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A high degree of aneuploidy characterizes the majority of human
tumors. Aneuploid status can arise through mitotic or cleavage
failure coupled with failure of tetraploid G1 checkpoint control, or
through deregulation of centrosome number, thus altering the
number of mitotic spindle poles. p53 and the RB pocket proteins are
important to the control of G1 progression, and p53 has previously
been suggested as important to the control of centrosome dupli-
cation. We demonstrate here that neither suppression of p53 nor
of the RB pocket protein family directly generates altered centro-
some numbers in any of several mammalian primary cell lines.
Instead, amplification of centrosome number occurs in two steps.
The first step is failure to arrest at a G1 tetraploidy checkpoint after
failure to segregate the genome in mitosis, and the second step is
clustering of centrosomes at a single spindle pole in subsequent
tetraploid or aneuploid mitosis. The trigger for these events is
mitotic or cleavage failure that is independent of p53 or RB status.
Finally, we find that mouse embryo fibroblasts spontaneously
enter tetraploid G1, explaining the previous demonstration of
centrosome amplification by p53 abrogation alone in these cells.

aneuploidy � G1 phase � pRB

Aneuploidy and chromosomal instability (CIN) are charac-
teristic of the great majority of human tumors (1) and are

linked to the progressive development of high-grade, invasive
tumors (2–4). Additionally, a high degree of aneuploidy is
correlated with poor prognosis (5–7). Recent evidence suggests
that aneuploidy may be a necessary intermediate in the forma-
tion of many solid human tumors (8).

Aneuploidy can arise through two principle mechanisms. Cells
either can proceed through a tetraploid intermediate to a
multipolar mitosis that creates random chromosome distribution
or can proceed directly to aneuploidy through failure of a critical
control of euploidy. Although aneuploidy can arise directly,
tetraploidy seems to be a frequent intermediate step toward
aneuploidy. In many human carcinomas, cells with tetraploid
DNA content arise as an early step in tumorigenesis, preceding
the formation of aneuploid cells (9, 10). Human tumors such as
esophageal adenocarcinoma (3, 11), cervical carcinoma (12), and
rodent tumor model systems (13, 14) proceed through tetraploid
intermediates.

Tetraploidy can arise either through disruption of chromo-
some segregation during mitosis (15–18) or through failure of
cytokinesis (19). Progression to aneuploidy then occurs in the
absence of a p53-dependent checkpoint control that normally
acts in G1 to arrest tetraploid cells.

Alternatively, aneuploidy can arise from mechanisms inde-
pendent of a tetraploid intermediate. For example, loss of
control of centrosome duplication, leading to abnormal centro-
some amplification, will create multipolar spindles and aneu-
ploidy. Centrosome duplication normally occurs during S phase

(20, 21) through a cdk2 dependent mechanism (22–25), and is
under a system of constraint that ensures there is one and only
one duplication event during interphase. As a result of fidelity in
duplication, a nontransformed cell has two centrosomes at
mitosis, which dictate the formation of two spindle poles. If more
than one duplication event occurs in interphase, a multipolar
spindle could result, and the genome would segregate in an
aneuploid manner.

It has been reported that p53 (26) and aurora A (27) are
involved in the regulation of centrosome duplication during
interphase, as centrosome number abnormalities can result from
disruption of either protein’s function. However, neither p53 nor
aurora A has convincingly been shown to influence centrosome
duplication during a single cell cycle. Indeed, Meraldi et al. (28)
have recently presented evidence that neither aurora A nor p53
directly controls centrosome number during the course of S
phase.

