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FOCUS ON CELL CYCLE AND DNA DAMAGE

The centrosome cycle: Centriole biogenesis,
duplication and inherent asymmetries

Erich A. Nigg and Tim Stearns

Centrosomes are microtubule-organizing centres of animal
cells. They influence the morphology of the microtubule
cytoskeleton, function as the base for the primary cilium and
serve as a nexus for important signalling pathways. At the
core of a typical centrosome are two cylindrical microtubule-
based structures termed centrioles, which recruit a matrix of
associated pericentriolar material. Cells begin the cell cycle
with exactly one centrosome, and the duplication of centrioles
is constrained such that it occurs only once per cell cycle and
at a specific site in the cell. As a result of this duplication
mechanism, the two centrioles differ in age and maturity, and
thus have different functions; for example, the older of the
two centrioles can initiate the formation of a ciliary axoneme.
We discuss spatial aspects of the centrosome duplication
cycle, the mechanism of centriole assembly and the possible
consequences of the inherent asymmetry of centrioles and
centrosomes.

Centrosomes and associated components determine the geometry of
microtubule arrays throughout the cell cycle, and thus influence cell
shape, polarity and motility, as well as spindle formation, chromosome
segregation and cell division'. Importantly, centrioles also function as
basal bodies for the formation of cilia and flagella. These in turn play
important roles in locomotion, transport and signalling?. Phylogenetic
studies indicate that centrioles/basal bodies existed in the last common
ancestor of eukaryotes but were lost from specific branches, such as
yeasts and vascular plants’. Their presence correlates strictly with the
occurrence of cilia, indicating that selective pressure was exerted on
basal body functionality. Aberrations in centriole/basal body formation
and function are associated with a plethora of human diseases,
including ciliopathies, brain diseases and cancer. Accordingly, recent
years have seen a surge of interest in the biogenesis and function of
these elaborate intracellular structures, as reflected in the number of
excellent and comprehensive reviews now published’®. Here we focus
on recent advances and a selection of seminal papers that bear on
centriole biogenesis, duplication, function and association with cellular
asymmetries.

Centriole biogenesis and the control of centriole number

In cycling cells, exactly one new centriole forms adjacent to each pre-
existing centriole, reminiscent of the replication of DNA. In contrast,
in differentiating multiciliated epithelial cells, hundreds of centrioles
are formed near-simultaneously adjacent to deuterosomes, amorphous
proteinaceous structures unique to this cell type. Importantly, it is now
recognized that ‘de novo’ formation of centrioles occurs more commonly
than previously thought® and even cycling cells display this ability if
the resident centrioles are experimentally removed'’. Moreover, recent
studies demonstrate that the pathways underlying centriole/basal body
formation in eukaryotes share a common set of key regulatory proteins,
indicating that they represent variations on a common theme®. One
intriguing corollary of this view is that the de novo formation of centrioles
is possible in most if not all cell types, unless it is actively suppressed by
pre-existing centrioles. In this context, it will be interesting to clarify
the role of pericentriolar material (PCM) components associated
with those centrioles in the spatial and numerical control of centriole
assembly 1%,

Although proteomic analyses of human centrosomes have revealed
hundreds of proteins and considerable complexity'*'*, genetic and RNAi
screens in Caenorhabditis elegans identified just five gene products as
strictly required for centriole formation'. These key components have
been conserved during evolution and, although additional proteins
important for centriole formation have been identified in other
species'”'8, the core machinery for centriole biogenesis seems to rely on
a surprisingly small number of proteins’. Prominent among these are
the protein kinase PLK4 (also known as SAK in Drosophila; in C. elegans
ZYG-1 is a functional orthologue of PLK4, but is structurally distinct)
and the coiled-coil protein SAS-6 (ref. 13). Levels of these proteins are
critical for centriole assembly in both invertebrates and vertebrates's-*2.

