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Safeguarding Entry into Mitosis: the Antephase Checkpoint�
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Maintenance of genomic stability is needed for cells to survive many rounds of division throughout their
lifetime. Key to the proper inheritance of intact genome is the tight temporal and spatial coordination of cell
cycle events. Moreover, checkpoints are present that function to monitor the proper execution of cell cycle
processes. For instance, the DNA damage and spindle assembly checkpoints ensure genomic integrity by
delaying cell cycle progression in the presence of DNA or spindle damage, respectively. A checkpoint that has
recently been gaining attention is the antephase checkpoint that acts to prevent cells from entering mitosis in
response to a range of stress agents. We review here what is known about the pathway that monitors the status
of the cells at the brink of entry into mitosis when cells are exposed to insults that threaten the proper
inheritance of chromosomes. We highlight issues which are unresolved in terms of our understanding of the
antephase checkpoint and provide some perspectives on what lies ahead in the understanding of how the
checkpoint functions.

Segregation of sister chromosomes during the metaphase-
to-anaphase transition is a dramatic event that results in the
inheritance of a complete set of chromosomes by each daugh-
ter cell undergoing cell division. This process, which occurs
during mitosis, requires the temporal and spatial coordination
of a myriad of proteins. As many excellent reviews on the
process of chromosome segregation have been published (9,
37, 84, 97, 136), we give here an overview of the process.

In essence, duplicated chromosomes are condensed and
then lined up at the metaphase plate, where the sister chro-
matids are subsequently pulled apart by microtubules attached
to the kinetochores. The duplicated chromosomes are con-
densed by condensin I and II complexes that function to pack
interphase chromatin so that it can then be neatly divided into
daughter cells (6, 48, 50) (see below). Yet other protein com-
plexes essential for ensuring genomic integrity during nuclear
separation are the cohesins which maintain cohesion between
sister chromatids (17, 85). The cohesins are loaded onto the
duplicated chromosomes toward the end of mitosis in the pre-
ceding round of cell division or in late G1/early S phase in the
new round of cell division (9, 90, 111, 130). The presence of
the cohesins helps keep the sister chromatids together until the
kinetochores are correctly attached to spindle microtubules
emanating from both microtubule-organizing centers (i.e., the
spindle pole bodies in Saccharomyces cerevisiae or the centro-
somes in higher eukaryotes) in a process known as bi-orienta-
tion (122). Upon proper attachment of the mitotic spindles to
the kinetochores, the sister chromatids separate as cohesins
are destroyed through proteolysis by separase, a CD clan pro-
tease (129). Chromosome separation occurs as the spindle

microtubules pull the chromosomes toward opposite ends of
the dividing cells. This process of chromosome segregation is
highly complex and requires tight regulation in order that
genomic stability is maintained over successive rounds of cell
division (1).

In addition to the tight coordination of events during chro-
mosome segregation, the genomic integrity of dividing cells is
kept in check by the presence of checkpoints (Fig. 1) that are
needed to prevent the propagation of transformed cells (44).
In mitosis, the spindle assembly checkpoint pathway plays a
critical role in the surveillance of spindle integrity and elicits a
delay in the metaphase-to-anaphase transition in the presence
of spindle damage (83). The requirement for an intact spindle
assembly checkpoint to maintain genomic integrity as cells
undergo division is underscored by the correlations between
mutations in the spindle assembly checkpoint genes and chro-
mosome instability (15, 16, 72). Key players at the spindle
assembly checkpoint include MAD2 and BUB1 (83).

Of late, interest has been gathering around a checkpoint that
is presumably present in antephase and delays entry into mi-
tosis. This checkpoint, named the “antephase checkpoint” by
Matsusaka and Pines (71), is distinct from the G2 checkpoints,
which are activated in response to DNA damage (4, 5) and
unreplicated DNA (100, 101). Also, a decatenation checkpoint
that monitors the status of chromosome decatenation by topo-
isomerase II appears to act in a manner distinct from that of
the antephase checkpoint (24). The antephase checkpoint has
been proposed to function in response to a range of stress
agents to delay entry into mitosis (97).

In this review, we highlight the initial experiments which led
to the idea of the existence of an antephase checkpoint which
functions to prevent chromosome condensation, thereby safe-
guarding entry into mitosis in the presence of perturbations as
cells prepare for chromosome condensation and segregation.
We also review the players implicated in the checkpoint, such
as CHFR (checkpoint with FHA and RING domains) (109)
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and p38 stress kinase (66), and discuss their roles in modulat-
ing the antephase checkpoint and the correlations between
mutations or alterations in these genes with tumor formation.
Lastly, we look at how the antephase checkpoint is likely to
function, based on the current understanding of entry into
mitosis and chromosome condensation.

SAFEGUARDING ENTRY INTO MITOSIS

The term “antephase” refers to the time in late G2 phase
when signs of chromosome condensation first become visible
until commitment to mitosis (13, 74, 96). More significantly,
cells in antephase appear able to reversibly delay mitotic entry
when exposed to certain stress conditions. Initial observations
made with grasshopper neuroblasts at early or mid-prophase
(as judged by visual observation of faint threads of chromo-
somes using light microscopy) exposed to X-ray irradiation
showed a decrease in prophase cells with time (19). Avian and
mammalian cells similarly exposed in early prophase also
showed a reduction in the number of cells progressing into
mitosis (18). One possible interpretation of these observations
was that the irradiated cells proceeded into mitosis but were
subsequently blocked at the next interphase. Alternatively, the
irradiation treatment could have resulted in the cells delaying
entry into mitosis and reverting to an earlier phase of the cell
division cycle, thereby showing a net decrease in the number of
mitotic cells. By careful observations of living neuroblasts using
phase-contrast microscopy, Carlson noted that in fact the irra-
diated cells did revert from prophase to an earlier stage where
the chromosomes were less defined or appeared more diffused
(18, 19). This reversion was not permanent, as cells were sub-
sequently able to resume progression into mitosis.

