a specific localization of centrobin outside the
centrosome. Centrobin was associated with the stable microtubules. In hippocampal cells, centrobin formed
cytoplasmic dots in addition to the localization at both centrosomes with the mother and daughter centrioles. Such
specific localization pattern suggests that cytoplasmic centrobin is not just a reserved pool for centrosomal localization
but also has a specific role in the cytoplasm. In fact, centrobin enhanced microtubule formation outside as well as inside
the centrosome. These results propose specific roles of the cytoplasmic centrobin for noncentrosomal microtubule
formation in specific cell types and during the cell cycle.

Introduction

Microtubules may be assembled and disassembled without an
enzyme activity, which is best described with the dynamic instabil-
ity model.1 In reality, however, the nucleation and stability of
microtubules in live cells are largely controlled by protein factors.
A number of microtubule-associated proteins have been identified
to have a nucleating and stabilizing activity of microtubules in
vitro. For example, doublecortin enhances microtubule nucleation
and stabilization with a specific interaction with protofilaments.2,3

Microtubules of animal cells are strongly influenced by the
centrosome where the minus ends of microtubules are concen-
trated. Meanwhile, a fraction of microtubules may be nucleated
outside the centrosomes, especially in neuronal, epithelial and
muscle cells. The noncentrosomal microtubules may be gener-
ated de novo or transported from the centrosome to the site.4 A
list of microtubule-associated factors for the noncentrosomal,
cytoplasmic microtubules has been identified.5

Centrobin was initially known as a daughter centriole-specific
protein which is required for centriole duplication and elongation.6

Centrobin binds to microtubules and stabilizes them.7-9 Two dif-
ferent kinases are known to regulate the microtubule stabilizing
activity of centrobin in opposite ways. PLK1 enhances the microtu-
bule stabilizing activity of centrobin during mitosis whereas NEK2
antagonizes it in interphase cells.8,10 The microtubule organizing
activity of centrobin is critical for asymmetric division ofDrosophila
neuroblasts.11 Centrobin is necessary and sufficient for daughter
centriole anchoring at the apical region of the neuroblasts.12

Studies on the biological activity of centrobin have been lim-
ited to the centrosome. In this study, we expand biological func-
tion of centrobin to the cytoplasm. We determined subcellular

localization of the cytoplasmic centrobin. Furthermore, we
revealed that the cytoplasmic centrobin is essential for noncentro-
somal microtubule formation.

Results

Centrobin is essential for microtubule nucleation at both the
centrosome and cytoplasm

We performed immunocytochemical analysis to determine
cytoplasmic distribution of centrobin in U2OS cells. The cyto-
plasmic signals of centrobin became visible when most of microtu-
bules except the stable ones were disassembled at a low temperature
(Fig. 1A). The cytoplasmic centrobin was detected along with the
stable microtubules (Fig. 1A). This result is consistent with the
previous report in which ectopic centrobin was colocalized with
the bundles of stable microtubules.7

To study involvement of centrobin in microtubule assembly,
we performed microtubule regrowth assays with centrobin-
depleted U2OS cells. We depleted endogenous centrobin with
siRNA transfection into U2OS cells (Fig. 1B). The results showed
that the intensity and the number of centrosomal microtubules
were reduced in centrobin-depleted cells (Fig. 1C). The number
of cytoplasmic microtubules was also reduced in the centrobin-
depleted cells (Fig. 1C). However, an average length of the centro-
somal microtubules was not affected with the centrobin depletion
(Fig. 1C). These results suggest that centrobin is essential for
microtubule nucleation in both the centrosome and cytoplasm,
but not for microtubule elongation.We also observed microtubule
regrowth for extended time periods up to 10 minutes to determine
involvement of centrobin in microtubule anchoring.13 The results
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showed that microtubule networks were reduced and disorganized
in the centrobin-depleted cells (Fig. 1D). However, no significant
difference in the centrosomal microtubules was observed between

the control and centrobin-depleted
cells, suggesting that centrobin may not
affect the microtubule anchoring
(Fig. 1D).13

