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is growth inhibition (29). Over time, the cumulative
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Requirement of a Centrosomal
Activity for Cell Cycle
Progression Through G, into
S Phase

Edward H. Hinchcliffe,” Frederick J. Miller,” Matthew Cham,’
Alexey Khodjakov,? Greenfield Sluder'*

Centrosomes were microsurgically removed from BSC-1 African green monkey
kidney cells before the completion of S phase. Karyoplasts (acentrosomal cells)
entered and completed mitosis. However, postmitotic karyoplasts arrested
before S phase, whereas adjacent control cells divided repeatedly. Postmitotic
karyoplasts assembled a microtubule-organizing center containing ~y-tubulin
and pericentrin, but did not regenerate centrioles. These observations reveal the
existence of an activity associated with core centrosomal structures—distinct
from elements of the microtubule-organizing center—that is required for the
somatic cell cycle to progress through G, into S phase. Once the cell is in S
phase, these core structures are not needed for the G,-M phase transition.

The centrosome in mammalian cells consists
of a pair of centrioles associated with a cloud
of pericentriolar material containing the y-tu-
bulin ring complexes that nucleate microtu-
bules during interphase and mitosis (/). The
centrioles, along with their associated struc-
tures, represent “core centrosomal structures”
that determine the precise one-to-two dupli-
cation of the centrosome in preparation for
mitosis (2). After removal of the centrosome,
both somatic and embryonic cells can regen-
erate a microtubule-organizing center (MTOC)
(3-5) but do not regenerate centrioles (2, 4),
even though the cytoplasm (in the case of zy-
gotes) contains enough subunits to assemble
many complete centrosomes (6).

It has been generally understood that both
the duplication of the centrosome and varia-
tions in its microtubule-nucleating capacity
are driven by cell cycle—dependent changes
in the cytoplasmic environment (7). The no-
tion that the centrosome is a necessary par-
ticipant in cell cycle progression through in-
terphase was raised by a report that BSC-1
African green monkey karyoplasts (acentro-
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somal cells) do not enter mitosis even though
they grow to larger than normal size (4). This
finding, coupled with the observation that
cyclin-dependent kinase 1—cyclin B (Cdk1-
B) is concentrated at the centrosome (8), led
to the proposals that the presence or duplica-
tion (or both) of an intact centrosome is
required for the activation of Cdkl-B and
entry into mitosis (4, 9). However, these pro-
posals lacked direct experimental support be-
cause the karyoplasts were not continuously
followed in vivo.

To investigate the role of the centrosome
in cell cycle progression, we physically cut
BSC-1 cells during interphase between the
nucleus and the centrosome to form karyo-
plasts (4, 10) and continuously followed the
karyoplasts for several days by time-lapse
videomicroscopy (/7). The fact that the cen-
trosome is slightly separated from the nucleus
and lies at the center of a mass of granules
makes this cell type favorable for this micro-
surgery (12). We brought the microneedle
down at the edge of the nucleus, which dis-
placed the centrosome from the nucleus and
segregated it into the anucleate cytoplast as
the needle approached the cover slip (Fig.
1A). In no case did we cut or fragment the
nucleus. Although we cannot know at what
point in the cell cycle the cells were cut,
5-bromo-2'-deoxyuridine (BrdU) incorpora-
tion experiments (I3) revealed that they were
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cut before the completion of S phase (/4),
consistent with previous findings (4). None
were cut in early G, or in prophase.

During the first 1 to 3 hours after the
operation, the cytoplasmic granules became
organized into a spherical mass at the center
of the cytoplast, indicative of the presence of
the centrosome, while the granules in the
karyoplast remained randomly distributed in
the vicinity of the nucleus (Fig. 1B). Normal-
ly we removed the cytoplast with the mi-
croneedle so that it would not interfere with
observations of karyoplast behavior. Within
an hour of the microsurgery, karyoplasts ex-
tended lamellipodia and resumed movement
across the cover slip (Fig. 2A). Later, they
grew in area and regenerated their Golgi ap-
paratus to control levels, as judged by in vivo
labeling with Bodipy FL C,-ceramide (4, 12,
15).

