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Although cells can exit mitotic block aberrantly by mitotic
slippage, they are prevented from becoming tetraploids by a p53-
dependent postmitotic checkpoint. Intriguingly, disruption of
the spindle-assembly checkpoint also compromises the postmi-
totic checkpoint. The precise mechanism of the interplay
between these two pivotal checkpoints is not known. We found
that after prolonged nocodazole exposure, the postmitotic
checkpoint was facilitated by p53. We demonstrated that
although disruption of the mitotic block by a MAD2-binding
protein promoted slippage, it did not influence the activation of
p53. Both p53 and its downstream target p21 72/ WAF! yere acti-
vated at the same rate irrespective of whether the spindle-as-
sembly checkpoint was enforced or not. The accelerated S phase
entry, as reflected by the premature accumulation of cyclin E
relative to the activation of p21<*?/WAFI is the reason for the
uncoupling of the postmitotic checkpoint. In support of this
hypothesis, forced premature mitotic exit with a specific CDK1
inhibitor triggered DNA replication without affecting the kinetics
of p53 activation. Finally, replication after checkpoint bypass was
boosted by elevating the level of cyclin E. These observations indi-
cate that disruption of the spindle-assembly checkpoint does not
directly influence p53 activation, but the shortening of the mitotic
arrest allows cyclin E-CDK?2 to be activated before the accumula-
tion of p21/PY/WAF! These data underscore the critical relation-
ship between the spindle-assembly checkpoint and the postmitotic
checkpoint in safeguarding chromosomal stability.

Genome instability in the form of aneuploidy is commonly
found in solid tumors. It has been suggested that mutations that
lead to compromised spindle-assembly checkpoint may
increase the chance of chromosome missegregation, leading to
aneuploidy (1, 2). Tetraploidization is also believed to be a route
to aneuploidy (3). Transient blocking of cytokinesis in p53-null
mouse mammary epithelial cells generates tetraploids, which
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promotes aneuploidy and tumorigenesis (4). Another study
reported that chromosome nondisjunction (both copies of a
chromosome segregate to the same daughter cells) leads to
binucleated tetraploids by promoting cleavage furrow regres-
sion; the tetraploid cells then become aneuploidy through fur-
ther divisions (5). These and other studies provide strong evi-
dence on the importance of polyploidization in tumorigenesis.

During mitosis, microtubules radiated from two opposite
spindle poles and captured chromosomes by attaching to the
kinetochores. Sister chromatid segregation is only initiated
when all the chromosomes have achieved bipolar attachment to
the mitotic spindles. The current paradigm states that unat-
tached kinetochores or the absence of tension between paired
kinetochores activates a surveillance mechanism called spin-
dle-assembly checkpoint. The underlying mechanism of the
checkpoint is not completely defined, but a growing body of
evidence indicates that unattached kinetochores attract the
components of the checkpoint machinery. This catalyzes the
formation of diffusible mitotic checkpoint complexes (compo-
nents include MAD2, BUBR1, and BUB3), which in turn inhibit
APC/C-CDC20. This mechanism maintains high levels of
active cyclin B1-CDK1 and locks the cell in prometaphase
(reviewed in Ref. 6).

The mitotic block triggered by the spindle-assembly check-
point is not permanent, and cells can exit mitosis aberrantly by
a process known as mitotic slippage (also known as adaptation)
(reviewed in Ref. 7). During mitotic slippage, cyclin B1-CDK1 is
inactivated, and the cells enter G, phase without first going
through chromosome segregation and cytokinesis, yielding tet-
raploid G; cells. DNA re-replication in these cells is prevented
by a p53-dependent mechanism that arrests cells in postmitotic
G, phase, often referred to as the postmitotic checkpoint
(8 -13). The detailed molecular mechanism of this postmitotic
checkpoint is unclear. It was previously believed that this
checkpoint is triggered by the presence of tetraploid DNA con-
tent (14). More recent studies, however, refute this idea and
indicate that there is no specific tetraploidy checkpoint that
directly count DNA or centrosomes (reviewed in Ref. 15). Nev-
ertheless, it is generally accepted that p53 does play an impor-
tant role in preventing re-replication after mitotic slippage. For
example, p53~/~ mouse embryonic fibroblasts can spontane-
ously become tetraploids during culturing (16). Furthermore,
tetraploids induced in mouse mammary epithelial cells by cyto-
kinesis failure (4) or in human cells by virally induced cell fusion
(17) can be propagated in the absence of p53. The G, arrest of
the postmitotic checkpoint is at least in part because of the
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cyclin-dependent kinase inhibitor p21<4/WAF!

tional target of p53 (10, 11, 18).

