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Abstract

Cell cycle checkpointsare biochemicalsignal transductionpathways
that prevent downstream events from being initiated until upstream
processes are completed. We analyzed whether the p53 or pRb tumor
suppressors are involved in a checkpoint(s) that prevents DNA rereplica
tion in the presence of drugs that interfere with spindle assembly. Normal
mouse and human fibroblasts arrested with a 4N DNA content when
treated with nocodazole and Colcemid, whereas isogeneic p53-deficient or
pRb-deficient derivatives became polyploid. Flow cytometric and cytoge
netic analyses demonstrated that the polyploidy resulted from genome

wide rereplication without an intervening mitosis. Thus, p53 and pRb help
maintain normal cell ploidy by preventing DNA rereplication prior to
mitoticdivision.

Introduction

Faithful genome duplication is achieved by coordinating DNA
replication, repair, and chromosome segregation with biochemical
signal transduction pathways called checkpoints that ensure the or
derly progression of events in the cell cycle. Checkpoints prevent
transition into subsequent phases until all processes in the previous
phase are completed. Checkpoint defects are typically not lethal when
cells are grown under optimal conditions, but they can increase
genetic instability under the conditions that would normally activate
the checkpoint (1). The p53 tumor suppressor has been implicated in
checkpoints in all phases of the cell cycle. In G1, p53 is activated by
various types of DNA damage (2â€”4)and by nbonucleotide depletion
in the absence of DNA damage (5) to prevent cells from entering the
S-phase. Overexpression of p53 can also lead to a G2 arrest (6),
although the G2 damage checkpoint probably does not involve p53
directly (7). Finally, p53 prevents cells from advancing into the next
cycle when spindle assembly is inhibited by antimicrotubule agents
such as nocodazole or Colcemid (8). Consistent with its proposed
checkpoint functions, p53 deficiency correlates with increased rates of
chromosome breakage and gene amplification (3), production of mul
tiple centrosomes within a single cell cycle (9), and polyploidy (8). It
is unclear, however, whether the same signal transduction pathway is
involved in all of these putative checkpoint functions of p53. Genetic
and biochemical experiments indicate that p53 executes its G@arrest
functions, at least in part, through transcriptional activation of the
cycin-dependent kinase inhibitor p2!, which results in inhibition of
the kinases that phosphorylate pRb (10). pRb phosphorylation releases
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one or more members of the E2F family of transcription factors which
allows expression of genes involved in S-phase progression (1 1).
However, p21 does not appear to be involved in the spindle check
point in MEFs5 (12), and previous reports mitigate the likelihood of a
role for pRb in checkpoint functions outside of G1 (9, 11). Further
more, it remains to be determined whether p53 plays a role in the
spindle inhibitor-mediated arrest in human cells and whether the
polyploidy results from rereplication. This report utilizes flow cyto
metric and cytogenetic techniques to show that the polyploidy induced
in p53-deficient mouse and human cells challenged with spindle
inhibitors arises from genome-wide rereplication. In addition, it shows
for the first time that pRb-deficient cells of both species also undergo
rereplication when spindle formation is inhibited.

Materials and Methods

Cell Culture. Pools of WS1 (normalhumanembryonicskin fibroblasts;
ATCCCRL-1502)expressinga neomycinresistancegene (WSlneo), neomy
cm resistance and human papillomavirus type 16 E6 protein (WS1E6), or
neomycin resistance and human papillomavirus type 16 E7 protein (WS1E7)
were prepared by retroviral gene transduction at passage 11 (13). Cells cx
pressing E6 have a nonfunctional p53 pathway, and cells expressing E7 have
nonfunctional pRb and related proteins (14). These human fibroblast pools
were maintained as described previously (5). p53@ and p53@ MEFs were
isolated from transgenic mouse embryos 14 days after conception (15). Rb@
MEFs (Rb-12) were kindly provided by Dr. Allan Bradley (Baylor College of
Medicine, Houston, TX). MEFs were maintained in DMEM containing 10%
dialyzed fetal bovine serum. WS1 pools were used within 12 passages after
infection, and MEFs were used within five passages after isolation. G0 syn
chronization was achieved by serum deprivation after growth to confluence

