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The centrosome, an organelle comprising centrioles and as-
sociated pericentriolar material, is the major microtubule or-
ganizing center in animal cells. For the cell to form a bipolar
mitotic spindle and ensure proper chromosome segregation
at the end of each cell cycle, it is paramount that the cell con-
tains two and only two centrosomes. Because the number of
centrosomes in the cell is determined by the number of cen-
trioles, cells have evolved elaborate mechanisms to control
centriole biogenesis and to tightly coordinate this process
with DNA replication. Here we review key proteins involved in
centriole assembly, compare two major modes of centriole
biogenesis, and discuss the mechanisms that ensure strin-
gency of centriole number.

INTRODUCTION

The centrosome (from Latin for “central body”) is a tiny dense
structure that resides near the geometric center of an interphase
cell (Wilson, 1925). Since its first descriptions by Van Beneden
and Boveri in 1876, the centrosome has remained a focus of
attention for cell biologists given it's involvement, whether direct
or indirect, in many vital cellular processes. During mitosis, cen-
trosomes organize the poles of the mitotic spindle and, if the cell
contains more than two centrosomes, the spindle is likely to be
multipolar. This inevitably randomizes distribution of chromosomes
and ultimately leads to aneuploidy, which is a hallmark of malig-
nant tumors. Obviously, the number of centrosomes present in
the cell must be precisely controlled.

Centrosomes are composed of cylindrical structures termed
centrioles, embedded in a cloud of electron-dense pericentriolar
material (PCM). The walls of centrioles are constructed of nine
microtubule blades. In different organisms, these blades con-
tain individual microtubules (e.g., Caenorhabditis elegans),
microtubule doublets (e.g., Drosophila melanogaster), or micro-
tubule triplets (higher animals). The size of the centriole varies
among species, from ~100 x 150-nm in C. elegans to 200 x
500-nm in mammalian cells. However, the cylindrical shape
and nine-fold symmetry are well conserved even among evolu-
tionarily-distant organisms. Centrioles are directly responsible
for the formation of sensory and primary cilia as well as motile
cilia/flagella. For this function, centrioles move to the cell cortex,
where they attach to the plasma membrane and convert into

basal bodies, the structures that initiate assembly of cilia and
flagella. Cilia are indispensible for cell motility, extracellular
signaling, and development. The list of diseases associated
with ciliary dysfunctions continues to lengthen, underscoring the
fact that the centriole is essential in higher eukaryotes (Bisgrove
and Yost, 2006; Marshall, 2008). The PCM surrounding the
centrioles is responsible for nucleation and organization of mi-
totic and interphase microtubules. Thus, centrosomes in addi-
tion to their role in organizing the mitotic poles influence
intracellular trafficking and the architecture of the interphase cell.

Centrosome assembly and organization depend on the cen-
trioles; disruption of the centrioles results in a disassembly of
the entire centrosome (Bobinnec et al., 1998; Kuriyama and
Borisy, 1983). The centriole is therefore the organizer of the
centrosome, and the number of centrioles determines the num-
ber of centrosomes.

This review focuses on the mechanisms that govern centriole
biogenesis and control the number of centrioles in the cell. We
will describe two major modes of centriole formation, review the
key proteins involved in the formation process, and discuss the
results of some recent studies that bring us closer to an under-
standing of the numerical control of the centriole.

Ab ovo-centriole propagation via duplication of
preexisting centrioles

Centriolar cycle

The major mode of centriole formation in somatic cells is dupli-
cation of preexisting centrioles. When a new cell is born during
mitosis, it inherits two centrioles, each surrounded by its own
cloud of PCM (Fig. 1). These two centrioles are of different
ages: one of them was formed during the previous cell cycle
(i.e., a daughter centriole), while the other one originated from
at least two cell cycles ago (i.e., a mother centriole). The
mother and daughter differ in several morphological features.
For example, only mother but not daughter centrioles bear
external appendages attached to its walls (Fig. 1). Functionally,
only the mother centriole maintains a cloud of PCM that is able
to both nucleate microtubules and organize them into the typi-
cal radial array. In contrast, PCM associated with the daughter
centriole can nucleate microtubules; however, these micro-
tubules are then rapidly released from the centrosome. As the
result, the mother centriole during G1 resides at the focus of
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Fig. 1. Organization of the centrosome in a typical animal somatic
cells (during GO/G1 phase of the cell cycle). Two centrioles (mother
and daughter) are embedded into clouds of the pericentriolar mate-
rial (PCM). The walls of centrioles are built of nine microtubule
blades. In higher animals, each blade is formed by a microtubule
triplet. The mother centriole bears two rings of appendages at-
tached to its wall. Subdistal appendages anchor microtubule minus
ends, while distal appendages are needed to attach the centriole to
the plasma membrane during ciliogenesis. The PCM contains a
number of proteinaceous complexes that are responsible for micro-
tubule nucleation and anchoring of microtubule minus ends. Notice
that microtubule-anchoring complexes are only present in the PCM
organized by the mother centriole. Microtubules nucleated in the
PCM of the daughter centrioles are not anchored but released and
rapidly escape the centrosome.

the microtubule array, while the daughter moves extensively in
the cytoplasm (Piel et al., 2001).

