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CPAP is an essential component for centriole formation. Here, we report that CPAP is also critical for sym-
metric spindle pole formation during mitosis. We observed that pericentriolar material between the
mitotic spindle poles were asymmetrically distributed in CPAP-depleted cells even with intact numbers
of centrioles. The length of procentrioles was slightly reduced by CPAP depletion, but the length of
mother centrioles was not affected. Surprisingly, the young mother centrioles of the CPAP-depleted cells
are not fully matured, as evidenced by the absence of distal and subdistal appendage proteins. We pro-
pose that the selective absence of centriolar appendages at the young mother centrioles may be respon-
sible for asymmetric spindle pole formation in CPAP-depleted cells. Our results suggest that the neural
stem cells with CPAP mutations might form asymmetric spindle poles, which results in premature initi-
ation of differentiation.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction nism is evolutionally conserved from C. elegans to human [8]. CPAP,
The centrosome is a major microtubule-organizing center that
consists of a pair of centrioles surrounded by pericentriolar mate-
rial (PCM). Centrioles duplicate and segregate in tight association
with the cell cycle. Procentrioles begin to form next to mother cen-
trioles at the G1/S phase. The procentrioles are elongated, and they
eventually disengage from the mother centriole at the end of mito-
sis. Centriole disengagement is considered important for licensing
a new round of centriole duplication [1]. The disengaged centriole
becomes a mother centriole when a new procentriole is formed
next to it. However, this young mother centriole is still structurally
immature. For example, the young mother centriole lacks distal
and subdistal appendages until the cell undergoes mitosis [2].
Therefore, it takes one and a half cell cycles for a procentriole to be-
come a fully matured mother centriole.

Genetic analysis in Caenorhabditis elegans identified a number of
centriolar proteins that are involved in centriole assembly, such as
ZYG-1, a protein kinase, and SAS-4, SAS-5, SAS-6 and SPD-2, which
contain coiled-coil domains [3,4]. During centriole biogenesis,
these proteins are sequentially recruited to centrioles [5,6].
ZYG-1 recruits SAS-5 and SAS-6, which are required to SAS-4 incor-
poration [6,7]. It is proposed that the centriole duplication mecha-
the human homolog of SAS-4, is essential for centriole formation in
human cells [9–12].

Primary microcephaly is a rare, recessive genetic disease in
which the prenatal brain growth is significantly reduced while
the brain structure is left intact [13]. CPAP is one of the causal
genes implicated in primary microcephaly [14]. However, it is
not understood how the neural cell number is reduced in individ-
uals with CPAP mutations. In this study, we revealed that CPAP
depletion results in the asymmetry of spindle pole activity, which
probably results in the premature initiation of asymmetric cell
division.
2. Materials and methods

2.1. Antibodies

We generated antibodies against CPAP [9], CEP135 [15], CP110
[9], pericentrin [16], centrin-2 [17], CEP215 [18] and cenexin1 [19].
Antibodies against c-tubulin (GTU-88, Sigma or C-20, Santa Cruz
Biotechnology, Inc.) and CENP-B (H-65, Santa Cruz Biotechnology,
Inc.) were purchased.

2.2. Cell culture and cell cycle synchronization

HeLa cells were grown at 37 �C and 5% CO2 in high glucose
DMEM supplemented with 10% fetal bovine serum. Mitotic HeLa
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cells were enriched with the double-thymidine block and release.
In the rescue experiments, the cells were arrested at S phase with
a single thymidine block and release followed by MG132
treatment.
2.3. Transfection and RNA interference

siCPAP (GGA CUG ACC UUG AAG AGA ATT), siCTL (scrambled se-
quence for control) (GCA AUC GAA GCU CGG CUA CTT), sicenexin1
(AGA CUA AUG GAG CAA CAA G) were used for RNAi experiments.
The siRNAs were transfected into HeLa cells using RNAi MAX re-
agents (Invitrogen). Plasmids were transfected with FuGENE HD
(Roche). For rescue experiments, siRNAs and DNAs were sequen-
tially transfected.
(B)(A)

(C)

(D)

