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Abstract. 

 

When centrosomes are destroyed during
prophase by laser microsurgery, vertebrate somatic cells
form bipolar acentrosomal mitotic spindles (Khodjakov,
A., R.W. Cole, B.R. Oakley, and C.L. Rieder. 2000. 

 

Curr

 

.

 

Biol

 

. 10:59–67), but the fate of these cells is unknown.
Here, we show that, although these cells lack the radial
arrays of astral microtubules normally associated with
each spindle pole, they undergo a normal anaphase and
usually produce two acentrosomal daughter cells. Relative
to controls, however, these cells exhibit a significantly
higher (30–50%) failure rate in cytokinesis. This failure
correlates with the inability of the spindle to properly
reposition itself as the cell changes shape. Also, we

destroyed just one centrosome during metaphase and
followed the fate of the resultant acentrosomal and
centrosomal daughter cells. Within 72 h, 100% of the
centrosome-containing cells had either entered DNA
synthesis or divided. By contrast, during this period,
none of the acentrosomal cells had entered S phase.
These data reveal that the primary role of the cen-
trosome in somatic cells is not to form the spindle but
instead to ensure cytokinesis and subsequent cell cycle
progression.
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Introduction

 

Despite over a century of study, the function(s) of the cen-
trosome remain vague, and recent papers on this topic have
succeeded more in defining what this organelle does not do
than revealing its true functions (for reviews see Stearns
and Winey, 1997; Hyman, 2000). We now know, for exam-
ple, that the organization of radial microtubule (Mt)
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 arrays
and the formation of mitotic spindles poles, which were tra-
ditionally attributed to the centrosome, can occur even in
the absence of this organelle via the coordinated action of
molecular motors and structural proteins (for reviews see
Merdes and Cleveland, 1997; Compton, 1998; Hyman and
Karsenti, 1998; Hyman, 2000; Merdes et al., 2000).

The fact that there are no viable vertebrate somatic cells
lacking centrosomes reveals that this organelle is normally
essential. As a result, the only way to determine how the
absence of a centrosome affects cell behavior is to remove
it at defined points in the cell cycle. In an early effort,

Zorn et al. (1979) generated karyoplasts lacking cen-
trosomes by centrifuging L929 cells in the presence of cy-
tochalasin B. Based on an EM analysis, they concluded
that centrosomes can regenerate and that this event is a
prerequisite for the next mitosis. These conclusions were
subsequently challenged, however, by Maniotis and Schliwa
(1991), who found that the centrosome did not regenerate
in BSC-1 cells after being surgically removed with a mi-
croneedle, and that in its absence cells became permanently
blocked at G
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. In spite of their discrepancies, both of these
studies suggest that the centrosome is required for progress
through the cell cycle. However, there are problems with
both of these studies, not the least of which is that the meth-
ods used removed much of the cytoplasm.

We have developed a method to selectively destroy the
centrosome. The basis for this approach was originally de-
fined by Berns (for review see Berns et al., 1991), who
showed that, when focused through a high NA microscope
objective lens, pulses of green (532 nm) laser light can de-
stroy any structure visible in a living cell (Strahs and
Berns, 1979). By combining this with green fluorescent
protein (GFP) labeling, we have improved the laser micro-
surgery technique so that it can now be used to destroy
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otherwise invisible organelles including the centrosome
(Khodjakov et al., 1997). In our initial study, we demon-
strated that a bipolar mitotic spindle forms in vertebrates,
even if both centrosomes are destroyed during prophase
(Khodjakov et al., 2000). This study left several important
questions unanswered, such that whether the acentroso-
mal spindles produced acentrosomal daughter cells and, if
so, what their fate is. Here, we report our findings relevant
to these questions.

 

Materials and Methods

 

Cell Culture

 

Culture conditions and isolation of CVG-2 and PtKG-23 have been re-
ported previously (Khodjakov and Rieder, 1999).

 

Laser Microsurgery

 

Centrosome ablation by laser microsurgery has been described previously
(Cole et al., 1995; Khodjakov et al., 1997, 2000). In brief, pulses of 532-nm
Nd:YAG laser light are focused by a 60
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 1.4 NA lens so the effective waist
of the beam is 

 

z

 

0.5 

 

m

 

m in the specimen plane (Cole et al., 1995). Cen-
trosomes are then destroyed by exposing them to pulses of laser light until
the 

 

g

 

-tubulin/GFP fluorescence is completely abolished. This typically takes

 

z

 

10 s and requires two to three series of 20–30 laser pulses.
Images were captured by a MicroMax 5 Hz cooled charge-coupled de-

vice camera (Princeton Instruments) and saved as 8-bit TIFF files. The im-
aging system is driven by Image Pro software (Media Cybernetic).

