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1. Introduction

Mitosis results in the production of two daughter cells containing identical genetic
complements. Achieving this requires a carefully orchestrated series of nuclear and
cytoplasmic events leading to the accurate replication and segregation of the
chromosomes. A powerful combination of molecular genetics, cell biology, and
biochemistry have led to the isolation of key structural, enzymatic, and regulatory
components governing these events. One of the most gratifying aspects of this
research has been the realization that many of these components are highly
conserved throughout the phyla. Therefore many of the lessons learned from one
system will probably apply to others.

The major transitions in the cell cycle are driven by the successive activation of a
family of cyclin-dependent kinases (CDKs) (1-4). The CDKSs are structurally related
and their activity requires a physical association with cyclin. Regulation of CDK
activity occurs through post-translational modifications and through associations
with a conserved family of activating cyclins and a family of CDK inhibitors. Entry
into mitosis occurs through the activation of a universal mitotic CDK (also known as
Cdc2 and p34). Activation occurs in a stepwise fashion: first by its association with
cyclin and then through the progressive alteration of the phosphorylation states of
key residues. The activated mitotic CDK initiates a diverse array of cytoplasmic and
nuclear events driving the cell into mitosis. The mitotic CDK also activates the
anaphase-promoting complex (APC), a ubiquitin ligase responsible for the degrada-
tion of cyclin and other inhibitors of anaphase (5). This allows the cell to progress
through anaphase, forming two daughter cells.

For the most part, these events satisfactorily explain the order and timely
progression of events necessary for entry into and exit from mitosis. However, if
errors occur or individual steps in the cell cycle are delayed, it is likely that additional
regulatory mechanisms are required for the proper progression of the cell cycle. It
was through addressing this issue that the concept of cell cycle checkpoints was
developed (6). Checkpoints increase the fidelity of the cell cycle by monitoring the
accurate completion of specific cellular events. If an event in the cell cycle is not
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completed or is improperly completed, checkpoints delay progression of the cell
cycle to provide time for repair or completion of the event. This inhibitory
phenomenon was initially observed in a classic series of cell fusion experiments. If a
cell in S phase was fused with a cell in G,, the G, nucleus delayed entry into mitosis
until the second nucleus had completed S phase (7). This suggested that cells which
have not completed S phase produce a diffusable inhibitor of mitosis. Mutational
analysis in the budding yeast, Saccharomyces cerevisiae, led to the first explicit
description of the concept of cell cycle checkpoints and the first identification of a
checkpoint gene (8, 9). These genetic studies provided the conceptual framework
which led to the identification of a number of checkpoints monitoring many events
throughout the cell cycle. Checkpoints have been identified in many phyla in both
germline and somatic cells and are probably universal components of the cell cycle.
In this chapter, we review recent work on how cell cycle checkpoints guide cells into
and out of mitosis. In addition, we discuss the role of cell cycle checkpoints in
maintaining the fidelity of the synchronous rapid divisions observed during early
embryogenisis in many higher eukaryotes. This review is not intended to be
comprehensive. Instead we highlight studies that illustrate concepts and issues
central to the field.

Activation of the mitotic CDK controls entry into
mitosis

Entry into mitosis involves a dramatic reorganization of the nucleus and cytoplasm.
Centrosomes migrate to opposite poles of the nucleus and establish the micro-
tubule organizing centers and spindle orientation. Microtubule arrays undergo a
dramatic reorganization to produce the bipolar mitotic spindle. Also occurring at this
time is the breakdown of the nuclear envelope and disassembly of the sheetlike
network of lamins lining the inner nuclear membrane. One of the most dramatic
mitotic events is condensation of the chromosomes and their alignment along the
metaphase plate. o

It is clear that phosphorylation plays a key role in the cellular reorganization that
accompanies entry into mitosis. As a cell enters mitosis, the total amount of protein-
bound phosphate increases. Much of this increase is probably due to the activation of
mitotic CDK (1). Activated mitotic CDK initiates many of the nuclear and cyto-
plasmic rearrangements described above. For example, this complex phosphorylates
the nuclear lamins which result in their disassembly at mitosis (10) (see Chapter 2
for a detailed account). In addition, mitotic CDK-directed phosphorylation is re-
sponsible for altering microtubule polymerization dynamics and the dramatic
reorganization of microtubules into a spindle as the cell enters mitosis (11, 12), as
described in Chapter 4. However, most of the in vivo substrates remain elusive and
little is known about the mechanisms that provide substrate specificity to the
activated mitotic CDK (13).
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2.1 Activation of mitotic CDK requires an association with

cyclin

There is a wealth of information concerning the mechanisms that modulate the
activity of mitotic CDK and other CDKs (14). Phosphorylation and dephosphory-
lation of key residues and specific protein associations are the primary mechanisms
of regulating CDK activity (4). As the name implies, activation of CDKSs requires a
physical association with cyclin (Fig. 1). Cyclins are a large family of proteins
originally identified because their abundance oscillates with the cell cycle (15). Each
cyclin maintains a cell-cycle-specific pattern of accumulation and rapid proteolysis.
Cyclins are generally classified as G, S, or M based on the timing of their peak
concentrations and association with specific CDKs (1, 16). The orderly progression of
key transitions throughout the cell cycle is defined by the phase-specific accumula-
tion of specific cyclin-CDK complexes. Cyclin accumulation is the rate-limiting step
in key phase transitions in many cell cycles. For example, in Xenopus laevis extracts
the accumulation of cyclin B is the rate-limiting step in the activation of mitotic CDK
and entry into mitosis (17). In addition, Drosophila melanogaster embryos exhibit
significant delays in the cortical syncytial cycles when levels of cyclin B are reduced.
These delays are more severe when levels of both cyclin A and cyclin B are reduced
(18). These studies provide in vivo evidence that cyclin A and B levels control the
timing of the syncytial cycles in the Drosophila embryo. However, cyclin is not the
rate-limiting component controlling entry into mitosis in all cell cycles. In Drosophila
cycle 14 embryos, entry into mitosis is controlled by expression of string (19, 20), a
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Fig. 1 The G,-M transition in S. pombe. The conserved mitotic CDK (p34°%?) is activated through a physical
association with cyclin B followed by series of steps which modify the phosphorylation state of residues Thr14
and Tyr15. The Weel kinase and Cdc25 phosphatase are key enzymes influencing the phosphorylation state of
these residues. Mitotic CDK activation also requires phosphorylation on Thr161.
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gene that encodes a homolog of Schizosaccharomyces pombe cdc25, a phosphatase that
targets inhibitory mitotic CDK phosphates.

2.2 The APC mediates cyclin de jradation and sister

chromosome separation

In addition to regulating events requircd for entry into mitosis, the mitotic CDK~
cyclin B complex activates a pathway leading to the ubiquitin-mediated proteolysis
of cyclin B and thus its own inactivation Proteolysis is dependent on the presence of
a conserved 9 amino acid-terminal domain (D-box) that targets cyclin B for
ubiquitination and subsequent proteolysis (21-25). The timing of cyclin B destruction
is controlled by the late metaphase activation of a multiprotein complex known as
the anaphase promoting complex (APC) (Fig. 2) (5). Through an as yet undefined
pathway, mitotic CDK—cyclin B activates this complex during late metaphase (26). In
addition to targeting cyclin for destruction, the APC also promotes initiation of
anaphase by targeting the proteolysis of proteins required for sister chromosome
cohesion. Support for this latter activity comes from the observation that un-
degradable cyclins result in a telophase arrest in which sister chromosomes have
completely separated (27, 28). In contrast, disruption of APC activity prevents
separation of the sister chromosomes and entry into anaphase (5, 27, 29).
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Fig. 2 A model for the role of anaphase promoting compiex (APC) in driving exit from metaphase. Active mitotic
CDK initiates a number of mitotic events including APC activation. APC is a large ubiquitin-ligase protein complex
that inactivates the mitotic CDK by targeting cyclin B proteolysis. APC also acts earlier to promote sister
chromosome separation through ubiquitin-dependent proteolysis.
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2.3 Proteins that negatively regulate CDK activity

2.4

The CDK inhibitors (CDIs) are an emerging class of cell cycle regulatory proteins. In
response to external environmental cues and internal signals these proteins associate
with CDKs to inhibit their activity. When activated by alpha factor, S. cerevisiae Far 1
protein binds to and inhibits the activity of mitotic CDK-CIn2 (a G; cyclin). This
produces a G; arrest (30). Another S. cerevisiae protein, Sic 1, binds to and inhibits an S
phase cyclin-CDK complex. Sic 1 may be involved in preventing inappropriate
rounds of DNA synthesis (31-33). Well known mammalian CDIs include p15, p16,
p21, and p27 (34-39). p21 is a target of p53, a gene which is often mutated in human
tumors (40). Interestingly p15 and pl6 act by preventing the formation of the
CDK—cyclin complex (34, 41). The chromosomal region to which both of these genes
map in humans is often deleted in individuals with hereditary melanoma (42).