Using neuroblasts, it was further observed that the treat-

ment of early or mid-prophase cells with colchicine led to a
slowing down of entry into mitosis and, in some cases, a rever-
sion of the prophase stage (79). This effect of microtubule
poison was also seen when nontumorigenic human cells were
used, whereas the passage of tumorigenic cells through cell
division appeared unperturbed by the treatment (58). Another
report showed that prophase rat kangaroo Ptk1 cells exposed
to microtubule poisons decondensed their chromosomes and
returned to G2 (104). These cells were subsequently able to
reenter mitosis, indicating that the decondensation of chromo-
somes and delayed entry into mitosis were reversible. Yet
other studies showed that cells treated with other agents of
stress, such as low temperatures (102) or chromosome damage
(105), resulted in chromosome decondensation and delayed
entry into mitosis.

The finding that cells are capable of reversibly delaying mi-
totic entry when exposed to stress conditions in early prophase
supports the idea that a checkpoint mechanism exists in nor-
mal cells to prevent passage into mitosis in the presence of
stress agents or a suboptimal condition. However, the window
for decondensation and delayed entry into mitosis appears to
close before prometaphase, as cells are no longer able to re-
spond to mitotic stresses after prometaphase (18, 19, 58, 79,
105). Presumably, cells are unable to revert once they progress
past a “point of no return,” when they commit themselves to
mitosis (see below).

KEY PLAYERS

While much is known about the components that function at
the classical checkpoints, it remains unresolved what the play-
ers and pathways are that are involved in the antephase check-
point. However, some headway has been made in the identi-

FIG. 1. Cell cycle checkpoint pathways impinging upon the cell division cycle. The cell division cycle is monitored throughout by various
checkpoints, including the DNA replication (blue box) and DNA damage (red box) checkpoints, as well as the spindle assembly checkpoint (gray
box). In addition, the antephase checkpoint (green box) plays an important role in preventing mitotic entry in the presence of various stress
conditions (see text).

VOL. 30, 2010 MINIREVIEW 23



fication of components that may play a part in the antephase
checkpoint. Below, we highlight the recent findings on the
main components implicated in the antephase checkpoint.

CHFR IN THE ANTEPHASE CHECKPOINT

CHFR, a key player recently shown (71) to function in the
antephase checkpoint, was initially identified from a database
search for expressed sequence tags with forkhead-associated
(FHA) domains (109). CHFR also carries a RING finger do-
main at its N terminus and a cysteine-rich region at its C
terminus (109) and is ubiquitously expressed in normal human
tissues (109). Orthologues in other model systems, including
mice and fission and budding yeasts, have been identified from
sequence comparisons. These orthologues have been found to
function during mitosis. For instance, in the fission yeast, an
orthologue of CHFR, Dma1p, has been shown to play a role in
regulating mitotic events such as spindle assembly and septum
formation (39, 80). In the budding yeast, Dma1p and Dma2p
have been linked to the positioning of mitotic spindles (31).

Early studies on CHFR implicated it in delaying mitotic
entry in cells exposed to various stress agents, although no
clear connection of its function to the antephase checkpoint
was made. It was observed initially in tumor cell lines that
express nonfunctional CHFR accumulated a high mitotic index
(defined as the percentage of cells with condensed chromo-
somes) when exposed to nocodazole while wild-type cells
treated similarly showed a low mitotic index (109). The finding
that normal but not tumor cells progressed more slowly
through mitosis when treated with a microtubule poison is
reminiscent of previous observations described above (58,
103). In addition, transfection of wild-type CHFR into CHFR-
null DLD1 cells or U2OS cells carrying inactive CHFR re-
stored the cells’ ability to delay mitotic entry when these cells
were exposed to microtubule poisons (109), indicating that
CHFR is needed for response to mitotic stress.

Interestingly, the CHFR-dependent delay in mitotic entry
could only be detected in cells treated with mitotic stress 12 h
after release from a G1/S block but not if the stress was applied
at 14 h after G1/S (109), which suggested that there is a period
during the progression from S to mitosis in which a mitotic
stress could activate a pathway that would prolong the time
taken to pass into mitosis. This was again similar to the obser-
vations made in the original studies on reversion of chromo-
some condensation (18, 19, 58, 79, 105). It should be noted that
Scolnick and Halazonetis (109) did not link CHFR to the
antephase checkpoint but rather referred to it as part of a
mitotic stress checkpoint that delays entry into metaphase. In
subsequent studies on CHFR, however, Halazonetis and col-
leagues acknowledged that the delay caused by such a mitotic
stress checkpoint in early prophase shares similarities with the
delay caused by the antephase checkpoint and that these
checkpoints may be one and the same (116).

In another study (59), it was found that the presence of
CHFR in Xenopus extracts abolished the ability of a nonde-
structible form of cyclin B to promote mitotic entry, further
implicating CHFR in the negative regulation of entry into
mitosis. Also, in human cell lines expressing CHFR, exposure
to mitotic stress agents such as taxol gave rise to a delay in
mitotic progression (20). The function of CHFR at the mitotic

stress checkpoint appears to be important for cells, as the
presence of CHFR in cells gave rise to better viability when
they were exposed to taxol (20). While these authors made no
reference to the term antephase checkpoint, they proposed
that CHFR is involved in a pathway needed to prevent mitotic
entry as a response to mitotic stress.