In accord with Meraldi et al. (28), we demonstrate here that
p53 status has no direct influence on centrosome duplication in
each of several mammalian cell lines. Instead, suppression of p53
causes centrosome amplification through an obligate failure of a
G1 tetraploidy checkpoint. Importantly, we further establish that
the effect of p53 suppression on centrosome amplification is
indistinguishable from results obtained by suppression of the RB
pocket proteins. As the RB pocket protein pathway appears to
be compromised in virtually all tumors (29–31), our result
suggests that the G1 tetraploidy checkpoint is routinely sup-
pressed in tumors, making them vulnerable to both aneuploidy
progression and centrosome amplification. In this pathway, we
show that centrosome clustering in the tetraploid mitosis that
follows escape from G1 tetraploidy is critical to the centrosome
amplification process.

Finally, our results offer an explanation for previous findings
that appeared to establish a direct link between p53 status and
centrosome amplification in mouse embryo fibroblasts (MEFs;
ref. 26). We show that p53-competent MEF cells, the model
system used in that study, rapidly cease cycling in vitro and
become partially tetraploid. However, when either p53 or RB
pocket proteins are suppressed, MEFs exhibit the same behavior
as we describe for other cells, undergoing centrosome amplifi-
cation as a result of progression past tetraploid G1 followed by
centrosome clustering in mitosis.

Materials and Methods
Generation of p53�/� MEF. C57B1�6J mice heterozygotic for p53
were purchased from The Jackson Laboratory. Mice were mated
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and at 13-days gestation, the female was killed. Embryos were
washed in PBS, the head and internal organs were removed, and
the remainder was minced and then passed through a 1-ml
syringe with an 18 gauge needle to disperse cells. Cells were
plated on a 10-cm plate coated with 0.1% gelatin and grown in
DMEM containing pen-strep and 15% (vol�vol) FBS (Hy-
Clone), as described by Harvey et al. (32). Cells were genotyped
by PCR according to instructions from The Jackson Laboratory.

Cell Culture. Primary rat embryo fibroblasts (REF)-52 cells and
their simian virus-40 large T antigen-transformed derivatives
(TAG; ref. 33) were a kind gift of G. R. Stark (Cleveland Clinic,
Cleveland, OH). IMR-90 and VA-13 cells were obtained from
Coriell Cell Repositories (Camden, NJ). p53DD REF-52 were
prepared by infecting REF-52 with murine retroviruses express-
ing the p53DD truncated mutant of p53, as described in An-
dreassen et al. (19). RB pocket protein triple knockout (TKO)
MEF were a kind gift of Julien Sage and Tyler Jacks (Massa-
chusetts Institute of Technology, Cambridge, MA) (34).

Cell doubling times at mid-log phase were 28 h for wild-type
MEF, 24 h for REF-52, p53DD REF-52, IMR-90, p53�/� MEF
and TKO MEF, and 20 h for TAG and VA-13. All cells were
cultured as monolayers in DMEM (Invitrogen) supplemented
with 10% (vol�vol) FCS (Biological Industries, Beit Haemek,
Israel). Cells were maintained in a humid incubator at 37°C in
a 5% CO2 environment.

Drug Treatment and Synchronization Protocols. To arrest cells at the
G1�S phase boundary, randomly cycling cells were incubated
with 2 mM hydroxyurea for the indicated times. To induce
cytokinesis failure, p53DD-expressing REF-52 cells were syn-
chronized in mitosis and then incubated with 10 �M DCB for 5
hours as described (19) and then released in drug-free medium
for the indicated times. Alternatively, p53�/� and TKO MEF
were exposed to 10 �M DCB for 24 h and then released.
Hydroxyurea, DCB, and nocodazole were obtained from Sigma.

Flow Cytometric Analysis. To analyze cell-cycle profiles, cells were
prepared for flow cytometry by using propidium iodide as a
marker for DNA content, as described (35). Data were collected
by using a FACScan flow cytometer, and results were analyzed
by using CELLQUEST software (both from Becton Dickinson). For
each sample, 10,000 events were collected, and aggregated cells
were gated out.

