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Centrioles are intriguing cylindrical organelles composed of triplet microtubules. Proteomic data suggest that a large
number of proteins besides tubulin are necessary for the formation and maintenance of a centriole’s complex structure.
Expansion of the preexisting centriole proteome from the green alga Chlamydomonas reinhardtii revealed additional
human disease genes, emphasizing the significance of centrioles in normal human tissue homeostasis. We found that two
classes of ciliary disease genes were highly represented among the basal body proteome: cystic kidney disease (especially
nephronophthisis) syndromes, including Meckel/Joubert-like and oral-facial-digital syndrome, caused by mutations in
CEP290, MKS1, OFD1, and AHI1/Jouberin proteins and cone-rod dystrophy syndrome genes, including UNC-119/HRG4,
NPHP4, and RPGR1. We further characterized proteome of the centriole (POC) 1, a highly abundant WD40 domain-
containing centriole protein. We found that POC1 is recruited to nascent procentrioles and localizes in a highly
asymmetrical pattern in mature centrioles corresponding to sites of basal-body fiber attachment. Knockdown of POC1 in
human cells caused a reduction in centriole duplication, whereas overexpression caused the appearance of elongated
centriole-like structures. Together, these data suggest that POC1 is involved in early steps of centriole duplication as well
as in the later steps of centriole length control.

INTRODUCTION

Centrioles are barrel-shaped structures composed of nine
triplet microtubules. They are necessary for recruitment of
pericentriolar material (PCM) to form a complete centro-
some and they act as basal bodies during the formation of
cilia and flagella. In most quiescent cells, centrioles move to
and dock on the apical plasma membrane during ciliogen-
esis and provide a template for the extension of doublet
microtubules, which make up the ciliary axoneme (Ringo,
1967; Sorokin, 1968; Snell et al., 1974; Vorobjev and
Chentsov, 1982; Dawe et al., 2007). Centrioles that template
cilia are known as basal bodies, and the proteins that com-
pose them have received increased attention in recent years
because of their role in ciliary diseases. Ciliary diseases, or
ciliopathies, result in symptoms ranging from obesity and
retinal degeneration to polydactyly and cystic kidneys (Pa-
zour and Rosenbaum, 2002; Afzelius, 2004; Badano et al.,
2006; Yoder, 2007; Marshall, 2008). Ciliopathies arise from
mutations in not only ciliary genes but also in genes encod-

ing proteins within the basal body (Ansley et al., 2003; Keller
et al., 2005; Marshall, 2008). Proteomic analyses of centrioles
from a number of diverse organisms reveal the presence of
ciliary disease genes (Keller et al., 2005; Broadhead et al.,
2006; Kilburn et al., 2007). Because having a properly an-
chored basal body is required for a functional cilium, mu-
tations in any protein involved in the formation and main-
tenance of centriole or basal body integrity have the
potential to lead to ciliary diseases.

The structure of the centriole is complex and highly pre-
cise, with centriole length tightly controlled, but the molec-
ular mechanisms governing centriole assembly, length con-
trol, and maturation into basal bodies remain mysterious.
Genetic screens in Chlamydomonas, Drosophila, and Caeno-
rhabditis elegans have given clues to how centrioles assemble
by providing mutants that act as premature stops in the
centriole assembly pathway and have provided insight into
such questions as how the ninefold symmetry of centrioles is
established, what other tubulin isoforms are necessary for
triplet microtubule formation, and how initial steps of cen-
triole assembly progress in various species (Dutcher and
Trabuco, 1998; Dutcher et al., 2002; Dammermann et al., 2004;
Bettencourt-Dias et al., 2005; Delattre et al., 2006; Pelletier et
al., 2006; Hiraki et al., 2007; Nakazawa et al., 2007). Although
these studies reveal crucial steps in centriole assembly at the
ultrastructural scale, we have only just begun to learn how
steps in basal body assembly are reflected in individual
protein recruitment events. Detailed localizations and deter-
mination of the order of assembly of particular centriole
proteins are pertinent for a detailed depiction of how cent-
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rioles form and duplicate once per cell cycle, but thus far few
centriole proteins have been characterized in detail.

In this report, we have expanded the Chlamydomonas cen-
triole proteome based on new genomic data and the identi-
fication of additional centriole proteins. To begin to learn
how the centriole proteome is put together, we investigated
proteome of the centriole (POC) 1, one of the most abundant
proteins from our centriole proteome, and we found it to be
a proximal and very early marker of centriole duplication.
Additionally, POC1 has a unique localization on intact ma-
ture centrioles, being found to colocalize with attachment
points of multiple distinct fiber systems that contact the
centriole/basal body. This is the first protein to date to have
been localized to both early duplicating centrioles and to
places of centriole fiber attachment, indicating that POC1
may be involved in multiple distinct aspects of centriole
biology. Furthermore, knockdown of POC1 in human U2OS
cells prevented overduplication of centrioles, whereas over-
expression of POC1 caused the appearance of numerous
elongated centriole-like structures. Based on these results,
we suggest that POC1 is involved in the early stages of
centriole duplication and also plays a role in the enigmatic
process of centriole length control.

MATERIALS AND METHODS

Human Cell Culture
HeLa and U2OS cells were grown in DMEM (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal calf serum as described in Keller et al. (2005).

Generation of Green Fluorescent Protein (GFP)-expressing
Cell Lines
The C-terminally tagged POC1B-GFP (Keller et al., 2005) was transfected with
Lipofectamine 2000 according to manufacturers guidelines (Invitrogen). Us-
ing a limited dilution method in the presence of 500 �g/ml Geneticin (In-
vitrogen), stable clones expressing the POC1B–GFP fusion protein were iso-
lated. Multiple independent clones were analyzed. The centrioles in each
clone had no differences in known centriole markers compared with parental
cell lines.

POC1A cDNA was cloned by reverse transcription-polymerase chain reac-
tion (PCR) from a cDNA library constructed from unsynchronized HeLa cells.
The cDNA was then subcloned into the pEGFP-C1 vector (Clontech, Moun-
tain View, CA), which added a C-terminal GFP tag. Cells were transiently
transfected with Lipofectamine 2000 according to manufacturer’s guidelines
(Invitrogen).