Matsusaka and Pines (71) directly examined the require-
ment of CHFR for the ability of cells to reverse chromosome
condensation, a hallmark of the antephase checkpoint. The
authors noted a direct correlation between cells carrying wild-
type CHFR, such as Ptk1 cells, and their ability to trigger the
antephase checkpoint upon exposure to nocodazole or colce-
mid. Moreover, the injection of a dominant-negative form of
CHFR into Ptk1 cells led to failure of the cells to activate the
antephase checkpoint. Conversely, cells that lack functional
CHFR, such as HeLa and U2OS cells, failed to prevent mitotic
entry when exposed to the microtubule poisons. In U2OS cells
that are defective in CHFR function (109), the antephase
checkpoint was restored in stable clones expressing CHFR
from the tet-off inducible plasmid (71). Taken together, these
experiments linked CHFR to the antephase checkpoint.

MOLECULAR CHARACTERIZATION OF CHFR

The mode of action of CHFR at the antephase checkpoint
remains to be elucidated. Crystallographic data indicate that
CHFR possibly binds to phosphorylated proteins via the FHA
domain (113). In vitro and in vivo biochemical and mutational
analyses revealed that CHFR is a ubiquitin ligase which de-
pends upon its RING finger domain (10, 20, 59) but not its
FHA domain (20, 59) for its ubiquitination activity. Moreover,
the ubiquitination activity, which includes autoubiquitination
(10, 20, 29), appears to be needed for the checkpoint function
in regulating mitotic entry. Indeed, CHFR with mutations in
the RING finger domain failed to delay mitotic entry when
expressed in various cell lines (10, 20) or when added to Xen-
opus extracts (59). Methyl-ubiquitin, which blocks ubiquitina-
tion, delayed mitotic entry in a CHFR-dependent manner
when added to Xenopus extracts (59), while in Ptk1 cells, in-
jection of methyl-ubiquitin abolished the antephase response
(71). Taken together, these observations lend support to the
idea that ubiquitination activity is critical for CHFR function at
the checkpoint.

Conflicting data, however, have been reported as to whether
the ubiquitination of substrates by CHFR leads to the ubiq-
uitin-mediated destruction of substrates. Chaturvedi and co-
workers had proposed that the autoubiquitination of CHFR
likely contributes to its fluctuating protein levels over the cell
cycle (20). Contrary to this, Bothos and coworkers (10) re-
ported that CHFR was likely to be a noncanonical ubiquitin
ligase and therefore may be involved in signaling pathways that
rely on ubiquitination rather than in promoting the destruction
of specific substrates by the 26S proteasome (135). In fact,
CHFR, together with the ubiquitin-conjugating E2 het-
erodimer Ub13-Mms2, autoubiquitinates at lysine-63 (10),
which has been implicated in signaling during stress rather
than in degradation (135). In line with this idea, autoubiquiti-
nated CHFR was found not to undergo cell cycle degradation
(10), which contradicts the earlier report (20). Instead, CHFR
was observed to undergo phosphorylation over the cell cycle
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(10). It was suggested (10) that the different observations could
be due to the fact that the antibodies used in the earlier study
(20) were insensitive to the phosphorylated forms and hence
could have given rise to the idea that CHFR is cell cycle
regulated. Direct examination of CHFR turnover upon auto-
ubiquitination is needed to directly address this issue.

In Xenopus extracts, CHFR targets other substrates, such as
polo-like kinase 1 (Plk1), for ubiquitination and destruction
(59). Mouse embryonic fibroblasts (MEFs) from CHFR�/�

mice showed higher levels of Plk1 (140), supporting the idea
that CHFR affects Plk1 stability. Plk1 is needed for regulating
mitotic entry via its function in the regulation of cyclin-depen-
dent kinase activity (see below), and presumably downregula-
tion of Plk1 causes the delay in progression into mitosis. In
contrast to the Xenopus data, CHFR overexpressed in HCT116
cells did not destabilize Plk1 (116). The disparity observed may
reflect differences in the various model systems studied. The
apparent inconsistencies could also be due to the nature of the
experimental setup. For instance, in experiments involving Xen-
opus extracts (59), the authors assayed the function of recom-
binant human CHFR. Such a system could have resulted in
CHFR functioning differently than in human cells. Indeed,
human CHFR acted to delay mitotic entry in Xenopus extracts
in the absence of stress factors. It is further unclear if the
antephase checkpoint exists in Xenopus. In fact, it was previ-
ously observed in Xenopus that the spindle assembly check-
point functions only in the presence of a large amount of nuclei
in combination with nocodazole (75). The discrepancies in
these observations require further examination in order that a
clearer idea of CHFR function can emerge.

CHFR also interacts with Aurora A (89, 98, 140), a key
kinase that is needed in cell division (reviewed in reference
131). The interaction occurs via the cysteine-rich C-terminal
region of CHFR and the N-terminal region of Aurora A (140)
and appears to be required for the ubiquitination of Aurora A
in vitro and in vivo (140). Interestingly, higher Aurora A levels
were observed in CHFR�/� MEFs, indicating that CHFR in-
fluences Aurora A levels, perhaps by ubiquitin-mediated de-
struction (140). However, no evidence showing CHFR ubiq-
uitination of Aurora A directly leading to instability was
demonstrated (140). Nonetheless, several other studies showed
that downregulation or loss of CHFR in cells is closely asso-
ciated with elevated Aurora A expression (89, 98, 125). How-
ever, CHFR overexpression in HCT116 cells did not destabi-
lize Aurora A (116). It remains to be seen if the lowered
Aurora A levels are due directly to ubiquitination by CHFR.