(5).
Cell Cycle Analysis. G0-synchrothzedcells were split 1:3 or 1:4 before

release into complete medium or complete medium containing nocodazole
(0.05â€”0.12@xg/ml)or Colcemid (0.06â€”0.12,xg/ml), either with or without
BrdUrd at 65 .LM.Continuous labeling with BrdUrd allowed monitoring of
cells actively engaged in DNA synthesis. Analysis of BrdUrd-labeled samples
was conducted as described previously (5). DNA content was determined using
P1stainingaloneby treatingthecells with 20 @xg/mlP1containingRNase.The
samples were analyzed on a Becton Dickinson FACScan. For samples stained

with P1,cells with more than 4N DNA content were determined by gating the
events to the right of the 4N peak on histogram plots. For BrdUrd samples,
cells with more than 4N DNA were determined by gating the corresponding

events to the right of the 4N G2-M events on the dot plots. Experiments were
repeated a minimum of twice, 10,000 events were analyzed for each sample,
and representative experiments are shown.

Determination of Ploidy. G0-synchronizedor asynchronousWSlneo or
WS1E6 cells were treatedwith 0.2 @xg/mlColcemid for 17 to 22 h or 96 h.
Cells were harvested by trypsinization, swollen in 75 m'viKC1at 37Â°C,fixed
with three changes of 3: 1 methanol:acetic acid (v:v), and dropped onto clean,

5 The abbreviations used are: MEF, mouse embryonic fibroblast; P1. propidium iodide;

BrdUrd, bromodeoxyuridine; FISH, fluorescence in situ hybridization; FPG, fluorescence
plus Giemsa; cdk, cyclin-dependent kinase.
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ice-cold glass microscope slides. The slides were air dried and stained with 3%
Giemsa in a phosphate buffer for 10 to 20 rain. Chromosome numbers were
evaluated using a Zeiss Axiophot microscope under a X100 objective.

FISH. FISH was done according to published procedures with minor
modifications (16). Briefly, following RNase and proteinase K treatment and
DNA denaturation in 70% formamide/2X SSC (0.3 M NaC1 plus 0.03 M
sodium citrate, pH 7), cells were dehydrated in an ethanol series. Following
overnight incubation at 37Â°Cin a hybridization mixture consisting of 50%
deionized formamide, 5% dextran sulfate, 2X SSC, 1% Tween 20, 100 pg/mi
sheared herring sperm DNA, and 0.5 @xg/mlbiotinylated D17Z1 probe (Oncor,
Gaithersburg, MD), the slides were washed and blocked in 4X SSC/0.5%
blocking reagent (Boehringer Mannheim, Mannheim, Germany). Slides were
then alternately layered with Texas red-conjugated avidin and biotinylated
anti-avidin (Vector Laboratories, Inc., Burlingame, CA) in 4X SSC/0.5%
blocking reagent. Slides were mounted in antifade solution (Cytifluor, Ltd.,
London, United Kingdom) containing 5 @xg/mlHoechst 33258 and examined
on a Zeiss Axiophot microscope equipped for fluorescence. Nuclei and met
aphases were photographed, and the images were scanned and digitally pro
ceased with Adobe Photoshop.

DNARereplicationAssessedby ImmunofluorescenceMicroscopy.G0-
synchronized or asynchronous WS lneo, WS lE6, or WS lE7 cells were re

leased for 8 h and then treated with 0.2 @xg/mlColcemid. Fresh medium
containing 0.2 @xWmlColcemid and 50 @xMBrdUrd was added 48 h after
release, and the cells were incubated for an additional 48 h. Fixed cells (100%
methanol at 4Â°C)were rehydrated in PBS, and DNA was denatured by
incubating the slides in 2N HC1 for I h at 37Â°C.After acid neutralization and
a PBS wash, slides were incubated with 100 pAof 6 @xg/m1mouse anti-BrdUrd
antibody (Boehringer Mannheim) in PBS/0.l% BSA. Slides were washed in
PBS, incubatedwith FITC-conjugatedsheep anti-mouseantibody(Sigma, St.
Louis, MO) diluted 1:60 in PBS/0.l% BSA, and mounted in antifade solution

(Cytifluor, Ltd.) containing 2 @xWmlP1.
fluorescence Plus Giemsa Differential Chromosome Staining. G0-syn

chronized or asynchronous WS lneo or WS 1E6 cells were treated with 0.2

@xg/mlColcemid for 48 h. Fresh medium containing Colcemid and BrdUrd was
added for an additional 48 h. Differential staining was conducted essentially as
described by Wolff and Perry (17). Briefly, fixed slides were stained with
Hoechst 33258 (0. 1 @xg/ml)in PBS, placed under an UV lamp for 25 mm,
incubated in 2X SSC for 15 mm at 65Â°C,and then stained with 3% Giemsa in
a phosphate buffer for 10 to 20 mm. Differentially stained metaphases were
scored and photographed with black and white film.

