the abundance of per transcripts.

Light pulses rapidly induce expression of
the Neurospora clock gene frequency (frq)
(29). Although frq protein was not assayed,
these results suggest that the regulation of
frq transcription is the initial clock compo-
nent modulated by photic stimuli. Howev-
er, in Drosophila the initial clock-specific
photoresponsive event is likely to be the
degradation of TIM (28) and the disruption
of the PER-TIM complex. Indeed, circadian
fluctuations in both the abundance of PER
and behavior can be generated from a pre-
sumably noncycling per transcript (30). To-
gether, these observations suggest that post-
translational autoregulatory loops (in addi-
tion to the possible contribution of the per
and tim transcriptional feedback loop) (11,
16) might participate in generating the PER
and TIM biochemical oscillations.
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Abnormal Centrosome Amplification in the
Absence of p53

Kenji Fukasawa, Taesaeng Choi, Ryoko Kuriyama,
Shen Rulong, George F. Vande Woude*

The centrosome plays a vital role in mitotic fidelity, ensuring establishment of bipolar
spindles and balanced chromosome segregation. Centrosome duplication occurs only
once during the cell cycle and is therefore highly regulated. Here, it is shown that in mouse
embryonic fibroblasts (MEFs) lacking the p53 tumor suppressor protein, multiple copies
of functionally competent centrosomes are generated during a single cell cycle. In con-
trast, MEFs prepared from normal mice or mice deficient in the retinoblastoma tumor
suppressor gene product do not display these abnormalities. The abnormally amplified
centrosomes profoundly affect mitotic fidelity, resulting in unequal segregation of chro-
mosomes. These observations implicate p53 in the regulation of centrosome duplication
and suggest one possible mechanism by which the loss of p53 may cause genetic

instability.

The centrosome is a major microtubule-
organizing center in eukaryotic cells and
features prominently in mitosis, where it is
required for the establishment of spindle
bipolarity, spindle microtubule assembly,
the establishment of the cleavage furrow
plane, and balanced segregation of chromo-
somes (1). In addition, during interphase it
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nucleates and erganizes the cytoplasmic mi-
crotubules, which leads to the redistribution
of cellular organelles and the establishment
of cellular polarity (1). The centrosome
duplicates only once during each cell cycle;
duplication begins near the G;-S boundary,
when replication of the centriole (the core
component of centrosome) commences,
and is completed in G, (2).

The p53 tumor suppressor gene is fre-
quently mutated in human and rodent tu-
mors (3, 4), and its loss or inactivation is
correlated with genetic instability (5). The
p53 protein has been shown to associate
with the centrosome during interphase, but
not during mitosis (6). To investigate



whether the loss of p53 affects centrosome
behavior, we studied primary MEFs derived
from p53-deficient (p537/7) mice (7). We
identified centrosomes by immunostaining
with an antibody to y-tubulin (anti—y-tu-
bulin), a well-characterized component of
centrosomes (8) in all phases of the cell
cycle. The microtubule-nucleating activity
of centrosomes was examined by immuno-
staining with an antibody to B-tubulin.
We compared the centrosomes of
p53*/* and p53~/~ MEFs at the second cell
passage. Control p53*/* MEFs at inter-
phase contained one or two centrosomes
juxtaposed to the nucleus (Fig. 1, A and A’,
and Table 1), and at mitosis >97% of the
cells displayed a typical bipolar array of
antiparallel microtubules organized by two
centrosomes at the poles (Fig. 1, B to E, B’
to E’, and Table 1). In contrast, >30% of
the p53~/~ MEFs at interphase contained
more than two centrosomes (3 to 10 per
cell) (Fig. 2, A to A", and Table 1), and at
mitosis >50% of the p53~/~ MEFs con-
tained spindles organized by multiple spin-
dle poles (Fig. 2 and Table 1). The abnor-

Fig. 2. Abnormal amplification of centrosomes in the absence of p53.
p53~/~ MEFs were immunostained with anti—y-tubulin and anti-B-tubulin.
Antibody-antigen complexes were detected with FITC-conjugated anti—
rabbit IgG (for y-tubulin, green) and rhodamine-conjugated anti-mouse IgG
(for B-tubulin, red). Cells were also stained with DAPI for DNA dye (blue)
(25). (A to A") Interphase; (B to B") prophase; (Cto C", Dto D", Eto E", F
to F") metaphase; (G to G”, H to H") anaphase; (I to I, J to J") telophase
(cytokinesis). (A) to (1), y-tubulin staining; (A’) to (I'), B-tubulin staining; (A") to
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Fig. 1. Staining of y-tubulin in p53*/* MEFs during interphase and mitosis. p53*/* MEFs were immu-
nostained with anti—y-tubulin. Antibody-antigen complexes were detected with fluoroscein isothiocya-
nate (FITC)-conjugated antibody to rabbit immunoglobulin G (IgG) (green). Cells were also stained with
4',6'-diamidino-2-phenylindole (DAPI) for visualization of DNA (blue) (25). (A and A’) Interphase; (B and
B’) metaphase; (C and C’) anaphase; (D and D’) telophase; (E and E’) cytokinesis. (A) through (E),
y-tubulin staining; (A’) through (E’), DAPI staining. Scale bar, 10 um.