It is possible that other p53-independent mechanisms also
contribute to the postmitotic checkpoint. Expression of HPV?
E6 oncoprotein, which targets p53 for degradation, can abolish
the postmitotic checkpoint without affecting the spindle-as-
sembly checkpoint. Interestingly, E6 mutant defective in p53
degradation can also partially induce polyploidy, suggesting the
presence of a p53-independent postmitotic checkpoint mech-
anism (19). Moreover, proper function of the spindle-assembly
checkpoint is required for the postmitotic G, checkpoint (20).
Vogel et al. (20) shows that spindle-assembly checkpoint-com-
promised HCT116 cells failed to arrest at the postmitotic
checkpoint after nocodazole treatment.

What is the molecular mechanism underlying the linkage
between the spindle-assembly checkpoint and the postmitotic
checkpoint? We hypothesize that the spindle-assembly check-
point may directly control the activation of the p53 pathway.
Alternatively, the checkpoint may act independently of p53
activation, but a defective checkpoint may somehow desensi-
tize the cell cycle to p53-mediated inhibition. In this study, we
present observations that unequivocally show that the disrup-
tion of the spindle-assembly checkpoint does not influence the
activation of p53. We found that after prolonged nocodazole
exposure, the postmitotic checkpoint was facilitated by p53 and
p21</PL/WAEL after mitotic slippage as well as after the cells were
released into G, phase. Curtailing the duration of the spindle-
assembly checkpoint by either ectopic expression of
MAD2LI1BP or a CDK1 inhibitor abolished the postmitotic
checkpoint. This was achieved through an acceleration of S
phase entry, as reflected by the premature accumulation of
cyclin E1, relative to the activation of p53/p21<"**/WA¥! These
results indicate that the spindle-assembly checkpoint does not
directly control p53 activation, but the shortening of the
mitotic arrest after uncoupling of the checkpoint allows cyclin
E1-CDK2 to be activated before the accumulation of sufficient
levels of p21</£2/WAFL

, a transcrip-

EXPERIMENTAL PROCEDURES

Materials—All reagents were obtained from Sigma unless
stated otherwise.

DNA Constructs and siRNA—MAD2L1BP ¢cDNA (IMAGE
3945348) was amplified by PCR with the primers 5'GCCAT-
GGCGGCGCCGGAGGCGG3' and 5'CGGATCCTCACT-
CGCGGAAGCCTTT3'; the PCR product was cut with
Ncol-BamHI and ligated into pUHD-P1 (21) to obtain
FLAG-MAD2L1BP in pUHD-P1. A puromycin-resistant
gene cassette was inserted into the BamHI site to create
FLAG-MAD2L1BP in pUHD-P1/PUR. Plasmids for FLAG-
p53 (22), cyclin E1 (23), and histone H2B-GFP (24) were
constructed or obtained from sources as described previ-
ously. The cyclin E1 ¢cDNA was amplified by PCR with the
primers 5’ GGAATTCATGAAGGAGGACGGCGG3' and
5'"GGAATTCTCACGCCATTTCCGG3'; the PCR product
was cut with EcoRI and ligated into pUHD-P1 to obtain

3 The abbreviations used are: HPV, human papillomavirus; GFP, green fluores-
cent protein; siRNA, small interfering RNA; GFP, green fluorescent protein.
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FLAG-cyclin E1 in pUHD-P1. An HPV E6-expressing con-
struct was the generous gift from Dr. Nikki Harter (Case
Western Reserve University, Cleveland, OH). Stealth siRNA
targeting KIF11 (HSS105841) and control siRNA were
obtained from Invitrogen.

Cell Culture—H1299 (non-small cell lung carcinoma),
Hep3B (hepatocellular carcinoma), HeLa (cervical carcinoma),
and HepG2 cells (hepatoblastoma) were obtained from the
American Type Culture Collection (Manassas, VA). U20S
(osteosarcoma) Tet-On cell line was obtained from Clontech.
Hep3B/p53 was a stable cell line with the expression of wild
type p53 under doxycycline control (25) and was a gift from Dr.
Paul Lai (Chinese University of Hong Kong, Hong Kong).
p53*/" and p53~/" mouse embryonic fibroblasts were pre-
pared from embryos obtained from timed pregnant females at
15-16 days of gestation as described previously (26). Cells were
grown in medium supplemented with calf serum or fetal bovine
serum (Invitrogen) according to the supplier’s instructions.
Unless stated otherwise, cells were treated with the following
reagents at the indicated final concentration: caspase inhibitor
(benzyloxycarbonyl-VAD(OMe)-fluoromethyl ketone from
Alexis, Lausen, Switzerland) (20 um), doxycycline (1 pg/ml),
nocodazole (0.1 ug/ml), puromycin (1 pg/ml), and RO3306
(Alexis) (10 um). Cells were transfected with plasmids using the
calcium phosphate precipitation method (27). Transfection of
siRNA was carried out using Lipofectamine™ RNAiIMAX
(Invitrogen). Cell-free extracts were prepared as described pre-
viously (28). Double thymidine synchronization was performed
as described previously (23). For generation of stable cell lines,
U20S cells were transfected with FLAG-MAD2LIBP in
pUHD-P1/PUR and cultured in medium containing puromy-
cin. After about 2 weeks of selection, individual colonies were
isolated and propagated in the absence of puromycin.