 

Long-Term Imaging

 

After laser microsurgery, the position of the experimental cell was
marked on the coverslip, and the culture was transferred to a phase–con-
trast microscope equipped with a Rose chamber heater (Rieder and Cole,
1998). Time-lapse images were then captured every 15 min for 

 

#

 

80 h us-
ing a video-rate charge-coupled device camera (model 100; Paultek Imag-
ing), and the media was changed every 24 h by perfusion. Illumination was
obtained from a 100W Tungsten filament, filtered to remove UV (GG400)
and infrared (KG5) components, made monochromatic (GIF 546), and
shuttered (UniBlitz Electronics) between exposures (1 s/image).

 

Immunofluorescence Microscopy

 

Immunofluorescence staining and imaging were conducted as previously
described (Khodjakov and Rieder, 1999). The following primary antibod-
ies were used: rat monoclonal anti–

 

a

 

-tubulin (clone YL1/2; gift of Dr. J.V.
Kilmartin, Medical Research Council, Cambridge, UK) at 1:100, and anti–

 

g

 

-tubulin (number T6557; Sigma-Aldrich) at 1:300. BrdU labeling and vi-
sualization was conducted using a BrdU staining kit (number 93-3943;
Zymed) according to manufacturer’s instructions.

Some images (see Figs. 1 and 2) were collected as a Z-series (200-nm
steps) and deconvolved using Delta Vision 2.1 deconvolution software
(Applied Precision), and they are presented as maximal intensity pro-
jections.

 

Online Supplemental Material

 

Time-lapse movies (Supplemental Videos 1–4) of the all cells presented in
the published figures are available at http://www.jcb.org/cgi/content/full/
153/1/237/DC1. Additionally, an example of a CVG cell (not shown as a
printed figure), which formed multiple asynchronous cleavage furrows, is
available as a movie.

 

Results and Discussion

 

Astral Microtubules Rapidly Disappear upon 
Centrosome Destruction

 

The only noticeable difference between spindles formed in
the presence or absence of centrosomes is that the latter
lack the radial arrays of astral Mts normally associated
with mitotic centrosomes (Khodjakov et al., 2000). To de-
fine the time course for astral Mts disassembly, we de-
stroyed just one centrosome during mitosis and then fixed
cells various times after the operation for an immunofluo-
rescence analysis. We found that the irradiated pole al-
ways lost its associated astral Mts within 5 min, whereas
the control pole retained a normal number of Mts (Fig. 1).
Live-cell studies on cells permanently expressing 

 

α

 

-tubu-
lin/GFP confirmed this conclusion and revealed that the
disappearance of astral Mts actually occurs within 2–3 min
(not shown).

 

Destroying both Centrosomes during Metaphase Does 
Not Prevent Anaphase or Formation of the
Cleavage Furrow

 

To determine if acentrosomal spindles produce acentroso-
mal daughter cells, we destroyed both centrosomes during
prometaphase or metaphase in 10 PtKG-23 and 10 CVG-2
cells, and then followed them by time-lapse microscopy.
We found that the outcome was always the same regard-
less of when the centrosomes were destroyed: after all
chromosomes had achieved an equatorial alignment, the
bipolar acentrosomal and anastral spindle subsequently
entered anaphase, during which time, the chromatids
moved towards the ends of the spindle.

Figure 1. Astral Mts rapidly
disassemble when centro-
somes are destroyed during
spindle assembly. (A–D)
After ablating one of two
centrosomes during prometa-
phase (compare B with C),
this cell was fixed 5 min later
and stained for a-tubulin
(green), g-tubulin (red), and
DNA (blue). Notice that the
acentrosomal pole lacks as-
tral Mts. (E–H) Similar to
A–D, but the centrosome
was ablated during late

anaphase. As in prometaphase and metaphase cells, the acentrosomal pole was depleted of astral Mts within 5 min (H), although some
free Mts are present in the cytoplasm. PtKG cells. Time in h:min. Images in D and H are maximal intensity projections through the cell
volume after deconvolution.
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In most cases (7/10 PtKGs and 5/10 CVGs), ablating both
centrosomes during metaphase did not affect the later
stages of mitosis. The cell exhibited normal chromatid sepa-
ration and cytokinesis, and eventually severed the midbody
to form two acentrosomal daughter cells (Fig. 2). At the
light microscopy level, the morphology of these cells (Fig. 2
I) was the same as surrounding centrosome-containing cells,
and they also appeared to contain normal numbers of Mts
(Fig. 2 J). The only feature distinguishing acentrosomal cells
from controls was that they lacked the sharp Mt focus nor-
mally associated with the centrosome (Fig. 2 J, arrows).