Post-translational phosphorylation regulates mitotic
CDK activity ~ /

In addition to cyclin association, CDK activation requires specific phosphorylation
and dephosphorylation of key residues. The ATP-binding site of S. pombe mitotic
CDK contains threonine and tyrosine at residues 14 and 15 respectively.
Phosphorylation of one or both of these residues maintains the mitotic CDK—cyclin
complex in an inactive state (Fig. 1). In addition, activity of mitotic CDK requires
phosphorylation at Thr161 (1, 14). This residue may influence the binding of the
substrate to the CDK kinase domain. The enzyme responsible for the phosphoryla-
tion of threonine 161 has been historically referred to as cyclin-activating kinase
(CAK). CAK activity is associated with the Cdk7—cyclin H complex in higher
eukaryotes. However, the S. cerevisiae homolog of cdk7—cyclin H does not phosphory-
late Thr161 in vitro or in vivo (43). Recent genetic and biochemical evidence suggests
that Cak1/Civ1 is the S. cerevisiae kinase responsible for phosphorylating Thri61 in
vivo (44, 45). Tt remains to be seen if a Cakl/Civl homolog is found in higher
eukaryotes and if there are additional classes of physiologically important CAKs.
In S. pombe, the conserved phosphatase, Cdc25, and kinases, Weel and Mikl1, act’

antagonistically to influence the phosphorylation state of Thr14 and Tyrl5 (46, 47).
Increasing the dosage of Cdc25 relative to Weel results in a shortened G, and
premature entry into mitosis. Increasing the dosage of Weel relative to Cdc25 has the
opposite effect: entry into mitosis is delayed. It may be that as a cell normally
progresses through G,, the increase in the Cdc25/Weel ratio regulates the timing of
entry into mitosis.

Cell cycle checkpoints

The initiation of many events in the cell cycle depends on the proper completion of a
previous event. For example, in many cells treatment with hydroxyurea, a potent
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inhibitor of DNA replication, results in a G, delay and failure to progress into
mitosis. These studies demonstrate that entry into mitosis depends on completion of
DNA synthesis (8, 48). The most extensive description of dependency relationships
exists for S. cerevisiae and S. pombe cell cycles. In these organisms, large numbers of
mutations have been isolated that cause an initially asynchronous population of cells
to arrest at a specific point in the cell cycle. Analysis of these cell division cycle (cdc)
mutations enabled the major cytoplasmic and nuclear events of the cell cycle to be
placed in one of a series of dependent pathways (49-51).

As described by Hartwell and Weinert (), these dependency relationships may be
either the result of intrinsic substrate-product relationships or may be established by
adding external feedback controls enforcing the dependency relationships (Fig. 3). In
the former, the product of one step in the pathway serves as a substrate for the next.
Therefore if the first step does not occur or is improperly executed, the next step
cannot be initiated. Alternatively, surveillance mechanisms extrinsic to the process
monitor the accurate completion of each step. If a step fails or is inaccurately
completed, the surveillance mechanism prevents the initiation of the next step. In
this case, elimination of the surveillance mechanism eliminates the dependency
relationship but does not affect the actual process. In contrast, if the dependency
relationship is a consequence of a substrate-product relationship, it is unlikely that
the dependency can be relieved without disrupting the process itself. Therefore
finding conditions (mutations or drugs) that relieve the dependency relationship and
allow cell cycle progression provides strong evidence that it is enforced by a
feedback mechanism. These negative feedback controls are referred to as cell cycle
checkpoints.

In many cells, exposure to low, non-lethal doses of X-irradiation produces an
arrest in G, and cells do not enter metaphase. This demonstrates that entry into
mitosis requires undamaged DNA (52, 53). In the presence of caffeine, entry into
mitosis no longer requires intact DNA (54-56). The caffeine-mediated relief of this
dependency relationship demonstrates that it is due to a cell cycle checkpoint rather
than a substrate-product relationship.
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Fig. 3 Normal rates of DNA polymerization rates depend on undamaged DNA. It may be that the lesions
physically prevent progression of the DNA polymerase (A, substrate product-mediated delay). Alternatively (B), the
lesions may activate feedback controls that slow the polymerization rate (checkpoint-dependent delay).
Identifying a condition that relieves the dependency relationship (C) demonstrates that it is the result of a
negative feedback mechanism. These feedback mechanisms are called cell cycle checkpoints.
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Delays, as well as arrests, in the cell cycle, indicate the presence of a dependency
relationship (Fig. 3). For example, studies in mammalian cells demonstrate that DNA
damage significantly reduces the rate of DNA replication (57-59). This is a direct
consequence of decreasing the frequency of replicon initiation and slowing the rate
of strand elongation by DNA polymerase (58). This delay demonstrates that the rate
of DNA synthesis depends on undamaged DNA. It is reasonable to assume that this
dependency is due to a substrate—product relationship; that is, the slowing of DNA
replication is a direct result of the replication machinery navigating lesions in the
DNA. However, S. cerevisize mutants have been identified that fail to slow DNA
replication in response to methylmethanesulfonate (MMS) induced damage (59). As
these mutations relieve the dependency relationship, this indicates that the slowing
of S-phase is also enforced by a cell cycle checkpoint.

In mitotic cell cycles, migration of sister centrosomes to opposite nuclear poles
precedes spindle formation. In Drosophila embryos, mutations that disrupt
separation of the centrosomes also disrupt spindle formation (60). This indicates that
spindle formation is dependent on proper centrosome separation. The identification
of a condition that relieves this dependency relationship is required to demonstrate
that this dependency relationship is a consequence of a cell cycle checkpoint rather
than a substrate—product relationship. To date such a condition has not been
identified. This is not unexpected since it is reasonable to assume that centrosome
separation is a necessary first step in the formation of a spindle. However, one cannot
conclude that this is the result of a substrate-product relationship. In fact, there are a
number of instances in other organisms in which functional spindles form in the
absence of centrosomes (61-67). Only by finding a condition that eliminates the
dependency relationship, is it possible to conclude that it is the result of a checkpoint
rather than a substrate-product relationship.

Mutational analysis identifies RAD9 as a DNA damage
checkpoint

The first gene shown to be involved in a cell cycle checkpoint was originally
recovered because of its sensitivity to X-irradiation (6). In S. cerevisiae, as with other
cells, X-irradiation produces a delay in G,. If this delay is the result of a cell cycle
checkpoint, two classes of X-irradiation-sensitive mutations are expected: those that
are defective in the enzymatic machinery required for repair and those that are
defective in the checkpoint-induced delay which provides time for repair to occur
(Fig. 4). Among the large collection of X-irradiation-sensitive mutants isolated in 5.
cerevisiae, both classes have been identified (6, 68). For those in the first class, the
DNA damage checkpoint is intact and they exhibit a G,-M delay in response to DNA
damage, but repair does not occur. The latter class of mutants have an intact DNA
repair system but fail to delay at G,-M in response to X-irradiation (8, 67). rad9 was
the first of the latter class of mutants to be identified (6). The X-irradiation sensitivity
of rad9 mutants results from progression through mitosis with damaged DNA. This
leads to inviable aneuploid daughter cells.
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Fig. 4 Identifying DNA damage checkpoint mutations. Checkpoints, by delaying entry into metaphase, provide
time for repair (compare unirradiated cells (A) with X-irradiated cells (B)). Consequently, there should be two
classes of X-irradiation-sensitive mutations: those that are defective in the repair response (C) and those that are
defective in the checkpoint response (D). These classes are distinguished because repair mutations, but not
checkpoint mutations, cause a delay in response to X-irradiation. The boxes indicate the outcome for each
situation.

This phenotype indicates that the primary function of the RAD9 gene product is to
delay the cell in G,-M to provide time for repair of damaged DNA before -
progressing into mitosis. A prediction of this model is that slowing progression
through G,-M should reduce the sensitivity to X-irradiation in rad9 cells. In S.
cerevisiae, this experiment is readily performed because spindle formation begins
directly after the completion of S phase. Consequently, exposing yeast cells to
methylbenzimidazole-2-yl-carbamate (MBC), a drug that depolymerizes micro-
tubules, dramatically slows progression through G,~M. If rad9 cells are treated with
MBC prior to X-irradiation and are maintained in the drug for an extended period
thereafter, the sensitivity to X-irradiation is greatly diminished. This indicates that if
time is provided, the damaged DNA is repaired in rad9 cells (6).

