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Analyzing the G2/M Checkpoint

George R. Stark and William R. Taylor

Summary

The G2 checkpoint prevents cells from entering mitosis when DNA is damaged, providing
an opportunity for repair and stopping the proliferation of damaged cells. Because the G2
checkpoint helps to maintain genomic stability, it is an important focus in understanding the
molecular causes of cancer. Many different methods have been used to investigate the G2
checkpoint and uncover some of the underlying mechanisms. Because cell-cycle controls
are highly conserved, a remarkable synergy between the genetic power of model organisms
and biochemical analyses is possible and has uncovered control mechanisms that operate in
many diverse species, including humans. Cdc2, the cyclin-dependent kinase that normally
drives cells into mitosis, is an important target of pathways that mediate rapid arrest in G2 in
response to DNA damage. Additional pathways ensure that the arrest is stably maintained.
When mammalian cells contain damaged DNA, the p53 tumor suppressor and the Rb family
of transcriptional repressors work together to downregulate a large number of genes that
encode proteins required for G2 and M. Elimination of these essential cell cycle proteins
helps to keep the cells arrested in G2.
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. Introduction

An understanding of the G2/M transition in molecular terms began 15 yr

ago. Different experimental approaches revealed that one master regulatory
kinase, p34cdc2 (also called Cdk1), controlled entry into mitosis. Genetic
screens in fission and budding yeast uncovered temperature-sensitive cell divi-
sion cycle (Cdc) mutants (1,2). Cdc mutants are arrested at a specific cell cycle
stage at the restrictive temperature. Importantly, the cdc28 gene in S. cerevisiae
was found to be essential for cells to pass START, a major control point in G1
(1). cdc28 was found to be interchangeable with cdc2 from S. pombe, which
was needed for cells to pass from G1 into S phase and from G2 into mitosis

G

4). Interestingly, mutants of cdc2 could give rise to the “cdc” phenotype
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characterized by lengthening of a cell cycle phase, but also to a “wee” pheno-
type characterized by the shortening of the cell cycle and division at a smaller
size (5). Additional studies with S. pombe uncovered cdc25 and weel, and
indicated that cdc25 encoded an activator of the cdc2 gene product, while wee/
encoded an inhibitor (6-8). The isolation of weel mutants was significant
because weel is a gene whose inactivation caused acceleration of the cell cycle,
and encoded an inhibitor of a rate-limiting process. Cdc mutants, on the other
hand, could map to any gene that was required for cell cycle progression, not
necessarily part of the regulatory network.

Studies in yeast involving ingenious and laborious genetic screens laid
important groundwork for the analysis of the G2 phase. Equally amazing was
the convergence of experimental approaches that allowed the realization that
the same protein could control entry into mitosis in yeast, mammals, frogs,
starfish, and many other organisms. Studies in the large oocytes of frogs and
starfish identified a factor that could induce entry into mitosis when microin-
jected, called maturation promoting factor (MPF) (9-11). The components of
MPF were not to be identified for many years. One problem was that the high
concentration of MPF required to induce mitosis using microinjection precluded
its purification. This problem was overcome with the development of cell-free
extracts that recapitulated many of the mitotic processes when MPF was added
(12-14). Highly purified MPF was found to contain two proteins of molecular
weight 34 and 45 kDa (15). Immunoblotting and immunoprecipitation using
antibodies raised against the S. pombe cdc2 gene product were used to show that
the 34 kDa subunit was identical to Cdc2 (16,17). S. pombe Cdc2 was known to
bind to the product of the suc/ gene, which was exploited to show that MPF
could be depleted using Sucl purified from bacteria and immobilized on agarose
beads (18,19). This result added further evidence that MPF contained Cdc2.

A separate line of investigation resolved the identity of the 45 kDa compo-
nent of MPF. Sea urchin oocytes were found to contain proteins that oscillated
during the cell cycle with highest levels in mitosis; these are called cyclins
(20). cyclin mRNA could induce entry in mitosis when injected into frog
oocytes, and was the only mRNA needed to drive a frog oocyte extract into
mitosis (21-23). Subsequent western blotting and immunoprecipitation stud-
ies with antibodies raised against frog cyclin proved that the 45kDa subunit of
MPF was a cyclin (24). This was consistent with studies documenting the
interaction between p34Cdc2 and cyclins in the clam Spisula solidissima (25).

Additional proof for a universal controller of mitosis came from studies of
histone phosphorylation. The growth-associated H1 histone kinase was
observed to vary during the cell cycle in many types of cells, including sea
urchin, starfish and frog oocytes, and mammalian fibroblasts, and the highest
levels of activity were detected in mitosis (26-30). Interestingly, a partially
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purified H1 kinase could accelerate mitosis in Physarium, leading the authors
to suggest that their H1 kinase was a conserved regulator of mitotic entry (31).
The identification of the H1 kinase as the product of the cdc2 gene was made
many years later, using a combination of chromatographic purification and an
antibody against the cloned cdc2 gene product (18). The realization that Cdc2
is a conserved inducer of mitosis illustrates an important idea in cell cycle
research. By combining a diversity of methods and using information from
diverse organisms, considerable progress was made.

2. Our Current Understanding of Cdc2 Regulation

Many of the regulatory steps that control Cdc2 activity have been elucidated
and have been conserved during evolution, although some details are different
(reviewed in 32,33). Cdc2 is active only at the G2/M border and is turned off as
cells enter the anaphase stage of mitosis. The first step in generating active
Cdc2 is its association with a cyclin (Fig. 1). In animal cells, Cdc2 associates
with an A-type or a B-type cyclin, in fission yeast with Cdc13, and in budding
yeast with the CLB proteins. The cyclins that bind to Cdc2 accumulate as cells
progress through G2 and are degraded when cells progress from metaphase to
anaphase, thus extinguishing Cdc2 kinase activity.

