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Summary
When CHO cells are arrested in S-phase, they undergo repeated rounds of centrosome duplication
without cell cycle progression. While the increase is slow and asynchronous, the number of
centrosomes in these cells does rise with time. To investigate mechanisms controlling this
duplication, we have arrested CHO cells in S-phase for up to 72 hours, and coordinately inhibited
new centriole formation by treatment with the microtubule poison colcemid. We find that in such
cells, the pre-existing centrosomes remain, and a variable number of foci – containing α/γ-tubulin
and centrin 2 – assemble at the nuclear periphery. When the colcemid is washed out, the nuclear-
associated foci disappear, and cells assemble new centriole-containing centrosomes, which
accumulate the centriole scaffold protein SAS-6, nucleate microtubule asters, and form functional
mitotic spindle poles. The number of centrosomes that assemble following colcemid washout
increases with duration of S-phase arrest, even though the number of nuclear-associated foci or
pre-existing centrosomes does not increase. This suggests that during S-phase, a cryptic generative
event occurs repeatedly, even in the absence of new triplet microtubule assembly. When triplet
microtubule assembly is restored, these cryptic generative events become realized, and multiple
centriole-containing centrosomes assemble.

Introduction
Centrosome duplication in somatic cells is regulated so that the parental centrosome
assembles one and only one daughter centrosome during each division cycle (reviewed in
Hinchcliffe and Sluder, 2001; Delattre and Gönczy, 2004; Bettencourt-Dias and Glover,
2007). Restricting the centrosome duplication cycle to once per cell cycle is crucial; the loss
of this control can lead to abnormal centrosome duplication and tumorigenesis (Sluder and
Nordberg, 2004; Nigg, 2007; Basto et al., 2008). At the core of the centrosome lies a pair of
microtubule-based structures known as centrioles. Normally, daughter centrioles – called
procentrioles – assemble at right angles to each of the pre-existing centrioles (Kuriyama and
Borisy, 1981; Kochanski and Borisy, 1990; Tsou and Stearns, 2006). This semi-conservative
duplication has implied a patterned mode of centrosome reproduction, whereby the parental
centriole generates a template to assemble the procentriole. Such a potential template would
spatially restrict the formation of new centrioles, thereby limiting centrosome duplication to
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once per cell cycle. Several examples of templates have been described, including an
annular ring or a looped fiber containing nine electron-dense foci during basal body
formation (Dipple 1968; Fulton, 1971; Gould, 1975). Also, acentriolar mouse oocytes
contain multivesicular aggregates (MVA), composed in part of 25 nm ring structures which
are thought to provide patterning for centrosome assembly (Calarco, 2000). In mammalian
cultured cells, a tube structure has been described that reproduces during centrosome
duplication (Ou and Rattner, 2000). A central tube that assembles prior to the formation of
the procentrioles has also been identified in C. elegans and Drosophila (Pelletier et al.,
2006; Rodrigues-Martins, et al., 2007). Finally, the formation of basal bodies in
Chlamydomonas is preceded by the assembly of the cartwheel structure (Nakazawa et al.,
2007). In all of these later cases, the forerunner of the centriole requires the recruitment of
the protein SAS-6 to the parental centrosome (Strnad et al., 2007). Recruitment of SAS-6 to
the nascent daughter centriole is also thought to precede the recruitment of centrin-2
(Salisbury et al., 2002), one of the core proteins of the centriole, and one of the earliest to
assemble there (Strnad et al., 2007).

Interestingly, in normal (i.e. non-transformed) animal somatic cells, the centrosome can only
duplicate once per cell cycle – even if the cell cycle becomes arrested or prolonged –
suggesting that centrosome number is controlled by a block to reduplication (Wong and
Stearns, 2003). However, in certain cell types, most notably early embryos and certain
transformed somatic cells (like Chinese Hamster Ovary “CHO” cells), centrosomes can
undergo repeated cycles of duplication without cell cycle progression, if the cell is arrested
in S-phase (Sluder et al., 1990; Gard et al., 1990; Balczon et al., 1995; Hinchcliffe et al.,
1998, 1999; Khodjakov et al., 2002; Kuriyama et al., 2007, Prosser et al., 2009). In these
studies, the number of centrosomes per cell was found to increase, as time spent in S-phase
was prolonged (discussed in Rieder and Sluder, 1996). Thus, the normal inhibition of
centrosome re-duplication/centrosome amplification can become inactivated during S-phase
arrest and the result is an asynchronous increase in centrosome number over time.