Given that RAD9 is primarily required for the DNA damage checkpoint, it is not
expected to be an essential gene. Null alleles of rad9 are viable, but they exhibit a 20-
fold increase in chromosome loss (6). The high rate of chromosome loss, however,
indicates that checkpoints are required during normal growth to maintain cell cycle
fidelity. This reflects the fact that cells occasionally require extra time to repair lesions
that inevitably occur during S phase and normal progression through the cell cycle.
RADS is also involved in DNA damage checkpoints operating during G, and S (69,
70). Although the RAD9 checkpoint operates throughout the cell cycle, it is specific
for DNA damage and is not involved in the well-documented DNA synthesis and
spindle assembly checkpoints.
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3.2 Checkpoints monitor many cellular events and involve

3.3

signal transduction pathways that link delays in the cell

cycle to repair processes

Checkpoints have been identified at all major transitions in the cell cycle. They
monitor a diverse array of events including cell size, chromosome condensation,
DNA replication, DNA integrity, and spindle assembly (71). Checkpoints monitoring
the latter three have been intensively investigated through mutational analysis
(72-76). The mechanisms employed by checkpoints to monitor cell cycle events and
induce arrest in the cell cycle are not well understood, although it is clear that signal
transduction processes are involved (77). Checkpoints require sensors to respond to
signals generated from an incomplete or improperly completed event in the cell
cycle. Signal transduction processes amplify this signal and activate effectors that
mediate cell cycle arrest. The CDKs responsible for driving the major transitions in
the cell are a likely target of the checkpoints. As described previously, CDK activity is
regulated by diverse mechanisms and the various array of cell cycle checkpoints may
act through these mechanisms.

Ambiguities in the concépt of cell cycle checkpoints

Identifying a mutation that eliminates a dependency relationship indicates that the
mutated gene is involved in a cell cycle checkpoint. This operational definition has
provided a valuable framework for genetically identifying components involved in
monitoring cell cycle progression. However, it has also led to some confusion
because mutations in the enzymatic machinery driving major cell cycle transitions
have been identified that also eliminate cell cycle dependency relationships (15). For
example, certain mutations in mitotic CDK eliminate the dependency of M phase on
a previously completed S phase (78). In addition, mutations in DNA replication
enzymes disrupt the DNA synthesis checkpoint (79). While the behavior of these
mutations is in accord with the operational definition of cell cycle checkpoints, they
are not in accord with the conceptual definition of a surveillance system that
monitors but is extrinsic to the basic events of the cell cycle. .

In general, cell cycle checkpoints are thought to monitor the cell cycle but are
considered unnecessary for completion of an event or a repair process. The relief of
dependence criteria has served to identify many genes involved in these checkpoints.
However, for some potential cell cycle checkpoint genes a more stringent criterion
has been applied: not only do mutations in these genes relieve a dependency
relationship, but they can be rescued by slowing the cell cycle to provide time for
repair or completion of an event (8, 78). Rescuing the mutant phenotype solely by
providing additional time clearly demonstrates that the gene is not involved in the
processes required for repair or completion of an event. Although it is not always
practical to apply this criterion, when it is successfully applied it clearly establishes
that these genes are involved in cell cycle checkpoints.
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4.

4.1

Lessons from budding yeast: the role of checkpoints
in monitoring the completion of S phase and DNA
damage

The cdc mutations disrupt specific events in the cell cycle and produce a phase-
specific cell cycle arrest. These provide a useful set of tools to test both the phase and
signal specificity of a given cell cycle checkpoint. For example, CDC9 encodes a DNA
ligase; at restrictive temperatures, cdc9 mutants produce unligated Okazaki
fragments and arrest in late S-G,. Even in this arrested state, the mutant cells maintain
viability for hours. The unligated DNA fragments produced at the restrictive
temperature in cdc9 mutants activate a cell cycle checkpoint that arrests the cell in
S-G,. This idea is confirmed by the observation that cdc9-rad9 double mutants fail to
arrest when placed at a restrictive temperature (80). Unlike the arrested cells, these
double mutants rapidly lose viability. This is probably a consequence of progressing
through mitosis with damaged DNA. The double mutant demonstrates that the cdc9
arrest is dependent on the RAD9 checkpoint. This also indicates that the RAD9-
dependent checkpoint operates during S-G, in response the DNA damage.

Analysis of a series of cdc-rad9 double mutants strengthens the notion that the
RAD9-dependent checkpoint responds specifically to DNA damage. Of 12 cdc
mutants tested, four were dependent on the RAD9 checkpoint for their arrest. Three
of these four encode known DNA replication enzymes (DNA ligase, DNA
polymerase I, and DNA polymerase III) (81-85). In addition, the cell cycle arrest
induced by hydroxyurea, a potent inhibitor of S phase, is not dependent on RADS9.
Therefore incomplete DNA replication does not activate the RAD9-dependent
checkpoint. Functional RAD9 also is not required for the spindle assembly
checkpoint (6). Taken together, these data indicate that RAD9 functions during late
S-G, in a DNA damage, but not a DNA replication checkpoint.

Screening the existing collection of radiation-sensitive mutations resulted in the
identification of a second cell cycle checkpoint mutation rad17 (80). rad17—cdc double
mutants exhibit a pattern of phenotypes identical to that of the rad9-cdc double
mutants. This indicates that both genes are involved in the same DNA damage
checkpoint. '

Synthetic lethal screens provide an efficient means of

identifying additional checkpoint mutations

The synthetic lethal phenotype of specific rad9—cdc double mutants led to the
development of a general strategy for isolating additional checkpoint mutants. The
CDC13 gene encodes a protein that binds to and protects the telomere from
degradation and facilitates telomerase loading (86). cdc13 mutations result in the
accumulation of single-stranded telomeric DNA (86). This accumulation activates
the arrest induced by a DNA damage checkpoint. As with other cdc mutant cells,
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these remain viable for hours in this arrested condition. Without a functional
checkpoint, these cells fail to arrest and die as a consequence of progressing through
mitosis with damaged telomeres.

EMS screens for new checkpoint mutations were performed by isolating mutants
that resulted in lethality in the absence of CDC13 function (87). The screen identified
four additional cell cycle checkpoint genes: MECI (mitosis entry checkpoint),
MEC2/RAD53, MEC3, and RAD24. None of these mutations delayed G, when
exposed to X-irradiation and all exhibited an increased sensitivity to X-irradiation.
Since the failed G, delay was an unselected phenotype, this provided strong
evidence that the mutations disrupted genes involved in a cell cycle checkpoint.

Similar screens based on synthetic lethality and drug sensitivity have identified S
phase and G, checkpoint mutations in S. pombe and spindle assembly checkpoints in
S. cerevisiae (88-91). Although these screens involve different aspects of the cell cycle,
they are all based on the common principle that by delaying the cell cycle, check-
points provide time for repair and increase the tolerance of a cell to both internally
and externally induced damage.

Detecting DNA damage

Although the specific signals responsible for activating DNA damage cell cycle
checkpoints have not been identified, properties of these signals have been defined.
The DNA damage checkpoint is activated by UV and X-irradiation, but not by drugs
that inhibit DNA replication (76). That is, it is activated by signals specific to
damaged rather than unreplicated DNA. The checkpoint is extremely sensitive and
is activated by a single double-strand break in the S. cerevisiae genome (92, 93). The
signals generated from DNA damage are capable of eliciting a checkpoint response
throughout the cell cycle. For example, the checkpoint genes RAD9, RAD17, and
RAD24 monitor the state of the DNA during G;-S and G,-M (92).

Of the identified checkpoint genes, RAD9, RAD17, RAD24, and MEC3 appear to be
most directly involved in monitoring signals generated from DNA damage (Table 1).
These genes are required for the DNA damage but not the DNA replication
checkpoint (80, 87). In addition, they influence the processing of damaged DNA. As
described above, cdc13 mutations disrupt the stability of telomeric DNA and exhibit
a G,-M checkpoint-induced arrest. While arrested, these mutations accumulate
telomeric single-stranded DNA. If rad24, rad17, and mec3 are maintained in a cdc13
background, the single-stranded telomeric DNA accumulates much more slowly
(72). In contrast, rad9—cdc13 double mutants accumulate single-stranded DNA more
rapidly. In accord with these results RAD24 encodes a protein with some homology
to Rfc, a protein that binds gapped DNA, and RAD17 encodes a putative exonuclease
(72, 94). These results suggest that these genes may play a role in processing and
repair of damaged DNA in addition to their checkpoint function. Damaged DNA is
processed by multiple pathways: modified and crosslinked bases are often repaired
by an excision-based repair process while breaks are repaired by a recombination-
based process (68, 95). This processing may be required to generate signals
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4.3