During G2, Cdc2/cyclin B is actively excluded from the nucleus, where it
must go to phosphorylate the substrates that will bring about the various steps
of mitosis (34-36). During G2, the Cdc2—cyclin B1 complex is kept in the
cytoplasm by nuclear export, mediated by binding of the cyclin subunit to the
exportin protein CRM1 (34,36,37) (Fig. 1). Export by Crm1 counterbalances
the constitutive import of the complex mediated by binding of the cyclin sub-
unit to importin B (38,39). As cells approach the G2/M boundary, cyclin Bl
becomes phosphorylated in its Crm1 binding site, which blocks binding and
stops export, allowing the accumulation of the Cdc2—cyclin B complex in the
nucleus, where it can induce entry into mitosis (37) (Fig. 1). The Crm1 binding
site of cyclin B can be phosphorylated by Cdc2 and also by Plk1, an enzyme
found in many organisms including Drosophila, frogs, and yeast, and known
to be required for multiple events during mitosis (40-42).

Cdc2 must be phosphorylated at threonine 161 to be active, and in animal
cells this process is catalyzed by cyclin-dependent kinase (CDK)-activating
kinase (CAK) (43,44) (Fig. 1) . As animal cells approach the G2/M boundary,
the accumulating Cdc2-cyclin B complex is kept inactive by two inhibitory
phosphorylations on the Cdc2 subunit at tyrosine 15, catalyzed by Weel, and
at threonine 14, catalyzed by Mytl (45-47) (Fig. 1). In fission yeast, only the
conserved tyrosine residue is phosphorylated to turn off the kinase (48). In
budding yeast, although the conserved tyrosine of Cdc28 is phosphorylated,
this is not an important factor in the regulation of the kinase (49,50).
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Fig. 1. Regulation of Cdc2 activity. Several steps lead to the assembly of active
Cdc2 (as described in the text). These steps include binding to newly synthesized cyclin
B, import into the nucleus, phosphorylation of Cdc2 by CAK, and cyclin B by PIkl
and Cdc2. Cdc25, Weel, and Mytl maintain a balance of phosphorylation on threo-
nine 14 and tyrosine 15, which shifts to dephosphorylation and drives cells into mito-
sis. p53-independent pathways can rapidly initiate G2 arrest and involve Atm,
Atr-dependent activation of Chk1 and Chk2, which phosphorylate Cdc25 and stimu-
late its binding to 14-3-3 proteins, which anchor it in the cytoplasm. The mechanisms
leading to the activation of Atm and Atr may involve changes in chromatin topology
and interactions, within nuclear foci (shown in gray), with DNA damage repair and
recognition proteins. Nuclear foci occupy a very tiny area of the nucleus, but here are
shown much larger for ease of presentation.

The Cdc2—cyclin B complex must not only enter the nucleus and be phos-
phorylated at threonine 161, but must also be activated by dephosphorylation
of the Cdc2 subunit. At the G2/M boundary, tyrosine 15 and threonine 14 of
Cdc2 are rapidly dephosphorylated by the conserved Cdc25 phosphatase (51)
(Fig. 1). The rapid activation of Cdc2 is aided by a positive feedback loop
involving Cdc25. Cdc2 phosphorylates and further activates Cdc25, allowing
it rapidly to activate Cdc2 (51). Whereas yeast have a single Cdc25, mammals
contain Cdc25A, which functions during the G1 to S transition, and Cdc25B
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and Cdc25C, which dephosphorylate Cdc2 (51). The initial trigger for the acti-
vation of the Cdc25—Cdc2 loop is not known, but there is evidence that Cdc25B
is important in this step in mammals. Unlike Cdc25C, which is concentrated in
the nucleus, Cdc25B is found in the cytoplasm and may dephosphorylate cyto-
plasmic Cdc2 before the nuclear export has been turned off (52).

3. Cell Cycle Responses to DNA Damage

Early studies with mammalian cells uncovered a delay in G2 that occurred
within 2 h of exposure to ionizing radiation (reviewed in 53). This delay was
found to be transient, with cells entering mitosis after a time that depends on
the dose of ionizing radiation. A division delay in response to DNA damage
was observed in diverse cell types, including amoeba, yeast, sea urchin eggs,
and mammalian cervical cancer cells (53). Part of the basis for the division
delay is that cells are blocked in G2 in response to DNA damage. The early
method of determining the G2 delay was to count mitotic cells shortly after
irradiation or adding DNA-damaging chemicals. G2 delay is characterized by
a rapid reduction in the number of mitotic cells. Mitosis must be analyzed
quickly to eliminate possible contributions of alternate points of arrest in the
cell cycle. For example, if the reduction in mitotic cells occurs after 8 or 10 h
(significantly longer than the G2/M period of approx 4-5 h) the blockage may
be in an earlier cell cycle phase, with all the cells in G2 passing through mitosis
before the block is manifest as a drop in mitosis. Mitotic cells were originally
identified based on the morphology of chromatin, and the standard method
involves dropping cells that are hypotonically swollen and fixed, onto glass
slides. This method causes chromosomes to be spread out when they hit the
slide and allows the unambiguous identification of mitotic cells (for example,
54). More recent methods rely on markers present in mitotic cells such as phos-
phorylated histones, or MPM-2 antigens (55,56). By analyzing these markers
with specific antibodies it is now feasible to quantify the number of cells in
mitosis using the fluorescence-activated cell sorter (FACS) (57).

4. The Molecular Basis of G2 Arrest

To understand how the cell cycle is regulated in response to DNA damage,
mutants of budding and fission yeast were identified in which the cell cycle
was no longer delayed in response to DNA damage (58). This approach led to
the concept of the cell cycle checkpoint, and uncovered many genes that form
an important part of what we know about the workings of the DNA-damage
response. Cell cycle checkpoints are regulatory mechanisms that ensure that
cell cycle processes occur at the right time and in the right order. Early studies
in budding yeast with the rad9 mutant indicated that G2 delay was owing to
intracellular signaling that blocked entry into mitosis in the presence of DNA
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damage (58). A number of other “Rad” mutants that fail to arrest in the cell
cycle in response to ionizing radiation have been uncovered, and orthologs in
various organisms including mammals have been identified (reviewed in 59—
61). Studies on the components of the DNA-damage response have uncovered
three main groups of proteins involved in initiating G2 arrest. The sensors rec-
ognize damaged DNA, and the fransducers transmit the signal downstream to
the effectors, whose activity is modulated to bring about arrest (61,62).
Although these groups of proteins are sufficient to induce the arrest, in time,
many checkpoints become spontaneously inactivated, and additional mecha-
nisms are used to maintain the arrest.

