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Abstract

Mammalian meiosis differs from that seen in lower eukaryotes in several respects, not least of which is the added complexity of dealing
with chromosomal interactions across a much larger genome (12 MB over 16 chromosome pairs in Saccharomyces cerevisiae compared to
2500 MB over 19 autosome pairs in Mus musculus). Thus, the recombination machinery, while being highly conserved through eukaryotes,
has evolved to accommodate such issues to preserve genome integrity and to ensure propagation of the species. One group of highly
conserved meiotic regulators is the DNA mismatch repair protein family that, as their name implies, were first identified as proteins that act to
repair DNA mismatches that arise primarily during DNA replication. Their function in ensuring chromosomal integrity has also translated
into a critical role for this family in meiotic recombination in most sexually reproducing organisms. In mice, targeted deletion of certain
family members results in severe consequences for meiotic progression and infertility. This review will focus on the studies involving these

mutant mouse models, with occasional comparison to the function of these proteins in other organisms.

© 2004 Elsevier Inc. All rights reserved.
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Introduction

Meiosis is the specialized cell cycle that gives rise to
haploid gametes (or spores in plants) for sexual reproduc-
tion. It is common to all sexually reproducing organisms
and is characterized by a single round of DNA replication
followed by two rounds of division. In meiosis I, homolo-
gous chromosomes, each derived from one parental genome
are paired together, first by the formation of a proteinaceous
structure called the synaptonemal complex and subsequent-
ly by the physical interaction of DNA molecules through
reciprocal recombination at sites of crossing over (or chias-
mata). At metaphase I, the homolog pairs line up along the
midplate of the cell, attaching to the spindle microtubules at
their centromeres, each pair of sister chromatids remaining
together throughout. At anaphase, the chiasmata are re-
leased, allowing the sister chromatids to move in tandem
to the same pole, while the sister chromatids of the homolog
move to the opposing pole. Thus, this reductional division
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results in a halving of the 4n chromosome number to 2n in
preparation for a second equational division that results up
to 4x1n gametes. Meiosis II more closely resembles mitotic
cell division (without an intervening S phase) in that sister
chromatids are separated at metaphase.

Prophase I is the defining stage of meiosis in that it is
unique from mitotic prophase and in that it encompasses
many of the I unique features of meiosis, including forma-
tion of the synaptonemal complex (SC), pairing of homol-
ogous (maternal and paternal) chromosomes, and formation
of chiasmata between homologs. These features are com-
mon to almost all meiotic species, and are in place to ensure
that homologous chromosomes find each other, pair, and
remain together until the first meiotic division. There are
some exceptions: for example, Schizosaccharomyces
pombe, Aspergillus nidulans, and Drosophila melanogaster
male spermatocytes, all of which undergo meiosis, do not
assemble SCs and do not exhibit reciprocal recombination.
Similarly, while the molecular and cytological events are
common to all meiotic species, some distinct differences are
apparent. For example, homolog pairing and SC formation
occur before the initiation of recombination in Drosophila
females, but in the reverse for species such as Saccharomy-
ces cerevisiae and mice [1,2].
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Our knowledge of the processes of meiotic prophase I
has traditionally emerged from studies of simple unicellular
organisms such as yeast, as well as from plants, flies, and
worms. More recently, with technological advances in
cytology and genetics, it has been possible to explore the
intricacies of mammalian meiosis. Studying such processes
is not easy in view of the endocrine and physiological
complexities associated with larger organisms. In addition,
studies in mammals preclude the ability to identify and
isolate all four products of a single meiotic event. Despite
these difficulties, the past 10 years or so have seen an
overwhelming increase in our knowledge of meiotic events
in mammals, more specifically in mice. This review will
focus on these recent studies, with occasional reference to
analogous events in yeast, flies, and other organisms. More
particularly, we have chosen to focus on one family of
proteins comprising the mismatch repair pathway because
this system provides a good example of the power of using
mouse models for meiotic studies. Moreover, the MMR
family is highly conserved throughout eukaryotes, and its
members are involved in meiotic recombination in yeast,
worms, mice, and humans. However, it appears that in larger
eukaryotes, their function has altered to accommodate the
complexities of dealing with recombinant events over a
larger genome.

The synaptonemal complex and sub-stages of prophase I

The synaptonemal complex (SC) is a specialized struc-
ture that arises during prophase I and functions to tether
homologous chromosomes together until crossover struc-
tures are stabilized and can ensure maintenance of pairing
until metaphase. In mice, as in yeast, the SC begins to form
in leptonema, the first stage of prophase I. At this time,
chromosomes are long, uncompacted structures consisting
of sister chromatid pairs held together by a ring-like cohesin
complex [3]. Meiotic sister chromatid cohesion is partially
dissolved in the chromosomal arms at later stages of meiosis
I to allow crossovers, but unlike in mitosis, is maintained at
centromeres until meiosis II, and these particularities are
reflected in existence of meiotic cell-specific forms cohe-
sins, such as mammalian SMC1p and Rec8, and associated
protein complexes [4,5].

Axial elements, consisting primarily of the proteins syn-
aptonemal complex proteins 2 and 3 (SCP2 and SCP3,
respectively, also known as SYCP2 and SYCP3), begin to
form along each chromatid pair, firstly at sites of initial
interaction, and then forming a continuous filament along
the entire pair. The axial elements form a chromosome core
from which loops of chromatin extend out in a perpendicular
array. The importance of SCP3 in synapsis and meiotic
progression has been underscored by the observation that
Scp3 ™' male mice are sterile due to apoptotic loss of germ
cells during prophase I. Spermatocytes from these mice enter
prophase I, but fail to accumulate axial elements of the SC,

resulting in a failure of homolog synapsis [6]. In addition, the
failure to construct a functional SC in the absence of SCP3
results in altered distribution of proteins involved in recom-
bination, highlighting the intricate relationship between
structural and functional aspects of chromatin organization
during meiosis. In Scp3 ™'~ females, however, mature oocytes
can be obtained, but are severely aneuploid. Thus, oocytes
survive beyond spermatocytes in Scp3~/~ mice, although the
requirement for SCP3 in chiasma formation and maintenance
of chromosomal integrity eventually results in failure of
proper chromosome segregation [7].