As the cell progresses from G1 into S phase, a procentriole,
the structure that will ultimately develop into a new daughter
centriole, assembles in the vicinity of each existing centriole
adjacent to its proximal end (Fig. 2A). Procentrioles and the
mother centriole are orthogonally arranged, with the lumen of
the procentriole facing the wall of the mother (Chretien et al.,
1997; Kuriyama and Borisy, 1981; Vorobjev and Chentsov,
1982). The functional significance of, as well as the molecular
mechanisms responsible for, this stringent orientation remain
unknown.

Ultrastructural analyses of centrioles, especially more recent
studies that used high-pressure freezing for sample fixation,
have revealed details of the early stages in procentriole forma-
tion. In C. elegans, the earliest detectable structure in the proc-
ess is an amorphous central tube ~60 nm in length oriented
orthogonal to the wall of the mother centriole (Pelletier et al.,
2006). The diameter and the length of the central tube subse-
quently increase as microtubules assemble around it (Fig. 2B).
The central tube is a permanent structure that lines the inner
wall of the centrioles, when mature. However, this tube has not
yet been recognized in organisms other than C. elegans. In-
stead, in Paramecium and Chlamydomonas, the first morpho-
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Fig. 2. Centriole propagation via duplication of preexisting centrioles.
(A) At the beginning of the S phase, a procentriole assembles to the
proximal end of the mother centriole. As the cell progresses through S
and G2 phases, procentrioles centrioles elongate. At this time and
through the first half of mitosis procentriole and the mother centriole
maintain orthogonal orientation and the procentriole resides within the
PCM cloud organized by the mother. (B) Schematics of procentriole
formation in C. elegans. The earliest manifestation of centriole dupli-
cation is the formation of an amorphous central tube ~60 nm in length
and orthogonal to the wall of the mother. The diameter and the length
of the central tube increase as nine individual microtubules assemble
around it. The central tube remains permanently embedded into the
forming centriole a permanent structure of the centriole. (C) In higher
animals, daughter centriole assembly begins with the formation of the
‘cartwheel’ [schematics in (D)]. Microtubule blades subsequently
assemble around the cartwheel. In some species the cartwheel can
be detected inside fully matured centrioles, whereas in other organ-
isms the cartwheel is only present during earlier stages of centriole
assembly. (D) The cartwheel comprises nine radial spokes projecting
from a central hub. Radial spokes are attached to the microtubules by
structures called pinheads. Some studies suggest that the cartwheel
serves as the organizer of the centriole symmetry.

logical manifestation of centriole duplication is the appearance
of an amorphous generative disc near to the proximal end of
the mother centriole (Dippell, 1968; Dutcher, 2007). Whether
this disc is functionally analogous to the central tube of C. ele-
gans is not clear.

Another early structure that precedes formation of the typical
procentriole is the cartwheel. The cartwheel is present in Droso-
phila, many protozoa, unicellular algae and in vertebrates. This
structure, while possessing the nine-fold symmetry characteristic
of the centriole, does not contain microtubules. Instead, the cart-
wheel comprises nine radial spokes projecting from a central hub
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(Figs. 2C and 2D). Several studies suggest that the cartwheel
serves as the organizer of the centriole; the positions of the radial
spokes, in particular, appears to determine the number and the
positions of centriolar microtubules (Hiraki et al., 2007; Nakazawa
et al., 2007). However, in Paramecium the cartwheel appears
after the formation of the first microtubule blades around the gen-
erative disc; and thus, after the diameter and the symmetry of the
procentriole would already have been established (Dippell, 1968).
In some species the cartwheel can be detected inside all centri-
oles; however, in other organisms, it disappears from mature
centriole (Alvey, 1985).

As the cell progresses through S and G2 phases, newly-
formed daughter centrioles elongate until they reach the length
of their mothers, usually during mitosis. The elongating daugh-
ter remain oriented orthogonal to the mother centriole and re-
side within the cloud of PCM formed by the mother (Fig. 2).
Thus, at this stage, the mother and daughter centrioles are
engaged in a structurally rigid complex that is commonly re-
ferred to as the ‘diplosome’. Early in mitosis, the distance be-
tween the mother and daughter centrioles within the diplosome
increases (Chretien et al., 1997). Then, approximately at the
onset of anaphase, the mother and daughter centrioles lose
their orthogonal relationship (disengage) and the diplosome
breaks down. From this point onward, each centriole is sur-
rounded by its own cloud of PCM.