Human Cell Fixation and Immunofluorescence
Cells were grown on coverslips in 12- or 24-well plates, fixed, and visualized
according to Keller et al. (2005). Cells were stained with either anti-�-tubulin
(GTU-88; Sigma-Aldrich, St. Louis, MO), 1:100; centrin-2 (a generous gift from
M. Bornens, Institut Curie, Paris, France) 1:2000; acetylated-tubulin (clone 6;11B-1;
Sigma-Aldrich), 1:500; polyglutamylated-tubulin ([B3] ab11324; Abcam, Cam-
bridge, MA), 1:1000, or GFP (11 814 460 001; Roche Diagnostics, Indianapolis, IN),
1:250. The following secondary antibodies from Jackson ImmunoResearch
Laboratories (West Grove, PA) were used at 1:1000: fluorescein isothiocya-
nate-conjugated AffiniPure goat anti-mouse immunoglobulin G (IgG) (115-
095-003), tetramethylrhodamine B isothiocyanate (TRITC)-conjugated Affi-
niPure goat anti-mouse IgG (115-025-003), or TRITC-conjugated AffiniPure
goat anti-rabbit IgG (111-025-144). Cells were then stained with 4,6-dia-
midino-2-phenylindole (DAPI) for 5 min and mounted with Mowiol mount-
ing media. DeltaVision deconvolution fluorescence microscopy was used
with PlanApo 60� and 100� objectives (Olympus, Tokyo, Japan), and 0.2-�m
steps in the z-axis were used to make quick projections of deconvolved
images. Intensity plots were made by choosing a region of interest followed
by use of DeltaVision 3D graph data inspector software (Applied Precision,
Issaquah, WA). Centriole lengths were measured using the Distance tool with
standard two point settings.

To facilitate the visualization of GFP localization to centrioles, U2OS cells
were occasionally treated with aphidicolin (3.2 �g/ml) for 50–72 h to induce
S phase arrest and an accompanying overduplication of centrioles.

RNA Interference (RNAi)
Synthetic siRNA oligonucleotides were obtained from QIAGEN (Valencia, CA).
Transfection of small interfering RNAs (siRNAs) by using HiPerFect Transfection

Reagent (QIAGEN) was performed according to manufacturer’s instructions.
QIAGEN�s thoroughly tested and validated AllStars Negative Control siRNA
was used as a negative control. The following predesigned siRNAs were ordered
and used from QIAGEN: Hs_WDR51A_2, Hs_WDR51A_4, Hs_WDR51B_2, and
WDR51B_4. Coverslips were fixed and stained as above after 55 h of treatment.
For S phase-arrested cells, aphidicolin (3.2 �g/ml) was added to cells 2 h after
siRNA transfection. Cells were examined 55 h later.

Human Cell Transient Transfection and Overexpression
HeLa and/or U2OS cells were seeded the day before transfection onto cov-
erslips. The day of transfection, cells were transfected with the following
constructs: full-length POC1A-Cherry, POC1B-Cherry, POC1A-WD40-GFP,
POC1A-WD40-Cherry, POC1B-WD40-Cherry, POC1A-Cterm-Cherry, or
POC1B-Cterm-Cherry. For S phase-arrested cells, aphidicolin (3.2 �g/ml) was
added to cells 2 h after transfection, and cells were examined 55–72 h later.
Mammalian cDNAs from the human open reading frame collection in the
form of Gateway entry vectors were purchased from Open Biosystems
(Huntsville, AL): POC4 (CV030533), POC6 (CV027317), POC7 (CV025021),
POC8 (CV023168), POC9 (CV-029168), POC17 (CV023450), Rib43A
(CV023821), CCT3 (CV027136), basal body proteins with up-regulated genes
(BUG) 5 (CV027392), BUG7 (CV025099), and BUG22 (CV-026100). The follow-
ing cDNAs in the form of Gateway entry vectors were purchased from
GeneCopoeia (Germantown, MD): POC2 (GC-E0364), POC3 (GC-T7752),
POC11 (GC-V0935), POC20 (GC-F0087), DIP13 (GC-Q0661), Hsp90 (GC-
M0233), BUG11 (GC-U0139), BUG30 (GC-E0925), and BUG32 (GC-V1413).

Chlamydomonas Cell Culture and Immunofluorescence
Chlamydomonas reinhardtii wild-type (strains cc125 and cc124), basal body-
deficient strains bld2 (cc478), uni3 (cc2508), and bld10 (cc4076), and temper-
ature-sensitive flagellar assembly mutant strain fla10 (fla10-1 allele, cc1919)
were obtained from the Chlamydomonas Genetics Center (Duke University,
Durham, NC). Cells were grown and maintained in TAP media (Harris, 1989).
Growth was at 25°C with continuous aeration and constant light except for
the fla10 mutant, which was grown at 34°C as the restrictive temperature.

To study the localization and properties of Chlamydomonas POC1, a peptide
antibody against the following peptide was raised and affinity purified:
RAGRLAEEYEVE (Bethyl Laboratories, Montgomery, TX). This peptide was
designed using Invitrogen antigen design tool (www.invitrogen.com) and the
Open Biosystems antigenicity prediction tool (www.openbiosystems.com).
The peptide is located within the last 150 amino acids (aa) of Chlamydomonas
POC1, but it does not overlap with the C-terminal POC1 domain and does not
share homology with any other organisms (Figure 3A). The antibody detects
a single polypeptide and specific antibody staining in vivo was abolished
after incubation with the peptide used for antibody preparation (Supplemen-
tal Figure S3).

Chlamydomonas immunofluorescence followed the standard procedure of
Cole et al. (1998). Cells were allowed to adhere to polylysine-coated coverslips
before fixation in cold methanol for 5 min. Coverslips were then transferred
to a solution of 50% methanol:50% TAP for an additional 5 min. After fixation,
cells were blocked in 5% bovine serum albumin (BSA), 1% fish gelatin, and
10% normal goat serum in phosphate-buffered saline (PBS). Cells were then
incubated in primary antibodies overnight: anti-POC1, 1:200, anti-acetylated
tubulin (T6793; Sigma-Aldrich), 1:500; anti-Bld10p (a generous gift from M.
Hirono, University of Tokyo, Tokyo, Japan), 1:100; and anti-centrin (a gener-
ous gift from J. Salisbury, Mayo Clinic, Rochester, MN). Secondary antibodies
used are as stated above.

Chlamydomonas Flagellar Manipulations
Flagellar splay assays were conducted according to Johnson (1998). After
fixation, coverslips were blocked in 5% BSA, 1% fish gelatin, and 10% normal
goat serum in PBS. Coverslips were then incubated in primary antibodies:
anti-POC1, 1:200 and acetylated-tubulin (T6793; Sigma-Aldrich), 1:500 over-
night. Secondary antibodies used are as stated above.

To test whether POC1 is a component of the intraflagellar transport (IFT)
machinery, the fla10-ts mutant was temperature shifted from 25°C to 34°C for
45 min. It has been shown previously that this mutant stops IFT (Kozminski
et al., 1995) and loses IFT proteins from its flagella (Cole et al., 1998) within 100
min after shifting to the nonpermissive temperature. Cells were stained with
POC1, 1:200 and IFT172.1, an IFT complex B protein, 1:200 (a generous gift
from D. Cole, University of Idaho, Moscow, ID).

Quantitative PCR
All quantitative PCR was performed according to Keller et al. (2005).