Immunofluorescence Microscopy. Cells prepared for immunofluo-
rescence microscopy were grown on poly-D-lysine-coated glass
coverslips. To assay for centrosome and spindle pole number,
cells were fixed with 2% (wt�vol) paraformaldehyde in PBS at
37°C for 20 min and then permeabilized 3 min with 0.2% Triton
X-100 in PBS. Cells were incubated with primary anti �-tubulin
antibodies (Clone GTU-88, Sigma) diluted 1�100 in PBS con-
taining 0.05% Tween-20 and 3% BSA for 1 h at 37°C in a humid
chamber. After three washes with PBS, cells were incubated for
30 min with 2.5 �g�ml FITC-conjugated goat anti-mouse IgG
secondary antibody from The Jackson Laboratory. DNA was
counterstained by the addition of 0.5 �g�ml propidium iodide
for 5 min. Cells were observed with an Optiphot II microscope
(Nikon) attached to an MRC-600 laser scanning confocal ap-
paratus (Bio-Rad Microscience Division, Herts, England).

Results
Absence of p53 and RB Pocket Protein Family Function Does Not
Influence Centrosome Number. Compromised function of p53 has
been linked to centrosome amplification in randomly cycling
MEF cells, and suppression of p53 function is frequently asso-
ciated with aneuploid status of tumors. Abnormal centrosome
numbers will give rise to aneuploidy by altering the number of
spindle poles. Thus, we first asked whether compromised p53
function had any influence per se on cell ploidy in continuous cell
culture. p53 function could be suppressed either by expression of
p53DD, a dominant negative form of p53, or by expression
of SV40 large T-antigen in REF-52 cells, a nontransformed line
of REFs.

As determined by FACScan analysis (Fig. 1), there is no gross
change evident in DNA content in p53DD-expressing cells nor
in TAG cells after long term culture, in comparison with control
REF-52 cells expressing functional p53. As T-antigen suppresses
the function of the RB pocket protein family as well as p53 (36),
it is also evident that suppression of the RB family does not
influence ploidy and, by inference, centrosome number.

The apparent retention of euploidy during long-term culture
in cells with compromised p53 or RB function corresponds to
direct microscopic counts of centrosome numbers during inter-
phase in the different cell lines (Fig. 1B). The small number of
cells with more than two distinguishable centrosomes, as deter-
mined by �-tubulin immunofluorescence in control REF-52
cells, is not enhanced by the absence of p53 or RB function. We
also assayed centrosome number in a nontransformed human
cell line, IMR-90, and a T-antigen transformed cell line derived

Fig. 1. Absence of p53 and RB pocket protein family functions does not modify ploidy nor centrosome number in fibroblast cells. (A) DNA content of random
cycling REF-52, p53DD REF-52, and TAG cells, assayed by flow cytometry. Centrosome (B) and spindle pole (C) numbers in the indicated cell lines, determined by
microscopic analysis of random cycling populations stained with �-tubulin and PI. (B) Interphase cells were scored as having a normal number of centrosomes
(1 or 2 �-tubulin spots; black bars) or numbers in excess of two (white bars). (C) Mitotic cells were counted as having either two (black bars) or more than two
spindle poles (white bars). In both B and C, values are means of three counts of 100–200 cells each, � SD.
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from IMR-90, VA-13 (Fig. 1B). These cells also show no increase
in number of centrosomes.

Increased numbers of centrosomes generate aneuploidy by
creating more than two spindle poles during mitosis, forcing
random anaphase distribution of chromosomes. An assay of
the number of spindle poles during mitosis in the same cell lines
(Fig. 1C) found that the frequency of multiple (more than two)
spindle poles was equivalently negligible in all cell lines
examined.

Duplication of the centrosomes occurs during S phase under
the control of Cdk2 and cyclins A and E (22–25). A transformed
Chinese hamster ovary cell line, CHO, amplifies centrosome
numbers during prolonged S phase arrest in the presence of
hydroxyurea (24, 25, 37), an inhibitor of DNA replication (38).
However, this effect is not evident in other mammalian cells that
have been assayed. To determine whether the absence of p53
function had any influence on centrosome duplication, we
assayed for centrosome numbers in REF-52 and in derivative
cells expressing p53DD or T-antigen during prolonged arrest
with hydroxyurea. Results show little evident effect of compro-
mised p53 or RB function on centrosome duplication during
prolonged S phase arrest (Fig. 2).

