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The pachytene
checkpoint

The pachytene checkpoint prevents meiotic nuclear division in cells that fail to complete meiotic
recombination and chromosome synapsis. This control mechanism prevents chromosome missegregation that
would lead to the production of aneuploid gametes. The pachytene checkpoint requires a subset of proteins that
function in the mitotic DNA damage checkpoint. In budding yeast, the pachytene checkpoint also requires
meiosis-specific chromosomal proteins and, unexpectedly, proteins concentrated in the nucleolus. Progress
has been made in identifying components of the cell-cycle machinery that are impacted by the checkpoint.

n eukaryotic organisms, the integrity of genetic infor-
mation is maintained through the operation of cell-cycle
checkpoints. Checkpoint controls ensure the proper order
of events in the mitotic cell cycle by arresting or delaying
the cycle in response to defects in cellular processes!'. The
term checkpoint is sometimes used to describe the specific
time during the cell cycle at which cells arrest’. Here, we
use the term checkpoint to refer to the control mechanisms
that enforce the proper order of cell-cycle events'.
Checkpoints are not confined to cells that divide
mitotically. They also operate during meiosis, the special-
ized cell division cycle that generates haploid gametes

0168-9525/00/$ — see front matter © 2000 Elsevier Science Ltd. All rights reserved. Pll: S0168-9525(00)02080-1

from diploid parental cells (Fig. 1a). In particular, a
checkpoint prevents exit from the pachytene stage of mei-
otic prophase when meiotic recombination and chromo-
some synapsis are incomplete’. This ‘pachytene check-
point’ has also been referred to as the meiotic
recombination checkpoint®*.

During meiotic prophase, homologous chromosomes
synapse and undergo genetic recombination®. Synapsis is
defined as the close association of homologous chromo-
somes through a proteinaceous structure called the synap-
tonemal complex (Fig. 1b). Pairs of homologous chromo-
somes are fully synapsed along their lengths at the
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FIGURE 1. Meiotic chromosome segregation, chromosome synapsis and meiotic recombination

(a) Meiotic chromosome segregation
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(a) Meiotic chromosome segregation. Shown is a single pair of homologous chromosomes, one in light blue and one in dark blue; each line represents a chromatid (i.e.
a double-stranded DNA molecule) (i). After DNA replication, each chromosome consists of two sister chromatids (ii). Homologs then pair, synapse and recombine (iii).
At meiosis |, homologous chromosomes segregate from each other but sister chromatids remain associated (iv). At meiosis Il, sister chromatids separate and segregate
from each other to form four haploid products (v). (b) Chromosome synapsis. Shown are two pairs of homologous chromosomes, one in blue and one in red. Each line
represents the proteinaceous core shared by a pair of sister chromatids (i). Synapsis initiates at a few sites along each chromosome pair (ii) and then extends along
their full length (iii). In the absence of Hop2, nonhomologous chromosomes synapse (iv). (c) Meiotic recombination. Shown are two homologous DNA duplexes, one in
dark blue and one in light blue (i). Meiotic recombination initiates with a double-strand break in one duplex. Processing of the ends results in single-stranded tails (ii).
A single-stranded tail then invades the homologous duplex (iii). Repair synthesis results in a double Holliday junction (iv) that can be resolved to generate either
crossover or noncrossover products (v). The budding yeast Dmc1, Hop2 and Zipl proteins are positioned at their points of action; the corresponding mutants are

blocked at the indicated stages in synapsis and recombination.

pachytene stage of meiotic prophase but they desynapse
before the first meiotic division. Meiotic recombination
initiates with DNA double-strand breaks (DSBs)**¢ that
are repaired by recombination with homologous
sequences on a nonsister chromatid (Fig. 1c).
Recombination establishes chromatin bridges, called chi-
asmata, that hold homologs together after recombination
has been completed and chromosomes have desynapsed.
Chiasmata ensure the proper orientation of chromosomes
on the meiosis I spindle and thereby promote correct
segregation.