Results

p53-deficient Human and Mouse Fibroblasts Rereplicate Their
DNA in the Presence of Spindle Inhibitors. Univariate flow cytom
etry with P1 was used previously to study the effects of spindle
inhibitors on wild-type and p53' MEFs (8). This method showed
that spindle inhibitors induce polyploidy in p53-deficient MEFs, but it
did not reveal whether the additional DNA resulted from cell fusion,
segmental DNA rereplication, or rereplication of the entire genome.
We used a continuous BrdUrd-labeling assay which directly demon
strates S-phase activity in cells with 4N DNA content. Cells were
synchronized in G0 by serum deprivation and released into complete
medium with BrdUrd and with or without 0.12 pg/mi nocodazole.
Samples were analyzed using flow cytometry 24, 48, and 96 h after
release. The fastest progressing cells began entering S-phase approx
imately 16 h after release and began entering G2 approximately 24 h
after release. A majority of cells had progressed into the cycle within
48 h. Events that extend to the right of the peaks with 4N DNA
content represent cells that underwent rereplication (Fig. lA, h and k).
Conventional P1 analyses were conducted in parallel with the BrdUrd
analyses to determine the effects of long-term BrdUrd exposure on
cell cycle progression (Fig. 1C).

P1 and BrdUrdanalyses generally producedquantitativelysimilar
results, demonstrating rereplication in nocodazole-challenged p53'
MEFs but not in identically treated p53@ MEFs. P1 analysis mdi
cated little or no increase in >4N p53@ MEFs treated with nocoda

z
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Fig. 1. Effects of nocodazole on replication and ploidy in p53@, p53@, and Rb'
MEFs. MEFs were synchronized in G@ and released into complete medium with or
without 0.12 ,sg/ml nocodazole and with or without BrdUrd. The three cell types were
always tested in the same experiment to avoid between experiment variability. Cells were
fixed at the indicated times, stained with anti-BrdUrd-FITC and/or P1,and analyzed suing
flow cytometsy. A, schematic diagram showing the progression of cells through multiple
cell cycle phases after release from G0 synchrony in cultures continuously labeled with
BrdUrd and stained with both anti-BrdUrd-FITC and P1.CelIa that did not escape from the
initial G0-G1or G2-M are below the horizontal line. The events above the line represent
cells that have incorporated BrdUrd and are progressing through the cell cycle. The
regions indicate cells in the initial G0-G1(a), the first S-phase (b), the first G2-M (c), the
second G0-G1following the first division (d), the second S-phase (e), the second G2-M (f),
the third G0-G1following a second division (g), a second S-phase in which the cells did
not undergo division (rereplication; h), a second G2-M in which the cells did not undergo
division (i), the initial G2-M prior to release, representing a background of non-G0 cells
in the synchronized population (j); the first S-phase of celIa that started in G2-M (perhaps
representing rereplication; k), and the first G2-M after release ofcells that started in G2-M
(1). - - -, 2N, 4N, and 8N populations. B, representative dot plota of untreated and
nocodazole-treated p53@ MEFs stained with anti-BrdUrd-FITC and P1. C, represents
tive DNA histograms for untreated and nocodazole-treated p53@ MEFs stained only
with P1. D, line graphs summarizing the percentages ofp53@,p53@, and Rb@ MEFs
with more than 4N DNA content over the 96-h time course for DNA content (P1) analysia.
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zole for 48 h (Fig. 1D). In contrast, more than 50% of the p53@
MEFs became >4N by P1 analysis (Fig. 1, C and D) and approxi
mately 44% became >4N by BrdUrd analysis after 48 h (Fig. 1B).
Whereas p53@'@ MEFs had about 15% >4N cells after 96 h of

nocodazole treatment, approximately 90% of the p53@ MEFs be
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came >4N (Fig. 1D) and more than 50% of these cells were >8N
(data not shown). The percentage of p53@ MEFs with >4N DNA
content increased most significantly between 24 h and 48 h after
release (Fig. 1D). Results similar to those shown in Fig. 1, Bâ€”D,were
obtained using Colcemid and after treatment of asynchronous popu
lations (data not shown). Taken together, the P1 and BrdUrd analyses

confirm and extend the previous report (8) thatp53@ MEFs become
polyploid in the presence of spindle inhibitors by showing that the
ploidy increase results from DNA rereplication rather than from cell
fusion or some other mechanism.