4.1. Effectors

Studies with mammalian cells in tissue culture showed that Cdc2 is an
important effector for the G2 checkpoint. Ionizing radiation and other forms of
DNA damage blocked the dephosphorylation of Cdc?2 at tyrosine 15 and threo-
nine 14, causing it to remain inactive (63,64). Inhibition of Cdc?2 activity occurs
rapidly after inducing DNA damage. For example, the loss of activity can be
detected within an hour of adding the DNA-damaging agent etoposide to Chi-
nese hamster ovary cells (63). One of the main effects of DNA damage is to
interfere with the dephosphorylation of Cdc2 by the Cdc25C phosphatase.

4.2. Transducers

The mechanism by which Cdc25C is inactivated in response to DNA dam-
age involves its phosphorylation by Chkl and Chk2 (65-67) (Fig. 1). Chkl
and Chk2 (also known as CDS1) were originally identified by genetic screens
in S. pombe, where Chk1 is required for cell cycle arrest in response to dam-
aged DNA and Chk2-Cdsl is required for arrest in response to unreplicated
DNA (68,69). Chk1 and Chk?2 are protein kinases whose activity increases in
response to damaged or unreplicated DNA in yeast and mammals (reviewed in
70). Cdc25C is phosphorylated by either Chk1 or Chk2, which creates a bind-
ing site on Cdc25C for proteins of the 14-3-3 family (65-67,71). Binding to
14-3-3 sequesters Cdc25C in the cytoplasm and blocks its ability to dephos-
phorylate Cdc2 (Fig. 1).

Two kinases, Atm and Atr, are responsible for the activation of Chk1 and
Chk?2 in response to stress (71-73) (Fig. 1) . In mammals, it appears that both
Atm and Atr can phosphorylate either Chk1 or Chk2 as well as other substrates
(reviewed in 74). Parallels between mammals and yeast extend upstream of
Chkl and Chk2-Cdsl. Budding yeast Mecl and fission yeast Rad3 are the
orthologs of Atr and are required for the activation of Chk1 and Chk2-Cds]1 in
response to DNA damage or unreplicated DNA (61). Tell in budding and fis-
sion yeast is an Atm ortholog.
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Studies in mammalian cells on the phosphorylation of the p53 tumor sup-
pressor by Atm and Atr have indicated that these kinases respond to different
types of damage. For example, the phosphorylation of p53 on serine 15 in re-
sponse to ionizing radiation is significantly, but not completely, reduced in
cells lacking Atm, whereas there is no defect in the phosphorylation of p53 on
serine 15 in response to ultraviolet radiation (75-77). Inactivation of Atr using
a dominant negative version of the protein severely reduced pS3 phosphoryla-
tion in response to ultraviolet radiation, and the initial phosphorylation of p53
was normal when cells were exposed to ionizing radiation (78,79). This sug-
gests that Atr primarily mediates the response to ultraviolet radiation and Atm
mediates the response to ionizing radiation. Although p53 was phosphorylated
in response to ionizing radiation in cells expressing the dominant-negative Atr,
this phosphorylation was lost much faster than in parental cells (79). This sug-
gests that Atr may also provide a backup function in response to ionizing radia-
tion. Atr has also been implicated in the response to unreplicated DNA caused
by blocking DNA synthesis with hydroxyurea (78). Atm was originally identi-
fied as the gene mutated in the recessive autosomal disease ataxia telangiecta-
sia (80). Among a number of symptoms, patients with ataxia telangiectasia are
prone to cancer, which probably reflects the roles played by Atm in the cellular
response to DNA damage.

There is evidence that Chk1 and Chk?2 are not the only kinases that phospho-
rylate Cdc25 in response to DNA damage. For example, the p38 stress-acti-
vated kinase can phosphorylate both Cdc25B and Cdc25C, leading to their
increased binding to 14-3-3 proteins in vitro (81). Also, the immediate G2 arrest
that normally occurs after ultraviolet radiation was attenuated in cells treated
with SB202190, a chemical inhibitor of p38 (81). In vivo studies showed that
the binding of Cdc25B to 14-3-3 in cells exposed to ultraviolet radiation was
reduced by treatment with the p38 inhibitor. However, the inhibitor had no
effect on the binding of Cdc25C to 14-3-3 proteins in vivo, suggesting that
Cdc25B is the main target of p38 in the G2 arrest response (81).

There is also evidence that inhibiting Cdc25 is not the only way by which
Atm and Atr block the activation of Cdc2. Division of fission yeast normally
requires Cdc25, but cells with the hypermorphic cdc2-3w allele can survive if
Cdc25 is deleted (82). Induction of DNA damage in a cdc2-3w, Acdc25¢ mutant
still caused a mitotic delay, showing that Cdc25 is not the only determinant of
this response (82). Further studies pinpointed the Mik1 kinase as an important
target of this Cdc25-independent arrest. Deletion of either Chk1 or Mik1 abro-
gated the residual arrest that occurred in the cdc2-3w, Acdc25¢ mutant.
Overexpressing Chk1 caused an arrest that was dependent on Mik1, suggest-
ing that Mik1 acts downstream of Chk1. Also, upregulation of Mikl proteins
in response to DNA damage was found to depend on Chkl and Rad3 (§2).
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Similarly to Weel, Mik1 phosphorylates tyrosine 15 of Cdc2, suggesting that
DNA damage not only turns off the Cdc25 phosphatase that targets tyrosine 15
of Cdc2, but also turns on a kinase that phosphorylates this residue.
Upregulation of the rate of inhibitory phosphorylation of Cdc2 has not been
implicated as a mechanism of G2 arrest in mammals.

An additional substrate of the Atm and Atr kinases has been uncovered that
may contribute to G2 arrest. PIk1 is inactivated in response to DNA damage by
Atm/Atr-dependent phosphorylation (83). Because Plk1l can phosphorylate
cyclin B1 to block export of cyclin B1 from the nucleus, one interesting possi-
bility is that inactivation of Plk1 leaves cyclin B1 stranded in the cytoplasm
(40,41). Because Cdc2 can also phosphorylate cyclin B1 in its nuclear export
signal, the regulation of cyclin B1 localization is likely to be more complicated
(42) (Fig. 1).

