1duasnueln Joyny vVd-HIN 1duasnueln Joyny vd-HIN

yduasnuey Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Céll Biol Int. 2010 December ; 34(12): 1239-1245. doi:10.1042/CBI120100612.

Centriole duplication: analogue control in a digital age

Greenfield Sluder™ ! and Alexey KhodjakovT

"Department of Cell Biology, University of Massachusetts Medical School, Worcester, MA 01605,
U.S.A

TWadsworth Center, New York State Department of Health, Albany, NY 12201-0509, U.S.A.

Abstract

In preparation for mitosis, the centrosome doubles once and only once to provide the two poles of
the mitotic spindle. The presence of more than two centrosomes increases the chances that mitosis
will be multipolar, and chromosomes will be distributed unequally. Since the number of mother—
daughter centriole pairs determines the number of centrosomes, it is important that only one
daughter centriole is assembled at, but slightly separated from, the proximal end of each mother
centriole. This numerical and spatial specificity has led to the belief that a ‘template’ on the
mother centriole provides a unique site for procentriole assembly. We review observations that are
leading to the demise of this intuitively attractive idea. In its place, we are left with the notion that
pericentriolar material at the wall of the mother centriole provides a local environment that
promotes the assembly of a macromolecular complex that seeds the daughter centriole. Even
though the system normally behaves in a digital fashion to go from zero to just one daughter
centriole per mother, this behaviour appears to be based in the precise analogue control of multiple
proteins, their activities, and the structure provided by the mother centriole.
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The centrosome and its duplication

The centrosome in mammals serves as the primary MTOC (microtubule-organizing centre)
of the cell, and in that capacity, it has a profound influence on all microtubule-dependent
processes. The interphase centrosome of mammalian somatic cells seen at the ultrastructural
level consists of a pair of centrioles associated with a seemingly amorphous cloud of
electron-dense material known as the PCM (pericentriolar material) (see Brinkley et al.,
1967; Vorobjev et al., 1982; Wheatley, 1982; Bornens et al., 1987; Preble et al., 2000; for
reviews of centrosome ultrastructure, see Figure 1). One centriole (the mother) is a cell
generation older than the other (the daughter), and in many cell types, it organizes the
axoneme of the primary cilium (Wheatley, 1982; Beisson and Wright, 2003; Sluder, 2004).
The PCM consists of a fibrous meshwork that binds a variety of proteins, including the
gamma tubulin ring complexes that nucleate microtubules during interphase and mitosis
(Figures 2a, 2b) (Gould and Borisy, 1977; Zimmerman et al., 1999; Palazzo et al., 2000;
Andersen et al., 2003). In many cell types, the centrioles are in close proximity to each other
during early interphase (for example, see Kuriyama and Borisy, 1981; Rieder and Borisy,
1982), whereas in others, they can be widely separated (Piel et al., 2000). Whether the
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centrioles are close together or separated, both are associated with PCM, though typically,
there is more around the older centriole (Rieder and Borisy, 1982; Piel et al., 2000).

The centrosome must precisely double in preparation for mitosis to provide the two poles of
the mitotic spindle (Figure 3). The events of centrosome duplication described below begin
at about the time of S-phase onset. In G2, the centrosome, as a whole, splits, and the two
sister centrosomes, each with a pair of mother—daughter centrioles, start to separate around
the nucleus. After nuclear envelope breakdown, these sister centrosomes nucleate the astral
arrays that contribute most of the microtubules to the formation of the spindle. Centrosomes,
through these astral microtubules, act in a dominant fashion to determine spindle polarity,
spindle position/orientation in the cell and the plane of cleavage (Khodjakov and Rieder,
2001). Since centrioles attract and localize the PCM that acts as a MTOC, the cycle of
centriole duplication and separation determines the reproduction of the centrosome as a
whole (Sluder and Rieder, 1985;Bobinnec et al., 1998;Sluder, 2004).