G G'

(I"), DAPI staining. Arrows in (G) and (G') indicate the centrosome localizing
outside of the spindles formed in a bipolar fashion, and an arrow in (G")
indicates the corresponding chromosomes that failed to partition. Panel (H")
shows an unbalanced segregation of chromosomes; about twofold more
chromosomes segregated to one pole (indicated by a large arrow) than
those to the other two poles (indicated by small arrows). In panels (I) and (J),
centrosomes that have been inherited in the daughter cells are indicated by
arrows. Scale bar, 10 pm.
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mally amplified centrosomes retained mi-
crotubule-nucleating activity (Fig. 2, B’ to
J’) and localized to the bipolar axis in
>90% of the cells in metaphase (Fig. 2C).
This characteristic is most likely responsible
for balanced chromosome segregation in
most of the cells with multiple copies of
centrosomes and generation of viable
daughter cells (Fig. 2, I to 1”). Much less
frequently, three daughter cells were gener-
ated (Fig. 2, ] to ]”) when tripolar spindles
were formed (Fig. 2, D to D). To test
whether the centrosome abnormalities are a
common property of cells that have lost
their tumor suppressor genes, we examined
MEFs obtained from mice deficient in the
retinoblastoma susceptibility gene (Rb) (9).
No differences in the centrosome number
in RB™~ and RB*/* MEFs were observed
(Table 1), indicating that the abnormal
centrosome amplification is specific to the
p53~/~ MEFs. We cannot exclude the pos-
sibility that other tumor suppressor gene or
oncogene products may influence centro-
some behavior.

In some cells, the presence of multiple
centrosomes in the mitotic spindles had
profound effects on chromosome segrega-
tion; the chromosomes did not partition
during anaphase because they were cap-
tured by astral microtubules of one centro-
some (or a few centrosomes) localized out-
side of the poles (Fig. 2, G to G”, indicated
by arrows). In other cells, there was an

Table 1. Abnormal amplification of centrosomes
in the absence of p53. The number of centro-
somes was determined by immunostaining with
anti-y-tubulin (23). For each cell lineage, we ex-
amined more than 500 interphase cells and more
than 200 mitotic cells. ND, not determined.

Percentage of cell population

with the
indicated number (n) of
centrosomes
Cell lineaget
Interphase Mitosis
n=1 n n n
or2 =3 =2 =3
p53—¢~/+
A 97.8 22f 946 5.4
B 98.3 174 957 4.3
P53~ .
T64 68.7 31.3 40.7 59.3
T65 68.2 318 45.5 54.5
T65* 63.8 36.2 ND ND
RB+/+
MEF 186-4 96.1 39f 904 9.5
RB~/~
MEF 186-3 95.8- 4.2% 908 9.2

tFor all cell lineages except for T65* p53~/~ MEFs (pas-
sage 20), passage 2 cells were examined. $In most
p53*/+ cells as well as RB*/* and RB~/~ cells with
abnormal centrosome amplification, n = 3 or 4. In the
p53~/~ cells, n ranged from 3 to ~10.
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unequal distribution of chromosomes to
daughter cells (Fig. 2H"; see the legend to
Fig. 1), perhaps caused by unequal numbers
of centrosomes and the resultant differences
in the mitotic force exerted at each spindle
pole. When large numbers of centrosomes
failed to localize at the poles in a bipolar
fashion, the proper spindle apparatus did
not form (Fig. 2, E to E” and F to F"). These
cells did not proceed further in mitosis and
were eliminated during cell passage (10).

Quantitative analyses revealed that the
abnormal amplification of centrosomes de-
tected during interphase in p53*/* MEFs
was ~2% versus ~33% in p537/ cells and
~50% in p537/~ cells in mitosis (Table 1).
However, there was no apparent increase in
centrosome number in early- versus late-
passage cells (Table 1), suggesting that
there is a p53-independent selection against
cells with more than three centrosomes.
Thus, p53 loss may also deregulate the cen-
trosome duplication itself.

