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A p53-Dependent Mouse Spindle Checkpoint
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Cell cycle checkpoints enhance genetic fidelity by causing arrest at specific stages of the
cell cycle when previous events have not been completed. The tumor suppressor p53 has
been implicated in a G, checkpoint. To investigate whether p53 also participates in a
mitotic checkpoint, cultured fibroblasts from p53-deficient mouse embryos were exposed
to spindle inhibitors. The fibroblasts underwent multiple rounds of DNA synthesis without
completing chromosome segregation, thus forming tetraploid and octaploid cells. Defi-
ciency of p53 was also associated with the development of tetraploidy in vivo. These
results suggest that murine p53 is a component of a spindle checkpoint that ensures the

maintenance of diploidy.

Genetic fidelity is achieved by the coordi-
nated activity of genes and proteins that
participate in DNA replication and chro-
mosome segregation, cell cycle checkpoint
controls, and repair pathways (I, 2). In
general, the onset of each stage of the cell
cycle is dependent on successful completion
of previous cell cycle events, and these de-
pendencies are maintained by checkpoints
(2). In the yeast Saccharomyces cerevisiae,
several genes have been identified as com-
ponents of a checkpoint that responds to
spindle aberrations by causing cells to arrest
in mitosis (3). Mutations in these genes can
relieve the normal dependency of DNA
synthesis on the completion of mitosis, per-
mitting premature rounds of DNA synthesis
in the presence of inhibitors that normally
cause mitotic arrest, thereby leading to
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polyploidy. A similar checkpoint has been
described in mammalian cells, but the genes
that control it have not yet been identified.

The tumor suppressor p53 can be inac-
tivated by allelic loss and mutation (4) and
by interaction with viral oncoproteins, in-
cluding SV40 T antigen (5). A p53-depen-
dent G, checkpoint can prevent gene am-
plification by causing G, arrest after expo-
sure to DNA damaging agents (6, 7). How-
ever, the results of several studies suggest
that p53 may be required for the mainte-
nance of diploidy because loss or inactiva-
tion of p53 can be associated with tet-
raploidy or aneuploidy (7-12).

To investigate whether p53 participates
in a mitotic checkpoint, we assessed the
ability of fibroblasts from p53-deficient
(p537/~) mouse embryos to arrest after ex-
posure to spindle inhibitors in vitro. Wild-
type (p53*/*) mouse embryonic fibroblasts
(MEFs) that were exposed to nocodazole or
colcemid for 22 hours accumulated with a
4N DNA content and only a minority of
cells reentered the S phase prematurely
(Fig. 1, C and E). In contrast, p53~/~ MEFs
continued cell cycle progression after treat-
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ment with nocodazole or colcemid, forming
cycling tetraploid and octaploid cell popu-
lations (Fig. 1, D and F).

To determine the fraction of p53~/~
MEFs that escaped the spindle checkpoint
and became polyploid, we investigated the
proportion of cells that developed DNA
contents greater than 4N (tetraploid S
phase, octaploid) and 8N (octaploid S
phase, greater ploidies) after 22 and 44
hours of exposure to each inhibitor. DNA
contents greater than 4N were observed in
70.5 * 2.2% and 66.9 + 4.5% of p53~/~
MEFs after 22 hours of exposure to nocoda-
zole or colcemid, respectively, whereas only
22 * 1.9% and 22.1 = 0.3% of p53*+/+
MEFs developed DNA contents greater
than 4N under the same conditions. DNA
contents greater than 8N were observed in
49.8% and 48.5% of p537/~ cells after 44
hours of exposure to nocodazole or colce-
mid, respectively, compared with 0% of
p53*/* cells. There was no evidence of
aggregation artifacts that could lead to tet-
raploid and octaploid DNA contents, and
the results were reproduced by flow cyto-
metric protocols with the use of three dif-
ferent DNA dyes [4,6-diamidino-2-phe-
nylindole (DAPI), propidium iodide, and
Hoechst 33342].

Cycling tetraploid and octaploid cell
populations were not observed in p53~/~
MEFs after exposure to mimosine, a G,
inhibitor, or to either aphidicolin or hy-
droxyurea, which are S phase inhibitors;
less than 10% of p53~/~ MEFs had DNA
contents greater than 4N after a 22-hour
exposure and none had DNA contents
greater than 8N after 44 hours. The p53~/~
MEFs that were exposed to VM26, a G,
inhibitor, developed a small tetraploid S
phase (15.2 * 1.2% of cells had DNA
contents greater than 4N after 22 hours),
whereas p53*/* MEFs did not. The p53~/~
cells exposed to VM26 did not develop
cycling octaploid cell populations. Cytoge-
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netic analysis confirmed the development
of tetraploid and octaploid metaphases in
p53~/~ MEFs (Fig. 2). In two experiments,
after 22 hours in nocodazole a mean of
46.5% of p53~'~ metaphase cells were tet-
raploid and 13.5% were octaploid, whereas
only 18% of p53*/* metaphase cells were
tetraploid and none were octaploid.