The p53-dependent cell cycle arrest response is typically more
stringent in human cells than in murine cells (12). This led us to
investigate whether p53-deficient human fibroblasts exhibited similar
responses to those seen in MEFs when treated with spindle inhibitors.

Human diploid skin fibroblast strains WSlneo (wild-type control) and
WS1E6 (p53 deficient) were synchronized in G0 by serum deprivation
and released into complete medium with or without 0.05 @g/ml
nocodazole and with or without BrdUrd. Samples were analyzed using
flow cytometry as described above. Nocodazole-treated WS lneo cul
tures contained fewer than 6% >4N cells after 96 h, with a majority
of the cells accumulating in the first G2-M after release (Fig. 2A). In
contrast, WS 1E6 cultures treated with nocodazole underwent rerepli
cation and contained more than 20% >4N cells by P1 analysis and

about 15% >4N cells by BrdUrd analysis after 96 h (Fig. 2B and data
not shown). Approximately 10% of the WS1E6 cells were >8N after
96 h using BrdUrd analysis (Fig. 2B). The number of >4N cells in
WS1E6 cultures was less than 5% after 24 h of nocodazole treatment
and increased to 12% after 36 h by BrdUrd analysis (data not shown).
This suggests that WS1E6 cells start to rereplicate between 24 and
36 h after release from serum deprivation. Similar results were ob
served with Colcemid and with different concentrations (0.05â€”0.12

I.Lg/ml) of the spindle inhibitors (data not shown). These data show
that p53-deficient human fibroblasts also undergo DNA rereplication
upon exposure to spindle inhibitors, whereas normal human fibro
blasts arrest with a 4N DNA content.

pRb-deficient Human and Mouse Fibroblasts Undergo DNA
Rereplication upon Exposure to Spindle Inhibitors. A previous
study showed that the frequency of tetraploid cells is significantly

higher in pancreatic cells of transgenic mice expressing SV4O TAg
(controlled by the elastase promoter) than in p53@ mice (8). TAg
binds to and inhibits pRb as well as p53. Since pRb is a downstream
effector of p53 in various G1 checkpoints, these data raised the
possibility that the response to spindle inhibitors may also be affected
by the pRb tumor suppressor.

We studied the effect of extended exposure of Rb@ MEFs to
mitotic inhibitors. Cells were synchronized in G0 and analyzed 24, 48,
and 96 h after release into complete medium, as described above.
Approximately 50% of the nocodazole-treated Rb@ MEFs were
>4N by P1 analysis (Fig. 1D) and more than 30% were >4N by
BrdUrd analysis (data not shown). More than 10% of the Rb' MEFs
contained >8N DNA content after 96 h of exposure (data not shown).
The increase in nocodazole-treated Rb@ MEFs containing >4N
DNA content remained fairly constant between time points. This is in
contrast to the sharp increase in cells >4N in p53' MEFs between
24 and 48 h after release (Fig. 1D). These results show that Rb@
MEFs, like p53@'@ MEFs, become polyploid by rereplication upon
exposure to spindle inhibitors, but the kinetics of the response appears
to be different.

We also studied the effect of mitotic inhibitors on WS1E7 cells in
which pRb is inactivated due to binding by the E7 oncoprotein. Cells
were synchronized in G0 by serum deprivation and released into
complete medium with or without 0.05 p.g/ml nocodazole and with or
without BrdUrd. Fig. 2C shows typical flow cytometry results at 0 and

untreated nocodazole
Oh 96 h 96 h
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-0- WSlneo untreated

U WSlneo nocodazole

-0- WSSE6 untreated

-.- WSSE6nocodazole
-o- WSSE7untreated
-A- W51E7 nocodazole

Time (h)
Fig. 2. Effects of nocodazole on replication and ploidy in WSlneo, WS1E6, and