All key events of centriole reproduction are tightly linked to progression through the cell
cycle. Centriole duplication is currently thought to start with the disjoining of the mother
and daughter centrioles through the action of PIk1 early in mitosis and separase activity at
the metaphase—anaphase transition (Tsou and Stearns, 2006a, 2006b; Tsou et al., 2009;
Loncarek et al., 2010). This breaking of the association of the two centrioles is said to
‘license’ the centrioles to duplicate in the following interphase. The morphological
duplication of the centrioles is first seen during S-phase, with the appearance of short (~50
nm) daughter centrioles (also called procentrioles) near the proximal ends of both centrioles
inherited from mitosis as in Figure 1 (Robbins et al., 1968; Kuriyama and Borisy, 1981,
Vorobjev and Chentsov, 1982; Wheatley, 1982; Alvey, 1985); the usual sequence is
depicted in Figure 3. This event is initiated by a rise in the activity of Cdk2 in association
with cyclin E and/or cyclin A, which also initiates DNA replication [reviewed by Sluder
(2004)]. The procentrioles elongate during S and G2, reaching mature length in mitosis or
the following G1 (Kuriyama and Borisy, 1981; Lange et al., 2000; Figure 3). Daughter
centrioles (the elongating procentrioles) do not acquire distal and subdistal appendages until
they fully mature in the subsequent cell cycle (Paintrand et al., 1992; Marshall, 2001;
Bornens, 2002). When the centrosome splits in G2, a pair of mother—daughter centrioles is
found in each sister centrosome.

Since the purpose of mitosis is to divide a mother cell into two genetically identical daughter
cells, the cell must ensure that the centrosome inherited from the previous mitosis doubles
once and only once. The presence of more than two centrosomes at the onset of mitosis, a
condition called centrosome amplification, greatly increases the chances that the cell will
assemble a multipolar spindle and distribute the chromosome unequally. Even if such cells
eventually assemble bipolar spindles by bundling multiple centrosomes into two poles, the
fidelity of chromosome segregation is compromised by the incidence of merotelically
attached chromosomes that may segregate to the same spindle poles as their sisters (Heneen,
1970, 1975; Sluder et al., 1997; Ganem et al., 2009, Silkworth et al., 2009). The resulting
genomic instability due to whole chromosome losses or gains can lead to loss of normal
alleles for tumour-suppressor genes and other genetic imbalances that can promote
unregulated growth characteristics and a diminished apoptotic response to cellular damage
[reviewed by Orr-Weaver and Weinberg (1998), Brinkley (2001); Nigg (2002)]. Genomic
instability is thought to be a major driving force in multistep carcinogenesis (Lengauer et al.,
1998; D’Assoro et al., 2002; Goepfert et al., 2002; Pihan et al., 2003).

Two potential abnormalities in the control of centriole duplication cycle will inevitably lead

to centrosome amplification. First, centrioles can ‘overduplicate’ by assembling too many
procentrioles around the mother centriole (Figure 2d) (Kleylein-Sohn et al., 2007;
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Rodrigues-Martins et al., 2007; Duensing et al., 2009). Second, mature centrioles may
‘reduplicate’ by assembling procentrioles one at a time, more than once per cell cycle. This
is observed in some cell lines, such as CHO and U20S, when the cells are experimentally
arrested in S-phase (Balczon et al., 1995; Stucke et al., 2002).

Given the dangers of having too many centrosomes at mitosis, it is of real importance that
only one daughter centriole forms at each mother centriole with high fidelity. Although the
mechanism by which the cell limits the number of daughter centrioles assembled at each
mother centriole is not fully understood, recent studies have started to provide insight into
this important issue. In a landmark study, Wong and Stearns (2003) presented evidence that
there is an intrinsic block to centrosome reduplication in normal human cells. Their key
experiment was one in which they fused a G1 cell with a G2 cell. Consistent with the
findings of Johnson and Rao (1971), they found that the heterophasic heterokaryon
progressed through interphase, and the G1 nucleus underwent DNA synthesis, while the G2
nucleus did not, confirming a nuclear block to DNA reduplication. The significant new
finding of Wong and Stearns (2003) was that the G1 centrosome duplicated, while the G2
centrosome did not, despite passage through the cytoplasmic conditions of S-phase.
Loncarek et al. (2008) elegantly demonstrated this phenomenon in a different way. They
laser ablated just the daughter centriole of one sister centrosome in S-phase-arrested Hela
and CHO cells. A new procentriole was assembled relatively rapidly, but no more were
formed thereafter. Although the conditions of S-phase appear to be constitutively permissive
for procentriole assembly, once the mother centriole has duplicated, it will not do so again.
This result is seemingly compatible with the idea that the procentriole sterically blocks the
site responsible for the assembly of the procentriole on each mother centriole, rendering it
incapable of further duplication until the daughter centriole disengages during the ensuing
mitosis (Tsou and Stearns, 2006; Nigg, 2007).