C-terminus is required for
microtubule nucleating activity of
centrobin

The C-terminal half of centrobin
includes a domain for the microtubule
stabilizing activity.7 In fact, a domain
at the 765–903 residues is responsible
for interaction with tubulin and for
localization to the centrosome.9 We
generated inducible U2OS cell lines in
which the wild type (GFP-CBN) and a
C-terminal end-truncated mutant
(GFP-CBNDC) of centrobin were
expressed. We carefully adjusted the
ectopic centrobin levels comparable to
the endogenous levels using the leaky
expression of ectopic GFP-CBN with-
out doxycycline treatment (Fig. 2A).
An siRNA specific to centrobin 5’UTR
(siCBN) was transfected to deplete
endogenous centrobin (Fig. 2A). We
then performed microtubule regrowth
assays with the GFP-CBN- and GFP-
CBNDC-rescued cells. The results
showed that intensity and the number
of centrosomal microtubules and the
number of cytoplasmic microtubules
was rescued with GFP-CBN but not
with GFP-CBNDC (Fig. 2B). These
results indicate that the C- terminal
domain of centrobin is crucial for
microtubule nucleation both at the
centrosome and cytoplasm.

Microtubule regrowth is limited to
the centrosome with the centrobin-
PACT fusion protein

In order to limit ectopic centro-
bin to the centrosome, we linked the
PACT (Pericentrin-AKAP450 cen-
trosomal targeting) domain to GFP-
CBN.14 As expected, most of GFP-
CBN-PACT localized to the centro-
some whereas GFP-CBN was
detected in both the centrosome and
cytoplasm (Fig. 3A). We adjusted
the cellular GFP-CBN and GFP-
CBN- PACT levels to comparable to

endogenous centrobin. Then, we performed the microtubule
regrowth assays with the GFP-CBN- and GFP-CBN-PACT-
rescued cells after the depletion of endogenous centrobin

Figure 1. Microtubule regrowth assays in the centrobin-depleted cells. (A) U2OS cells were placed on
ice for 45 min and coimmunostained with the a-tubulin (green) and centrobin (red) antibodies. Nuclei
were stained with DAPI (blue). The magnified view shows the cytoplasmic centrobin along with stable
microtubules. Scale bar, 10 mm. (B) Immunoblot and immunostaining analyses were carried out to con-
firm centrobin depletion with siRNA transfection. Scale bar, 10 mm. Insets are magnified views of the
centrosomes. (C) Microtubule regrowth assays were performed with the centrobin-depleted U2OS cells.
The cells were immunostained with the a-tubulin antibody. The cytoplasmic microtubules were
enlarged from the 60-second time point. The centrosomal microtubule intensities, the number and
length of microtubules from a centrosome, and the number of cells with cytoplasmic microtubules
were quantified at the 10-second time point. (D) Microtubule regrowth assays were performed for
extended time periods up to 10 min. Microtubule intensities in the centrosome and cytoplasm were
determined. Scale bar, 10 mm. At least 30 cells per an experimental group were measured in each of 3
independent experiments. Data show the mean §s.d.. *P< 0.05, in comparison to the control.
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(Fig. 3B). The results showed that the
centrosomal microtubule levels and
the number of the centrosomal micro-
tubules were efficiently rescued in
both the GFP-CBN- and GFP-CBN-
PACT-rescued cells (Fig. 3C). How-
ever, the number of cytoplasmic
microtubules was not effectively res-
cued with GFP-CBN-PACT
(Fig. 3C). We also performed micro-
tubule regrowth assays with U2OS
cells with excess amounts of GFP-
CBN-PACT (Fig. 3D). Excess
amounts of GFP-CBN-PACT satu-
rated the centrosomes and even
formed small dots in the cytoplasm.
Furthermore, microtubules were
grown from the cytoplasmic dots as
well as from the centrosomes
(Fig. 3D). These results confirm that
centrobin is essential for microtubule
nucleation irrespective of the subcellu-
lar localization.

Importance of NEK2
phosphorylation of centroin in the
cytoplasmic microtubule formation

NEK2 phosphorylates centrobin at
specific residues including T35, S36,
S41 and S45.10 The phospho-resistant
mutant of centrobin at these residues
(CBN4A) enhanced microtubule stabi-
lizing activity, suggesting that NEK2
antagonizes the centrobin activity by
phosphorylation.10 First, we depleted
endogenous NEK2 of U2OS cells with
siRNA transfection and performed
microtubule regrowth assays (Fig. 4A). The results showed that
the microtubule nucleation activities in both the centrosome and
cytoplasm were enhanced in the NEK2-depleted cells (Fig. 4B).
Next, we examined whether centrobin mediates the inhibitory
effects of NEK2 on microtubule network formation or not. To
determine the microtubule nucleating activity of the phospho-
resistant centrobin, we generated inducible U2OS cell lines in
which the wild type (GFP-CBN) and phospho-resistant mutant
(GFP- CBN4A) of centrobin are stably expressed. We, then,
depleted the endogenous centrobin and performed microtubule
regrowth assays (Fig. 4C). The results showed that the centroso-
mal microtubule levels and the number of centrosomal microtu-
bules were enhanced in the GFP- CBN4A-rescued cells in
comparison to the GFP-CBN-rescued cells (Fig. 4D). The num-
ber of cytoplasmic microtubules was also enhanced significantly in
the GFP-CBN4A-rescued cells (Fig. 4D). These results indicate
that NEK2 phosphorylation antagonizes the microtubule nucleat-
ing activity of centrobin in both the centrosome and cytoplasm.