Cell-cycle regulators of centriole duplication

The strict synchronization between S phase and the centriole du-
plication process was recognized and described decades ago.
However, the details of the molecular mechanisms responsible for
such synchronization remain obscure. Formation of procen-trioles
coincides with the rise of Cdk2 activity at the beginning of the S
phase, and experiments conducted in Xenopus laevis egg extracts,
as well as in vertebrate cells in culture, revealed that Cdk2/cyclin E
is necessary for centriole duplication (Hinchcliffe and Sluder,
2001a; 2001b). In addition, the Cdk2/cyclin A complex has been
shown to be required for centriole redupli-cation in S phase-
arrested CHO cells (Matsumoto and Maller, 2004; Matsumoto et al.,
1999; Meraldi et al., 1999). Thus, the activity of Cdk2, whether in
complex with cyclin A or cyclin E, appears to be a critical factor in
centriole duplication. Three Cdk2 substrates have been proposed
to be responsible for the regulation of centriole duplication. The first
one, nucleophosmin (NPM/B23), was identified by Okuda and
coworkers (2000). This protein is found only in the centrosomes
that have unreplicated centrioles. Phosphorylation of nucleophos-
min by Cdk2/cyclin E results in nucleophosmin’s removal from the
centrosome, coinciding with initiation of procentriole formation.
Antibodies that block nucleophosmin phosphorylation prevent
centriole duplication (Okuda et al., 2000; Tokuyama et al., 2001). It
is not known whether nucleophosmin can also be phosphorylated
by the Cdk2/cyclin A complex.

Another centrosomal protein phosphorylated by both mitotic
and interphase Cdk/cyclin complexes is CP110 (Chen et al.,
2002). CP110 expression is cell-cycle regulated; the level of the
protein increases at G1/S transition and remains high through
the ensuing mitosis. Depletion of CP110 by siRNA prevented
centriole reduplication in S-arrested U2-OS cells (Chen et al.,
2002; Kleylein-Sohn et al., 2007).

The third Cdk2 substrate at the centrosome is the protein
kinase Mps1, a conserved protein present in organisms from
yeast to vertebrates. Mps1’s activity is essential in the spindle
assembly checkpoint (Stucke et al., 2002). In yeast, Mps1 is
necessary for duplication of the spindle pole body (Winey et al.,
1991). However, its role in centriole formation in higher eu-
karyotes remains controversial. Centrosomal accumulation of

Mps1 is shown to be indispensable for centriole duplication in
mouse and human cells (Fisk et al., 2003; Fisk and Winey,
2001). Further, prevention of orderly degradation of Mps1 dur-
ing S period has been shown to cause centriole reduplication in
human cells (Kasbek et al., 2007). However, work from a differ-
ent group (Stucke et al., 2002) did not confirm the involvement
of Mps1 in centriole duplication.

Although data implicating Cdk2 activity in the regulation of
centriole duplication are abundant, several pieces of evidence
do not fit into the puzzle. Recent studies revealed that Cdk2,
cyclin E1, and cyclin E2 are all dispensable for cell proliferation
and centriole duplication in mice (Berthet et al., 2003; Geng et
al., 2003). These findings imply that centriole duplication is
governed by redundant mechanisms, and that the involvement
of Cdk2, cyclin A, and cyclin E in this process, albeit important,
may not be direct. It is feasible that Cdk2 activity is needed
simply to create cytoplasmic conditions permissive for centriole
duplication.

Centrosomal proteins

The process of centriole assembly follows a highly ordered and
relatively conserved sequence of molecular events. Recent
extensive siRNA screenings, as well as mutational analysis in
C. elegans have identified core centrosomal proteins necessary
for centriole duplication: SPD-2, ZYG-1, SAS-5, SAS-6, and
SAS-4 (Delattre et al., 2006; Leidel et al., 2005; O’Connell et al.,
2001; Pelletier et al., 2006). Functional homologues of these
proteins are present in other organisms, with notable exception
of SAS-5, which has been detected only in C. elegans thus far
(reviewed in Strnad and Gonczy, 2008).

The player essential for initiation of centriole assembly in C.
elegans is the coiled-coil protein SPD-2 (Kemp et al., 2004;
Pelletier et al., 2004). SPD-2 associates with the centrosome
throughout the cell cycle, and its level correlates with cen-
trosome’s microtubule-organizing capacity. Depletion of SPD-2
from the cell by siRNA prevents centriole biogenesis, in C. ele-
gans. The same has been shown for Cep192, the mammalian
homologue of SPD-2 (Zhu et al., 2008). In contrast, DmSpd2,
the Drosophila homologue of SPD-2, does not appear to play
an essential role in centriole duplication, at least in somatic cells
(Dix and Raff, 2007).