Several studies have also shown that centrioles can be experimentally induced to assemble
de novo, i.e. new centriole formation in the absence of a pre-existing centriole (Dirksen,
1961; Palazzo et al., 1992), and that this de novo formation requires the conditions of S-
phase (Marshall et al., 2001; Khodjakov et al., 2002). If centrosomes are experimentally
removed at other times during the cell cycle, de novo centriole formation does not occur
(Hinchcliffe et al., 2001; Khodjakov and Rieder, 2001; Marshall et al., 2001), unless the cell
cycle can progress into S-phase (Le Terra et al., 2005; Uetake et al., 2007). Importantly,
when centrioles in S-phase arrested CHO cells are experimentally destroyed, clouds of
pericentriolar material (PCM) form, and the de novo centrioles form inside these clouds
(Khodjakov et al., 2002). If in these same cells the microtubule network is disassembled
following centrosome ablation, then clouds of PCM will assemble, but de novo centrioles do
not. This suggests that the early stages of centrosome assembly can take place in the absence
of microtubules, but that microtubules are required to complete the process, to build the nine
triplet microtubules of the centrioles, and may play other roles as well (Kuriyama, 1982;
Balczon et al., 1999).

If we presume that centrosome duplication can be initiated in the absence of microtubules,
then washing out microtubule inhibitors should allow these “precursors” or “templates” to
assemble into true centriole-containing centrosomes. If this were carried out in S-phase
arrested CHO cells, then perhaps such templates or precursors would undergo repeated
generation, accumulating throughout the arrest period. This would result in the formation of
multiple centrosomes following washout of the depolymerizing agent. To test these ideas,
we have used CHO cells arrested in S-phase with hydroxyurea (HU), and also treated with
colcemid to depolymerize the microtubule network. We find that, as expected, colcemid
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treatment prevents the assembly of triplet microtubules, and there is no increase in the
number of centrosomes per cell. However, when the colcemid is washed out, new
centrosomes rapidly assemble, and the increase in the resultant number of new centrosomes
increases with time spent in S-phase arrest.

Results
Centrosome re-duplication during S-phase arrest is prevented by colcemid

To analyze centrosome re-duplication in S-phase arrested CHO cells, immunofluorescence
microscopy was used to count the number of γ-tubulin positive foci (centrosomes) for cells
arrested in S-phase for 24, 48 and 72 hours with three separate DNA synthesis inhibitors:
aphidicolin, hydroxyurea (HU), and thymidine (Supplemental Figure 1). Previous reports
have suggested that extensive clustering of centrosomes is often observed in S-phase
arrested cells, and this makes accurate counting of centrosome number difficult (Balczon et
al., 1995, 1999). However, individual centrosomes within each cluster were easily
discernable with our imaging systems used here. When labeled with anti-γ tubulin these
centrosomes appear torus-shaped, similar to “doughnuts”. The number of γ-tubulin positive
foci (centrosomes) continued to increase with time under all three of the arrest conditions.
At 24 hours, examination of centrosome number under all the three different arrest
conditions revealed that the cells contained primarily one-to-four centrosomes. At 48 hours,
this had shifted to greater than five centrosomes per cell. By 72 hours, the vast majority of
cells arrested under the three conditions contain between five and sixteen centrosomes.
Importantly, multinucleate cells were excluded from the cell counts throughout this study.
These cells, which arise from failed cytokinesis, are expected to have twice the normal
number of centrosomes per cell. Because there is little difference in the effect on repeated
centrosome duplication between the various agents used to arrest the cell cycle in S-phase,
we chose to use HU for all further experiments.

To examine the effects on centrosome duplication of depolymerizing the microtubule
network during prolonged S-phase arrest, S-phase arrested cells were treated with the
alkaloid colcemid (Borisy and Taylor, 1967; Kuriyama, 1982). Briefly, asynchronously
growing cells were first treated with HU for 12 hours in order to arrest the cell cycle in S-
phase. This is a time roughly equal to the duration of the CHO cell cycle (see Durcan et al.,
2008a). After 12 hours in HU, cells were treated with HU plus 0.5 μg/ml colcemid (colc) for
a further 2, 12, 36, or 60 hours – these points corresponding to 14, 24, 48, and 72 hours of
total HU treatment. This concentration of colcemid is sufficient to depolymerize the
microtubule network, and to prevent the polymerization of triplet microtubules and the
formation of procentrioles, which is inhibited by treatment with 0.1 μg/ml (Kuriyama,
1982). Not surprisingly, after 2 hours of colc treatment, the microtubule network was
completely disassembled (Figure 1, A).

When we examined centrosome number in cells treated with HU for 12 hrs, followed by
HU/colc for two hrs, we found that they contained predominantly two or four centrosomes;
each centrosome consisting of a pair of α-tubulin positive centriole foci surrounded by a
cloud of pericentriolar γ-tubulin (Figure 1, A-A′, arrows). In cells treated with HU for 12
hrs, followed by HU/colc for a further 12, 36, or 60 hours (corresponding to 24, 48, and 72
hrs in HU), the cells contained predominantly one-to-four centrosomes – as judged by anti-γ
tubulin staining (Figure 1, B′–D′, arrows). Less than 10% of the cells for each of these time
points contained greater than five centrosomes (Figure 1, E).

Interestingly, at the 24, 48, and 72 hour time points, many HU/colc-treated cells assembled
multiple foci – detected by both anti-α tubulin and anti-γ tubulin antibodies – associated
with the outer surface of the nuclear envelope. These foci appear morphologically distinct
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from the pre-existing centrosomes, being smaller and having less definition (also see Prosser
et al., 2009). Although the number of nuclear-associated foci (NAF) was difficult to
accurately quantify – even by computer-based “masking” or “count object” methods – they
did not appear to increase in number or intensity with the duration in S-phase arrest (not
shown).