Fig. 1. Asymmetric spindle poles in CPAP-depleted mitotic cells. (A) HeLa cells were tran
cells were subjected to immunoblot analysis with the CPAP and b-tubulin antibodies. (B)
hours later, the cells were observed with a phase-contrast microscope. The scale bar rep
experimental group from three independent experiments. The results were presented
coimmunostained with the CPAP (green) and c-tubulin (red) antibodies. The scale bar rep
determined. A difference in intensity greater than 1.5 was defined as an asymmetri
experiments, and the results are presented as means and standard errors. (D) The CPAP-
the pericentrin or CEP215 antibody. The scale bar represents 10 lm. Relative intensities o
of centrioles. A difference in intensity greater than 1.5 was defined as an asymmetric distr
two independent experiments. (For interpretation of the references to color in this figur
2.4. Immunoblot analysis

HeLa cells were lysed in the sample buffer (50 mM Tris–HCl, pH
6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10%
glycerol). Samples were loaded in 8% polyacrylamide gels and then
transferred into nitrocellulose membranes. The membranes were
blocked in 5% skim milk in TBST (20 mM Tris, 150 mM NaCl, 0.3%
Triton X-100) for 30 min, incubated with anti-CPAP (1:100),
anti-b-tubulin (1:1000) antibodies for 3 h at room temperature.
After washing three times with TBST for 5 min, the membranes
were incubated with mouse and rabbit secondary antibodies
(1:10,000) for 30 min. After the membranes were washed three
times with TBST for 5 min, the peroxidase activity was detected
using ECL solutions.
sfected with the control (siCTL) or CPAP (siCPAP) siRNAs and cultured for 48 h. The
HeLa cells were transfected with control (siCTL) or CPAP (siCPAP) siRNAs. Forty-eight
resents 100 lm. The mitotic index was determined with more than 3000 cells per
as means and standard errors ⁄P < 0.05. (C) The CPAP-depleted HeLa cells were
resents 10 lm. The relative c-tubulin intensity between a pair of spindle poles was

c distribution. Over 300 cells per group were analyzed from three independent
depleted mitotic cells were immunostained with the centrin-2 antibody along with
f pericentrin and CEP215 were measured in spindle pole pairs with an intact number
ibution. For statistical analysis, over 180 mitotic cells per group were analyzed from
e legend, the reader is referred to the web version of this article.)
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2.5. Immunofluorescence and microscopy

For indirect immunocytochemistry, HeLa cells were grown on
12-mm coverslips and fixed with cold 100% methanol for 10 min.
The cells were then permeabilized and blocked with 3% BSA in
0.5% PBST for 15 min. Primary antibodies were diluted in 3% BSA
in 0.5% PBST, incubated at room temperature for 1 or 2 h and cov-
erslips were washed three times in 0.1% PBST. Secondary antibod-
ies were diluted in 3% BSA in 0.5% PBST, incubated for 30 min at
room temperature and washed again three times in 0.1% PBST.
For DNA staining, DAPI solution was used at the final step for
4 min. The coverslips were mounted on slides and observed with
a fluorescence microscope (Olympus IX51) equipped with a CCD
camera (Qicam fast 1394, Qimaging). Images were processed using
ImagePro 5.0 (Media Cybernetics, Inc.) and statistic analyzed with
Sigma Plot (Systat Software, Inc.).
(A)

(B)

Fig. 2. Rescue experiments with ectopic FLAG-CPAP proteins. (A) The CPAP-depleted HeLa
CPAP, pFLAG-CPAPAA and pFLAG-CPAPEE). Expression of the endogenous and ectopic CPAP
were enriched at mitotic phase with a thymidine block and release, followed by the MG13
and c-tubulin. The scale bar represents 10 lm. (C) The mitotic cells with asymmetric dis
between the spindle pole pair. More than 300 cells per group were analyzed from four in
⁄P < 0.05. (D) The CPAP-rescued cells were immunostained with the antibodies specific to
For statistical analysis, more than 200 mitotic cells per group were analyzed from three
To measure the length of centrioles, we used a super-resolution
structured illumination microscopy (SIM; Nikon N-SIM) equipped
with a CFI Apo TIRF 100� oil objective lens (NA1.49) and iXon
DU-897 EMCCD camera. The images were taken as Z-stack with
distance between planes of 0.1 lm. The center of the signal was
determined by intensity profile in NIS-Elements software. The anti-
bodies were conjugated with Alexa Fluor 555 dyes (Molecular
Probes).