SDP-2 is required for centrosomal recruitment of the kinase
ZYG-1. This kinase has functional analogues in humans (Plk4)
and Drosophila (Sak), and in all organisms these proteins are
indispensable for centriole duplication (Bettencourt-Dias et al.,
2005; Kleylein-Sohn et al., 2007; Peel et al., 2007). Activation of
ZYG-1/Plk4/Sak on the centrosome is required for the sequen-
tial recruitment of the three essential coiled-coil proteins, SAS-5,
SAS-6 (hsSAS-6 in humans, Bld12p in C. reinhardti), and
SAS-4 (CPAP/CENP-J in humans, DmSAS-4 in Drosophila).

Recent work has also ascertained two new proteins, CP110
and Cep135, as necessary for centriole formation in human
cells (Kleylein-Sohn et al., 2007). Depletion of CP110 prevents
both centriole formation (Kleylein-Sohn et al., 2007; Spektor et
al., 2007) and centriole-to-basal body conversion (Bettencourt-
Dias and Carvalho-Santos, 2008; Spektor et al., 2007). Finally,
small calcium-binding centriolar proteins, centrins, were initially
shown to be necessary for centriole duplication in human cells
(Salisbury et al., 2002). However, more recent work (Kleylein-
Sohn et al., 2007) co-depletion of two major centrin isoforms,
centrin-2 and centrin-3, was not found not to affect centriole
formation. The reason for the discrepancy is not clear. It is
possible that the residual levels of the centrin proteins after
siRNA depletion still allowed centriole duplication in the latter
study. Further work is needed to resolve the centrin controversy.
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Functions of individual centrosomal proteins during
centriole formation

While the list of proteins involved in the formation of new centri-
oles is well established, significant work remains to be done, to
elucidate the specific roles played by each component.

ZYG-1/Sak/Plk44 localizes to the centrosome near the time of
centriole duplication. Its centrosomal activity is necessary for
initiation of procentriole assembly in all organisms evaluated thus
far (Delattre et al., 2006; O’Connell et al., 2001; Pelletier et al.,
2006). In C. elegans, ZYG-1 localizes to the centrosome before
the formation of the central tube (O’Connell et al., 2001; Pelletier
et al., 2006). In human cells accumulation of Plk4 to the parental
centrioles also occurs prior to initiation of daughter centriole as-
sembly (Kleylein-Sohn et al., 2007). However, the mechanism of
ZYG-1/Sak/Plk4 activation has not been identified, nor have the
protein’s in vivo substrate(s) (see Bettencourt-Dias et al., 2005;
Kleylein-Sohn et al., 2007; O’Connell et al., 2001). The cytoplas-
mic level of Plk4 is relatively low during GO and G1, increases
during S and G2, and peaks during mitosis. Plk4 has a short half-
life of 2-3 h, presumably due to its extensive degradation via the
ubiquitin-proteosome pathway (Winkles and Alberts, 2005). Sak
and Plk4 continue to accumulate at the centrosome through S,
G2 and mitosis, long after the initiation of formation of procentri-
oles (Bettencourt-Dias et al., 2005; Kleylein-Sohn et al., 2007).
This accumulation of Plk4 could reflect some additional unex-
plained function of the protein in the centrosome.

The activity of ZYG1 is followed by the centrosomal recruit-
ment of two coiled-coil proteins, SAS-5 and SAS-6. In C. ele-
gans, both proteins are components of the centriolar central
tube. In human cells, SAS-5 is not present, while SAS-6 accu-
mulates locally in the proximal portion of centrioles, from their
earliest stages until centriole disengagement in late mitosis
(Kleylein-Sohn et al., 2007; Strnad et al., 2007). Mutations in
Bld12p, the C. reinhardtii homologue of SAS-6, result in the
absence of the central hub in the cartwheel, and in the forma-
tion of the basal bodies that are structurally defective (Naka-
zawa et al., 2007). Additionally, in primary spermatocytes of
Drosophila, depletion of DMSAS-6 leads to the formation of
centrioles with missing microtubule blades and reduced diame-
ter (Rodrigues-Martins et al., 2007b).

CEP135 is another essential centriolar protein that has been
localized to the proximal portions of the nascent centrioles
(Kleylein-Sohn et al., 2007). The Chlamydomonas homologue
of CEP135, bld10p, is located at the pinheads of the cartwheel
spokes (Hiraki et al., 2007). Mutations in Bld10p result in the
formation of cartwheels of smaller and with shorter spokes,
formation of centrioles with broken symmetry, and unstable
microtubule triplets (Hiraki et al., 2007); for reviews see (Mar-
shall, 2007; Strnad and Gonczy, 2008). Based on their localiza-
tion to the proximal portions of centrioles, SAS-6/bld12p and
CEP135/bls10p are proposed to participate in establishment of
the nine-fold symmetry of the cartwheel-containing centrioles.