4.3. Sensors

Evidence is accumulating regarding how Atm, Atr, Chk1, and Chk2 are ac-
tivated in response to DNA damage. There is clearly an involvement of dam-
age sensors in the activation of at least some of these kinases (Fig. 1). There
are several major damage-sensing machines, one of which shows striking simi-
larity to the PCNA and RFC complexes needed for processive DNA synthesis
(reviewed in 59-61). PCNA forms a homotrimeric clamp around the double
helix, which is loaded onto DNA by the heteropentameric RFC complex com-
posed of the RFC1-5 subunits. The DNA damage response involves the Rad17
protein, which forms a complex with RFC2, 3, 4, and 5, and by homology has
been suggested to form a clamp loader (84,85). Radl, Hus1, and Rad9 proteins
form a trimer with structural similarity to the PCNA sliding clamp complex
(86). Interactions between Radl7 and components of the Rad1-Hus1-Rad9
trimer suggest that the Rad17 complex may load the Rad1-Hus1-Rad9 com-
plex onto DNA at sites of DNA damage (87,88). Radl, Rad9, Rad17, and Hus1
are all required for the cell cycle delay in response to DNA damage and for the
activation of checkpoint proteins such as Chk1 (59,89). Thus, the Rad17-RFC
complex may recognize damaged DNA and load the Rad1-Hus1-Rad9 com-
plex. Because Rad1 is a 3'-5' exonuclease, the Rad1-Hus1-Rad9 complex may
function to increase the amount of single-stranded DNA at sites of damage to
facilitate signaling to the checkpoint transducer proteins (90).

Additional complexes act proximal to DNA damage and are important in
allowing the signal transducers to become activated. Brcal, originally identi-
fied as a locus of susceptibility in human breast cancer, is localized to sites of
DNA damage and may be needed to recruit other proteins, such as Atm, to
these sites (91-93). Atm and Atr can be found in a large complex containing
Brcal, called Brcal-associated genome surveillance complex (BASC) (94).
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BASC also contains the proteins Mrel1, Nbs1, and Rad50, which are essential
for the recognition and repair of double-strand breaks in DNA (94). Mrell,
Nbs1, and Rad50 form a complex that is recruited to sites of DNA damage and
helps to repair the break through nonhomologous end-joining (95,96). Studies
in yeast have shown that these three proteins are needed for proper checkpoint
function, but the detailed mechanism of how these proteins signal to down-
stream signal transducers has not been uncovered (97).

Rad3, the Atr ortholog in budding yeast, is activated in response to DNA
damage, and this process is independent of the Rad17-RFC and Rad1-Hus1-
Rad9 complexes (98). This observation is important, because it argues against
a simple model in which these proximal DNA damage-sensing complexes sig-
nal to the Atm/Atr proteins. Also important is the fact that the activation of
Chk1 does require the Rad17-RFC and Rad1-Hus1-Rad9 complexes (89). The
phosphorylation of Chk1 appears to be directly catalyzed by Rad3 (99). If Rad3
is active in cells lacking Rad17, why can’t it phosphorylate Chk1? One possi-
bility is that Rad17 provides a docking site for Chk1 and activated Rad3, either
directly or by allowing damaged DNA to be processed into foci where DNA
damage-signaling proteins accumulate.

A similar situation may occur in mammalian cells. Atm exists as an inactive
dimer or oligomer in unstressed cells (100). Atm is phosphorylated at an
autophosphorylation site and dissociates into a monomeric active kinase very
rapidly (within approx 30 s) after cells are exposed to ionizing radiation. This
rapid phosphorylation occurs on approx 50% of the Atm in the cell and hap-
pens at doses of radiation that would create fewer than 20 double-strand breaks
(100). These data suggest that it is unlikely that every Atm dimer must diffuse
to the site of damage to be activated. This suggestion is consistent with litera-
ture on budding yeast showing that Rad3 does not need the damage-sensing
Rad proteins to be activated. An alternative model has been proposed in which
DNA strand breaks cause changes in the higher order topology of chromatin,
which can act at a distance to signal the activation of Atm. This model is sup-
ported by the observation that chloroquine and trichostatin A, drugs that can
alter higher order chromatin topology, can also induce the phosphorylation of
Atm without causing detectable DNA damage (100). Once activated, Atm may
then diffuse to foci in the nucleus that contain damage recognition and repair
complexes like BASC (Fig. 1). At those sites, Atm could phosphorylate some
of its downstream targets that mediate G2 arrest, such as Chk1 and Brcal.

Additional proteins may act as adapters to bring substrate and enzyme
together at damage-induced nuclear foci. For example, the S3BP1 protein
shows regions of homology to Brcal, and is relocalized to damage-induced
foci (101). 53BP1 binds to Chk1 and Brcal in unstressed cells, and these asso-
ciations are disrupted by ionizing radiation at the same time as Chk1 and Brcal
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become phosphorylated (102). 53BP1 was identified because it binds to p53
(103). Reduction of 53BP1 levels with small interfering RNA molecules reduces
the accumulation of p53 and the phosphorylation of Chk1 that occurs in response
to ionizing radiation (102). One interpretation is that 53BP1 is an adapter that
brings Atm substrates to damage-induced foci, where they are phosphorylated
by monomeric active Atm that has diffused to those same sites.

Biochemical and genetic approaches have uncovered a large amount of
information about how the cell responds to DNA damage. An important branch
of this response ultimately leads to the inactivation of Cdc2 and G2 arrest. As
described above, rapid events lead to the inactivation of Cdc2 through inacti-
vation of Cdc25C. Recent experiments in mammalian cells suggest that the
pS3 tumor suppressor participates in pathways that help to maintain G2 arrest
in response to DNA damage.

5. The Function of p53

The p53 tumor suppressor was originally identified as a protein bound to the
large T antigen of the SV40 tumor virus (104). Early studies on p53 function
suggested that it was an oncogene, because the first clones of p53 could
immortalize primary cells and cooperate with other oncogenes such as Ha-ras
to induce neoplastic transformation (105-108). The true function of p53 as a
tumor suppressor was established in a number of landmark studies showing
that (1) transforming p53 alleles contained mutations, and wild-type p53 was
inactive in transformation assays (109); (2) p53 was mutated during the pro-
gression of colorectal cancer (110); and (3) elimination of p53 function in the
mouse greatly increased the frequency of spontaneous tumors (111). Thus, the
elucidation of the function of p53 in neoplasia relied on biochemical
approaches, mapping of disease loci using the methods of human genetics, as
well as mouse studies involving homologous recombination to inactivate the
pS3 gene.