Traditional views on the seeding of the procentriole

One of the enduring mysteries in the centrosome field has been how centrioles duplicate so
that only one procentriole is assembled at, but slightly separated from, the proximal end of
each mother centriole. This numerical and spatial specificity has, in the past, led workers to
embrace the possibility that a “template’ on the mother centriole provides a unique site for
procentriole assembly. Indeed, the notion of ‘templated duplication’ is still part of the
contemporary lexicon. There are two key facets to the template hypothesis: first, there is
only one unique site on the mother centriole that can seed the assembly of the new
procentriole, and second, only one template is formed per mother centriole in each cell
cycle. There must also be a reduplication block to prevent a new template from being
formed on the daughter centriole in that cell cycle. Together, these characteristics provide
the essential numerical and spatial control over procentriole assembly.

Although the term ‘template’ has often been used, the concept(s) behind this term have
typically not been clearly spelled out. One of the most comprehensive discussions of the
many possible meanings of this term can be found in the thoughtful review of Fulton (1971).
The most literal interpretation of the term implies the existence of a preformed structure that
directly patterns the nine triplet microtubules and perhaps the cartwheel structure at the
proximal end of the procentriole. Such a ‘rubber stamp’ in the parlance of Fulton has
derived support from exacting ultrastructural studies of basal body duplication. In
Paramecium, there is a plaque next to the parent basal body upon which the barrel of triplet
microtubules progressively assembles (Dippell, 1968), and in Chlamydomonas, there is a
looped fibre at the mother basal body containing nine densely staining foci that later
elaborate into triplet microtubules [Gould, 1975; reviewed by Beisson and Wright (2003)].
However, it has never been certain whether these structures are the proposed template on the
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mother basal body or alternatively are the early assembly intermediates of the forming
daughter basal bodies that were seeded by some other mechanism. Also, careful
ultrastructural characterization of gamma-tubulin distribution at centrioles led to the
proposal that the centriole duplication starts with the formation of a single focus of gamma
tubulin on the wall of the mother centriole, which forms a template from which the
microtubules of the procentriole grow (Fuller et al., 1995). Another interesting proposal
holds that fibers, which link the proximal ends mother and daughter centrioles, remain
attached to both at the time of centriole disjoining in mitosis. When centriole duplication
begins in the next cell cycle, these attached fibers form a locus on the proximal end of each
parent centriole that serves as the unique site for the self assembly of the initiating cartwheel
structure of the procentriole (Salisbury, 2008).

Another version of the concept was outlined by Mazia et al. (1960) who postulated that the
centriole contains a self-reproducing seed of molecular dimensions that provides the specific
site for the self-assembly of the procentriole. They propose that this self-reproducing seed (a
‘self-replicating entity’ or SRE in the words of Fulton, 1971) organizes a copy of itself at
each cell cycle to provide the assembly site for the next generation centriole. In effect, there
is a semiautonomous organelle whose duplication is distinct from the visible centriolar
structures. Though nobody has found a morphological, biochemical or genetic correlate for
this SRE; a recent study has provided functional observations consistent with the existence
of such an entity (Collins et al., 2010). These workers report that when microtubule
assembly is blocked (not only cytoplasmic microtubules, but also centriolar triplet
microtubules), over time there is the accumulation of ‘cryptic’ centriole precursors that soon
elaborate into centrioles after the microtubule inhibitor is washed out.