The pachytene stage of meiotic prophase is an impor-
tant control point during meiosis. In budding yeast, this is
the last stage before cells become committed to undergo
meiotic chromosome segregation’. Mutations in the major
cyclin-dependent kinase Cdc28 cause arrest at pachytene’.
Yeast mutants that are unable to complete meiotic recom-
bination and chromosome synapsis undergo checkpoint-
induced arrest at pachytene’.

This review emphasizes the progress made in under-
standing the pachytene checkpoint in budding yeast,
where several meiotic checkpoint factors have been char-
acterized. Key advances in understanding the pachytene
checkpoint in other organisms are also presented. Note
that many of the yeast checkpoint proteins have homologs
in other organisms (Table 1).
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Mutants that undergo checkpoint-mediated arrest
at pachytene

Several meiotic mutants of budding yeast activate the
pachytene checkpoint, although the severity of arrest
varies with yeast strain background. This review focuses
on the dmcl, zipl and hop2 mutants because these
mutants exhibit tight arrest in at least one strain back-
ground and they have been used to identify genes required
for pachytene checkpoint function. Two observations
indicate that these mutants arrest at the pachytene stage of
meiotic prophase. Cells from both dmcl and hop2 contain
extensive synaptonemal complex at the arrest point®’. All
three mutants arrest at the stage of maximum chromatin
condensation® ', which corresponds to pachytene in
yeast.

The dmcl mutant lacks a meiosis-specific homolog of
the RecA strand exchange enzyme!'. dmcl cells process
DSBs to expose extensive single-stranded tails, but subse-
quent steps in DSB repair are blocked'!; additionally,
chromosome synapsis is delayed in dmicl cells®. Synapsis
does not occur in the zipl mutant, which lacks a major
component of the synaptonemal complex!. zipl cells
arrest with incomplete recombination'®; most of the
events are delayed as Holliday junctions, but a small
percentage (~10%) persist as unrepaired DSBs'>!3. In the
hop2 mutant, DSBs with long single-stranded tails
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TABLE 1. Homologs of Saccharomyces cerevisiae proteins implicated in pachytene checkpoint function or

activation

Saccharomyces Schizosaccharomyces Drosophila Caenorhabditis Mammals Function in S. cerevisiae

cerevisiae pombe melanogaster elegans

DNA damage checkpoint proteins

Ddcl Rad9 Rad9
Chkl Chkl
Mecl Rad3 Mei-41
Mec3 Husl
Radl7 Radl Mrt-2
Rad24 Radl7 Rad17 Hpr-17
Meiotic chromosomal proteins
Hopl Him-3
Hop2
Mek1
Redl
Zipl
Recombination proteins
Dmcl Spn-B Rad-51
Mih1
Msh5
Rad51 Rhp51 Rad-51
Rad54 Rhp54 Okr
Chromatin-silencing factors
Sir2
Pch2
Dotl
Cell-cycle proteins
Cdc28 Cdc2 Nee-1
Clbl @ @
Gle7 @ a
Ndt80
Swel Weel Weel Wee-1

Rad9 Sensor of DNA damage; complexes with Mec3 and Rad17

Chkl Protein kinase involved in signal transduction

Atr/Atm Lipid/protein kinase

Husl Sensor of DNA damage; complexes with Rad17 and Ddcl

Radl Putative exonuclease; complexes with Mec1 and Ddc1

Radl7 Homology to clamp loader (DNA polymerase processivity factor)
Associated with meiotic chromosome cores; required for synapsis
Prevents synapsis between nonhomologous chromosomes
Meiosis-specific protein kinase that phosphorylates Red1
Essential building block of cores of meiotic chromosomes
Major building block of SC central region

Dmcl Meiosis-specific RecA homolog

Mih1 MutL homolog; involved in mismatch repair

Msh5 MutS homolog; required for wild-type level of crossing over
Rad51 RecA homolog; strand exchange enzyme
Rad54 Helicase homolog; facilitates Rad51-promoted strand exchange
Chromatin silencing factor; protein deacetylase
Nucleolar protein; represses meiotic recombination in rDNA
Represses transcription of telomeric-proximal DNA sequences
Cdc2 Cyclin-dependent protein kinase
2 G2/M-specific cyclin
a Protein phosphatase type |
Meiosis-specific transcription factor
Weel Protein kinase that phosphorylates and inactivates Cdc28

Homologs of S. cerevisiae proteins are listed only in cases where they have been described in the published literature. Searches of sequence data bases will reveal additional homologs.
Note that the genomes of higher eukaryotes contain multiple genes encoding type | protein phosphatases, but it is not known which (if any) of these is the functional homolog of Glc7;

similarly, it is not clear which of the cyclins in other organisms correspond to Clb1.

accumulate, and chromosomes synapse with nonhomologous
partners’.