The important tumor suppressor function of p53 is illustrated by its wide-
spread inactivation in many types of human cancer (112). Also, germline inac-
tivation of p53 is responsible for the cancer susceptibility syndrome described
by Li and Fraumeni (113,114). The tumor suppressor function of p53 lies in its
ability to induce either cell cycle arrest or cell death by apoptosis in response to
genotoxic stress (reviewed in 115,116). Many types of stress, including DNA
damage, arrest of transcription, arrest of DNA synthesis, hypoxia, and
oncogene activation, can activate p53. Activation of p53 depends on its post-
translational modification in response to stress (reviewed in 117). In particular,
serine and threonine residues are phosphorylated and lysine residues are acety-
lated or sumoylated in response to stress, provoking the activation of p53.
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In unstressed cells, p53 is present at a low level due to its degradation by
Mdm?2, which binds to the N-terminus of p53 and catalyzes the transfer of
ubiquitin to lysine residues of p53, generating a signal for degradation by the
proteasome (reviewed in 118). As mentioned above, serine 15 of p53 is phos-
phorylated by Atm and Atr in response to DNA damage (76,79,119). In addi-
tion, Chkl and Chk2 can phosphorylate p53 on serine 20 (120,121).
Phosphorylation of these and other residues in the N-terminus of p53 blocks
the binding of Mdm?2, allowing p53 to accumulate to high levels (122). Once
activated, p53 carries out its downstream arrest or apoptosis functions by acti-
vating the expression of a large number of genes. p53 binds in a sequence-
specific manner to the promoters of its target genes and uses its acidic
N-terminus to activate transcription (115).

Interestingly, the release of Mdm?2 correlates with the binding of the CBP/
p300 histone acetyl transferases to the phosphorylated N-terminus of p53 (123).
CBP/p300 acetylates lysine residues in the C-terminal region of p53, stimulat-
ing its ability to bind to DNA (124). These studies have relied on gel shift
assays, where acetylated or non-acetylated p53 is added to radio-labeled oligo-
nucleotides containing the p53 consensus sequence (124). DNA binding is
indicated by a shift in the mobility of the probe and the formation of a novel
band. There is recent evidence that when the probe is complexed with histones,
the stimulation of DNA binding observed after acetylating p53 is abolished
(125). This has led to the suggestion that p53 does not need to be acetylated to
bind to DNA that is packaged into chromatin, a more physiological substrate
than naked DNA. However, acetylation-specific antibodies show that p53 is
acetylated in vivo (123). Because the lysine residues that are acetylated are
also ubiquitinated, simply mutating these residues will not be helpful in clear-
ing up this issue. If CBP/p300 are not needed to acetylate p53, perhaps their
role is to acetylate histones in the vicinity of p53 target genes to aid in their
transcriptional induction.

6. Contribution of p53 to G2 Arrest

The first clue that p53 was important for DNA-damage responses was that
the levels of p53 protein were elevated when cells were exposed to ultraviolet
radiation (126). Proof for this idea was provided by the observation that p53
was required for the G1 arrest that occurred in response to ionizing radiation
(127). Human cells lacking p53 bypass the G1 checkpoint, progress through S
phase, and accumulate in G2, showing that G2 arrest still occurs in cells lack-
ing p53 (127). However, we found that when p53 is overexpressed in the
absence of any other stress, this could also arrest cells in G2 (128). These and
other studies showed that p53-independent pathways are sufficient to induce
G2 arrest, and that p53 is also involved, probably to ensure the long-term sta-
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bility of the arrest (reviewed in 129). In our work using p53 overexpression,
we relied on a number of methods to determine cell cycle position. In our first
studies, cellular DNA was stained with propidium iodide (PI) and cell cycle
distribution assessed using the FACS to measure PI fluorescence (128).
Because p53 is capable of inducing G1 arrest, we used synchronized cells to
investigate its functions in G2. We used mimosine to reversibly arrest cells in
S phase and a cell line containing a tetracycline inducible p53. Cells were
released from the mimosine block and tetracycline was removed to induce p53.
On the basis of DNA content, p53 overexpression did not affect progression
through S phase after mimosine removal but caused approx 60% of the cells to
become arrested with a 4N content of DNA (128). Cells with a 4N DNA con-
tent might be either in G2 or mitosis; however, direct examination indicated
that mitotic cells were rare, suggesting that the cells were in G2. Similar results
were obtained by another group using a temperature-sensitive allele of p53 and
serum starvation/stimulation to synchronize the cells (130).

One possible alternative explanation of the accumulation of cells with a 4N
DNA content was that p53 did not block cells in G2, but somehow altered
progression through mitosis in such a way that cells exited mitosis by
decondensing their chromatin, resulting in p5S3-dependent arrest in a tetraploid
G1 state. To test this possibility, we released cells from a mimosine block and
removed tetracycline to induce p53. Entry into mitosis was directly observed
using time-lapse microscopy (131). This technique involves maintaining cells
in an environment that allows them to grow (i.e., at 37°C with humidity and
elevated CO,) while on a microscope stage (Figs. 2 and 3). Current approaches
involve capturing images of the cells using digital cameras, with image capture
controlled by computer software. We use Metamorph software to capture im-
ages and to control shutters, which shield cells from light during the interval
between image capture. To analyze cell cycle events, we capture images every
15-20 min. Time-lapse experiments are run for several days to allow an analy-
sis of delayed effects of specific treatments. When we applied this method
to the study of G2 arrest by p53, we found that few cells released from the
mimosine block entered mitosis (131). Many control cells released from
the mimosine block in the presence of tetracycline to repress the p53 transgene
entered mitosis and divided. These studies show that p53 prevents cells from
entering mitosis, causing them to arrest in G2. Additional support for a role for
p53 in G2 arrest was provided by studies of a derivative of the HCT116
colorectal tumor cell line in which p53 was inactivated by homologous recom-
bination (132). These p53-null cells initially arrested in G2 when DNA was
damaged with adriamycin, but the arrest could not be maintained and the cells
eventually did enter mitosis. These studies indicate that p53 is very important
in maintaining G2 arrest in response to DNA damage.
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Fig. 2. Equipment used for time-lapse microscopy. The basic arrangement is shown.
Cells are viewed on an inverted microscope using phase contrast or epifluorescence.
Shutters allow light from the halogen lamp (for phase contrast) or the mercury lamp
(for epifluorescence) to hit the sample. Metamorph software is used to open the shut-
ters for image capture with a low-light digital camera. For a typical experiment in
which phase contrast and epifluorescence are combined, Metamorph is programmed
to open the phase shutter and capture an image, close the shutter, and then open the