Live-cell imaging of CHO cells constitutively expressing GFP-γ tubulin revealed that the
association of these multiple foci with the nuclear envelope was not a consequence of
fixation or antibody labeling (Figure 1, F-F′). Importantly, when CHO cells treated with HU/
colc for 72 hrs were examined by serial section electron microscopy, multiple centrioles
associated with the nuclear envelope were not observed. Instead individual centrioles,
without associated procentrioles were often found (Figure 1G-G′). We did find an example
of a cell with four complete centrioles clustered together, that had an associated procentriole
(Figure 1, H). However, this cell had been arrested for 72 hrs prior to fixation, suggesting
that this procentriole was in the process of forming prior to the addition of colcemid.
Together, these observations suggest that new procentrioles are not forming over the 72 hrs
of HU/colc treatment.

Next, we examined the distribution of centrin-2 in cells treated with HU and colc. Centrin 2
is a core centrosomal component that is involved in the early events of procentriole
formation (Salisbury et al., 2002). When cells from a CHO line constitutively expressing
GFP-centrin 2 (CHO-A8 cells: Durcan et al., 2008a) were arrested in S-phase in the
presence of colcemid, we found that the centrosomes were positive for centrin, as expected
(Figure 2). Interestingly, the centrin-2 observed within the morphologically distinct
centrosomes was not restricted to two discrete foci, as would be expected if it were labeling
the pair of centrioles (see Durcan et al., 2008a). Instead, we observed the centrosomes
containing aggregates of centrin-2 (Figure 2, A–C arrows, also see discussion). We also
found that the nuclear associated foci contained large amounts of centrin-2 (Figure 2, B, C).
This finding is interesting, because it suggests that these NAF could be centrosome
precursors. While they do not contain centrioles, they do accumulate three centrosomal
components: α-tubulin, γ-tubulin, and centrin 2.

To test this, we examined the distribution of SAS-6 in CHO cells under our experimental
conditions. In addition to centrin 2, the protein SAS-6 has also been shown to be involved in
the early events of procentriole formation where it forms a scaffolding structure (Leidel et
al., 2005; Strnad et al., 2007). Antibodies against SAS-6 can mark the position of the
nascent procentriole. Interphase CHO cells labeled with antibodies against SAS-6 displayed
two SAS-6 foci, co-incident with the pair of γ-tubulin labeled centrosomes (Figure 3, A-A″).
This characteristic SAS-6 staining pattern on one side of centrosome (the γ-tubulin
“doughnut”, that represents the cloud of pericentriolar material predominantly surrounding
the mature centriole: Piel et al., 2000) is indicative of the SAS-6 scaffold that forms as part
of the developing procentriole (Figure 3, B-B″). Thus, in CHO cells, the characteristic
SAS-6 staining pattern is indicative of new procentriole formation.

In cells treated with HU alone, there was a steady increase in the number of SAS-6 positive
foci over the 72 hr time course; by 72 hrs the majority of the cells contained five-to-fifteen
SAS-6 foci co-incident with the γ-tubulin containing centrosomes (Figure 3, C-C″ and E).
However, in cells first treated with HU and then treated with HU/colc, the number of SAS-6
foci did not significantly increase over time. Cells treated for 24 hrs with HU/colc mostly
contained two SAS-6 foci, associated with the two pre-existing centrosomes (Figure 3, F and
Supplemental Figure 2, B-B″). Those cells treated with HU/colc for either 48 (Figure 3, F
and Supplemental Figure 2, E-E″), or 72 hrs contained mainly two-to-four SAS-6 foci
(Figure 3, D-D″ and F; also see Supplemental Figure 3, H-H″). Interestingly, the NAF that
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form in the presence of S-phase arrest and colc treatment were not positive for SAS-6
(Figure 3, D-D″; also see Supplemental Figure 2). This strongly suggests that these NAF are
not centrosome precursor structures. Thus, as expected, colcemid treatment prevents the
formation of new centrioles during prolonged S-phase arrest. The appearance of the NAF
occurs 2–12 hrs after the addition of the colcemid. These irregular foci contain several core
centrosomal components: α-tubulin, γ-tubulin, and centrin-2, but do not accumulate SAS-6.

Washing out colcemid from S-phase arrested cells results in the assembly of multiple
centrosomes

Even though our measurements demonstrated that the number of centrosomes did not
increase with time during treatment with HU/colc, we were interested in determining
whether or not there was a cryptic duplication that occurred. One of the advantages of using
colcemid to disrupt the microtubule network is that it can be rapidly washed-out of cells, and
allow the microtubule network to re-form (Uetake and Sluder 2007, Durcan et al., 2008b).
To examine the effects of washing out colcemid, cells were treated with HU/colc for 72
hours as described above. Then the cells on coverslips were quickly washed and transferred
into medium containing HU alone. At intervals during the washout, the cells were fixed,
labeled with antibodies and analyzed by fluorescence microscopy (Figure 4). As the
colcemid washes out of the cells, the multiple NAF become lost from the nuclear envelope.
By 35 minutes, short microtubules and microtubule asters are observed in the cytoplasm
(Figure 4, C). As the microtubule network reforms, multiple centrosomes are found within
the cells (Figure 4, D–E). Thus, the nuclear associated foci that form during S-phase arrest
are not persistent structures; their assembly is dependent on both S-phase arrest and a loss of
a functional microtubule network.