Numerous observations indicate that the dmcl, zipl
and hop2 mutants arrest at pachytene because of a check-
point that is triggered by the accumulation of intermediates
in recombination and synapsis (Fig. 1). The arrest of each
of these mutants is alleviated by preventing the initiation of
meiotic recombination®!!. Mutant cells retain viability at
the arrest point and can resume mitotic cell division if
returned to growth medium, presumably because DSBs are
repaired by mitotic recombination. Arrest in the dmcl,
zip1 and hop2 mutants is also abolished by mutation of
certain genes required for checkpoints that operate in
vegetative cells!*15, In addition, arrest in dmc1 is bypassed
by overproduction of the Rad54 protein, which promotes
DSB repair by recombination between sister chromatids
and therefore provides an alternative to the meiotic
interhomolog recombination pathway'®.

The existence of a checkpoint that prevents entry into
meiosis I when defects in meiotic prophase occur is not
unique to budding yeast. In recent years, knockout mice
have been generated in which spermatocytes and oocytes
arrest at mid-meiotic prophase. In contrast to the situation
in yeast, however, mammalian germ cells in which the
checkpoint is triggered undergo apoptosis. This phenotype
is observed in Dmc1-deficient mice and in mice lacking
MshS or Mlh1, which are homologs of the Escherichia coli
mismatch repair proteins MutS and MutL, respectively!’-2!.
Spermatocytes and oocytes lacking Dmc1 or Msh35 arrest
in meiotic prophase with unsynapsed chromosomes'$-2%;

however, the cores of meiotic chromosomes are fully devel-
oped, which is not normally the case until pachytene!®. Foci
corresponding to the strand-exchange enzyme Rad51 per-
sist on meiotic chromosomes prepared from Dmcl1- and
MshS5-deficient spermatocytes, suggesting that recombination
is incomplete!®?° (Rad51 serves as a marker for ongoing
recombination events*). By contrast, chromosome synapsis
occurs normally in Mlh1-deficient mice!”-* but there is a
failure of meiotic crossing over and chiasma formation?>?,
Meiotic arrest and apoptosis in mice lacking Dmc1, MshS5 or
MiIh1 are attributed to activation of a checkpoint'”'$; analo-
gous to that operating in the dmcl mutant of yeast.

The pachytene checkpoint also operates in other organ-
isms. In Drosophila, the okr, spn-B and spn-C mutations
confer meiotic prophase arrest in oocytes?*. Both okr and
spn-B are homologous to yeast genes required for DSB
repair (Table 1), suggesting that meiotic arrest is due to
defects in meiotic recombination?*. Unexpectedly, the okr,
spn-B and spn-C mutants also display egg-patterning
defects. The meiotic arrest and developmental defects are
alleviated either when the initiation of meiotic recombi-
nation is prevented or when a checkpoint gene is disrupted?*.
Thus, the okr, spn-B and spn-C mutants confer pheno-
types that are analogous to those of the dmcl, zip1 and
hop2 mutants in yeast.

Evidence for a pachytene checkpoint operating in
Caenorhabditis elegans comes from the study of the single
worm gene that encodes a homolog of the RecA-related
proteins, Dmc1 and Rad51. Mutation of this gene pre-
vents pachytene exit in oocytes and results in increased
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FIGURE 2. DNA damage checkpoint pathway
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In the DNA damage checkpoint, signals indicating damage are detected by sensor proteins. This
information is then transduced to the cell-cycle machinery to effect cell-cycle arrest and transcriptional
induction of repair genes. Proteins known to interact with each other are indicated by overlapping
symbols. Proteins required for both the DNA damage checkpoint and the pachytene checkpoint are
shown in blue. The wavy lines indicate protein phosphorylation.

apoptosis?*?%, Mutation of a C. elegans checkpoint gene
(e.g. mrt-2; see Table 1) prevents the germ cell apoptosis
observed in rad51 mutants?®.

