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A “spindle assembly” checkpoint has been described that arrests cells in G1 following inappro-
priate exit from mitosis in the presence of microtubule inhibitors. We have here addressed the
question of whether the resulting tetraploid state itself, rather than failure of spindle function or
induction of spindle damage, acts as a checkpoint to arrest cells in G1. Dihydrocytochalasin B
induces cleavage failure in cells where spindle function and chromatid segregation are both
normal. Notably, we show here that nontransformed REF-52 cells arrest indefinitely in tetraploid
G1 following cleavage failure. The spindle assembly checkpoint and the tetraploidization check-
point that we describe here are likely to be equivalent. Both involve arrest in G1 with inactive cdk2
kinase, hypophosphorylated retinoblastoma protein, and elevated levels of p21"WAF! and cyclin E.
Furthermore, both require p53. We show that failure to arrest in G1 following tetraploidization
rapidly results in aneuploidy. Similar tetraploid G1 arrest results have been obtained with mouse
NIH3T3 and human IMR-90 cells. Thus, we propose that a general checkpoint control acts in G1
to recognize tetraploid cells and induce their arrest and thereby prevents the propagation of errors
of late mitosis and the generation of aneuploidy. As such, the tetraploidy checkpoint may be a

critical activity of p53 in its role of ensuring genomic integrity.

INTRODUCTION

Aneuploidy is common among tumor cells and frequently
follows after an intermediate tetraploid state (Shackney et
al., 1989; Galipeau et al., 1996). The presence of aneuploidy in
tumors is correlated with metastatic progression and poor
prognosis (Sandberg, 1977; Rabinovitch et al., 1989). A care-
fully studied progression toward tumor status in Barrett’s
esophagus cells has shown that the precancerous state is
characterized by loss of p53 function, followed by tet-
raploidy, and then aneuploidy (Galipeau et al., 1996). Sub-
version of the capacity of the cell to evade the consequences
of tetraploidization, which inevitably leads to aneuploidy,
may be a common intermediate in the multistep process by
which tumor cells arise in situ.

Tetraploidy can arise by exit of a cell from mitosis follow-
ing failures of spindle assembly, of chromosome segrega-
tion, or of cytokinesis (Andreassen ef al., 1996). Mammalian
cells have a checkpoint that maintains cdc2-cyclin B activity
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and induces mitotic arrest in the presence of inhibitors of
microtubule assembly (Kung et al., 1990; Andreassen and
Margolis, 1994). This mechanism can logically be expected to
ensure the assembly of a functioning mitotic spindle before
exit from mitosis. But in actuality, cells have a widely varied
capacity to arrest in mitosis in the presence of microtubule
inhibitors (Kung et al., 1990; Schimke et al., 1991; Cahill et al.,
1998), and many nontransformed cells undergo only a tran-
sient mitotic arrest, and then exit mitosis without chromo-
some segregation and become tetraploid (Minn et al., 1996;
Lanni and Jacks, 1998). However, a p53-dependent backup
mechanism induces Gl arrest in cells that have evaded
mitotic arrest imposed by inhibitors of microtubule assem-
bly (Minn et al., 1996; Lanni and Jacks, 1998).

This “spindle assembly” checkpoint does not influence
mitotic arrest but instead mediates arrest in G1 following
evasion of mitotic arrest by inhibitors of microtubule assem-
bly (Minn ef al., 1996; Lanni and Jacks, 1998). There could be
several reasons for why spindle failure would lead to G1
arrest, including signals generated by failure of spindle
function. Our goal here was to determine whether tet-
raploidy per se determines G1 arrest. Here, we have inhib-
ited cell cleavage in REF-52 cells with dihydrocytochalasin B
(DCB), an inhibitor of actin assembly that is required for
cytokinesis (Aubin et al., 1981; Martineau et al., 1995), and
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demonstrate that tetraploidy yields G1 arrest even when
mitotic spindle formation and chromosome segregation
have proceeded normally. We show that cells that become
tetraploid, either by failure of mitotic spindle assembly or by
failure of cytokinesis, arrest at an equivalent point in G1 in
a p53-dependent manner. We therefore propose the exis-
tence of a general checkpoint that induces G1 arrest in
response to the polyploid state of the cell, and suggest that
this checkpoint can act independently of the nature of the
mitotic defect by which the cell becomes polyploid. Our
results suggest that the spindle assembly checkpoint is a
subset of a more general phenomenon, a “tetraploidy”
checkpoint.

The importance of p53 in maintaining genomic stability is
well established (Hartwell, 1992; Donehower et al., 1995),
and it is known that p53 is critical for G1 arrest in response
to DNA damage (Kastan et al., 1992; Cox and Lane, 1995). In
addition to the finding that p53 is required for the arrest of
polyploid cells following evasion of mitotic arrest with in-
hibitors of microtubule assembly (Minn et al., 1996; Lanni
and Jacks, 1998), other evidence suggests that p53 may play
a role in the maintenance of euploidy. For example, mouse
embryonic fibroblasts from which the p53 gene is deleted
become highly aneuploid without showing chromosomal
structural abnormalities (Harvey et al., 1993). We show here
that REF-52 cells in which p53 is inactive do not arrest in G1
following tetraploidization and rapidly progress to aneu-
ploidy. Given the rapid progression to aneuploidy in vivo of
tetraploid cells that are deficient for p53 function (Ornitz et
al., 1987; Galipeau et al., 1996), our results suggest that the
tetraploidy checkpoint, which arrests in G1 cells that become
tetraploid through a variety of mitotic errors, may be an
essential function of p53 in ensuring genomic integrity.

MATERIALS AND METHODS

Cell Culture and Transfection

REF-52 (primary rat embryo fibroblasts) and their simian virus-40
large T antigen-transformed derivatives (TAG) (Perry et al., 1992)
were a kind gift of G.R. Stark (Cleveland Clinic, Cleveland, OH).
REF-52 primary cells were used at <35 passages. NIH3T3 cells were
obtained from American Type Culture Collection (Manassus, NJ)
and IMR-90 from Coriell Cell Repositories (Camden, NJ). All cell
lines were cultured as monolayers in DMEM (Life Technologies,
Paisley, United Kingdom) supplemented with 10% fetal calf serum
(Biological Industries, Kibbutz Beit Haemek, Israel), except NIH3T3
were supplemented with 10% bovine calf serum (Hyclone Labora-
tories, Logan, UT). Cell doubling times at mid-log phase were 24 h
for REF-52, NIH3T3, and IMR-90 and 18 h for TAG.