WS1E7 cells. WSlneo, WS1E6, and WS1E7 cells were synchronized in G0 and released
into complete medium with or without 0.05 @xg/mlnocodazole and with or without
BrdUrd. The three cell lines were tested during the same experiment to avoid between
experiment variability. Cells were fixed at the indicated time points, stained with anti
BrdUrd-FITC and/or P1,and analyzed using flow cytometry. Representative DNA histo
grams of cells stained with P1 only and dot plots of cells stained with P1 and anti-BrdUrd
FITC are diagrammed in A (WSlneo), B (WS1E6), and C (WS1E7). 2N, 4N, and 8N
peaks are indicated. The heights of the tallest peaks in each histogram were set to similar
levels; therefore, the scales of the Y axes are variable. D, line graphs summarizing the
percentages of WSlneo, WS1E6, and WS1E7 cells with more than 4N DNA content over
the 96-h time course for DNA content (P1) analysis.
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Fig. 3. Detection ofpolyploidy in WS1E6 and WSIE7
cells using FISH. FISH was performed using a centro
meric probe to human chromosome 17 (D17Z1). A,
WSlneo cells treated for 96 h with Colcemid. B, WSlE6
cells treated for 96 h with Colcemid. C, WS1E7 cells
treated for 17 h with Colcemid. D, WSlE7 cells treated
for 96 h with Colcemid. Hybridized centromeres are
indicated by arrows in A and C.

I,

I

96 h. P1 and BrdUrd analyses showed that untreated WS1E7 cells
remained predominantly 2N or 4N after release (approximately
2â€”10%>4N). WS1E7 cultures treated with nocodazole had less than
10% >4N cells after 36 h of exposure (data not shown). After 48 h,
only about 10â€”20%of the cells were >4N, but approximately 50â€”
60% became >4N after 96 h, as determined by P1 and BrdUrd
analyses (Fig. 2, C and D). The number of cells >4N begins to
increase after 72 h of exposure, suggesting that WS1E7 cells start to
rereplicate between 48 and 72 h after release. This is significantly
longer than the observed 24â€”36h that WS1E6 cells require before
initiating rereplication. A small fraction of the >4N cells appeared to
arise from rereplication in cells that were initially 4N during serum
deprivation. Approximately 10% of the cells had become >8N after
96 h by both P1 and BrdUrd analyses (Fig. 2C). Although the increase
in WS1E6 cells containing >4N DNA content remained fairly con
stunt between time points, the percentage of WS1E7 cells with >4N
DNA content increased significantly between 48 and 96 h after release
by both methods (Fig. 2, C and D). Although E7 inactivates other cell
cycle regulators in addition to pRb (14), we infer from the Rb@
MEF data that pRb also plays a role in cell cycle regulation during
challenge with spindle inhibitors. There were modest differences in
the results obtained using the BrdUrd-labeing assay compared with
P1 analysis. However, the trend that pRb-deficient fibroblasts become
>4N after drug treatment is consistent between the methods. Taken
together, these data indicate that both pRb-deficient mouse and human
fibroblasts undergo DNA rereplication after treatment with spindle
inhibitors.

Polyploidy in p53- or pRb-deficient Human Fibroblasts Occurs
in the Presence of Spindle Inhibitors. Although the flow cytometric
analyses presented above demonstrate the occurrence of DNA rerep
lication, the data do not indicate whether the rereplication is global or
restricted to particular segments of the genome. We used several
cytogenetic strategies to address this issue. We first scored the ploidy
of WSlneo, WS1E6, and WS1E7 cells after exposure to Colcemid.
After 17â€”22h of treatment with 0.2 @g/mlColcemid, all of the
WSlneo metaphases were diploid and a majority of WS1E6 (96%)
and WS1E7 (98%) metaphases were also diploid or near diploid. After
96 h of treatment, 96% of the WSlneo cells remained diploid or near
diploid, and the chromosomes in the observed metaphases were hy
percondensed. Interestingly, we were unable to detect metaphases in
WS1E7 fibroblasts following treatment with Colcemid for 48, 72, or

96 h, consistent with previous observations (18). This observation
suggests that WS 1E7 fibroblasts do not undergo chromosome con

densation during prolonged Colcemid treatment. In contrast to
WSlneo cultures, in which almost all cells remained diploid, WS1E6
cultures treated with Colcemid for 96 h showed an increase in both
tetraploid (28%) and octaploid cells (21.5%). These ploidy increases
indicate that rereplication of most, possibly all, of the genome had
occurred. Surprisingly, we did not observe a large accumulation of
metaphases in WS1E6 cells following extended exposure (72â€”96h) to
Colcemid; the mitotic index remained approximately 2%. This may be
consistent with the observation that significant cell death (approxi
mately 40% as assayed by trypan blue exclusion) occurred during
treatment of WS1E6 and WS1E7 cultures with 0.2 pg/mi Colcemid
for 48 to 96 h. However, the recovery of WS1E6 metaphases was
greatly increased (mitotic index of 10%) when the cells treated with
Colcemid for 96 h were harvested by mitotic shake-off three times
consecutively over a period of 6 h. This suggests that these cells were
entering and exiting mitosis. These data contrast with the results
obtained in WS1E7 cells and suggest that p53-deficient human cells
do undergo cyclical chromosome condensation during prolonged cx
posure to Colcemid.