Table 1 Checkpoint genes

Checkpoint
Gene Organism position Function Homologs References
B8uB1 S. cerevisiae  Gy/M mBUB (mouse) 155
BUB2 S. cerevisiae  Gy/M 155
BUB3 S. cerevisiae  Gp/M 155
chkl/rad27 S. pombe G, protein kinase grp (Drosophila) 90, 135, 186, 193
DUN1 S. cerevisiae S 194
MAD1 S. cerevisiae  Gy/M 3
MAD2 S. cerevisiae  Gy/M hsMAD2 (human) 3,155, 168, 169
XMAD2 (Xenopus)
MAD3 S. cerevisiae  Gy/M 3,155
MEC1 S. cerevisiae G,/S,S,S/M,G:M  protein/lipid kinase rad3(S. pombe) 3,155, 168, 169
ATM (human)
MEI41 (Drosophila)
MEC2 S. cerevisiae  G;/S, S, S/M, Go/M protein kinase 87
MEC3 S. cerevisiae  Gy/M ) 87
RAD53 S. pombe G,/S, S, S/M, Gy/M  protein kinase cds1* (S. pombe) 87,101-103, 195
MPS1 S. cerevisiae  Gy/M 150
Pol2 S. cerevisiae S DNA polymerase cds20* (S. pombe) 79
subunit
Pole S. cerevisiae ~ S/M DNA polymerase with 79
3'—5’ exonuclease
RAD9 S. cerevisiae  G/S, Goy/M 6,9, 69, 79, 102
RAD17 S. cerevisiae  G;/S, Go/M 3’5’ exonuclease rad1* (S. pombe) 72,80,94,197
rec (U. maydis)
RAD24 S. cerevisiae . G4/S, Go/M weak homology to rad17*(S. pombe) 72,87,197
RFC

recognized by DNA damage checkpoints. In addition, activating a given checkpoint
may require a specific form of processed DNA.

Monitoring completion of S phase

In S. cerevisize, DNA polymerase II is a multiprotein complex required for DNA
replication. The largest member of this complex is the 256 kDa polymerase encoded
by POL2 (96). Genetic analysis demonstrates that this protein possesses an N-
terminal domain required for polymerase activity and a separable C-terminal
domain required for the S phase checkpoint (79). Mutations have been identified that
disrupt each of these functions separately.

The C-terminal domain of this polymerase is also required for complex formation
with other proteins (97). Multicopy suppressor screens of C-terminal domain
mutations identified the DpblI protein (98). Dpbll is homologous to the product of
the fission yeast RAD4 / CUT5 checkpoint gene and associates with DNA polymerase
IT during replication (99). Null alleles of Dpbll demonstrate that it is essential. In
addition, temperature-sensitive alleles of DpblI also demonstrate that the gene is
required for an S phase checkpoint.
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Rfc5, a component in the small subunit of the DNA replication factor C complex,
was identified in a screen designed to identify genes that interact with the S phase
checkpoint gene, MEC2 (100). Replication factor C binds gapped DNA and recruits
proliferating cell nuclear antigen (PCNA) (101). This DNA-protein complex recruits
polymerases e and 3 to form a functional replication complex. A temperature-
sensitive allele of the RFC gene, rfc5-1, was recovered because it is suppressed by
overexpression of the DNA-damage gene, MEC2. At the restrictive temperature, rfc5
mutations do not complete replication. In addition, they fail to arrest or delay in G,
and progress into mitosis with incompletely replicated DNA. This results in
aneuploidy and loss of viability. As with DNA polymerase II and Dpbll, the RFC
gene product is involved in DNA replication and in the checkpoint that monitors
completion of DNA replication. These studies demonstrate that DNA polymerase is
a key component of the S phase checkpoint (102).

Signal transduction

The properties of mutations in S. cerevisize MEC1 and RAD53 genes indicate that they
act as central components in the signal transduction pathway leading to checkpoint-
induced cell cycle arrest (Fig. 5). mecl and rad53 mutations disrupt both DNA
damage and DNA replication checkpoints operating throughout the cell cycle (87).
Both are required for the expression of DUNI, a protein necessary for the
transcriptional response that normally accompanies checkpoint activation (102).
MECI is also required for a meiotic cell cycle checkpoint (87). These studies
demonstrate that MEC1 and DUN1 process signals derived from multiple cell
checkpoints. Consistent with their role in a centralized signal transduction process,
both are essential protein kinases. In addition, they function downstream of POL2
and RADY, genes that are required early in the checkpoint response to monitor
signals from improperly replicated DNA (102).

MEC1 and RAD53 are also required for a checkpoint that operates during S phase
in response to DNA damage (103). In S. cerevisiae, exposure to low doses of the DNA
damaging agent MMS results in a six-fold decrease in the rate of S phase. This DNA
damage-induced reduction in the rate of S phase has also been observed in
mammalian cells. As described previously, in mecl and rad53 mutants, the rate of S
phase is not slowed in response to DNA damage.

MEC1 encodes a phosphatidylinositol-3 kinase and has Drosophila and mam-
malian homologs (104, 105). Mutations in the human homolog, A-T (ataxia
telangiectasia), behave as autosomal recessives. Homozygotes experience symptoms
that include progressive neurodegeneration, permanently dilated blood vessels and
an elevated occurrence of cancerous tumors. There is also evidence suggesting that
heterozygotes at the A-T locus have a slightly elevated risk of breast cancer (106). A-T
mammalian cell lines lack G, and G, DNA damage checkpoints (107). In addition,
they fail to slow progression of S phase in response to DNA damage. G; and S phase
DNA damage checkpoints require MECI and it is probably required for the G; DNA
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Fig. 5 Outline of the S. cerevisiae DNA damage. and replication checkpoint signal transduction pathway. The
genes indicated in bold (POL2, MEC1, RAD53) are essential. Common pathways are denoted by solid, striped or
dashed lines. See Table 1 for references. In S. cerevisiae, G, and M phase events temporally overlap. In addition
to participating in the phase-specific mitotic arrest, some of these genes are also required for meiotic checkpoint
function and the transcriptional induction that accompanies checkpoint activation. Mecl and Rad53 act as
central processors in the DNA damage and replication checkpoint response.

damage checkpoint as well. Therefore the Mecl and A-T proteins are likely to be
functional as well as structural homologs.

p53 is a mammalian checkpoint gene that functions

during G,-S and G,-M

In addition to A-T, the mammalian p53 and p21 genes are also required for the G,
DNA damage checkpoint (108, 109). Cells lacking p53 are severely compromised in
their ability to arrest in G, in response to DNA damage, while the G, arrest is only
mildly compromised in cells lacking p21. This suggests that the mammalian G, arrest
involves multiple pathways and that p53 may be required for a number of these
pathways. This is readily explained by the fact that the p53 gene encodes a tran-
scription factor that may regulate a battery of genes involved in the G, checkpoint
(110). p53 exhibits rapid turnover, possibly in response to ubiquitin-dependent
proteolysis (111). In response to DNA damage, both the activity and stability of the
P53 protein are increased by mechanisms that are not well understood (108, 112). In
cells lacking A-T, the activation of p53 in response to DNA damage is attenuated,
indicating that A-T is an upstream regulator of p53 (113, 114). Like A-T, p53 is
frequently mutated in human cancers, indicating that both are essential for
maintaining genome stability (115-117). As well as inducing a repair response, p53 is
required for DNA-damage induced apoptosis (114, 118, 119).
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There is mounting evidence that p53 functions during G, and M as well as G,-S.
Mouse embryonic fibroblasts lacking p53 are much more sensitive to low doses of
caffeine, a potent inhibitor of the G,-M DNA damage checkpoint, than genetically
matched wild-type controls (120). This indicates that p53 is involved in the G,~-M
DNA damage response. Further support is provided from studies demonstrating
that immortalized Li Fraumeni fibroblasts lacking p53 exhibit a defective G, DNA
damage checkpoint response (121). Temperature-sensitive alleles of p53 have also
been used to demonstrate that p53 may regulate the cell cycle at G,-M and as well as
G;-5 (122). Driving p53 expression with an inducible promoter can arrest cells at
G,-M (123). p53 undergoes a G,-M cyclin-dependent phosphorylation that alters its
DNA-binding activity (124). Concluding that p53 is involved in a G, DNA damage
checkpoint must be tempered by the possibility that this may be a secondary effect of
increased genetic instability of cells lacking p53. As will be described below, p53 is
also required for the spindle assembly checkpoint.

The p21 gene is a target of the p53 transcription factor. The p21 protein is an
inhibitor of the Cdk2 and Cdk4 cyclin-dependent kinases required to drive cells into
S phase. p21 is activated by and requires p53 (40). Embryonic cells derived from p21
null mice are defective in their ability to arrest in G, in response to DNA damage
(109). However, unlike p53 knockouts they do not develop tumors, nor are they
defective in thymocyte apoptosis or the spindle checkpoint. It is likely that other
targets of the p53 transcription factor operate during G, and M.