Flow Cytometry—Propidium iodide staining and flow cytom-
etry analysis were performed as described previously (29). Bro-
modeoxyuridine incorporation followed by flow cytometry
analysis (24) and bivariate flow cytometry analysis (30) were
performed as described previously.

Antibodies and Immunological Methods—Monoclonal anti-
bodies E23 against cyclin A2 (31), A17 against CDK1 (30),
YL1/2 against tubulin (21), M2 against FLAG (32), and poly-
clonal antibodies against CDK2 (30) were obtained from
sources as described previously. Monoclonal antibodies GSN1
against cyclin Bl (sc-245), HD11 against cyclin D1 (sc-246),
HE12 against cyclin E1 (sc-247), DO1 against p53 (sc-126),
polyclonal antibodies against geminin (sc13015), phosphohistone
H3%"10 (sc-8656R), KIF11 (sc-31643), p21 </ WA (5¢-397), and
securin (sc-5839) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Monoclonal antibody AC-74 against B-actin
was obtained from Sigma. Polyclonal antibodies against BUBR1
and phospho-histone H2AX5" 3 were obtained from Bethyl
Laboratories (Montgomery, TX). Immunoblotting and immuno-
precipitation were performed as described (28).

RESULTS

Activation of the p53-p21<""* WA Axis during the Postmi-
totic Checkpoint—To define the relationship between mitotic
slippage and p53 activation, HepG2 cells were cultured contin-
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FIGURE 1. Prolonged nocodazole exposure induces slippage and activates p53. A, nocodazole (NOC)
induces mitotic slippage and p53 activation. U20S cells were exposed to nocodazole and harvested at the
indicated time points. Cell-free extracts were prepared, and the expression of the indicated proteins was
detected by immunoblotting. B, apoptosis is induced by prolonged exposure of nocodazole. U20S cells
were treated with nocodazole for 24 h before either buffer or caspase inhibitor was added. At the indi-
cated time points, cells were harvested for flow cytometry analysis. The positions of 2N and 4N DNA
content are indicated. The percentage of the sub-G, population was indicated. C, inhibition of apoptosis
does not affect mitotic slippage and p53 accumulation. U20S cells were treated as in B. The cells were
harvested at the indicated time points, and cell-free extracts were prepared. The expression of the indi-

cated proteins was detected by immunoblotting.