We also analyzed chromosome numbers in WS1E6 cells at pas
sages 8 through 17 after infection with the E6-containing retrovirus to
verify that the cells did not become polyploid spontaneously during
normal passage. These untreated cells did not show differences in
ploidy, indicating that the increased ploidy observed after treatment
with spindle inhibitors is due to the effects of the inhibitor itself rather
than side effects of retroviral infection or expression of E6 under
unperturbed conditions (data not shown). The relative stability of
chromosome number in untreated populations of WS1E6 cells con
trasts with the increasing ploidy observed in MEFs cultured in vitro
and is consistent with a more stringent control of ploidy in the human
fibroblasts.

As mentioned above, WS1E7 fibroblasts failed to produce met
aphases between 48 and 96 h of exposure to Colcemid. As an
alternative to metaphase analysis, FISH was used to assess the occur
rence ofpolyploidy in response to Colcemid in WS1E7 cells. WSlneo
and WS1E6 cells were also analyzed by FISH as controls. Cells were
hybridized to a biotinylated probe specific for human chromosome 17
centromeric sequences (D17Z1). As expected, only two hybridization
signals were observed in the nuclei of WSlneo cells exposed to
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when BrdUrd was added (data not shown). In contrast, BrdUrd
incorporation was observed in 66% and 79% of WS1E6 and WS1E7
cells, respectively. The BrdUrd incorporation in WS1E6 cells oc
curred throughout the genome (Fig. 4A). Comparable results were
obtained in asynchronous populations. These experiments confirm
that the polyploidy in WS1E6 cells results from DNA rereplication of
most, if not all, of the genome.

We gained additional evidence for the mechanism and extent of
rereplication using the FPG technique. The FPG method is generally

used to visualize sister chromatid exchanges in cells grown for two
cycles in BrdUrd (17). Based on semiconservative DNA replication,
both chromatids of a chromosome will have incorporated BrdUrd into
either one or both of their strands at the end of two cycles. Following
staining with the DNA-binding fluorochrome Hoechst 33258, UV
photolysis, and Giemsa staining, the doubly substituted chromatids
(new strands) appear light and the sister chromatids (parental strands)
appear dark when observed by transmitted light microscopy (Fig. 4B).
Cells with this differential chromosome staining pattern have under
gone at least two rounds of DNA replication after the addition of
BrdUrd. Asynchronous or G0-synchronized WSlneo and WS1E6
cells were treated with Colcemid and BrdUrd as described above for
the immunofluorescence assay. Zero of 75 WSlneo metaphases were
differentially stained, indicating that these cells arrested in the first
mitosis following addition of Colcemid (Fig. 4C). In contrast, 50 of
100 WS1E6 metaphases showed the differential staining pattern,
indicating that one-half of the observed cells had undergone at least
two rounds of DNA replication (Fig. 4C). Of the remaining 50
metaphases that did not show differential staining, 42 were polyploid
and 8 were near diploid. This may be due to some cells that have not
undergone two rounds of rereplication by the time of analysis and/or
to the limitations of the staining procedure. The differential staining
pattern is evident in all of the chromosomes of the representative
WS1E6 metaphase in Fig. 4B, suggesting that rereplication of most if
not the entire genome had occurred.

Discussion

Both p53 and pRb participate in a G, signal transduction pathway
that prevents progression into the S-phase in response to a diversity of
stresses, including hypoxia, DNA damage, and ribonucleotide deple
tion (4, 5, 20, 21). This report shows that deficiency of either p53 or
pRb also abrogates the requirement that mitosis and chromosome
segregation occur prior to reinitiation of DNA replication. These data
confirm a previous report that p53@ MEFs become polyploid during
prolonged incubation with spindle inhibitors (8) and extend the results
to pS3- and pRb-deficient human and mouse fibroblasts. The univa
riate flow cytometric and cytogenetic methods used in the previous
study were not sufficient to resolve the mechanism by which the

p53@'@ MEFs acquire additional DNA. Therefore, we used a contin

uous BrdUrd-labeling flow cytometric strategy and cytogenetic anal
yses that assessed the pattern and extent of DNA synthesis. The data
indicate that p53 or pRb deficiency in mouse or human cells leads to
increased ploidy in the presence of spindle inhibitors due to rerepli
cation of most, if not all, of the genome. The FPG data in this study
indicate that at least two rounds of rereplication occur in p53-deficient
cells without an intervening mitosis in the presence of spindle inhib
itors. The FPG analysis demonstrates that the rereplication is semi
conservative and uniform on each chromatid. In addition, FISH uti
lizing centromeric probes indicates that late-replicating regions are
also rereplicated in both p53- and pRb-deficient cells without mitosis.
Since areas of local overreplication were not readily apparent, these
data indicate that rereplication occurs uniformly across the genome.
Genome-wide rereplication in the presence of spindle inhibitors was