A priori, the maintenance of constant centriole numbers in proliferating
cells requires two types of controls: first, every centriole must duplicate
once and only once in every cell cycle (cell cycle control) and, second,
exactly one new centriole must form next to every pre-existing centriole
(copy number control). To what extent the two control mechanisms
rely on common molecular components remains to be determined. As
summarized in Fig. 1, centriole duplication begins at the G1 to S transition
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of the cell cycle with the formation of one procentriole adjacent to each
pre-existing parental centriole. This event is under the control of PLK4
and one recent study identifies the F-box protein FBXW5 as one critical
substrate of this kinase”. The same study shows that SAS-6 is a substrate
of the SCF-FBXW5 E3-ubiquitin ligase, leading to an attractive model
according to which phosphorylation of FBXW5 by PLK4 results in the
stabilization of SAS-6, thus triggering centriole duplication®’. However, it
is unclear whether this mechanism is relevant to embryonic cells, which
also initiate centriole duplication only once per cycle, but where the
abundance of centriole components is not limiting. In C. elegans, SAS-6
itself has been identified as a substrate of the putative PLK4 functional
orthologue ZYG-1 (ref. 23), but whether human SAS-6 is a direct substrate
of PLK4 is unknown. How procentriole formation is normally restricted
to exactly one new copy remains to be understood. One critical parameter
is the activity of PLK4 itself, as excess PLK4 triggers the formation of
supernumerary centrioles, whereas its depletion causes a reduction
in centriole number**. Levels of PLK4 are tightly controlled through
SCFP™?/ubiquitin-dependent proteolysis, which in turn depends on
PLK4 autophosphorylation and perhaps the action of other kinases?*°.
In addition, there is evidence that a type 2 phosphatase®"** and the amount
of PCM surrounding the parental centrioles limits the local availability of
essential centriolar components'>*.

At a morphological level, the initial formation of procentrioles
is characterized by the emergence of a cartwheel-shaped structure
with ninefold symmetry® or, in C. elegans, a central tube structure™.
Recent studies identify the conserved coiled-coil protein SAS-6 as
critical for cartwheel formation. First, in Chlamydomonas, SAS-6 was
localized by immuno-electron microscopy to the central part of
the cartwheel (Fig. 2a) and SAS-6 null mutants (bld12 mutants)
lack this central hub®. Likewise, SAS-6 is important for ninefold
symmetry in Drosophila'®*. Second, tubules highly reminiscent of
the cartwheel hub could be assembled in Drosophila spermatocytes
by the co-expression of SAS-6 with its binding partner ANA2 (ref.
37). Additional co-expression with PLK4 resulted not only in centriole
overduplication and enhanced recruitment of SAS-6-ANA2 to the
proximal ends of parental centrioles, but also, surprisingly, to increased
centriole cohesion”. Third, analysis of the SAS-6 structure by X-ray
crystallography revealed that this protein itself displays self-assembly
properties that can readily explain the formation of a central cartwheel
ring with nine emanating spokes®* (Fig. 2b). Taken together, these
studies provide an appealing explanation for the evolutionary
conservation of centriole structure and its ninefold symmetry and
thus represent a major breakthrough in our understanding of centriole
biogenesis. In future, it will be interesting to determine how other key
centriole proteins, notably CEP135 (putative homologue of Bld10p),
and SAS-5, ANA2 and STIL (putative partners of SAS-6), contribute
to the assembly and stabilization of the cartwheel structure.

Once formed, procentrioles elongate throughout S and G2 phase. This
elongation process depends on several proteins, including SAS-4 (also
known as CPAP or CENPJ))*-2, POC5 (ref. 43), OFD1 (ref. 44) and CP110
(refs 41,45). Although SAS-4 promotes centriole elongation through the
deposition of centriolar microtubules, CP110 localizes to the distal ends
of growing centrioles and possibly functions as a cap to limit microtubule
extension. Consistent with this interpretation, CP110, along with binding
partners CEP76 and CEP290, suppresses ciliogenesis®. Interestingly, the
abundance of CP110 is controlled by SCF®i"f/ubiquitin-dependent
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Figure 1 Centriole biogenesis. This schematic representation of the centriole
duplication cycle shows centrioles (green) and PCM (grey), with emphasis
on two distinct linker structures. The G1-G2 tether (GGT; blue) connects
the proximal ends of the two parental centrioles from G1 to late G2; it is
important to ensure microtubule nucleation from a single microtubule
organizing centre. The S-M Linker (SML; red) forms during S phase and
connects the proximal end of the nascent procentriole to the lateral surface
of the mother centriole. The removal of this tight connection in late M phase
(disengagement) is an important element of cell cycle control of centriole
duplication. Both the molecular components of the GGT and SML as well