By the time the next stage of prophase I, zygonema, is
attained, the two axial elements are complete and the third
component of the SC, the central element, begins to accu-
mulate between the axial elements. The central element,
composed of the protein SCP1, functions to zipper the two
homologs together in a process termed synapsis. By the end
of zygonema, the central element is fully formed and
stretches the entire length of the axial (now termed lateral)
elements. The cells then enter the longest phase of prophase
I, pachynema, which in mice last several days. During
pachynema, chromosomes remain completely synapsed
(Fig. 1) and continue to condense/compact to their shortest
length, before entering diplonema. At this time, the central
element begins to break down and the chromosomes repel
one another, their lateral elements remaining intact through
this time. At diplonema, as chromosomes move apart, their
crossover structures become apparent, and these maintain
the chromosomes in their appropriate pairs. Eventually, as
diplonema progresses, the lateral elements begin to dissipate
such that, by the end of diplonema, no SC components are
apparent (except for residual protein at the centromeres).

In addition to SCP1-3 and the cohesins, other proteins
have also been identified along chromosome cores during
prophase I. More recently, the FK506 binding protein,
FKBP6, has been identified as a novel component of the
SC [8]. FKBP6 belongs to the immunophilin family, but is
the first in this group to be associated with a meiotic
function. In mouse germ cells, FKBP6 localizes to meiotic
chromosome cores and regions of homologous chromosome
synapsis and interacts with SCP1 [8]. Targeted inactivation
of Fkbp6 in mice results in male sterility, associated with a
complete absence of normal pachytene spermatocytes. At
the chromosome level, loss of FKBP6 results in abnormal
pairing and misalignments between homologous chromo-
somes, nonhomologous partner switches, and autosynapsis
of X chromosome cores in meiotic spermatocytes. Similar to
Sep3 ™'~ females, fertility and meiosis are normal in Fkbp6
mutant females. Thus, FKBP6 is a component of the
synaptonemal complex essential for sex-specific fertility
and for the fidelity of homologous chromosome pairing in
meiosis.

The SC also functions as a docking site for proteins that
accumulate at nascent recombination sites. These sites,
termed meiotic nodules (MN), appear at leptonema, at the
time when the initiating events of recombination, the forma-
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Fig. 1. Synaptonemal complex (SC) structure in mouse spermatocytes. (A) Electron micrography of a mouse spermatocyte during pachynema, showing a
partial length of synaptonemal complex attached to the nuclear membrane (< 16,200); (B) higher magnification view of SC structure (X 135,000); (C) cartoon

of SC structure.

tion double-strand breaks (DSBs), occur. As discussed below,
the composition and frequency of meiotic nodules is dynam-
ic, changing as cells progress from leptonema through until
pachynema where they ultimately become the sites of cross-
ing over, and they represent the functional complexes that
mediate homology recognition and recombination events
throughout prophase 1. That their frequency is intimately
linked with SC length and, in turn, that SC formation is
dependent on their processing, suggests a functional interac-
tion between SC dynamics and recombination events, as
discussed in a recent review by Kleckner et al. [9].

Initiation and processing of recombination in meiosis

Much of our current knowledge of recombination pro-
cesses during meiosis has emerged from studies in organisms
such as S. cerevisiae, Sordaria macrospora, D. melanogaster,
Coprinus cinereus, and Caenorhabditis elegans. In such
studies, the relatively simple genome organization and size
has facilitated the examination and identification of recom-
bination hotspots, along with the tracking of and correlation
with recombination intermediates. In all cases, it appears the
recombination is initiated by the formation of DSBs within
one DNA molecule, and is mediated by the conserved top-
oisomerase, Spoll [10—13]. In mammals, failure to intro-
duce the double-strand breaks into homologs leads to failure
of recombination and synapsis, and ultimately meiosis fail-
ure, as exhibited in Spoll ~~ mice [14—17], while reintro-
duction of DSB breaks by irradiation or cisplatin treatment
rescues the meiotic defect [17].

The next step in recombination process, 5'—3’ resection
of DNA, generating 3’ overhangs, requires action of an
exonuclease whose exact identity remains unknown, but
may be associated with the Mrel1/Rad50/Nbs1 complex (at

least in yeast), also known to process the DNA ends in other
types of DNA repair. Once the 3’ overhangs are generated,
they become available for homology search and strand
invasion into homologous chromosome. Homologs of bac-
terial RecA protein are indispensable at this stage, and in
both yeast and mammals are represented by RADSI,
DMCI, and associated proteins. These proteins associate
with DNA forming rigid protein—DNA structure (nucleo-
protein filament), making the resected DNA ends amenable
for homology search and heteroduplex formation. The
appearance of RADS51 and DMCI nuclear foci coincides
with the DSB formation and they disappear as synapsis
progresses. Proof that meiotic DSBs in mice are processed
in a similar fashion to that in yeast has emerged from studies
of spermatocytes from wild-type and Spoll '~ mice, which
show that DSBs are resected to produce 3’ overhangs that
ultimately become the site of attachment of the RecA
homologs, DMCI, and RADS51 [18]. Additionally, loss of
DMCI, in Dmcl null mice, results in infertility with gross
chromosome pairing defects and apoptosis at or before
pachynema [19,20].

Once the 3’ overhangs invade an opposing double-strand
DNA molecule (single end invasion), a D-loop structure is
formed, and is then extended by DNA synthesis. This strand
is then capable of capturing the 5’ end of the strand on the
opposite side of the DSB, resulting in the formation of a
double Holliday junction (dHJ) structure. Nicking of each
HJ, by as yet unidentified “resolvases” (Mus81 being one
candidate in yeast; [21]) in one or other orientation results in
resolution of the structure as a crossover or a non-crossover
(reviewed in Refs. [22,23]). Alternatively, non-crossovers
can arise as a result of a failure to progress through the
complete D-loop stage, such that the invading strand is
displaced after DNA synthesis and re-anneals to the distal
end of the DSB (synthesis-dependent strand annealing,
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SDSA; [23]). Such processes remain poorly understood in
mammals as a result of our reduced ability to observe these
intermediate structures.