uously with nocodazole for up to 72 h. The supplemental Fig.
S1A shows that cyclin B1 and histone H3%¢*'° phosphorylation
surged after addition of the drug. The hyper-phosphorylation
of BUBRI indicated the expected activation of the spindle-as-
sembly checkpoint (33). Mitotic slippage occurred upon fur-
ther incubation (48 h and 72 h), which was reflected by the
return of cyclin B1 and phosphorylation of histone H3%*"'® and
BUBR1 to basal levels. The p53 pathway was strongly stimu-
lated concurrently with the slippage, as indicated by the accu-
mulation of both p53 and p21“**"W4#!, Flow cytometry analysis
revealed that HepG2 cells display a 4N DNA content after slip-
page, indicating the cells were arrested in tetraploidy-G, state
(supplemental Fig. S1B). Similar results were obtained with
another p53-containing cell line, U20S (Fig. 1A4). A notable cell
line variation is that U20S underwent massive cell death after pro-
longed nocodazole treatment, as indicated by the collapse of the
cell cycle profile to sub-G; population (Fig. 1B). This is in agree-
ment with the previous findings that tetraploid cells arising
because of mitotic slippage were prone to undergo BAX-mediated
mitochondrial membrane permeabilization and subsequent
apoptosis (34, 35). HepG2 also underwent nocodazole-induced
apoptosis, albeit to a lesser extent, as indicated by the accumula-
tion of sub-G, population (supplemental Fig. S1B). Induction of
v-H2AX after nocodazole treatment in both cell lines (Fig.
1A and supplemental Fig. S1A) was probably because of apo-
ptosis but not DNA damage (36, 37), because the y-H2AX
signal could be abolished by a caspase inhibitor (Fig. 1C).
To exclude the possibility that the cells did undergo another
round of replication but subsequently became inviable, a
caspase inhibitor was added with nocodazole to inhibit apopto-
sis. Fig. 1B shows that although the inhibitor significantly
reduced cell death, no re-replication was detected. Importantly,
neither mitotic slippage nor p53 activation was affected by the
caspase inhibitor (Fig. 1C). When apoptosis was inhibited dur-
ing slippage, both HepG2 and U20S were arrested in the cell
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H3%"1° phosphorylation was ana-
lyzed concurrently with flow cytom-
etry (Fig. S3). The background level
was established by excluding the
primary antibodies as well as by
using a p53-null cell line (H1299).
At 24 h after nocodazole addition,
p53 started to accumulate in both
mitotic and nonmitotic cells. As
expected, the number of mitotic cells reduced whereas the p53-
expressing cells increased after longer exposure (36 h). A higher
portion of the p53-expressing cells was found in the cells that
had undergone slippage than in the remaining mitotic cells.
Ciciarello et al. (38) reported that p53 is expressed in lym-
phoblastoid cells and K562 erythroleukemic cells after a tran-
sient exposure to nocodazole, preventing G, cells from pro-
gressing into S phase after the removal of nocodazole. To see if
the relatively low level of p53 induced during mitotic block was
sufficient to trigger a subsequent cell cycle arrest, cells were
blocked transiently with nocodazole before replating in drug-
free medium. This well established protocol prompted p53-
negative cells such as HeLa (supplemental Fig. S4A4) to progress
through the cell cycle synchronously (note the periodic varia-
tion of cyclin E1, cyclin A2, and cyclin Bl through the cell
cycle). By contrast, p53-positive cells such as HepG2 could not
be synchronized effectively after activation of the spindle-as-
sembly checkpoint. Although the majority of HepG2 cells dis-
played a 4N DNA content after exposure to nocodazole, only
about half of the cells were released into 2N G, phase (supple-
mental Fig. S4B). Furthermore, both 2N and 4N cells failed to
enter S phase properly, with substantial delays in bromode-
oxyuridine incorporation and cyclin E1 accumulation. Like-
wise, after an initial decrease, histone H3"'° phosphorylation
and cyclin B1 did not increase again during the course of the
experiment. In accordance with the cell cycle arrest, we
found that p53 and p21<#*"W4*1 3ccumulated in both U20S
(Fig. 2A) and HepG2 (supplemental Fig. S4B) upon release
from the spindle-assembly checkpoint. Interaction between
p21<PL/WAEL 3nd CDK2 was revealed by co-immunoprecipi-
tation (Fig. 2B). Similar to the DNA re-replication in the
continuous presence of nocodazole, replication after release
from transient nocodazole block was also suppressed by the
p53 network. Re-introduction of wild type p53 into the p53-
null cell line Hep3B suppressed DNA replication after
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release from nocodazole block (supplemental Fig. S5). Simi-
larly, disruption of p53 allows replication after nocodazole
block release (supplemental Fig. S6).
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FIGURE 2. p53 is induced after release from transient nocodazole treatment.
A, activation of the p53-p21“""WAFT nathway after release from mitotic block.
U20S cells were treated with nocodazole for 36 h and then released into fresh
medium. Cells were harvested at the indicated time points and analyzed by
immunoblotting. B, binding of p21<"""WAF! to CDK2 after release from mitotic
block. Protein expression in HepG2 cells cultured in control medium (lane 1),
nocodazole (NOC)-containing medium for 24 h (lane 2), or at 12 h after release
from a nocodazole block (lane 3) was analyzed by immunoblotting. The
p21PWAFT hinding to CDK2 was detected by immunoprecipitation of CDK2
followed by immunoblotting for p21<"""WAF! C p53isinducedinboth 2Nand 4N
cells. HepG2 cells were harvested at 12 h after release from a nocodazole block.
The DNA content (propidium iodide, x axis) and p53 expression (fluorescein iso-
thiocyanate, y axis) were analyzed by flow cytometry. The DNA profiles of p53-
positive and -negative cells are also shown. Samples without primary antibody
and asynchronously growing control cells serve as negative controls.
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FIGURE 3. Cells expressing MAD2L1BP lack the postmitotic checkpoint but still express high level of p53.
A, p53 and p21P"WAF1 are activated by nocodazole (NOC) in MAD2L1BP-expressing cells. Parental U20S and
U20S/MAD2L1BP cells were treated with doxycycline (Dox) together with either control buffer or nocodazole
for 48 h. Cell-free extracts were prepared, and the indicated proteins were detected by immunoblotting.
Uniform loading of lysates was confirmed by CDK2. B, cells expressing MAD2L1BP lack the postmitotic check-
point. Parental U20S and U20S/MAD2L1BP cells were treated as described in A. The cells were harvested and
processed for flow cytometry analysis. C, MAD2L1BP/U20S cells were either mock-treated or treated with
doxycycline and nocodazole for 48 h as indicated. Cell-free extracts were prepared, and the indicated proteins

were detected by immunoblotting.
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To distinguish whether p53 was expressed in G, cells with 2N
or 4N DNA contents, expression of p53 in individual cells was
analyzed by flow cytometry. Fig. 2C shows that at 12 h after
release from a nocodazole block, p53 was expressed in both 2N
and 4N populations. Collectively, these data show that after a
transient activation of the spindle-assembly checkpoint, the
delay in both G, and tetraploid G, populations was accompa-
nied by an accumulation of p53.