In the remaining cases (3/10 PtKGs and 5/10 CVGs), cy-
tokinesis failed, and a binucleated cell was produced lack-
ing a centrosome. This failure rate was significantly higher
than in nonirradiated control cells in which cytokinesis fails

 

,

 

5% of the time. In controls, the mitotic spindle is posi-
tioned near the geometric center of the cell with the spindle
axis parallel to the long axis of the cell. As the shape of the
cell changes during mitosis, the spindle rotates to maintain

its proper orientation (Rieder and Hard, 1990; O’Connell
and Wang, 2000). However, in cells with acentrosomal
spindles, this compensatory change in spindle position did
not occur. As result, anaphase was often initiated with the
spindle roughly perpendicular to the cell’s long axis (Fig.
3), or well off its geometric center (not shown). Under both
conditions, when the chromatids reached the cell periph-
ery, they stopped moving, even if the distance separating
the chromatid groups was not sufficient to insure complete
separation of longest chromosome arms (Fig. 3 F). As re-
sult, thin chromatin bridges connecting daughter nuclei of-
ten formed (Fig. 3 L) that are known to inhibit the terminal
stages of cytokinesis (Mullins and Biesele, 1977).

Cytokinesis in the acentrosomal cells could also fail due
to abnormalities in the formation and/or propagation of
the furrow. Unilateral furrows were commonly formed
only on one side of the spindle (Fig. 3, F–H, arrowhead)
that wandered through the cytoplasm, could impact chro-
mosomes, and could turn, but that ultimately relaxed (Fig.

Figure 2. Cells can divide nor-
mally without centrosomes.
After destroying both cen-
trosomes during metaphase (B
and C), this cell was followed
by time-lapse differential in-
terference contrast micros-
copy. It underwent a normal
telophase (E and F) and cy-
tokinesis (E–H), and z5 h
later the midbody broke as
the two daughter cells began
to migrate from each other
(H and I). At this time, the
culture was fixed and stained
as described in the legend to
Fig. 1. Note that the two
acentrosomal daughter cells
contained normal numbers of
Mts but that, when compared
with neighboring centroso-
mal cells (J, arrows), the Mt
lacked a sharp focus. PtKG
cells. Time in h:min. The im-
age in I is a maximal intensity
projection through the cell
volume after deconvolution.
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3). In some cells, such furrows formed well removed from
the spindle equator, and in others multiple bilateral fur-
rows were formed, all of which ultimately relaxed (time-
lapse videos available at http://www.jcb.org/cgi/content/
full/153/1/237/DC1).

The fact that most of our experimental cells exited mito-
sis and formed two daughters reveals that centrosomes,
per se, are not required for progression through mitosis, as
might be expected, for example, from the observation that
cyclin B degradation starts in the spindle poles (Clute and
Pines, 1999; Wakefield et al., 2000). In most cells, the dura-
tion of metaphase was within the range established for
control PtK
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 cells (23 min with a range of 9–48 min; Rieder
et al., 1994), but in those cells where the spindle was im-
properly oriented, metaphase sometimes lasted 60–70 min
(Fig. 3). This is consistent with O’Connell and Wang’s
(2000) (see also Muhua et al., 1998) report that preventing
proper spindle orientation induces a slight prolongation of
metaphase in normal rat kidney cells.

Until recently, the putative primary function of cen-
trosomes was to define the poles of the mitotic spindle and
to orchestrate its formation. However, it is now clear that
bipolar spindles can be formed via acentrosomal path-
way(s), even in cell types that normally possess cen-
trosomes (for reviews see Merdes and Cleveland, 1997;
Compton, 1998; Hyman, 2000). The work presented here
reveals that in vertebrates such acentrosomal spindles are
fully functional, i.e., they support normal chromosome
separation during anaphase and, at least under favorable
conditions, cytokinesis and the formation of independent
daughter cells lacking centrosomes.

Our data also reveal that acentrosomal spindles are no
longer able to reposition themselves in response to ensuing
changes in cell shape, and this is correlated with defects in

the formation and/or propagation of cleavage furrows.
Overall, these types of abnormalities support the hypothesis
that astral Mts orient the spindle (Shaw et al., 1997; O’Con-
nell and Wang, 2000; Faulkner et al., 2000) and help define
the cleavage plane by providing spatial queues (Rappaport
and Ebstein, 1965). Thus, the role of the centrosome during
mitosis in animals is not to form the spindle, but rather to
organize and maintain the astral Mt arrays to ensure proper
cytokinesis (de Saint Phalle and Sullivan, 1998; Megraw et
al., 1999; Vaizel-Ohayon and Schejter, 1999).