Amplification of Centrosome Numbers Occurs in p53DD Cells After
Cleavage Failure. We have previously shown that cleavage failure
leads to G1 arrest in p53-competent tetraploid cells, but that the
arrest was abrogated by suppression of p53 function in p53DD-
expressing cells (19). The implication was that tetraploid status
would generate aneuploidy in p53-null cells by their failure to
arrest in G1, as cells in the next mitosis would contain supernu-
merary centrosomes and multiple spindle poles. However, it
remained possible that a subpopulation of cells that escaped
tetraploidy arrest would go through mitosis with two spindle
poles, and thus would inherit abnormal centrosome numbers
rather than become aneuploid. Previous studies have shown
that multiple centrosomes could indeed cluster at spindle poles
(39, 40).

We assayed for this possibility by treating randomly cycling
REF-52 p53DD cells with dihydrocytochalasin B (DCB), a drug
that interferes with actin assembly and causes cleavage failure
(41, 42). At 30 h after release from DCB, nearly a third of the
population of interphase cells had more than two centrosomes
(Fig. 3A), and the absolute number of centrosomes continued to
rise with time, so that by 72 h a subpopulation with four or more
centrosomes was evident.

These results suggested that centrosome clustering at single
poles was indeed occurring during mitosis to create multiple
centrosomes in daughter cells. This possibility was assayed in two
ways: (i) by determining the percent of mitotic cells with only two
spindle poles in the tetraploid mitosis that followed cleavage

failure, and (ii) by immunofluorescence demonstration of cen-
trosome clustering at spindle poles in these cells. Thirty hours
after release from DCB, approximately 20% of p53DD cells with
tetraploid status formed two pole spindles (Fig. 3B), and this
population approached 40% by 72 h. By immunofluorescence
analysis, clustering of multiple centrosomes at a single spindle
pole was common in mitotic cells forming bipolar spindles (Fig.
3C). The presence of multiple centrosomes neither interfered
with formation of a normal metaphase plate nor with normal
anaphase separation of two chromatid sets (Fig. 3C).

p53�/� and TKO MEF Cells Increase in Centrosome Number by Bypass-
ing Natural Tetraploidy Arrest. Contrary to the evidence presented
above, it has been demonstrated that p53�/� MEFs normally
contain augmented centrosome numbers in the absence of
experimental manipulation or the introduction of other muta-
tions (26). Thus, we examined MEFs to determine what might
explain this exceptional behavior. p53-competent MEFs are
unusual in that they stop proliferating after approximately eight
passages in vitro (34, 43, 44, and data not shown). In contrast,
p53�/� MEFs (32) and TKO MEFs with triple deletion for the
RB pocket proteins, RB, p107, and p130 (34, 44), continue to
proliferate indefinitely.

FACscan analysis of MEFs at successive passages after intro-
duction into culture showed, to our surprise, that the cells
become increasingly tetraploid at each passage (Fig. 4A), such
that on progressing from passage 5 to 8, the ratio of 4N to 2N
cells rose from 37 to 63%. Thus, there appear to be two causes
for cessation of cycling in wild-type MEF. A portion of the 2N
population ceases cycling even at early passages, as is evident
from failure of a subpopulation to progress from 2N after
exposure to DCB and release into nocodazole at passage 3 (Fig.
4B), but another subpopulation increasingly stops cycling with
tetraploid status.

