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During progression of eukaryotic cells through the cell cy-
cle, entry into mitosis normally depends upon successful
completion of DNA replication. Failure to coordinate these
processes can perturb the fidelity of chromosome trans-
mission and may contribute to genetic aberrations de-
tected in cancerous cells (Hartwell, 1992). Proper coupling
of M phase with the previous S phase is ensured by a
control mechanism that prevents cells from attempting to
segregate incompletely replicated DNA. This control is
achieved by restraining the cells at a point termed the
mitotic entry checkpoint (Weinert and Hartwell, 1988). Two
articles published in this issue of Cell (Saka and Yanagida,
1993; Kelly et al., 1993) suggest that an early step in DNA
replication is required to activate the mitotic entry check-
point. In this review, we summarize recent advances in
characterization of this control and expand on current
ideas for how a cell gauges the status of DNA replication.
Checkpoints Past

Two mechanisms conspire to maintain the proper tempo-
ral order between DNA replication and mitosis. First, the
independent reactions culminating in the completion of
DNA synthesis and the initiation of mitosis have evolved
such that S phase is normally finished before M phase
is triggered. This “timing mechanism” adequately covers
most normal division cycles, but can falter if the kinetics
of either reaction is perturbed. Second, entry into mitosis
is made dependent upon the successful completion of S
phase by aregulatory circuit that senses incompletely rep-
licated DNA and activates the mitotic entry checkpoint (for
a review on checkpoints see Murray, 1992).

Work in several organisms has identified a collection of
mutations that disable the mitotic entry checkpoint. De-
fects in this checkpoint are easily revealed by treatment
with hydroxyurea, which interrupts DNA replication,
thereby foiling the timing control that normally ensures the
successive execution of S and M phase. Wild-type cells
arrest in S phase following addition of hydroxyurea,
whereas mutants with a defective mitotic entry checkpoint
undergo an improper (and often lethal) mitosis with a par-
tially duplicated genome. Table 1 organizes the genes re-
quired for operation of the mitotic entry checkpoint into
three groups. Note that some of these genes also mediate
cell cycle arrest at this checkpoint in response to radiation-
induced DNA damage.

Mutations in the first group accelerate the rate of entry
into mitosis. These mutations may simultaneously subvert
both timing and checkpoint controls. Members of this
group specify cell cycle regulators including the ubiquitous
mitosis-promoting p34°®2 protein kinase, components of
the regulatory hierarchy governing p34°®2 activity (weef,
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cdc25), and other proteins that are thought to collaborate
with p34°®2 in the induction of mitosis (nimA).

Most of the mutants in the second group exhibit no phe-
notype unless the production of intact, duplicated sister
chromosomes is perturbed. The proteins altered in these
mutants appear to be dispensable for DNA replication and
mitosis, but are required to signal the presence of unrepli-
cated or damaged DNA to the machinery that regulates
entry into mitosis.

The third group consists of checkpoint mutants that also
have a defect in DNA replication. Until now this class con-
sisted solely of tsBN2, a hamster cell line with a mutation
in an abundant chromatin protein, RCC1. The work from
Saka and Yanagida (1993) and from Kelly et al. (1993)
describes two potentially new members of this class that
may have more immediate defects in DNA replication and
the coupling of M phase to S phase (see later discussion).

The three groups of checkpoint mutants described
above can be thought of as representing the three func-
tional elements of a pathway that activates checkpoint
control. These elements are: a signal, which emanates
from incompletely replicated (or damaged) DNA; a re-
sponder, which functions in the regulatory network that
controls entry into mitosis; and a transducer, which con-
veys the signal from unreplicated DNA to the responder.
Proteins identified by the first and second group of check-
point mutants correspond to responders and transducers,
respectively. Proteins identified by the third class of mu-
tants are promising candidates for components that gener-
ate the signals that activate the mitotic entry checkpoint.
Checkpoints Present
The papers published in this issue of Cell describe two
genes from Schizosaccharomyces pombe that are re-
quired for both DNA replication and restraint of mitosis
when replication is prevented. Saka and Yanagida (1993)
have identified a temperature-sensitive mutant, cut5, that
failsto execute S phase atthe nonpermissive temperature.
However, instead of remaining arrested in S phase with
a uniform morphology characteristic of cell division cycle
(cdc) mutants, cut5 cells proceed on schedule into mitosis
with a 1 N content of DNA. This inappropriate mitosis coin-
cides with a dramatic loss of viability and the appearance
of cells containing less than a 1 N content of DNA. Upon
visual examination, cut5 cells display a “cut” (cell untimely
torn) phenotype that results from their attempt to undergo
mitosis and cytokinesis with incompletely replicated chro-
mosomes.