The role of DNA damage checkpoint proteins in
the pachytene checkpoint

In budding yeast, several proteins involved in the DNA
damage checkpoint also participate in the pachytene check-
point (Fig. 2; Table 1). In mitotic cells, sensing of DNA
damage requires the Rad9 protein acting in parallel with the
Rad24 group of proteins, which consists of Rad24, Rad17,
Mec3 and Ddcl (Refs 27-29). Both Rad9 and Ddc1 are
phosphorylated by the Mecl kinase?®?. Transduction of
the checkpoint signal requires the parallel action of two
additional protein kinases, Rad53 and Chk1, both of which
undergo Mecl-dependent phosphorylation?*-3°.  Modi-
fication of Rad53 requires the Rad24 group of proteins and
direct association of Rad53 with phosphorylated Rad9
(Refs 28,29). The downstream target of Rad53 might be
CdcS, a kinase that blocks mitotic exit by preventing acti-
vation of the anaphase-promoting complex?’. The activated
Chk1 kinase phosphorylates the anaphase inhibitor Pds13;
modification of Pds1 (and presumably Chk1) requires Rad9
but is independent of the Rad24 group of proteins?®?°. As a
consequence of Pds1 activation and Cdc$ inhibition, a high
level of cyclin-dependent kinase activity is maintained and
the separation of sister chromatids is prevented, leading to
cell-cycle arrest in mitosis.
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The Rad24, Rad17, Mec3, Ddcl and Mec1 proteins
also function in the pachytene checkpoint®!#3!. By
contrast, the checkpoint activities of Rad9, Rad53 and
Chk1 are not required to arrest meiotic cells at pachytene*
(P.A. San-Segundo and G.S. Roeder, unpublished data). If
a checkpoint mutation (such as rad24) is combined with
dmcl, cells of the resulting double mutant undergo mei-
otic nuclear division, even though recombination is
incomplete*. In wild type, the Rad51 strand-exchange
enzyme localizes to foci on meiotic chromosomes early in
meiotic prophase but dissociates from chromosomes by
pachytene’?. By contrast, in the dmcl rad24 double
mutant, Rad51 foci are found on chromosomes even in
nuclei that are dividing*. The meiotic products of
dmcl rad24 (and dmcl rad17, zip1 rad24, etc.) strains are
inviable*, as expected if cells undergo meiotic nuclear
division before recombination is complete.

Analysis of single mutants in checkpoint genes suggests
that gene products required for the pachytene checkpoint
play additional roles during meiosis. In Drosophila, mu-
tation of the mei-41 gene (Table 1) leads to reduced levels
of meiotic recombination and altered placement of recom-
bination events®. In budding yeast, rad17, rad24 and
mecl mutants exhibit decreased recombination, reduced
spore viability and aberrant chromosome synapsis*3*35.
The defects in these mutants cannot be accounted for
solely by checkpoint defects, arguing that these checkpoint
genes function in meiotic recombination and/or chromo-
some synapsis in addition to their role in regulating cell-
cycle progression. Unexpectedly, germ cells in Atm-
deficient mice undergo pachytene arrest and apoptosis®.
Thus, although Atm (like Mecl) is required for normal
meiosis, proteins might function redundantly with Atm to
prevent exit from pachytene when defects in recombi-
nation and synapsis occur. Alternatively, Atm might not
be needed for the pachytene checkpoint in mice.

The roles of checkpoint proteins during meiosis in
mammals have been inferred in part from immunolocal-
ization studies. The protein kinases Atm (Ref. 37, but see
Ref. 38), Chk1l (Ref. 39) and Atr (Refs 37,38), and the
Rad1 protein*® (Table 1), have been reported to localize to
foci on meiotic chromosomes in mouse spermatocytes.
Chromosomes that undergo delayed synapsis seem to
accumulate Atr along the unsynapsed chromosome axes
(Fig. 3), raising the possibility that Atr serves to monitor
synapsis®”*. Neither Atr nor Rad1 colocalize with Dmc1
or Rad51, indicating that Atr and Rad1 foci do not mark
the sites of recombination events3$4.

