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ABSTRACT

The DNA mismatch repair (MMR) family functions in a variety
of contexts to preserve genome integrity in most eukaryotes. In
particular, members of the MMR family are involved in the
process of meiotic recombination in germ cells. MMR gene
mutations in mice result in meiotic disruption during prophase I,
but the extent of this disruption often differs between male and
female meiocytes. To address the role of MMR proteins
specifically in female meiosis, we explored the progression of
oocytes through prophase I and the meiotic divisions in mice
harboring deletions in members of the MMR pathway (Mlh1,
Mlh3, Exo1, and an ATPase-deficient variant of Mlh1, Mlh1G67R).
The colocalization of MLH1 and MLH3, key proteins involved in
stabilization of nascent crossovers, was dependent on intact
heterodimer formation and was highly correlated with the
ability of oocytes to progress through to metaphase II. The
exception was Exo1�/� oocytes, in which normal MLH1/MLH3
localization was observed followed by failure to proceed to
metaphase II. All mutant oocytes were able to resume meiosis
after dictyate arrest, but they showed a dramatic decline in
chiasmata (to less than 25% of normal), accompanied by varied
progression through metaphase I. Taken together, these results
demonstrate that MMR function is required for the formation
and stabilization of crossovers in mammalian oocytes and that,
in the absence of a functional MMR system, the failure to
maintain chiasmata results in a reduced ability to proceed
normally through the first and second meiotic divisions, despite
near-normal levels of meiotic resumption after dictyate arrest.
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INTRODUCTION

Crossovers are reciprocal DNA exchange events between
homologous chromosomes that occur during meiotic recombi-
nation. The appropriate distribution and frequency of cross-
overs, as monitored by their cytologically defined chiasmata,
ensures correct chromosomal position on the meiotic spindle,
proper bipolar spindle alignment, and accurate homologous
segregation during meiosis I. Defects in crossover formation

and placement give rise to premature random homologous
segregation resulting in nondisjunction. Aneuploidy is a
leading cause of infertility, spontaneous miscarriage, and
congenital defects (such as Down syndrome) in humans [1,
2], and it increases susceptibility to the development of cancers
in both mice and humans [3, 4]. Interestingly, 65% of
aneuploidy events in Down syndrome result from errors during
maternal meiosis I, and 25% of trisomy 21 cases attribute to
maternal meiosis II, indicating that the human oocyte is highly
susceptible to nondisjunction events [5]. However, although
more than 20% of human oocytes are estimated to be
aneuploid, less than 4% of human spermatozoa suffer the
same fate, indicating a dramatic difference between the sexes in
the success of recombination events [6, 7].

Gene targeting studies in mice have also revealed significant
sex-specific differences in male and female meiosis. Genes
involved in prophase I progression, such as Spo11, Rad51C,
Sycp2, Pms2, and Fkbp6, are all essential for the survival and
progression of spermatocytes through prophase I but are
variably required for such events in female germ cells [8–14].
For example, FK506 binding protein 6 (FKBP6) is a
component of the mammalian synaptonemal complex (SC)
[10], the proteinaceous structure that appears during prophase I
of meiosis and serves to tether the chromosomes together until
mature crossovers are evident. Male mice harboring mutations
in Fkbp6 are sterile as a result of prophase I defects and
consequent apoptosis of spermatocytes, whereas females with
the mutation are fully fertile [10]. SPO11 is a conserved
endonuclease that induces double strand breaks during meiosis
and thereby initiates recombination. SPO11 is present in both
male and female meiocytes and, presumably, functions
similarly in each sex. However, whereas Spo11�/� spermato-
cytes undergo apoptosis during early prophase I, oocytes from
Spo11�/� females show normal meiotic progression through
prophase I, but most then die soon after birth [8, 9]. PMS2 is a
MutL homolog of the DNA mismatch repair (MMR) pathway,
and this protein also exhibits sexually dimorphic behavior
during prophase I: Pms2-deficient females are fertile, but males
are sterile because of abnormalities in the chromosome
synapsis [11]. To date, no systematic study has been
undertaken to compare the gender effect on chromosome
segregation of different mutations affecting normal prophase I
progression. However, given the prevalence of maternally
derived chromosomal abnormalities arising in the human
population, comparison of such events in male and female
mammals is imperative for establishing potential therapies.