More recently, CHFR was found to interact directly with
HDAC1, a histone deacetylase, in standard pull-down experi-
ments both in vitro and in vivo (89). HDAC1 was ubiquitinated
by CHFR both in vitro and in vivo, and the levels of HDAC1
protein correlated inversely with those of CHFR when exam-
ined in CHFR-null HeLa cells transfected with wild-type but
not mutant forms of CHFR that lacked ubiquitin ligase activ-
ity. Treatment of CHFR-transfected cells with MG132, a pro-
teasome inhibitor, protected HDAC1 from destruction, indi-
cating that ubiquitinated HDAC1 was unstable. In HEK293T
cells, small interfering RNA (siRNA) of CHFR led to in-
creased HDAC1 levels, which corroborates other findings that
CHFR regulates its substrates via ubiquitin-mediated destruc-
tion.

The significance of ubiquitin-mediated destruction at the
antephase checkpoint was further complicated by the observa-
tion that the presence of proteosomal inhibitors did not abolish
the antephase checkpoint in Ptk1 cells (71). These observa-
tions are different from that in Xenopus extracts, where the
addition of a proteosomal inhibitor disrupted the activation of
the antephase checkpoint (59). The discrepancy could again be
due to the differences in how the checkpoint functions in Xen-
opus and mammalian cells and could be resolved in detailed
studies on the checkpoint in these and other systems.

In addition to the FHA and RING finger domains, a recent
analysis of eukaryotic proteins involved in the DNA damage
response and checkpoint regulation identified a single novel
poly(ADP-ribose)-binding zinc finger (PBZ) motif in CHFR
(2). During poly(ADP-ribosyl)ation, long chains of ADP-ri-
bose units linked by glycosidic ribose-ribose bonds are added
to substrates (45). Recombinant wild-type CHFR binds to
poly(ADP-ribose) (PAR), whereas mutating the cysteine resi-
dues in the PBZ domain of CHFR abrogated its ability to bind
to PAR. The interaction between CHFR and PAR was also
seen in pull-downs of flag-tagged-CHFR transfected into
HEK293 cells. Mutations in the PBZ motif in CHFR abolished
the antephase checkpoint function of CHFR. In the presence
of cysteine mutations in the PBZ motif in the CHFR-�FHA
mutant, the dominant-negative effect of CHFR lacking the
amino-terminal FHA domain (71) was abolished (2). Also,
the authors found that in HeLa cells lacking CHFR (71), the
presence of wild-type CHFR restored the antephase check-
point but that of the form with mutations in the PBZ motif did
not. Only the antephase checkpoint function was disrupted by
the mutations, as the ubiquitinylation function was not af-
fected. Nonetheless, the data indicated that poly(ADP-ribo-
syl)ation, which plays an important part in other checkpoint
functions (45), is also needed during antephase checkpoint
activation.

Related to its role in regulating mitotic events in the nucleus,
CHFR was found to localize to the nucleus, where it colocal-
ized with promyelocytic leukemia protein (PML) bodies (25).
Mutational analysis confirmed that a lysine-rich stretch at po-
sitions 257 to 259 of CHFR is needed for its nuclear localiza-
tion but not its ubiquitination activity (65). Interestingly, the
association of CHFR with PML bodies appears to be impor-
tant for its checkpoint role in response to microtubule poisons,
as the CHFR�FHA mutant that did not colocalize with PML
(25) showed a dominant-negative effect with respect to the
antephase checkpoint (25, 109). PML�/� MEFs failed to delay
mitotic entry in the presence of mitotic stress (25), indicating
that the association of CHFR with PML bodies is important
for its antephase checkpoint function, though how the local-
ization of CHFR to PML bodies affects its function awaits
further elucidation.

POSSIBLE ROLE OF p38 IN THE
ANTEPHASE CHECKPOINT

Several lines of evidence point toward the possible involve-
ment of yet another player, p38, in the antephase checkpoint.
p38 is a key kinase of the stress pathway that has been previ-
ously implicated in the response to a variety of stress agents in
G2/M. For instance, UV radiation, which induces DNA dou-
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ble-stranded break and oxidative stress, triggers a signaling
cascade including the ATM/ATR, JNK (jun amino-terminal
kinase), and p38 kinase pathways (141). Activation of these
pathways leads to a complex transcriptional response of the
cells, resulting in regulation of DNA damage repair, cell cycle
arrest, and apoptosis (35). For example, the p38 kinase path-
way was reported to be the key player involved in G2/M arrest
after UV radiation. Bulavin and coworkers found that the cell
cycle arrest in G2/M after UV radiation is dependent on p38
but is ATM/ATR independent because inhibitors of ionizing
radiation signaling proteins, such as caffeine (which inhibits
ATM/ATR) and UCN-01 (which inhibits Chk1), had no effect
on the UV-induced G2/M checkpoint initiation (12). Only the
inhibition of p38 kinase by SB202190 (a potent p38-specific
inhibitor) abrogated rapid initiation of the G2/M checkpoint
after UV radiation. These observations support the idea that
delaying mitotic entry is dependent on p38.

Cells are also very sensitive to osmolality changes in their
environment. When cells are treated with NaCl and sucrose,
the hypertonic environment causes the cell membrane to ruffle
and to be enriched with actin, resulting in recruitment of the
RAC-OSM-MEKK3-MKK3 complex (128) and activation of
p38 (28, 69, 86, 94, 128). Dmitrieva and colleagues (28) showed
that in renal inner medullary epithelial cells, NaCl treatment
caused DNA damage, which, when sensed by ATM, led to the
activation of p38 and G2 arrest. Under hypo-osmotic condi-
tions, cells swell, which causes membrane tension to change
(86). This defect sensed by integrins can lead to the activation
of focal adhesion kinase/Src (46) and the p38 pathway (14, 46,
62, 86, 123). As a result, the cell volume returns to normal (14).