One fundamental difference in recombination progres-
sion between yeast and mice lies in the number of initiating
DSB events. In yeast, most, if not all, of the DSBs that occur
at early leptonema give rise to crossover structures, through
a mechanism that is thought to favor dHJ formation. In
mice, however, the number of DSBs formed is in the order
of 300 per nucleus in both male and female germ cells,
greatly exceeding the final number of recombination sites
(1-3 per chromosome, or 24-28 per nucleus). These
excessive DSB numbers are thought to promote homology
recognition and to ensure appropriate pairing before synap-
sis. However, this modification of the role of DSBs in early
prophase I suggests the need for mechanisms to select future
crossover sites as a subset of the DSB events. Those DSBs
that are not selected to become crossovers (or which are
actively not selected) are presumably repaired through non-
recombination pathways. Indeed, proteins with anti-recom-
bination activity (such as Bloom syndrome mutated, BLM,
helicase) also localize with SC at prophase in mammals
[24,25]. Finally, both the total number and the distribution
of crossover sites along the chromosomes are strictly
regulated in a process known as interference. In yeast,
interference is thought to be established at the strand
invasion stage, but in mice, the over-abundance of DSB
sites must be taken into account, and would suggest that
interference is intimately involved in the selection/deselec-
tion of DSBs for the crossover pathway.

The multiple functions of the mismatch repair family
Eukaryotic mismatch repair

The MutHLS mismatch repair (MMR) family was first
characterized in bacteria in its capacity to repair mismatches
that arise primarily as a result of errors during replication
and to inhibit recombination between divergent sequences
(antirecombination). The system was first described in
bacteria, where it consists of homodimeric MutS complexes
that scan the DNA for mismatches, bind to DNA at the
mismatch, and form an active repair intermediate complex
in a multi-step reaction involving bending of DNA an
binding of ATP. Following mismatch recognition in bacte-
ria, a MutL homodimer presumably links the MutS-DNA
intermediate to exonuclease MutH, thereby activating the
latter to degrade the daughter strand containing the mis-
match, which is followed by resynthesis of excised DNA
fragment and religation of DNA, utilizing specialized DNA
polymerase and DNA ligase activities.

The MutS and MutL components of MMR system are
highly conserved across species (Table 1) and in yeast are
represented by six MutS homologs, Msh1-6, and four MutL
homologs, Mlh1, MIh2, Mlh3, and Pms1 (for post-meiotic

Table 1
Summary of eukaryotic MMR genes and the phenotypes of mouse mutants
(if known)
Bacterial Yeast Mouse Role in mammalian Role in mammalian
gene gene gene  MMR Meiosis
MutS MSHI* — n/a n/a
MSH2 Msh2  Base: base mispairs Not known®
and insertion/deletion
loops
MSH3 Msh3 Insertion/deletion loops Not known®
MSH4 Msh4 None Processing
recombination
intermediates
MSHS5 Msh5 None Processing
recombination
intermediates
MSH6 Msh6  Base: base mispairs Not known®
and insertion/deletion
loops
MutL MLHI Mihl  Base: base mispairs Establishing
and insertion/deletion  and/or maintaining
loops Crossovers
MLH2 Pmsl Not known/none Not known/none
MLH3 MIh3  (Insertion/deletion Establishing
loops) and/or maintaining
Crossovers
PMS! Pms2 Base: base mispairs Involved in male
and insertion/deletion  meiosis, but role
loops unclear®
MutH - - Methyl directed n/a
nicking

* Mitochondrial protein not present in mammals.
® No obvious meiotic phenotype in null mice.
¢ Females fertile; n/a = not applicable.

segregation). In mammals, orthologs of MSH2 through
MSH6 exist, along with all four MutL homologs. Rather
confusingly, the mammalian ortholog of yeast Mlh2 is
known as PMS1, and the ortholog of yeast Pms1 is known
as PMS2 in mammals. Similar to prokaryotic repair, these
seem to work in dimeric form, but in this case as hetero-
dimers, and with particular heterodimers specialized in
particular types of repair or antirecombination (for review,
see Refs. [26,27]). Furthermore, the eukaryotic MMR sys-
tem has evolved to perform functions not directly related to
DNA repair, particularly in meiosis, as discussed further in
this review.

As in prokaryotes, heterodimers of MutS homologs
function as mismatch recognition and DNA binding com-
plexes, while the MutL homolog heterodimers function as
adaptor complexes, either for initiating downstream events
and/or signaling to the cell cycle and checkpoint machinery
[26,27]. During mammalian MMR, when a mismatch arises,
heterodimers of MSH2 with either MSH6 (together called
MutSa) or MSH3 (called MutSp) recognize different mis-
matches (Table 1), together encompassing a wide range of
possible mismatch structures. In a subsequent step, a heter-
odimer of MutL homologs binds to the MSH complex,
consisting of MLH1 together with either PMS2 (MutLa) or
MLH3 (MutLpB). Again, biochemical evidence points to-
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wards different substrate specificities for each MutL hetero-
dimer, with the MutLa complex being the principal MutL
heterodimer participating in MMR events.

One of the major functions of the MutL heterodimer is to
signal to downstream repair events, including the machinery
that will ultimately remove and repair the aberrant DNA
sequence. To this end, several exonucleases (such as exo-
nuclease I, EXO1), DNA polymerases (6 and ¢), replication
factors (RPA, PCNA, and RFC) are potential downstream
effectors. In addition, the MutL heterodimers also function
as molecular switches and can recruit and activate the
apoptotic machinery in cases where cell death is a preferable
event to chromosomal instability.

Localization of MMR proteins in meiotic cells and the
phenotypes of MMR knockout mice

The MutS homologs

MSH4 and MSHS5 were both identified in budding yeast
as meiosis-specific members of the MutS homolog family
[28—31]. Similar to their repair counterparts, MSH4 and
MSHS form heterodimeric complexes with each other, but
they lack mismatch detection and repair activity as a result
of the absence of the appropriate amino acid residues.
Furthermore, the structure defined by the MSH4-MSHS
heterodimer is such that it allows access of a large hetero-
duplex-like structure to pass through it [32,33]. Indeed,
evidence in yeast points to their role in the recognition of
specialized structures such as Holliday junctions [30],
suggesting a role for this heterodimer in the resolution of
these recombination intermediates.

Localization of MSH4 on meiotic chromosomes from
male mice indicates that MSH4 loads onto chromosome
cores in zygonema, in numbers that far outweigh the
number of eventual reciprocal recombinant events [34,35].
MSH4 appears on meiotic nodules that are positive for
RADS1 (P.E. Cohen, unpublished observations), and per-
sists even as RADS51 is lost from the nodules at the onset of
pachynema. At this time, MSH4 begins to colocalize with
the single-stranded binding protein, replication protein A
(RPA) [36], although the precise nature of the MSH4-RPA
interaction, if any, is unclear at the current time. However,
RPA has been implicated in somatic cell MMR events [37]
and is thought to participate in meiotic events downstream
of RADS1 in mice and yeast [38—40]. By mid-pachynema,
MSH4 foci numbers have declined yet further to a level
approximately double that of the number of reciprocal
recombination events, and at least a subset of these interact
with the MutL homologs, MLH1 and MLH3 [35], as
described below.