The simplest interpretation of these findings is that a sub-
population of wild-type MEFs become tetraploid through an
unknown mechanism, and arrest, probably because of the tet-
raploidy checkpoint. As we have shown previously for several cell
types (19), MEFs treated with DCB for 24 h accumulate a 4N G1
subpopulation, creating a durable block that is retained after
release into nocodazole for 24 h, indicating that wild-type MEFs
have a tetraploidy checkpoint (Fig. 4B). In contrast, p53�/� and
TKO MEFs do not exhibit a tetraploidy checkpoint but progress
to hyperdiploid status on release from DCB (Fig. 4C).

As shown above for other cell lines, passage beyond tet-
raploidy arrest in p53�/� and TKO MEFs generates a substantial
subpopulation of cells with amplified centrosome numbers (Fig.
5A). Comparison of the results with p53�/� and TKO MEFs
reveals no distinction in centrosome number, regardless of
whether p53 or the RB proteins have been suppressed. p53

Fig. 2. Absence of p53 and RB pocket protein family functions does not lead to centrosome amplification in S phase arrested cells. REF-52, p53DD REF-52, and
TAG cells were exposed to 2 mM hydroxyurea for varying times and analyzed for centrosome numbers by using anti-� tubulin antibodies. Cells were counted
as having normal number of centrosomes (1 or 2 �-tubulin spots) or excessive numbers of centrosomes (�2 spots) at each time. Values are means of three counts
of at least 200 cells each, �SD.
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status, per se, does not directly determine centrosome number in
MEFs, because an indistinguishable result is obtained in TKO
cells.

In accord with these results, uncontrolled amplification of
centrosomes in p53�/� MEFs does not occur during a prolonged
S phase block (Fig. 5B). Even though centrosome numbers are
amplified in p53�/� cells in the absence of hydroxyurea treat-
ment, S phase arrest does not change the number of centrosomes
present. We conclude that the change in centrosome number in
MEFs is not caused by deregulation of centrosome duplication
controls during S phase.

As shown above, an increase of centrosome number that
occurs after passage of cells beyond G1 tetraploidy also involves
clustering of centrosomes to form bipolar spindles with multiple

centrosomes in tetraploid cells that proceed to mitosis. As
expected, multiple centrosomes that are clustered at a single
spindle pole in cells with bipolar spindles are common in both
p53�/� and TKO populations (Fig. 5C). Remarkably, despite the
dispersed nature of centrosome clustering at spindle poles, such
unfocused poles are still competent to form functioning bipolar
spindles.

Discussion
We have demonstrated that suppression of p53 or of the RB
pocket protein family does not directly cause altered centrosome
numbers in any of several mammalian primary cell lines. Instead,

Fig. 3. Centrosome amplification correlates with induction of cleavage
failure by DCB in p53-incompetent cells (p53DD REF-52). At the indicated times
after release from DCB and after induction of cleavage failure, centrosomes
were labeled with anti-�-tubulin antibodies, and cells were counterstained for
DNA with PI. Interphase cells (A) were counted as having 2 or less, 3 or 4, or �4
centrosomes (�-tubulin spots), and mitotic cells (B) were counted as having 2
or �2 spindle poles. Control refers to random cycling cells. Histograms in A and
B represent three counts of 100–200 cells each; bars represent SD. (C) Repre-
sentative metaphase (Left) and mid-anaphase (Right) cells 30 h after release
from DCB, demonstrating bipolar spindles with centrosome clustering at the
spindle poles.

Fig. 4. Spontaneous induction of tetraploidy in MEF cells. (A) DNA content
of randomly cycling wild-type MEFs at different passages in culture (as deter-
mined by flow cytometry) show that those cells become increasingly tet-
raploid between passages 5 and 8. Passage number is indicated by ‘‘p5-p8’’ (at
left), and the percent indicates the ratio of 4N to 2N cells at that passage (at
right). (B) Exposure of wild-type MEFs to DCB at passage 3 leads to accumu-
lation of a subpopulation with 4N DNA. Release from DCB into nocodazole
shows no further progression to �4N DNA content, indicating that wild-type
MEF cells have a functioning tetraploidy checkpoint. Even at passage 3, a
substantial subpopulation remains 2N after DCB and nocodazole exposure
and, thus, is not cycling. (C) p53�/� and TKO MEFs also become increasingly
tetraploid in culture. These passage 6 cells do not arrest when made tetraploid
after induction of cleavage failure by DCB. They continue dividing (data not
shown) and progress to hyperdiploid status.
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amplification of centrosome number occurs principally through
failure to arrest at a G1 tetraploidy checkpoint after failure to
segregate the genome in mitosis. Cells that are tetraploid in G1
contain two centriole pairs and will contain four pairs on entry
into the next mitosis.