A
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Fig. 4. Detection of DNA rereplication by immunofluoreacence microscopy, and FPG
WSlneo and WS1E6 cells were exposed to Colcemid alone followed by BrdUrd in the
presence of Colcemid. A, representative WSlneo and WS1E6 metaphases observed with
immunofluorescence microscopy. The WS1E6 metaphase shows uniform incorporation of
BrdUrd. B. schematic diagram of chromosomes differentially stained using the FPG
technique. Two rounds of replication and an idealized resultant chromosome are shown.
C, representative differentially stained WSlneo and WS1E6 metaphaaes. WS1E6 chro
mosomes show two rounds of DNA replication in the presence of Colcemid.

Colcemid for 96 h, indicating that these cells did not undergo rerep
lication after the initial metaphase (Fig. 3A). In contrast, WS1E6 cells
treated with Colcemid for 96 h showed multiple hybridization signals
(four to eight), indicative of polyploidy (Fig. 3B). WS lE7 cells treated
for 17 h with Colcemid showed two hybridization signals in both
metaphases and nuclei (Fig. 3C). In contrast, multiple hybridization
signals (four to 10) were detected in about 35% of WS1E7 cells after
96 h of exposure to Colcemid (Fig. 3D). These results show that
pRb-deficient human fibroblasts undergo DNA rereplication after
extended exposure to spindle inhibitors and that centromeric hetero
chromatin is included in the replicated DNA. The additional copies of
centromeric sequences, which typically replicate late in the S-phase
(19), is consistent with the proposal that rereplication occurs uni
formly throughout the genome.

Cytogenetic Evidence of DNA Rereplication in Human Cells
Lacking Functional p53 or pRb. We used a BrdUrd-labeling tech
nique and subsequent analysis by immunofluorescence microscopy to
further assess whether the entire genome or only segments of the
genome were rereplicated. WSlneo, WS1E6, and WS1E7 cells were
synchronized in G0 by serum deprivation and released into complete

medium. Colcemid was added to the cells 8 h after release to arrest
them in the subsequent metaphase. Forty-eight h after release, the
cells were refed with fresh medium containing both Colcemid and
BrdUrd and incubated for an additional 48 h. The cells were then
stained for BrdUrd and analyzed using immunofluorescence. Very
few (3.5%) WSlneo metaphases or nuclei showed BrdUrd incorpo
ration (Fig. 4A). The few cells that were BrdUrd@ probably pro
gressed slowly after release from G0 and were still in the first S-phase
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previously reported in budding yeast BUB mutants, which have a
defective spindle checkpoint (22). Interestingly, some cell lines in
which p53 and/or pRb are inactivated with respect to G1 arrest, such

as HeLa cells, still exhibit M arrest in response to spindle inhibitors
(23). One possible explanation is that a low residual level of wild-type
p53 and pRb activity in these cells (24) may be sufficient to mediate
M arrest.

The available data do not permit a precise model to be generated for
how p53 and pRb could contribute to a putative checkpoint that
ensures the completion of mitosis prior to the recommencement of
DNA replication. We provide two broad conceptual models consistent
with the available data from this and other studies. Rereplication in
PS3- or pRb-deficient human cells was observed only after 24â€”30h of
exposure to spindle inhibitors The first model proposes that during
this long exposure to the inhibitors, some of the cells â€œadaptâ€•to the
lack of a functional spindle and enter a G1-like state with a 4N DNA
content. Progression out of mitosis is consistent with our inability to
detect an increased frequency of mitotic chromosomes in E6-express
ing human cells after extended exposures to Colcemid. Harvesting the