3. Results

3.1. Asymmetric spindle pole formation in CPAP-depleted cells

To begin our study for mitotic functions of CPAP, we depleted
the endogenous CPAP with siRNA transfection. Transfection of a
CPAP-specific siRNA (siCPAP) efficiently reduced cellular CPAP
(C)

(D)

cells were transfected with the FLAG-tagged expression vectors (pFLAG-GFP, pFLAG-
proteins was confirmed with the immunoblot analysis. (B) The CPAP-rescued cells
2 treatment for 1 h. The cells were immunostained with antibodies specific for FLAG
tribution of c-tubulin were determined by comparing relative c-tubulin intensities
dependent experiments, and the results are presented as means and standard errors
FLAG and centrin-2 to determine the centriole number at the mitotic spindle poles.
independent experiments.
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levels within 48 h (Fig. 1A). We examined the mitotic progression
of CPAP-depleted cells. The phase-contrast microscopic observa-
tions revealed that the mitotic index in the CPAP-depleted popula-
tion increased by 1.5-fold more than that of the control population
(Fig. 1B). As reported previously, the number of centrioles was re-
duced and abnormal spindle formation was accompanied in the
CPAP-depleted cells (data not shown) [20]. However, bipolar spin-
dles with intact numbers of centrioles were also observed as a mild
phenotype of CPAP depletion. In this work, we investigated mild
phenotypes of CPAP depletion during mitosis.

When we immunostained the CPAP-depleted cells with a c-
tubulin antibody, we repeatedly observed that the c-tubulin inten-
sities in a spindle pole pair were significantly different to each
other (Fig. 1C). We quantified asymmetry of the spindle pole pair
by counting the number of cells in which the c-tubulin intensity
difference between the spindle pole pair was larger than 1.5-fold.
The results showed that more than 50% of the CPAP-depleted cells
had asymmetric spindle poles, whereas less than 10% of the control
cells displayed asymmetric spindle poles (Fig. 1C). We examined
the asymmetric distribution of other PCM proteins between the
spindle pole pair of CPAP-depleted cells. To avoid any complica-
tion, we examined only the spindle pole pairs with an intact num-
ber of centrioles. The results showed a significant increase of
spindle pole pairs with asymmetric distribution of pericentrin
and CEP215 in the CPAP-depleted cells (Fig. 1D). These observa-
tions suggest that PCM is asymmetrically distributed between
the spindle pole pair of CPAP-depleted cells.

We performed rescue experiments with ectopic Flag-CPAP
proteins to confirm the importance of CPAP in spindle pole symme-
try. The immunoblot analysis revealed that a sufficient amount of
the ectopic Flag-CPAP was expressed in the CPAP-depleted cells
(Fig. 2A). Flag-CPAP was properly localized at the spindle poles
(Fig. 2B). At the same time, the wild type Flag-CPAP significantly
reduced the number of CPAP-depleted mitotic cells with asymmet-
(B)

(A)

Fig. 3. Determination of centriole lengths in CPAP-depleted mitotic cells. (A) Mitotic H
(green) and SAS-6 (green), and the spindle poles were observed with a super-resolution m
Procentrioles were identified with two consecutive green dots. Nineteen centrioles were a
between CEP135 (red) and CP110 (green) signals was determined in CPAP-depleted
experiments ⁄P < 0.05. (For interpretation of the references to color in this figure legend
ric spindle poles (Fig. 2C). The spindle pole asymmetry was also
rescued with both Flag-CPAPAA and Flag-CPAPEE in which point
mutations were introduced into the PLK2 phosphorylation sites
S589 and S595 to become alanines and glutamates, respectively
(Fig. 2C in [9]). We counted the number of centrioles in the same
experimental groups. Both wild-type Flag-CPAP and Flag-CPAPEE

rescued the number of centrioles to the control level (Fig. 2D).
However, as reported previously, the centriole duplication activity
was not rescued with Flag-CPAPAA (Fig. 2D). These results suggest
that spindle pole asymmetry in CPAP-depleted mitotic cells is
independent of CPAP function for procentriole assembly.