Kelly et al. (1993) cloned a cDNA encoding cdc18* as
a suppressor of a cdc70 mutation. At the nonpermissive
temperature, cdc10 mutants arrest in G1 phase, unable
to express cdc18™. Expression of cdc18* from a heterolo-
gous promoter is sufficient to advance these mutants into
S phase, suggesting that one role of cdc78* is to promote
entry into S phase. DNA sequence analysis supports this
idea, since cdc18* is homologous to CDC6, a gene re-
quired forentry into S phase in Saccharomyces cerevisiae.
Although the exact function of CDC6 in S phase is un-
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Table 1. Genes Required for Operation of the Mitotic Entry Checkpoint

Checkpoint Responsive to:

Genotype Irradiation® Hydroxyurea Comments Reference
Group 1
cdc25° (Sp)°* ND¢ No Tyrosine phosphatase; activates p34°2 Enoch et al., 1990
wee1:50 (Sp) No Yes Tyrosine kinase; inhibits p34°%2 Enoch et al., 1990; Rowley
et al.,1992a
cdc2:3w (Sp) Yes No Suppressor of cdc25® Enoch et al., 1990;
Al-Khodairy and Carr,
1992
cdc2:Y15F (Sp) ND No Target of wee1 kinase; mutated to phenyl- Enoch et al., 1991
alanine
bimE (An) ND No Essential multispanning membrane Engle et al., 1990
protein; repressor of mitosis
nimA°?® (An) ND No Essential protein kinase; promotes entry Osmani et al., 1988
into mitosis
Group 2
rad9 (Sc) No Yes Nonessential gene Weinert and Hartwell, 1988
rad17,rad24 (Sc) No Yes Weinert, 1992
mec1, mec2 (Sc) No No Weinert, 1992
mec3 (Sc) No Yes Weinert, 1992
rad1, rad3, rad9, No No rad1 nonessential; rad9 nonessential Rowley et al., 1992b;
rad17 (Sp) Al-Khodairy and Carr,
1992; Enoch et al., 1992
rad21 (Sp) No Yes Al-Khodairy and Carr, 1992
hus1-hus5 (Sp) No No hus2 and 5 are temperature sensitive, Enoch et al., 1992
growth impaired
chk1 (Sp) No Yes Nonessential protein kinase; and genetic Walworth et al., 1993
interaction with rad7 and cdc2
Group 3
cdc18 (Sp) ND ND Essential gene, required for S phase Kelly et al., 1993
cut5 (Sp) ND No Essential gene, required for S phase Saka and Yanagida, 1993
pim1 (Sp) ND No Essential RCC1 homolog; not required for Matsumoto and Beach,
S phase 1991
tsBN2(BHK) ND No tsRCC1; see text Nishitani et al., 1991

2 Sensitivity to radiation damage is assessed using either ultraviolet or gamma rays.

> OP, overproduction of the wild-type protein.

¢ Sp, S. pombe; Sc, S. cerevisiae; BHK, baby hamster kidney cells; An, aspergillus nidulans.

9 ND, not determined.

known, CDC6 may exert its activity at origins of replication
(Hogan and Koshland, 1992). If so, CDC6, and by analogy
cdc18*, could help trigger the initiation of DNA replication
at these origins.

To explore the function(s) of cdc78* in S. pombe, Kelly
et al. (1993) constructed a strain sustained by cdc78* un-
der the control of a regulated promoter. Repression of
cdc18™* expression yielded two phenotypes. Initially, cells
failed to enter S phase, resulting in the accumulation of
cells with a 1 N content of DNA. Subsequently, cells con-
taining unreplicated DNA entered mitosis, resulting in the
accumulation of cells exhibiting the cut phenotype. There-
fore, like cut5*, cdc18™ is required notonly for DNA replica-
tion, but also for the operation of a mitotic entry checkpoint.