Western Blot
For POC1 Western blots, purified basal bodies were mixed 1:1 with sample
buffer and loaded onto a 10% polyacrylamide gel. Blots were probed with the
Chlamydomonas POC1 peptide antibody at a concentration of 1:250 followed
by staining with a rabbit horseradish peroxidase (HRP)-conjugated secondary
antibody (1:20,000; Jackson ImmunoResearch Laboratories). Human cells
were grown in six-well dish and treated with 3.2 �g/ml aphidicolin for 55–72
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h to achieve S phase arrest. Cells were then collected in wash buffer (10 mM
HEPES, 1% Triton X, and 1 mM phenylmethylsulfonyl fluoride) and centri-
fuged for 15 min at 24,000 � g. Pellets were then resuspended in sample buffer
and equal amounts of protein were loaded onto a 10% polyacrylamide gel.
Blots were probed with an anti-GFP antibody (11 814 460 001; Roche Diag-
nostics), 1:250 followed by staining with a mouse HRP-conjugated secondary
antibody (Jackson ImmunoResearch Laboratories; 1:20,000).

Fluorescence Intensity Quantification
All images were scaled identically to maintain quantitative information. Pixel
boxes (50 � 50) surrounding each basal body image were then analyzed.
Background was estimated from the average intensity of pixels on the edge of
the box. A threshold was then applied such that all pixels with intensity less
than half the dynamic range of the image were set to zero. The total intensity
of the remaining pixels was added and then the estimated background
contribution was subtracted.

Immunoelectron Microscopy
All immunoelectron microscopy (immuno-EM) was done as described in Geimer
and Melkonian (2005), with the following changes. Serial sections (50 nm) were
cut with an Ultracut UCT microtome (Leica Microsystems, Vienna, Austria) and
collected on piliform-coated gold gilded copper grids. Incubation with POC1
primary antibody was done for 90 min at room temperature at a dilution of 1:250
followed by goat anti-rabbit IgG labeled with 15-nm colloidal gold (Jackson
ImmunoResearch Laboratories). Sections were imaged with a CEM 902 trans-
mission electron microscope (Carl Zeiss, Oberkochen, Germany) operated at 80
kV by using SO-163 EM film (Eastman Kodak, Rochester, NY).

RESULTS

Extending the Chlamydomonas Centriole Proteome
The original centriole proteome from Chlamydomonas rein-
hardtii (Keller et al., 2005) was determined by using multidi-
mensional protein identification technology, a mass spec-
trometry-based method in which complex mixtures of
proteins can be analyzed without prior electrophoretic sep-
aration (Washburn et al., 2001). This method was combined
with matching individual peptides to predicted gene models
in the Chlamydomonas genome sequence (Keller et al., 2005).
However, after the time of the first centriole proteome
study, the Chlamydomonas genome has been refined and
extensively reannotated (Merchant et al., 2007), with many
new and revised gene–model predictions added. We there-
fore reanalyzed our initial mass spectrometry data by using
the new Chlamydomonas version 3.0 gene model predictions
to search for additional centriole proteins. This analysis
identified seven additional candidate centriole proteins (Fig-
ure 1A). Six of these proteins have human orthologues, three
of which are associated with known human diseases, reval-
idating the importance of the centriole proteome.

To select candidate proteomic hits that were most likely to
encode centriole-related proteins, we characterized the
novel proteins as either core components of the centriole
(POCs) or as basal body proteins with up-regulated genes
(BUGs) (Keller et al., 2005). The POC category indicates
proteins that are conserved in species with cilia or else
orthologues of proteins obtained in a human centrosome
protein analysis (Andersen et al., 2003). The BUG category
indicates proteins encoded by genes whose expression (as
judged by quantitative real-time PCR and/or microarray
analysis) increases during flagellar assembly, implicating
them in the process of ciliogenesis. Figure 1A demonstrates
that five of the seven novel centriole proteins have genes that
are up-regulated during flagellar regeneration and are thus
annotated as BUGs (BUG28–BUG32). A full list of cross-vali-
dated POCs and BUGs from the Chlamydomonas centriole pro-
teome is in Supplemental Table 1. Two proteins, POC13 and
BUG6, were not reannotated in the version 3.0 genome and are
indicated as such in Supplemental Table 1.

To validate centriole proteins, we constructed C-terminal
GFP fusion proteins and analyzed their localizations during

transient transfections in both HeLa and U2OS cells. We
previously published the localizations of four centriole pro-
teins from the centriole proteome in human cells (POC1,
BUG21/PACRG, POC12/MKS1, and BUG14) (Keller et al.,
2005). We have now succeeded in localizing 28 of the POCs
and BUGs at the centriole in our ongoing effort to verify our
cross-validated groups of centriole proteins (Supplemental
Table 1). POC20/FAP124, BUG30/Sjogrens autoantigen
(Ro/SSA), and BUG32 are among the new proteins in the
centriole proteome that we have shown to be centriolar by
GFP localization in human cells (Figure 1B). Costaining with
�-tubulin to mark the centrosome reveals that each of the
examined proteins localizes to a pair of dots representing the
centrioles embedded in a matrix of PCM. The results of
the GFP localizations for all POCs are summarized in Supple-
mental Figure S1. Results of GFP localizations for all BUGs
are summarized in Supplemental Figure S2. Furthermore,
other groups have demonstrated centriole localizations for
additional POCs and BUGs, in both mammalian cells and in
other organisms. BUG28/RPGR1 has been demonstrated to
localize to centrioles and basal bodies in cells with primary
cilia (Shu et al., 2005); and recently, POC10/NPHP-4 has also
been shown to localize to the transition zone, a distal mod-
ification of the basal body that is required for ciliogenesis, in
C. elegans sensory cilia (Jauregui et al., 2008). Additionally,
both POC5 and POC19 localize to centrioles in mammalian
cells (Azimzadeh and Bornens, personal communication).
Many proteins from the centriole proteome did not have a
mammalian homologue, which prevented us from checking
their localization by using human GFP-tagged constructs.
Overall, the localization data confirm the validity of our
centriole proteome data and allow us to expand our centri-
ole proteome by seven proteins.

Due to the large number of cilia and centriole proteomes
that have been published since our original centriole pro-
teome, we sought to examine which of the POCs and BUGs
are also found in the proteomes from mouse photoreceptor
complexes, Chlamydomonas flagella, Tetrahymena centrioles
and cilia, and Trypanosome flagella (Pazour et al., 2005; Kil-
burn et al., 2007; Smith et al., 2005; Broadhead et al., 2006; Liu
et al., 2007). The number of proteins overlapping between
POCs and BUGs and these other proteomes is shown in
Supplemental Table 1. It is noteworthy that compared with
the flagellar proteome from Chlamydomonas, the majority of
overlap occurs within the BUGs, corresponding to genes
up-regulated during flagellar assembly, compared with the
POCs whose genes are not up-regulated during flagellar
assembly (Figure 1C). We hypothesize that these BUG pro-
teins are components of a common structural motif based on
microtubule doublets that is shared between centrioles and
flagella. In contrast, POCs have a larger overlap than BUGs
compared with the Tetrahymena centriole proteome suggest-
ing that POCs do indeed constitute core structural compo-
nents of the centriole (Figure 1C).