To determine whether or not cryptic centrosome duplication events occurred during S-phase
arrest in the absence of microtubules, the colcemid was washed out of S-phase cells
following 24, 48, and 72 hours of cell cycle arrest (12 hrs HU, followed by 12, 36, or 60 hrs
of HU/colc). At each time point, cells were washed for 2 hours (in the continued presence of
HU) to allow the microtubule network to re-assemble. Then the number of centrosomes per
cell was determined by immunofluorescence microscopy with anti-γ tubulin (Figure 5).
Importantly, anti-γ tubulin detected multiple centrosomes; the NAF, which were lost from
the cell following colc washout were not part of the γ-tubulin foci counted. The centrosomes
in washout cells appeared morphologically normal, and many could nucleate microtubules
(Figure 5, B″ inset). Unlike the number of centrosomes in cells treated with HU/colc, which
do not increase with time, the final number of centrosomes observed following colcemid
washout does indeed progressively increase (Figure 5, D). The fact that cells that have been
arrested in S-phase for longer periods assemble greater numbers of centrosomes following
colcemid washout strongly suggests that a repeated duplication event has occurred during
their arrest. The numbers of centrosomes observed also suggests that these duplication
events were slow and asynchronous, just as that observed during prolonged S-phase.

To determine if these newly formed centrosomes could also function as spindle poles, cells
treated for 72 hours with HU/colc were then washed out of both drugs and allowed to
progress into mitosis. While many cells that had undergone these extreme treatments
remained arrested, multipolar mitotic figures could be identified in these populations (Figure
5, E–H). We note that time-lapse imaging of cells in HU alone or HU/colc revealed that
cells do not slip through the S-phase arrest and enter mitosis (not shown). Thus, over time,
cells arrested in S-phase without microtubules have the potential to assemble multiple
functional centrosomes, and this can only be revealed when the microtubule network is
restored, allowing new centrioles to form.
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Because SAS-6 is involved in the earliest events of new centriole formation, we examined
the localization of SAS-6 in CHO cells following colcemid washout. Cells were treated with
HU for 12 hrs, followed by HU/colc for 12, 36, or 72 hrs, and then the colc was washed out
for two hours. Washout cells were labeled with antibodies to SAS-6 and γ-tubulin (Figure 6,
also see Supplemental Figure 2). Figure 6A–C shows a cell from the 72 hr washout time
point. Unlike cells in HU/colc, which contain two-to-four SAS-6 foci, this cell contains 12
SAS-6 foci, each co-incident with a γ-tubulin-containing centrosome (Figure 6, C′). When
the number of SAS-6 foci per cell was quantified, we found that there was a steady increase
with time in S-phase arrest (Figure 6, D). At 24 hrs, the majority of cells contained less than
four SAS-6 foci, whereas at 72 hrs, most of the cells contained five-to-sixteen+ foci (see
Supplemental Figure 2). These observations further suggest that multiple, new centrosomes
are rapidly forming following colcemid washout.

To determine the time course for SAS-6 foci formation following colcemid washout, we
treated cells for 72 hrs with HU/colc (following our standard protocol), then washed the colc
out, and fixed cells at 10 minute intervals, starting at 15 minutes post-washout (Figure 7).
Interestingly, we found that multiple SAS-6 foci were visible at the 15-minute time point,
well before the NAF had disassembled (Figure 7A-A″). Again, the NAF were not uniformly
positive for SAS-6. While in some cases the SAS-6 foci clustered around the prominent γ-
tubulin-containing centrosomes, in others, the SAS-6 decorated smaller γ-tubulin foci at the
nuclear periphery (Figure 7, A′). However, even following colcemid washout, SAS-6 was
not associated with the majority of the NAF that are in the process of disassembling.

Finally, we examined the ultrastructure of centrosomes in washout cells by transmission
electron microscopy. Cells were treated with HU/colc for 72 hours, as described, and then
the colcemid was washed out for two hours. Cells were then fixed, stained, and processed
for TEM. Figure 8 shows examples of these cells. By IFM, the cells have re-assembled the
microtubule network, the multiple NAF have disappeared, and multiple centrosomes have
formed. In the TEM images, there are multiple centrioles per cell; often these are associated
with the nuclear envelope (Figure 8, C). In several of the cells examined, there were other
interesting structures, in addition to true centrioles. These included immature centrioles and
dark-staining foci with a single triplet-microtubule attached (Figure 8, B, large arrows).
These dark, electron dense foci appear different from the smaller virus-like particles
previously observed in the PCM of CHO cells (Wheatley, 1974;Gould and Borisy,
1977;Khodjakov et al., 2002). The presence of these partial centrioles/centrosomes suggests
that these cells have attempted to assemble true centrioles-containing centrosomes, and that
this process was incomplete at the time of fixation.