The Spindle-assembly Checkpoint Is Required for Postmitotic
Cell Cycle Arrest but Not for p53-p21<""""WAF! Activation—To
determine the relationship between the spindle-assembly
checkpoint and the postmitotic checkpoint, a U20S cell line
that conditionally expressed FLAG-tagged MAD2L1BP (also
called MAD2-binding protein or p31°°™¢"), a potent inhibitor
of MAD2 (39, 40), was generated (Fig. 3A). As expected, the
spindle-assembly checkpoint was compromised in the presence
of MAD2L1BP, as reflected by the lack of maintenance of his-
tone H3%"'° phosphorylation upon nocodazole challenge.
This is also supported by the absence of BUBR1 hyper-phos-
phorylation (see Fig. 4). Ectopically expressed MAD2L1BP trig-
gered re-replication upon nocodazole challenge, indicating that
MAD2L1BP also disrupted the postmitotic checkpoint (Fig.
3B). Intriguingly, both p53 and p21<¥WA# were still stimu-
lated in MAD2L1BP-expressing cells. This surprising finding
was verified when MAD2L1BP-expressing cells were compared
with either the parental U20S cells (Fig. 3A4) or with the same
U20S/MAD2LI1BP cells when the expression of the recombi-
nant protein was suppressed by the absence of doxycycline (Fig.
3C). As a control, MAD2L1BP itself did not strongly stimulate
the p53 pathway in the absence of nocodazole.

To exclude the possibility that the p53-p21<““*WA#! pathway
was stimulated by checkpoint-independent effects of nocodazole,
the spindle-assembly checkpoint was also activated using siRNA
targeting the kinesin-like protein KIF11 (also called Eg5) (41). Sim-

ilar to nocodazole treatment, knock-
down of KIF11 promoted re-replica-
tion in MAD2L1BP-expressing cells

Dox: - - + +  but not in the parental U20S cells
NOC: B A (supplemental Fig. S7A). Moreover,
FLAG W KIF11 siRNA stimulated the expres-
sion of p53 and p21“*“WA4E! in both

H3(S10p) | - cell lines (supplemental Fig. S7B).
— Taken together, these data indicate

P53 “W®  that the postmitotic checkpoint also
mmm—  becomes impaired when the spindle-

pat l ~ *  assembly checkpoint is disrupted.
—— However, both p53 and p21<#/WA

BUBR1 WSS &=  were induced even in the absence of

the postmitotic checkpoint.

The Constant Rate of Activation
of the p53-p21<YWAL pathway
Underlines the Relationship between
the Spindle-assembly Checkpoint
and the Postmitotic Checkpoint—
To obtain a more detailed relation-
ship between the spindle-assembly
checkpoint and p53 activation,
MAD2L1BP-expressing cells were

1 2 3 4
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FIGURE 4. The rate of p21?"/WAF" accumulation relative to mitotic slippage regulates the postmitotic
checkpoint. A, kinetics of mitotic slippage after the expression of MAD2L1BP. U20S/MAD2L1BP cells were
treated with thymidine, together with either buffer or doxycycline (Dox), for 16 h. Cells were released from the
thymidine block and cultured continuously with or without doxycycline. Nocodazole was added to activate the
spindle-assembly checkpoint. The cells were harvested at the indicated time points and processed for immu-
noblotting for the indicated proteins. Uniform loading of lysates was confirmed by immunoblotting for actin.
B, kinetics of re-replication after the expression of MAD2L1BP. Cells were treated exactly as in A. The cells were

harvested for flow cytometry analysis at the indicated time points.

first synchronized with thymidine, then released into the cell
cycle, and treated with nocodazole at the same time. Fig. 4
shows that control cells were trapped in mitosis from ¢ =
18 h, with robust phosphorylation of histone H3%"*°, The
activation of the spindle-assembly checkpoint was con-
firmed by the upward mobility shift of BUBR1 and the stabi-
lization of anaphase-promoting complex/cyclosome sub-
strates (cyclin B1, securin, and geminin). Mitotic slippage,
characterized by reversal of mitotic events through dephos-
phorylation (histone H3%""'° and BUBR1) and proteolysis
(cyclin B1, securin, and geminin), occurred at around ¢ =
36 h. Cyclin E1, the mediator for G,-S transition, accumu-
lated only after slippage. In marked contrast, cells expressing
MAD2L1BP rapidly underwent mitotic slippage. Destruc-
tion of anaphase-promoting complex/cyclosome substrates
occurred at £ = 24 h, atleast 12 h ahead of control cells. Flow
cytometry analysis confirmed that although control cells
were trapped with a 4N DNA content after slippage,
MAD2L1BP-expressing cells readily re-replicated their
DNA (Fig. 4B).