Retrovirus packaging cells that produced viruses expressing ei-
ther p53DD (LXSN-p53DD) or the neomycin resistance gene only
(LXSN; control) (Gottlieb et al., 1994) were obtained from M. Oren
(Weizmann Institute of Science, Rehovot, Israel). These cells were
cultured as monolayers in DMEM supplemented with 10% fetal
bovine serum and 200 ug/ml G418 (Life Technologies, Rockville,
MD). At 24 h before infection, target REF-52 cells were seeded at a
density sufficient to reach ~70% confluency at the time of infection.
For infection, virus-containing culture medium from packaging
cells was filtered through a 0.45-um acetate cellulose filter and
added to target cells. Infection was allowed to proceed for 5 h, after
which virus-containing medium was washed out and replaced by
fresh medium. Selection was initiated either 5 or 24 h after infection,
and performed for 5-6 d in the continued presence of 1 mg/ml
G418, at which time all control uninfected cells had died. Identical
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results were obtained with cells that were used immediately or
stored frozen and rethawed before use. All cells were maintained in
a humid incubator at 37°C in a 5% CO, environment.

Synchronization and Cell Treatment

To synchronize cells at mitosis, subconfluent cultures were treated
with 5 uM aphidicolin 2 d after replating to presynchronize cells in
S phase, and they were released into 0.04 ug/ml nocodazole to
accumulate cells in mitosis. At 7-8 h following release from aphidi-
colin, when the mitotic index was peak, cells were selectively de-
tached. To inhibit cell cleavage and generate tetraploid cells, cells
were washed with drug-free medium following selective detach-
ment and then replated in the presence of 10 uM DCB. After 5 h, the
cells had exited mitosis and spread. Cells were then either harvested
immediately or washed with drug-free medium and continued in
culture. Controls were prepared by washing detached mitotic cells
with drug-free medium following synchronization and replating.
Similar results were obtained if cells were synchronized only by
treatment with 0.04 pg/ml nocodazole, and not presynchonized
with aphidicolin, before selective detachment.

To focus on cleavage failure as the cause of G1 arrest, randomly
cycling REF-52 cells were exposed to 10 uM DCB for 5 h without
prior presynchronization, and then DCB was washed out and cells
were exposed to 10 uM bromodeoxyuridine (BrdU) for 25 h in
DMEM with 10% fetal calf serum.

To assay inappropriate mitotic exit in the presence of a microtu-
bule inhibitor, detached mitotic cells, synchronized by release from
aphidicolin into nocodazole as described above, were replated in
the continued presence of 0.04 ug/ml nocodazole. Cells had exited
mitosis and had respread by 5 h following replating. These cells
were either harvested or washed with drug-free medium for the
continued culture of the resultant tetraploid cells. REF-
LXSNp53DD, and REF-LXSN cells were irradiated by a '*Cs
gamma irradiator at ~2 Gy/min (4 Gy total).

Flow Cytometry

To analyze exit from mitosis and determine cell cycle profiles, cells
were prepared for two-dimensional flow cytometry by using anti-
bodies to mitotic phosphoepitope marker-2, a mitotic marker (Davis
et al., 1983), and propidium iodide, a marker of DNA content. Cells
were collected by centrifugation, resuspended in phosphate-buff-
ered saline (PBS), and fixed by the addition of 90% methanol at
—20°C for 10 min. Cells were then pelleted and resuspended and
stored at 4°C in PBS with 0.04% sodium azide. Incubation with
MPM-2 antibodies, washes, incubation with fluorescein isothiocya-
nate-conjugated donkey anti-mouse IgG secondary antibodies (Jack-
son ImmunoResearch Laboratories, West Grove, PA), and incuba-
tion with 50 pg/ml propidium iodide in 4 mM sodium citrate
containing RNase A were as previously described (Andreassen and
Margolis, 1994).

For quantification of entry into S phase, 10 uM BrdU was added
to cells from a frozen 10 mM stock for 30 min. Cells were then
collected by trypsinization, centrifuged, and resuspended in 1X PBS
and fixed by the addition of 90% methanol for 10 min at —20°C.
Cells were then kept at 4°C in PBS containing 0.04% sodium azide
pending preparation for analysis. To prepare cells for analysis, they
were resuspended in 50 ul PBS to which 1 ml of PBS containing 2 N
HCI and 0.5% Triton X-100 was added for 30 min at room temper-
ature (RT). Following centrifugation, 1 ml of 0.1 M sodium tetrabo-
rate, pH 8.5, was added. Cells were then centrifuged and 100 ul
FITC-conjugated anti-BrdU antibody (Becton Dickinson, San Jose,
CA) diluted fourfold in PBS/0.5% Tween 20/1% bovine serum
albumin was added for 30 min at RT. Cells were washed with 1 ml
of PBS, and DNA was stained by the addition of 50 ug/ml pro-
pidium iodide in PBS. Data were collected using a FACScan flow
cytometer (Becton Dickinson). For each sample, 10,000 events were
collected, and aggregated cells were gated out.
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Microscopy

In all cases, cells prepared for immunofluorescence microscopy
were grown on poly-D-lysine-coated glass coverslips before drug
treatment. To assay spindle formation and chromosome segregation
in the presence of DCB, cells were synchronized in mitosis by
treatment with aphidicolin and then nocodazole, as described
above. Cells were then released from mitotic arrest by washing with
drug-free medium and were subsequently treated with 10 uM DCB.
At 30 min or 45 min following release into mitosis, cells were fixed
with 2% paraformaldehyde in PBS for 20 min at 37°C and were
permeabilized 3 min with 0.2% Triton X-100 in PBS. Incubation with
primary and secondary antibodies, washes, counterstaining with
propidium iodide, and mounting of coverslips were as previously
described (Andreassen and Margolis, 1994). Anti-B-tubulin anti-
body from Sigma Chemical, St. Louis, MO (Tub 2.1) was used at a
400-fold dilution, and FITC-conjugated donkey anti-mouse IgG an-
tibody (Jackson ImmunoResearch Laboratories) was used at 2.5
ug/ml. For experiments where REF-52 cells were briefly treated
with DCB (without presynchronization) and then exposed to BrdU
for 25 h, cells were fixed by the addition of 90% methanol for 10 min
at —20°C. Cells were then prepared and incubated with FITC-
coupled anti-BrdU antibody as described above for the detection of
BrdU by flow cytometry but without the centrifugation. Samples
were observed using an Optiphot II microscope (Nikon, Melville,
NY) attached to an MRC-600 laser scanning confocal apparatus
(Bio-Rad Microscience Division, Herts, England). Images were
treated with Adobe Photoshop and printed on an Inkjet Epson
Stylus Color 900 printer (Seiko Instruments, Nagano-Ken, Japan).

To determine that DCB induced failure of cell cleavage, cells
grown on culture dishes were examined by phase contrast micros-
copy (Nikon Diaphot), and photographed using a Nikon F-601 M
camera.

Cell Counts

REF-52 cells were synchronized in mitosis by treatment with aphidi-
colin and nocodazole, as described above. Following selective de-
tachment, cells were washed in drug-free medium and replated in
10-cm dishes containing 10 uM DCB. At 5 h after replating, cells
were either harvested (time zero) or washed free of DCB with fresh
drug-free medium. Control cells were prepared by replating in
drug-free medium after selective detachment. Every 24 h, cells were
harvested, resuspended in PBS, and counts were taken using a
Neubauer hemacytometer. Figures shown are a mean value of eight
counts for each sample.