WSIE6 cells at 2-h intervals after a 96-h Colcemid treatment in
creased the number of mitotic cells collected, suggesting that the cells
were entering and exiting mitosis. Other studies have also reported
exit from mitosis after prolonged exposure to spindle inhibitors (8, 23,
25). Normal cells that have adapted to spindle inhibitors may be
prevented from undergoing rereplication, presumably because p53 can
maintain pRb in a hypophosphorylated state. This would prevent
activation of E2FIDP and transcription of genes required for progres
sion into the S-phase (1 1). p53 or pRb deficiency could lead to
constitutive activation of E2FIDP transcription factors, resulting in
overexpression of gene products required for replication origin licens
ing and/or progression into the S-phase. This rereplication checkpoint
pathway presumably would not involve the cdk inhibitor p21 since
p21 â€œMEFs exhibit a stringent arrest in the presence of spindle
inhibitors (12). However, p53 may regulate the activity of other cdk
inhibitors or a phosphatase to maintain pRb in an antiproliferative

form under these conditions. This model is consistent with studies on
the effects of pRb microinjection, oncoprotein binding, and cell cycle
dependent pRb phosphorylation state, indicating that pRb function
may be limited to the G1-S-phase interval (1 1).

Wild-type p53 has also been reported to negatively regulate cyclin
A (26). Since cyclin A-cdk2 promotes S-phase progression, p53
deficiency could lead to constitutively higher cyclin A-cdk2 activity
which might also induce unscheduled S-phase progression under
certain conditions.

Studies of the subcellular distributions of p53, pRb, and some of the
proteins they bind suggest a second model in which these tumor
suppressors may function at the metaphase-anaphase transition to
control DNA replication. pRb has been reported to localize to the
mitotic spindle (27) and to bind several other proteins that associate

with the spindle and centrosomes, including mitosin (28) and the

human homologue of yeast CDC27 (CDC27Hs or H-NUC; Refs. 29
and 30). Mitosin is redistributed from the nucleus to the centromere
and spindle during mitosis and CDC27 is part of a multiprotein
complex in organisms ranging from yeast to humans that targets
ubiquitin to specific substrates, promoting the transition into anaphase
(31). Some thermosensitive CDC27 mutants rereplicate DNA at the
nonpermissive temperature in the presence of nocodazole or elevated
levels of CLB2/cdc28 kinase without passing through START. This
suggests that CDC27-mediated degradation is required to limit repli

cation to once per cycle (32). It is conceivable that binding of pRb to
CDC27Hs could target the complex to the appropriate structure(s)
within the nucleus during mitosis to facilitate degradation of proteins
involved in licensing replication origins. The absence of functional

pRb or a spindle apparatus may prevent CDC27Hs from being dcliv
ered to its destination, leaving the essential targets intact and able to
reinitiate replication.

p53 has also been shown to localize to the centrosome in a cell
cycle-regulated manner (33), and it is conceivable that this localiza
tion contributes to its ability to receive and transmit signals from the
spindle. It is intriguing that p53 reportedly binds a type 1 phosphatase
through interaction with another binding protein (p53BP2; Ref. 34)
and that pRb is dephosphorylated at the metaphase-anaphase transi
tion by a similar type of phosphatase (35). Thus, p53 may recruit a
pRb phosphatase to the correct position in metaphase-anaphase cells
to enable CDC27hs to bind and exert its function. The inability to
recruit such a phosphatase could maintain pRb in a hyperphosphory
lated state that would be functionally equivalent to pRb deficiency.
This could lead to constitutive activation of E2FIDP, resulting in
overexpression of one or more factors required for replication initia
tion, as described above. A precedent for this model is rereplication in
budding and fission yeast mediated by overexpression of the unstable
cdc6/cdcl8 gene products (36). This model is consistent with our data
showing that inactivation of either p53 or pRb allows rereplication in
cells treated with spindle inhibitors.

Inactivation of the p53/pRb signal transduction pathway can
increase the probability of aneuploidy by both severing the de
pendency of DNA replication on mitosis and by increasing the
frequency of multipolar mitoses due to aberrant centrosome repli
cation. More local changes in chromosome structure also occur in
PS3- and pRb-deficient cells due to abrogation of arrest responses
to DNA breakage and metabolite limitation. The overall effect of
inactivating the cell cycle checkpoints mediated by p53 and pRb is
to accelerate tumor progression by increasing the mechanisms
available for genetic variation.
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Note Added in Proof:

The adaptation model presented here was also recently proposed by Minn et
al. (Genes Dcv., 10: 2621â€”2631, 1996) whereby cells lacking p53 transiently

arrest in M phase during nocodazole treatment prior to entering a G1-like state

with a 4N DNA content.
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