Centrobin in the mouse hippocampal cells
We observed subcellular localization of centrobin in the

mouse hippocampal cells. The centrobin signals were detected at
both the mother and daughter centrioles in the young hippocam-
pal cells (2 d in vitro; 2DIV) (Fig. 5A). This result was unex-
pected because centrobin is known to localize exclusively at the
daughter centrioles in most cells examined.6,7 In the mature
12DIV hippocampal cells, additional centrobin signals were also
detected out of the centrosomes (Fig. 5A). We confirmed these
results with 2 different centrobin antibodies (data not shown).
However, the additional centrobin dots were not co-immunos-
tained with the g-tubulin antibody, suggesting that they may not
function as microtubule organizing centers (Fig. 5B).

Discussion

In this study, we detected a specific localization of cytoplasmic
centrobin at the stable microtubules. In hippocampal cells,

Figure 2. Microtubule regrowth assays with a C-terminus deletion mutant of centrobin. (A) Immuno-
blot was performed to determine the GFP-CBN and GFP-CBNDC levels in centrobin-depleted U2OS
cells. (B) Microtubule regrowth assays were performed with the centrobin-depleted U2OS cells res-
cued with GFP-CBN or GFP-CBNDC. The cells were immunostained with the GFP (green) and a-tubulin
(red) antibodies. Scale bar, 10 mm. The centrosomal microtubule intensities, the number of microtu-
bules from a centrosome, and the number of cytoplasmic microtubules were quantified at the 10-sec-
ond time point. At least 30 cells per an experimental group were measured in each of 3 independent
experiments. Data show the mean §s.d.. *P < 0.05, in comparison to the centrobin-depleted cells.
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centrobin forms cytoplasmic dots in addition to the localization
at both centrosomes with the mother and daughter centrioles.
Such specific localization pattern suggests that cytoplasmic

centrobin is not just a reserved pool for
centrosomal localization but also has a
specific role in the cytoplasm (Fig. 5C).
In fact, centrobin enhanced microtu-
bule formation outside as well as inside
the centrosome. These results suggest
that cytoplasmic centrobin participates
in microtubule network formation in a
cell (Fig. 5C).

Centrobin was initially known to be
a daughter centriole-specific protein
which is critical for centriole duplica-
tion.6,7 A known biological activity of
centrobin, however, is microtubule
nucleation and stabilization.8 In fact,
we observed that the number of centro-
somal microtubules was reduced in
centrobin-depleted cells and rescued
with the wild type and PACT-linked
centrobin. The result indicates that
centrosomal centrobin is involved in
microtubule nucleation at the centro-
some. In consistent with our view, cen-
trobin is essential for the microtubule
nucleation in the daughter centrioles of
Drosophila neuroblasts.12 It is not clear
how the microtubule stabilization
activity of centrobin is essential for pro-
centriole assembly. It is possible that
centrobin might play a role in nucle-
ation and stabilization of the triplet
microtubules for procentriole forma-
tion. Recently, it was reported that cen-
trobin induces centriole elongation
through regulating the CPAP level
which is also a crucial factor for centri-
ole growth.15,16

It remains to be investigated what
is the biological significance of cyto-
plasmic centrobin. It is known that
both NEK2 and PLK1 phosphorylate
centrobin at specific sites but result
in opposite outcomes.8,10 NEK2
phosphorylation reduces the microtu-
bule nucleation activity of centrobin
while PLK1 phosphorylation enhan-
ces it.8,10 In fact, we observed that
the phospho-resistant mutant centro-
bin against NEK2 enhanced the
microtubule formation in both cen-
trosome and cytoplasm, implying
that centrobin mediates NEK2 regu-
lation on microtubule formation

(Fig. 5C). Since the NEK2 activity is highest at G2 phase,
NEK2 may control centrobin functions prior to mitosis, pos-
sibly for reorganization of microtubule networks. Once cells