To see if the kinetics of p53 activation was affected by
MAD2L1BP, the expression of both p53 and p21“"*WAF was
examined in the same samples. Interestingly, the onset of nocoda-
zole-induced accumulation of p53 and p21<“*"WA#! yas identical
in the presence or absence of MAD2L1BP (Fig. 4A4). However, the
postmitotic checkpoint was ineffective in MAD2L1BP-expressing
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cells because they entered S phase
before p21<#/WALL accumulated
to any substantial level. In agree-
ment with this idea, cyclin E1
accumulated at £ = 30 h in the
presence of MAD2LIBP, well
before p21</#1/WAFL yas activated
(Fig. 4A lane 15). In contrast, slip-
page and cyclin E1 accumulation
occurred slower in control cells (¢ =
42 h, Fig. 4A, lane 8), when both p53
and p21“"?*”WAF! had already stock-
piled. Thus although the p53-
p21<P1/WAEL hathway was activated
at a constant rate after the introduc-
tion of nocodazole, cells lacking the
spindle-assembly checkpoint entered
G, phase prematurely, allowing them
to become resistant to the postmitotic
checkpoint.

If the above hypothesis is correct,
we expected that cells undergoing
re-replication should not express
high level of p21<"P/WAFL Tq test
this idea, we examined the abun-
dance of p21<"P»WALL jn individual
cells in the MAD2L1BP re-replica-
tion model. Fig. 54 shows that
p21CP1/WAFL yas expressed at a rel-
atively low level at the onset of re-
replication (at 24 h). In particular,
re-replication occurred only in cells
with low p21 expression (DNA contents between 4N
and 8N). At a later time point, although cells that were re-rep-
licating still expressed low levels of p21<"**/WA* those that
completed re-replication (at 8N content) possessed higher
levels of p21</?#/WAFL These analyses further support the
model that with a defective spindle-assembly checkpoint,
p21<P1/WAFL i not activated in a timely manner to properly
enforce the postmitotic checkpoint.

Another prediction of the above hypothesis is that an
increase of the basal level of p53 should strengthen the postmi-
totic checkpoint even when the spindle-assembly checkpoint is
prematurely silenced. To test this, U2OS/MAD2L1BP cells
were transfected with plasmids expressing FLAG-tagged p53
prior to nocodazole challenge. Fig. 5B shows that the control
MAD2L1BP-expressing cells underwent re-replication just
as before. In contrast, cells co-expressing FLAG-p53 were
significantly more resistant to re-replication under identical
conditions. In a converse experiment, the postmitotic check-
point in the parental U20S cells (with intact spindle-assem-
bly checkpoint) was attenuated when p53 function was dis-
rupted by the expression of HPV E6 protein (Fig. 5C). Taken
together, these results indicate that the abundance of p53
and p21“/P7/WAFL after mitotic slippage is the salient factor
for the postmitotic checkpoint, which in turn is determined
by the duration of the spindle-assembly checkpoint-medi-
ated arrest.

Control

2N4N
- Dox

8
-

+ Dox

30h

36 h '
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function of the postmitotic check-
point. In support of this interpreta-
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tion, whereas histone H3%*"*° phos-
phorylation was maintained up to
30 h in control cells, it was rapidly
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dephosphorylated after addition of
RO3306 (Fig. 6C, compare lanes 3
and 7). Similarly, anaphase-promot-
ing complex/cyclosome was turned
on because its substrates such as
+ . . .

+ cyclin Bl1, securin, and geminin
were rapidly destroyed. In agree-
ment with the premature slippage
and re-replication, cyclin E1 accu-
mulated shortly following RO3306

2N4N 8N

treatment. Despite the eventual
activation of p53 and p21 <4/ WA

(in fact they accumulated to higher
levels in the presence of RO3306),
their levels were relatively low at the

p21
Vector

Actin

time of slippage (Fig. 6C, lanes 7 and
8). Thus similar to the conclusion
reached by disrupting the spindle-as-