Chromosome Counts

TAG cells were synchronized in mitosis as described above by
treatment with aphidicolin, and then nocodazole, and then were
selectively detached. Cells were washed with drug-free medium
and then replated either in drug-free medium (controls) or the
presence of 10 uM DCB for 5 h. At 24 h following replating, when
cells had progressed through a complete cell cycle, they were
treated with 0.5 ug/ml nocodazole to collect mitotic cells. After 12 h,
mitotic cells were selectively detached and were swollen in 0.8%
sodium citrate for 10 min at RT. Cells were then fixed 30 min at RT
in methanol/acetic acid (3:1) and then spread on poly-D-lysine-
coated coverslips by drying at 37°C. The preparation was then
washed with PBS, stained for 5 min with 0.5 pug/ml propidium
iodide, washed again twice with PBS, and mounted as for immu-
nofluorescence microscopy.

For chromosome enumeration, samples were observed using a
Nikon Optiphot microscope. Chromosomes were counted in cells in
which chromosomes formed a discrete, individual set. For each
sample, 40 mitotic cells were counted.
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Assay of cdk2 Activity

REF-52 cells were synchronized with aphidicolin and then accumu-
lated in mitosis by treatment with 0.04 ug/ml nocodazole and were
selectively detached. Cells were either replated in the presence of
nocodazole for 5 h to undergo inappropriate mitotic exit, or were
replated in the presence of 10 uM DCB for 5 h, and were harvested
at successive time points. Cell lysates were prepared in 50 mM
Tris-HCI, pH 7.4, 250 mM NaCl, 5 mM EGTA, 0.1% NP-40 contain-
ing 0.1 mM phenylmethylsulfonyl fluoride, 10 ug/ml aprotinin, 10
pg/ml leupeptin, 60 mM g-glycerophosphate, 50 mM NaF, and 0.5
mM sodium vanadate as previously described (Andreassen and
Margolis, 1994). Immunoprecipitation with cdk2-specific antibodies
and radioimmune assay for the phosphorylation of histone H1 was
performed as previously described (Trielli ef al., 1996).

Immunoblotting

Cells were lysed as described above. For the detection of p21WAF!
and cyclin E, lysates were resolved on 12% polyacrylamide gels and
gel-separated proteins were then transferred to nitrocellulose sheets
by using a semidry blotting apparatus, blocked with 5% nonfat
milk, and incubated overnight with anti-p21WAF! antibody (C19;
Santa Cruz Biotechnology, Santa Cruz, CA) diluted 2000-fold in
TNT buffer (25 mM Tris-HCl, pH 7.5, 150 mM sodium chloride, and
0.05% Tween 20) and anti-cyclin E (Brénot-Bosc et al., 1995) diluted
3000-fold in TNT containing 2.5% nonfat milk, respectively. Nitro-
cellulose sheets containing transferred proteins were then washed
and incubated with horseradish peroxidase-conjugated goat anti-
rabbit IgG secondary antibodies diluted in TNT (also containing
2.5% nonfat milk for detection of cyclin E), as previously described
(Andreassen and Margolis, 1994). For the detection of retinoblas-
toma protein (pRb), protein was transferred to Immobilon and
incubated with antibody specific to pRb (Pharmigen, San Diego,
CA) diluted 500-fold in TNT containing 1% nonfat milk and de-
tected by incubation with secondary HRP-conjugated goat anti
mouse IgG antibody (KPL, Gaithersburg, MD) diluted 300-fold in
TNT. Protein—-antibody complex was detected by enhanced chemi-
luminescence (Pierce, Rockford, IL).

RESULTS

Nontransformed REF-52 Cells Arrest in Tetraploid
G1, Whereas Transformed Cells Continue to Cycle

To determine whether the tetraploid state itself might in-
duce G1 arrest, we induced cleavage failure in nontrans-
formed REF-52 cells and their T-antigen—transformed deriv-
atives, TAG cells, by transient exposure to DCB. To this end,
both REF-52 and TAG cells were presynchronized in S phase
with aphidicolin, subsequently arrested in mitosis by release
into nocodazole, and mitotic cells were harvested by selec-
tive detachment. At the time of replating (mitotic shakeoff,
Figure 1), FACscan analysis showed that cells had uniform
4N DNA content and contained abundant MPM-2, a specific
phospho-epitope antigen marker of mitotic cells (Davis et al.,
1983).

These cells were then released from nocodazole upon
replating and exposed to 10 uM DCB, a concentration suf-
ficient to completely suppress cell cleavage. After 5 h expo-
sure to DCB, all cells exited mitosis to G1 as evidenced both
by low MPM-2 signal and by tetraploid DNA content (Fig-
ure 1A), as determined by flow cytometry (Andreassen and
Margolis, 1994). REF-52 cells that were maintained in DCB
for 24 h following mitotic synchronization remained ar-
rested with 4N DNA content and a minimal MPM-2 signal,
whereas TAG cells did not arrest but accumulated with 8N
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Figure 1. REF-52 cells, but not transformed TAG cells, arrest in G1 following tetraploidization by treatment with DCB. (A) Both untreated
REF-52 (left) and TAG (right) cells had similar cell cycle distributions, as shown by histograms of DNA content determined by flow
cytometry. Mitotically synchronized (mitotic shakeoff) REF-52 and TAG cells were in mitosis as determined by 4N DNA content (1st and 3rd
columns) and elevated MPM-2 signals (2nd and 4th columns). Both REF-52 and TAG cells resumed cycling and had DNA content profiles
similar to untreated cells 48 h following release from mitotic synchronization (Rel. 48 h). REF-52 and TAG cells exited mitosis, as determined
by minimal MPM-2 signals (2nd and 4th columns, respectively), following release of mitotically synchronized cells into medium containing
10 uM DCB, an inhibitor of the actin assembly required for cytokinesis, for 5 h (DCB 5 h). Tetraploid REF-52 cells remained arrested in G1
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DNA content and included mitotic cells with elevated
MPM-2 signal.

Alternatively, cells were released from DCB after 5 h of
exposure and were later harvested for flow cytometric anal-
ysis. This allowed determination of the behavior of both
REF-52 and TAG cells to a transient exposure to DCB that
was just sufficient to induce tetraploidy. Nineteen hours
after DCB release, REF-52 cells remained 4N with a minimal
MPM-2 signal, whereas tetraploid TAG cells had proceeded
through a full cell cycle and had become highly aneuploid,
with DNA contents ranging from <2N to >4N. Elevated
MPM-2 signal, associated with a range of DNA contents,
indicated that many of the aneuploid cells were undergoing
mitosis (Andreassen et al., 1996). Sixty-seven hours after
DCB release, the REF-52 cells remained 4N with no cells in
mitosis, and the highly aneuploid status of the TAG cells
remained unchanged. These results thus suggest that REF-52
cells, but not TAG cells, arrest indefinitely in G1 when made
tetraploid by failure of cytokinesis induced by transient
exposure to DCB.