Taken together, these results indicate
that p53 is a component of a spindle check-
point in mouse cells in culture. They also
suggest that there is a baseline requirement
for this checkpoint during cell division
even in the absence of spindle inhibitors
because 50% of p53~/~ MEFs became tet-
raploid by passage 7, which is consistent
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Fig. 1. DNA content flow cytometric histograms of p§3—/~ and p53*/* MEFs. All experiments were
performed on MEFs between passages 1 and 3. MEFs were prepared by a method modified from (72).
MEFs were grown in 25-cm? flasks in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) with 20%
fetal calf serum (FCS) (Hyclone, Logan, Utah), penicillin (10 U/ml; Gibco), and streptomycin (10 pwg/ml;
Gibco) and transferred at first passage to six-well (35-mm) cluster plates (Costar, Pleasanton, California)
at approximately 7 X 104 cells per well. Doubling times of the p53~/~ and p53+/* MEFs were 19.9 + 2.9
and 18.4 + 1.9 hours, respectively. Nocodazole (Sigma) (0.12 p.g/ml) and colcemid (Sigma) (0.50 p.g/ml)
were added to logarithmically growing cells, and cells with and without the added inhibitor were incubated
for 22 (shown) and 44 hours. DNA content flow cytometry was performed as described (9, 27). The
development of tetraploid and octaploid cell populations was confirmed for nocodazole and colcemid in
five and three different experiments, respectively. (A) Untreated p53+/+ MEFs. (B) Untreated p53~/~
MEFs. Less than 10% of early passage MEFs are tetraploid. (C) p53*/* MEFs in nocodazole. (D) p53~/~
MEFs in nocodazole. There is a tetraploid cell population with a tetraploid S phase fraction and a large 8N
fraction. Bromodeoxyuridine (BrdU)-DNA content multiparameter flow cytometry confirmed that the
tetraploid S phase cells incorporated BrdU. (E) p53*+/* MEFs in colcemid. (F) p53~/~ MEFs in colcemid.
The shading is the visual representation of the computer-generated quantification of the data. Primary
data are shown as dots, and the computer best fit of the data is shown as a dashed line. The numbers
on the x axis represent flow cytometric channel units. Actual DNA contents of the cells are indicated in the
figures.
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with data reported by other investigators
(7, 12).

We next studied genetically modified
mice to see if p53 deficiency or inactivation
of p53 protein by SV40 T antigen predis-
posed them to the development of tet-
raploid cell populations in vivo. Pancreatic
samples from three control mouse strains
had normal 4N fractions (=7%), with no
evidence of tetraploid S phase fractions or
octaploid cell populations (Fig. 3A). How-
ever, pancreatic samples from p53~/~ mice
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Fig. 2. Cytogenetic analysis of MEFs after expo-
sure to nocodazole. Both p53+/+ (A) and p53~/~
(B) MEFs were prepared as in Fig. 1 and exposed
to nocodazole for 22 hours. Cytogenetic analysis
was performed as in (22). Similar results were ob-
served in two separate experiments. (C) p53~/~
tetraploid metaphase cell. (D) p53~/~ metaphase
cell with ~160 chromosomes.



developed a cycling tetraploid cell popula-
tion that increased steadily from day 8
through day 24, at which time up to 28% of
the cells were tetraploid. A cycling tet-
raploid cell population also developed in
the pancreases of elastase-SV40 T antigen
transgenic mice between 18 and 24 days
after birth (Fig. 3A) (8, 9). The develop-
ment of tetraploid cell populations was con-
firmed by cytogenetic analysis (Fig. 3B).
Thus, loss of p53 function is associated with
the development of tetraploidy in vivo as
well as in vitro.

To determine whether p53~/~ cells are
deficient in a spindle assembly checkpoint
that leads to metaphase arrest after expo-
sure to spindle inhibitors, we investigated
the mitotic index of p53*/* and p53~/~
MEFs in the presence and absence of no-
codazole. After exposure to nocodazole,
p53*/* MEFs showed a mitotic delay with
an initial increase in the proportion of
cells with condensed chromosomes, fol-
lowed by a decrease after 6 hours (Fig. 4).
The p53~/~ MEFs had a smaller increase
in mitotic index than did p53™/* MEFs.
When p53*/* or p53~/~ MEFs were ex-
posed simultaneously to nocodazole and
either of the S phase inhibitors aphidico-
lin or hydroxyurea, there was an initial
small increase in mitotic index followed
by a decline that appeared somewhat more
rapid in the p53~/~ cells. Combined with
other data (Figs. 1 and 2), these results
suggest that p537/~ MEFs have a de-
creased mitotic delay after exposure to
spindle inhibitors and are also deficient in
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a control that prevents two successive S
phases in cells that have not correctly
completed an intervening mitosis.