Students of the centriole have also long recognized the possibility that a new centrioles or
basal body simply self-assembles in the vicinity of the mother centriole from subunit pools
without a need for some entity to be transferred from the mother to the daughter structure
[reviewed by Fulton (1971); Rodrigues-Martins et al, 2007]. Left unanswered in this
proposal, however, were the important questions of why the procentriole normally forms
only in close spatial proximity to its parent centriole and more puzzling why only one
daughter centriole is self-assembled. One possible answer is that the mother centriole
provides a special and unique site or singularity that serves as a focus for the assembly of a
macromolecular complex that, in time, seeds the progressive assembly of the familiar barrel
of triplet microtubules and other structures (Rogers et al., 2009; Guichard et al., 2010).
Presumably, this proposed singularity would have to be under tight numerical control to
ensure that only one is present at each mother centriole at each cell cycle.

The appeal of the template or singularity hypothesis is, in part, driven by observations that,
under normal circumstances, procentriole copy number is under tight control despite
abundant and complete cytoplasmic pools of centriolar subunits. For example, early sea
urchin and frog zygotes duplicate centrioles in proper copy number at each cell cycle despite
the fact that they have complete pools of subunits on hand at fertilization to make many
centrioles (Gard et al., 1990; Sluder et al., 1990). Early Drosophila embryos properly
duplicate centrioles in the face of subunit pools sufficient to assemble 2 x 1013 centriole
pairs (Rodrigues-Martins et al, 2007). Even mammalian somatic cells contain enough
centriolar subunits to assemble multiple procentrioles within a single cell cycle. When Plk4
kinase is overexpressed, multiple daughter centrioles assemble around each mother, forming
what looks like a rosette around the centrally located mother centriole (Figure 2d)
(Habedanck et al., 2005; Kleylein-Sohn et al., 2007). A similar phenotype is induced by
overexpression of SAS-6, a central cartwheel protein needed for the initiation of procentriole
assembly (Strnad et al., 2007; Duensing et al., 2009). In this case, there are adequate pools
of all other centriolar subunits present to match the overexpressed SAS-6 in assembling
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multiple procentrioles. Given these observations, having the number of procentriole
assembly sites (templates or singularities) strictly limited has been an attractive way to
explain why only one procentriole is assembled at each mother centriole.

Over the years, the nature and composition of this proposed singularity or SRE has been the
subject of much speculation. The seemingly semiconservative nature of centriole duplication
and separation of mother—daughter pairs to sister centrosomes has obvious parallels to DNA
replication. Naturally, this similarity inspired workers more than 40 years ago to propose
that centrioles could be semiautonomous organelles with their own DNA, much like
mitochondria. DNA replication is a modern paradigm for a templated reproductive process
in which information and copy number are under rigid control. A variant on this theme was
the hypothesis that centrioles, like ribosomes, contain RNA that serves a structural role
during their assembly. These possibilities inspired numerous studies, the vast majority of
which concentrated on trying to demonstrate the existence of centriole-/basal body-specific
DNA or RNA under the assumption that presence implies function. All of this work was
fraught with serious technical problems and ultimately produced inconclusive observations
[reviewed by Fulton (1971); Marshall and Rosenbaum, 2000]. Presently, there is no
compelling evidence for the direct involvement of DNA or RNA in the duplication of
centrioles or basal bodies.