FIGURE 5. The postmitotic checkpoint following the uncoupling of the spindle-assembly checkpoint is
restored by expression of exogenous p53. A, cells undergoing re-replication do not express high level of
p21CPIWAFT J20S/MAD2L1BP cells were treated with doxycycline (Dox) and nocodazole (NOC). At the indi-
cated time points, cells were harvested for bivariate analysis for p21<*"/"##! and DNA. Controls lacking primary
antibody or without nocodazole treatment were used to set the p21<"WAF" hackground expression level. The
DNA profiles of cells with high and low p21*"WAfT expression levels for cells treated with nocodazole for 48 h
are also shown. Immunoblotting was also performed to confirm the expression of the indicated proteins.
B, increased expression of p53 restores the postmitotic checkpoint in U20S/MAD2L1BP cells. Cells were trans-
fected with a blank vector or a plasmid expressing FLAG-p53. A plasmid expressing GFP-tagged histone H2B
was co-transfected to serve as a transfection marker. MAD2L1BP was turned on with doxycycline together with
treatment of either buffer or nocodazole for 48 h. The cell cycle profiles of the transfected cells (GFP-positive)
were analyzed by flow cytometry. Total lysates were also prepared, and the expression of FLAG-tagged p53
and MAD2L1BP was confirmed by immunoblotting. G, inhibition of p53 attenuates the post-mitotic checkpoint
in U20S cells. Cells were transfected with a blank vector or a plasmid expressing HPV E6. A plasmid expressing
GFP-tagged histone H2B was co-transfected to serve as a transfection marker. The cells were then treated with
either buffer or nocodazole for 48 h, and the cell cycle profiles of the transfected cells were analyzed by flow

cytometry.

Forced Mitotic Slippage by Inactivation of Cyclin BI-CDKI
Uncouples the p53-mediated Postmitotic Checkpoint—The
above conclusions are predominantly based on the disruption
of the spindle-assembly checkpoint with MAD2L1BP. It can be
argued that the proper activation of the spindle-assembly
checkpoint is required to generate the dependence of the post-
mitotic checkpoint on p53-p21<F¥WAF Tq exclude this pos-
sibility, cells were first trapped in mitosis with nocodazole to
allow the spindle-assembly checkpoint to be fully activated.
Mitotic slippage was induced artificially by addition of a specific
CDK1 inhibitor called RO3306 (42). A schematic diagram of
the experimental design is shown in Fig. 6A. As expected, cells
that were cultured continuously with nocodazole (48 h) dis-
played a 4N DNA content (Fig. 6B). In contrast, punctuation of
the nocodazole block with a pulse of RO3306 resulted in re-rep-
lication. These data suggested that inhibition of cyclin
B1-CDK1 induced premature slippage and compromised the

JUNE 6, 2008+ VOLUME 283+NUMBER 23

L
=

2N4N

sembly checkpoint with MAD2L1BP,
these results indicate that premature
slippage leads to postmitotic check-
point failure chiefly because the p53-
p21<PY/WAEL hathway did not have
sufficient time to activate and over-
come cyclin E1-CDK2.

Finally, we tested if elevating the
cyclin E1 level could boost re-repli-
cation after checkpoint bypass.
After expressing FLAG-tagged
cyclin E1, U20S cells were treated
with nocodazole followed by a
period of RO3306 as before. Fig. 7
shows that in comparison with vec-
tor-transfected cells, re-replication
was boosted by the increased levels
of cyclin E1.

2N4N 8N

DISCUSSION

We demonstrated that p53 is stabilized and activated after
prolonged activation of the spindle-assembly checkpoint. Acti-
vation of the p53 pathway was not limited to treatment with
spindle poisons (Fig. 3) but also by knockdown of KIF11 (sup-
plemental Fig. S7). Our results indicated that p53 starts to accu-
mulate during the mitotic block and continues after mitotic
slippage (supplemental Fig. S3). Slippage per se is not absolutely
required for p53 activation, since cells that were released from
the mitotic block into G, also accumulated p53 (Fig. 2 and sup-
plemental Fig. S4).

One of the most interesting recent findings is that spindle-
assembly checkpoint-compromised cells can undergo DNA re-
replication after mitotic slippage even if they possess functional
p53 (20). This indicates that both functional spindle-assembly
checkpoint and p53 are required for the postmitotic G, check-
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FIGURE 6. Forced mitotic slippage by an inhibitor of cyclin B1-CDK1
uncouples the postmitotic checkpoint. A, schematic diagram of experi-
mental design. U20S cells were treated with nocodazole (NOC) for 20 h before
either buffer or RO3306 was added. After 4 h, the cells were washed and
cultured in fresh medium supplemented with nocodazole. Samples were
taken at the indicated time points for flow cytometry and immunoblotting
analysis. B, RO3306 induces re-replication in nocodazole-blocked cells. Cells
were treated as described in A and were subjected to flow cytometry analysis.
C, RO3306-induced slippage activates p53 and p21<"""WAF7 Cells were
treated as described in A. Cell-free extracts were prepared, and the indicated
proteins were detected by immunoblotting.

point. To explain this, Vogel et al. (20) speculated that the tran-
scriptional activity of p53 may be altered in spindle checkpoint-
compromised cells. In disagreement with this idea, we found
that the p53 downstream target p21<"**W4#! yas induced at
the same rate in normal U20S cells and in cells deficient in the
spindle-assembly checkpoint (Fig. 44). Importantly, this does
not (as the data may have superficially suggested) imply an
insignificant role of the p53-p21 """ pathway in the post-
mitotic checkpoint. On the contrary, because the duration of
the mitotic block was shortened in the absence of the spindle-
assembly checkpoint, the cells expressed cyclin E and entered S
phase before p21<""*WA accumulated to any substantial
level. These results also suggest that after the initiation of p53
stabilization, its accumulation rate is constant irrespective of
the duration of the mitotic arrest or slippage.