Links between chromatin silencing and the
pachytene checkpoint

The localization of several checkpoint proteins along
meiotic chromosomes is consistent with a role for these
proteins in monitoring recombination and synapsis.
Unexpectedly, however, other proteins required for the
pachytene checkpoint localize primarily to the nucleolus.
In budding yeast, the meiosis-specific protein Pch2 and
the chromatin-silencing factor Sir2 are found predomi-
nantly in the nucleolus, with additional foci localized
along meiotic chromosomes'* (Fig. 4a). Mutation of PCH2
or SIR2 bypasses checkpoint-induced pachytene arrest of
the zip1 and dmcl mutants'®. Pch2 is detected only in the
nucleolus in zip1 cells, in which the checkpoint is operat-
ing (Fig. 4b). By contrast, Pch2 is delocalized from the
nucleolus in the si72 mutant, in which the checkpoint is
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FIGURE 3. Localization of Atr to meiotic chromosomes in mice

(a)—(c) A mid-zygotene nucleus stained with antibodies to (a) Corl (red; a component of meiotic chromosome axes) and centromeres (purple). s indicates a synapsed
region; u indicates an unsynapsed region; cen indicates a centromere. (b) Atr (green); (c) merged image of Atr, Corl and centromere staining. Atr localizes to numerous
foci on chromosomes. (d)—(f) A late-zygotene nucleus stained with antibodies to (d) Corl (red); () Atr (green); (f) merged image of Corl and Atr staining. Most
chromosomes are fully synapsed. Chromosomal segments that remain unsynapsed (a) stain intensely with anti-Atr antibodies; in addition, Atr accumulates on the
unsynapsed regions of the X and Y chromosomes (x). Regions of overlap between Atr and Corl are yellow. Scale bar = 10 wm. Figures provided by Peter Moens.

inactive!* (Fig. 4c). Thus, the nucleolar localization of
Pch2 seems to be important for checkpoint function. A
possible explanation for the function of Pch2 is suggested
by studies of the yeast Cdc14 protein that is required for
the exit from mitosis*'*?. Cdc14 is sequestered in the
nucleolus, and thereby prevented from accessing its sub-
strates, until the point in the mitotic cell cycle when it is
required to act. Perhaps Pch2 sequesters within the nucleo-
lus a protein required for the exit from pachytene.

Interestingly, Pch2 and Sir2 are needed to prevent
meiotic interhomolog recombination within the repeated
ribosomal RNA genes present in the nucleolus'. In wild-
type cells, the meiosis-specific Hop1 protein that promotes
recombination between homologous chromosomes* is
excluded from the nucleolus**. However, mutation of
PCH?2 or SIR2 results in Hop1 localization to the nucleo-
lus and consequently increases recombination within the
ribosomal DNA array!4.

Several recent observations provide additional evi-
dence for links between chromatin silencing and check-
point control. Mutations in budding yeast MECI or fis-
sion yeast rad3* (Table 1) lead to reduced silencing of
telomere-proximal DNA sequences**¢. In addition, in
budding yeast, the Mec3 checkpoint protein interacts
physically with Setl, a protein required for telomeric
silencing®’. Finally, the Dotl protein that is required for
silencing at telomeres and the mating-type loci*® is also
required for the pachytene checkpoint (P.A. San-Segundo
and G.S. Roeder, submitted).

The role of meiotic chromosomal proteins in the
pachytene checkpoint

In budding yeast, the meiotic chromosomal proteins Red1,
Mek1 and Hop1 are required for the pachytene checkpoint.
Red1 is a major component of meiotic chromosome
axes*; Mekl1 is a protein kinase that phosphorylates Red1
(Refs 49,50). Hop1 colocalizes with Red1 in early meiotic
prophase but dissociates from chromosomes at or before
pachytene, as chromosomes synapse**. Deletion of RED1,
MEK1 or HOP1 allows wild-type levels of meiotic nuclear
division in mutants that undergo checkpoint-mediated
arrest'>’!. Overproduction of Redl or Mek1, but not
Hopl, also promotes nuclear division in the zipl
mutant’?. However, zipl arrest is not bypassed by
co-overproduction of both Red1 and Mek1 or by co-over-
production of Hop1 with either Red1 or Mek1, suggesting
that the stoichiometry of Red1, Hop1 and Mek1 is impor-
tant for checkpoint function?2.