 

Acentrosomal Cells Arrest during G
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The fact that our laser microsurgery approach can be used
to reproducibly generate cells that begin a new cycle in the
absence of a centrosome allowed us to address the question
of whether centrosomes are required for cell cycle progres-
sion. For these experiments, we ablated only one of the two
centrosomes during metaphase when the centrosomes were
maximally separated from the chromosomes. This ap-
proach minimized possible collateral damage to the DNA,
which is known to impede cell cycle progression (Elledge,
1996; Kaufmann and Paules, 1996). Also, since the two re-
sultant progeny cells were born from the same mother, they
were identical except for the presence or absence of a cen-
trosomes, and any nonspecific effects of the irradiation
would be expected to equally affect both.

We used CVG cells for these experiments because, as
typical fibroblasts, they grow individually. PtKG, on the
other hand, are typical epithelia in which progression of an
individual cell through the cycle depends on many vari-
ables including, for example, whether it is located within
or at the periphery of a cell sheet—a fact that complicates
individual cell analyses. To determine if the progeny of

Figure 3. Cytokinesis fre-
quently fails when both cen-
trosomes are destroyed during
metaphase. Centrosome abla-
tion was performed described
in the legend to Fig. 2. After
the operation, the spindle re-
mained stationary as the cell
changed shape around it so that
its long axis became oriented
perpendicular to the long axis
of the spindle (D and E). This,
in turn, restricted chromatid
separation during anaphase
(F). During cytokinesis, a (uni-
lateral) furrow formed, first on
one side (arrows in F–H), and
then on the other (I and J, ar-
rows), but ultimately both re-
gressed (K). The culture was
fixed z6 h after operation and
stained for DNA and Mts. An
immunofluorescence analysis
revealed that the separated nu-
clei were connected by a thin
chromatin bridge (L, arrow),
that the cell lacked sharp Mt
foci, and that despite its failure
to cleave it had developed a
well-formed midbody (M, ar-
row). Time in h:min.
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our operation underwent DNA synthesis during the obser-
vation period, we perfused them with media containing
BrdU immediately after the operation, and the media was
replenished with fresh medium containing BrdU every 24 h.
All cultures were then fixed 

 

z

 

72 h after operation.
To determine if something produced within the cell by

the laser operation inhibits progression through the cell
cycle, we irradiated four CVG metaphase spindles next to
one of the centrosomes. In all cases, all of the resultant
eight daughter cells replicated their DNA during our 72-h
observation period, and two divided.

We completely destroyed one of the two centrosomes in
25 metaphase CVG cells, 16 of which subsequently under-
went cytokinesis to produce two daughter cells. Of the 16
centrosome-containing control cells generated during this
study, 3 underwent the next mitosis during the 72-h obser-
vation period (not shown). The other 13 centrosome-con-
taining controls remained in interphase during this time,
but all had incorporated BrdU and duplicated their cen-
trosomes by the time of fixation (Fig. 4). By contrast, dur-
ing this same period, 3 of the acentrosomal cells rounded
and died, after extensive blebbing (not shown) characteris-
tic of apoptosis (Wyllie et al., 1980), and none of the other
13 acentrosomal cells had incorporated BrdU at the time
of fixation 72 h later (Fig. 4 M).

Except for the 3 cells that died, the remaining 13 acen-
trosomal cells could not be distinguished morphologically
from surrounding centrosome-containing controls: each
exhibited a similar behavior (polarization, locomotion,
etc.) and distribution of mitochondria and Golgi apparatus
(not shown). However, at the end of 72 h, acentrosomal

cells contained no discrete 

 

g

 

-tubulin–containing struc-
tures, and their Mt arrays lacked a sharp focus, i.e., there
was no evidence of centrosome reformation (Fig. 4 M). In
a separate set of experiments, we analyzed 10 PtKG and
10 CVG cells by serial section electron microscopy, 24–48 h
after ablating the centrosome, and never found any evi-
dence of centriole/centrosome regeneration (not shown).