Life is not that simple

A growing number of studies has produced observations that are incompatible with the
template or singularity hypothesis. The first challenge to the need for a template on the
mother centriole antedates even the discovery of centrioles! Starting in the late 1800s, a
number of investigators reported the parthenogenetic activation of echinoderm egg
development [reviewed by Wilson (1925)]. Since centrosome inheritance is strictly paternal
in these forms (Sluder et al., 1989a, 1989b), centrosome assembly was induced de novo by
the parthenogenetic activation regimes. Later ultrastructural analysis of cytasters induced in
sea urchin eggs by parthenogenetic activation confirmed the assembly of centrioles
(Kallenbach and Mazia, 1982). Since then, the de novo assembly of centrioles has been
directly demonstrated for a wide variety of organisms, including human somatic cells
(Figure 2e) (Khodjakov et al., 2002; La Terra et al., 2005; Uetake et al., 2007),
Chlamydomonas (Marshall et al., 2001) and various insect eggs when resident centrioles are
not present (Riparbelli et al., 2005; Riparbelli et al., 2006; Peel et al., 2007; Rodrigues-
Martins et al., 2007). So the presence of a mother centriole and its putative singularity are
clearly not needed for the assembly of new centrioles. Nevertheless, these observations have
not necessarily spelt the death knell for the singularity hypothesis, as some have said,
because the conditions needed for de novo centriole assembly are clearly not normal. De
novo centriole assembly certainly demonstrates that self-assembly of centrioles can be
forced by unusual conditions that bypass the need for the mother centriole. However, it
could be said that under normal circumstances, the system is constrained, so that this special
site on the mother centriole acts in a dominant fashion to determine where and in what
number procentrioles are self-assembled. The role of the mother centriole in facilitating the
assembly of procentrioles is supported by observations that de novo centriole assembly is
relatively slow compared with canonical centriole duplication (Khodjakov et al., 2002; La
Terra et al., 2005; Rodrigues-Martins et al., 2007).

The second challenge comes from observations on cultured cells that overexpression of the
Plk4 kinase, the structural centriolar protein SAS-6, or the expression of the high-risk human
papilloma virus protein E7, leads to the concurrent assembly of several procentrioles around
each mother centriole (Figure 2d) (Kleylein-Sohn et al., 2007; Strnad et al., 2007; Duensing,
et al., 2009). These observations argue against the notion that a mother centriole can bear
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only one singularity or template in any given cell cycle. Importantly, the assembly of
multiple procentrioles, under these conditions, occurs only at the mother centrioles, not
throughout the cytoplasm, indicating that the centrosome plays a role in providing a
favoured location for the formation of multiple sites of procentriole assembly. In addition,
some cultured cell types, such as CHO and U2-OS cells, reduplicate centrioles when they
are arrested in S-phase with hydroxyurea or aphidicolin. Under this condition, procentrioles
mature into daughter centrioles, and after they eventually separate from their mothers, they
give birth to a new generation of procentrioles (Loncarek et al., 2008). Thus, progression
through mitosis is not required for new sites of procentriole assembly to be formed.
Intriguingly, these workers found that the mother centriole sometimes concurrently
assembles two procentrioles in hydroxyurea-arrested CHO cells (Figure 2c). Together, these
observations argue against the notion that only one singularity or template can be formed at
each mother centriole per cell cycle.

The third and the most direct challenge to the existence of centriolar template comes from
selective laser ablation of procentrioles in S-arrested HeLa and CHO cells (Loncarek et al.,
2008). Ablation of the procentriole in a normal diplosome results in the rapid formation of a
new procentriole at the mother centriole. Serial section ultrastructural reconstructions of
cells previously followed in vivo reveal that the new procentriole does not always form at
the exact location of the previous procentriole. This was most evident in the cases where the
laser beam not only ablated the daughter centriole but also took out a bit of the mother
centriole, which should have removed the putative template or singularity. The new
daughter was sometimes seen to form on the opposite side of the mother. A second line of
evidence against the existence of the template came from selective ablation of daughter
centrioles in “triplosomes’ — complexes consisting of a single mother centriole and two
procentrioles (Figure 2c¢). From the standpoint of the template hypothesis, concurrent
formation of multiple procentrioles implies that the mother centriole somehow managed to
acquire additional templates. If so, then removal of both procentrioles in laser ablation
experiments should result in the formation of two new procentrioles. Analogously, ablation
of a single procentriole should release only one presumptive template and thus lead to
formation of a single new procentriole. However, the actual results were different. While
laser ablation of all procentrioles did induce reduplication of the mother centriole, the
number of new procentrioles did not match the number of the original procentrioles (only
one new procentriole formed in most cases). Furthermore, ablation of a single procentriole
never resulted in centriole reduplication as long as there was a preexisting procentriole
attached to the mother. These results suggest that numerical control over new centriole
assembly is executed at the level of the centrosome. Consistent with this notion,
overexpression of pericentrin, a PCM protein, in S-phase-arrested CHO or HeLa cells leads
to the formation of multiple daughter centrioles after the original daughter had been ablated
by the laser beam. The simplest interpretation of this result is that the PCM provides a
microenvironment that promotes procentriole formation and that extra PCM allows more
than one procentriole to assemble at one time. The fact that the extra centrioles assembled at
the mother centriole and not throughout the cytoplasm suggests that something about the
mother contributes to the establishment of local permissive conditions for procentriole
assembly. This raises the interesting, albeit speculative, possibility that normal procentriole
formation is a form of regulated and site-specific de novo assembly. That is, canonical
centriole duplication is de novo assembly that is spatially restricted to occur within the PCM
cloud that surrounds the mother centriole. This notion is supported by the demonstration that
increasing the size of the PCM by substantial overexpression of the PCM component
pericentrin results in simultaneous assembly of multiple procentrioles (Loncarek et al.,
2008). Similarly, more than one procentriole assembles in association with extremely long
centrioles that form upon overexpression of CPAP (centrosomal P4.1-associated protein), a
protein normally located along the centriolar wall (Kohlmaier et al., 2009). Together, these
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findings provide additional evidence that the mother centriole is not restricted to having just
one singularity that can seed a procentriole, but rather multiple procentrioles can assemble
within a cell cycle if there is extra PCM and/or the centriole is longer than normal.