The addition of microtubules to the wall of centrioles depends
on the action of SAS-4 (Pelletier et al., 2006). Nevertheless,
how SAS-4 functions at the molecular level is not yet clear.
Immuno-electron microscopic analysis of centrioles in C. ele-
gans (Kirkham et al., 2003) localized SAS-4 to the centriole wall,
whereas a similar study in human cells (Kleylein-Sohn et al.,
2007) mapped CPAP to the centriolar lumen. While total deple-
tion of SAS-4 or CPAP prevents centriole formation, partial
depletion of SAS-4 in C. elegans revealed a correlation be-
tween centriole size and ability to recruit PCM, and residual
levels of SAS-4. It is not clear whether SAS-4 directly dictates
the size of PCM, or whether the impaired PCM recruitment is a
result of the inability of defective centrioles to properly organize

PCM around them. A recent study (Dammermann et al., 2008)
suggests that stabilization of SAS-4 on newly formed centrioles
in Drosophila depends on y-tubulin-mediated formation of cen-
triole microtubules.

The role of y-tubulin as a key player in centriole formation has
been documented in several studies (Dammermann et al.,
2004; Kleylein-Sohn et al., 2007). Although y-tubulin has been
suggested to play a structural role in the centriole (Fuller et al.,
1995; Moudjou et al., 1996), a more likely scenario is that this
protein is required during centriole assembly because it nucle-
ates centriolar microtubules. This view is indirectly supported by
the demonstration that in Chlamydomonas (O'Toole et al.,
2008; Silflow et al., 1999) and Drosophila (Moritz et al., 2000),
y-tubulin accumulates at the proximal region of the centriole
and basal body where, together with other proteins, it forms a
cap that protects the minus ends of centriolar microtubule
blades from depolymerization. In turn, distal tips of nascent and
mature centrioles also need to be protected to prevent nor-
mally-dynamic microtubule plus ends from both extensive
growth and depolymerization. Immuno-electron microscopy has
revealed that the distal tips of nascent and mature centrioles
are rich in CP110. This protein is recruited to the distal end of
daughter centrioles at the earliest stages of their formation.
Further, depletion of CP110 via siRNA prevents growth of
daughter centrioles. These data suggest that CP110 serves as
the protective cap for the centriole microtubules (Kleylein-Sohn et
al., 2007). It is interesting to note that, although fusion proteins of
GFP and centrin-1 and centrin-2 are widely used to label the
distal ends of the centrioles in live-cell studies, the function of
centrin proteins at the centriole are still unknown.

Mechanisms controlling the number of procentrioles

The accuracy of centriole duplication in somatic cells is remark-
able: only one daughter centriole forms per mother centriole,
and each mother duplicates only once per cell cycle. We are
just beginning to understand the mechanisms that prevent cen-
triole reduplication, and that control the formation of only one
daughter centriole in the vicinity of each radially-symmetrical
mother centriole.

One centriole cycle per cell cycle

In most cell types, centriole reduplication does not occur when
progression through the cycle is blocked so that the cell re-
mains arrested in S phase. Thus, a mechanism exists that pre-
vents formation of additional procentrioles once the first one
has assembled. The nature of this mechanism is beginning to
emerge.

Apparent similarity between the processes of centriole duplica-
tion and DNA replication as well as their strict temporal coordina-
tion suggest that the reduplication of both DNA and centrioles is
prevented by an analogous mechanism. DNA reduplication is
known to be prevented by a temporal separation between the
formation of the pre-replication complexes (“licensing” event) at
the end of mitosis and in early G1, and the firing of replication
origins in S phase (Blow and Dutta, 2005; Hook et al., 2007).
Whether a similar temporal regulation governs centriole duplica-
tion was experimentally tested by Wong and Sterns (2003). They
demonstrated that in hybrid cells obtained by fusion of G1 cells
with S cells or G1 cells with G2 cells, centrioles from the G1 cells
readily duplicate when the hybrid cell enters S phase. In contrast,
already-duplicated centrioles from the G2 cells cannot reduplicate
even though they reside within the same cytoplasm. Thus, the
block to centriole reduplication is intrinsic to already-duplicated
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centrioles that are engaged in the diplosome. These elegant
experiments lead to the formulation of “block-and-license” hy-
pothesis of centriole duplication (Nigg, 2007; Tsou and Stearns,
2006a). In this view, attachment of the daughter centriole to the
mother prevents formation of additional daughters in spite of
permisive cytoplasmic conditions that exist throughout S phase.
Breakdown of the diplosome during mitosis licenses the centri-
oles for a new round of duplication; however initiation of dupli-
cation cannot occur until cytoplasmic conditions become per-
missive again in the ensuing S phase. Direct support for this
model was obtained from laser ablation experiments on S-
phase arrested Hela cells. These cells possess a stringent
block to centriole reduplication (Balczon et al., 1995; Loncarek
et al., 2008). However, if a daughter centriole is removed from the
diplosome by laser micro-irradiation, the mother centriole initiates
a new round of centriole duplication (Loncarek et al., 2008). This
clearly demonstrates that the capacity of the mother centriole to
duplicate is based solely on whether or not it is engaged. Even
artificial removal of the daughter centriole from the diplosome is
sufficient to induce formation of a new daughter, as long as cyto-
plasmic conditions remain permissive.