To test this possibility, we cultured
p53™/* and p53~/~ MEFs (passage 2) for 60
hours with a minimal amount of serum (11)
(serum-starved cells) and then serum-stim-

A B
10028 p5av . p53**
Serum-starved 89.8 Serum-stimulated
75 1
:\'? 50-‘ g
c
2
E 25+ B
3
g 10.2
ol 1 0 0
= 1 2 3 425 1 2 3 425
©
2
g C D
2 1004 .
© p53" p537-
“-_’ Serum-starved Serum-stimulated
S 75+
@
a
E
z 59 I
248
254 i
105 AL
0 i
1 2 3 4 25 1 2 3 4 25

Number of centrosomes per cell

Fig. 3. Deregulation of the centrosome duplication
cycle in the absence of p53. p53+/* and P53/~
MEFs were serum-starved for 60 hours (A and C),
and then serum-stimulated for 15 hours (B and D).
Cells treated in the same manner in parallel were
analyzed by both flow cytometry and BrdU incor-
poration during the period of serum stimulation.
These analyses showed that in both p53*+/* and
P53~/ MEFs, approximately 10% of cell popula-
tion entered S phase (77). Cells before and after
serum stimulation were immunostained with anti—
v-tubulin and then stained with DAPI. The number
of centrosomes per cell in more than 1000 cells
was determined by fluorescence microscopy.
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ulated the cells for 15 hours. Analysis by
flow cytometry and by 5’-bromo-2’-de-
oxyuridine (BrdU) incorporation showed
that ~10% of the total cell population
entered S phase during the period of serum
stimulation in both p53™/* and p537/~
MEFs (11). Cells were stained with anti—y-
tubulin, and the number of centrosomes per
cell was determined before and after serum
was added (Fig. 3). Under serum-starved
conditions, both p53*/* and p53~/~ MEFs
were cell cycle—arrested with DNA content
that corresponded to G, or G, (11). How-
ever, whereas nearly 100% of p53™/* MEFs
contained one centrosome (Fig. 3A),
~50% of the p53~/~ MEFs had one centro-
some, ~35% had two, and the reminder
had more than two (Fig. 3C). The serum-
starved cells with multiple centrosomes
most likely inherited the centrosomes from
a previous cell division (Fig. 2, [ and J) or
stopped dividing because of spindle abnor-
malities (Fig. 2, E and F). After serum stim-
ulation, the number of p53™/* MEFs with
one centrosome declined by only ~10%
(Fig. 3B), consistent with cell cycle analysis
(11) and previous studies showing that cen-
trosome duplication begins near the G;-S
transition (2). In contrast, the number of
p537/~ MEFs with one centrosome de-
clined by ~40% (Fig. 3, C and D). Thus,
after serum stimulation, centrosome ampli-
fication was observed in ~80% of the se-
rum-starved p53~/~ MEF population with
one centrosome, although only 10% of the
cells entered S phase (I11). These results
suggest that centrosome duplication may be
initiated much earlier in the cell cycle in
the absence of p53.

We also observed a substantial increase in
the number of p537/~ MEFs with five or
more centrosomes after serum stimulation
(from 6 to 24.8% of the total cell popula-
tion) (Fig. 3D). Given that the centrosome
duplicates only once per cell cycle, the cells
initially must have had three or more cen-
trosomes in order to have five or more cen-
trosomes after one cycle of centrosome rep-
lication. However, only 16.8% of the cell

population contained three or more centro- -

somes under serum-starved conditions (Fig.
3C), suggesting that in the absence of p53,
centrosome duplication may be initiated
multiple times during a single cell cycle. By
electron microscopy analysis, more than two
centrioles were detected in individual cells,
suggesting that the multiple centrosomes
contained centrioles (12). We also found
that all of the centrosomes were readily de-
tected by an antibody to another centroso-
mal protein, pericentrin (13), and were ca-
pable of nucleating microtubules and of
forming spindle poles (Fig. 2), suggesting
that they arose through abnormal replica-
tion. However, it is possible that they are
also generated by centrosome destabilization.

R )5 Sp



The p53 protein has been implicated in
cell cycle checkpoints (cell cycle arrest and
cell death) at G,-S (14) in response to DNA
damage (15) or inappropriate oncogene ex-
pression (16), and at G,-M (17), especially
in response to microtubule poisons (18). Our
observations raise the possibility that p53
may exert its checkpoint functions through
the regulation of centrosome duplication.
Multiple centrioles have been observed pre-
viously in pancreatic acinar cells by SV40 T
antigen in mice (19). Our studies suggest
that the multiple centrioles may arise
through loss of p53 function mediated by the
SV40 T antigen. In somatic cells, centro-
some duplication requires the nucleus (or
nuclear events) (20) and is controlled by the
transcriptional activation of centrosome-spe-
cific genes at specific times in the cell cycle
(21). Thus, conceivably, p53 has the poten-
tial to mediate its checkpoint functions as a
transcription factor; p53 activates transcrip-
tion of certain genes through binding to p53
response DNA elements (22) or represses
transcription of many genes lacking p53 re-
sponse elements (23). However, p53 has
been shown to be physically associated with
centrosomes (6), raising the possibility that
it may directly influence centrosome activi-
ty. We propose that p53 actively participates
in maintaining the stability of the genome
through regulation of centrosome duplica-
tion or as a monitor that limits centrosome
overproduction.
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