The second critical element in the generation of cells with
amplified numbers of centrosomes is the clustering of multiple
centrosomes at a single spindle pole. We demonstrate that
centrosome clustering commonly happens in p53�/�- and RB
pocket protein-deficient cells with multiple centrosomes. De-
pending on the distribution of the centrosomes in mitosis, a cell
that continues to cycle after failure to arrest in tetraploid G1 can
form a two-pole, three-pole, or four-pole spindle in the next
mitosis. With a four-pole spindle, a normal number of centro-
somes will be restored to highly aneuploid progeny. In contrast,
if centrosomes cluster to form a two-pole spindle, the tetraploid
status will be maintained in a cell with double the normal
complement of centrosomes. All intermediates between these
scenarios also can occur, eventually leading to a subpopulation
of aneuploid cells with multiple centrosomes.

Equivalent Loss of G1 Tetraploidy Control with Either p53 or RB
Suppression. p53 and the RB pocket proteins are important to the
control of G1 progression. p53 is activated in response to DNA

damage (45, 46) or after induction of tetraploidy in G1 (16, 17,
19) and operates upstream of the RB pocket proteins. One of its
important functions is transactivation of the cyclin-dependent
kinase inhibitor p21, which in turn is critical to G1 arrest. As p21
acts largely to suppress RB phosphorylation and the release of
E2F, inactivation of the RB pocket protein family abrogates
p53�p21 control (for a review, see ref. 29). As a result of the
linkage between p53 and RB control, the consequences of
evasion of G1 tetraploidy arrest could be, in principle, equivalent
in p53 or RB suppressed cells.

An important conclusion from our results is that suppression
of p53 or of RB pocket proteins yields an equivalent outcome
with respect to induction of aneuploidy and loss of centrosome
control in cells that escape G1 tetraploidy control. These results
are in accord with our recent demonstration that tetraploidy
arrest in G1 after DNA damage depends on p21 activity (47) and,
thus, should involve the pathway linking p53 and RB function.
Therefore, we conclude that the G1 tetraploidy checkpoint is
suppressed in cells with either compromised p53 or RB pocket
protein function. Because RB pocket protein function is sup-
pressed in the great majority of tumors, the role of RB pocket
proteins in tetraploidy control creates the potential for aneu-
ploidy and centrosome number augmentation in virtually all
tumor cells.

Both p53 and RB Status Alter Centrosome Number as a Result of
Tetraploidy Checkpoint Override and Mitotic Clustering of Centro-
somes. We have found that neither p53 nor RB pocket protein
suppression leads to augmented centrosome numbers during
prolonged S phase arrest in the presence of hydroxyurea.

On the basis of work in MEFs, it has been proposed that p53
deficiency directly causes augmentation in centrosome numbers
and that this amplification in turn causes aneuploidy (26).
Several lines of evidence argue against this possibility. First, p53
knockout mice are euploid and viable (32) and second, CIN in
tumors strongly correlates with mutant bub1, bubR1 (48), and
APC (49) but does not appear to correlate with p53 status (47).
Further, as we show here, with the exception of MEF cells, cells
deficient in p53 remain indistinguishable from nontransformed
parental cells with respect to DNA profile and centrosome
number during long-term culture.