Mouse mutants lacking Msh4 or MshS5 result in infertility
in both male and female mice as a result of meiotic arrest at
zygonema [34,41,42]. DSB formation occurs normally in
spermatocytes from Msh4 '~ or Msh5~'~ males, as dem-
onstrated by the normal accumulation of phosphorylated
histone H2AX at leptonema (P.E. Cohen, unpublished

observations), and RADS1 hyperlocalizes to chromosome
cores at this time [34]. By late zygonema, chromosomes
from Msh4- and Msh5-deficient mice fail to synapse appro-
priately at zygonema and into early pachynema. Some
nuclei show partial pairing (70% of all spermatocyte nuclei
in Msh4~'~ males and 10% of all nuclei in Msh5 '~ males),
but the majority of these pairing events are between non-
homologous chromosomes [34]. These germ cells fail to
enter pachynema and die by apoptosis, resulting in testes
that are entirely devoid of post-leptotene spermatocytes.

Female mice lacking MSH4 or MSHS5 exhibit similar
meiotic disruption to that seen in the males. However, the
physiological consequence of this pre-pachytene meiotic
failure is much more severe in the females. Oocytes die
by apoptosis around the time of birth, such that the ovary is
completely devoid of germ cells by day 4 postpartum
[34,42]. In the absence of oocytes, the ovary degenerates
gradually over the first few months of postnatal life, and by
4 months of age, the residual ovarian structure consists of
large cyst-like structures containing few stromal cells [34].
Such degeneration is common to meiotic mutants that arrest
early in prophase I, including Spoll~"~ and meil mutant
females [16,43], although the extent of the ovarian degen-
eration is somewhat variable. In both Msh4 ™'~ and Msh5 ™'~
females, however, the loss of the entire oocyte pool results
in complete destruction of the ovarian structures within the
first 8 to 10 weeks of postnatal life.

The MutL homologs

The major MutL homologs active in meiosis both in
yeast and mammals are MLH1, MLH3, and PMS2 (or Pmsl
in yeast). Of these, DNA repair studies suggest the existence
of MLH1-MLH3 and MLHI1-PMS2 dimer pairs with
different activities. Yeast data implicate the Mlhl1—-MIh3
heterodimer in crossover pathway, as yeast m/hl and mlh3
mutants are defective in crossover formation [44,45]. In
mice and humans, MLHI and MLH3 form distinct foci
along the arms of synapsed homologs during prophase I,
appearing at mid and late pachynema (Fig. 2 and Refs. [46—
50]). In mice, the number of MLHI1 foci is 1-2 foci per
chromosome, and these persist through until diplonema. The
number and distribution of these foci exactly matches that of
the final number of chiasmata, and are localized to electron
dense meiotic nodules [36,47]. Okadaic acid treatment of
early prophase I spermatocytes results in the precocious
induction of chiasmata formation and diplotene progression
[51], and these sites also accumulate MLHI and MLH3
[52]. Thus, both of these proteins are absolute markers of
reciprocal recombination in mammals.

Biochemical and immunofluorescent studies both point
to a functional interaction between MLH1 and MLH3 in
mammalian germ cells. In addition, it appears that a com-
mon feature of MutL homolog heterodimers is that their
recruitment to MutS complexes is dependent on their
heterodimerization. Given these observations, it was previ-
ously assumed that MLHI1 resided at crossover sites in
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Fig. 2. Localization of MLH1 and MLH3 on meiotic chromosomes during pachynema of prophase I in the mouse. (A) FITC and CYS5 channels only, showing
SCP3 and MLHI labeling in green and centromere labeling in blue; (B) Same image as in (A), but with TRITC channel overlay, showing MLH3 foci in red.
Note the occasional MLH3-only sites (red circles). Image is taken from spermatocytes spreads from adult wild-type testes.

murine germ cells only in the context of its association with
MLH3 (or perhaps PMS2), and vice versa. Interestingly,
however, this does not appear to true for all foci, since
immunolocalization of MLH1 and MLH3 on spermatocytes
chromosomes from wild-type mice indicates that MLH3 is
found occasionally at foci in the absence of MLH1 (Fig. 2
and Ref. [49]). This suggests one of two possibilities that are
not mutually exclusive: either MLH3 appears at crossovers
before (and recruits) MLH1, or MLH3-only foci represent a
novel class of meiotic nodule that is involved in non-
reciprocal recombinant events.

MIhI inactivation in mice results in male and female
infertility [48,53]. MIhl null spermatocytes progress
through to pachytene apparently normally, as assessed by
the accumulation of SC components, acquisition and loss of
RADS1 and RPA, and the appearance of electron dense
meiotic nodules. Following entry into diplonema, however,
as the central element of the SC begins to break down, the
chromosomes are no longer held together at their chiasmata,
such that, by metaphase, almost all chromosomes are seen
as univalents. As a result, the cells are actively eliminated by
apoptosis, resulting in complete absence of mature sperm.

In MIhi~'~ females, ovarian structures appear normal,
and oocytes are observed at all stages of folliculogenesis
[53]. Oocytes from MIhl~'~ females reach metaphase but
are very frequently aneuploid, as a result of congression
failure and inappropriate spindle loading at the first meiotic
division [46,53]. These oocytes fail both in vitro and in vivo
fertilization. This phenotype is clearly different to that seen
in Msh4 and Msh5 null animals, in which the earlier failure
of chromosome pairing results in apoptotic cell death at or
before pachynema. With the failure of MLH1-related events
at pachynema in MIh/ null animals, however, these oocytes
avoid this checkpoint and are able to progress through to

diplotene and dictyate arrest. Thus, in adult Mihl ™'~
females, the ovaries look normal because oocytes are still
in dictyate arrest, and it is not until meiosis resumes after
ovulation that problems become evident.