Yet another type of stress that triggers a p38-dependent
delay in mitotic entry is alteration of chromatin structure.
Mikhailov and colleagues found that treating various cell lines
in culture with topoisomerase II inhibitors that produce
changes in chromatin structure led to a G2/M delay (73). By
their accounts, this was similar to a delay in antephase. Inter-
estingly, they showed that treatment of cells with the topoisom-
erase II inhibitor aclarubicin, which does not cause double-
stranded breaks in DNA and therefore does not activate the
ATM DNA damage checkpoint at G2/M, can result in an
antephase delay. The authors noted that exposure of cells to
other topoisomerase II inhibitors such as adriamycin and mer-
barone could induce double-strand breaks and hence activate
ATM (73). However, in the presence of caffeine or wortman-
nin, which both inhibit ATM, cells treated with adriamycin and
merbarone failed to overcome the antephase delay. Indeed,
this and a previous study (58) using ATM�/� cells exposed to
mitotic stresses showed that the antephase checkpoint is inde-
pendent of ATM. More importantly, it was found that expo-
sure of cells to anisomycin, which triggers p38 activity, resulted
in an antephase delay (71, 73). Conversely, treatment of cells
with inhibitors of p38 such as SB203580 led to a failure of cells
to activate the antephase checkpoint (71, 73). Furthermore, it
was found that p38 likely functions downstream of CHFR, as
treatment of U2OS cells (in which CHFR is nonfunctional) or
Ptk1 cells expressing the dominant-negative form of CHFR
with anisomycin could trigger the antephase checkpoint (71).

It was previously observed that inhibiting histone deacety-
lase with apicidin, which alters chromatin structure (38), could
lead to an arrest at G2/M via an undefined checkpoint (99).

Similar to the treatment of cells with topoisomerase II inhib-
itors, the antephase delay in the cells was dependent on p38,
indicating that the antephase checkpoint is also functional
when the global chromatin structure is disrupted (73). While
previous studies indicated that p38 plays a role in a G2/M
checkpoint that responds to different stresses, these studies
(71, 73) demonstrated direct links between p38 function and
the antephase checkpoint.

CORRELATION BETWEEN DOWNREGULATION OF
CHFR FUNCTION AND CANCERS

The significance of CHFR function in mitosis is reflected in
the findings that CHFR is absent or nonfunctional in several
transformed cell lines and tumors (Table 1). For instance,
genetic mutations in the CHFR gene have been found in U20S
cells (109). In lung tumors, newly identified polymorphisms at
codons 270 and 497 with amino acid substitutions and silent
polymorphisms at codons 295 and 569 were identified (76).
Also, the authors identified two heterozygotes for a G-to-A
transition at codon 580. This has been reported to be a poten-
tial missense mutation with functional impairment of CHFR in
the U2OS osteosarcoma cell line (109). The A allele has been
reported to confer reduced function. However, in the two cases
of lung tumors, loss of heterozygosity resulted in loss of the A
allele in one of the cases. These observations imply that, in
fact, genetic alteration of the CHFR gene might not be a key
factor in lung cancers. In addition to the genetic mutations
documented, cancer samples from lung tumors (76), as well as
from various tissue types, show a downregulation of CHFR,
mostly as a result of the hypermethylation of its promoter
region (Table 1).

Correlations between the role of CHFR and tumor forma-
tion can also be seen in CHFR knockout mice (140). Indeed,
the authors suggested the possibility that CHFR functions as a

TABLE 1. Cancers and cancer cell lines with genetic or epigenetic
modifications in the CHFR gene

Tissue and/or cell type Mutation Reference(s)

Lung cancer tissue and
cell lines

Genetic mutation,
hypermethylation
leading to
downregulation of
CHFR expression

23, 77

Esophageal primary
cancer and cell lines

Hypermethylation 78, 110

Gastric cancer and cell
lines

Hypermethylation 51, 52, 60, 78

Brain tumors Hypermethylation 23
Bone tumors Hypermethylation 23
Colorectal cancers and

adenomas
Hypermethylation 23, 127

Head and neck cancers Hypermethylation 127
Breast cancer cells Hypermethylation 30
Gallbladder carcinomas Hypermethylation 119
T-cell lymphoma Hypermethylation 132
Nasopharyngeal

carcinomas
Hypermethylation 21

Hepatocellular carcinoma Hypermethylation 108
Malignant peripheral

nerve sheath tumors
Reduced expression 64

Endometrial cancer Hypermethylation 139
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tumor suppressor. Interestingly, a CHFR�/� mouse is able to
undergo proper embryonic development, indicating that
CHFR does not play a major role during mouse embryogene-
sis. However, CHFR-null mice developed lymphomas that in-
vaded various organs such as the thymus, spleen, liver, and
ovary after 40 days. Moreover, CHFR�/� mice also died in the
same period from lymphomas, indicating that CHFR normally
acts to prevent aberrant mitosis. While these mutations and
downregulation of CHFR may not be the causative agents that
initiate the tumorigenic state in cells or tissues, they may well
contribute to a multistep progression toward tumor formation
via a loss of CHFR function in its key role in safeguarding
mitotic entry.

POSSIBLE PATHWAYS LEADING TO ANTEPHASE
CHECKPOINT ACTIVATION

A typical checkpoint pathway consists of three key compo-
nents, namely, the sensor or surveillance system, the signal
transduction pathway, and the effectors (82). Essentially, in a
checkpoint pathway, the sensor detects the presence of a de-
fect during the cell division cycle. A signal will be transmitted
via the signal transduction pathway, which will then trigger
effectors that will delay cell cycle progression and turn on the
necessary pathway for repair. In these regards, several impor-
tant questions about the antephase checkpoint remain.