Despite the superficial similarities between tsBN2
(RCCH1) and the cut5/cdc18 mutants, there are three po-
tentially significant distinctions (see Dasso, 1993). First,
loss of RCC1 function in different organisms provokes a
spectrum of defects in RNA and DNA synthesis. Second,
inactivation of RCC1 in G1 cells leads to G1 arrest, sug-
gesting that RCC1 may be required not only for S phase
but also for progression through G1. Third, inactivation of
RCCH1 in S phase appears to accelerate entry into mitosis,

rather than merely failing to restrain it. Owing to the pleio-
tropy of the tsBN2 mutation, either the replication or check-
point control defect of RCC1-deficient cells may be a sec-
ondary consequence of a more fundamental abnormality.
Checkpoints Future

Figure 1 schematically depicts how cells may coordinate
DNA synthesis and mitosis during the division cycle. This
diagram borrows heavily from models of checkpoint con-
trol discussed by Murray (1992), Dasso et al. (1992), and
Kornbluth et al. (1992) and is essentially concordant with
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Figure 1. A Model for Coordination of S Phase and M Phase in the
Cell Cycle
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a model presented by Kelly et al. (1993). We now analyze
this model.

As shown in Figure 1, the exit of cells from G1 (an event
we consider to be distinct from and downstream of START
or the restriction point) is proposed to coincide with a criti-
cal transition that sets into motion two distinct pathways.
One pathway leads to entry into S phase and the initiation
of DNA replication. In the other branch, the machinery
that drives the cell cycle is converted from a G1 form to
a G2 form and the cell commences preparations for entry
into mitosis. These two pathways are inherently indepen-
dent, and usually timing mechanisms ensure that S phase
is completed before M phase is initiated. Checkpoint
mechanisms couple the pathways by making M phase
dependent on S phase (dashed line in the figure).

A key question is how the checkpoint mechanism de-
tects the presence of unreplicated DNA in cells where DNA
replication has been delayed. The model embraces the
ideathatthe act of replication is monitored, not the quantity
or quality of DNA, and that cells monitor DNA synthesis
by sensing the presence of “replication structures” that
are inextricably linked to this act. This viewpoint implies
that the DNA itself is not marked to distinguish replicated
from unreplicated forms. While it remains unclear what
replication structure is sensed, an appealing candidate is
the complex of proteins assembled at the replication fork
during the elongation phase of replication. These fork
complexes may be recognized independently or in the
context of potential higher order structures, such as the nu-
clear matrix or replication foci.

Whatever their exact nature, assembled replication
structures (see Figure 1) generate an inhibitory signal (2)
that is transmitted (3) to the cell cycle machinery (4), re-
sulting in arrest at the mitotic entry checkpoint. While repli-
cation is proceeding, the events leading to mitosis cannot
proceed beyond this checkpoint. As replication nears com-
pletion and replication structures are dismantled, the in-
hibitory signal dissipates and cells reacquire their ability to
enter mitosis. The disappearance of replication structures
thereby serves as a hallmark of complete DNA synthesis.

Equating the absence of replication structures with the
completion of DNA replication provides a very sensitive
means of monitoring the status of the DNA once cells are
in the midst of S phase. However, this equation is clearly
not applicable to cells that have yet to enter S phase and
have not assembled replication structures. Reliance on
such a monitoring system could delude a pre-S phase
cell into thinking that its DNA was already replicated. The
model argues that this possible deception is not a problem
for cells in G1, because they are not committed to mitosis,
and consequently, the mitotic entry checkpoint is not yet
required.

A potential problem does arise for cells exiting G1.
These cells face a window of vulnerability during which
they are committed to mitosis but have not yet begun to
replicate their DNA. The prompt initiation of replication and
the more sluggish pace for entry into mitosis presumably
minimize the danger of this period. Nonetheless, inter-
rupting the cell cycle at this point could be disastrous.
Perturbations that block the initiation of DNA replication or

interfere with the assembly of stable replication structures
would allow the preparations for mitosis to proceed un-
abated, because the signal invoking the checkpoint could
not be generated. Unless some other mechanism exists
that can respond to this predicament, cells exposed to
these conditions would be expected to pause witha 1 N
content of DNA and then undergo a lethal mitosis.