An essential but yet unanswered question is how p53 is acti-
vated after spindle disruption. A number of mechanisms have
been proposed, but the process remains mysterious and con-
troversial. It has been suggested that spindle disruption leads to
DNA breaks, which triggers a DNA damage response in G, (43).
Indeed, many studies that addressed the postmitotic check-
point are complicated by the subsequent realization that many
drug treatments and synchronization procedures in fact gener-
ated DNA damage (reviewed in Ref. 15). We did not obtain
evidence of DNA damage after nocodazole treatment or KIF11
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FIGURE 7. Re-replication after premature spindle-assembly checkpoint
inactivation is promoted by increased expression of cyclin E1. U20S cells
were transfected with either a blank vector or a plasmid expressing FLAG-
cyclinE1 (the expression of FLAG-cyclin E1 was turned on with doxycycline). A
plasmid expressing GFP-tagged histone H2B was co-transfected to serve as a
transfection marker. The cells were then treated with nocodazole for 20 h
followed by addition of RO3306. After 4 h, the cells were washed and cultured
in fresh medium supplemented with nocodazole. At 24 and 36 h, the cells
were harvested, and the cell cycle profiles of the transfected cells (GFP-posi-
tive) were analyzed by flow cytometry. The percentage of cells with DNA
contents greater than 4N is indicated. The expression of the recombinant
cyclin E1 was confirmed by immunoblotting. Actin analysis confirmed con-
stant loading of the extracts.

knockdown. Although histone H2AX5"*3? is highly phospho-
rylated during prolonged mitotic block (Fig. 14 and supple-
mental Fig. S1A) or after release from the block (Fig. 2B), we
believed that it was mainly a reflection of apoptosis rather than
DNA damage. No significant amount of DNA strand breaks
was detected by comet assays.* Although y-H2AX is known to
be a classic DNA damage marker, previous reports have shown
that y-H2AX is induced after initiation of DNA fragmentation
(44) and is required for DNA ladder formation (37). In agree-
ment with these studies, we found that most apoptotic cells, but
not mitotic and interphase cells, were stained positive for
v-H2AX after nocodazole treatment.* Importantly, caspase
inhibitors could abolish the nocodazole-induced y-H2AX
without affecting p53 activation (Fig. 1C).

In support of the role of DNA damage in the postmitotic
checkpoint, ATM has also been suggested to be an activator of
p53 after spindle disruption. Tritarelli et al. (45) proposed a
model that during normal mitosis, p53°°"'° is phosphorylated
by ATM and is localized to the centrosomes, where dephospho-
rylation of p53%°"*° takes place (45). Spindle disruption inhibits
the p53-centrosome association (38), thus preventing the
dephosphorylation of p53%'°, Thus AT cells, which are
unable to phosphorylate p53°°"'?, do not undergo postmitotic
arrest after nocodazole block and release (45). In disagreement

4Y.W.Chan and R.Y. C. Poon, unpublished data.
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with these findings, Vogel et al. (20) found that several compo-
nents of the DNA damage checkpoint (ATM, ATR, CHK1, and
CHK?2) are not required for the nocodazole-induced p53 acti-
vation. We were also not able to detect p53°*"*> phosphoryla-
tion after nocodazole treatment, and we found that caffeine (an
ATM/ATR inhibitor) could neither prevent p53 activation nor
the postmitotic checkpoint response.*

Several recent studies have also suggested that aberrant cen-
trosomes may underlie the signals that activate p53 during the
postmitotic checkpoint (46—48). In this connection, a p38
mitogen-activated protein kinase-dependent stress-response
pathway is believed to lie upstream of p53 (46, 48). Another
candidate for activating p53, LATS2, is also connected to the
centrosomes. Nocodazole induces LATS2 translocation from
centrosomes to the nucleus, where it binds and inhibits MDM?2
(49). This allows p53 to accumulate, which in turn up-regulates
LATS2 in a positive feedback loop. Given that subtle treatments
of the cells or even the act of imaging may activate checkpoints
specifically in tetraploid cells (46, 50), further work is required
to ascertain whether these suggestions are true or not.
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