Molecular mechanisms responsible for centriole disengage-
ment are poorly understood. It has been suggested that natural
centriole disengagement results from the proteolysis of a pro-
teinaceous link between mother and daughter centrioles at the
time of the metaphase-anaphase transition (Tsou and Stearns,
2006b). This cleavage may be mediated by separase, the en-
zyme responsible for sister chromatid separation. Separase
activity is inhibited during S, G2, and the first part of mitosis. At
the metaphase-anaphase transition, separase becomes acti-
vated via by the anaphase-promoting complex/cyclosome
(APC/C). The activated separase cleaves cohesin, the protein
that glues two sister chromatids together; the cleavage then
allows the chromatids to separate. This separase hypothesis,
although attractive, is at odds with the observation that centri-
oles can disengage under conditions when separase should
not be globally active. For instance, centrioles have been seen
to disengage during prolonged mitotic arrest in several systems
(Keryer et al., 1984; Mazia, 1960; Sluder and Begg, 1985).
During ciliogenesis, numerous daughter centrioles disengage
from their mothers within the interphase during which they were
formed and they then move to the cell surface (Dawe et al.,
2007; Dirksen, 1991). In addition, in cell line CHO, where cen-
trioles reduplicate during prolonged S- phase-arrest induced by
hydroxyurea (Balczon et al., 1995; Loncarek et al., 2008), ini-
tially duplicated centrioles disengage before a new duplication
cycle is initiated within the same interphase (Loncarek et al.,
2008). Moreover, in S-phase-arrested cells, individual dip-
losomes disengage asynchronously, indicating that the en-
gagement/disengagement state is intrinsic to the individual
centrosome. A possibility that separase can exert its activity
locally (rather than cell-wide) cannot be ruled out in the exam-
ples listed above; nevertheless we need to account for these
findings. It is also noteworthy that natural disengagement can
be mimicked via physical removal of the daughter centriole
from the diplosome. These data imply that engagement is not
based on specific proteinaceous link between the centrioles.
Instead, the centrosome somehow “senses” the presence of an
immature centriole within the PCM cloud. It is a challenge for
the future, for us to understand how diplosome configuration
translates into the regulatory signal, and which components of
the centrosome play active roles in the process.

While one centriolar cycle per DNA cycle is the general rule
for centriole propagation, there are examples of specialized cell
types in various organisms, where the two cycles are not strictly

coordinated. For instance, several consecutive rounds of DNA
replication can occur in Drosophila endoreduplicating follicle
cells that have their centriolar cycles attenuated, or even their
centrioles lost, despite high Cdk2/cyclin E activity (Mahowald et
al., 1979). Further, in most animal species, unfertilized eggs
lack centrioles, and either one or two centrioles are delivered
into the egg via fertilization by the sperm. There in the egg,
centrioles recruit pericentriolar components abundantly present
in the cytoplasm, and they reconstitute the first centrosome(s)
(Delattre and Gonczy, 2004; Manandhar et al., 2005). As a
consequence of asymmetrical centriole inheritance, centrioles
often have to be duplicated independently of chromosome
duplication, during first mitotic divisions of the zygote, in order to
compensate for the improper centrosome/chromosome ratio
inherited via fertilization (Manandhar et al., 2005). The mech-
anisms controlling the centriolar and nuclear cycles during
these special cell cycle programs are as yet unknown. Repeti-
tive centriolar cycles within the single cell cycle can also be
experimentally induced in embryos and somatic brain cells of
Drosophila, upon overexpression of Sak or SAS-6 (Peel et al.,
2007c; Rodrigues-Martins et al., 2007a). It is not clear how
overexpression of either of these proteins decouple the cen-
triolar cycle from the nuclear cycle. Multiple rounds of centriole
duplication have been also observed in human tumor cells after
expression of the viral E7 oncogene (Duensing and Munger,
2003).

One daughter centriole per mother centriole

Given the perfectly nine-fold symmetry of the centriole, it seems
counterintuitive that only one daughter centrioles forms near the
wall of the mother. One explanation for this symmetry-breaking
mechanism is that centrioles carry an undetected intrinsic
asymmetry, or a site at/or close to the wall of the mother centri-
ole that determines the birth place of the future daughter (Jones
and Winey, 2006; Tsou and Stearns, 2006a). This hypothesis is
compatible with the idea of an intrinsic block to centriole dupli-
cation; as long as the site is occupied, the new daughter centri-
ole cannot form on the same mother centriole. However, the
hypothesis is not consistent with several observations outlined
below.