Our results suggest a similarity between
p53~/~ mouse cells and bub and mad mu-
tants of S. cerevisiae (3). The genes encod-
ing BUB and MAD are part of a surveil-
lance system that monitors the integrity of
the spindle and that may enhance genetic
fidelity by delaying cell cycle progression
when spindle function is lost or when
chromosomes lag in their attachment to
the mitotic apparatus (3, 13). The appar-
ently spontaneous development of tet-
raploid cell populations that we observed
in p53~/~ mouse cells suggests a require-
ment for this checkpoint during normal
cell division even in the absence of spin-
dle inhibitors.

The p53*/* cells appear to adapt after
exposure to nocodazole, leading to chro-
mosome decondensation and the mor-
phology of interphase nuclei. Although
most p53+/* MEFs are prevented from
entering . the S phase prematurely after
exposure to spindle inhibitors, some con-
tinue cell cycle progression and form cy-
cling tetraploid cells, which is consistent
with previous observations (14). In addi-
tion, the metaphase delay induced by ex-
posure to spindle inhibitors is decreased in
p53~/~ MEFs, and p53~/~ MEFs can re-
enter the S phase prematurely in the pres-
ence of these inhibitors. The spindle as-
sembly checkpoint may be more stringent
in human than in rodent cells, but this
conclusion is based on experiments with

Fig. 3. (A) 4N DNA content (G, tetraploid) fractions in pan-
creatic samples from elastase-SV40 T antigen transgenic
mice (closed circles), p53~/~ mice (open squares), p53+/+
control mice from the same litter (closed diamonds), 129 SVJ
control mice (closed squares), and BGSjLE1 control mice
(open circles). Two to five mice were studied at each time
point. Transgenic mice homozygous for the elastase-SV40 T
antigen [transgenic mouse line 264-4; Tg(E1a-1,SV40E+E1a-
1,ne0)Bril9] gene (8, 9) weré studied. Mice that are heterozy-
gous (+/—) and homozygous deficient (—/—) for p53 are de-
scribed in (23). Heterozygous females were mated with het-
erozygous or homozygous p53-deficient males to produce

mice that were p53*/* and p53~/~. Three p53 wild-type

control strains were evaluated, including p53*/* mice from
the same litter, 129 SVJ mice, and BGSJLET mice (Jackson
Laboratory, Bar Harbor, Maine). Mice were killed (2 to 4 minin
adry ice chamber) and dissected promptly in accordance with
the policies established by the Animal Care Committee of the
University of Washington. Pancreatic tissue was dissected
and placed in modified Eagle’s medium with 10% dimethy!
sulf- oxide and 5% fetal calf serum and frozen at —70°C until
processed for flow cytometric evaluation as in (9). (B and C)
Cytogenetic analysis of pancreatic samples from elastase-
SV40 T antigen transgenic mice. Pancreatic tissue was ob-
tained from one male and one female at 14 (B) or 22 (C) days
after birth and prepared for cytogenetic analysis as in (22). An
average of 143 metaphase cells was evaluated for each
mouse.
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cell lines containing multiple genetic ab-
normalities (15, 16).

It is possible that human cells have
evolved different or additional controls for
the p53-dependent spindle checkpoint be-
cause some human cell lines that lack
functional p53 because of papilloma virus
E6 or SV40 T antigen expression arrest
after exposure to spindle inhibitors (15,
16). However, SV40-infected human dip-
loid fibroblasts and other human cell lines,
including fibroblasts from patients with
ataxia telangiectasia, become polyploid
spontaneously or after treatment with
spindle inhibitors (16, 17). Furthermore, a
recent study reported that p53 overexpres-
sion was associated with the transition
from diploidy to tetraploidy in human co-
lon cancer, and the authors suggested that
inactivation of p53 might lead to en-
doreduplication in vivo (11).