as the regulation of the formation and dissolution of these structures are
expected to be distinct, although some PCM components are likely to be
important for both GGT and SML. Also depicted are subdistal and distal
appendages (triangles); although readily visible in electron micrographs
during interphase, these appendages are difficult to visualize during M
phase. In quiescent cells, the appendage-bearing centriole associates with
the plasma membrane (PM) and acts as a basal body to form a primary
cilium. Finally, in multi-ciliated epithelial cells, multiple centrioles form
simultaneously from an amorphous structure termed the deuterosome (D).

G1-G2-
tether

proteolysis”, strengthening the evidence that proteolysis makes an
important contribution to centriole biogenesis and homeostasis*>**2>*.
After completion of one-and-a-half cell cycles since its birth, a centriole
reaches full maturity through the acquisition of distal and subdistal
appendages (Figs 1 and 3). Several mammalian appendage proteins
have been characterized and the available evidence indicates that these
structures are important for microtubule anchoring® and, as described
below, ciliogenesis. Mature centrioles also have associated PCM; much
remains to be learned about the assembly and role of individual PCM
components, many of which are large coiled-coil proteins'. Some, like
CEP152 (asterless in Drosophila®->?) and CEP192 (also known as SPD-2 in
C. elegans) are tightly associated with centrioles and implicated in the
recruitment of centriole-duplication factors. Others, like CEP215 (CNN
in Drosophila), function in PCM recruitment and assembly™.
Progression through the centrosome duplication cycle involves
the formation and dissolution of two fundamentally different types
of connections between centrioles (Fig. 1). A first type of linker, here
termed ‘S-M linker’ (SML), forms during S phase and connects each
newly forming procentriole to its adjacent ‘mother’. This linker is tight
and persists until ‘disengagement’ of the mother-daughter centriole
pair late in cell division (Fig. 1). The composition of the SML remains
poorly understood, but recent data from Drosophila suggest that SML
functionality depends on the SAS-6-ANA2 complex™. This notion
is supported by the cell-cycle-dependent association of SAS-6 with
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Figure 2 Identification of SAS-6 as a key element of the centriolar cartwheel.
(a) Immunolocalization of the SAS-6 protein (also known as Bld12p) to

the central hub of the cartwheel in Chlamydomonas reinhardtii imaged by
electron microscopy. Top images show longitudinal sections through wild-
type centrioles; note the immunogold-labelling of the carthwheel by anti-
SAS-6 antibodies (right). Bottom; immunogold-labelling of centriole in
cross-section, showing that SAS-6 localizes to the central part of the

the mother-daughter centriole pair'*'®. In addition to providing an
attachment between centrioles, a key function of the SML relates to the
cell cycle control of centriole duplication. In particular, an attractive
model posits that centriole re-duplication is prevented as long as
procentriole and mother centriole remain connected through the SML
(that is, ‘engaged’) and that dissolution of the SML (‘disengagement’)
constitutes a critical step for the licensing of a subsequent round of
centriole duplication®. Disengagement requires the action of PLK1, a
mitotic kinase distantly related to PLK4 (ref. 56), as well as separase, the
protease responsible for sister chromatid separation at the metaphase-
to-anaphase transition””. As PLK1 and separase are normally activated
only in mitosis, this licensing model offers an appealing explanation for
the coupling of centriole duplication to the traverse of the cell cycle®>*.
It also ensures that disengagement of centriole pairs is coordinated
with chromatid separation; effectively preventing one potential source
of multipolar spindles. Sister chromatid cohesion is maintained by the
cohesin protein complex, which is cleaved by separase at the metaphase-
to-anaphase transition. Remarkably, cleavage of cohesin is also required
for centriole disengagement®, suggesting that cohesin might make up
part of the SML. It is still unclear how the same protein complex could be
involved in maintaining the association of two very different structures
before mitosis, but such a mechanistic linkage highlights the importance

FOCUS ON CELL CYCLE AND DNA DAMAGE

cartwheel (right). Schematic representation (left) shows cartwheel in
red. Scale bars,100 nm. Reproduced with permission from ref. 35. (b).
Structural model of a SAS-6 oligomer (upper panel) and rotary-metal-
shadowing electron micrographs of the same structure (lower right panel;
schematic representation of structure is shown on the left). Both images
emphasize the importance of SAS-6 for conferring ninefold rotational
symmetry to the centriole. (Reproduced with permission from ref. 38).

of faithfully segregating both the genetic material (chromosomes) and
the potential to make a cilium (centrioles) at mitosis.