The one-mother-one-daughter rule does not apply to certain
modes of basal body formation. For example, during cilio-
genesis in tracheal cells, up to 9 daughter centrioles can simul-
taneously form around one mother (Dawe et al., 2007; Dirksen,
1991). An analysis of centrioles in reduplication during S-phase
arrest of CHO cells has also shown that one mother centriole
can form more than one daughter. Further, the number of
daughters forming on the same mother varies in each round of
reduplication (Loncarek et al., 2008). Thus, daughter centrioles
can be formed at more than one specific site near the wall of
the mother.

It is possible that numerical control of procentriole formation
is based on a finely balanced stoichiometry among the centro-
somal proteins. Indeed, formation of multiple daughter centri-
oles on a single mother can be induced by overexpression of
Plk4, in cycling or S-phase-arrested U20S cells (Kleylein-Sohn
et al., 2007). Under these conditions daughter centrioles are
organized in a flower-petal configuration forming a ‘rosette’.
Formation of centriolar rosettes also occurs in HeLa or U2-OS
cells upon overexpression of SAS-6 (Duensing et al., 2007;
Strnad et al., 2007). These observation seem to create a para-
dox because overexpression of either Plk4 (considered to be
regulatory protein) and SAS-6 (a structural protein) forces cells
to similarly loose the numerical control of centriole duplication. It
is noteworthy, that expression level of SAS-6 should not be
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directly affected by overexpre-ssion of Plk4 and vice versa.
Thus, endogenous levels of either of these two proteins are
sufficient to support simultaneous formation of multiple daugh-
ter centrioles. Yet, under normal circumstances one and only
one daughter forms. Interestingly, overexpression the PCM
protein, pericentrin (Young et al., 2000), in S-phase-arrested
CHO cells increases the size of the PCM that surrounds the
mother centriole. This condition also results in the simultaneous
formation of numerous daughter centrioles Loncarek et al.,
2008). Pericentrin is not directly involved in the formation of
daughter centrioles, and depletion of pericentrin does not block
centriole duplication. Thus, formation of multiple daughters in
cells overexpressing pericentrin is likely to be an indirect con-
sequence of the PCM enlargement. If so, the size of the PCM
cloud surrounding the mother centriole would appear to control
the number of centrioles formed within the centrosome (Lon-
carek et al., 2008). Intriguingly, daughter centrioles formed
inside the enlarged PCM cloud are not oriented orthogonal to
their mother centriole, nor is their distance from the mother
centriole constant. Perhaps, then, centriole orientation within
the diplosome is due to PCM constrains instead of direct con-
nections between centrioles (Loncarek et al., 2008).

De novo - centriole assembly in the absence of maternal
organelles

While duplication of mother centrioles represents the most
common pathway for centriole propagation, it is not the only
one. Centrioles can also form in the absence of any preexisting
centrioles. This de novo mode of centriole assembly is widely
utilized in various organisms.

An intriguing feature of organism development in higher ani-
mals is that oocytes in most species lack centrioles. Upon fertili-
zation the sperm introduces paternal centrioles that subsequently
duplicates in the zygote (Manandhar et al., 2005). Alternatively, in
a number of species both maternal and paternal centrioles are
lost. For instance, the mouse zygote initially does not contain
centrioles, and fist embryonic divisions are acentrosomal. Then,
during the blastomere stage of development (16 to 32 cells),
each cell mysteriously assembles centrioles in the proper num-
ber; these centrioles continue to segregate and duplicate by the
canonical pathway thereafter (Széllosy et al., 1972). Almost noth-
ing is known about molecular mechanisms responsible for this
type of centriole de novo assembly. However, it is clear that this
pathway is ubiquitous as centrioles can assemble de novo during
parthenogenesis even in those species where centrioles are
normally contributed by the sperm (Manandhar et al., 2005; Ri-
parbelli and Callaini, 2003; Szollosi and Ozil, 1991). Further,
hundreds of centrioles can form in a differentiated ciliated epithe-
lial cells around amorphous EM-dense granules composed of
various centrosomal proteins (Dawe et al., 2007; Vladar and
Stearns, 2007). These granules eventually fuse into the larger
structures called deuterosomes (Sorokin, 1968).

The de novo centriole assembly can be activated in a cycling
vertebrate somatic cell if all resident centrioles are removed by
microsurgery or ablated by a laser microbeam (Khodjakov et al.,
2002; La Terra et al., 2005; Uetake et al., 2007). Interestingly,
after activation of the de novo pathway in a somatic cell, the
numerical control over centriole formation is lost, resulting in a
variable number of centrioles.