A similar phenotype is observed in MLH3-deficient
mice in that chromosome synapsis occurs normally, and
DSB processing progresses through until pachynema
[49,54]. However, an important distinction between the
two phenotypes is revealed however by electron micro-
scopic studies of meiotic chromosomes and metaphase
analysis of spermatocytes: MLH3-deficient chromosomes
completely lack meiotic nodules and MLH1, while MLH1-
deficient chromosomes seem to retain at least some of the
meiotic nodules and associated MLH3 protein (N.Kolas,
A. Svetlanov and P. Cohen, unpublished observations and
Ref. [54]). Taken together with the fact that the number of
MLH3 fluorescent foci seem to be in some excess of that
of MLHI and arise somewhat earlier in pachynema, these
observations point to a possibility of an MLH]1-indepen-
dent role for MLH3, or perhaps an independent mechanism
of its localization to meiotic chromosomes. Whatever that
role or mechanism may be, both proteins are critical for
success of recombination process at the dual-labeling foci,
and it remains to be discovered what the ultimate outcome
is at sites of MLH3-only foci.

Another member of the mammalian MutL homolog
family, PMS2, plays significant but less well-understood
role in mammalian meiosis. Interestingly, that role seems to
be sexually dimorphic, since Pms2-null male mice are
infertile, while Pms2~/~ females retain their fertility [55].
In yeast, PMSI inactivation leads to defects in the repair of
DNA mismatches arising during heteroduplex formation
and reduced spore viability. The meiotic role of mammalian
ortholog PMS2 has proven to be harder to pinpoint, espe-
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cially since data on PMS2 meiotic localization are lacking.
Our analysis of Pms2 null mice shows, however, that this
role is not related to recombination per se (P. Cohen, A.
Svetlanov and N. Kolas, unpublished observations), but
nevertheless affects prophase 1 progression in male, but
not female, germ cells.

Other MMR proteins

Exonuclease 1 (Exol) is a 5'—3’ exonuclease that interacts
with MutS and MutL homologs and has been implicated in
the excision step downstream of the MMR recognition step.
Thus, Exol ~'~ cells are defective for mismatch repair activ-
ity, resulting in elevated microsatellite instability and in-
creased mutation rates. In addition, Exol /" mice are
sterile as a result of post-pachytene defects during prophase
I. Chromosome synapsis and SC formation are completely
normal in both male and female Exol "~ germ cells and
MLH1-MLH3 foci accumulate normally during pachynema
in these mice. However, the chromosomes undergo a dynam-
ic loss of chiasmata during metaphase I, resulting in meiotic
failure and apoptosis. Thus, even though MLH1 and MLH3
accumulate normally at crossover structures in Exol ™ germ
cells, their maintenance is still not assured, suggesting that
factors downstream of MLH1-MLH3 are still required to
ensure appropriate segregation at metaphase I.

Perspectives: functions of the MMR pathway in mammalian
meiosis

MLHI1 and MLH3 are now established to be the ultimate
markers of reciprocal recombination events in mice and
humans. One of the major issues that remains to be resolved
is how such sights are selected from amongst the 350 or so
initiating events in mouse spermatocytes. The answer is not
as simple as recruitment by MSH4—-MSHS5 complexes since
these associate with all (or almost all) early nodules soon
after DSB formation. The decline in MSH4—-MSHS5 numb-
ers, therefore, most likely represents a gradual selection of
reciprocal recombination events (or deselection of DSB sites
to become resolved by alternative pathways). However, the
fact that there are approximately double the number of
MSH4 sites as crossovers at mid-pachynema indicates that
not all MSH4—-MSHS sites are destined to become cross-
overs and, conversely, that MSH4—-MSHS localization alone
is not sufficient to ensure that a DSB site will become a
reciprocal recombination site. Thus, of the total number of
MSH4 sites at mid-pachynema, only approximately half will
become reciprocal events, acquiring both MLH1 and
MLH3, while a small number of them will recruit only
MLH3, and the remainder do not associate with either
MLHI1 or MLH3 (Fig. 3). Thus, of these three species of
nodule, the first will resolve as crossovers, the second as
non-crossovers, and the third, presumably, as non-crossover
repair (gene conversion) events. Whether there is a qualita-
tive difference between the second and third group is
uncertain. Alternatively, the MLH3-only group could rep-

ASSIGNMENT OF MSH4 FOCI AT MID-PACHYNEMA

Crossovers
Repair (interference-

\ ] regulated)

| MLH1/3
O MLH3
O none

_—

v

Non-Crossovers

Fig. 3. Analysis of MSH4 foci along mouse spermatocytes SCs during mid-
pachynema. Total number of MSH4 foci is based on data from Kneitz et al.
[34]. Percentages of total MSH foci that are associated with MLH1 and
MLH3 (black), MLH3-only (white) or neither MutL homolog (grey) are
shown. These numbers are based on extensive quantitation of MLH1 and
MLHS3 foci in our laboratory (data not shown).

resent a destabilized version of the first (MLH1"™ MLH3")
group.

In most meiotic species, it is now established that cross-
overs are not randomly distributed, but are instead subject to
certain rules; firstly, each chromosome (or chromosome
arm) must have one crossover at the very least; and
secondly, the probability that one crossover will be placed
close to another is lower than the expected placement due to
random distribution. This latter phenomenon is known as
crossover interference and is thought to be mediated, at least
in part, by the SC itself, since species lacking SCs, also lack
crossover interference [56]. In yeast, it has been demon-
strated that crossovers that are regulated by interference are
Msh4-dependent, while those that do not exhibit interfer-
ence are instead dependent on Mus81 (in conjunction with
Mms4) [57]. The absence of any information relating to a
mammalian ortholog for Mus81 precludes a similar model
for mouse recombination, but it raises several interesting
points. In yeast, only a subset of reciprocal events are
associated with Msh4, and it is these that are subject to
interference. However, in mice, it appears that all the
reciprocal recombinant events are dependent on MSH4,
and that some non-reciprocal sites are also loaded with
MSH4. Thus, if interference rules only apply as they do in
yeast, then all these MSH4-positive sites will be subject to
interference. This is quite unlikely because of the distribu-
tion of MLH1—-MLH3 sites that we see at pachynema in the
mouse. Thus it appears that in mice, the loading of MSH4
onto meiotic nodules is not sufficient to ensure interference
regulation, and this might only come later, once MLH3
loads. It can be assumed that the selection of MSH4 sites by
MLH3-MLHI1 would be subject to interference rules, since
we observe only the expected 1-2 MLH1-MLH3 foci per
chromosome. Further analysis of how DSB sites are selected
and then deselected post-RADSI1, along with MSH4—
MSHS loading and dynamics will be important for estab-
lishing how these sites are selected/deselected through early
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to mid prophase I, and where interference regulation might
be established in the mammalian system.