Kleckner and colleagues!® proposed that a properly
developed recombination complex emits an inhibitory sig-
nal to delay meiotic progression until recombination is
complete. Recent observations suggest that phosphorylated
Red1 might be such an inhibitory signal. Red1 is phos-
phorylated by Mek1 and localized to chromosomes early
in meiotic prophase** (Fig. 4d; Fig. 5), but is dephospho-
rylated by the Glc7 phosphatase and delocalized from
chromosomes around the end of pachytene’!** (Fig. 4e;
Fig. 5). Cells delay or arrest with phosphorylated Red1 if
the checkpoint is triggered (Fig. 4f), Mek1 is rendered
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FIGURE 4. Localization of the yeast Pch2 and Red1 proteins to meiotic chromosomes

(a)—(c) Pch2 staining patterns. Spread meiotic nuclei were stained with a DNA-binding dye (blue) and with antibodies to Pch2 (pink). In wild type, Pch2 localizes
primarily to the nucleolus (arrows), but also to chromosomal foci (a). Pch2 is found only in the nucleolus in the zipI mutant (b); Pch2 is absent from the nucleolus
but still present on chromosomes in a zipI sir? double mutant (c). (d)—(f) Red1 localization. In spread nuclei from wild type, (d) Mekl (green) colocalizes with
Red1 (red) in early prophase, and (e) Glc7 (green) colocalizes with Red1 (red) in late pachytene/early diplotene. Regions of overlap between Red1 and Mekl, or
Redl and Glc7, are yellow. Red1 (red) remains localized to chromosomes in the zipI mutant (f); staining with anti-tubulin antibodies (green) reveals a tubulin
bush indicative of duplicated but unseparated spindle pole bodies. Scale bar = 2 m. (a)—(c) provided by P.A. San-Segundo; (a)-(c), (e) reprinted with permission

from Cell.

constitutively active or Glc7 is inactivated by mutation’'.
However, this arrest is suppressed by overproduction of
Glc7 (Ref. 31). Taken together, these observations suggest
that phosphorylated Red1 signals a defect in meiotic chro-
mosome metabolism to downstream components of the
checkpoint pathway.

The Hopl protein is not normally associated with
chromosomes late in pachytene, suggesting that Hop1 is
not involved directly in checkpoint activation. However,
the checkpoint is inactivated by a redl mutation (red1-
K348E) that abrogates the Red1-Hop1 interaction’!. In
this mutant, the Red1 protein is still modified by Mek1,
but chromosomes fail to synapse. These observations
demonstrate that phosphorylated Red1 is not sufficient to
inhibit pachytene exit and suggest that the Red1 protein
must be present within a specific chromosomal context in
order to be monitored by the checkpoint machinery.

Requirements for generation and monitoring of
the inhibitory signal

The pachytene checkpoint is not activated in the absence
of meiotic recombination but only when recombination
has been initiated, but not completed. Phosphorylation
of Mek1 requires the initiation of meiotic recombi-
nation’!, suggesting that an inhibitory signal is not gener-
ated in the absence of recombination. Mek1 also fails to
become phosphorylated in certain checkpoint mutants
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(rad17, rad24 and mec1-1)'. In mitotic cells, the Rad17
and Rad24 proteins are thought to be involved in the
generation and/or recognition of single-stranded
DNA?27%; in meiosis, these proteins might interact with
regions of single-stranded DNA present in recombi-
nation intermediates. In response, the checkpoint kinase
Mecl could phosphorylate and activate downstream
kinases such as Mek1. Mek1 is highly homologous to
Rad53, both in the kinase domain and in the fork-
head-associated domain®3, raising the possibility that
Mek1 functions in the pachytene checkpoint pathway as
a counterpart to Rad53 in the DNA damage checkpoint
pathway (Fig. 2). A forkhead domain in the Rad$53
sequence mediates its interaction with phosphorylated
Rad9 (Ref. 54); perhaps the forkhead-associated domain
of Mekl is also important for interactions with
checkpoint proteins.