3.2. Centriole lengths in CPAP-depleted cells

C. elegans SAS-4 is essential for centriole elongation as sas-4 mu-
tants include variable sizes of centrioles [10]. Ectopic expression of
human CPAP lengthens centrioles, suggesting that CPAP is also in-
volved in centriole elongation [10–12]. To test whether centriole
length determines PCM asymmetry of CPAP-depleted cells or not,
we examined the centriole size using a super-resolution micro-
scope. Metaphase centrioles of control HeLa cells were immuno-
stained with the CEP135 and CP110 antibodies as proximal and
distal end markers, respectively, and the distance between two
markers were determined. SAS6 was also immunostained to distin-
guish the procentriole from the mother centriole. Average distance
of the CEP135 and CP110 signals in mother and procentriole were
360 and 480 nm, respectively (Fig. 3A). These numbers are smaller
than actual length of mother (513 nm) and daughter (400 nm) cen-
trioles as determined by electron microscopes [21]. We reasoned
that the distance between the centers of the distal and proximal
markers should be smaller than actual size of the centriole. With
the same reason, the distance between CEP135 and procentriolar
CP110 should be larger, due to the intercentriole gap and the
CEP135 signaling center toward the mother centriole (Fig. 3A) [22].
eLa cells were coimmunostained with antibodies specific to CEP135 (red), CP110
icroscope. Distance between red (CEP135) and green (CP110) dots were determined.
nalyzed and the data were presented as means and standard errors. (B) The distance
mitotic cells. Over 60 centrioles per group were analyzed in three independent
, the reader is referred to the web version of this article.)
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We compared the distance between CEP135 and CP110 signals
of CPAP-depleted cells with that of the control cells. The results
showed that the sizes of mother centrioles in CPAP-depleted mito-
tic cells are identical to those of the control cells (Fig. 3B). The dis-
tance in procentrioles was slightly smaller in the CPAP-depleted
cells (Fig. 3B). However, we do not observe any difference in centri-
ole sizes between a pair of spindle poles within a cell (data not
shown). These results suggest that asymmetry in the bipolar spin-
dles of CPAP-depleted mitotic cells are not stemmed from the dif-
ference in centriole sizes. Our results with HeLa cells are in
contrast with the sas-4 mutants in which the amount of PCM is pro-
portionally reduced with respect to the centriole length [24].

3.3. Centriole maturation defects in CPAP-depleted cells

A daughter centriole is disengaged from its mother centriole at
the end of mitosis and becomes a young mother centriole once a
nascent procentriole is formed next to it at the G1/S phase.
(A)

(B)

(D)

(C

Fig. 4. Relative spindle pole intensities between the old and young mother centrioles. (
and c-tubulin (red) antibodies. The cenexin1 staining patterns at the spindle poles wer
signal (black bar) was also determined within the experimental groups. Over 300 cells
presented as means and standard errors. (B) The CPAP-depleted cells were coimmunostai
with DAPI and merged with the immunostained images. The scale bar represents 10 lm. (
antibodies. Gray and black bars indicate the cells with a strong c-tubulin signal at the s
group were analyzed from three independent experiments. (D) Model Depletion of CPAP m
in CPAP-depleted cells is still immature even in the M phase, irrespective of the presence
distal and subdistal appendages in the young mother centriole, which may cause an asym
color in this figure legend, the reader is referred to the web version of this article.)
However, the young mother centriole is structurally immature un-
til the end of the cell cycle. For example, the young mother centri-
ole initially lacks distal and subdistal appendages. Cenexin1 is a
subdistal appendage protein at the mother centriole [19]. It is
known that the young mother centriole still has a weak cenexin1
signal even during the M phase [19]. In fact, we observed that more
than 80% of the control cells had an unequal cenexin1 signal distri-
bution in their spindle poles (Fig. 4A). Most of the CPAP-depleted
cells also had uneven cenexin1 signal distribution in their spindle
pole pairs but the signal intensities at the young mother centriole
were much weaker or hardly detectable (Fig. 4A). This suggests
that maturation of the young mother centriole is significantly de-
layed in CPAP-depleted cells. An uneven distribution of c-tubulin
was observed in the spindle poles with immature young mother
centrioles (Fig. 4A). It is of note that even the spindle poles with
no cenexin1 signal include the centriole pairs (Fig. 4B). Impor-
tantly, weaker c-tubulin signals were exclusively detected at the
spindle poles of no cenexin1 signal in CPAP-depleted cells
)