POC1 Is a Conserved Protein That Uses WD40 Repeats to
Localize to Centrioles
The kidney and retinal disease gene products outlined
above must act in the context of the overall complex struc-
ture of the basal body. A key goal at present is thus to know
how all basal body proteins fit into this structure. As a first
step toward this goal, we have focused on POC1, which is
the most abundant centriole protein besides tubulin and
tektin, based on spectral counts in the basal body proteome
(Keller et al., 2005). Because tubulin and tektin are both
centriole structural proteins (Hinchcliffe and Linck, 1998),
we reasoned that POC1 might also be an important part of
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the centriole structure. The POC1 protein is evolutionarily
conserved in all organisms from Chlamydomonas to humans,
excluding C. elegans, which has a highly unusual centriole
structure that is shorter than normal centrioles. All organ-
isms with standard triplet microtubule-containing centrioles
in at least part of their life cycle have a POC1 gene (Figure
2A). There is a gene duplication of POC1 in all vertebrates,
and we refer to the two paralogues in humans as POC1A
(NP_056241.2) and POC1B (NP_758440.1). POC1 has seven
WD40 repeats in the N-terminal half of the protein, and the
last 50 or so amino acids form a coiled coil based on the
COILS server prediction (Figure 2B). Sequence alignment of
the last 50 amino acids of POC1 reveals a novel consensus
sequence we have termed the POC1 domain (Figure 2C).

We confirmed previously that POC1B is a centriolar pro-
tein in HeLa cells (Keller et al., 2005). We cloned the POC1A

gene from HeLa cell cDNA by reverse transcription and
verified that it is also centriolar by POC1A–GFP transfection
(Supplemental Figure S1). To identify what part of POC1 is
necessary for centriolar localization, we constructed C-ter-
minally tagged GFP pieces of POC1A and POC1B (Figure
2D). Our results indicate that besides full-length protein, the
WD40 domain at the N terminus (aa 1-298) is sufficient for
targeting POC1 localization to centrioles in human cells
(Figure 2E). Sequences including only parts of the WD40
domain (aa 1-98 and aa 87-276) are not sufficient for POC1
localization to the centriole, but a comprehensive analysis of
exactly which elements of the WD40 domain are or are not
required has not been attempted. The conserved POC1 do-
main consensus sequence is neither necessary nor sufficient
for centriole localization; therefore, we hypothesize it may
be involved in interactions with other proteins.

Figure 1. Expansion of the Chlamydomonas centriole proteome reveals additional human disease genes. (A) Table of newly discovered POCs
and BUGs. Version 3 gene identification numbers are as specified in version 3.0 of the Chlamydomonas genome sequence, available at the Joint
Genomes Institute website at http://genome.jgi-psf.org/Chlre3/Chlre3.home.html. Table also indicates protein name, human Refseq ID
numbers, localization of proteins to other proteomes of interest, GFP localization to centrioles in human cells, and any associated human
diseases. (B) Localization of GFP-fusion proteins corresponding to human homologues of Chlamydomonas centriole candidate proteins
(POC20/FAP124, BUG30/Ro/SSA, and BUG21/Mns1) after transient transfection into HeLa cells. �-Tubulin antibody stain shows centro-
somes; DAPI stain shows DNA. Each GFP-fusion protein colocalizes to a pair of dots within the centrosome in HeLa cells, confirming
centriolar localization. Bar, 5 �m. (C) Venn diagrams illustrating the overlap of POC and BUG proteins with the Chlamydomonas flagellar
proteome (Pazour et al., 2005) and with the Tetrahymena centriole proteome (Kilburn et al., 2007). Percentage of POC and BUG proteins
overlapping with the specified proteomes are indicated.
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POC1 Localizes to Basal Bodies in Human Cells and in
Chlamydomonas
We found that POC1 remains localized to centrioles when
they become basal bodies in ciliated human cells (Supple-

mental Figure S5). To more carefully explore POC1 localiza-
tion within the basal body, we turned to Chlamydomonas in
which the basal body cytology is extremely well defined
(Ringo, 1967; O’Toole et al., 2003; Geimer and Melkonian,

Figure 2. POC1 is a conserved centriole protein that is recruited to the centriole through the N-terminal WD40 repeat domain. (A)
Phylogenetic unrooted tree showing that POC1 is conserved from Chlamydomonas to humans. The POC1 protein underwent a gene
duplication in vertebrates as shown. (B) Coiled-coil prediction analysis of POC1 illustrates that there is a coiled-coil domain at the C terminus
of the protein (COILS server; ch.EMBnet.org). (C) The POC1 domain is a conserved sequence at the C terminus of all conserved POC1
sequences. The POC1 consensus sequence is indicated at the bottom of the sequence alignment. (D) POC1 domain architecture. The WD40
repeat domain contains seven repeats (labeled wd1–wd7) and is sufficient for localization to centrioles in human cells (depicted by red star).
Numbers represent amino acid positions. Coiled-coil domain indicated by purple box. (E) POC1-WD40-GFP (green; middle) colocalizes with
�-tubulin (red; left) in transiently transfected HeLa cells. Merged image with nuclear stain (right; blue, DAPI). Bar, 5 �m.
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2005). The Chlamydomonas POC1 peptide antibody (Figure
3A) stains the basal bodies of wild-type cells (Figure 3B). The
POC1-positive spots colocalize with both acetylated-tubulin
and centrin (Figure 3B), indicating that POC1 is a specific
marker for centrioles in Chlamydomonas. The antibody seems
to be specific to POC1 and only recognizes one polypeptide
(Supplemental Figure S3). This polypeptide has the pre-
dicted molecular mass of POC1 (54.4 kDa). As a further
control for antibody specificity, we have shown that prein-

cubation with a POC1 peptide used for antibody production
abolishes all basal body and flagellar staining, demonstrat-
ing that the antibody is specific to the POC1 protein in
Chlamydomonas (Supplemental Figure S3).

During spindle formation, POC1 exclusively stains cent-
rioles near the spindle poles. More specifically, POC1 was
visualized in two spots at either pole of the spindle repre-
senting the four centrioles that are present in wild-type
Chlamydomonas spindles (Figure 3B). At higher magnifica-

Figure 3. Chlamydomonas POC1 immunofluorescence. (A) Illustration depicting the position and sequence of the POC1 peptide that was
used to create the Chlamydomonas POC1 antibody. Numbers represent amino acid positions. (B) POC1 (red) localizes to the basal bodies of
wild-type Chlamydomonas cells, as shown by colocalization with acetylated tubulin antibody (top; green). Merged image is with nuclear stain
(blue, DAPI). The middle panel indicates that POC1 (red) colocalizes with centrin (green) antibody only at the basal body. POC1 is absent
from the centrin-based nuclear-attachment fibers. The bottom panel demonstrates that POC1 (red) costains with acetylated tubulin (green)
to mark two centrioles at each pole of the mitotic spindle. Merged image is stained with a nuclear stain (blue, DAPI). (C) POC1 localizes to
centrioles in a distinct pattern. Illustration of Chlamydomonas basal bodies (red), flagella (green), and inner rootlet microtubules (smaller green
lines). The boxed region represents the area of high magnification in the next panels. Merged images demonstrate that POC1 (red) forms a
cylindrical structure at the base of the flagella (green). Bar, 1 �m.