The mammalian p53 gene is involved in a spindle

assembly checkpoint

Studies demonstrating that loss of p53 activity often leads to polyploidy suggests
that it may be involved in checkpoints operating during metaphase as well as G,
(110, 125, 126). To test this idea directly, wild-type and p53-deficient cells were
exposed to low doses of the microtubule inhibitors nocodazole and colcemid (127).
Due to activation of the spindle assembly checkpoint, wild-type cells delay in
metaphase directly after exposure to nocodazole and exhibit a dramatically
increased mitotic index. Cells lacking p53 exhibit only a small increase in the mitotic
index in response to nocodazole, indicating that the spindle assembly checkpoint is
compromised in these cells. Consequently, after 44 h exposure to nocodazole, none of
the wild-type cells exhibited an 8N DNA content while 44% of the p53 minus cells
exhibited an 8N content. Cells lacking p53 also undergo unregulated centrosome
duplication (128). Thirty per cent of the cells derived from mouse embryonic fibro-
blasts contained from three to ten centrosomes. Often these additional centrosomes
nucleate microtubules that associate with chromosomes and result in their mis-
segregation. Whether the abnormal centrosome duplication is a direct consequence
of a defective spindle assembly checkpoint in cells lacking p53 remains to be
determined.
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checkpoint function by inhibiting Cdc2 activity in response to DNA damage (90,
119). Recent work suggests that Chk1 acting through Weel induces a G, arrest by
maintaining Cdc2 in a tyrosine-inhibited form. Overexpression of Chkl in un-
damaged cells produces a G, arrest with Cdc2 in a tyrosine-inhibited form. In
addition, overexpression of Chk1 has no effect in cells lacking Weel kinase activity.
Further support that Weel is a target of the Chkl kinase comes from studies
demonstrating that Chkl phosphorylates Weel in vitro and that Weel is
hyperphosphorylated in cells delayed in G, by exposure to UV irradiation or by
overexpression of Chk1 (136). Furthermore, Chk1 activity may be responsible for
Cdc25 phosphatase inhibition (137). Taken together, these studies strongly implicate
Cdc2 tyrosine phosphorylation in the Chk1 mediated DNA-damage checkpoint.

Adaptation releases checkpoint-induced arrest

Irreparable DNA damage results in prolonged exposure to checkpoint-activating
signals. Eventually, the cells habituate and are released from their checkpoint-induced
arrest. This phenomenon, known as adaptation, is observed in many cell cycle
checkpoints. Without it, cells suffering irreparable damage would remain arrested
and die. Adaptation may have evolved because it allows cell cycle progression in spite
of damage. This provides an opportunity, although slight, for the cells to weather the
damage and survive. Although little is known about the molecular basis of adaptation,
mutations that affect this process have been identified (73).

The role of checkpoints in monitoring spindle
assembly

The mitotic spindle is an extremely complex and dynamic microtubule-based
structure and its proper assembly is essential for the accurate segregation of sister
chromatids. Sister centrosome separation marks the initiation of spindle assembly
and determines the orientation of the bipolar spindle. The mature spindle consists of
three sets of microtubules originating from each centrosome (138, 139). Polar
microtubules extend from each centrosome and overlap in the middle of the spindle.
These are responsible for spindle stability and separation of spindle poles during
anaphase. Kinetochore microtubules extend from the centrosomes to the centro-
meres of each chromosome. They attach to a defined region of the centromere known
as the kinetochore and play a key role in segregating sister chromatids to opposing
spindle poles. Astral microtubules radiate from each centrosome into the surround-
ing cytoplasm and are involved in centrosome separation and spindle orientation
within the cell. :

Much of spindle assembly relies on the phenomenon that slowly growing and
rapidly shrinking populations of microtubules co-exist simultaneously in the cell as
described in detail in Chapter 4. In addition, individual microtubules frequently
switch from growing to shrinking. This behavior is known as dynamic instability
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(140). As a cell progresses into mitosis, the rate at which a microtubule switches fro.
growing to shrinking increases (and the rate at which a microtubule switches from
shrinking to growing decreases) (141). This creates an extremely dynamic micro-
tubule population and facilitates the reorganization of the interphase microtubule
array into a spindle. Spindle formation is achieved by the fact that growing
microtubules are stabilized by associations with a kinetochore or other microtubules.
Microtubule-based motor proteins also play a role in spindle formation and
separation of the sister chromosomes during anaphase (142, 143).

Accurate segregation of sister chromosomes requires that each chromosome is
properly attached to a microtubule. The kinetochore plays a key role in this process.
Kinetochores are large protein complexes existing within the region of the chromo-
some known as the centromere (144). Centromeres and kinetochores are discussed in
further detail in Chapter 5. The kinetochore provides a number of functions during
metaphase, including microtubule capture, alignment and balancing of the
chromosomes on the metaphase plate, and segregation and poleward movement of
sister chromosomes during anaphase (145). Given these diverse tasks, it is not
surprising that it is a complex organelle. Kinesin-like proteins, cytoplasmic dyneins,
other microtubule-associated proteins, phosphatases, and kinases are concentrated
at the kinetochore. The motor proteins appear to convert the energy of ATP
hydrolysis and microtubule depolymerization into chromosome movement (146).
The CENP-E motor protein is a fundamental component of the kinetochore. Injection
of polyclonal antibodies against the CENP-E protein disrupts the depolymerization-
driven movement of the chromosomes (147). These experiments suggest that CENP-
E is the motor protein involved in coupling chromosome movement to microtubul--
depolymerization. &

In most cells, exposure to drugs that disrupt microtubule polymerization prevents
exit from metaphase (148, 149). Tubulin mutations that compromise spindle
structure also produce a similar mitotic arrest. These studies demonstrate that exit
from mitosis depends on a properly assembled spindle and may be the result of a cell
cycle checkpoint.

Genetic identification of the spindle assembly checkpoint

Using a rationale similar to that used for the identification of DNA damage
checkpoints, screens for mutants sensitive to microtubule depolymerization drugs
were employed to identify genes included in the spindle assembly checkpoint.
Under normal conditions a dividing cell does not require a spindle assembly
checkpoint because the time required to inactivate mitotic CDK is longer than the
time required to assemble a spindle. However if spindle assembly is slowed by
exposing the cell to low doses of a microtubule-depolymerizing drug, a checkpoint is
required to prevent exit from mitosis before the spindle is properly assembled.
Through this approach, two independent screens isolated six non-essential spindle
assembly checkpoint mutants: madl, mad2, mad3, bubl, bub2, and bub3 (88, 89). The
drug-induced lethality is a consequence of cells progressing into anaphase in the
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absence of a completely formed spindle. This produces an increased frequency of
nondisjunction, chromosome loss, and inviable aneuploid daughter cells. Even in the
absence of microtubule inhibitors, the cells bearing these mutations exhibit an
increased rate of chromosome loss. This is expected as normally dividing cells
occasionally require extra time for spindle assembly and establishment of the
appropriate kinetochore-microtubule associations.

As with other cell cycle mutants, mad and bub mutants are primarily defective in
their ability to delay progression through G,-M in response to slowed spindle
assembly. Therefore, providing an alternative means of slowing progression through
G,-M should eliminate the sensitivity of these mutations to microtubule inhibitors.
In S. cerevisiae, this is achieved by the addition of hydroxyurea which inhibits DNA
replication and activates an S phase checkpoint. As predicted, the sensitivity of the
mad mutants to microtubule depolymerizing drugs is relieved by exposing the cells
to low doses of hydroxyurea (92).

Another spindle assembly checkpoint mutant, mps1, was originally recovered as a
member of a class of mutants that disrupts spindle pole formation (150). Mps1 also
functions as a spindle assembly checkpoint; it fails to cause arrest in metaphase in the
presence of the microtubule inhibitor nocodazole.

The identification of mutants that disrupt the spindle assembly checkpoint
provides a means of rapidly determining which aspects of spindle assembly are
being monitored (73). A mutation or condition that disrupts spindle assembly and
results in a checkpoint-dependent metaphase arrest indicates that the process
disrupted is monitored by the checkpoint. This approach shows that the checkpoint
monitors a variety of aspects of spindle formation including chromosome number,
centromeric DNA, centrosome duplication, microtubule polymerization, kineto-
chores, and microtubule motors (88, 89, 149-155). As found for the DNA damage
checkpoint, different aspects of spindle assembly may be monitored. For example,
the state of the centrosome and the state of the microtubules may be monitored
independently by distinct spindle assembly checkpoints.

Spindle checkpoints monitor the state of the kinetochore

The conclusion that proper spindle—kinetochore interactions are required for cells to
progress into anaphase is supported by live observations in mammalian tissue
culture cells. Although there is considerable cell-to-cell variability in the time
required for all the kinetochores to become properly attached to spindles, the interval
from spindle attachment of the last free kinetochore to the initiation of anaphase is
relatively constant (156). This fits with a model in which the spindle assembly
checkpoint is activated by negative signals produced by free kinetochores. This idea
is supported by analysis of mutations and reagents that compromise kinetochore
function (157, 158). Mutations in the S. cerevisiae Ctf kinetochore protein activate the
spindle assembly checkpoint and cause a delay in metaphase (159). Injection of anti-
centromeric antibodies derived from human autoimmune sera disrupt kinetochore
assembly and delay progression through mitosis (160, 161). Similar studies were
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performed using antibodies directed against CENP-C, a component of the inner
kinetochore (162). The injected antibodies severely disrupt and reduce kinetochore
size. These cells arrest in metaphase, indicating the presence of a checkpoint
monitoring kinetochore integrity.