SENSORS

First, it is unknown what the sensors of the antephase check-
point may be, given that cells appear to respond to diverse
stress factors (e.g., UV radiation, disruption of chromatin to-
pology, microtubule disassembly, and osmotic shock) to block
entry into mitosis. Multiple sensors are likely to be involved,
perhaps impinging upon p38 as a central player. For example,
in the case of a disruption of chromatin structure, Mikhailov
and coworkers (73) proposed that in cells treated with inhibi-
tors of topoisomerase II and histone deacetylase, the dissoci-
ation of a factor from chromatin activates c-Abl and the
DNA-PK pathway (61), which then activates p38 through the
mitogen-activated protein (MAP) kinase kinase cascade,
thereby triggering the antephase checkpoint. Given the com-
plexity of the process of chromosome condensation (6, 48), it
would require further effort to elucidate how the antephase
checkpoint is triggered upon the exposure of cells to various
insults.

TRANSDUCTION PATHWAY

A second question relates to what the signal transduction
pathway of the antephase checkpoint is that prevents mitotic
entry. One of the key downstream factors needed for mitotic
entry is the cyclin B1-Cdk1 complex (reviewed recently in ref-
erence 68). As alluded to in the review in reference 68, the
cyclin B1-Cdk1 complex is under tight regulation and it is
conceivable that the cyclin B1-Cdk1 complex is targeted by the
antephase checkpoint at specific regulatory points to prevent
activation of the complex and hence entry into mitosis. Cdk1 is
inhibited by phosphorylation at threonine-14 (T-14) and ty-
rosine-15 (Y-15) by Myt1 and Wee1, respectively (88). Rever-

sal of phosphorylation on T-14 and Y-15 depends upon the
Cdc25 phosphatase, of which there are three isoforms,
Cdc25A, Cdc25B, and Cdc25C (11, 88). The antephase check-
point possibly impinges upon Wee1 and Myt1, as well as
Cdc25, so as to control activation of the cyclin B1-Cdk1 com-
plex and hence entry into mitosis.

Indeed, CHFR has been implicated in the ubiquitination
and destruction of polo-like kinase 1 (Plk1) (59). Plk1 is
needed for the destruction of Wee1, as well as inhibition of
Myt1 activity (reviewed in reference 133). In addition, the
activity of the Cdc25C phosphatase appears to be activated by
Plk1 (133). Destruction of Plk1 prior to mitosis will lead to
persistence of the inhibitory phosphorylation on T-14 and Y-15
of Cdk1, resulting in failure of mitotic entry. In Xenopus ex-
tracts, as well as in in vitro reconstitution assays, Plx1, Xenopus
Plk1, was ubiquitinated and degraded in a CHFR-dependent
manner (59). As a result, both the inactivation of Wee1 and the
activation of Cdc25C were delayed, with the consequence that
Cdk1 was kept inactive and mitotic entry was delayed (59).

In CHFR-defective HCT116 cells transfected with a CHFR
construct, it was proposed that the cells were able to delay
progression to metaphase when exposed to microtubule poi-
sons, likely by preventing the nuclear localization of cyclin B1
and keeping cyclin B1-Cdk1 inactive (116). As the forced ex-
pression of cyclin B1 with a mutated nuclear export sequence
was able to override the delay in early prophase upon activa-
tion of CHFR, the authors proposed that in the presence of
microtubule poisons, CHFR acts to inhibit the cyclin B1-Cdk1
complex to prevent progression through prophase to meta-
phase (116).

However, several lines of evidence support the idea that
cyclin A-Cdk2 may, in fact, be the initial target of the an-
tephase checkpoint. Cyclin A was shown to function in human
cells not just during S phase but in mitosis as well (95). Also,
cyclin A localizes to the nuclei of HeLa cells from S phase until
prophase (96), after which cyclin A is destroyed in prometa-
phase in a manner dependent on the anaphase-promoting
complex/cyclosome (34) and 26S proteasome (27). Unlike cy-
clin A, cyclin B1 only localizes to the nucleus during prophase
(96).

In addition, downregulation of cyclin A by short hairpin
RNA leads to a G2 arrest in HeLa cells (32) while a dominant-
negative form of Cdk2 when expressed in U2OS cells can delay
cells in G2/M (53). Furthermore, cyclin A-Cdk2 activity can
promote entry into mitosis (26, 33, 76), specifically for mitotic
progression until late prophase (33). The notion that cyclin
A-Cdk2 is important for the antephase checkpoint is also sup-
ported by the finding that the overexpression of a constitutively
active cyclin A-Cdk2AF complex can bypass the antephase
checkpoint in the presence of stress inducers (71). It is there-
fore likely that cyclin A-Cdk2 activity is normally downregu-
lated by the antephase checkpoint via the p38-Cdc25 pathway
in the presence of stress factors.

The three isoforms of Cdc25 phosphatase are thought to
perform overlapping functions during the different cell cycle
stages (11). For instance, Cdc25A, previously implicated in the
G1/S transition (87), can cause an increase in cyclin A-Cdk
activities at G2/M when overexpressed in U2OS cells (124). Of
note is the authors’ finding that the activity of Cdc25A occurs
prior to Cdc25B activity during mitosis. Given that cyclin A-

VOL. 30, 2010 MINIREVIEW 27



Cdk2 likely plays an important role in the activation of cyclin
B-Cdk1 (32, 22), presumably via activation of Cdc25B and
Cdc25C at G2/M in U2OS cells (76), it is conceivable that upon
activation, the antephase checkpoint targets Cdc25A for ex-
port from the nuclei and away from cyclin A-Cdk2 (11). In so
doing, it tips the balance toward the inhibition of Cdk2 by
phosphorylation of Y-15 by the Wee1 kinase, leading to a
downregulation of cyclin A-Cdk2 activity. Without active cyclin
A-Cdk2, cyclin B1-Cdk1, whose activation requires cyclin A-
Cdk2, will be kept inactive and the cells will be prevented from
entering mitosis. However, a functional interaction between
p38 and Cdc25A has yet to be demonstrated.

