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Determination of Mother Centriole Maturation in CPAP-
Depleted Cells Using the Ninein Antibody
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Background: Mutations in centrosomal protein genes have been identified in a number of genetic diseases in brain development,

including microcephaly. Centrosomal P4.1-associated protein (CPAP) is one of the causal genes implicated in primary micro-

cephaly. We previously proposed that CPAP is essential for mother centriole maturation during mitosis.

Methods: We immunostained CPAP-depleted cells using the ninein antibody, which selectively detects subdistal appendages in

mature mother centrioles.

Results: Ninein signals were significantly impaired in CPAP-depleted cells.

Conclusion: The results suggest that CPAP is required for mother centriole maturation in mammalian cells. The selective ab-

sence of centriolar appendages in young mother centrioles may be responsible for asymmetric spindle pole formation in CPAP-

depleted cells.

Keywords: Centrosome; Centrioles; Centrosomal P4.1-associated protein; Ninein; Cell cycle; Microcephaly

INTRODUCTION

The centrosome is a major microtubule organization center in
animal cells, and regulates cell polarity, shape, motility, and di-
vision; cilia also originate from the centrosome in nondividing
cells. The centrosome is composed of a pair of centrioles sur-
rounded by a protein matrix, referred to as the percentriolar
material. Centrioles duplicate and segregate in tight association
with the cell cycle. Procentrioles begin to form adjacent to
mother centrioles when DNA is replicated during the S phase
of the cycle. Procentrioles are elongated in the S and G2 phas-
es, and eventually disengage from the mother centriole during
the end stage of mitosis. Centriole disengagement is considered
important for licensing a new round of centriole duplication
[1,2]. A new procentriole is formed perpendicular to the disen-

gaged centriole. However, this young mother centriole is still
structurally immature; for example, it lacks distal and subdistal
appendages until the latter stages of the G2 phase [3]. There-
fore, one-and-a-half cell cycles are necessary for a procentriole
to become a fully matured mother centriole.

Mutations in centrosomal protein genes have been identified
in a number of genetic diseases in brain development. Primary
microcephaly is a rare, recessive genetic disease in which pre-
natal brain growth is significantly reduced while the brain
structure is left intact [4]. It has been proposed that a reduced
number of neuronal cells during development underlies micro-
cephaly [5]. To date, seven genes in microcephaly patients have
been discovered to possess mutations; the majority of these
genes encode centrosome proteins [4].

Centrosomal P4.1-associated protein (CPAP) is one of the
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causal genes implicated in primary microcephaly [5]. However,
the reason why the number of neural cells is reduced in indi-
viduals with CPAP mutations is not well understood. We previ-
ously proposed that CPAP is essential for mother centriole
maturation during mitosis [6]. To test this theory, we immunos-
tained CPAP-depleted cells with the ninein antibody, which
specifically detects subdistal appendages of mature mother
centrioles.

METHODS

Antibodies

The ninein antibody was raised against GST-Ninein®*'"**, in
which residues 381-689 of the human ninein protein were
linked to the GST protein. The centrin-2 rabbit polyclonal anti-
body was raised against GST-Centrin-2'"'"2. Antibodies against
y-tubulin (C-20, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), acetylated tubulin (T6793, Sigma, St. Louis, MO, USA),

and cyclin B1 (GNSI, Santa Cruz) were purchased.

Cell culture

HelLa cells were cultured at 37°C and 5% CO: in high glucose
DMEM supplemented with 10% fetal bovine serum. The cell
cycle was synchronized; HeLa cells were arrested during the
G1/S phase using a double-thymidine block, and released for 0,
4, 8, and 10 hours.

RNA interference

siCTL (scrambled sequence for control), (5'-GCA AUC GAA
GCU CGG CUA CTT-3"), and siCPAP (5'-GGA CUG ACC
UUG AAG AGA ATT-3") were used for RNAi experiments.
The siRNAs were transfected into HeLa cells using RNAi
MAX reagents (Invitrogen, Carlsbad, CA, USA).