Discussion
Here we have addressed the question of whether or not certain key events in the centrosome
duplication cycle can be un-coupled from procentriole assembly and elongation. To answer
this question, we have used a system, in which S-phase arrested CHO cells assemble
multiple centrosomes over time, going from 1–2 centrosomes to over 16 centrosomes in a
72-hour period. During this period, we inhibited microtubule polymerization by the addition
of colcemid, which disassembles the interphase microtubule network, as well as inhibiting
new procentriole formation. We observed an increase in centrosome number after 72 hrs, but
the resultant centrosomes are revealed only when the colcemid is washed out, and new
centrioles are allowed to form. Importantly, the number of centrosomes/per increased with
the duration of time in S-phase/colcemid, suggesting that a cryptic generative event
continues to occur over time. When the colcemid is washed out and microtubules reform,
this latent component serves to dictate the assembly of new centriole-containing
centrosomes. A key finding is that these new centrosomes recruit SAS-6 only after colcemid
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washout; the number of SAS-6 foci does not change significantly throughout the 72 hrs of
HU/colc treatment nor do the NAF accumulate SAS-6 during the prolonged S-phase arrest.
In fact, the number of SAS-6 increases very quickly after removal of the colcemid (within
15 min), at times well before the NAF have disappeared, and well before the γ-tubulin foci
resemble the morphologically distinct centrosomes (see Figure 7). SAS-6 has been shown to
play a central role in procentriole formation in a wide variety of cell types (Nakazawa et al.,
2007 Strnad et al., 2007;Peel et al., 2007). This suggests that the cryptic structures can
rapidly assemble into the precursors of centrioles. It is interesting to note that these newly
assembled SAS-6 foci are not always in close apposition to the pre-existing centrosomes.
While some of the SAS-6 foci are observed around the pre-existing centrosomes, others are
located on the nuclear periphery (see Figure 7, A′–C′).

Although the nature and origin of this cryptic generative event remains to be identified, our
experiments have suggested several possibilities. One is that the cryptic structures are being
generated from the pre-existing centrioles/centrosomes, and then released out into the cell.
Such a scenario could account for the multiple SAS-6 foci found at the centrosomes and also
along the nuclear periphery. Such a model is also supported by the observation that extra
long centrioles in mammalian cells gives rise to greater than normal number of daughter
centrioles (Kohlmaier et el., 2009). In this model, the existing centrioles would continuously
generate a “seed” or template, which serves to specify and/or initiate the formation of new
centrioles following washout of the microtubule poison. Such seeds or templates have been
suggested previously (Dippel, 1968, reviewed in Marshall and Rosenbaum, 2003). It is from
these structure that the centrioles are thought to assemble (Dirksen, 1991; Loncarek et al.,
2007).

However, the question of whether or not such a seed, template or patterning activity is in
fact a discreet structure remains to be determined. Recent work has shown that over-
expression of Plk4/Sak can induce either the formation of multiple procentrioles forming
from a common mother centriole (Habedank et al., 2005; Duensing et al., 2007), or de novo
formation of centrioles in the absence of a mother (Bettencourt-Diaz et al., 2005; Peel et al.,
2007). It has been argued that Plk4/Sak associated with the mother centriole induces
procentriole formation, and that a sufficient concentration of Plk4/Sak can drive assembly in
the absence of a mother (Rodrigues-Martins et al., 2007). Rather, new centriole assembly is
driven by an accumulation or concentration of Plk4/Sak activity, with or without a pre-
existing centriole (reviewed in Loncarek et al., 2007).

However, if the multiple centrosomes observed here arose simply due to an increase in Plk4/
Sak levels, then why is there a slow but steady increase in numbers, whereas over-
expression of Plk4/Sak leads to a burst of multiple centriole formation? Recent work also
suggests that Plk4/Sak levels dramatically decrease during S-phase, due to ubiquitin-
mediated proteolysis (Duensing et al., 2007; Cunha-Ferreira et al., 2009; Rogers et al.,
2009). In addition, we do not observe multiple procentrioles associated with a single
centriole, as seen in cells where Plk4/Sak levels increase (Habedank et al., 2005;
Bettencourt-Diaz et al., 2005) or the cycle of ubiquitin-mediated proteolysis has been
disrupted, resulting in stabilized Plk4/Sak levels (Duensing et al., 2007; Cunha-Ferreira et
al., 2009; Rogers et al., 2009). Thus, it appears unlikely that we are observing Plk4/Sak
induced centrosome amplification.