It is important to note that the synchronization procedure
alone had no lasting effect on the cell cycle. In contrast to the
behavior resulting from tetraploidization, control REF-52 or
TAG cells, synchronized with aphidicolin and nocodazole,
and then released from the nocodazole block immediately
after shakeoff, reentered the next cell cycle normally and
48 h later displayed flow cytometry profiles indistinguish-
able from untreated cells (rel. 48 h, Figure 1A).

Flow cytometric analysis of DNA content suggested that
TAG cells that failed to arrest in G1 became aneuploid
during the cell cycle that followed tetraploidization. We
confirmed this by counting the number of chromosomes in
mitotic spreads (Figure 1B). Control cells arrested with no-
codazole had 78 = 0.9 chromosomes, whereas synchronous
TAG cells, made tetraploid by treatment for 5 h with DCB,
and then harvested in mitosis 31 h after release from DCB
treatment (following accumulation in mitosis by treatment
with nocodazole for the last 12 h) had a chromosome distri-
bution ranging from 76 to 156.

Figure 1 (cont). with 4N DNA content (Ist column) and minimal
MPM-2 signal (2nd column) either when maintained in DCB for 24 h
following mitotic synchronization, or when released from 5 h treat-
ment with DCB for either 19 or 67 h. In contrast, transformed TAG
cells continued cycling and developed 8N DNA content with ele-
vated MPM-2 signal when maintained in DCB for 24 h following
mitotic synchronization. When released from 5 h treatment with
DCB following mitotic synchronization for either 19 or 67 h, TAG
cells became aneuploid with elevated MPM-2 signal and a corre-
sponding DNA content ranging from 2N to 8N. (B) As determined
by chromosome counts, transformed TAG cells rapidly become
aneuploid following tetraploidization by inhibition of cytokinesis
with DCB. Control cells had 78 = 0.9 chromosomes, whereas chro-
mosome counts prepared from chromosome spreads of DCB-
treated cells ranged from 76 to 156. Control cells were released from
mitotic synchronization into drug-free medium for 24 h and were
then arrested in mitosis by treatment with 0.5 ug/ml nocodazole for
12 h. DCB-treated cells were made tetraploid by 5 h exposure to 10
uM DCB following mitotic synchronization. These cells were then
also released into drug-free medium for 19 h and then accumulated
in mitosis with 0.5 ug/ml nocodazole for 12 h. A total of 40 cells was
counted both for controls and DCB-treated cells.
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Figure 2. REF-52 cells form a normal mitotic spindle and undergo
normal chromosome segregation, but become binucleate, in the
presence of DCB. (A) Metaphase REF-52 cells in 10 uM DCB formed
a normal mitotic spindle, as determined by immunofluorescence
microscopy with anti-tubulin antibodies (left column). Chromo-
somes aligned normally, indicating that the spindle functioned nor-
mally, as determined by counterstaining of chromosomes with pro-
pidium iodide (right column). The chromosomes are positioned
equidistant between the poles of the mitotic spindle. (B) At late
anaphase, the mitotic spindle detected by anti-tubulin antibodies
(left column) elongated normally and chromosomes detected by
staining with propidium iodide (right column) were completely
segregated. (C) At 5 h treatment with 10 uM DCB following mitotic
synchronization cells became binucleate, as determined by counter-
staining with propidium iodide (right column). The anti-tubulin
image (left) shows that the two nuclei were present in a single cell.
(D) A phase contrast image of a field of REF-52 cells 3 d following
mitotic synchronization and tetraploidization with 10 uM DCB
shows that cells were binucleate. An arrow indicates a typical
binucleate cell. Bars, 10 um (A-C) and 50 um (D).
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Figure 3. REF-52 cells are inhibited from entering S phase and do
not proliferate following tetraploidization induced by exposure to
DCB. (A) REF-52 cells, released from mitotic synchronization into
DCB for 5 h, and then released into drug-free medium for 19 h, did
not enter S phase by 24 h after mitosis, as determined by BrdU
incorporation measured by two-dimensional flow cytometry. By
contrast, controls released into drug-free medium for 24 h following
mitotic synchronization reentered S phase and incorporated BrdU.
(B) REF-52 cells made tetraploid by 5 h treatment with DCB follow-
ing mitotic synchronization showed >95% inhibition of S phase
entry through 67 h following release from DCB, relative to controls,
measured 24 h following release from mitotic synchronization. In-
hibition of S phase was quantitated for 10,000 cells each from
two-dimensional FACS histograms to obtain the number of cells
incorporating BrdU. (C) Counts of cell number show that REF-52
cells did not proliferate following tetraploidization induced by
treatment with DCB. Cells were sychronized in mitosis, selectively
detached, and then released from mitotic synchronization into me-
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It is unlikely that DCB-dependent arrest in G1 arose
through DNA damage or a checkpoint provoked by defec-
tive spindle function. DCB affects neither the formation of
the mitotic spindle nor chromosome segregation. As shown
in Figure 2A, a metaphase REF-52 cell, in the presence of 10
uM DCB, had a normal mitotic spindle and normal chromo-
some alignment. During late anaphase, spindle elongation
and chromosome segregation had occurred normally (Fig-
ure 2B). Following treatment with DCB well spread binucle-
ate cells, as shown in the example in Figure 2C, were ubiq-
uitous. A field of such cells, as observed by phase contrast
microscopy 72 h after exposure to DCB, is shown in Figure
2D. By contrast, control cells released from mitotic synchro-
nization without DCB treatment divided and maintained a
normal mononucleate population (our unpublished obser-
vations). Normal chromosome segregation was universal at
DCB concentrations sufficient to completely block cleavage,
as previously observed (Aubin et al., 1981; Martineau et al.,
1995).

To further demonstrate that tetraploid REF-52 cells re-
main blocked in G1 following transient exposure to DCB, we
assayed for their level of incorporation of BrdU relative to
control cells synchronized with nocodazole, harvested by
selective detachment, and then released from mitotic arrest.
Whereas control cells released for 24 h from nocodazole
synchronization showed an active S phase, BrdU incorpora-
tion was greatly suppressed 19 h after release from DCB
(Figure 3A).

Relative S phase levels were quantitated by FACscan anal-
ysis (Figure 3B). At 19, 43, and 67 h after release from 5 h
DCB exposure the level of BrdU incorporation was <5% that
exhibited by controls in a half-hour pulse (Figure 3B). The
arrest of tetraploid REF-52 cells in G1 following treatment
with DCB is further demonstrated by the fact that cell counts
remained constant following release from DCB (Figure 3C).
In comparison, control cells released from nocodazole syn-
chronization resumed normal proliferation (Figure 3C).