Regulation of analogue conditions produces a digital result

The studies reviewed above signify the demise of the intuitively attractive idea that the
mother centriole has a singularity that provides the spatial and numerical control over
procentriole assembly. In its place, we are left with a messier notion that the pericentriolar
material, perhaps with a contribution from the wall of the mother centriole, provides a local
environment that promotes the assembly of a macromolecular complex containing kinases
and structural proteins that seeds the daughter centriole. Put differently, the mother centriole
provides a platform for the recruitment and/or local activation of a collection of structural
and regulatory molecules that lead to the self-assembly of the procentriole (Rodrigues-
Martins et al., 2007).

This naturally begs the question of how such a permissive microenvironment is precisely
controlled under normal circumstances to yield the formation of only one procentriole at
each mother with high fidelity in the face of non-limiting pools of centriolar subunits. That
is, how can a system, which is capable of making more than one procentriole at the same
time, be limited so that only one procentriole self-assembles? Even though there is a
centrosome intrinsic block to reduplication (Wong and Stearns, 2003; Tsou and Stearns,
2006b), numerical control must be exercised earlier — at the very first step in the assembly of
the generative structure for the procentriole, so that no more than one is made before this
reduplication block takes effect.

We suggest that centriole duplication is controlled by a tightly regulated equilibrium of
regulatory kinases and structural proteins acting in concert with structural constrains. First,
mother centriole length must be limited because multiple daughters are assembled on overly
long centrioles in the presence of normal subunit pools for the pericentriolar material and
procentriole assembly. Second, the amount of pericentriolar material must be limited in the
presence of a centriole of normal length because overexpression of the PCM protein
pericentrin leads to the assembly of extra procentrioles. Also, the activity of PIk4 must be
limited, both in absolute amount and also temporal duration, when all else is normal. Third,
even though the structural molecules involved in the initiation of procentriole formation are
not normally limiting, the expression levels of at least some of them must, nonetheless, be
controlled. Overexpression of DSAS-6 can drive centriole reduplication in Drosophila
embryos and somatic cells and cause unfertilized eggs, which normally do not contain
centrioles, to make supernumerary centrosomes de novo (Peel et al., 2007; Rodrigues-
Martins et al., 2007). Likewise, excess levels of the structural protein CPAP lead to overly
long centrioles that allow the assembly of several procentrioles. The finding that
inappropriate levels of any one of these factors can abrogate the proper numerical control of
procentriole assembly indicates that there is not one single limit but rather a complex
equilibrium. Even though the system normally behaves in a digital fashion to go from zero
daughter centrioles to just one per mother, this behaviour appears to be based in the precise,
but analog, control of multiple proteins, their activities and the structure provided by the
mother centriole. Obviously a fertile ground for future research will be to determine how the
cell controls these analogue conditions to produce a digital result.