Another possibility is that these cryptic structures are arising de novo. This would be
consistent with the model that the cell assembles “precentrioles”, formed from centrin
aggregates (LaTerra et al., 2005). Indeed, we do observe that the organization of the
centrin-2 within the centrosomes is not as two distinct dots, as normally seen in our CHO-
centrin 2-GFP cell line (see Durcan et al., 2008a). However, our observations are different
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from the de novo centrosome assembly seen in S-phase arrested CHO cells (Khodjakov et
al., 2002). In those experiments, multiple centrioles (2–14) were observed to assemble ~24
hours following the laser destruction of the centrosome. In contrast, the number of
centrosomes formed here following washout of the colcemid slowly increases with time
over 72 hours (Figure 5). Thus, we are not simply observing rapid de novo assembly of
multiple centrioles following washout, but rather a gradual increase over time – strongly
suggesting a repeated generative event. It is also worth noting that the presence of the pre-
existing or resident centriole inhibits de novo formation in CHO cells (Khodjakov et al.,
2002), further supporting the idea that de novo duplication is suppressed in our experiments.

The multiple centrosomes we observe could also reflect a slow increase in the total pool of
centrosomal subunits available for assembly, rather than the repeated formation of a
template. However, evidence from laser ablation studies suggests that CHO cells have
sufficient subunits and regulatory molecules to assemble de novo large numbers of
centrosomes (14+ centrioles) within 24 hours of S-phase arrest (Khodjakov et al., 2002;
LaTerra et al., 2005). Therefore, we conclude that the gradual increase in centrosome
number observed following HU/colc washout is not merely due to an increase in the pool of
centrosome subunits or regulatory elements. Rather, our findings strongly suggest that a
series of latent or cryptic generative events has occurred – albeit lacking proper control and
coordination.

In conclusion, our experiments have revealed that a cryptic centrosome generative event
repeatedly takes place during S-phase arrest in the absence of microtubules. These
generative events result in the production of multiple “seeds” that can recruit core
centrosome components and assemble new centrioles, once microtubule polymerization has
been restored.

Materials and methods
Unless otherwise noted all reagents were obtained from Sigma Chemical (St. Louis, MO).

Cell culture
Chinese hamster ovary (CHO-K1) cells were obtained from ATCC (Manassas, VA), and
cultured in Ham’s F-12, with 10% FCS (Gibco, Grand Island, NY) and 1mg/ml penicillin-
streptomycin.

To arrest cells in S-phase, an asynchronous culture of cells were treated with 2 mM
hydroxyurea (HU). Alternatively, cells were treated with either 10 μg/ml aphidicolin (Aph)
or 2 mM thymidine. To disassemble the microtubule network, 0.5 μg/ml colcemid was
added to the cells. To disassemble microtubules during S-phase arrest, asynchronous cells
were first treated with 2 mM hydroxyurea (HU) for 12 hours to arrest the cell cycle, and
then 1.0 μg/ml colcemid was added for a further 12 hours, 36 hours or 60 hours. To wash
out colcemid or HU, cells seeded on coverslips were washed 3x in 37 °C PBS for 30
seconds per wash, then transferred to 10 ml of fresh media for the time specified.

Quantitation of centrosome number was carried out on fixed cells. For each condition and
time point, 400 cells were counted from each of three separate experiments. Results are
presented as the average of the three experiments with error bars representing the standard
deviation.

GFP expressing cells
CHO cells stably expressing γ-tubulin-GFP, and CHO cells expressing GFP-centrin 2 were
generated by transfection with either human-γ-tubulin-GFP (pcDNA3-γTGFP: Gift of
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Alexey Khodjakov, Wadsworth Center, Albany, NY) or human GFP-centrin 2 plasmid
(pJLS 148 in Dh5-α cells, gift of Jeff Salisbury, Mayo Clinic, Rochester, MN) using FuGene
6 (Roche, Indianapolis, IN) and selected with 2 mg/ml G 418 as previously described
(Durcan et al., 2008b). Resistant cells were sub-cloned in 24-well plates, and screened by
fluorescence microscopy. Final colonies were plated as single cells onto a feeder layer of
PtK2 cells, re-screened and frozen in LN2. The CHO-γTGFP cells are listed as clone CHO-
G8, and the CHO-centrin-2GFP cells are listed as clone CHO-A8.

Fluorescence microscopy
Cells on coverslips were fixed in −20 °C methanol, which preserved the centrin-GFP
fluorescence. Fixed cells were labeled with antibodies against γ-tubulin (Sigma), α tubulin
(Sigma), or SAS-6 (Santa Cruz Biotechnology, Santa Cruz, CA) followed by 2° antibodies
coupled to Alexa dyes (Molecular Probes, Eugene OR). Cells were counter stained with 4′,
6-diamidino-2-phenylindole (DAPI, Sigma). Cells were mounted in 10% PBS, 90%
glycerol.

Immunofluorescent images were collected as a Z-series on a DM RXA2 upright microscope,
with a 63x 1.4 NA apochromatic CS oil immersion objective (Leica, Bannockburn, IL), and
an ORCA-ER CCD camera (Hamamatsu, E. Bridgewater, NJ). Images were captured using
Simple-PCI software (Compix, Cranberry Township, PA), and are presented as maximal
projections. Contrast adjustment and final assembly of individual panels and three-color
overlay images was done using Adobe Photoshop (Mountain View, CA).