Figure 3. Microtubule regrowth assays with centrobin-PACT. (A) Immunostaining analysis was per-
formed to determine subcellular distribution of GFP-CBN and GFP-CBN- PACT in U2OS cells. The cells
were coimmunostained with the GFP (green) and g-tubulin (red) antibodies. Nuclei were stained with
DAPI (blue). Insets are magnified views of the centrosomes. Scale bar, 10 mm. The number of cells with
cytoplasmic and/or centrosomal signals of ectopic GFP-CBN was counted. (B) Immunoblot analysis of
centrobin was performed with the centrobin-depleted U2OS cells rescued with GFP-CBN and GFP-
CBN- PACT. (C) Microtubule regrowth assays were performed with the centrobin-depleted cells rescued
with GFP-CBN or GFP-CBN-PACT. The cells were coimmunostained with the GFP (green) and a-tubulin
(red) antibodies. Scale bar, 10 mm. The intensity of centrosomal microtubules, the number of microtu-
bules from centrosome, and the number of microtubules at the cytoplasm were quantified at the 10-
second time point. At least 30 cells per an experimental group were measured in each of 3 indepen-
dent experiments. Data show the mean §s.d.. *P < 0.05, in comparison to the centrobin depleted cells.
(D) Immunostaining analysis was performed with centrobin-depleted U2OS cells rescued with an
excess amount of GFP-CBN-PACT. The magnified view shows the regrown microtubules from the cyto-
plasmic centrobin. Scale bar, 10 mm.
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enter mitosis, PLK1 becomes active
and phosphorylates centrobin. An
enhanced centrobin activity may be
critical for formation of stable
mitotic spindle.8 In fact, PLK1 phos-
phorylation is critical for enhanced
microtubule organizing activity of
the spindle pole with a daughter cen-
triole during the mitosis of Drosoph-
ila neuroblasts.12 We currently
investigate involvement of centrobin
in cellular morphology of non-divid-
ing cells, such as neuronal cells.

Materials and Methods

Antibodies
The centrobin antibody was previ-

ously described.7 We also purchased
the centrobin antibody from Abcam.
The polyclonal and monoclonal
a-tubulin antibodies were purchased
from Abcam and Sigma, respectively.
The antibodies against centrin2,
g-tubulin, GAPDH and GFP were
purchased from Millipore, Santa Cruz,
Ambion and Santa Cruz, respectively.
The Alexa-fluorescence secondary anti-
bodies were purchased from
Invitrogen.

Cell culture
U2OS cells were cultured in

McCoy’s 5A media supplemented
with 10% FBS. The plasmid DNA
was transfected in U2OS cells using
Fugene HD (Promega) according to
the manufacturer’s instruction. The
Tet-on stable U2OS cell lines were
generated using 400 mg/ml of G418
(Calbiochem) selection. The TRE
double stable U2OS cell lines were
generated with hygromycin B (Clon-
tech) according to the manufacturer’s
instruction.

The mouse hippocampus cells were
cultured following a general protocol
with modifications.17 Hippocampi
were extracted from E17 mouse
embryos and dissociated mechanically
after trypsin treatment. The cells were
washed with HBSS, and then 250,000
cells/cm2 were plated on the poly-D-
lysine coated coverslips in plating media (10% FBS, 0.45% glu-
cose, 0.1 mg/mL sodium pyruvate in 2 mM glutamine-

containing MEM/EBSS). Cells were cultured in the neurobasal
media supplemented with B27, glutamax and penicillin/strepto-
mycin after 3 h of recovery.

Figure 4. Importance of NEK2 phosphorylation of centrobin in microtubule formation. (A) Immunoblot
and immunostaining analyses were carried out to confirm NEK2 depletion with siRNA transfection.
Scale bar, 10 mm. (B) Microtubule regrowth assays were performed with the NEK2-depleted U2OS cells.
The cells were immunostained with the a-tubulin antibody. The centrosomal microtubule intensities,
the number of microtubules from a centrosome, and the number of cells with cytoplasmic microtu-
bules were quantified. Scale bar, 10 mm. (C) Centrobin-depleted U2OS cells were stably rescued with
the wild type (WT) or a phospho-resistant mutant of centrobin at T35, S36, S41, S45 (4A). Immunoblot
analysis was performed with the centrobin and a-tubulin antibodies. (D) Microtubule regrowth assays
were performed for 20 seconds with the centrobin-rescued U2OS cells. The cells were coimmunos-
tained with the GFP (green) and a-tubulin (red) antibodies. Scale bar, 10 mm. The centrosomal microtu-
bule intensities, number of microtubules from a centrosome, and number of cytoplasmic microtubules
were quantified at the 10-second time point. At least 30 cells per an experimental group were mea-
sured in each of 3 independent experiments. Data show the mean §s.d.. *P < 0.05, in comparison to
the centrobin depleted cells.
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Plasmids and RNA interference
The wild type and mutant centrobin cDNA were subcl-