Molecular Architecture of the Centriole Proteome

Vol. 20, February 15, 2009 1155



Figure 4. POC1 localizes to newly duplicating centrioles in both Chlamydomonas and in human cells. (A) Chlamydomonas POC1 (red) localizes to both
mature basal bodies and proBBs, indicated by the appearance of four dots at the base of the flagella (green) as shown in the higher magnification images.
Bar, 1 �m. (B) Immuno-EM of Chlamydomonas basal body sections. Cells were labeled with anti-POC1 antibody and gold-conjugated secondary antibodies.
Localization of POC1 to probasal bodies is highlighted with arrowheads. B1–3 are serial sections as are B4 and B5. Bar, 250 nm. (C) Immunofluorescence
of stably expressing human POC1-GFP (green). HeLa cells with centrosomes stained with Cetn2 (red). Merged images show two mature centrioles (top)
and two mature centrioles along with their newly duplicating daughter centrioles from their proximal ends (bottom). Overlay images demonstrate
proximal and distal ends of the mature centrioles along with newly duplicating daughter centrioles. Bar, 1 �m. (D) Fluorescence intensity quantification
of boxed images in C. Large peak represents mature basal body; smaller peak represents newly duplicating daughter centriole. Note the smaller peak in
the Cetn2 graph is shifted farther (more distal) from the mature centriole than the smaller peak in the POC1 graph.
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tion, POC1 seems to stain the entire basal body from which
acetylated tubulin-positive cilia extend (Figure 3C).

We also observed a faint punctate staining along the
length of the flagella. Interestingly, the flagellar staining was
dramatically increased in flagella that had become detached
from the cell body (data not shown). Similar epitope behav-
ior was reported with antibodies to the axonemal microtu-
bule-associated protein BUG21/PACRG (Ikeda et al., 2007),
suggesting that the POC1 epitope may be inaccessible in
attached flagella.

POC1 Localizes to Newly Duplicating Centrioles
We are particularly interested in investigating proteins in-
volved in the early steps of centriole assembly because these
may give clues to the unexplained process of centriole du-
plication. We used both the Chlamydomonas POC1 antibody
and human POC1-GFP constructs to ask whether POC1
localizes to newly duplicating daughter centrioles in addi-
tion to fully developed mother centrioles. In Chlamydomonas,
careful examination demonstrated that POC1 localizes to
four distally located spots in wild-type cells (Figure 4A).
This is reminiscent of both Bld10p and Vfl1p localizations,
both of which show two to four dots at the base of the
flagella in positions that resemble the basal bodies and pro-
basal bodies (proBBs) (Silflow et al., 2001; Matsuura et al.,
2004). To confirm the POC1 proBB localization in Chlamydo-
monas, we performed immuno-EM on isolated nucleoflagel-
lar apparatuses (NFAps), which are cytoskeletal complexes
containing the basal bodies, proBBs, axonemes, rootlet mi-
crotubules, and other fibrous structures tightly associated
with the basal bodies (Wright et al., 1985). Gold particles
conjugated to the secondary antibody were found associated
not only with mature mother centrioles (Figure 4, B1–B3) but
also with proBBs (Figure 4, B3, B5, and B6). POC1 is there-
fore a novel proBB protein in Chlamydomonas and part of a
very small group of proteins that are known to be present in
daughter proBBs and are likely essential for proper centriole
assembly.

Because Chlamydomonas POC1 localizes to both mother
and daughter centrioles, we wanted to further investigate
human POC1 localization. We looked at both POC1A-GFP
and POC1B-GFP constructs that had been transiently and
stably transfected into HeLa and U2OS cells. Costaining
with the early centriole marker, centrin 2 (Cetn2) revealed
POC1 localization to both mother centrioles and newly
forming daughter centrioles (Figure 4C). Centrin is known
to localize to the distal lumen of mature centrioles (Azimza-
deh and Bornens, 2007), in contrast POC1 localizes along the
entire length of the microtubule-based centriole structure,
consistent with the localization in Chlamydomonas. To further
clarify POC1 position within the centriole, we examined
centrioles during S phase before procentriole elongation.
These images indicate that POC1 localizes to the whole
centriole, whereas centrin occupies only the distal ends in
both mature centrioles and in procentrioles (Figure 4C).
Relative intensity plots were constructed to demonstrate
that POC1 and centrin are slightly shifted from one another
and to show that the mature mother centriole has higher
fluorescence intensity then the daughter procentriole (Figure
4D). POC1 is therefore a component of both mother and
daughter centrioles in both Chlamydomonas and in human
cells.

POC1 Recruitment in Centriole Mutants with
Ultrastructural Defects
To investigate when POC1 becomes recruited to centrioles
during the assembly process, we took advantage of previ-

ously described Chlamydomonas centriole mutants that block
specific steps in the centriole assembly pathway. Mutations
in �-tubulin (UNI3) and �-tubulin (BLD2) cause basal bodies
to have doublet and singlet microtubules, respectively, un-
like the wild-type triplet microtubules (Goodenough and
StClair, 1975; O’Toole et al., 2003). Centrioles in bld2 mutants
are also much shorter than wild-type centrioles, suggesting
a defect in centriole length control (Goodenough and
StClair, 1975). Additionally, the bld10 mutant has been re-
ported to completely lack centrioles; however, on very rare
occasions cells have fragments of centrioles, which stain
positively with an acetylated-tubulin antibody (Matsuura et
al., 2004).

We compared POC1 localizations in mutants with dou-
blet, singlet, or fragments of centrioles to its expression in
wild-type Chlamydomonas (Figure 5). POC1 localizes to cen-
trioles composed of only doublet or only singlet microtu-
bules (Figure 5, B and C). The majority of bld10 cells had
diffuse POC1 with no particular localization; however,
whenever cells stained positively for acetylated tubulin, in-
dicating the presence of centriole fragments, POC1 was pre-
cisely colocalized (Figure 5D). Fluorescence intensity quan-
tification showed that wild-type basal bodies have a
significantly higher amount of total POC1 than any of the
three mutants (p � 0.005). This suggests that POC1 is incor-
porated into the core microtubule structure of basal bodies
since it is reduced in mutants with either doublet or singlet
microtubules. The mutant with the shortest centrioles, bld2,
had the least POC1 recruited. This analysis demonstrates
that POC1 can localize to centrioles lacking many of the
structures found in mature centrioles, consistent with the
above-mentioned data indicating early recruitment of POC1
to proBBs and procentrioles.