Live-cell microscopy
For live imaging, CHO-G8 cells were plated onto bio-cleaned glass coverslips in Imaging
Media (Ham’s F-12 w/o phenol red; PromoCell GmbH, Heidelberg, Germany), containing
12mM Hepes, pH 7.2 10% fetal bovine serum) and assembled onto aluminum support
slides, as described (Hinchcliffe et al., 2001). Time-lapse images were captured using a
Leica DM RXA2 microscope stand, equipped with fluorescence and differential interference
optics, enclosed in a custom-made Plexiglas box maintained at 37 °C. Live-cell fluorescence
images were captured using a Yokagawa CSU-10 spinning disk confocal head, as modified
by McBain Industries (San Diego, CA). Illumination of the fluorescent images was done
with a Coherent 488 nm 200 mW “Sapphire” continuous wave optically pumped solid state
laser (CW-OPSL); the laser was connected through a fiber optic cable into the excitation
port of the spinning disk confocal head, and shuttered through a Ludl MAC5000 shutter
controller (described in Hornick et al., 2008). Confocal fluorescent images were taken
through a Leica Plan Apo 63x/1.3 NA 37 °C glycerol immersion objective; the detector on
the confocal microscope was a Hamamatsu ORCA-AG Digital CCD camera, and images
were captured using Simple PCI imaging software, as described (Durcan and Hinchcliffe,
2007).