The kinetochore can be completely eliminated through laser ablation. Surprisingly,
this procedure does not elicit an anaphase delay. This clearly demonstrates that the
metaphase arrest is a consequence of negative rather than positive signals produced
by the kinetochore. A complete removal of the kinetochore renders it undetectable by
the spindle assembly checkpoint (163).

Tension is monitored by the spindle assembly checkpoint

Micromanipulation studies in spermatocytes of praying mantids indicate that the
spindle assembly checkpoint monitors tension on the kinetochores (Fig. 6) (164). The
spermatocytes of praying mantids manage an XXY sex chromosome constitution by
forming a trivalent in which the two X chromosomes pair and segregate from the
single Y chromosome. Occasionally the trivalent breaks down because an X
chromosome prematurely detaches from the Y, generating an unpaired X. These
meiocytes never progress into anaphase. If the free X is placed under tension through
micromanipulation, the meiocyte progresses into anaphase. These observations
support a model in which a spindle assembly checkpoint monitors the tension at
each kinetochore. A single kinotechore not under tension is sufficient to activate the
checkpoint and prevent exit from metaphase.

Molecular changes at the kinetochore in response

to tension

These studies indicate that tension alters kinetochore composition and/or con-
formation and that the spindle assembly checkpoint monitors these alterations.
Immunofluorescence analysis using the 3F3 antibody, which recognizes a subset of
kinetochore proteins only when they are phosphorylated, has provided insight into
the molecular nature of this phenomenon (165). These kinetochore proteins are
dephosphorylated on chromosomes that have aligned and properly attached to the
spindle. The kinetochore proteins in chromosomes that have not attached to the
spindle remain phosphorylated. Microinjection of the 3F3 antibody inhibits kineto-
chore dephosphorylation and delays entry into anaphase (166). Therefore phos-
phorylation and dephosphorylation of these kinetochore proteins is correlated
with the presence and absence of the signal that activates the spindle assembly
checkpoint.

Phosphorylation of kinetochore proteins is directly correlated with tension (167).
Experiments in grasshopper spermatocytes demonstrate that detachment of a
chromosome from the spindle through micromanipulation results in phosphoryla-
tion of kinetochore proteins. Conversely, applying tension to an unattached chromo-
some through micromanipulation results in dephosphorylation of the kinetochore
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Fig. 6 The spindle assembly checkpoint monitors tension in the spermatocytes of praying mantids. Normally
each arm of the Y chromosome pairs with an X chromosome, forming a trivalent in which each kinetochore is
under tension. When this occurs, the cells proceed directly into anaphase. Occasionally X-Y palrmg is
prematurely disrupted, resulting in a free X chromosome no longer under tension. These cells remain arrested in
metaphase. If the kinetochore of the free X chromosome is placed under tension through micromanipulation, the
cell is release from the metaphase arrest and proceeds into anaphase.

proteins. Tension-sensitive proteins may exist within the kinetochore that regulate
the phosphorylation state of these kinetochore proteins (167). The tension-mediated
dephosphorylation of these proteins is necessary for release from the spindle
assembly checkpoint.

Male grasshoppers contain only a single X chromosome and thus during meiosis
the chromosome is unpaired and not under tension. As anaphase is not delayed in
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these meiocytes, the unpaired chromosome must not be eliciting the spin¢
assembly checkpoint. Significantly, the X chromosome kinetochore does not react
with the 3F3 antibody, indicating that its kinetochore proteins remain dephosphory-
lated whether or not they are under tension (167). Consequently, the unpaired X
chromosome fails to activate the spindle assembly checkpoint. The observation that
these exceptional unpaired X chromosomes also exhibit an exceptional 3F3
kinetochore staining further supports the notion that the checkpoint is monitoring
the state of phosphorylation of kinetochore proteins.

Human and Xenopus homologs of the MAD2 protein exhibit a localization pattern
similar to that of the 3F3 epitope. They localize to the kinetochores as the chromo-
somes are condensing, but localization is no longer observed once the chromosomes
are attached to the spindle (168, 169). Depletion of MAD2 from Xenopus embryo
extracts inactivates the spindle assembly checkpoint (170). Since Xenopus MAD?2 is
not phosphorylated, the relationship between Xenopus MAD2 and the 3F3
phosphoepitope is unclear. :

In the Drosophila oocyte, tension is employed in a reciprocal manner to that of the
grasshopper spermatocyte and is required to prevent premature entry into meiosis
(Fig. 7). Analyzing the behavior of specialized compound chromosomes in the
Drosophila oocyte demonstrates that the tension generated from physical exchange of
homologs is required for the programmed metaphase arrest of meiosis I (171). It has
been suggested that this distinct response to tension may be a consequence of the fact
that progression through female meiosis, but not male meiosis, includes a
programmed metaphase arrest (171).

In some cells, free kinetochores rather than tension

activate the spindle assembly checkpoint

Tension is not the primary inducer of the spindle assembly checkpoint in all cells. Ptk
cells in which all but one of the kineochores are attached to the metaphase spindle
maintain an active spindle assembly checkpoint. Laser ablation of this single un-
attached kinetochore inactivates the checkpoint and the cells proceed into anaphase
even though the sister of the unattached kinetochore is no longer under tension (163).
These studies indicate that it is the presence of an unattached kinetochore, rather
than the lack of tension, that activates the spindle assembly checkpoint.

The MAD and BUB genes are involved in different steps of
the spindle assembly checkpoint

To prevent entry into anaphase, a spindle checkpoint requires sensors to detect an
improperly formed spindle, a signal transduction pathway, and finally a target that
impinges upon the enzymes driving the cell cycle. The mad and bub spindle
checkpoint mutants identify components in these processes and epistasis analysis
indicates that they function in a common pathway (155). The finding that Mad1
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Fig. 7 In the Drosophila oocyte, the tension produced by recombination between homologues is required for the
programmed meiosis | metaphase arrest (A). Oocytes bearing a set of compound chromosomes in which
homologous recombination does not produce kinetochore tension fail to arrest in metaphase (B). Replacing the
compound X chromosome with a pair of normal X chromosomes restores the metaphase arrest because
recombination now produces tension at the kinetochores (C). The fourth chromosome does not undergo
homologous recombination.

is hyperphosphorylated when the spindle assembly checkpoint is induced pro-
vides a means of partially ordering the action of spindle checkpoint genes (3).
MSP1, MAD2, BUB1, and BUB3, but not MAD3 and BUB2, are required
for hyperphosphorylation of Mad1 (155). These studies indicate that MAD2, BUBI,
and BUB3 act upstream of MADI while BUB2 and MAD3 act downstream or in
parallel to MADI.

MPS1 encodes a protein kinase that may be responsible for the in vivo phos-
phorylation of Mad1. mps1 mutations disrupt spindle pole body duplication during
G, and also disrupt the spindle assembly checkpoint (150, 172). Overexpression of
Mps1 results in hyperphosphorylation of Madl and a mitotic arrest that is de-
pendent on an intact spindle assembly checkpoint. This indicates that MPS1
functions in the same MAD and BUB spindle-dependent pathway and acts upstream
of MAD1 (73).
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5.7 MAP kinase is required for the spindle assembly

5.8

checkpoint in cell cycle extracts

Mitogen-activated protein (MAP) kinases are a family of proteins that are activatec
by a wide range of cellular signals and relay them via phosphorylation to othe:
proteins. Recently, a member of this family of signaling proteins has proven to bc
essential for the spindle assembly checkpoint in Xenopus egg extracts (170, 173, 174)
Minshull et al. found that a Xenopus MAP kinase, p44ERK?2, is transiently activated ir
cycling egg extracts. When treated with MAP kinase phosphatase, these extracts ir
which the spindle assembly checkpoint has been activated, failed to arrest in the
presence of the microtubule inhibitor nocadazole (170). Furthermore, extracts tha
are immunodepleted of MAP kinase fail to arrest in response to microtubul
depolymerization, but introduction of recombinant MAP kinase to these extract:
restores the spindle assembly checkpoint (174). Immunofluorescence studies localiz.
the MAP kinase to the mitotic spindle during prometaphase and metaphase
suggesting that it is involved in monitoring the state of the mitotic spindle and/or
associated proteins (173). Other proposed roles for MAP kinase in the spindlc
assembly checkpoint include regulation of cyclin destruction machinery, o
conversion of cyclins to non-destructable forms (173).