Tetraploid cell populations have been
observed in a large number of human and
rodent solid tissue neoplasms (18). This has
led to the hypothesis that tetraploid cells
are unstable intermediates that are predis-
posed to the development of aneuploidy
during neoplastic progression (19). Support
for this hypothesis comés from studies of
elastase-SV40 T antigen transgenic mice in
which T antigen expression and p53 inac-
tivation are followed by the development of
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Fig. 4. Kinetics of appearance of diploid meta-
phase cells in control and nocodazole-treated
MEFs. We prepared p53*/*+ (A) and p53~/~ (B)
MEFs as in Fig. 1. At time O, exponentially growing
p53+/* and p53~/~ MEFs were divided into un-
treated control cultures (open circles) or cultures
exposed to nocodazole (0.12 pg/ml) (closed cir-
cles), nocodazole and hydroxyurea (open dia-
monds), or nocodazole and aphidicolin (closed
diamonds). Samples were taken at 1-hour inter-
vals and evaluated cytogenetically as in Fig. 2. The
y axis indicates the number of metaphase cells per
1000 cells.
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tetraploid and then multiple aneuploid cell
populations (8, 20). We have shown previ-
ously that formation of tetraploid pancreat-
ic cells in these mice coincides with the
appearance of cells displaying multiple cen-
trioles and undergoing multipolar mitoses
(9). These results suggest a mechanism for
the development of a genetically unstable
tetraploid cell population during neoplastic
progression. Mouse cells devoid of the p53-
dependent spindle checkpoint are capable
of completing events of the subsequent cell
cycle, including DNA synthesis, without
completing chromosome segregation. Rep-
lication of DNA and reduplication of cen-
trosomes and centrioles without completion
of chromosome segregation in mitosis could
lead to the formation of a tetraploid cell
that has an abnormal number of mitotic
poles, predisposing the organism to multi-
polar mitoses, chromosome segregation ab-
normalities, aneuploidy, and cancer.
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Impact of CLOD Pathogen on Pacific Coral Reefs
Mark M. Littler and Diane S. Littler

A bacterial pathogen of coralline algae was initially observed during June 1993 and now
occurs in South Pacific reefs that span a geographic range of at least 6000 kilometers.
The occurrence of the coralline algal pathogen at Great Astrolabe Reef sites (Fiji)
increased from zero percent in 1992 to 100 percent in 1993, which indicates that the
pathogen may be in an early stage of virulence and dispersal. Because of the important
role played by coralline algae in reef building, this pathogen, designated coralline lethal
orange disease (CLOD), has the potential to greatly influence coral reef ecology and

reef-building processes.

Barrier, fringing, and atoll reefs are com-
plex ecosystems that depend on calcareous
coralline algae for the maintenance of
wave-resistant fronts. Crustose coralline al-
gae (an order of the Rhodophyta or red
algal phylum) are plants that deposit a par-
ticularly hard and geologically resistant
form of calcium carbonate (calcite). These
algae cement together much of the sand,
dead coral, and debris to create a stable
substrate. Many have a prostrate-type
growth form and look like red, pink, or
purple cement covering large areas of the
reef, whereas others form upright branched
heads much like the corals. Crustose coral-
line algae, particularly Porolithon onkodes in
the Pacific and Porolithon pachydermum in
the Atlantic, are the principal cementing
agents that produce the structural integrity
and resilience of the outer reef rim. Coral-
line algae are important for the absorption
of wave energy that would otherwise erode
shoreward land masses and for the facilita-
tion of the development of most other shal-
low reef communities (I, 2).

No previously characterized diseases
cause significant mortality of coralline al-
gae. However, diseases resulting in bandlike
tissue necrosis and colony death are known
for western Atlantic (3) and Great Barrier
Reef (4) reef-building corals. The variety of
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microorganisms reported in association
with necrotic bands on corals include the
cyanobacterium  Phormidium  corallyticum
[shown to cause black band disease (5)] and
the bacteria Beggiatoa and Desulfovibrio
[present secondarily (6)]. Most ecological
studies of algal pathogens have concentrat-
ed on freshwater phytoplankton or benthic
diatoms; few data exist on the importance
of pathogens in marine macroalgae and no
pathogens are known for coralline algae.

Here we describe the growth habit of a
bright orange bacterial pathogen that is le-
thal to coralline algae (termed coralline
lethal orange disease, CLOD). CLOD is
similar to the coral banding diseases in that
the pathogen occurs as a line or front that
moves across the host and leaves complete-
ly dead skeletal carbonate behind. Because
of the critical role played by coralline algae
in forming reef rims throughout the Indo-
Pacific (2) and because reef-building coral-
line algae extend to much greater latitudes
and depths than hermatypic corals (7),
CLOD may influence reef ecology and reef-
building processes.

Coralline lethal orange disease was ini-
tially recorded on southwest Aitutaki Is-
land, Cook Islands (Fig. 1), from the back
reef through the barrier reef algal ridge and
throughout the fore-reef spur and groove to
a depth of 30 m (8). The pathogen appeared
as conspicuous bright orange dots that
spread to become thin circular rings (up to