epifluorescence shutter, capture an image, and close the shutter. This series usually
takes approx 1-2 s and is repeated every 10 min. The result is a time series of both
phase and epifluorescence images, which can be viewed as separate movies.
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7. Mechanisms of G2 Arrest by p53
The contribution of p53 to G2 arrest involves some of its transcriptional

targets. pS3 activates many genes that encode proteins which carry out its bio-
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Fig. 3. Time-lapse images of the mitotic process. Phase contrast images of a human
fibroblast entering and progressing through mitosis are shown. An image was taken
every 17 min. By viewing approx 100 cells at a time, the mitotic activity of a culture
can be assessed over time.

logical functions, including Bax, Puma, Pig3, and Noxa, which are important
in inducing apoptosis, and p21/wafl, Gadd45, and 14-3-30, which are induc-
ers of growth arrest (116). p21/wafl is a major target of p53 that is essential for
G1 arrest. Unlike yeast, in which Cdc2 can control both the G1/S and G2/M
transitions, mammalian cells have a family of kinases with homology to Cdc2.
These kinases require a cyclin subunit for activity, are called cyclin-dependent
kinases (CDKs), and control the major mammalian cell cycle transitions. p21/
wafl is an efficient inhibitor of CDK2, 4, and 6, which explains its ability to
block cells at the G1/S boundary (133). p21/waf1 can bind only poorly to Cdc2,
yet can arrest cells in G2 when overexpressed (133-136). In addition, HCT116
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cells lacking p21/waf1 arrest only transiently in G2 in response to adriamycin,
adding further support for the involvement of this protein in stabilizing G2
arrest (132). One mechanism that has been proposed for G2 arrest by p21/waf1
involves its ability to block the activating phosphorylation of Cdc2 at threo-
nine 161, but the mechanism by which p21/waf1 reduces this phosphorylation
is not known (137). Our work has uncovered an additional mechanism by which
p21/wafl contributes to the stability of G2 arrest.

Gadd45 has also been implicated in G2 arrest induced by p53. Gadd45 can
bind to Cdc?2 and dissociate the cyclin B subunit, thus inactivating the complex
(138,139). The G2 delay that occurs in response to ultraviolet radiation is re-
duced in lymphocytes when Gadd45 is deleted (140). The 14-3-30 target of
p53 can cause G2 arrest when overexpressed (141). It appears to do so by bind-
ing to the Cdc2—cyclin B complex and anchoring it in the cytoplasm, where it
is unable to induce mitosis (142). Deletion of 14-3-30 from HCT116 cells
caused the cells to escape from the G2 arrest induced by adriamycin and enter
mitosis in the presence of large amounts of damaged DNA (142). The 14-3-30-
null cells were very sensitive to killing by adriamycin, probably owing to the
catastrophic mitosis. Inactivation of both p21/wafl and 14-3-3c in HCT116
led to a severe defect in G2 arrest: such cells were killed much more efficiently
by adriamycin than cells lacking either gene alone (143).

7.1. The Role of Transcriptional Repression in G2 Arrest

To understand how the overexpression of p53 could induce G2 arrest, we
focused on the regulation of Cdc2, a likely candidate to mediate this effect. In
cells arrested in G2 by p53, Cdc2 activity was low, but CAK activity was unaf-
fected (131). Thus, our results suggest that the reduction in threonine 161 phos-
phorylation of Cdc2 in response to p21/wafl is not owing to direct inactivation
of CAK, and other mechanisms must be at play. Immunoblotting also showed
that when cells were just reaching the G2/M boundary (approx 20 h after
removal of mimosine), the phosphorylation of Cdc2 at either tyrosine 15 or
threonine 14 was not increased by high levels of p53, compared to low levels
of p53 (131). However, the level of cyclin B1 was reduced at this time point,
and when cells were arrested in G2 for 48 or 72 h, the amount of Cdc2 protein
was also downregulated. Loss of both proteins was caused by repression of
both promoters by p53 (131). We did not detect 14-3-30 in these experiments
because it appears not to be expressed in fibroblasts. Combining the available
data, p53 initially reduces Cdc2 activity by inducing Gadd45, by blocking
threonine 161 phosphorylation by way of p21/wafl, and by repressing cyclin
B1. Eventually, Cdc2 protein is also downregulated. Interestingly,
overexpression of cyclin B1 was sufficient to overcome G2 arrest induced by
p53 in an ovarian cancer cell line (144). In our studies, G2 arrest was abrogated
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only if we expressed a Cdc2 mutant protein that could not be phosphorylated at
its inhibitory sites in combination with a cyclin B1 mutant that is constitutively
present in the nucleus (131). Although our studies agree with the conclusion
that Cdc2—cyclin B1 is an important target in G2 arrest induced by p53, the
effects of p53 may be more complicated. The fact that a constitutively nuclear
cyclin B1 was needed to abrogate the arrest suggests that pS3 may alter the
nuclear/cytoplasmic shuttling of cyclin B1, although now, there is no direct
evidence to support this idea.

The downregulation by p53 of Cdc2 and cyclin B1, two proteins essential
for cells to enter mitosis, helps to explain the effects of caffeine on the cell
cycle. Caffeine can abrogate cell cycle checkpoints, including the G2 arrest
that occurs in response to DNA damage (145). However, p53 can block the
effect of caffeine on G2 arrest. For example, a breast cancer cell line with wild-
type p53 arrests in G2 in response to DNA damage, and this effect could not be
overcome by caffeine (146). However, when p53 was inactivated by express-
ing the E6 protein of the human papilloma virus, caffeine could abrogate the
G2 arrest (146). These results suggested that p53 has to be inactivated to
unleash the effects of caffeine because it downregulates both Cdc2 and cyclin
B1. We recently reinvestigated this phenomenon and found that the inactiva-
tion of p53 allows caffeine to abrogate G2 arrest induced by etoposide in
HT1080 fibrosarcoma cells, which have wild-type p53 (147). The stable arrest
of the parental cells in the presence of caffeine was highly correlated with the
pS53-dependent transcriptional repression of both cdc2 and cyclin BI. To deter-
mine the effects of caffeine on mitosis in HT1080 cells, we used time-lapse
microscopy, as well as Western analysis for histone H3 phosphorylated on
serine 10, a marker for mitosis (147). A major breakthrough in understanding
the effects of caffeine on the cell cycle was the observation that it inhibits both
Atm and Atr by directly binding to these proteins (148-150). In cells lacking
p53 function, G2 arrest still occurs, even though Cdc2 and cyclin B1 are
present, presumably because of the Atm/Atr-dependent inactivation of
Cdc25C. Caffeine can inactivate this pathway, allowing cells lacking p53 to
overcome the arrest.