oned into pTRE2hyg-GFP. siRNAs specific to centrobin (50-
GGATGGTTCTAAGCATATC-30), 50-UTR of centrobin
(50-GGACTTTGCTAAAGCAGAA-30), and NEK2 (50-
GGCAAATTCAGGCGAATTC-30) were purchased from ST
Pharm, and was transfected using RNAiMAX (Invitrogen)
according to the manufacturer’s instruction. Non-specific
control siRNA (50- GCAATCGAAGCTCGGCTAC-30) was
used.

Immunoblot analysis
The protein samples for immunoblot were lysed using sodium

dodecyl sulfate sample buffer, and then subjected to SDS-poly-
acrylamide gel electrophoresis. The gel was transferred to a nitro-
cellulose membrane. The membrane was blocked with 5% skim
milk in 0.1% TBST (Tris-buffered saline TBS with 0.1% Tween

20) for 1 h. The membrane was incubated with primary anti-
body overnight at 48C, and then washed with 0.1% TBST
3 times. The membrane was incubated with horseradish peroxi-
dase-conjugated secondary antibody for 30 min at room temper-
ature, and then washed with 0.1% TBST 3 times. The ECL
solution was treated onto the membrane, and then exposed to an
X-ray film.

Immunocytochemistry, image processing
and statistical analysis

The cells on the coverslip were fixed with methanol for
10 min and washed with phosphate-buffered saline (PBS)
3 times. The fixed cells were blocked with 3% bovine serum
albumin in 0.5% PBST (PBS with 0.5% Triton X-100) for
20 min, incubated with the primary antibody for 1 h, washed
with 0.1% PBST 3 times, incubated with the secondary antibody
for 30 min, and then washed with 0.1% PBST 3 times. The cov-
erslips were mounted on a slide glass using Prolong gold mount-
ing solution (Invitrogen) after DAPI incubation. The
immunostained cells were observed using fluorescence micro-
scope with a CCD (Qi-cam Fast 1394; Qimaging) camera and
processed with ImagePro 5.0 (Media Cybernetics, Inc.) and
Adobe Photoshop software. The length of microtubule was mea-
sured using ImagePro 5.0 2(Media Cybernetics, Inc.). The inten-
sity of centrosomal microtubule was measured by drawing the
circle including the nucleated microtubules, and background was
excluded by drawing same size circle in the nearest cytoplasm. All
distinguished centrosomal and cytoplasmic microtubules were
counted per cell for quantifying the centrosomal and cytoplasmic
microtubules, and statistically analyzed with Student’s t-test.

Microtubule regrowth assay
The microtubule regrowth assay was conducted following an

optimized method for observing cytoplasmic microtubules.18 To
disrupt microtubule network, U2OS cells were placed on the ice
for up to 90 min. To induce microtubule regrowth, the cells
were incubated with warmed McCoy’s 5A media for indicated
time periods, and immediately fixed with 4% paraformaldehyde
in PEM buffer (80mM PEPES pH6.9, 1 mM MgCl2, 5 mM
EGTA, 0.5% Triton X-100) for 10 min. The fixed cells
were incubated with 0.3% PBST for 5 minutes to increase
permeability.
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Figure 5. Centrobin expression in mouse hippocampal cells. (A) Mouse
hippocampal cells at the 2DIV and 12DIV developmental stages were
coimmunostained with the centrobin (red) and centrin2 (green) antibod-
ies. Nuclei were stained with DAPI (blue). Scale bar, 2 mm. The number
of centrobin dots in a hippocampal cell was counted. At least 30 cells
per an experimental group were measured in each of 3 independent
experiments. Data show the mean §s.d. (B) The 12DIV mouse hippocam-
pal cells were coimmunostained with the centrobin (green) and g-tubu-
lin (red) antibodies. Nuclei were stained with DAPI (blue). Scale bar,
2 mm. (C) Model. Centrobin in both the centrosome and cytoplasm con-
tributes to microtubule nucleation/stabilization. NEK2 phosphorylation
reduces the microtubule nucleation/stabilization activity of centrobin.
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