Ddc1 and Mec3 also act in the pachytene checkpoint,
although these proteins are not required for Mek1
phosphorylation'*3!, This raises the intriguing possibility
that Ddc1 and Mec3 act downstream of Mek1, perhaps as
sensors or transducers of Redl phosphorylation.
Although the Rad24, Rad17, Mec3 and Ddc1 proteins are
thought to act together in the DNA damage checkpoint
pathway (Fig. 2), analysis of Mek1 phosphorylation
suggests that these checkpoint proteins act at different
steps during meiosis.
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FIGURE 5. Model for the pachytene checkpoint pathway in budding yeast
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Red1 and associated proteins are shown in red; checkpoint proteins are shown in blue; and downstream targets of the checkpoint are shown in green.

Downstream targets of the pachytene checkpoint
Two downstream targets of the pachytene checkpoint
have been identified in budding yeast: Swel and Ndt80. In
mitosis, the Swel kinase phosphorylates and inactivates
the cyclin-dependent kinase Cdc28 (Ref. 55). In meiosis,
Swel is required for checkpoint-induced arrest at
pachytene!s. When the pachytene checkpoint is activated,
Swel accumulates and becomes hyperphosphorylated,
causing Cdc28 to become phosphorylated and presumably
inactivated’. This result points to another difference
between the pachytene checkpoint and the DNA damage
checkpoint, which is known not to involve inhibitory
phosphorylation of Cdc28 (Refs 56,57).

Ndt80 is a meiotic transcription factor that activates
genes required for the exit from pachytene’, including
CLB1, which encodes the major cyclin required for
meiosis I (Refs 59,60). When the pachytene checkpoint
is triggered, Ndt80 target genes are not transcribed;
however, if the checkpoint is inactivated by mutation,
Ndt80-promoted transcription is restored*®¢!. These
observations suggest that the activity of Ndt80 is down-
regulated by the pachytene checkpoint. Consistent with
this hypothesis, overproduction of the Ndt80 protein
increases meiotic nuclear division in mutants that would
otherwise undergo checkpoint-induced pachytene arrest
(K-S. Tung and G.S. Roeder, unpublished data). Recent
evidence suggests that the transcriptional activity of the
Ndt80 protein is regulated by post-translational modifi-
cation (Ref. 58; K-S. Tung and G.S. Roeder, unpublished
data).

In higher eukaryotes, gene products involved in regulat-
ing cell-cycle progression are not the only targets of the
pachytene checkpoint. In Drosophila, a regulator of pro-
tein translation, called Vasa®?, is inactivated by post-trans-
lational modification when the checkpoint is activated?*.
As a consequence, translational targets of Vasa are not pro-
duced, including the Gurken protein that is required to in-
itiate dorsoventral patterning during oogenesis®. It is the
absence of Gurken that accounts for the egg-patterning
defects observed in the okr, spn-B and spn-C mutants?*.

In mice, meiotic cell-cycle arrest is followed rapidly by
apoptosis'’2!, suggesting that gene products involved in
programmed cell death are targets of the pachytene check-
point. One of these targets is likely to be p53, a protein
known to promote apoptosis®. In Atm-deficient mice, p53
is increased in abundance; furthermore, mutation of p53
decreases substantially the apoptosis of meiotic prophase
cells that is observed normally in Atm-deficient mice®.