To perform the FACscan analysis shown above, extensive
synchronization procedures were necessary. Whereas con-
trols demonstrated that the synchronization procedures
alone did not influence cell cycle recovery, they could not
eliminate the possibility that the combination of synchroni-
zation protocols and exposure to DCB might cause arrest in
the tetraploid state. For this reason we performed an assay
of S phase entry on randomly cycling cells that were briefly
exposed to 10 uM DCB without presynchronization. After 5
h exposure to DCB and subsequent release into drug-free
medium, randomly cycling cells were given 10 uM BrdU for
25 h and analyzed for DNA replication by immunofluores-
cence microscopy. In the experiment shown, 18.6 * 1% of
the DCB-treated cells were binucleate, compared with 1 =
0.3% of control cells in untreated populations. The results
clearly demonstrate that DNA replication was almost com-
pletely suppressed in binucleate cells, whereas almost all
mononucleate cells continued to cycle. A field of cells is

dium containing 10 uM DCB for 5 h. Cells were then fixed (0 time)
or were released in drug-free medium for up to 96 h. Cells were
fixed at the time points indicated and cell numbers counted using a
hemacytometer. By contrast, mitotically synchronized cells replated
in drug-free medium resumed proliferation. Each point is an aver-
age of eight counts, and error bars represent SDs.
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Figure 4. DCB induces cell cycle arrest only
in cells that become binucleate following
short-term exposure. (A) REF-52 cells were
exposed to 10 uM DCB for 5 h without pre-
synchronization, and they were then cultured
for 25 h in medium containing 10 uM BrdU
but not DCB. As shown by an immunofluo-
rescence image, mononucleate, but not binu-
cleate, cells incorporate BrdU (green) follow-
ing 5 h treatment with DCB. Mononucleate C
cells are distinguishable from binucleate cells
by a counterstain of nuclei with propidium
iodide (red). FITC background was enhanced
to better distinguish between mononucleate
and binucleate cells. Bar, 25 um. (B) Quantita-
tion of the percentage of mononucleate and
binucleate REF-52 cells that incorporate BrdU
in 25 h following a 5 h exposure to DCB. (C)
Similar analysis of random cycling NIH3T3
and IMR-90 cells was conducted following ex-
posure to DCB for 10 h and then BrdU for 24 h.
Incorporation is specifically suppressed in
binucleate cells, indicating cell cycle arrest in

% BrdU positive

cells that become tetraploid due to inhibition
of cytokinesis by DCB. For each condition, at
least 300 cells were counted. Values shown are
mean values of three counts. SDs were as
stated in the text.

shown wherein mononucleate cells are uniquely BrdU pos-
itive (Figure 4A). Quantitative analysis of cells for BrdU
incorporation relative to nuclear number confirms that a
nearly absolute suppression of DNA replication (8.4 = 0.2%
BrdU positive) correlates with binucleate (tetraploid) status
(Figure 4B). Of the mononucleate cells in the population,
97.3 * 0.9% incorporated BrdU. These results demonstrate
that it is the tetraploid state, and not short-term exposure to
DCB, that inhibits subsequent cell cycle progression.

The observed arrest in tetraploid G1 was not unique to
REF-52 cells. Both nontransformed human IMR-90 and
mouse NIH3T3 cells exhibited similar BrdU incorporation
profiles following brief exposure to DCB (Figure 4C). Ran-
domly cycling NIH3T3 and IMR-90 cells were given DCB for
10 h, and then exposed continuously to BrdU for 24 h
following DCB release. As shown, whereas 94.7 * 2.7% of
mononucleate NIH3T3 cells were labeled, 24.6 = 0.9% of
binucleates had label. Similarly, 20.8 = 1.4% of binucleate
IMR-90 cells were labeled, whereas 82.3 * 3.7% of mono-
nucleate cells were labeled. As determined by flow cyto-
metric analysis, a stably arrested tetraploid population
was maintained over several days (our unpublished re-
sults). These results show a strong influence of tetraploidy
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% BrdU positive

= NIH 3T3 IMR 90

% BrdU positive

on G1 arrest, although it is somewhat less stringent in
both NIH3T3 and IMR-90 cells than that observed in
REF-52 cells.

G1 Arrest of Tetraploid Cells following Spindle
Failure Is Indistinguishable from Arrest following
Cleavage Failure

Exposure to 0.04 ug/ml nocodazole, which caused a failure
of spindle function resulted in an arrest in tetraploid G1
similar to that yielded by treatment with DCB. For these
experiments REF-52 and TAG cells were synchronized as
described above with aphidicolin, exposed to nocodazole,
and then harvested by selective detachment and replated in
the continued presence of drug. At the time of replating, the
harvested cells were mitotic (Figure 1).

Five hours after replating in the continued presence of
nocodazole both REF-52 and TAG cells remained 4N but
had exited mitosis, as demonstrated by the loss of MPM-2
marker (Figure 5A). Microscopic examination confirmed
that the REF-52 and TAG populations had both reconsti-
tuted interphase nuclei by this time (our unpublished obser-
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Figure 5. Aberrant exit from mitosis in the presence of nocodazole yields an arrest similar to that obtained by cleavage failure in DCB. (A)
Both REF-52 and TAG cells exited mitosis in the presence of 0.04 pg/ml nocodazole for 5 h following mitotic synchronization (noco 5 h) and
displayed minimal MPM-2 signal with 4N DNA content. REF-52 cells remained arrested in interphase as shown by a continued 4N DNA
content (1st column) and minimal MPM-2 signal (2nd column) both in 0.04 ng/ml nocodazole for 24 h or following release from 5 h treatment
with nocodazole for 19 or 67 h after aberrant exit from mitosis. By contrast, TAG cells did not arrest, and in the presence of 0.04 ug/ml
nocodazole for 24 h had 8N DNA content with elevated MPM-2 signal. But when released from 5-h treatment with nocodazole for either 19
or 67 h cells developed an aneuploid DNA content yielding mitotic cells that continued to cycle. Tetraploidization by either aberrant exit from
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vations). After 24 h in the continuous presence of nocoda-
zole, REF-52 cells retained 4N DNA content, whereas TAG
cells had largely progressed to 8N DNA content. The TAG
cells thus rereplicated their DNA following mitotic failure,
whereas the REF-52 cells did not.

The tetraploid block persisted even in the absence of
nocodazole. The REF-52 and TAG cells that had exited mi-
tosis by 5 h after shakeoff in the continued presence of
nocodazole were then released from the drug. Nineteen
hours after release, the TAG cells had become highly aneu-
ploid, and 3 d after release had a DNA content ranging from
<2N to >4N and had a broadly distributed MPM-2 signal,
indicating entry into mitosis with an aneuploid content of
DNA (Andreassen et al., 1996). By contrast, REF-52 cells
remained arrested with 4N DNA content and no significant
MPM-2 signal. In contrast, control REF-52 or TAG cells,
synchronized identically with aphidicolin and nocodazole,
but released from the nocodazole block immediately after
shakeoff, had normal cell cycle profiles 48 h later (Figure 1).
Similar results were obtained with taxol, another spindle
inhibitor with a different mechanism of action (our unpub-
lished results).

We next compared for several biochemical markers the
arrest of cells made tetraploid by exit from mitosis either
without spindle function or without cytokinesis. It has been
reported that cdk2 protein kinase activity is suppressed in
human colon carcinoma cells following exit from mitosis in
the absence of spindle function (Stewart ef al., 1999). In
accord with this, we find that cdk2 activity in REF-52 cells
was suppressed following aberrant exit from mitosis in the
presence of nocodazole (Figure 5B). Cdk2 activity was sim-
ilarly suppressed in REF-52 cells following failure of cell
cleavage in the presence of DCB (Figure 5B). This suppres-
sion thus correlates with tetraploidization, rather than fail-
ure of spindle function per se.