Immunoblot analysis

HeLa cells were lysed in 1 XSDS sample buffer (50 mM Tris-
HCI, pH 6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromo-
phenol blue, 10% glycerol). Samples were loaded on 4% poly-
acrylamide gels, and subsequently transferred onto nitrocellu-
lose membranes. The membranes were blocked in blocking so-
lution (5% skim milk in Tris-buffered saline with Triton X-100
[TBST]: 20 mM Tris, 150 mM NaCl, 0.3% Triton X-100) for
30 minutes, and incubated with anti-Ninein (1:200) overnight
at 4°C. After washing three times with TBST for 7 minutes, the
membranes were incubated with antirabbit secondary antibod-
ies (1:10,000) for 30 minutes. Peroxidase activity was detected
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with X-ray film using ECL solutions.

Immunofluorescence and microscopy

HeLa cells on 12 mm coverslips were briefly washed with
phosphate buffered saline (PBS) and fixed in cold 100% meth-
anol for 10 minutes. The cells were then permeabilized and
blocked in 3% bovine serum albumin (BSA) in PBS with 0.5%
Triton X-100 (PBST) for 15 minutes. Primary antibodies were
diluted in 3% BSA in 0.5% PBST, and incubated at room tem-
perature for 2 hours. Coverslips were then washed three times
with 0.1% PBST. Secondary antibodies were diluted in 3%
BSA in 0.5% PBST, incubated for 30 minutes at room tempera-
ture, and washed an additional three times with 0.1% PBST.
DNA was stained with 4’,6-diamidino-2-phenylindole solution
for 4 minutes. The coverslips were mounted on slides and ob-
served using a fluorescence microscope (Olympus IX51, Olym-
pus, Tokyo, Japan) equipped with a CCD camera (Qicam fast
1394, Qimaging, Surrey, BC, Canada). Cells were analyzed us-
ing a 60X lens. Images were processed using ImagePro 5.0
(Media Cybernetics, Rockville, MD, USA). Statistical analyses
were performed with Sigma Plot (Systat Software, San Jose,
CA, USA).
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Fig. 1. Generation of a ninein polyclonal antibody. (A) Ninein is a
2096-chain amino acid protein. The 381-689 fragment of ninein
(solid bar) was used to generate the ninein antibody. (B) HeLa ly-
sates were subjected to immunoblot analysis using the affinity-
purified ninein antibody. The estimated size of ninein is approxi-
mately 240 kDa.
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We began our study by generating a ninein-specific polyclonal
antibody. Ninein is a large protein with 2096 amino acid resi-
dues (Fig. 1A). During antigen preparation, a ninein fragment
(381-689 amino acid residues) was fused with the glutatione S-
transferase (GST) tag and expressed in bacteria (Fig. 1A). Af-
finity-purified rabbit antiserum was used for immunoblot anal-
ysis. As reported previously, the ninein-specific band of the 240
kDa protein was detected in HeLa cell lysates (Fig. 1B) [7,8].
Accordingly, we used this antibody for immunostaining analy-
sis of ninein in cultured cells.

We performed immunostaining analysis using HeLa cells
whose cell cycle was synchronized with a double thymidine
block and release. y-Tubulin signals were detected as a single
dot in G1 phase cells (Fig. 2). The second y-tubulin dot was
visible during the S phase, and became more prominent in G2
and M phase cells, suggesting that y-tubulin dots represent cen-
trosomes with mother centrioles (Fig. 2). The ninein signal was
exclusively detected at the centrosome. Ninein formed either a
ring or three distinct dots at the centrosome in G1 phase cells
(Fig. 2). A ring-like structure of ninein was prominent at the
one of the two y-tubulin signal, and a tiny dot of ninein also ap-
peared at the other y-tubulin signal in S phase cells (Fig. 2).
Ring-like signals of ninein were observed in G2 phase centro-
somes, and became weaker in M phase centrosomes (Fig. 2).
This suggests that ninein is primarily localized in mature,
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Cell cycle stage-specific localization of ninein at the cen-
trosome. HeLa cells were synchronized with a double thymidine
block and release. Cells representative of each stage were coim-
munostained with ninein (green) and y-tubulin (red) antibodies.
DNA was stained with 4’,6-diamidino-2-phenylindole. Scale
bar=10 um. Insets are magnified views of the centrosomes.
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mother centrioles [9].