A model for the pachytene checkpoint pathway in
Saccharomyces cerevisiae

A working model for the pachytene checkpoint pathway in
budding yeast is presented in Fig. 5. Early in meiotic
prophase, meiotic recombination initiates. This initiation
generates an inhibitory signal — phosphorylated Red1 -
indicating that recombination is ongoing. Some checkpoint
proteins, including Rad17, Rad24 and Mec1, are required
to generate this inhibitory signal. If recombination is com-
pleted successfully, the inhibitory signal is eliminated (pre-
sumably by Glc7-dependent dephosphorylation of Red1)
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and exit from pachytene is promoted. However, if recombi-
nation cannot be completed, Red1 phosphorylation per-
sists, leading to activation of the checkpoint. It is possible
that other signals, not shown in this model, can also trigger
the pachytene checkpoint. Proteins such as Ddc1 and Mec3
might function in detection and/or transduction of the sig-
nal to the downstream components of the checkpoint path-
way. The point of action of Pch2 and Sir2 remains to be
determined: these proteins could function either in generat-
ing the signal or in transducing the signal to the checkpoint
machinery. Ultimately, the downstream targets of the
checkpoint, Swel and Ndt80, are affected. Swel inactivates
Cdc28 (Ref. 15), and Ndt80 is prevented from transcribing
Clb1 (Refs 58,61). Thus, inhibition of cell cycle progression
is enforced by limiting the abundance or activity of both
components of the cyclin-dependent kinase complex

(Cdc28 and Clb1).

Other meiotic checkpoints

In addition to the pachytene checkpoint, checkpoints
operate at a number of other points in meiosis. A premei-
otic replication checkpoint has been described in both
budding and fission yeasts®®®’. Activation of the repli-
cation checkpoint requires initiation of replication®®, anal-
ogous to the requirement for initiation of meiotic recombi-
nation for activation of the pachytene checkpoint. In
addition, meiotic budding yeast cells that sustain chromo-
somal lesions early in meiosis undergo a RAD9-dependent
checkpoint that arrests cells after DNA replication but
before recombination and synapsis®®.

Checkpoints also operate at metaphase I. The metaphase I
checkpoint blocks the metaphase to anaphase transition if
spindle formation is defective? or if one or more chromo-
somes are misaligned on the spindle apparatus®-"!. Proper
orientation of chromosomes on the meiotic spindle results
in tension because homologous chromosomes are being
pulled toward opposite spindle poles, but this pulling is
resisted by the chiasmata that hold homologs together”>. If
a single chromosome is not under tension, it emits a signal
that prevents the metaphase—anaphase transition®’; the sig-
nal is thought to be a kinetochore-associated protein that
is phosphorylated specifically on chromosomes that are
misaligned”.

It is a biological curiosity that the checkpoint that
responds to misaligned chromosomes in mammals oper-
ates in males but not females. In mice carrying a chromo-
some that lacks a pairing partner, spermatocytes arrest at
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metaphase I (Ref. 71), whereas oocytes continue to
progress though meiosis”. It has been suggested that fail-
ure of the metaphase checkpoint provides an explanation
for the remarkably high rate of meiosis I chromosome mis-
segregation observed in human females™.

Perspectives

Although considerable progress has been made in eluci-
dating the pachytene checkpoint pathway, there is still
much to learn. Most important, it remains to be deter-
mined whether the principles that operate in budding
yeast are conserved in other organisms.

A critical question that remains to be addressed in all
systems is the nature of the signal(s) that triggers arrest.
Differences between meiotic mutants in yeast suggest that
more than one signal can trigger arrest and that different
signals might be transduced through different pathways. For
example, pachytene arrest in the hop2 mutant (unlike the
zip1 and dmc1 mutants) is not alleviated by a pch2 mutation
or by overproduction of the Red1 or Mek1 protein'**2, In
meiotic mutants of mammals, arrest is associated clearly
with synaptic failure; however, the recombination defects in
these mutants are not well characterized. In budding yeast
(and probably mammals), synapsis and recombination are
linked intimately, and mutants that affect one process usually
affect the other. For these reasons, it is not yet clear whether
defects in recombination and/or synapsis cause checkpoint-
mediated arrest. It might be easier to determine whether
defects in recombination, synapsis, or both, trigger the check-
point by studying flies or worms, in which recombination
and synapsis can be separated cleanly by mutation®®.

Even in budding yeast, many components of the
pachytene checkpoint pathway remain to be identified. In
addition, the functions of many of the known checkpoint
proteins, and their interactions with each other, have yet
to be elucidated. In particular, the role of nucleolar pro-
teins in the pachytene checkpoint is a mystery that remains
to be solved.
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