The APC may be the target of the spindle assembly
checkpoint

As described above, a great deal is known about the protein complexes that no;y Il
drive cells into anaphase and it is likely that the spindle assembly chec: .in
influences their activity to prevent entry into anaphase. Passage through anaphas:
and entry into G, is driven by the activation of a previously described large proteir
complex known as the APC. APC mediates sister chromatid separation anc
inactivation of CDC2. Through ubiquitin-mediated proteolysis, activated APC
drives sister chromatid separation and cyclin B degradation. Activation of tht
spindle assembly checkpoint prevents cyclin degradation and sister chromatic
separation. Therefore, the spindle assembly checkpoint may arrest the cell ir
metaphase by inhibiting APC activity. This model is in accord with the observatior
that mutations disrupting APC activity are epistatic to spindle assembly checkpoin
mutations (74).

The role of checkpoints in the initial embryonic cell
cycles

The eggs of many higher eukaryotes are endowed with large volumes of maternall:
supplied cytoplasm. Consequently early embryogenesis is characterized by cleavag
divisions which divide the cytoplasm into successively smaller units. This allow
for rapid, synchronous divisions alternating between M and S phases withot
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measurable G; and G, phases. For example, Xenopus embryos undergo 12
synchronous cleavage divisions each approximately 30 min in length. The cell cycles
lengthen, exhibit gap phases, and become asynchronous after the twelfth division.
This dramatic alteration in the regulation of the cell cycle, known as the mid-blastula
transition, is activated by an increase in the ratio of nuclei to volume of cytoplasm
(Table 2) (175, 176).

In Drosophila and other insects not only do these initial divisions occur without cell
growth, they are syncytial, that is they occur without cytokinesis (177). The early
Drosophila embryo undergoes 13 rapid synchronous nuclear divisions with
extremely reduced gap phases and cellularizes during interphase of nuclear cycle 14.
These divisions occur in waves that initiate near the poles of the embryo. Nuclear
cycles 1-10 occur in as little as 8 min, then during nuclear cycles 11-14, the cycles
gradually lengthen to 25 min.

The extent to which cell cycle checkpoints maintain the fidelity of these early
divisions in Xenopus and Drosophila is unclear (8, 178). Many checkpoints operate
during gap phases which have been effectively eliminated in early embyrogenesis. In
addition, checkpoint-induced delays would disrupt the synchrony of these division
cycles. This suggests either that the operation of checkpoints is modified or that other

Table 2 Estimates of the ratio of DNA (pg) to cytoplasm (ul} in Xenopus
embryos. In Xenopus embryos, checkpoints are activated around the
700-800 cell stage (cycles 10 and 11) when the DNA:cytoplasm ratio
is above 2000.

Cycle # Nuclei DNA content DNAfotal

(rg) cytoplasm (pg/ul)*
@ 1 1 6.4 3.6
2 2 12.8 71
@ 3 4 25.6 14.2
T/ 4 8 51.2 28.4
5 16 102.4 56.9
6 32 204.8 113.8
7 64 409.6 227.6
8 128 819.2 455.1
9 256 1638.4 910.2
\j 10 512 3276.8 1820.4
@ 11 1024 6553.6 3640.9
12 2048  13107.2 7281.8

1Assuming the egg is a sphere of 1.5 mm in diameter, the volume is 1.8 ul and the DNA
content is 6.4 pg/cell.




26 | CELL CYCLE CHECKPOINTS: SAFE PASSAGE THROUGH MITOSIS

6.1

6.2

mechanisms are employed to maintain fidelity during these early embry .c
divisions.

Relative timing of mitotic events may be the primary
mechanism maintaining fidelity of division in early

Xenopus embryos

In Xenopus, the mitotic cycles do not slow down until the mid-blastula transition
during nuclear cycle 12. In addition, during these initial cycles entry into mitosis
does not depend on completely replicated DNA and entry into anaphase does
depend on a properly assembled spindle (179-181). X-irradiation does not affect the
rate of progression through these initial cell cycles. This indicates that cell cycle
checkpoints are not active at this time and fidelity must be maintained through
alternative mechanisms. It is likely that the relative timing of basic cell cycle events is
the primary mechanism by which fidelity is maintained during the initial Xenopus
divisions (93). During these early cycles, the time required to drive the cells into
mitosis is longer than the time required to complete S phase. Therefore, under
normal conditions, embryos enter mitosis with fully replicated DNA. Relying on
relative timing, however, leaves embryos vulnerable to X-irradiation and other
treatments that extend the time required to properly complete events of the cell cycle.

As the replication machinery is titered out with increasing nuclear concentration
during the later cycles in Xenopus embryos, S phase slows down. Relative timing
is no longer an effective mechanism of ensuring that S phase is completed befnre
the cell enters mitosis. Consequently, checkpoints are required during these’ r
cycles.

Checkpoint control mechanisms are present but not

activated in early Xenopus embryos

The lack of dependency relationships in the early Xenopus embryo could result from
checkpoints not being present, or being present but not being activated. Studies
using Xenopus embryonic cytoplasmic extracts support the latter model (182).
Extracts derived from Xenopus eggs cycle between S and M phases. In these extracts,
the length of S phase, but not M phase, increases with increasing nuclear density. In
addition, the dependency of mitosis on properly replicated DNA occurs only when
sperm nuclei are added to the extract. These results suggest the presence of a DNA
replication checkpoint that requires a critical concentration of unreplicated DNA for
activation. Entry into mitosis is prevented by inactivation of the Cdc2—cyclin
complex through post-translational modification, presumably phosphorylation
(182). As found in somatic cells, caffeine relieves this dependency relationship.
These results are in accordance with in vivo studies in which Xenopus embryos are
injected with the DNA synthesis inhibitor aphidicolin, which delays progression of
the cell cycle only after the embryo contains more than 700-800 cells (after nuclear
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cycle 10) suggesting that threshold concentrations of nuclei are required for
checkpoint activation (Fig. 8) (182). Analogous studies demonstrate that a spindle
assembly checkpoint is also present in early Xenopus embryos but requires a
threshold concentration of nuclei for activation (170).

The syncytial Drosophila nuclear cycles exhibit a number of
dependency relationships

Early Drosophila development begins with a series of synchronous syncytial nuclear
divisions (177). These divisions are rapid and alternate between M and S phases with
extremely abbreviated G; and G, phases. Nuclear cycles 1-8 occur in the interior of
the embryo. During nuclear cycles 9 and 10, the majority of the nuclei migrate to the
cortex. Once at the cortex, they undergo four more rounds of synchronous divisions
before cellularizing during interphase of nuclear cycle 14 (Table 3).

During division cycles 2-7, cell cycle oscillations do not occur in cyclin levels, Cdc2
phosphorylation, or Cdc2 activity (18). It has been proposed that during these early
cycles only localized pools of cyclin closely associated with each spindle or nucleus
are degraded. Cycles 8-13 exhibit more conventional oscillations in cyclin abundance
and Cdc2 activity. During nuclear cycle 14, entry into mitosis is controlled by zygotic
transcription of string, a homolog of the S. pombe gene cdc25 (20).

These cortical syncytial divisions maintain a surprising number of dependency
relationships. Treating syncytial embryos with drugs that disrupt spindle formation
produces a metaphase arrest (183). Altered chromosome structure extends meta-
phase and delays entry into anaphase (178). Exposing embryos to aphidicolin, a
DNA synthesis inhibitor, slows the nuclear cycles (184). Centrosome duplication
also depends on DNA synthesis (185). X-irradiation delays progression through
metaphase (186).

It is possible that the regulation of the Drosophila syncytial divisions is similar to
that of the early Xenopus embryo: checkpoints are present but require a critical
concentration of nuclei to become activated. The dependency relationships described
above occur during the cortical syncytial divisions when nuclei exist in a monolayer
just beneath the plasma membrane. This uniform distribution effectively increases
the nucleus:cytoplasm ratio at the cortex and may be sufficient to activate
checkpoints enforcing dependency relationships.

However, unpublished observations indicate that even before nuclear migration
in the Drosophila embryo, disruption of the spindle arrests the nuclei in mitosis (J.
Corbin and W. Sullivan, unpublished data). This demonstrates that the Drosophila
spindle assembly checkpoint operates even at low nucleus:cytoplasm ratios. Similar
nucleus:cytoplasm ratios would not activate the spindle assembly checkpoint in
Xenopus embryos. The ratio of each nucleus and its sphere of tightly associated
cytoplasm may be the critical ratio controlling progression through the division cycle
in the Drosophila embryo. The observation that individual nuclei delay initiation of
anaphase during the syncytial Drosophila divisions supports the view that regulation
of the division cycle occurs at the level of a single nucleus (178). In addition,



28 | CELL CYCLE CHECKPOINTS: SAFE PASSAGE THROUGH MITOSIS

6.4

Table 3 Estimates of the ratio of DNA (pg) to cytoplasm (ul) in Drosophila embryos. After nuclear
migration (nuclear cycle 10) in the Drosophila embryo, the nuclei reside in a monolayer directly
beneath the plasma membrane. This disruption effectively increases the DNA:cytoplasm ratio.
Consequently, we calculated the nucieus:cortical cytoplasm ratio (the ratio of nuclei to the ~ 5 um
layer of yolk-free cytoplasm that exists at the periphery of the embryo). Approximately 30 nuclei fail
to reach the cortex at nuclear cycle 10. In Drosophila, a value of 2000 for the DNA:cytoplasm ratio
is not reached unless one considers the DNA:cortical cytoplasm ratio.