Electron microscopy
Fixing, embedding and serial sectioning were done as described (Rieder and Cassels, 1999).
85nm sections were cut on a diamond using an RMC MTX ultramicrotome (Boeckeler
Instruments, Inc. Tucson, AR). Sections were collected on grids and post stained using
saturated Uranyl acetate and Reynold’s lead citrate, and viewed on a Hitachi H600 run at
75kV.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Centrosome duplication does not continue in S phase arrested CHO-K1 cells treated with
colcemid. A–D: Immunofluorescent images of CHO-K1 cells labeled with anti-α-tubulin (A,
B, C, D) and anti-γ-tubulin (A′, B′, C′, D′). Cells were arrested in S phase for 12 hrs with
hydroxyurea and then treated with hydroxyurea and colcemid for a further 2–60 hrs. Times
given are from the initial addition of HU. A-A″: After 14 hrs, this cell contains two
centrosomes represented by two γ-tubulin foci that colocalize with two α-tubulin foci,
representing centrioles (inset). B-B″: After 24 h, the cell contains two centrosomes, each
with a pair of centrioles (inset). Nuclear-associated foci, labeled with anti-α and γ-tubulin,
are readily visible by this time point. C–D: The irregular nuclear-associated foci persist at
the 48 and 72 hr time points. The number of morphologically distinct centrosomes does not
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increase. E: Quantitation of the number of centrosomes per cell in S phase-arrested CHO-
K1 cells treated with HU for 12 hrs, then HU/colc for 12, 36, or 60 hrs. Data is presented as
the average number of centrosomes per cell +/− standard deviation for 24, 48, and 72 hrs.
Note that the number of centrosomes does not substantially increase throughout the 72 hr
time-course. F: Maximum intensity projections of S phase-arrested CHO-K1 cells stably
transfected with γ-tubulin-GFP treated with colcemid. Note the irregular nuclear-associated
foci are present in the perinuclear region, indicating that these foci are not an artifact of
fixation. G: Transmission electron micrograph of a CHO-K1 cell arrested in S phase for 12
hrs with HU, followed by treatment with HU and colcemid for a further 60 hr. Only one
centriole is present in this section - arrow (also see high-magnification view in G′). H:
Transmission electron micrograph of a different cell from the same experiment showing four
complete centrioles, and one pro-centriole (arrowhead). Scale bars: D = 10 μm, G = 0.5 μm,
G″ = 0.1 μm, H = 0.2 μm.
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Figure 2.
Centrin 2 is a component of nuclear-associated foci. A–C: Images of CHO-A8 cells, which
stably express GFP-centrin 2, treated with HU and colcemid. A: At 24 hrs, the cell has two
centrosomes (arrows) that are positive for centrin-2 and γ-tubulin. B–C: At 48 and 72hrs,
the cells have two centrosomes and numerous nuclear-associated centrosomal foci. Note the
presence of irregular perinuclear foci positive for both γ-tubulin and centrin-2. Scale bar =
10 μm.
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Figure 3.
SAS-6 is recruited to the centrosomes, but not nuclear-associated foci in HU/colc-treated
cells. A–D: CHO cells labeled with antibodies against γ-tubulin and SAS-6. A-A″ shows an
DMSO-control treated interphase cell with two γ-tubulin foci (centrosomes). Each foci has
an associated SAS-6 positive foci (inset). B-B″ shows a higher magnification view of γ-
tubulin/SAS-6 co-localization at the centrosome. The γ-tubulin is arrayed in a doughnut
shape around the mature centriole, with a small focus of SAS-6 delineating the position of
the nascent daughter centriole. C-C″ a CHO cell treated with HU for 72 hrs. This cell
contains 12 γ-tubulin foci, each with an associated SAS-6 dot. D-D″ shows another CHO
cell treated with HU/colc for 72 hrs. Here the cell has two prominent γ-tubulin foci (D,
arrows), each with a pair of SAS-6 dots (D′, insets). Note that the nuclear associated foci in
D are not recognized by the anit-SAS-6. Scale bars, A″ = 20 μm, B″ = 1 μm, C″ = 10 μm. E:
CHO cells treated with HU for 24, 48, and 72 hrs stained with antibodies against SAS-6.
The number of SAS-6 positive foci (dots) per cell was counted. Data is presented as the
average of three experiments, +/− the standard deviation. F: CHO cells from parallel
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experiments, treated for 12 hrs with HU, followed by 12, 36, or 60 hrs of HU/colc. The
number of SAS-6 dots per cell was counted, and the data presented as above. Note that the
number of SAS-6 foci does not significantly increase over 72 hrs.
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Figure 4.
Time-course of colcemid washout in S-phase arrested CHO cells. A–B: 15 and 25 min after
colcemid removal, there are multiple γ-tubulin-containing foci around the nucleus and in the
cytoplasm. Cytoplasmic microtubules remain absent. C: 35 min after colcemid removal,
cytoplasmic microtubules are visible. There are multiple aster-like arrays, and these are γ-
tubulin positive. D–E: At 45 and 55 min after colcemid removal, the microtubule network
continues to reform. The nuclear-associated foci have dispersed and are no longer visible.
Instead, there are multiple γ-tubulin-positive microtubules asters. Scale bar = 10 μm.
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Figure 5.
The number of centrosomes that assemble following colcemid washout increases with the
duration of cell cycle arrest. A–C: Images of S phase-arrested CHO cells treated with
colcemid, followed by colcemid removal 2 hrs prior to fixation. Cells are labeled with anti-
α-tubulin and anti-γ-tubulin. A: After 2 hrs of colcemid washout, this cell has re-formed its
microtubule network, and contains 4 distinct centrosomes. Note that the nuclear associated
foci have dispersed. B: Colcemid washout after 48 hrs arrest, this cell has 8 distinct
centrosomes. Note that these centrosomes lie in the center of the re-formed microtubule
asters (inset). C: Washout after 72 hrs, the cell has 11 centrosomes. D: Distribution of the
average number of centrosomes/cell following 2 hrs colcemid washout for 24, 48, and 72 hrs
time points. Note the centrosome number increases with increase in the duration of cell
cycle arrest. E–H: Centrosomes formed after colcemid washout assemble functional spindle
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poles at mitosis. A–D: Images of S phase-arrested CHO cells treated with HU and colcemid
for 72 hrs. Both the colcemid and hydroxyurea were removed 12 hrs prior to fixation. Cells
were stained with antiα-tubulin and anti-γ-tubulin. E–F: Multiple spindle poles. G: A
tripolar spindle with multiple centrosomes per pole. H: A bipolar spindle with multiple
centrosomes per pole. Scale bar in C = 10 μm, H = 3 μm.
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Figure 6.
SAS-6 is recruited to multiple centrosomes following colcemid washout. A–C′: CHO cells
treated with HU for 12 hrs, followed by treatment with HU/colc for 60 hrs, then the
colcemid removed for 2 hrs. Cells were fixed and stained with antibodies against γ-tubulin
and SAS-6. The NAF have disassembled, and multiple centrosomes have assembled. Each is
co-labeled with anti-SAS-6 (C′). Scale bar = 10 μm. D: The number of SAS-6 foci per cell
was quantified for 2 hrs colcemid washout. The average number of SAS-6 positive
centrosomes per cell has increased, compared to cells treated with HU/colc and no washout.
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Figure 7.
Rapid recruitment of SAS-6 to centrosomes following colcemid washout. A–E:
Immunofluorescent images of CHO cells treated with HU for 12 hrs, then HU/colc for a
further 60 hrs. The colcemid was then washed out for the times indicated in each frame, and
the cells fixed and immuno-labeled with antibodies against γ-tubulin and SAS-6. At T = 15
min (panels A-A″), the SAS-6 is recruited to multiple centrosomes, even before the NAF
have disappeared. SAS-6 is localized to the major g-tubulin foci, but also to smaller foci. As
the NAF disappear, and the g-tubulin foci become more distinct, these are positive for
SAS-6 (C–E).
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Figure 8.
The centrosomes assembled after colcemid washout contain multiple centrioles. CHO cells
were treated with HU for 12 hrs, then HU/colc for 60 hrs, followed by washout of colcemid
for 2 hrs. A: 2 hrs after colcemid removal, the microtubule network is fully restored, and
cells contain multiple centrosomes, including five clustered together (inset). B: These cells
contain multiple centrioles. There are five complete centrioles in this section. In addition,
there are two incomplete centrosome structures (arrows). B′: Magnified image of an electron
dense focus associated with a single triplet microtubule. B″: Magnified image of a small,
immature centriole. C: Another cell from the same preparation. There are seven complete
centrioles visible in this section. Scale bars: A=10 μm, B, C = 0.4 μm.
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