Although we detected many mitotic cells when caffeine was added to the
cells lacking p53 function, we did not detect major changes in the DNA con-
tent of the cells (147). If cells were entering and completing mitosis, we
expected the number of cells with a 4N content of DNA to decrease and the
number of cells in G1, with a 2N DNA content, to increase. To examine the
fate of cells in more detail, we used a fusion protein comprised of histone H2B
and green fluorescent protein (GFP) (151). This fusion protein associates sta-
bly with chromatin, allowing DNA to be visualized in live cells. We used time-
lapse epifluorescent imaging to analyze chromatin dynamics as cells were
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Fig. 4. Time-lapse analysis of chromatin dynamics. In the cell shown, time-lapse
was used to visualize a defective mitosis, which occurred in the presence of DNA
damage and caffeine. The cell type shown lacks p53 function. It was treated with
etoposide to induce DNA damage and with caffeine to override the G2 checkpoint.
The cells were stably transfected with a histone H2B-GFP fusion protein, which asso-
ciates with chromatin. Images were captured every 10 min (not all frames are shown).
At the 0:10 time point, the cell has just entered prophase and chromatin condensation
has started. The cell is in metaphase for approx 3 h, decondenses its chromatin, and
exits mitosis without dividing and with an aberrant nuclear morphology.

driven into mitosis with caffeine (Figs. 2 and 4) (147). Interestingly, the cells
spent much more time in metaphase than untreated cells and were able to divide
into two viable daughter cells only infrequently. In some cells, cytokinesis
could not be completed, owing to the presence of chromatin bridges between
partially divided nuclei. In other cells, a prolonged metaphase was immedi-
ately followed by death. These results suggest that, although caffeine can
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induce mitosis in cells lacking p53, the cells cannot divide, which explains
why we do not observe newly divided cells in G1.

7.2. The Mechanism of cdc2 Repression by p53

We relied on classical mutation and deletion analyses to find the region of
the cdc2 promoter that mediated repression by p53 (152). This region was nar-
rowed down to the R box, previously identified as a binding site for a transcrip-
tional repressor (152,153). The R box is composed of a cell cycle-dependent
element (CDE) and a cell cycle-homology region (CHR) (153). Both CDE and
CHR are found in a number of cell cycle-regulated promoters and cause
repression of these genes during G1 (154). Derepression occurs as cells enter S
and G2. A repressor that can bind to the CDE/CHR element of the cdc2 pro-
moter contains an E2F subunit and a member of the Rb family of proteins
(155).

E2Fs were originally identified as cellular proteins required for the tran-
scription of the E2 gene of adenovirus during infection (156). There are eight
E2Fs (E2F1 to 6 and DP1 and 2) (reviewed in 157). An E2F forms a
heterodimer with a DP to form a functional transcription factor, with DP1 and
2 relatively interchangeable. E2F1, 2, and 3 bind to promoters in a sequence-
specific manner and activate the transcription of the corresponding genes. E2F4
and 5 bind to the same sequences but are more important in repression. E2F1,
2, and 3 contain transcriptional activation domains, which allow them to induce
transcription. Repression by E2F4 and 5 is mediated by binding to a protein of
the Rb family, which consists of three proteins: Rb, p130, and p107. E2F6
binds to the E2F element but lacks the transcriptional activation and Rb-bind-
ing domains, and thus can block activation as well as repression.

Rb was the first protein identified as a tumor suppressor, and its inactivation
causes retinoblastoma with high penetrance (158). p130 and p107 have signifi-
cant structural and functional homology to Rb. Rb-family proteins bind to E2Fs
and recruit histone-modifying enzymes, which cause repression of E2F target
genes (reviewed in 159,160). Whether an E2F target gene is repressed or acti-
vated depends in large part on the phosphorylation state of Rb family mem-
bers. When highly phosphorylated, all three Rb proteins do not interact with
E2F, and active transcription predominates. When hypophosphorylated, Rb
proteins form a tight complex with E2F4 and 5 to cause repression. The major
kinases that phosphorylate the Rb proteins are CDK?2, 4, and 6. In early Gl,
when CDK activity is low, Rb proteins are poorly phosphorylated, are bound
to E2F4 and 5 and are engaged in the repression of E2F targets. As cells
progress through the cell cycle and CDK activity rises, the phosphorylation of
Rb proteins reverses repression, clearing the way for E2F1, 2, and 3 to activate
some of the same genes.
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The CDE element of the cdc2 promoter is similar in sequence to an E2F
element (152,155). We reasoned that p53 represses cdc2 by an indirect mecha-
nism involving p21/wafl, which, by inhibiting CDK activity, elevates the level
of hypophosphorylated Rb, which in turn binds to E2F, interacts with the CDE,
and represses transcription. Based on a variety of biochemical assays, we con-
clude that this model is likely to explain the repression of cdc2 by p53. In
particular, we could identify a complex containing E2F4 and p130 that inter-
acted with an oligonucleotide corresponding to the CDE/CHR only in cells
expressing high levels of p53 (152). In addition, Cdc2 was not downregulated
in response to the DNA damage caused by adriamycin in cells lacking p130
and p107, unlike wild-type cells in which Cdc2 was eliminated after 48 h of
treatment (152). Cdc2 was still downregulated in cells lacking either p130 or
p107 alone, suggesting that their functions overlap. We did not detect p107
binding to the cdc2 oligonucleotide in vitro, even though it must be deleted to
abrogate repression (152). It is possible that p107-containing complexes are
important for repression but are present at too low a level to be detected by gel
shift analysis.