The idea that cyclin A-Cdk2 is the target of the antephase
checkpoint is disputed by Summers and coworkers, who pro-
posed that cyclin B1-Cdk1 is the target (116; see above). In
their study, they noted that during activation of the antephase,
the cyclin A-Cdk2 complex was active, as judged by the mo-
bility shift of Cdk2 in Western blot analysis. They contended
that the block in mitotic entry upon antephase checkpoint
activation was not likely due to inactivation of the cyclin A-
Cdk2 complex. Rather, they suggested that cyclin B1-Cdk1 was
inactive because cyclin B1 was sequestered in the cytoplasm.

It should be noted, however, that Cdk2 mobility is affected
not by T-14 or Y-15 but by phosphorylation on T-160 (106) and
therefore does not serve well as an indication of cyclin A-Cdk2
activity. The inactive cyclin B1-Cdk1 noted by Summers and
colleagues (116) could therefore be a consequence of the an-
tephase checkpoint acting to downregulate cyclin A-Cdk2 ac-
tivity. Their observation that the CHFR-mediated delay in
mitotic entry led to a failure to import cyclin B1 into the nuclei
may not be a direct effect of the antephase checkpoint. In fact,
cyclin B1 is normally localized to the cytoplasm during inter-
phase due to a higher rate of nuclear export compared to
nuclear import (43, 126, 137). In prophase, it is the activation
of cyclin B1-Cdk1 in the cytoplasm (42, 55) that results in the
reduced rate of nuclear export and accumulation of cyclin B in
the nucleus (43, 126, 137). The lack of nuclear accumulation of
cyclin B1 could again be a result of the antephase checkpoint
acting to downregulate cyclin A-Cdk2 activity. Furthermore,
the finding that overexpression of a cyclin B1 export mutant
was able to override the antephase checkpoint could simply
mean that cyclin B1-Cdk1 has a function that overlaps that of
cyclin A-Cdk2 in promoting the early stages of mitosis.

While it remains a speculation, the likelihood that cyclin
A-Cdk2 is a target of the antephase checkpoint could account
for the reversibility of antephase in cells exposed to stress
factors given that cyclin A-Cdk2 is an upstream effector of
mitosis. Once the cells pass antephase, cyclin B1-Cdk1 would
be activated. At such a point, the cells are committed to mitosis
and would pass the point of no return and proceed to mitosis
even in the presence of stress factors. Further studies to resolve
the issue of whether cyclin A-Cdk2 or cyclin B1-Cdk1 is rele-
vant in the antephase checkpoint pathway will help provide a
clearer picture of how cells respond to insults as they approach
mitosis.

However, the pathway from CHFR to the cyclin-Cdk com-
plexes remains unclear. As alluded to above, p38 appears to
function downstream of CHFR (71), though the exact links
between CHFR and p38 have yet to be established. Interest-
ingly, Matsusaka and Pines isolated in a yeast two-hybrid

screen an interactor of CHFR known as TRAF6-binding pro-
tein (T6BP) (71 and references therein). TRAF6 is a ubiquitin
ligase that activates C-TAK1 (a MAP kinase kinase kinase).
C-TAK is a MAP kinase kinase kinase that functions in the p38
pathway in response to interferon. The authors proposed that
CHFR, in combination with T6BP, could activate C-TAK1.
C-TAK1 is known to be able to phosphorylate Cdc25 and, as a
result, creates a 14-3-3 binding site on Cdc25 (11). The binding
of 14-3-3 sequesters Cdc25 away from cyclin-Cdk complexes,
thereby abolishing the ability of the phosphatase to dephos-
phorylate cyclin-Cdk complexes on T-14 and Y-15. Without
active cyclin-Cdk complexes, cells fail to trigger mitotic events
and are delayed at antephase. Much of this scheme requires
experimental verification at this stage.

CHFR also has been shown to downregulate HDAC1 (89).
More significantly, HDAC1 normally represses the expression
of p21, a CDK inhibitor (134). The downregulation of HDAC1
by CHFR increased p21 mRNA and protein levels (89). Inter-
estingly, microinjection of cells with the N-terminal fragment
of p21 inhibited cyclin A-Cdk2 and caused a reversal of chro-
mosome condensation in cells at prophase (33). It was previ-
ously proposed that p21 binds to and inhibits the cyclin A-Cdk
2 complex (29), likely by preventing the binding of the Cdk-
activating kinase to Cdk2 (3). It is possible that this constitutes
a slow-response arm of the antephase checkpoint (74) that can
cause a sustained antephase delay via p21-mediated inactiva-
tion of cyclin-Cdk complexes.

TARGETS OF THE ANTEPHASE CHECKPOINT

Last but not least, it is currently unclear how the antephase
checkpoint signaling pathway impinges upon its targets to
cause reversible chromosome condensation. Chromosome
condensation begins in prophase and continues until cells en-
ter mitosis, when segregation of condensed chromosomes oc-
curs (48). Given the complex nature of chromosome conden-
sation, it is still unclear mechanistically how the chromatin is
eventually condensed into chromosomes (6, 118). Nonetheless,
chromosome condensation is critical for the proper segrega-
tion of sister chromatids, as is evident from studies of various
systems showing that mutations in components of the conden-
sin complex result in defective chromosome segregation and
the formation of chromosome bridges and lagging chromo-
somes (7, 8, 22, 36, 40, 54, 67, 92, 93, 107, 112, 114, 115, 117).
Such events can contribute to chromosomal instability, which is
a prelude to malignant tumor formation (56). To date, two
complexes, condensins I and II, are known to be involved in
chromosome condensation. The eventual targets of the an-
tephase checkpoint are likely the condensin complexes, but of
these two complexes, which is the more important during
checkpoint activation remains to be seen (Fig. 2).