A) The CPAP-depleted HeLa cells were coimmunostained with the cenexin1 (green)
e categorized into equal pair, unequal pair and a single dot. Asymmetric c-tubulin
per group were analyzed from three independent experiments, and the results are
ned with antibodies specific to centrin-2 (green) and cenexin (red). DNA was stained
C) The CPAP-depleted cells were coimmunostained with the cenexin1 and c-tubulin
pindle poles with old and young mother centrioles, respectively. Over 300 cells per

ay result in defects in centriole duplication. In addition, the young mother centriole
of procentriole. The immaturity of young mother centriole results in the absence of
metric spindle pole in CPAP-depleted cells. (For interpretation of the references to
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(Fig. 4C). These results suggest that the spindle pole with old
mother centriole includes more PCM than that with young mother
centriole in an asymmetric spindle pole pair of CPAP-depleted
cells.
4. Discussion

In this study, we investigated CPAP functions in bipolar spin-
dle formation during mitosis. Prolonged depletion of CPAP
resulted in centriole loss and monopolar spindle formation
[20,24]. At the same time, asymmetry was observed even in bipo-
lar spindle poles with intact number of centrioles. C. elegans SAS-
4 is also known to be critical for spindle pole formation as well as
for centriole duplication. The sas-4 mutants contain small centri-
oles, and the amount of PCM is proportionally reduced with re-
spect to the centriole length [23]. In HeLa cells, the mother
centriole lengths in CPAP-depleted cells are more or less identical
to those of control cells. Therefore, the spindle pole asymmetry is
not likely due to the size difference of mother centrioles in CPAP-
depleted cells. Rather, we propose that the mother centrioles are
not fully matured in the CPAP-depleted cells and, as a result, the
microtubule organizing activity of the spindle pole with an imma-
ture mother centriole is not sufficiently extended (Fig. 4D). We
believe that spindle pole asymmetry in CPAP-depleted cells is
independent of procentriole assembly, because the PLK2 phos-
phorylation-resistant CPAP mutant did not rescue the centriole
duplication activity but did rescue the phenotype of asymmetric
spindle pole formation (Fig. 2D).

This is the first report that CPAP is required for mother centriole
maturation in mammalian cells, as evidenced by the absence of
distal and subdistal appendage proteins in CPAP-depleted cells.
The distal and subdistal appendages are believed to have roles in
microtubule anchorage and in primary cilia formation [25–27].
The selective absence of centriolar appendages at the young
mother centrioles may be responsible for asymmetric spindle pole
formation in CPAP-depleted cells (Fig. 4D). It remains to be deter-
mined whether CPAP directly participates in appendage formation
or not. It was reported that Drosophila SAS-4 scaffolds the pre-
assembled cytoplasmic complexes of PCM and tethers them to
the centrosome [28,29]. Therefore, it is possible that CPAP is indi-
rectly involved in the appendage formation by recruiting PCM
components which are essential for appendage formation in the
young mother centriole.

Many stem cells divide symmetrically to increase their own
population and subsequently initiate asymmetric division to pro-
duce differentiated cells. Switching from symmetric to asymmetric
division should be a tightly controlled process for the production of
differentiated cells from stem cells at the right moment. Centriole
maturation is considered an important factor for stem cell differen-
tiation as shown in a report that ninein knockdown results in the
premature depletion of progenitors during cortex development in
mice [30]. Here, we observed that the spindle poles in CPAP-de-
pleted cells become asymmetric and the young mother centrioles
in CPAP-depleted cells are structurally immature even until mito-
sis. Our results predict that neural stem cells in CPAP mutant indi-
viduals might prematurely initiate asymmetric division, which
causes a reduction in the stem cell population and subsequent
reduction of the differentiated cell population. Our results suggest
that defects in mother centriole maturation may be a reason why
microcephaly is derived from CPAP mutations.
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