In 37 experiments, 32 karyoplasts entered
mitosis (Fig. 2A), four remained in interphase
until the recordings were terminated 24 hours
after the microsurgery, and one died within
12 hours. The interval from the microsurgical
operation to the onset of mitosis was on
average 12.5 hours (range 4 to 24 hours),
which is within the normal interphase dura-
tion for control cells in our preparations (av-
erage 15.5 hours, range 11 to 26 hours, N =
25). In mitosis, karyoplasts aligned chromo-
somes into a metaphase plate, separated two
groups of chromosomes in anaphase, and
formed a cleavage furrow (14). This indicates
that karyoplasts organized a functional, albeit
acentrosomal, bipolar spindle [see also (5,
16)]. Karyoplasts spent a longer and a more
variable amount of time in mitosis (average
197 min, range 68 to 557 min) than did
control cells (average 56 min, range 24 to 99
min; N = 40), presumably because of the
need for extra time to organize an acentroso-
mal spindle. In telophase all karyoplasts ini-
tiated bipolar cleavage. However, in 13 of 32
cases (41%), the cleavage furrow regressed
and the karyoplasts exited mitosis as a single
cell with one or more nuclei (12, 17).

We unexpectedly found that in 28 of 32
experiments, the postmitotic karyoplasts—
whether they divided or not—arrested in inter-
phase for the duration of the observations, up to
60 hours after mitosis (Fig. 2A) ({2). This was
not attributable to loss of cell viability in our
preparations, because the karyoplasts showed
continuous lamellipod extension, cell motility,
and movement of phase-dense granules toward

1547



1548

Fig. 1. (A) ABSC-1cell A
being cut between the
nucleus and the centro-
some. The resultant
karyoplast and cyto-
plast are
frame c. Phase contrast

microscopy; scale bar, b /
10 wm. (B) The immedi-

ate postsurgery behav- B

ior of a karyoplast-cyto-

plast pair. Note that in

the karyoplast (arrow) A
the cytoplasmic gran- ¥,

ules are randomly dis- »
tributed in the vicinity i
of the nucleus. The cen- - ‘3
trosome lies at the fo- .
cus of the radially ar-

rayed granules in the

center of the cytoplast.

shown in AP
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Elapsed time after microsurgery (hours:minutes) is shown in the lower left corner of each frame. Phase contrast optics; scale bar, 10 pm.

Fig. 2. (A) Mitosis and interphase arrest for a karyoplast that completes cytokinesis. (a and b) The
karyoplast flattens and resumes motility after surgery; the edge of the cut is on the lower left of
the cell. (c and d) The karyoplast enters mitosis and divides into two. (e to h) The daughter
karyoplasts move apart and remain in interphase for at least 66 hours. Scale bar, 10 um. (B) Two
control-amputated cells divide twice within 33 hours of the microsurgery. (a and b) Both cells
flatten and resume motility after the microsurgery. (c to e) Both cells enter mitosis and divide. (f
to h) Second mitosis and division into eight daughter cells. Scale bar, 10 pm.

the microtubule focus at the nucleus. In 32
experiments, only one postmitotic karyoplast
underwent apoptosis. Control cells in the same
preparations divided repeatedly until the obser-
vations were terminated.

To control for the microsurgical operation
and loss of cytoplasm, we amputated equivalent
areas of cytoplasm with the cut located in the
granule mass on the side of the centrosome
away from the nucleus. In all cases these con-
trol cells divided at least twice (Fig. 2B). The
interval from control amputation to first mitosis
was 9.5 hours on average (N = 4, range 7 to 13
hours), and the time from first to second mitosis

for the daughter cells averaged 18 hours (N =
8, range 16 to 22 hours), which is about 16%
longer than the average normal interphase.
Thus, even though some growth may be needed
after mitosis for cut cells (karyoplasts or control
amputees) to reach sufficient size to transit the
following interphase, exceptionally long peri-
ods of growth are not required.

To determine where in the cell cycle post-
mitotic karyoplasts arrest, we introduced
BrdU into the medium just after mitosis (/3)
and fixed them for immunofluorescence 12 or
28 hours later (/8); these times approach or
exceed the average total cell cycle duration

for control cells. For six postmitotic karyo-
plasts fixed at 12 hours and three fixed at 28
hours after mitosis, we found no BrdU incor-
poration into any nuclei (Fig. 3), indicating
that postmitotic karyoplasts arrest before S
phase. Control cells on the same cover slips
showed robust nuclear staining for BrdU
(Fig. 3).

To test whether our karyoplasts arrested in
interphase because they spent extra time in
mitosis (/9), we treated BSC-1 cells with low
doses of Taxol (20), which prolongs mitosis
in PtK (rat kangaroo kidney) cells to a vari-
able extent but nonetheless allows them to
divide in a normal fashion (27/). We found
that 79% of Taxol-treated cells, which spend
at least as much time in mitosis as do the
karyoplasts, divided two or more times. Also,
seven karyoplasts went through mitosis in 68
to 97 min, which is within the normal range
of mitotic duration, yet all arrested in inter-
phase. Control cells that spent the same
amount of time in mitosis continued to divide
two or more times (/2). Thus, the interphase
arrest observed in karyoplasts appears not to
result from extra time they spent in mitosis.