To determine the precise localization of ninein within the
centriole, we coimmunostained HeLa cells with ninein and cen-
trin-2 antibodies. Ninein was localized at only one of the two un-
duplicated centrioles in G1 phase cells (Fig. 3). Ninein was de-
tected in both the proximal and distal regions of the mother cen-
triole, as either a ring or three dots (Fig. 3). A second ninein sig-
nal appeared as a dot at the daughter centriole during late-stage
G1 (Fig. 3). Strong and weak ninein signals were located at the
old and young mother centrioles, respectively (Fig. 3). This
staining pattern was maintained until the young mother centriole
reached maturity during late-stage G2 (data not shown).

CPAP is an essential component of centriole assembly, be-
cause CPAP depletion results in defects in centriole duplica-
tion [10]. We previously proposed that CPAP is also critical
for the maturation of mother centrioles [6]. Therefore, we im-
munostained CPAP-depleted cells with the ninein antibody to
determine the structure of mature mother centrioles. Ninein
signals were detected in cyclinB1-positive G2 cells, which be-
came weaker and dispersed in M phase cells [11,12]. The ma-
jority of the control cells possessed two ninein rings corre-
sponding to two mother centrioles (Fig. 4A). In CPAP-deplet-
ed cells, however, the number of cells with two intact ninein
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Ninein distribution within the centriole. Asynchronous
HeLa cells were coimmunostained with centrin-2 (green) and nin-
ein (red) antibodies. DNA was stained with 4°,6-diamidino-
2-phenylindole. Scale bar=10 pm. Insets are magnified views of
the centrosomes. The staining patterns of ninein on centrioles
were taken from the right side.
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Fig. 4. Centrosomal ninein distribution in centrosomal P4.1-associated protein (CPAP)-depleted mitotic cells. (A) The cell cycle of
CPAP-depleted cells was synchronized during the G2 phase using a double thymidine block and release. The cells were placed on ice for
90 minutes to disrupt microtubules, and coimmunostained with acetylated-tubulin (red), cyclin B1 (red), and ninein (green) antibodies.
DNA was stained with 4”,6-diamidino-2-phenylindole. Scale bar=10 pm. (B) Ninein staining patterns at the spindle poles were catego-
rized into four groups: paired ring; ring with a bar; single ring; and disrupted. More than 300 cells were analyzed across three indepen-
dent experiments. The data are means=+ SE. *P<0.05 was considered statistically significant compared to the controls.

rings was significantly reduced (Fig. 4A); more than 30% of
the CPAP-depleted cells included an intact ninein ring with a
dot representing an immature centriole appendage (Fig. 4B).
These results support the notion that CPAP is required for
maturation of the young mother centriole.

DISCUSSION

Ninein is known to serve as a microtubule anchor at the subdis-
tal appendages of mother centrioles in dividing cells [13]. In fact,
we observed ninein signals at the distal end of mature mother
centrioles. The ring-like staining pattern of ninein was observed
in young mother centrioles only during the latter stages of the
G2 phase, suggesting that the ninein antibody could be used as a
marker for mature centrioles with subdistal appendages.

In this study, we demonstrated that intact ninein signals
were significantly reduced in CPAP-depleted cells. This sug-
gests that CPAP is required for mother centriole maturation in
mammalian cells. The selective absence of centriolar append-
ages in young mother centrioles may be responsible for asym-
metric spindle pole formation in CPAP-depleted cells [6]. An
absence of ninein at the mother centriole results in a reduction
of the microtubule organizing activity of the centrosome [13].
In fact, removal of ninein disrupted asymmetric segregation
and resulted in premature reduction of the progenitor during
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mouse neocortex development [14]. A recent report also re-
vealed that ninein is critical for maintenance of the cortical
progenitor [15]. Our results revealed that the two microcepha-
ly genes are functionally related.
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