The mechanism of MMR proteins participation in mei-
otic recombination is unknown and is a new and exciting
area of study. It seems probable that interactions similar to
that of MutS—MutL and their homologs take place here as
well. Indeed, such interactions are supported by experi-
mental data [35,36,58]. As crossover resolution must in-
volve DNA unwinding in some form, the recently found
interaction of yeast Mlh1—-MIh3 complex with that of
Sgs1—Top3 (helicase-topoisomerase) is intriguing [59]. In
addition, MLH]1 interacts with the Sgsl ortholog, BLM, in
mouse somatic cells, as part of a larger chromosome
surveillance complex [60], and MSH4 might also interact
biochemically with BLM in mammalian germ cells, sug-
gesting a role for MSH4/MLHI/BLM signaling in the
recruitment of meiotic nodules for crossovers. Also of note
is the possible involvement of and interactions with exo-
nucleases, such as Exol in crossover formation and/or
resolution [61—63], and the essential requirement for such
interactions in maintaining crossover structures through
until metaphase. Future studies will help to further eluci-
date the mechanisms of mammalian recombination and will
continue to provide fascinating insights into regulatory
differences across eukaryotic species.

Acknowledgments

This work was funded by the National Institutes of
Health (1RO1HD41012-01 from NICHD to P.E.C. and
training grant T32 GM 07491 from NIGMS).

References

[1] K.S. McKim, B.L. Green-Marroquin, J.J. Sekelsky, G. Chin, C.
Steinberg, R. Khodosh, R.S. Hawley, Meiotic synapsis in the
absence of recombination, Science 279 (1998) 876—878.

[2] S.K. Mahadevaiah, J.M. Turner, F. Baudat, E.P. Rogakou, P. de Boer,
J. Blanco-Rodriguez, M. Jasin, S. Keeney, W.M. Bonner, P.S. Bur-
goyne, Recombinational DNA double-strand breaks in mice precede
synapsis, Nat. Genet. 27 (2001) 271-276.

[3] C.H. Haering, K. Nasmyth, Building and breaking bridges between
sister chromatids, BioEssays 25 (2003) 1178—1191.

[4] M. Eijpe, H. Offenberg, R. Jessberger, E. Revenkova, C. Heyting,
Meiotic cohesin REC8 marks the axial elements of rat synaptonemal
complexes before cohesins SMClbeta and SMC3, J. Cell Biol. 160
(2003) 657-670.

[5] R. Jessberger, The many functions of SMC proteins in chromosome
dynamics, Nat. Rev., Mol. Cell Biol. 3 (2002) 767—778.

[6] L. Yuan, J.G. Liu, J. Zhao, E. Brundell, B. Daneholt, C. Hoog,
The murine SCP3 gene is required for synaptonemal complex
assembly, chromosome synapsis, and male fertility, Mol. Cell 5
(2000) 73-83.

[7] L. Yuan, J.G. Liu, M.R. Hoja, J. Wilbertz, K. Nordqvist, C.
Hoog, Female germ cell aneuploidy and embryo death in mice
lacking the meiosis-specific protein SCP3, Science 296 (2002)
1115-1118.

[8] M.A. Crackower, N.K. Kolas, J. Noguchi, R. Sarao, K. Kikuchi, H.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Kaneko, E. Kobayashi, Y. Kawai, I. Kozieradzki, R. Landers, R. Mo,
C.C. Hui, E. Nieves, PE. Cohen, L.R. Osborne, T. Wada, T.
Kunieda, P.B. Moens, J.M. Penninger, Essential role of Fkbp6 in
male fertility and homologous chromosome pairing in meiosis,
Science 300 (2003) 1291-1295.

N. Kleckner, A. Storlazzi, D. Zickler, Coordinate variation in meiotic
pachytene SC length and total crossover/chiasma frequency under con-
ditions of constant DNA length, Trends Genet. 19 (2003) 623—628.
M. Ajimura, S.H. Leem, H. Ogawa, Identification of new genes
required for meiotic recombination in Saccharomyces cerevisiae,
Genetics 133 (1993) 51-66.

M. Celerin, S.T. Merino, J.E. Stone, A.M. Menzie, M.E. Zolan, Mul-
tiple roles of Spoll in meiotic chromosome behavior, EMBO J. 19
(1999) 2739-2750.

S. Keeney, C.N. Giroux, N. Kleckner, Meiosis-specific DNA double-
strand breaks are catalyzed by Spoll, a member of a widely con-
served protein family, Cell 88 (1997) 375—-384.

K.S. McKim, A. Hayashi-Hagihara, mei-W68 in Drosophila mela-
nogaster encodes a Spol1l homolog: evidence that the mechanism for
initiating meiotic recombination is conserved, Genes Dev. 12 (1998)
2932-2942.

S. Keeney, F. Baudat, M. Angeles, Z.H. Zhou, N.G. Copeland, N.A.
Jenkins, K. Manova, M. Jasin, A mouse homolog of the Saccharo-
myces cerevisiae meiotic recombination DNA transesterase Spollp,
Genomics 61 (1999) 170—182.

P.J. Romanienko, R.D. Camerini-Otero, Cloning, characterization,
and localization of mouse and human SPO11, Genomics 61 (1999)
156—-169.

F. Baudat, K. Manova, J.P. Yuen, M. Jasin, S. Keeney, Chromosome
synapsis defects and sexually dimorphic meiotic progression in mice
lacking Spoll, Mol. Cell 6 (2000) 989—998.

P.J. Romanienko, R.D. Camerini-Otero, The mouse Spoll gene is
required for meiotic chromosome synapsis, Mol. Cell 6 (2000)
975-987.

D. Zenvirth, C. Richler, A. Bardhan, F. Baudat, A. Barzilai, J. Wahr-
man, G. Simchen, Mammalian meiosis involves DNA double-strand
breaks with 3’ overhangs, Chromosoma 111 (2003) 369—-376.

K. Yoshida, G. Kondoh, Y. Matsuda, T. Habu, Y. Nishimune, T.
Morita, The mouse RecA-like gene Dmcl is required for homol-
ogous chromosome synapsis during meiosis, Mol. Cell 1 (1998)
707-718.