EM analysis of de-novo formed centrioles in somatic cells re-
vealed various intermediate stages, ranging from electron-
dense amorphous clouds associated with sporadic microtubule
blades, to apparently morphologically complete centrioles
(Khodjakov et al., 2002; La Terra et al., 2005). De novo centri-
ole assembly in somatic cells occurs throughout the cytoplasm,

and the forming centrioles do not appear to be associated with
any structures resembling dense granules or deuterosomes.
Whether this reflects a difference in the de novo pathway be-
tween ciliated epithelia and cultured somatic cells, is not yet
clear.

In general, the de novo centriole assembly pathway is far
less well documented than is the centriole duplication pathway,
especially when the de novo one has been induced in somatic
cycling cells. However, the induced de novo pathway is an
excellent model for use in centriole biogenesis studies, since
the events and components important specifically for centriole
formation are not obscured by other centrosomal functions
present during centriole duplication.

How does the cell decide: ab ovo or de novo?

Lack of numerical control during de novo centriole assembly
would have deleterious consequences for the cell, given that
supernumerary centrioles often form multipolar mitotic spindles.
Fortunately, the de novo mode of centriole assembly is sup-
pressed in cycling somatic cells as long as a single mature
centriole is present in the cytoplasm (La Terra et al., 2005;
Uetake et al., 2007). This raises the interesting question of how
an individual cell “decides” which pathway to employ, and how
a cells switches between the two modes of centriole assembly.
As different as they seem, centriole duplication and the de novo
pathway display common molecular requirements. If entry into
S-phase is blocked, the de novo assembly is prevented (La
Terra et al., 2005; Uetake et al., 2007), suggesting that the two
pathways require the same cytoplasmic conditions. The same
proteins that are essential for canonical centriole duplication,
such as Sak/Plk4, SAS-6 or SAS-4/CPAP, are also essential
for de novo centriole assembly, in Drosophila and in mammals
(Bettencourt-Dias et al., 2005; Peel et al., 2007; Rodrigues-
Martins et al., 2007; Vladar and Stearns, 2007). We do not yet
know which component of the centrosome - the centriole itself,
or its surrounding PCM is responsible for the suppression of the
de novo pathway. It is noteworthy that even strong overexpres-
sion of centriolar proteins such as Sak or SAS-6 do not activate
the de novo pathway in centriole-containing somatic cells or
embryos (Peel et al., 2007; Rodrigues-Martins et al., 2007a).
Instead, overabundance of these proteins results in the forma-
tion of multiple daughter centrioles on the same mother or re-
petitive re-duplication of mother centrioles in the same cell cycle
(Duensing et al., 2007; Peel et al., 2007; Rodrigues-Martins et
al., 2007a). At the same time, physical removal of centrioles
from the cell induces de novo assembly of numerous centrioles
in spite the low amounts of Plk4 and SAS-6. Currently we can
only speculate on how the presence of even a single centro-
some within the cytoplasm suffices to prevent activation of the
de novo pathway.

Centrosomes may actively participate in the attenuation of
the de novo pathway by maintaining a well-defined cloud of
PCM, where critical protein-protein interactions or protein acti-
vations needed for initiation of procentriole formation are pro-
moted. In this scenario, an procentriole formation would be
restricted to the vicinity of the existing centrioles. It has been
shown that small aggregates of centrosomal proteins that can
self-assemble the cytoplasm are actively transported towards
and incorporated into the centrosome via dynein-mediated
transport on microtubules (Young et al., 2000). This mechanism
would prevent spontaneous de novo assembly of centrioles as
long as a resident centrosome is present in the cell. In contrast,
removing the centrosome would affect microtubule organization
and allow irregular self-assembled PCM clouds to develop into
centers for centriole formation. However, in lieu of experimental



Jadranka Loncarek & Alexey Khodjakov 141

support this scenario remains a rampant speculation.

Mechanistic similarities between the two modes of centriole
formation render the distinction between them fuzzy and it is
plausible that the two modes are alternative manifestations of
the same process. Is canonical centriole duplication a spatially-
restricted and more stringently controlled version of centriole de
novo assembly? If centriole duplication provides far more pre-
cise control of centriole numbers, then why do so many organ-
isms employ centriole de novo formation, in such critical events
as early embryogenesis? It is fascinating that, whenever centri-
ole de novo formation occurs naturally during development or
differentiation, the process is always fine tuned, and it results in
a precisely correct number of centrioles. In contrast, in all ex-
amples of experimentally induced centriole de novo assembly
numerical control over the centrioles appears to be lost.

Numerous studies conducted during the last century have
brought us to a better understanding of centriole biology. But
much remains to be discovered in the decipherment of this
complex and mysterious organelle.
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