The second type of connection, here termed the ‘G1-G2 tether’ (GGT)
provides a loose connection between the proximal ends of the two
parental centrioles and thereby helps to focus the microtubule-organizing
activity of the centrosome (Fig. 1). Assembly of the GGT occurs in G1
cells concomitant with (or shortly after) the dissolution of the SML
(disengagement), suggesting that GGT assembly probably depends on
disengagement. Proteins implicated in GGT function include C-Napl
(ref. 60), rootletin®2, as well as CEP68 and CEP215-CDK5RAP2 (ref.
63). Live-cell imaging shows that parental centrioles have coordinated
movements but can transiently separate over distances of micrometres®*,
suggesting that the GGT is best considered as a loose tether. Disassembly
of the GGT occurs in G2, when the two centrosomes (each comprised
of a pair of engaged centrioles) separate in preparation for assembly of
the mitotic spindle. Loss of the GGT is triggered when the activity of
the NIMA-family protein kinase NEK2 exceeds that of a counteracting
type 1y phosphatase®®’, which then results in the phosphorylation of at
least two GGT components, C-Napl and rootletin. Subsequently, the
untethered centrosomes are separated through the kinesin-related motor
Eg5, which is recruited to centrosomes in response to phosphorylation
by multiple kinases®. Although Eg5 is normally sufficient to trigger
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centrosome separation, the NEK2 pathway becomes essential when Eg5
activity is impaired®. This cooperation has obvious implications for the
possible use of corresponding inhibitors as anti-proliferative therapeutics.
Interestingly, NEK2 activity at the centrosome depends not only on
Mst1/2 kinases® but also on PLK1, which contributes to control both the
Mst1/2-NEK2 pathway and Eg5 recruitment”. Mst1/2 are components
of the Hippo pathway, which is best known for its anti-proliferative and
pro-apoptotic function”. It will be interesting to explore the precise
relationship of Hippo pathway components to centrosome biology,
particularly as additional components of this pathway, Ndr kinases, have
been implicated in the control of centriole duplication’.

The spatial organization of centrioles relative to each other thus plays
akey role in the regulation of both centriole duplication and microtubule
organization. As discussed above, the two connecting structures depicted
in Fig. 1 play fundamentally different roles and this is reflected in at
least partly different compositions and different modes of regulation.
Although the SML is important for limiting centriole duplication to
once per cell cycle, the GGT allows the duplicated centrosomes to
function as a single microtubule-organizing centre during interphase,
until GGT disassembly sets the stage for bipolar spindle formation and
chromosome segregation during cell division.

Centrosome cycle and genome stability

Centrosomes and chromosomes are both segregated on the mitotic
spindle and it was noticed long ago that in cancer cells there is a
strong correlation between aberrant centrosome number and aberrant
chromosome number”. It is important to note that centrosomes are not
strictly required for mitosis in many cell types, even though they are
often active participants in the process. As a particularly striking example
of this, it has been possible to generate adult flies lacking centrioles™ and
the main defects in such flies are related to the absence of cilia in specific
neurons and not to any difficulty with adult mitotic divisions (note that
centrosomes were still required for the embryonic divisions in this case).
Rather, it is the presence of extra centrosomes that potentially presents
more serious problems for mitosis” and recent studies have begun to
reveal the mechanisms through which extra centrosomes give rise to
chromosome segregation errors.