D.L. Pittman, J. Cobb, K.J. Schimenti, L.A. Wilson, D.M. Cooper, E.
Brignull, M.A. Handel, J.C. Schimenti, Meiotic prophase arrest with
failure of chromosome synapsis in mice deficient for Dmcl, a germ-
line-specific RecA homolog, Mol. Cell 1 (1998) 697-705.

F. Osman, J. Dixon, C.L. Doe, M.C. Whitby, Generating crossovers
by resolution of nicked Holliday junctions: a role for Mus81-Emel in
meiosis, Mol. Cell 12 (2003) 761-774.

N. Hunter, N. Kleckner, The single-end invasion: an asymmetric in-
termediate at the double-strand break to double-Holliday junction
transition of meiotic recombination, Cell 106 (2001) 59—70.

T. Allers, M. Lichten, Differential timing and control of noncrossover
and crossover recombination during meiosis, Cell 106 (2001) 47—-57.
P.B. Moens, R. Freire, M. Tarsounas, B. Spyropoulos, S.P. Jackson,
Expression and nuclear localization of BLM, a chromosome stability
protein mutated in Bloom’s syndrome, suggest a role in recombina-
tion during meiotic prophase, J. Cell Sci. 113 (2000) 663—-672.

D. Walpita, A.W. Plug, N.F. Neff, J. German, T. Ashley, Bloom’s
syndrome protein, BLM, colocalizes with replication protein A in
meiotic prophase nuclei of mammalian spermatocytes, Proc. Natl.
Acad. Sci. 96 (1999) 5622—-5627.

B.D. Harfe, S. Jinks-Robertson, DNA mismatch repair and genetic
instability, Annu. Rev. Genet. 34 (2000) 359-399.

M.J. Schofield, P. Hsiech, DNA mismatch repair: molecular mecha-
nisms and biological function, Annu. Rev. Microbiol. 57 (2003)
579-608.

N.J. Winand, J.A. Panzer, R.D. Kolodner, Cloning and characteriza-



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[41]

[42]

[43]

[44]

[45]

[46]

A. Svetlanov, PE. Cohen / Experimental Cell Research 296 (2004) 71-79 79

tion of the human and Caenorhabditis elegans homologs of the Sac-
charomyces cerevisiae MSH5 gene, Genomics 53 (1998) 69—80.
N.M. Hollingsworth, L. Ponte, C. Halsey, MSHS5, a novel MutS ho-
molog, facilitates meiotic reciprocal recombination between homo-
logs in Saccharomyces cerevisiae but not mismatch repair, Genes
Dev. 9 (1995) 1728—-1739.

P. Ross-Macdonald, G.S. Roeder, Mutation of a meiosis-specific
MutS homolog decreases crossing over but not mismatch correction,
Cell 79 (1994) 1069—1080.

J.E. Novak, P.B. Ross-Macdonald, G.S. Roeder, The budding yeast
Msh4 protein functions in chromosome synapsis and the regulation of
crossover distribution, Genetics 158 (2001) 1013—1025.

G. Obmolova, C. Ban, P. Hsieh, W. Yang, Crystal structures of mis-
match repair protein MutS and its complex with a substrate DNA,
Nature 407 (2000) 703—710.

W. Yang, M.S. Junop, C. Ban, G. Obmolova, P. Hsich, DNA mis-
match repair: from structure to mechanism, Cold Spring Harbor
Symp. Quant. Biol. 65 (2000) 225-232.

B. Kneitz, P.E. Cohen, E. Avdievich, L. Zhu, M.F. Kane, H. Hou Jr.,
R.D. Kolodner, R. Kucherlapati, J.W. Pollard, W. Edelmann, MutS
homolog 4 localization to meiotic chromosomes is required for chro-
mosome pairing during meiosis in male and female mice, Genes Dev.
14 (2000) 1085-1097.

S. Santucci-Darmanin, D. Walpita, F. Lespinasse, C. Desnuelle, T.
Ashley, V. Paquis-Flucklinger, MSH4 acts in conjunction with
MLHI during mammalian meiosis, FASEB J. 14 (2000) 1539—1547.
P.B. Moens, N.K. Kolas, M. Tarsounas, E. Marcon, P.E. Cohen, B.
Spyropoulos, The time course and chromosomal localization of
recombination-related proteins at meiosis in the mouse are com-
patible with models that can resolve the early DNA—DNA inter-
actions without reciprocal recombination, J. Cell Sci. 115 (2002)
1611-1622.

R.D. Kolodner, G.T. Marsischky, Eukaryotic DNA mismatch repair,
Curr. Opin. Genet. Dev. 9 (1999) 89-96.

S.L. Gasior, A.K. Wong, Y. Kora, A. Shinohara, D.K. Bishop, Rad52
associates with RPA and functions with rad55 and rad57 to assemble
meiotic recombination complexes, Genes Dev. 12 (1998) 2208 -2221.
A.W. Plug, A.H. Peters, K.S. Keegan, M.F. Hoekstra, P. de Boer, T.
Ashley, Changes in protein composition of meiotic nodules during
mammalian meiosis, J. Cell Sci. 111 (1998) 413—-423.

S.L. Gasior, H. Olivares, U. Ear, D.M. Hari, R. Weichselbaum, D.K.
Bishop, Assembly of RecA-like recombinases: distinct roles for me-
diator proteins in mitosis and meiosis, Proc. Natl. Acad. Sci. U. S. A.
98 (2001) 8411—8418.

S.S. de Vries, E.B. Baart, M. Dekker, A. Siezen, D.G. de Rooij, P.
de Boer, H. te Riele, Mouse MutS-like protein MshS5 is required for
proper chromosome synapsis in male and female meiosis, Genes Dev.
13 (1999) 523-531.

W. Edelmann, P.E. Cohen, B. Kneitz, N. Winand, M. Lia, J. Heyer, R.
Kolodner, J.W. Pollard, R. Kucherlapati, Mammalian MutS homo-
logue 5 is required for chromosome pairing in meiosis, Nat. Genet.
21 (1999) 123-127.

B.J. Libby, R. De La Fuente, M.J. O’Brien, K. Wigglesworth, J.
Cobb, A. Inselman, S. Eaker, M.A. Handel, J.J. Eppig, J.C. Schi-
menti, The mouse meiotic mutation meil disrupts chromosome
synapsis with sexually dimorphic consequences for meiotic pro-
gression, Dev. Biol. 242 (2002) 174—187.