These data reveal that acentrosomal daughter cells, pro-
duced during mitosis from cells containing an acentroso-
mal spindle pole, invariably arrest in interphase. This gen-
eral conclusion is consistent with that of Maniotis and
Schliwa (1991) who found that acentrosomal BSC-1 cells,
generated by removing the centrosome (and a large part
of cytoplasm) with a microneedle, never entered mitosis.
However, these authors found that acentrosomal cells
could initiate and presumably complete DNA synthesis,
which, on the surface, appears in conflict with our finding
that acentrosomal CVG cells produced by laser ablation
arrest before S period (i.e., during G

 

1

 

). This discrepancy
could simply be due, however, to the different protocols
used to produce acentrosomal cells. Maniotis and Schliwa
(1991) conducted their experiments on nonsynchronized
interphase cells, immediately added BrdU, and then fol-
lowed the cells for 

 

#

 

26 h. Under these conditions, those
acentrosomal cells that incorporated BrdU (11/14) could
have been near the G

 

1

 

/S transition, or even in S, when the
centrosome was removed. By contrast, in our experiments,
the centrosomes were destroyed during mitosis, before ini-
tiating the next cell cycle—in essence, before the cell was
born. The fact that none of our acentrosomal cells incor-
porated BrdU clearly reveals that the centrosome is re-

Figure 4. Cells lacking cen-
trosomes do not enter DNA
synthesis. One of two cen-
trosomes was ablated during
metaphase in a CVG cell that
then divided to form a cell
lacking a centrosome (E–L,
arrows), and a cell containing
a centrosome (E–L, arrow-
heads). Both progeny under-
went postmitotic flattening
and exhibited similar behav-
iors over the next three days.
The culture was then fixed
z72 h after operation and
stained for a-tubulin (green),
g-tubulin (red), and BrdU
(blue). The cell lacking a cen-
trosome had not incorporated
BrdU (M, arrow) and lacked
the sharp Mt focus normally
associated with a centrosome
(the centrosome in the neigh-
boring cell seen in M was in a
different focal plane). By
contrast the centrosome-con-
taining daughter cell (N) had
incorporated BrdU and con-
tained a typical array of cyto-
plasmic Mts that focused onto
a duplicated centrosome (in-
set in N). CVG cells. Time in
h:min. Bars, 10 mm.
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quired during early G

 

1

 

 for cell cycle progression, such as,
passage through START. However, at some point after
this time, it may be dispensable for cell cycle progression.

All of our centrosome-containing control cells either in-
corporated BrdU or divided during our 72-h observational
period. The reason why more of these cells did not enter an-
other mitosis is unknown, but it likely means that our film-
ing conditions are not optimal. Cell cycle progression in
most mammalian cells, and in particular the G

 

2

 

/M transition,
is light sensitive and easily inhibited or delayed by the illu-
mination used during microscopy (Rieder and Cole, 2000).
Regardless, however, the fact that all of our control cells
replicated their DNA (14/16) and/or underwent mitosis (3/
16), under conditions in which none of their acentrosomal
sisters even incorporated BrdU, reveals that the presence of
the centrosome is required for the G

 

1

 

/S transition.
Morphologically our acentrosomal cells can only be

distinguished from their centrosomal sisters by their lack
of a sharp cytoplasmic Mt focal point. This raises the is-
sue of whether the cell cycle arrest we see in acentroso-
mal cells is due to this abnormal organization of Mts or to
the lack of the centrosome as an organelle. Current evi-
dence favors the later idea: when CHO cells synchro-
nized in mitosis are replated in the presence of nocoda-
zole, they appear to progress through the cell cycle with
normal kinetics (Young et al., 2000). If this is true, it
means that a pathway necessary for progression requires
the centrosome independent of the Mt array it organizes.
Whether the presence of a centrosome is monitored by a
bona fide cell cycle checkpoint, or if it is required simply
to provide a product necessary for cell cycle progression,
remains to be determined.

Finally, we never observed centrosome regeneration. In
contrast, when antibodies to polyglutamylated tubulin are
loaded into cells, the centrosome as a structural and func-
tional entity disappears, but as the antibody concentration
drops, the centrosome reassembles (Bobinnec et al., 1998).
This implies that centrosome re-formation requires a tem-
plate that is destroyed by our laser ablation approach but
that remains intact and functional after antibody-induced
dispersion of the centrosome. The nature of this template is
unknown, but our data suggest that it is located within the
centrosome and that it cannot be re-formed in the absence
of another centrosome (or template).
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Note Added in Proof.

 

 The observation that acentrosomal cells become ar-
rested during G1 also has been reported recently by Hinchcliffe et al.
(Hinchcliffe, E.D., F.J. Miller, M. Cham, A. Khodjakov, and G. Sluder.
2001. 

 

Science

 

. 291:1547–1550). 
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