Some chromosomally unstable cells proliferate with many centrosomes
and usually undergo a bipolar mitotic division despite the aberrant
centrosome number, with the centrosomes clustered at each pole. More
recently it was shown that when multipolar mitosis does occur as the
result of having extra centrosomes, the resulting cells are usually not
viable”*”” and thus unlikely to contribute to tumour formation. However,
these studies revealed another mechanism by which extra centrosomes
can contribute to genomic instability, showing that even in cells that
undergo bipolar division extra centrosomes increase the chances for
single kinetochores to undergo attachments to microtubules emanating
from opposite poles — so-called merotelic attachments’””. Such
merotelic attachments, unless resolved, constitute an important cause
of aneuploidy. As most multipolar mitoses result in inviable products,
it has been proposed that proteins required for centrosome clustering
might be attractive targets for the selective elimination of tumour cells
with extra centrosomes’”.

Another link between centrosomes and genome stability relates to
the response to DNA damage and incomplete DNA replication. In
Drosophila embryos, centrosomes become inactive for microtubule
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Figure 3 Centriole and centrosome asymmetries. Schematic representation
of centrioles (green), with distal and subdistal appendages (triangles),
G1-G2 tether (blue), S-M linker (red) and pericentriolar material associated
with the base of each centriole. The centrioles are numbered to indicate
their origin and age. The centriole marked ‘1’ (centriole 1) is the older of
the two centrioles in the G1 cell at the upper left. Centriole 2 formed in the
previous cell cycle, as a procentriole adjacent to centriole 1. The centrioles
in this cell are disengaged (no S-M linker), but tethered (G1-G2 tether). In
S phase new procentrioles grow from each of centrioles 1 and 2 and elongate
in G2 phase. These new centrioles (3 and 4) are engaged to their mother
centrioles (1 and 2, respectively), but are otherwise equivalent. Centriole 2
acquires appendage proteins at the G2/M transition and appendages proper
in the subsequent G1. The two centrosomes segregate at mitosis, with one
cell receiving the 1, 3 pair and the other receiving the 2, 4 pair. Although
the centriole pairs are morphologically equivalent, there is a functional
difference, in that the cell receiving the older mother centriole (centriole 1),
is able to form a primary cilium earlier in the cell cycle than the other cell.
The pericentriolar material at the base of each centriole is represented in
different colours to indicate the possibility that proteins associated with the
centrioles might be asymmetrically segregated at mitosis with them.

nucleation in response to entering mitosis with such compromised
DNA® and this might represent an alternative mechanism to the
DNA-damage checkpoint for preventing mitosis under conditions
where segregation of chromosomes would be catastrophic. In cultured
mammalian cells, entry into mitosis with compromised DNA can also
result in centriole disengagement and formation of multipolar spindles®;
as this often results in inviable products, this might also be a similar
fail-safe mechanism. Although several proteins involved in the DNA-
damage response have been reported to localize to centrosomes, it is
still unclear how communication between the centrosome and DNA-
damage sensing occurs. For example, the human checkpoint kinase
Chk1 has been reported to delay mitotic entry through an association
with centrosomes®, but a recent study convincingly demonstrates that
this kinase instead acts from within the nucleus®.

The centrosome cycle and the chromosome cycle can become
uncoupled during prolonged DNA damage/replication checkpoint
arrest in some cell types®. This re-duplication of centrosomes has
been confounding because it is at odds with the apparent requirement
for passage through mitosis to disengage centrioles as a prerequisite
of duplication. Of particular interest in this context is the recent
demonstration that centrosome amplification occurs only during such
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arrest when levels of PLK1 kinase activity are sufficiently high to allow
procentriole maturation and centriole disengagement®*. PLK1 has
recently been shown to also be required to convert new centrioles to
centrosomes as cells progress from mitosis to interphase®’. In the absence
of PLK1 activity, daughter centrioles formed in the previous cycle were
unable to organize pericentriolar material and unable to duplicate. A
recent study proposes that the unmodified daughter centrioles exert
a negative effect on the mother to which they are engaged, preventing
re-duplication in a single cycle, and that this effect is only relieved by
PLK1 activity in mitosis®. Perhaps it is this activity of PLK1, unleashed
prematurely in damage-induced S/G2 arrest, that allows re-duplication.
Subsequent experiments along these lines may help to answer the long-
standing question of why only some transformed cell lines undergo
re-duplication during arrest, and how this relates to genome stability.