The canonical condensin I complex is made up of two core
subunits belonging to a family of ATPases known as structural
maintenance of chromosomes proteins (SMC2/CAP-E and
SMC4/CAP-C) and three non-SMC proteins (CAP-D2,
CAP-G, and CAP-H) (41, 47, 57). The action of the condensin
complex, in cooperation with topoisomerases I and II, is ATP
dependent and results in supercoiling and hence compaction of
the chromatin into chromosomes. The condensin II complex
consists of the SMC2 and SMC4 subunits and non-SMC sub-
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units hCAP-D3, hCAP-G2, and hCAP-H2 (91, 138) and ap-
pears to function earlier in prophase, while the condensin I
complex is needed in prometaphase (48).

Direct links between condensins and the antephase check-
point have yet to be established. However, it was seen in
Xenopus extracts that the phosphorylation of the non-SMC2
subunits by Cdc2 in mitosis is important for localizing the
complex to the chromosomes and for regulating its positive
supercoiling activity (49). Conversely, immunodepletion of
Cdc2 in Xenopus extracts decreased the phosphorylation of
condensin I subunits and abolished the condensation activity
(63). In HeLa cells, the phosphorylation of condensin I com-
plexes also leads to their localization in the nucleus (120).
Peptide analysis using mass spectrometry identified several
potential Cdc2 phosphorylation sites on hCAP-G from HeLa
cells (81). Mutation of these sites, such as T-308 and T-322, to
alanine affects the chromosomal localization of hCAP-G in
mitotic cells, indicating that phosphorylation of hCAP-G by
Cdc2 is indeed important for its proper chromosome localiza-
tion.

Condensin I non-SMC subunits may also be phosphorylated
by another mitotic kinase, Aurora B (131), in vitro and in vivo
(70, 120, 121). Also, the chromosomal localization of enhanced
green fluorescent protein (EGFP)–hCAP-H was greatly re-
duced after treatment of cells with Hesperadin, an Aurora B
inhibitor. A reduction of EGFP–hCAP-H chromosome asso-
ciation was also observed in Aurora B siRNA HeLa cells (70).
The condensin II subunits, however, appear not to be phos-
phorylated by the Aurora kinase (70).

Based on the timing of condensin II complex localization,
it may well be that the antephase checkpoint targets the
condensin II subunits during checkpoint activation to cause
reversal of the condensation process. The condensin II com-
plex is nuclear throughout the cell division cycle and is
localized to chromatin prior to the condensin I complex (50,

91). Time-lapse imaging revealed that the condensin II sub-
unit hCAP-H2 colocalized with cyclin A in the nucleus dur-
ing interphase until prophase (91). Cyclin B1 is normally
found in the nucleus only in prophase (96), and its colocal-
ization with the condensin I complex occurs only after nu-
clear envelope breakdown (50, 91).

Although a subunit of the condensin II complex, hCAP-D3,
is phosphorylated during mitosis (138), the significance of this
phosphorylation is undetermined. It may well be that the phos-
phorylation of condensin II subunits by cyclin A-Cdk com-
plexes during prophase helps localize the complex to the chro-
matin for the condensation of the chromosomes by the
complex (48). It is conceivable that when the antephase check-
point acts to downregulate cyclin A-Cdk activation (73), the
condensin II complex is not maintained in the active form and
chromosome condensation is reversed. However, no evidence
of phosphorylation of the condensin II subunits by cyclin A-
Cdk complexes has been shown to date. It is also currently
unknown what the phosphatase is that could dephosphorylate
the condensin subunits during antephase checkpoint activation
to reverse condensation.

PERSPECTIVES

The presence of an antephase checkpoint that halts mitotic
entry puts in place yet another safeguard for cells to prevent
commitment to mitosis under adverse conditions. The key
downstream events targeted by the antephase checkpoint in
the presence of insults include activation of the cyclin-Cdk
complexes, as well as chromosome condensation. By delaying
mitotic entry and thereby promoting reversal of chromosome
condensation, the antephase checkpoint ensures that cells ex-
posed to stressful situations that may cause errors during chro-
mosome segregation do not to execute mitotic events until the
conditions are favorable.

FIG. 2. Key players at the antephase checkpoint. As cells progress from G2 into mitosis, there is a phase between these phases called antephase
where chromosome condensation is reversible. The antephase appears to depend upon both p38 and CHFR for reversing chromosome conden-
sation when the cells are exposed to stress agents, including spindle damage and low temperature.

VOL. 30, 2010 MINIREVIEW 29



The two key factors CHFR and p38 have been linked di-
rectly to the antephase checkpoint. A clear working model of
how the antephase checkpoint functions is not available, al-
though data are slowly emerging as to the connections these
factors have with the major components regulating the pro-
gression of the cell division cycle. Interesting challenges are to
elucidate the molecular mechanism by which CHFR acts and
to reconcile the data from various labs. Furthermore, the find-
ing that p38 plays a central role in stress responses would mean
that the mechanisms by which the various stresses that activate
the antephase checkpoint can be fairly complex and would
require substantial effort to identify. Also, an important ques-
tion that remains to be answered is how the antephase check-
point causes chromosomes to undergo a reversal of condensa-
tion. Nonetheless, it is important for detailed investigations
into the workings of the antephase checkpoint so that we
obtain a better view of how cells respond to insults prior to
segregating chromosomes.
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