Additionally, p21WAF! inhibits c¢dk2 activity following
spindle failure in human colon carcinoma cells (Stewart et
al., 1999). In accord with this, we find that p21WAF! is in-
duced following aberrant exit from mitosis in the presence
of nocodazole (Figure 5C). Importantly, elevated levels of
p21WAFL were maintained even though nocodazole was re-
moved from the medium following mitotic exit, thus corre-

Figure 5 (cont). mitosis in the presence of nocodazole or inhibition
of cytokinesis by DCB results in identical profiles of effectors of G1
progression. Cells were treated with either 10 uM DCB or 0.04
ung/ml nocodazole for 5 h following mitotic synchronization, and
then following tetraploidization were released in drug-free medium
for the indicated period of time. (B) Cdk2 activity, which is required
for G1-S progression (Pagano et al., 1993; Tsai et al., 1993), was
suppressed by tetraploidization of REF-52 cells with either DCB or
nocodazole relative to untreated cells, and also suppressed relative
to cells arrested in S phase by treatment with 5 uM aphidicolin for
24 h, or to cells released from mitotic synchronization for 2 or 4 d.
(C) Both the cdk2 inhibitor p21WAF! and the cdk?2 activator cyclin E
were similarly present at elevated levels in cells made tetraploid by
exposure to either nocodazole or DCB relative to untreated cells or
mitotic cells synchronized by selective detachment (mitotic shake-
off). (D) pRb was in a hypophosphorylated state during G1 arrest
following tetraploidization of cells by either nocodazole or DCB, as
it was in cells arrested in G1 by contact inhibition. By contrast, pRb
was in a hyperphosphorylated state in untreated cells and those
arrested in S phase by treatment with aphidicolin.
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lating with the tetraploid status of the cells in the absence of
drug. p21WAT! was similarly induced and maintained in
REF-52 cells following failure of cell cleavage by exposure to
DCB, suggesting that p21WAF! was also generally induced
by tetraploidy status in G1.

In accord with a previous report (Lanni and Jacks, 1998),
we find that cyclin E, which activates cdk2 (Koff et al., 1992),
is present at elevated levels following failure of spindle
function, relative to levels in randomly cycling or mitotically
synchronized cells (Figure 5C). Cyclin E levels are elevated
to a similar degree in REF-52 cells made tetraploid by failure
of cytokinesis induced by DCB (Figure 5C).

pRb, which antagonizes cell cycle progression by binding
to members of the E2F transcription factor family (Wein-
traub et al., 1992), is hypophosphorylated during G1 (Buch-
kovich et al., 1989; Chen et al., 1989). We find that pRb is
hypophosphorylated following inappropriate exit from mi-
totic arrest with nocodazole (Figure 5D), as previously re-
ported for another cell line (Lanni and Jacks, 1998). A similar
hypophosphorylated state accompanies tetraploidization
following inhibition of cytokinesis by treatment with DCB
(Figure 5D).

Thus, G1 arrest activated by tetraploidization, whether it
follows aberrant exit from mitosis in the presence of inhib-
itors of spindle assembly, or inhibition of cytokinesis, is
indistinguishable with respect to each of the several G1 cell
cycle markers that we have examined.

Arrest in Tetraploid G1 State Is p53-dependent

The previously described “spindle assembly checkpoint”
that arrests cells in G1 following evasion of mitotic arrest has
been reported to depend upon p53 (Minn et al., 1996; Lanni
and Jacks, 1998). We asked whether checkpoint arrest fol-
lowing failure of cytokinesis is similarly p53-dependent. For
this, we inactivated p53 in REF-52 cells with a retrovirus
expressing a truncated dominant-negative mutant of p53
(p53DD) (Gottlieb ef al., 1994). As controls, we infected cells
with the retroviral vector alone. Untreated populations of
p53DD and control cells had similar cell cycle profiles, as
determined by flow cytometry (Figure 6B).

The p53DD mutant oligomerizes with wild-type p53, ab-
rogating sequence-specific DNA binding (Shaulian et al.,
1992) and thus blocking p53-dependent transactivation. To
confirm that p53DD effectively blocked p53-dependent tran-
scription in infected REF-52 cells, we exposed control and
p53DD cells to y-irradiation (Figure 6A), which induces
p53-dependent transcription of p21WAF! (El-Deiry et al.,
1993; Dulic et al., 1994). p21WAF! was induced in control
cells, but not p53DD cells, at 3 and 6 h postirradiation.

p53DD cells failed to arrest in a tetraploid G1 state fol-
lowing DCB treatment. Both control REF-52- and p53DD-
expressing populations had 4N DNA content following mi-
totic synchronization and selective detachment (mitotic
shakeoff, Figure 6B). However, when the mitotically syn-
chronized p53DD cells were treated with DCB for 5 h to
induce cleavage failure and then treated for 19 h with no-
codazole, they exhibited a largely 8N DNA content, indicat-
ing cell cycle progression to the next mitosis. By contrast,
control cells infected with the retroviral vector alone main-
tained 4N DNA content following identical treatment (Fig-
ure 6B). This result indicates that p53DD abrogates G1 arrest
following tetraploidization obtained by cleavage failure.
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Figure 6. p53 is required for tetraploid arrest whether induced by inhibition of cytokinesis or by exit from mitosis without the formation
of a mitotic spindle. p53 was inactivated in REF-52 (p53DD) by expression of a dominant-negative mutant (Shaulian et al., 1992). (A)
Inactivation of p53 in cells expressing p53DD resulted in their inability to induce p21WAF! following exposure to gamma irradiation, as
demonstrated by Western blots. By contrast, control REF-52 cells (p53*/*) induced p21WA following irradiation. (B) FACSscan analysis
showed that both p53*/* and p53DD cells had similar cell cycle profiles when untreated and had the 4N DNA content expected of cells
following mitotic synchronization (mitotic shakeoff) and subsequent tetraploidization by exposure to 10 uM DCB for 5 h (DCB 5 h). Control
p53*/* cells remained arrested with 4N DNA content following exposure to DCB, whether released into drug-free medium for 19 or 67 h,
or released into 0.04 pg/ml nocodazole for 19 h. By contrast, p53DD cells continued cycling when made tetraploid by exposure to DCB. Cells
accumulated with 8N DNA content when released from DCB into nocodazole and became aneuploid when released from DCB into drug-free
medium for 19 or 67 h. (C) Similarly, p53DD cells continued cycling when made tetraploid by aberrant exit from mitosis in the presence of
0.04 ng/ml nocodazole, whereas control p53*/* cells arrested with 4N DNA content. p53DD cells accumulated a subpopulation of 8N cells
when exposed to 0.04 ug/ml nocodazole for 24 h following mitotic synchronization, and they became aneuploid when mitotically
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When p53DD cells were similarly exposed to DCB for 5 h
during release from mitotic synchronization, but permitted
to pass through the next mitosis, they developed an aneu-
ploid DNA distribution, evident both at 19 and 67 h after
release from DCB (Figure 6B). This result is comparable to
observations in similarly treated TAG cells (Figure 1). By
contrast, control cells similarly exposed to DCB maintained
G1 arrest with 4N DNA content when assayed at both 19
and 67 h following release from DCB (Figure 6B).