All postmitotic karyoplasts reformed a
single microtubule focus next to the nucleus
that collected phase-dense granules to the
same extent as did the focus in control cells.
To test whether this microtubule focus is
organized by a MTOC, we fixed postmitotic
karyoplasts 4 to 60 hours after mitosis and
double-labeled them with antibodies to a-tu-
bulin and either y-tubulin or pericentrin, pro-
teins integral to the pericentriolar material
(18). In all cases, the quantity and distribution
of microtubules were qualitatively the same
as those in normal cells (Fig. 4). Both vy-tu-
bulin (N = 4) and pericentrin (V¥ = 3) immu-
noreactivities in karyoplasts localized to the
center of the microtubule focus (Fig. 4).
However, karyoplasts do not contain com-
plete centrosomes, because serial semi-thick
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Fig. 3. Postmitotic karyoplasts
do not enter S phase. (a) Two
karyoplasts (indicated by black
and white arrows) shortly after
microsurgery. (b and c¢) The
karyoplast at the left has nearly
completed mitosis; it divides at
10:30 after microsurgery. BrdU
is added 1 hour later at 11:30.
The karyoplast at the right en-
ters mitosis at 13:45. (d) The
karyoplast at the right exits mi-
tosis as a single cell at 16:00.
One daughter of the karyoplast
at the left crawls off the field.
(e) Both postmitotic karyoplasts
before fixation. (f) Progeny of
both karyoplasts after fixation

REPORTS

(28 hours after BrdU addition). (g) No incorporation of BrdU into karyoplast nuclei; exposure and contrast are increased to reveal the cell outlines.

(h) Fixed control cells in the same preparation. (i) Their nuclei incorporate BrdU. Scale bar, 10 um.

section ultrastructural reconstruction (22) of a
postmitotic karyoplast revealed that there
were no centrioles present in the MTOC 10
hours after mitosis (/2). Also, all other karyo-
plasts behaved as if they lacked core centro-
somal components; their MTOCs never dou-
bled, either before or after mitosis. In addi-
tion, when a karyoplast divided into two,
each daughter contained a single microtubule
focus, whereas karyoplasts that failed to
cleave organized only one microtubule focus,
never two. Because centrosome number and
ability to duplicate are determined by centri-
oles (2, 23), both behaviors are characteristic
of the lack of centrioles.

Our finding that BSC-1 karyoplasts enter
mitosis demonstrates that, once committed to
the cell cycle, these cells do not require the
presence or duplication of the intact centrosome
for the G,-M transition, as had been proposed
(4, 9). Our data also reveal that a heretofore
unrecognized activity associated with the cen-
trosome is required for primate somatic cells to
progress through G, into S phase. This activity
is evidently not the microtubule-mediated accu-
mulation (or dispersal) of cellular structures or
molecules, because postmitotic karyoplasts re-
establish a single MTOC of seemingly normal
composition and function, yet arrest before S
phase. The fact that centrioles do not regenerate
in karyoplasts suggests that this activity is phys-
ically associated with core centrosomal struc-
tures, such as the centrioles and/or centriole-
associated structures. The phenomena we ob-
serve here may be specific to animal somatic
cells, because embryonic systems with abbrevi-
ated cell cycles—such as frog egg extracts and
early mouse zygotes, as well as plant cells—
enter the cell cycle without centrioles (24).

There are two possible explanations for
why karyoplasts arrest before S phase. Per-
haps BSC-1 cells have a checkpoint that
monitors centrosome duplication, and this
checkpoint remains activated in the absence
of the core centrosomal components neces-
sary for centrosome duplication (2). Alterna-
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Fig. 4. (A) Distribution of microtubules and y-tubulin in a postmitotic karyoplast. (a to c)
Karyoplast enters mitosis and exits as a single cell with three nuclei. It is fixed 19 hours after
microsurgery. (d) a-Tubulin distribution in the same karyoplast. (e) y-Tubulin distribution. (f)
Merged image of a-tubulin, y-tubulin, and DNA. Scale bar, 10 wm. (B) Distribution of microtubules
and pericentrin in a postmitotic karyoplast. (a to c) Karyoplast completes mitosis, exits mitosis as
a single cell with one nucleus, and is fixed 70.5 hours after the microsurgery. (d) a-Tubulin
distribution in the same karyoplast. () Pericentrin distribution. (f) Merged image of a-tubulin,

pericentrin, and DNA. Scale bar, 10 um.