POC1 Localizes to Sites of Basal Body Fiber Attachment
To get higher resolution information about POC1 localiza-
tion, we used immuno-EM on isolated Chlamydomonas NFap
preparations (Wright et al., 1985). POC1 protein was found
to associate with the entire microtubule-based barrel struc-
ture that constitutes the basal body. Specifically, POC1 lo-
calizes to triplet microtubules (Figure 6, A and B), axonemal
doublet microtubules (Figure 6C), and rootlet microtubules
near the basal bodies (Figure 6, B, D, and E). Tangential
sections confirm localization to the walls of the microtubule-
based barrel (Figure 6, F–H). POC1 is absent from the cent-
riole lumen, the transition zone, and the central pair micro-
tubules in the axoneme (Figure 6, A, C, and G). Serial
sections allowed us to examine where POC1 is found in
detail throughout a centriole both in cross section and in
tangentially cut sections. Serial sections indicate that POC1
is highly enriched in regions in which fibers attach to the
basal bodies. In particular, POC1 localizes to both proximal
and distal connecting fibers at the regions of attachment
(Figure 6I). In fact, there is POC1 enrichment at the site of
attachment of all fibers that are interacting with the basal
body (Figure 6I). The basal body localization of POC1 to
fiber attachment points demonstrates that the protein local-
izes in a highly asymmetric pattern on mature basal bodies.
POC1 does not specifically localize to the cartwheel as was
reported for Tetrahymena POC1 protein (Kilburn et al., 2007).
This is seen for example in I2 of Figure 6 shown by gold
particles located distal to the cartwheel, which is at the very
base of the basal bodies (Ringo, 1967). In fact, POC1 localizes
to both inner and outer walls of centrioles and is present on
the entire length of the centriole but is completely absent
from the centriole lumen (quantification of gold particle
distribution given in Supplemental Figure S4). The pattern
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of POC1 localization implies that POC1 may be involved in
establishing, maintaining, or stabilizing specialized micro-
tubular structures. We suggest that POC1 is necessary for
either formation or maintenance of doublet and triplet mi-
crotubules and is involved at the attachment site of fibers to
the microtubule-based basal body structure.

POC1 Localizes to Axonemal Doublet Microtubules
The localization of POC1 to microtubule triplets, which
structurally resemble the axonemal microtubule doublets,
led us to reexamine the localization of POC1 within the
axoneme. We conducted a flagellar splay assay, which uses
the ability of flagella to rip themselves apart (Johnson, 1998)
to investigate whether POC1 localizes only to doublet mi-
crotubules. These experiments reveal that the doublet mi-
crotubules colocalize with POC1, whereas the singlet central
pair microtubules fail to associate with POC1 (Figure 7A).
This result, together with the complete lack of POC1 asso-
ciated with cytoplasmic microtubules indicates that POC1 is
not simply a general microtubule binding protein.

The punctate staining of POC1 in Chlamydomonas flagella
resembles the staining pattern of many IFT proteins (Cole et
al., 1998; Rosenbaum and Witman, 2002; Scholey, 2003). IFT
proteins also localize in the vicinity of the basal body (Deane
et al., 2001). Those similarities in localization raised the pos-
sibility that POC1 might be associated with IFT. To test
whether POC1 is a structural component of the axoneme or
a transitory IFT protein, we used a temperature-sensitive
mutation in the axonemal-specific kinesin II motor subunit
FLA10. This fla10 mutant is wild-type at 21°C but loses IFT
protein in the axoneme and starts absorbing its flagella
within 40 min at 34°C (Kozminski et al., 1995). We stained
this temperature-sensitive mutant at 21°C and after 45 min
at 34°C when all IFT proteins should be absent from flagella.
Our results indicate that POC1 is in the flagella in both cases,
unlike the IFT 172.1 protein, which disappears at 34°C,
demonstrating that POC1 is a component of the axoneme
rather than an IFT-associated protein (Figure 7B).

RNAi of POC1 Reduces Centriole Duplication
We took advantage of the fact that human U2OS cells over-
duplicate centrioles when S phase arrested, to examine the
effect of POC1 depletion on centriole duplication (Habe-
danck et al., 2005). We were successfully able to knock down
POC1 in a U2OS line stably expressing POC1-GFP, indicated
by both fluorescence intensity quantification of GFP (data
not shown) and by Western blot (Figure 8A). In untreated
U2OS cells, S phase arrest caused cells to accumulate be-
tween two and 12 centrioles per cell (Figure 8B) so that a
substantial fraction of cells have more than four centrioles,
the maximum number seen in normal dividing cells. In
contrast, the percentage of cells with more than four centri-
oles was significantly decreased (p � 0.05) in POC1 siRNA-

treated cells in comparison with treatment with a negative
control siRNA (Figure 8C). The POC1-depleted cells also
had a significant increase in the percentage of cells that had
only two centrioles. These data demonstrate that POC1 is
necessary for centriole overduplication in U2OS cells and
may suggest that POC1 plays a critical role in centriole
duplication in cells that are not S phase arrested.

Overexpression of POC1 Leads to Elongated Centriole-
like Structures
To gain functional insight into the role of POC1 in centriole
assembly, we overexpressed POC1-Cherry constructs to in-
vestigate the possibility of a dominant-negative effect. Over-
expression of full-length POC1 or the C-terminal POC1 do-
main resulted in no measurable loss of POC1-GFP or centrin
at the centrioles of stably expressing POC1-GFP HeLa or
U2OS cells. Overexpression of POC1-WD40 resulted in a
slight reduction (�30%) of POC1-GFP at the centriole (data
not shown), but we failed to identify any associated pheno-
type with this slight loss of POC1-GFP at centrioles. How-
ever, we noticed that �5–10% of the full-length POC1-over-
expressing cells showed a remarkable increase in centriole
length indicated by both POC1-GFP and by centrin 2 stain-
ing (Figure 9A).

On S phase arrest in POC1–GFP-overexpressing U2OS
cells, we found that a large proportion of cells (�45%) that
had elongated centriole-like structures that were positive for
POC1-GFP but also stained with centrin (Figure 9A). These
elongated centriole-like structures also stain with antibodies
against acetylated tubulin and polyglutamylated tubulin,
both which mark the more stable microtubules that consti-
tute the centriole (Supplemental Figure S6; (Piperno et al.,
1987; Kann et al., 2003). Additionally, �-tubulin, which can
associate specifically with centrioles and is a component of
the pericentriolar material, but its not found within cilia
(Fuller et al., 1995; Dibbayawan et al., 1995), colocalizes with
these POC1–GFP-positive elongated centriole-like struc-
tures. The distal appendage marker ODF2 (Ishikawa et al.,
2005) fails to colocalize along the length of these elongated
structures and rather localizes to only the mother centriole
(Supplemental Figure S6). The average length of these elon-
gated centriole-like structures was �1 �m and in some
instances extended several micrometers in length (Figure
9B). These structures are very similar to the phenotype seen
by depletion of either Cep97 or CP110 (Spektor et al., 2007),
although those authors interpreted the structures as primary
cilia. Due to the presence in these structures of centrin,
which localizes to centrioles and only in the transition zone
of axonemes (Laoukili et al., 2000), and of �-tubulin, we
argue that these elongated centriole-like structures are not
primary cilia but rather elongated centrioles.