p53DD REF-52 cells also failed to arrest in G1 following
evasion of nocodazole-dependent mitotic arrest (Figure 6C)
and had 8N DNA content following 24 h treatment with
nocodazole. Furthermore, cells made tetraploid by 5 h treat-
ment with nocodazole following mitotic synchronization
exhibited aneuploidy 19 h after release from nocodazole. By
comparison, control cells retained 4N DNA content follow-
ing evasion of mitotic arrest in the presence of nocodazole
(Figure 6C). Thus, maintenance of G1 arrest following tet-
raploidization, whether caused by evasion of mitotic arrest
or by failure of cytokinesis, is similarly dependent upon p53.

p21WAFL is transcribed in a p53-dependent manner in
response to certain stimuli (El-Deiry et al., 1993; Dulic et al.,
1994). To determine whether this is the case after induction
of a tetraploid state, we assayed the status of p21WAF! in
control and p53DD cells, and found that p21WAF! was in-
duced in a p53-dependent manner following failure of cy-
tokinesis (Figure 6D). In control cells, p21"WAF! was present
at elevated levels relative to controls at 1, 2, and 4 d follow-
ing tetraploidization by cleavage failure.

By contrast, p21WAF! is not induced in p53DD cells fol-
lowing cleavage failure. Thus, we conclude that the tet-
raploidization checkpoint requires p53-dependent transcrip-
tional activity regardless of whether it is induced by failure
of chromosome segregation or failure of cytokinesis, and it is
associated with sustained levels of the p53-dependent tran-
scriptional product p21WAFL

DISCUSSION

We have demonstrated that nontransformed mammalian
cells arrest in G1 following failure of any late mitotic event
that generates a tetraploid condition. The mechanism of
arrest is dependent on the tumor suppressor p53. A “spindle
assembly” checkpoint has been previously described that
arrests cells in G1 in a p53-dependent manner when they
inappropriately exit mitosis in the presence of inhibitors of
microtubule assembly (Minn et al., 1996; Lanni and Jacks,
1998). In these previous studies, arrest could have been
triggered by a checkpoint that responds to mitotic exit in the
absence of a functioning mitotic spindle, or it could have
resulted from the induction of tetraploidy itself. Here, we
have used DCB, an inhibitor of actin assembly, to inhibit

Figure 6 (cont). synchronized, then treated with 0.04 ug/ml no-
codazole for 5 h, and finally released into drug-free medium for
either 19 or 67 h. (D) p21WAF was induced in a p53-dependent
manner in cells made tetraploid with DCB, relative to controls or
actively cycling cells 2 d after release from mitotic synchronization.
Western blots show p21WAF! was induced in p53*/*, but not
p53DD cells following mitotic synchronization and then treatment
with DCB for 5 h to obtain a tetraploid G1 population.
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cytokinesis and have generated tetraploid cells that exit
mitosis following normal mitotic spindle formation and nor-
mal chromosome segregation. We are thus able to conclude
that induction of tetraploidy itself blocks cell cycle progres-
sion.

The tetraploid arrest that results from cleavage failure is
very similar in its molecular signature to the GI arrest
generated by inappropriate mitotic exit in the presence of
spindle inhibitors. Both are p53-dependent and are accom-
panied by the inhibition of the cdk2 protein kinase activity
that is required for G1-S progression (Pagano et al., 1993;
Tsai ef al., 1993). Furthermore, both are characterized by the
induction of the cdk inhibitor p21WAF! (Dulic et al., 1994), by
elevated levels of the cdk2 activator cyclin E (Koff et al.,
1992), and by hypophosphorylation of the pRb. These sim-
ilarities lead us to conclude that nontransformed cells pos-
sess a common G1 checkpoint that induces arrest in re-
sponse to tetraploidization. This checkpoint operates
regardless of the means by which the cell becomes tet-
raploid, and is not specifically due to exit from mitosis in the
absence of spindle function.

It appears that the tetraploidy checkpoint may be essential
to prevent the formation of aneuploid cells from tetraploid
intermediates. When a cell fails in mitosis and becomes
tetraploid, it reenters G1 with double the normal number of
G1 centrosomes. Centrosome duplication is coupled to cell
cycle progression, and continued cycling of such a tetraploid
cell would inevitably result in a multipolar spindle at the
next mitosis, resulting in random chromosome segregation.
Indeed, we find that inactivation of the tetraploidy check-
point uniformly results in aneuploidization following pas-
sage through the next cell cycle (Figure 1B), and consequent
induction of multipole spindles (our unpublished observa-
tions). Thus, the tetraploidy checkpoint prevents aneu-
ploidization by inducing the tetraploid cell to withdraw
from the cell cycle before DNA replication.

The tumor suppressor protein p53 has a well established
role in maintaining the integrity of the genome (Hartwell,
1992; Donehower et al., 1995). Given that inactivation of p53
in tetraploid cells results in progression toward aneuploidy,
it is evident that tetraploid arrest may be an important
means by which p53 preserves genomic integrity. Because
aneuploidization is tightly correlated with tumor formation
(Rabinovitch et al., 1989, Li et al., 1997; Duesberg et al., 1998;
Lengauer et al., 1998), we conclude that the tetraploidy
checkpoint function of p53 may be essential to its role as a
tumor suppressor.

Nontransformed Cells Have a G1 Checkpoint That
Prevents Rereplication following Tetraploidization

Initial results suggested that the spindle assembly check-
point, defined as suppression of mitotic exit in the presence
of mitotic spindle inhibitors, is dependent upon p53 (Cross
et al., 1995). More recent results have demonstrated, how-
ever, that it is not the timing of mitotic exit, but arrest in the
subsequent G1, that is p53-dependent (Minn et al., 1996;
Lanni and Jacks, 1998), because paired cells that are either
competent or deficient for p53 function have been shown to
exit mitosis at similar rates in the presence of inhibitors of
microtubule assembly. Because expression of a dominant-
negative p53 protein in REF-52 cells abrogates the G1 arrest
of cells that inappropriately exit mitosis in nocodazole, our
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results are in accord with this conclusion. Furthermore, us-
ing nontransformed REF-52 cells and their transformed de-
rivatives (TAG), we show that cellular transformation is not
a determinant of the ability to sustain mitotic arrest in the
presence of inhibitors of microtubule assembly.