tively, core centrosomal structures could bind
cell cycle regulatory molecules in a way that
activates their function or raises their local
concentration to the point that essential reac-
tions occur in a timely fashion.
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Centrosome-Dependent Exit of
Cytokinesis in Animal Cells

Matthieu Piel,” Joshua Nordberg,? Ursula Euteneuer,
Michel Bornens™

As an organelle coupling nuclear and cytoplasmic divisions, the centrosome is
essential to mitotic fidelity, and its inheritance could be critical to understand-
ing cell transformation. Investigating the behavior of the centrosome in living
mitotic cells, we documented a transient and remarkable postanaphase repo-
sitioning of this organelle, which apparently controls the release of central
microtubules from the midbody and the completion of cell division. We also
observed that the absence of the centrosome leads to defects in cytokinesis.
Together with recent results in yeasts, our data point to a conserved centro-
some-dependent pathway that integrates spatial controls into the decision of
completing cell division, which requires the repositioning of the centrosome

organelle.

The checkpoint concept (1, 2) was introduced
to describe mechanisms controlling the pro-
gression of the cell division cycle at critical
steps that impose delays to allow corrections
or repairs, or even to trigger cell death. Many
of the key genes involved in these processes
are not essential but, when defective, can be
oncogenic (3). In Saccharomyces cerevisiae,
a checkpoint mechanism monitors the cou-
pling between nuclear and cytoplasmic divi-
sion and relies on the spatial proximity of
interacting components. A guanosine triphos-
phatase (GTPase) is concentrated at the spin-
dle pole body (SPB), whereas the corre-
sponding exchange factor is concentrated in
the bud. Therefore, the migration of one SPB
to the neck is necessary to activate the
GTPase and to trigger mitotic exit (4-7).
This ensures that cytokinesis does not take
place before the nucleus has entered the bud.

We investigated whether similar spatial
controls involving the centrosome (the func-
tional equivalent of the SPB) might operate in
vertebrate cells, which are much larger than
yeast cells. We made time-lapse recordings of
cell division in cell lines stably expressing the
centrin protein coupled to the green fluores-
cent protein (GFP) as a centrosomal marker
(8). During mitosis, cells possess two centro-
somes located at the spindle poles, one of

TInstitut Curie, Section Recherche, UMR 144 du CNRS,
26 rue d'Ulm, 75248 Paris Cedex 05, France. 2Depart-
ment of Cell Biology, University of Massachusetts
Medical School, Worcester, MA 01605, USA. 3Zellbi-
ologie, Adolf-Butenandt-Institut, Ludwig-Maximil-
ians-Universitdt, D-80336 Miinchen, Germany.

*To whom correspondence should be addressed.

which is inherited by each of the two daugh-
ter cells. Each centrosome is made up of a
daughter centriole that was assembled during
the previous S phase and a mother centriole
that was assembled during a previous cycle.
The two centrioles can be distinguished ul-
trastructurally (9) and biochemically (/0). In
vivo, the mother centriole is also more
strongly labeled by centrin-GFP than is the
daughter centriole during the first hours of
the G, phase (/0).

After furrow ingression is completed,
there is a period (from 1.5 to 5 hours) during
which daughter cells are still linked by a
cytoplasmic bridge before cytokinesis is
complete (abscission). We observed that the
first centrosomal event after formation of the
cleavage furrow was the separation of the two
centrioles in each daughter cell (Fig. 1, A and
B, panel b), the daughter centriole being more
motile than the mother centriole, which bears
the microtubule (MT) aster and sits near the
cell center (10). Just before abscission, the
mother centriole in one (70% of the cases)
(Fig. 1) or in both daughter cells [Web movie
3, part 1 (/1)] transiently left its central po-
sition and moved straight to the intercellular
bridge [Fig. 1, A and B, panels ¢ and d; Fig.
1C; and Web fig. 1 (11)]. This movement was
as fast as 10 wm/min (2 pm/min on average).
When the mother centriole moved back to the
cell center, cytokinesis was completed. This
unexpected movement was observed in 45 of
50 HeLa cells. In most cases (75%), the
mother centriole stayed near the bridge for
<1 hour (15 min on average). Altogether, the
asynchrony of abscission and the correlative
movement of the mother centriole to the
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