An alternative possibility to account for augmentation of
centrosome number in p53-compromised cells is through failure
to arrest in G1 after tetraploidization. Frequently, tetraploidy
override rapidly results in aneuploidy (15, 19, 47). As we have
proposed (15), progression of tumors to a highly aneuploid
condition may occur in at least two discrete steps. First, a
primary control in mitosis or cell cleavage fails, leading to
tetraploid daughter cells. Second, failure of a p53, or of RB-
dependent surveillance mechanisms that normally arrest such
tetraploid cells in G1, leads to aberrant cell cycles. As we show
here, progression to aneuploidy is conditional on the clustering
of centrosomes at the mitotic spindle poles in tetraploid cells.
When centrosomes cluster, a two-pole spindle forms and tet-
raploidy is maintained but centrosome number augments in
progeny cells. When centrosomes fail to cluster, a normal
centrosome number can be retained in highly aneuploid progeny.

What causes the immediate mitotic or cleavage failure that
sets the stage for generation of aneuploidy and change in
centrosome number in p53- or RB-compromised cells? A rea-
sonable possibility is that mutations in bub1, bubR1, APC,
BRCA1, or other proteins controlling mitotic checkpoint func-
tion and accuracy of mitotic segregation could create the con-
ditions for p53- or RB-compromised cells to continue cycling
past a G1 tetraploid status, with evident consequences for
tumorigenesis.

The only exception to the requirement for mitotic or cleavage
failure to set the stage for G1 tetraploidy checkpoint override and

Fig. 5. Neither p53 nor RB pocket protein status per se generates centrosome
amplification in MEF cells. (A) Random cycling wild-type, p53�/�, and TKO
MEFs were analyzed by microscopy for centrosome number at passage 6. (B)
Alternatively, p53�/� MEFs were exposed to 2 mM hydroxyurea (HU) for the
indicated times, followed by centrosome number counts. Cells were counted
as having a normal number of centrosomes: 1 or 2, 3 or 4, or �4 centrosomes
(�-tubulin spots). Values represent the average of three counts of 200 cells
each � SD. (C) Representative random cycling TKO and p53�/� MEFs that have
formed bipolar spindles with centrosome clustering at spindle poles.
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consequent centrosome number abnormality are MEF cells that
have served as the model system to support the claim that p53
directly controls centrosome number (26). As we show here,
MEFs are indeed exceptional. They spontaneously cease cycling
in both euploid G1 and in tetraploid G1 after approximately eight
passages in vitro. The cause of euploid G1 arrest remains
unknown, as does the cause of mitotic or cleavage failure that
leads to tetraploid G1 arrest. The outcome, however, is clear.
Both aneuploidy and abnormal centrosome numbers arise spon-
taneously in both p53�/� and in TKO MEFs, most likely by
override of the G1 tetraploidy checkpoint. Thus, the generation
of abnormal centrosome numbers in MEFs arises in the same
manner as in other mammalian cells.

Consequences for Tumor Chemotherapy. Mitotic inhibitors such as
vinblastine, estramustine, and taxol, that cause mitotic failure
and entry into tetraploid G1, are used successfully in chemo-
therapy for a variety of tumors (50). Although nontransformed
cells arrest in tetraploid G1, p53-compromised cells continue to
cycle, a property, as we show here, shared by RB pocket

protein-compromised cells. It is possible that the capacity of
these drugs to kill tumor cells is linked to their progression to a
largely nonviable aneuploid status. We show that clustering of
centrosomes is a major phenomenon in response to augmenta-
tion in centrosome number, and clustering can maintain cells by
repeatedly generating two-pole spindles and, thus, retaining
tetraploid status. Success with mitotic inhibitors in tumor ther-
apy thus may be linked to the relative success of tetraploid cells
in clustering centrosomes, which may vary among cell types.
Clustering would lead to progeny cells with multiple centrosomes
but no aneuploidy, whereas lack of clustering would generate
normal centrosome numbers but gross aneuploidy.
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