During mitosis, spindle function checkpoints depend
upon proteins such as Bubl, BubR1, and Mad2 to delay
progression from metaphase to anaphase if microtubule at-
tachment or tension upon kinetochores is impaired (Taylor
and McKeon, 1997; Gorbsky et al., 1998; Chan et al., 1999).
These checkpoint controls are independent of p53 (Minn et
al., 1996; Lanni and Jacks, 1998). Despite these controls, most
cells have limited capacity to sustain mitotic arrest. If a cell
does exit mitosis in the presence of inhibitors of microtubule
assembly, there is a subsequent and independent checkpoint
in G1 that arrests cells in a p53-dependent manner (Minn et
al., 1996; Lanni and Jacks, 1998). Thus, these two checkpoints
appear to act in concert; the first acting to ensure accurate
cell division and the second acting to protect the cell from
aneuploidy if cell division has not been completed accu-
rately.

Various mechanisms could account for the arrest of cells
containing functional p53 in G1 following inappropriate exit
from mitosis in the presence of inhibitors of microtubule
assembly. These include DNA damage during aberrant mi-
tosis (Lanni and Jacks, 1998), failure to decatenate DNA
during anaphase, induction of signal mechanisms by inhi-
bition of spindle formation and function (Lanni and Jacks,
1998), or induction of controls that arise from tetraploid
status. From our results we conclude that the G1 arrest is
attributable to tetraploidization per se. Using DCB we have
inhibited cytokinesis following chromosome segregation
(Aubin et al., 1981; Martineau ef al., 1995). Both spindle
function and chromosome segregation are normal in the
presence of DCB. It is thus apparent that both decatenation
and separation of sister chromatids occur as in control cells.
DCB acts upon the actin assembly that initiates in the cell
cortex following chromosome segregation, and cells become
tetraploid without DNA damage. Given that both spindle
failure and failure of cytokinesis yield a similar outcome
following mitotic exit our results permit us to conclude that
any late mitotic failure, rendering a cell tetraploid, will
induce a p53-dependent arrest in the subsequent G1.

Possible Mechanisms of Tetraploidy Arrest

Among the reasonable possibilities that may account for the
induction of G1 arrest in tetraploid cells, G1 cells have
double the normal number of centrosomes following aber-
rant mitotic exit. The importance of the centrosome to cell
cycle control has been demonstrated recently in experiments
where the ablation of the centrosome during the prior cell
cycle in African Green Monkey BSC-1 cells resulted in G1
arrest following mitosis (Hinchcliffe et al., 2001). These re-
sults demonstrate that cell cycle progression is very sensitive
to the presence of centrioles in G1, and suggest that the
arrest we observe could be dependent upon the number of
centrosomes inherited by tetraploid G1 cells.

An alternative possibility is that tetraploid arrest is in-
duced by ploidy-specific regulation of gene expression. In-
terestingly, ploidy-specific alteration in G1 gene regulation
has been reported for isogenic budding yeast (Galitski et al.,
1999). The Galitski et al. (1999) result is of substantial impor-
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tance in light of our results, because it demonstrates that,
like mammalian cells, yeast have an unknown mechanism of
responding to their ploidy status.

We find that cells that become tetraploid either through
inhibition of cytokinesis or by aberrant exit from mitosis in
the presence of inhibitors of spindle assembly display an
arrest in G1 that is indistinguishable both with respect to the
point of arrest and dependency upon p53. Although inhibi-
tion of cytokinesis results in a binucleate state in which each
nucleus has an identical genetic complement, aberrant exit
from mitosis in the presence of inhibitors of spindle assem-
bly results in a micronucleated state in which the individual
micronuclei do not have an identical genetic complement. A
sensing mechanism based upon the number of centrosomes
or upon the total DNA content could generate a tetraploid
arrest independent of whether the tetraploid cell is mono-
nucleate, binucleate, or micronucleated. It will now be im-
portant to determine the mechanism by which mammalian
cells read their tetraploid state.

It has been previously reported that arrest in G1 following
exit from mitosis in the presence of inhibitors of microtubule
assembly is accompanied by the suppression of cdk2 protein
kinase activity (Stewart et al., 1999). Here, we find that G1
arrest following inhibition of cytokinesis leads to an equiv-
alent inhibition of cdk2 activity. Cdk?2 activity is required for
progression from G1 to S (Pagano et al., 1993; Tsai et al.,
1993), and one possible mechanism for the inhibition of cdk2
activity following tetraploidization is inhibition by the cdk2
inhibitor p21WAT!, Consistent with such a role, we find that
p21WAFL is induced by tetraploidization whether it results
from inhibition of cytokinesis or from failure of mitotic
arrest by spindle inhibitors.

A scenario of events consistent with our results is that
tetraploidization stimulates p53-dependent transcription of
p21WAFL which leads to the inhibition of cdk activity and to
the hypophosphorylation of pRb, which can independently
block cell cycle progression (Kato et al., 1993; Dynlacht et al.,
1994). pRb has been demonstrated to be required for Gl
arrest following inappropriate mitotic exit in the presence of
inhibitors of microtubule assembly (Di Leonardo et al., 1997).
Given that pRb is hypophosphorylated following tet-
raploidization, either by exit from mitosis in the presence of
inhibitors of spindle assembly or by inhibition of cytokine-
sis, pRb may be similarly required for the G1 tetraploidy
checkpoint.

p53 is activated by ataxia telangiectasia mutated-depen-
dent phosphorylation following ionizing radiation (Banin et
al., 1998; Canman et al., 1998), but it is presently unknown
whether tetraploidization activates p53 through the same or
alternate pathways. Thus, it remains possible that although
both DNA damage and tetraploidization induce p53-depen-
dent G1 arrest, the cell might read these events indepen-
dently as distinct insults to the genome.

Role of Tetraploidy Checkpoint in Maintenance of
Genomic Integrity

p53 is well characterized as a tumor suppressor (Baker et al.,
1990; Donehower et al., 1992), but how p53 serves this func-
tion is not clear. It has well-documented roles as a transac-
tivator involved in many different processes, including the
induction of cell cycle arrest following DNA damage (Kas-
tan et al., 1992; Cox and Lane, 1995) and induction of apo-
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ptosis (Yonish-Rouach ef al., 1991; Lowe et al., 1993). p53 also
has a well-documented role in maintaining genomic stability
(Hartwell, 1992; Donehower et al., 1995). Cell cycle arrest
following DNA damage could be expected to promote
genomic stability by allowing DNA repair before reactiva-
tion of the cell cycle machinery, whereas apoptosis would
serve to eliminate cells with genomic damage. Most human
solid tumors are genetically unstable, and the loss or gain of
complete chromosomes is the predominant form of genetic
instability (Lengauer ef al., 1998). Aneuploidy is an impor-
tant element of tumorigenesis (Li et al., 1997), and inactiva-
tion of p53 is probably an important element of this process
(Harvey et al., 1993). Because we show here that the inacti-
vation of p53 in tetraploid cells results in aneuploidization
following the completion of a single tetraploid cell cycle, and
because the tetraploid state is a frequent precursor to aneu-
ploidization in solid human tumors (Shackney et al., 1989),
we propose that the prevention of aneuploidy by blocking
the rereplication of tetraploid cells that result from failures
in mitosis may be a vital function of p53.
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