To confirm that the presence of elongated centriole-like
structures was dependent on POC1 levels, we transfected
cells with siRNA targeting either POC1B alone or simulta-
neous knockdown of POC1A and POC1B. Depletion of ei-
ther POC1B or simultaneous depletion of both POC1A and
POC1B caused a significant reduction in percent of cells with
elongated centriole structures (�10%) in comparison with
negative control siRNA (�45%; p � 0.05) (Figure 9B). Ad-
ditionally the average length of centrin-staining structures
within cells was reduced from �1 �m to �0.2 �m in both
POC1 siRNA treatments (Figure 9B). Wild-type centriole
length, measured by both POC1-GFP and centrin fluores-
cence, is �0.2 �m, which is similar to the POC1-depleted
cells (data not shown). These data together suggest that
overexpression of POC1 leads to an elongation of centrioles.
This phenotype seems to be dependent specifically on POC1

Figure 5 (cont). POC1 localization in Chlamydomonas basal body
mutants. (A) Wild-type Chlamydomonas cells stained with POC1
(red) and acetylated tubulin (green). Note staining at the base of the
flagella (green). (B) uni3 cells stained with POC1 (red) and acety-
lated-tubulin (green), demonstrating that POC1 stains doublet mi-
crotubules. (C) bld2 cells stained with POC1 (red) and acetylated-
tubulin (green), indicating that POC1 stains singlet microtubules.
(D) bld10 cells stained with POC1 (red) and acetylated tubulin
(green) showing that POC1 always colocalizes with acetylated tu-
bulin positive centrioles. Merged images were stained with a nu-
clear stain (blue, DAPI). (E) Histogram of POC1 staining intensity
indicating reduced POC1 recruitment levels in mutant basal bodies.
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because reduced expression of POC1 restores centrioles to
their normal length. We therefore suggest that POC1 is
involved in both centriole duplication and in centriole
length control.

DISCUSSION

Human Disease Proteins Are Highly Represented in the
Centriole Proteome
Here, we document an expansion of the Chlamydomonas
centriole proteome based on version three of the Chlamydo-

monas genome (Merchant et al., 2007). The total expanded
proteome includes 12 potential human disease proteins
(summarized in Table 1), confirming the importance of a
thorough investigation of centrioles. In fact, known human
disease genes encode �17% of the cross-validated Chlamy-
domonas centriole proteins (Supplemental Table 1).

Due to the ubiquitous distribution of cilia in the human
body, mutations in genes encoding for proteins localized in
cilia and basal bodies can result in systemic diseases that
involve a wide range of symptoms, including but not limited
to polydactyly, polycystic kidney disease, and retinal degen-

Figure 6. Immuno-EM of Chlamydomonas
POC1 reveals localization to triplet microtu-
bules and sites of fiber attachment. (A1–A4)
Immuno-EM of basal body serial sections
showing POC1 localization throughout the
length of the triplet microtubules. (B1–B3) Se-
rial sections showing POC1 localization to
triplet microtubules and rootlet microtubules
(root mt’s). (C) POC1 localizes to doublet mi-
crotubules of axonemes but is absent from
central pair microtubules. (D and E) POC1
localizes to rootlet microtubules that are
nearby and/or attached to centrioles. (F–H)
Sections demonstrating that POC1 localizes to
proBBs and occasionally at the cartwheel
(cartwheel indicated by black box). (I1–I5) Se-
rial sections through a longitudinally sec-
tioned basal body. POC1 localizes to sites of
rootlet microtubule attachment and sites
where proximal and distal connecting fibers
attach to the basal body (root mt’s, rootlet
microtubules; pcf proximal connecting fiber,
arrow shows a high density of POC1 at rootlet
microtubule connection and at proximal con-
necting fiber). All sections were labeled with
anti-POC1 antibody and gold-conjugated sec-
ondary antibodies. Bar, 250 nm.
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eration. In particular, two classes of ciliary disease genes are
highly represented among the basal body proteome (Table
1): cystic kidney disease syndromes and cone-rod dystrophy
syndrome genes. Mutations in POC3 (CEP290/NPHP6),
POC10 (NPHP4), POC12 (MKS1), BUG29 (AHI1/Jouberin),
and BUG11 (OFD1) cause a broad spectrum of phenotypes,
with cystic kidney disease being among the most common.
The diseases that are caused by mutations in these genes
(Nephronopththsis, Meckel syndrome, Joubert’s syndrome,
and oral-facial-digital syndrome) are all known ciliopa-
thies (King et al., 1984; Feather et al., 1997; den Hollander
et al., 2006; Ferrante et al., 2006; Kyttala et al., 2006; Parisi et al.,
2006; Valente et al., 2006; Tory et al., 2007; Jauregui et al., 2008),
and we hypothesize that these diseases arise from defects in
centriole structure, function, or both.

In addition to gene products implicated in cystic kidney
disease syndromes, our basal body proteome also includes
products of genes connected with retinal degeneration. Mu-
tations in BUG28 (RPGR1) and POC7 (UNC119) are associ-
ated with cone-rod dystrophy, a name given to a wide range
of eye conditions causing deterioration of the cones and rods
in the retina, which often leads to blindness (Kobayashi et al.,
2000; Gerber et al., 2001; Hameed et al., 2003; Koenekoop,
2005; Adams et al., 2008). All human diseases represented by
the centriole proteome are summarized in Table 1. Due to
the heterogeneity of ciliopathies, many proteins are associ-
ated with more than one human disease.

One possibility is that the disease genes found in the
centriole proteome encode for structurally conserved core
centriole proteins that are necessary for establishing or
maintaining the integrity of the complex triplet microtu-
bules structure. Another possibility is that these proteins are
involved in ciliogenesis-related functions such as IFT dock-
ing. In the future, it will be important to not only examine
the composition of centrioles but also to understand their
precise function in regard to the cell cycle and ciliogenesis.

POC1 Is Involved in Centriole Duplication and Centriole
Length Control
The Vienna Drosophila RNAi Center reports that a line ex-
pressing an RNA interference construct encoding for POC1
is lethal (Dietzl et al., 2007), suggesting POC1 may be essen-

tial. Consistent with this, we have not been able to obtain
sustained knockdown of POC1 in Chlamydomonas or in hu-
man cells by stable expression of RNA interference con-
structs. Thus, to investigate the function of POC1, we turned
to methods such as overexpression and transient siRNA
knockdown in human cells. We have demonstrated that
POC1 is necessary for the formation of newly duplicated
daughter centrioles. Using the standard U2OS centriole-
overduplication system, we found that depletion of POC1
strongly reduces the amount of newly formed daughter
centrioles. This is exciting because there are only a handful
of candidate centriole proteins known to be involved in
centriole duplication (Pelletier et al., 2006; Dobbelaere et al.,
2008). That cells depleted for both POC1A and POC1B show
the absence of centrin-staining procentrioles, together with
the localization of POC1 protein to procentrioles that we
have demonstrated, suggests that POC1 may be involved in
an early stage of centriole assembly.