N. Hunter, R.H. Borts, Mlh1 is unique among mismatch repair pro-
teins in its ability to promote crossing-over during meiosis, Genes
Dev. 11 (1997) 1573—1582.

T.F. Wang, N. Kleckner, N. Hunter, Functional specificity of MutL
homologs in yeast: evidence for three Mlhl-based heterocomplexes
with distinct roles during meiosis in recombination and mismatch
correction [see comments], Proc. Natl. Acad. Sci. U. S. A. 96 (1999)
13914-13919.

L.M. Woods, C.A. Hodges, E. Baart, S.M. Baker, M. Liskay, P.A.

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Hunt, Chromosomal influence on meiotic spindle assembly: abnor-
mal meiosis I in female Mlhl mutant mice, J. Cell Biol. 145
(1999) 1395-1406.

L.K. Anderson, A. Reeves, L.M. Webb, T. Ashley, Distribution of
crossing over on mouse synaptonemal complexes using immuno-
fluorescent localization of MLHI protein, Genetics 151 (1999)
1569—1579.

S.M. Baker, A.W. Plug, T.A. Prolla, C.E. Bronner, A.C. Harris, X.
Yao, D.M. Christie, C. Monell, N. Arnheim, A. Bradley, T. Ashley,
R.M. Liskay, Involvement of mouse Mlhl in DNA mismatch repair
and meiotic crossing over, Nat. Genet. 13 (1996) 336—-342.

S.M. Lipkin, V. Wang, R. Jacoby, S. Banerjee-Basu, A.D. Baxevanis,
H.T. Lynch, RM. Elliott, F.S. Collins, MLH3: a DNA mismatch
repair gene associated with mammalian microsatellite instability,
Nat. Genet. 24 (2000) 27-35.

A.L. Barlow, M.A. Hulten, Crossing over analysis at pachytene in
man, Eur. J. Hum. Genet. 6 (1998) 350—358.

T. Wiltshire, C. Park, K.A. Caldwell, M.A. Handel, Induced prema-
ture G2/M-phase transition in pachytene spermatocytes includes
events unique to meiosis, Dev. Biol. 169 (1995) 557-567.

E. Marcon, P. Moens, MLH1p and MLH3p localize to precociously
induced chiasmata of okadaic-acid-treated mouse spermatocytes, Ge-
netics 165 (2003) 2283 -2287.

W. Edelmann, P.E. Cohen, M. Kane, K. Lau, B. Morrow, S. Bennett,
A. Umar, T. Kunkel, G. Cattoretti, R. Chaganti, J.W. Pollard, R.D.
Kolodner, R. Kucherlapati, Meiotic pachytene arrest in MLH-1-defi-
cient mice, Cell 85 (1996) 1125-1134.

S.M. Lipkin, P.B. Moens, V. Wang, M. Lenzi, D. Shanmugarajah, A.
Gilgeous, J. Thomas, J. Cheng, J.W. Touchman, E.D. Green, P.
Schwartzberg, F.S. Collins, P.E. Cohen, Meiotic arrest and aneuploidy
in MLH3-deficient mice, Nat. Genet. 31 (2002) 385-390.

S.M. Baker, C.E. Bronner, L. Zhang, A.K. Plug, M. Robatzek, G.
Warren, E.A. Elliott, J. Yu, T. Ashley, N. Arnheim, R.A. Flavell,
R.M. Liskay, Male mice defective in the DNA mismatch repair
gene PMS2 exhibit abnormal chromosome synapsis in meiosis,
Cell 82 (1995) 309-319.

J.E. van Veen, R.S. Hawley, Meiosis. When even two is a crowd,
Curr. Biol. 13 (2003) 2218.

T. De Los Santos, N. Hunter, C. Lee, B. Larkin, J. Loidl, N.M.
Hollingsworth, The mus81/mms4 endonuclease acts independently
of double-Holliday junction resolution to promote a distinct subset
of crossovers during meiosis in budding yeast, Genetics 164 (2003)
81-94.

S. Santucci-Darmanin, S. Neyton, F. Lespinasse, A. Saunieres, P.
Gaudray, V. Paquis-Flucklinger, The DNA mismatch-repair MLH3
protein interacts with MSH4 in meiotic cells, supporting a role for
this MutL homolog in mammalian meiotic recombination, Hum.
Mol. Genet. 11 (2002) 1697-1706.

T.F. Wang, WM. Kung, Supercomplex formation between Mlhl—
MIh3 and Sgsl-Top3 heterocomplexes in meiotic yeast cells, Bio-
chem. Biophys. Res. Commun. 296 (2002) 949-953.

Y. Wang, D. Cortez, P. Yazdi, N. Neft, S.J. Elledge, J. Qin, BASC, a
super complex of BRCA1-associated proteins involved in the recog-
nition and repair of aberrant DNA structures [In Process Citation],
Genes Dev. 14 (2000) 927-939.

K. Wei, A.B. Clark, E. Wong, M.F. Kane, D.J. Mazur, T. Parris, N.K.
Kolas, R. Russell, H. Hou Jr., B. Kneitz, G. Yang, T.A. Kunkel, R.D.
Kolodner, P.E. Cohen, W. Edelmann, Inactivation of Exonuclease 1
in mice results in DNA mismatch repair defects, increased cancer
susceptibility, and male and female sterility, Genes Dev. 17 (2003)
603-614.

H. Tsubouchi, H. Ogawa, Exol roles for repair of DNA double-strand
breaks and meiotic crossing over in Saccharomyces cerevisiae, Mol.
Biol. Cell 11 (2000) 2221-2233.

K.A. Khazanehdari, R.H. Borts, EXO1 and MSH4 differentially af-
fect crossing-over and segregation, Chromosoma 109 (2000) 94—102.



	Mismatch repair proteins, meiosis, and mice: understanding the complexities of mammalian meiosis
	Introduction
	The synaptonemal complex and sub-stages of prophase I
	Initiation and processing of recombination in meiosis
	The multiple functions of the mismatch repair family
	Eukaryotic mismatch repair
	Localization of MMR proteins in meiotic cells and the phenotypes of MMR knockout mice
	The MutS homologs
	The MutL homologs
	Other MMR proteins

	Perspectives: functions of the MMR pathway in mammalian meiosis

	Acknowledgements
	References