Several groups have reported that the long-term maintenance of G2 arrest
after DNA damage requires transcriptional repression mediated by Rb-family
members. The E7 protein from types 16 and 18 human papilloma virus inacti-
vates all three Rb proteins by binding to them and causing their degradation.
Cells expressing E7 can still arrest in G2 in response to adriamycin. If
adriamycin is removed, the parental cells do not enter mitosis, whereas cells
with E7 do enter mitosis, suggesting that Rb is required to stabilize the G2
arrest (161). Also, expression of a mutant E2F that neither binds to Rb proteins
nor activates transcription, but still binds DNA, can reduce G2 arrest after DNA
damage (162). This result suggests that active repression is required for proper
G2 arrest. Our early studies suggested that one of the targets of Rb during p53-
dependent G2 arrest is cdc2, although our recent experiments suggest that the Rb
family has wider effects on the expression of genes required for progression
through G2 and M (Taylor, W. R., and Stark, G. R., unpublished observations).

7.3. Large-Scale Reprogramming of Transcription in Response to DNA
Damage

With the knowledge that p130 and p107 are required to downregulate Cdc2
in response to DNA damage, we used Affymetrix microarrays to compare gene
expression profiles in p130/p107-null and wild-type mouse embryo fibroblasts
(MEFs) (Taylor and Stark, unpublished observations). Untreated cells were
compared with cells treated with adriamycin for either 12 or 24 h. Although the
expression of a large number of genes changed, we focused on genes that were
repressed in the wild-type but not in the p130/p107-null cells, just like cdc2.
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Many genes required for DNA synthesis were repressed similarly to cdc2, in-
cluding MCM genes that encode proteins that initiate DNA synthesis at origins
of replication; ribonucleotide reductase and thymidine kinase, which provide
substrates for DNA synthesis; and others (Taylor and Stark, unpublished ob-
servations). This observation was not surprising, because genes involved in S
phase were previously known to be transcriptional targets of E2F, thus ex-
plaining how E2F encourages progression from G1 into S phase (for example,
see 163). We also observed that many genes required for G2 and M were re-
pressed in a p130/p107-dependent manner, including genes whose products
are required to drive cells into mitosis, such as cdc2, cyclin bl, cdc25c, and
plkl, as well as a large number of genes that do not serve a regulatory role but
nonetheless are required for progression through mitosis (Taylor and Stark,
unpublished observations) (Fig. 5). This latter group includes a number of
kinesin motor proteins (which help to move chromosomes during alignment at
the metaphase plate), proteins required for the assembly of the mitotic spindle,
and proteins required for cytokinesis (Fig. 5). Thus, p130 and p107 are respon-
sible for repressing different classes of genes that are required for cells to enter
and progress through mitosis. This function has presumably evolved to ensure
that mammalian cells are arrested stably in G2 in response to DNA damage.
Interestingly, this control does not exist in unicellular yeast cells, possibly be-
cause the worst consequence of a cell escaping G2 arrest before DNA damage
is repaired is death of a single cell. In mammals, a single cell propagating with
damaged DNA could potentially develop into a neoplasm and threaten the sur-
vival of the entire organism.

Our work showing that p130 and p107 are required to repress genes involved
in G2 and M is consistent with recent reports using microarrays that show that
E2F on its own can activate the transcription of some of these same genes
(164-166). In addition, the overexpression of p21/wafl has been shown to lead
to the repression of a number of genes required for G2 and M, some of which
are the same as we have uncovered (167). Together, these results suggest a
model in which p53, induced by DNA damage, upregulates p21/wafl, which
inhibits CDK activity to cause the formation of repressive Rb—E2F complexes
(Fig. 5). These complexes repress a large number of genes required for G2 and
M to ensure that arrest is stably maintained. Our work has highlighted the spe-
cific importance of p130 and p107 in this response. In addition, we identified
some genes that, although repressed in wild-type cells, were not downregulated
atall in p130/p107-null cells, indicating an important role for p130 and p107 in
the downregulation of these genes (Taylor and Stark, unpublished observa-
tions). Other mitotic genes were still downregulated in p130/p107-null cells,
but to a lesser extent than in wild-type cells. The genes must be subject to



Analyzing the G2/M Checkpoint 71

Formation of Cyclin/Cdc2 complex
cdc2 cycA2 cycBI cycB2 cksl cks2

p-p130 free
plo7 + E2F o
p-p Entry of Cyclin B into the nucleus| 14-3-3¢
plkl |
p130/E2F Activation of Cdc2 | p21/Wafl, Gaddd45
p107/E2F cde25c | cde25C, Chk1, Chk2, Atm, Atr
CDK2, 4, 6 transcriptional . . )
repression Chromatin condensation & decatenation
topolla capc ki67
p21/wafl Spindle formation
? stathmin ps53- and
Chromosome/spindle attachment independent pathways
p53 cenp-a mcak incenp
Sister chromatid separation T
kif4a asel
DNA damage C!tOkiHCSiS DINA damage

rb6k ect2 arkl mklpl

Fig. 5. Downregulation of mitotic genes by p53 and Rb-dependent pathways. p53
induces p21/wafl, which stops CDKs from phosphorylating Rb proteins, leading to
the formation of repressive Rb/E2F complexes. p130 and p107 play an essential role
in downregulating many genes required for multiple steps in mitosis when DNA is
damaged. DNA damage also blocks the activation of Cdc2 and its entry into the nucleus
by p53-dependent and independent pathways.

p130/p107-independent mechanisms of repression. One likely possibility is that
p105RbD is responsible for the residual repression of these genes.

8. Conclusions

Multiple mechanisms ensure that cells arrest rapidly and stably in G2 when
DNA is damaged. Initiation of arrest results primarily from the inactivation of
Cdc2 by pathways driven by posttranslational modification. Posttranslational
modification is well suited for the initiation of the arrest, because changes in
the activity of the components of the pathway occur rapidly. However, post-
translational modifications can be reversed, and stable arrest requires the tran-
scriptional repression of genes that encode parts of the cell cycle engine.
Downregulation of these components takes more time than the initial pathway,
because it involves posttranslational modification of p53, accumulation of p21/
wafl, dephosphorylation of the Rb family, transcriptional repression of target
genes, and the decay of the encoded mRNAs and proteins. By discouraging
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inappropriate entry into mitosis, stable G2 arrest helps to protect the genome
and suppress tumorigenesis.
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