The model predicts that mutants that completely block
early events in the initiation of DNA replication will, as a
secondary consequence, also exhibit loss of the mitotic
entry checkpoint. This may explain the inappropriate mito-
sis of cut5- and cdc18*-repressed cells (as discussed by
Kelly et al., 1993). A variation on this model is that some
DNA replication proteins may have a role in the mitotic
entry checkpoint thatis independent of their role in assem-
bling replication structures. This possible dual role need
not conflict with the model, as the cell may exploit redun-
dant pathways to ensure accurate checkpoint control.
Such adual role has been proposed by Bueno and Russell
(1992) for CDCB6, the S. cerevisiae homolog of cdc18*.
CDC6 (aswell as cdc18*) transcription is normaily confined
to late G1/early S phase. Constitutive expression of CDC6
throughout the cell cycle in either S. pombe or S. cerevis-
iae delays entry into mitosis. This observation has been
interpreted to indicate that the braking influence of CDC6/
cdc18* on mitotic entry may be independent of its putative
role in initiating DNA replication. Alternatively, deregula-
tion of CDC6 expression may inappropriately activate yet
another pathway that modulates the mitotic entry check-
point, such as one that responds to radiation-damaged
DNA.

Because little is known about the biochemical functions
of the cut5 and cdc18 proteins, the notion that replication
structures constitute the signal for unreplicated DNA re-
mains speculative. A more rigorous test will be to eliminate
the activity of proteins with known or strongly suspected
biochemical roles in S phase, especially at stages 1 or 2
in Figure 1. Excellent candidates include subunits of the
newly identified origin recognition complex from S. cere-
visiae (Bell and Stillman, 1992) or known components of
the replication fork. These experiments could be done ei-
ther biochemically by immunodepletion of extracts that
reconstitute checkpoint control (Dasso and Newport,
1990) or genetically by depletion of known replication pro-
teins. Spores harboring deletions of some replication
genes in S. cerevisiae divide multiple times before they
cease growth (Brill and Stillman, 1991). While multiple divi-
sions could simply reflect the depletion of excess protein
inherited from the diploid parent, it might also signify eva-
sion of the mitotic entry checkpoint, resulting in inappropri-
ate cell division in the absence of DNA replication. We
suggest that the phenotypes of spores lacking replication
proteins be reexamined more closely in light of the results
obtained from the cdc18*-depleted and cut5 mutants.

We also suggest that the search for genes involved in
the initiation of DNA replication should not be restricted
to mutants that arrest with a uniform morphology. For repli-
cation mutants to arrest uniformly in the cell cycle, the
mitotic entry checkpoint must be engaged. Screening for
a cdc arrest phenotype could either reduce the chance of
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getting mutant alleles of initiator proteins or enrich for
leaky alleles that permit partial replication and the stable
accumulation of stalled replication structures. For exam-
ple, cdc18ts cells arrest uniformly in the cell cycle with a
nearly 2 N DNA content, in striking contrast with cdc787-
depleted cells (see Kelly et al., 1993). Mutations in initiator
proteins may be more efficiently recovered using screens
that employ direct measurements of DNA replication such
as nucleotide incorporation (Dumas et al., 1982).

Finally, the model provides a context for considering
how other checkpoint controls operate. For example, ana-
phase chromosome segregation is normally restrained by
a checkpoint until the sister chromatids are all aligned on
the metaphase spindle. Mutants from S. cerevisiae with
defects in the Ndc10p/Cbf2p subunit of the centromere-
binding complex not only fail to attach centromeres to mi-
crotubules, but elude the checkpoint that would normally
prevent cells with unattached chromosomes from entering
anaphase (Goh and Kilmartin, 1993). This result provides
a particularly elegant example of how checkpoints that
monitor a process are mobilized by components that are
intrinsic to that process.
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