Overexpression of POC1 in S phase-arrested cells causes a
large increase in the percentage of cells with elongated cen-
triole-like structures. These elongated centrioles are unique
for a number of reasons. First, they stain with centrin and
�-tubulin, which are both specific for centrioles, indicating
they are not simply abnormal cilia or microtubule bundles.
Second, these fibers, despite having an average length of �1
�m can extend over several micrometers, far longer than
normal centrioles can ever become. Third, the elongated
centriole-like structures are caused directly by the overex-
pression of POC1 because subsequent depletion of the pro-
tein almost eliminates these fibers. Mechanisms have been
identified for controlling the size of a number of cellular
structures (Marshall, 2004), but there is currently little infor-
mation about how centriole length may be regulated. Iden-
tification of a protein involved in centriole length control is
significant in that it will provide a starting point to identify
the mechanisms that control centriole size.

Because POC1 is an early recruited protein to the centriole
that is subsequently found along the whole length of the
centriole barrel, it is possible that it is intimately involved in
determining and influencing centriole length. The total
amount of POC1 that becomes incorporated into a centriole
may be directly proportional to the length of centrioles,

Figure 7. Chlamydomonas POC1 associates
with doublet microtubules in the axoneme
and is not a component of the IFT machinery.
(A) Flagellar splay assay demonstrates that
POC1 (red) localizes specifically to the doublet
microtubules (arrowhead) and is absent from
central pair microtubules (arrow). Note basal
body staining at the base of the splayed fla-
gella with both POC1 and acetylated tubulin
antibodies. Bar, 5 �m. (B) POC1 (red) localizes
to flagella in fla10ts Chlamydomonas cells at
both 21 and 34°C, unlike the IFT protein
IFT172.1, which is absent at 34°C.
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Figure 8. POC1 depletion leads to a reduction in centriole overduplication. (A) Western blot of POC1-GFP in RNAi-treated U2OS cell lysate.
Ponceau stain was used as a loading control (data not shown). Quantification of Western blot normalized to 100%, indicated �75 and 60%
knockdown of POC1B-GFP by POC1B siRNA and POC1A/B siRNA, respectively. (B) S phase-arrested U2OS cells have overduplicated centrioles,
but when POC1 is depleted this, overduplication is suppressed (green, POC1B; red, Cetn2). (C) The percent of cells with overduplicated centrioles
is reduced in the presence of POC1 siRNA, whereas the number of cells with wild-type number of two centrioles increases. Bar, 5 �m.
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Figure 9. POC1 overexpression in human cells leads to elongated centriole-like structures, which is abolished when POC1 is knocked down
by POC1 siRNA. (A) POC1B–GFP-expressing U2OS cells grown and treated with 3.2 �g/ml aphidicolin show a large percentage of cells with
elongated centriole-like structures, which are POC1B-GFP positive and stain with Cetn2 (red). This overexpression phenotype is abolished
in the presence of POC1 siRNA. (B) The percentage of cells with elongated centriole-like structures is dramatically reduced in the presence
POC1 siRNA (left). The length of the elongated centriole-like structures was quantified and is also dramatically reduced in the presence of
POC1 siRNA (right).
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which could explain why overexpression of POC1 causes
such a drastic increase in centriole length. Future ultrastruc-
tural analysis of these elongated structures by using electron
microscopy will be required to further define the nature of
the elongation defect.

Relation of POC1 to Ciliary Motility and Centriole
Length or Complexity
It is interesting to note that the POC1 gene is apparently
absent from the C. elegans genome. This is intriguing because
C. elegans centrioles are extremely short and composed of
singlet rather than doublet microtubules (Inglis et al., 2007).
Worms have lost other conserved centriole proteins and
structures, such as centrin and �- and �-tubulin along with
the cartwheel structure, indicating that nematodes are
highly divergent when it comes to both centrioles and cilia
(Pelletier et al., 2006; Azimzadeh and Bornens, 2007). C.
elegans also lacks motile cilia, possibly suggesting that POC1
might be associated with motility. Although is formally
possible that other proteins in C. elegans play the function of
POC1, the simplest interpretation is that the short, reduced
centrioles of nematodes do not require POC1 protein, which
could be consistent with a role for POC1 either in ciliary
motility or in centriole elongation.

Drosophila lack motile cilia in all cell types except sperm.
Moreover, the centrioles in all cells other than sperm are
extremely short. Thus, if POC1 is involved in either centriole
elongation or ciliary motility, we would expect the POC1
gene to be most highly expressed in testis where the sperm
are forming. Indeed, Drosophila POC1 mRNA is highly up-
regulated (�4 times higher expression than in any other
adult tissue) in testes (Chintapalli et al., 2007). In vertebrates,
many cell types form nonmotile primary cilia. We have
shown that POC1 localizes to the basal bodies of human
nonmotile cilia (Supplementary Figure S5), indicating that
POC1 is not strictly limited to basal bodies of motile cilia.

The overall conclusion from these phylogenetic consider-
ations is that POC1 seems to correlate with larger, more
complex centrioles, that are capable of acting as basal bodies
for motile cilia. Basal bodies, which have the appearance of
a symmetrical cylinder, also have an inherent asymmetry
due to the asymmetric attachment of various fibers and
appendages. Proteins such as VFL1 and Centrin are known
to localize on mature basal bodies in an asymmetric manner
and have been hypothesized to confer orientational infor-
mation to the two adjacent mature basal bodies and to the
newly duplicating probasal bodies (Salisbury et al., 1998;
Silflow et al., 2001; Geimer and Melkonian, 2005). The dis-
tribution of POC1 on these fibrous attachment points confers
a rotational asymmetry that may be important for either
setting up basal body orientation that is essential for subse-
quent ciliary beating or for establishing the cytoplasmic
location of probasal body formation, which is also deter-
mined by the inherent asymmetry of the mature basal body.

POC1 thus may play a role in establishing and maintaining
the connections between basal bodies, which has implica-
tions for ciliary beat patterns and planar cell polarity.

CONCLUSIONS

We have shown that POC1 is likely to play a key role in
determining many aspects of centriole biology. The localiza-
tion of POC1 to Chlamydomonas centrioles at sites of fibrous
attachments suggest that it may play a central role in estab-
lishing centriole orientation within the context of a cell
and/or organism. Additionally, POC1 localizes to and
seems to be essential for the emergence of newly formed
daughter centrioles during centriole duplication. POC1,
which localizes along the entire triplet microtubule structure
of mature centrioles is also directly involved in determining
centriole length. Future studies focusing on POC1 interact-
ing proteins and how it becomes incorporated into centrioles
to determine length control will help provide insights into
the complex triplet microtubules structure that epitomizes a
centriole.
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