Centrioles, cilia and cellular asymmetries

The duplication cycle described above results in several asymmetries
intrinsic to the structure of the centrioles and centrosome. In Fig. 3 the
centrioles are numbered by age to illustrate this point.

One asymmetry that is apparent in this cycle is that the older
centriole in a G1 cell (centriole 1) has centriolar appendages and the
younger (centriole 2) does not. The subdistal appendages are involved
in organizing the interphase microtubule cytoskeleton, whereas the
distal appendages allow the older centriole to function as a basal body,
nucleating a primary cilium®. The distal appendages have a ninefold
symmetry, reflecting the ninefold symmetry of the centriole microtubule
structure® and are defined molecularly by the protein CEP164, which
is required for primary cilium formation®. The distal appendages link
the distal end of the basal body/centriole to the plasma membrane, thus
defining the ciliary compartment. The new mother centriole (centriole
2 in Fig. 3) only acquires appendage proteins at G2/M and defined
appendages in G1 of the next cycle and little is known of how assembly
of these structures is directed to this centriole. One hint is that in cells
depleted of PLK4, and thus unable to grow new centrioles, the new
mother centriole fails to acquire appendage proteins at G2/M, suggesting
that presence of an engaged daughter centriole is a requirement for
recognition for the initiation of appendage assembly”'.

A second asymmetry is that the inherent difference in age of the
centrioles results in one daughter cell receiving the old mother centriole,
formed sometime in the past (Fig. 3; cell in lower left, centriole 1) and the
other receiving the new mother, formed in the previous cell cycle (Fig. 3;
cell in upper right, centriole 2; centrioles 3 and 4 are both new daughters
and are presumed to be equivalent). Is there any functional consequence
to receiving the old mother versus the new mother centriole? Anderson
and Stearns® reported that although both daughter cells are competent
to make a primary cilium after division, the cell receiving the old mother
usually does so first, with this asynchrony persisting for several hours.
Interestingly, this resulted in a differential response to Sonic hedgehog,
a signalling pathway that requires the cilium.

That this inherent centriole age difference can result in phenotypic
differences in the two daughter cells of a division suggests that it
could play a part in asymmetric cell divisions. Drosophila provides
several excellent examples of just such a connection. In asymmetrically
dividing Drosophila larval neuroblasts and male germline stem
cells, only one centriole accumulates PCM during interphase®-*°
and the PCM-accumulating centriole remains close to the stem
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cell niche and segregates into the stem cell”-*. Recent experiments
by Januschke et al.”” showed that, contrary to expectation, it is the
daughter centriole in Drosophila neuroblasts that accumulates PCM
and is segregated to the stem cell. When this pattern of centrosome
function and segregation is disrupted cell-fate determinants are not
accurately segregated’>***. Asymmetric centriole segregation is also
observed in radial glial stem cells in mice. In this case, the older
mother centriole co-segregates with the stem cell”® and depletion of a
centriole appendage protein in developing brain resulted in a failure of
asymmetric cell divisions. It is possible that cilium asynchrony and the
associated signalling phenotypes, as described in vitro®, are responsible
for this in vivo effect of centrosome asymmetry, but it should be noted
that several centrosomal proteins have now been shown to be required
to maintain the radial glial stem cell population and no common
mechanism is yet apparent.

Lastly, there is the potential for asymmetry in the make-up of the
PCM associated with each of the two centrosomes in a dividing cell.
Although some PCM components exchange rapidly with a cytoplasmic
pool, it is possible that others are more stably associated with each of
the mother centrioles, creating an opportunity for asymmetry. There
is evidence for centrosome-based asymmetric segregation of proteins
destined for destruction in mammalian cells® and of specific mRNAs
during early embryonic cleavages in mollusc embryo'®. Given the
large number of currently uncharacterized proteins that continue to be
identified as components of the centrosome, it seems likely some will
be associated with asymmetric distribution of material, or themselves
be so distributed, providing the potential for phenotypic differences.
The unique duplication and segregation cycle of centrioles results in
an inherent asymmetry, such that every cell division is asymmetric at
the level of the centrioles and it will be of great interest to learn more of
how this asymmetry is leveraged by cells as part of developmental and
differentiation mechanisms.
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