Cycle # Nuclei DNAcontent  DNA/total DNA/cortical
(pg} cytoplasm (pg/pl)!  cytoplasm (pg/ni)?
@ 1 1 0.32 0.35 x 102
2 2 0.64 0.70
3 4 1.28 1.39
4 8 2.56 2.78
5 16 512 5.57
6 32 10.24 11.13
7 64 20.48 22.26
8 128 40.96 4452
9 256 81.92 89.04
10 480 153.60 167.00 731.43 X 10°
11 960 - 307.20 333.91 1462.86
12 1920 614.40 667.83 2925.71
13 3840 1228.80 1335.65 5851.43

1Assuming the egg is an ellipsoid 450 X 200 um, the egg volume is 0.2 X 1072 ul and the diploid DNA content is 0.32 pg.
2Assuming the cortical cytoplasm extends 5 pm in from the surface, the cortical volume is 0.021 X 1072 pl.

chromosome loss during the early divisions results in individual nuclei losing
division synchrony with neighboring nuclei (187).

A DNA replication/ DNA damage checkpoint may
operate during the late syncytial divisions of
Drosophila

Interphase increases in length during the late syncytial divisions of Drosophila (188).
This is thought to be a direct consequence of the increase in time required to
complete DNA replication, as' maternally supplied replication factors are pro-
gressively depleted by an exponentially increasing population of nuclei. As S phase
lengthens with each division cycle, feedback controls may be required to prevent
entry into mitosis until DNA replication is completed (Fig. 8).

A number of experiments suggest that the Drosophila maternally supplied gene
product Grp is required for this feedback control. In normal Drosophila embryos,
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Fig. 8 (A) In the initial embryonic cycles, relative timing ensures that DNA replication is completed before the cell
enters mitosis. (B) Later, DNA replication slows down and relative timing no longer solves the completion
problem. (C) Eventually, DNA replication checkpoints may be activated to delay entry into mitosis until DNA
replication is complete. The Drosophila grp gene, a homologue of S. pombe chkl, may be required for this
checkpoint function during the syncytial cortical divisions.

interphase becomes progressively longer during the late syncytial cycles. This
lengthening of interphase does not occur in grp-derived embryos (189). Embryos
derived from grp mutant mothers are specifically disrupted during the late syn-
cytial cycles when there is a dramatic increase in the length of interphase and
presumably S phase (190). X-irradiation of normal syncytial embryos results in sister
telophase nuclei snapping back and fusing with one another. This is probably a
consequence of dicentric bridges formed from damaged chromosomes
inappropriately progressing through mitosis. Unirradiated grp-derived embryos
exhibit a similar snap-back and fusion of sister telophase nuclei during nuclear cycle
12. These fusions are probably a consequence of nuclei in grp-derived embryos
progressing into mitosis with incompletely replicated DNA. In accordance with this
model, grp-derived embryos exhibit a five-fold increase in DNA damage relative to
normal embryos (186).

Molecular and biochemical analyses also support a model in which Grp functions
in a developmentally regulated interphase checkpoint during the late syncytial
divisions. Grp encodes a serine/threonine kinase with extensive homology to the
chk1/rad27 gene of S. pombe (186). chk1/rad27 is a G, DNA-damage checkpoint gene,
as previously mentioned. A number of studies indicate that chkl inhibits Cdc2
activity in response to DNA damage (135-137). Overexpression of Chkl in
undamaged cells produces a G, arrest with Cdc2 in the tyrosine-inhibited form.
There is evidence that Grp may induce an interphase delay during the late syncytial
divisions by modulating the levels of tyrosine phosphorylation on Cdc2. Wild-type
embryos accumulate high levels of an inhibited phosphorylated isoform of Cdc2
during interphase of nuclear cycle 14. This does not occur in grp-derived embryos
(186). Whether this effect is direct or the consequence of a failure to progress through
normal developmental transitions that occur at this time remains to be determined.
As in Xenopus embryos, the Grp checkpoint is probably present and functional
throughout the early divisions but it may require a threshold concentration of
unreplicated DNA for activation.
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6.5 In the syncytial Drosophila embryo, checkpoints link delays

in the cell cycle to nuclear elimination

The above studies indicate that at least some cell cycle checkpoints function during
the rapid synchronous divisions of early embryogenesis in both Xenopus and
Drosophila. This result is paradoxical because the delays induced by cell cycle
checkpoints would disrupt the synchrony of these early divisions and thus disrupt
early development. This issue was addressed by examining the effects of an
abnormally long and rearranged Drosophila chromosome on the embryonic syncytial
divisions (178). This chromosome dramatically increases the error rate of the
syncytial embryonic divisions but has little effect on the error rate of the later larval
neuroblast divisions. Live analysis demonstrates that in embryos bearing this long
chromosome individual nuclei in the syncytial population of dividing nuclei often
delay initiation of anaphase. The telophase products of nuclei delayed in entering
anaphase recede into the yolk and are effectively removed from the dividing
population of syncytial nuclei. Many studies demonstrate that the products of a
broad range of division errors are eliminated in a similar fashion (60, 191, 192). In
many cases, removal is preceded by a delay in anaphase. These delays suggest the
presence of a checkpoint operating during the cortical syncytial divisions. However,
unlike many somatic cell cycle checkpoints which link delays to repair processes,
these checkpoints link delays to elimination processes. This results in the increase of
the fidelity of the population of dividing nuclei by culling abnormal nuclei. This
process is analogous to the checkpoint-induced apoptic response observed in
mammalian systems (172).

Future directions

Checkpoints are central to maintaining the fidelity of the eukaryotic cell cycle. The
identification and characterization of a number of checkpoint components have
established the outlines of the signal transduction pathways by which they operate.
However, much remains unknown about many aspects of these pathways. In no case
has the signal responsible for activating a checkpoint been defined at the molecular
level. For example, although it is clear that the spindle assembly checkpoint monitors
kinetochore tension, the kinetochore proteins involved in the checkpoint response
are only just beginning to be identified. Identifying and understanding at the
molecular level how these proteins respond to tension is certain to be a focus of
future investigation. In addition, many steps in the checkpoint signal transduction
pathways remain to be defined and the targets producing cell cycle arrest remain
elusive.

In response to irreparable damage, a process known as adaptation occurs; the
checkpoint-induced arrest is overridden and the cell inappropriately progresses
through the cycle. This process is largely unexplored. Little is known about the
genetic basis of adaptation and the factors that control the timing of the adaptive
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response. In addition, the molecular basis of release from the checkpoint-induced cell
cycle arrest remains to be determined.

Mutational analysis of checkpoints demonstrates that cell cycle checkpoints are
essential for maintaining division fidelity in higher eukaryotes. Disruption of
mammalian cell cycle checkpoints often leads to tumorigenesis. Checkpoint genes,
such as p53, maintain fidelity of large populations of cells by either inducing an
arrest and repair response or an apoptotic elimination response. Little is known
about the environmental and genetic factors influencing which alternative is chosen.
In addition, the relationship between these two responses has not been determined.
For example, it is not known whether the¢ell cycle arrest and apoptotic pathways are
independent processes or whether they represent branchpoints of a common
pathway.

Given the role of cell cycle checkpoints in maintaining division fidelity in
mammals, it will be important to identify those checkpoint genes that are
functionally as well as structurally conserved as these are likely to be involved in
core aspects of the checkpoint process. Analysis of these conserved checkpoint
components in model genetic organisms will provide the most direct insight into
their role in mammals.

Higher eukaryotic development is quite resistant to both externally and internally
generated damage. It may be that developmental mechanisms formally equivalent to
cell cycle checkpoints are responsible for this resilience. In response to an incomplete
or improperly executed developmental event, the organism may arrest development
and properly complete the event before proceeding to the next developmental stage.
These developmental checkpoints may also exhibit a number of other properties
similar to cell cycle checkpoints. For example, they may only be required under
conditions of unusual stress. Progress in this area will require the identification and
characterization of key components of this process. It is likely that the general
strategies developed for the genetic analysis of yeast cell cycle checkpoints will serve
as an excellent guide in this new area of research.
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