Abbreviations

EM electron microscopy
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MTOC microtubule-organizing centre
PCM pericentriolar material
SRE self-replicating entity.
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Figure 1. Centrosome ultrastructure in HeLa cells at times during S-phase arrest

First frame: the mother centriole is cut in cross-section revealing the nine triplet microtubule
barrel of the centriole surrounded by a diffuse cloud of pericentriolar material. The
procentriole (cut in longitudinal section — arrow) typically assembles at right angles to and at
a slight distance from the wall of the mother centriole. In early S-phase, the procentriole is
short. Second and third frames: Later times in S-phase-arrested cells showing elongation of
the daughter centrioles (arrows). Images taken from Figure S1 of Loncarek J, Hergert P,
Magidson V, Khodjakov A. Control of daughter centriole formation by the pericentriolar
material. Nat Cell Biol 2008;10:322—8 with permissions of the authors and Nature Press.

Cell Biol Int. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sluder and Khodjakov

Page 13

3 c d
o

Figure 2. Fluorescence microscopic images of centrosomes in mammalian somatic cells

The green contrast shows the localization of GFP-centrin 1, which is concentrated in the
distal lumen of centrioles and thus serves as a centriole marker. The red contrast is gamma
tubulin located in the pericentriolar material. (a) A single centriole associated with
pericentriolar material during G1. (b) A centrosome in G2 containing a mother centriole
(larger centrin dot) and a daughter centriole. The pair of centrioles is ofter referred to as a
diplosome. (c) Spontaneous occurrence of two daughter centrioles with one mother centriole
(atriplosome). This is seen at low frequency in some cell types such as CHO cells. (d)
Overduplication of a mother centriole when Plk 4 is overexpressed. The mother centriole
(seen weakly as the yellow dot in the middle of the gamma tubulin cloud) is driven to make
more than one procentriole at one time giving a figure that resembles a rosette. (e) Multiple
centrioles assembled de novo in a cell whose resident centrioles were ablated with a laser
microbeam. Note the smaller size of the pericentriolar material and foci of gamma tubulin
without centrioles.
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Figure 3.

Schematic representation of the centriole cycle during the cell cycle in mammalian cells.
Centrosomes are shown as a hollow circle of fine lines enclosing the centrioles, which are
represented by paired parallel lines as if in longitudinal section. Cell at 1 o’clock is a G1
daughter cell that has inherited a single centrosome with two centrioles. In many cell types,
the centrioles remain in close proximity, whereas in others (e.g. HeLa), the original mother
and daughter centrioles can be widely separate. The 2 o’clock cell is in late G1, and the
centrioles have separated slightly and have lost their orthogonal arrangement. Centriole
disorientation was once thought to signal the initiation of centriole duplication, but more
recent work has revealed that the centrioles become disengaged from each other starting in
late mitosis. The cell at 4 o’clock is in early S-phase, and centriole duplication is underway
with the assembly of short procentrioles at the proximal ends of the mother centrioles. The
procentrioles elongate throughout the rest of interphase, reaching their mature length in
mitosis or the following G1. The 6 o’clock cell is in late S or early G2. The procentrioles
have become longer. The 8 o’clock cell is in G2, and the mother—daughter centrioles pairs
have started to separate as the centrosome is resolving itself into two sister centrosomes.
With time, the sister centrosomes continue to separate around the nucleus as the cell cycle
approaches mitosis. At mitosis (10 o’clock), the sister centrosomes organize the two poles of
the spindle. Each centrosome contains a mother centriole and its daughter. The cell at 12
o’clock is in late telophase, as it is completing cleavage. Centriole duplication is said to be
conservative because the procentriole is assembled from subunits in the cytoplasm, not from
components of the mother centriole. Centriole distribution to sister centrosomes is said to be
semiconservative because parental centrioles are distributed to both centrosomes. Diagram
after Wheatley (1982), by permission of Elsevier and the author.
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