A number of repair pathways have been implicated in the
appropriate establishment and maintenance of chiasmata, and
these include proteins of the MMR pathway. The MMR protein
family maintains the integrity of the genome in both
prokaryotes and eukaryotes by correcting mismatched bases
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that arise from DNA replication errors and from DNA damage
(reviewed by [15]). MMR proteins also play a key role in the
regulation of recombination, promotion of crossovers, and
chromosome segregation in meiosis in yeasts, worms, zebra-
fish, and mammals [16–19]. In mammals, the MMR family is
composed of the highly conserved MutS homologues (Msh2,
Msh3, Msh4, Msh5, and Msh6) and MutL homologues (Mlh1,
Mlh3, Pms1, and Pms2). In the context of meiotic recombi-
nation, only a subset of these gene products is utilized. Genetic
and biochemical studies in yeasts, zebrafish, mice, and humans
have indicated that the MutS homolog heterodimer of MSH4-
MSH5 (MutSc) is specifically required for homologous
chromosome pairing during zygonema of prophase I in meiosis
[16, 20–28]. Those MSH4-MSH5 sites stabilized by the
subsequent interaction with MLH1-MLH3 heterodimers at
pachynema will eventually become crossovers, whereas the
other sites are thought to be processed via noncrossover
pathways for double strand break resolution (reviewed by
[18]).

Our previous studies show that the localization of MLH1 on
SCs is dependent on the preloading of MLH3 in mouse
spermatocytes, because MLH1 fails to accumulate on SCs from
Mlh3�/� males [29]. By contrast, MLH3 persists on SCs from
Mlh1�/� spermatocytes [29]. The downstream effectors of the
MLH1-MLH3 heterodimer at sites of recombination remain
unclear, however, although the 50-30 exonuclease, EXO1, has
been implicated in these events. Studies in yeasts and mice
demonstrate that EXO1 is crucial for meiotic progression
through metaphase I [30–32]. Exo1-deficient male mice
demonstrate normal meiotic progression through pachynema,
but most germ cells fail to progress normally to metaphase I
because of dynamic loss of chiasmata [30]. Some nonmotile
spermatozoa are retrieved from epididymides of Exo1�/�males,
however, suggesting that EXO1 works downstream of MSH4-
MSH5 and MLH1-MLH3 in the recombination process. Female
Exo1�/� mice also are sterile but display normal meiotic
progression through dictyate and normal follicular development
with healthy oocytes that can be recovered following hormonal
stimulation by exogenous gonadotrophins [30].

To investigate the role of the MMR family in mammalian
female meiosis, we have performed cytogenetic analyses of
frequencies of crossovers in various mutant oocytes, compared
chiasma counts between null male and female mice, and
observed chromosomal configuration during metaphase using
oocytes collected from Mlh1, Mlh3, Exo1, and Fkbp6 mutant
mice. An additional group of mice harbors a point mutation in
Mlh1 that renders the ATPase function of this protein inactive.
FKBP6 was included as a point for comparison with MMR
gene activity in female germ cells because Fkbp6�/� females
are fertile. Importantly, this study is the first to compare all
these mutant lines on a standardized C57BL/6J background,
allowing for more direct comparison of the meiotic phenotypes
between the mutant lines.

MATERIALS AND METHODS

Animals

The generation of mouse mutants and genotyping strategies for Mlh1, Mlh3,
Exo1, and Fkbp6 strains has been described previously [10, 12, 30, 33, 34]. All
strains were housed in the Cornell University Animal Facility (Ithaca, NY), and
all procedures using these mice were reviewed and approved by the Cornell
University Institutional Animal Care and Use Committee. All studies were
performed in accordance with the Guiding Principles for the Care and Use of
Laboratory Animals. All strains of mice were maintained on the same genetic
background by backcrossing heterozygote fathers with C57BL/6J mothers
(Jackson Laboratories, Bar Harbor, ME) for at least six generations. Mutant
mice were produced by mating heterozygous males and females. Genotyping

for Mlh1G67R/G67R was performed in a 25-ll reaction that included 13
EconoTaq buffer (Lucigen, Middleton, WI), 0.2 mM deoxynucleoside
triphosphates (Sigma-Aldrich, St. Louis, MO), upstream primer (P1/mlh1) at
0.8 lM, downstream primer (P2/cla1) at 0.4 lM, with 1.5 U EconoTaq DNA
polymerase (Lucigen). The sequence of primers was 5 0-ACT-
CAGGTCCCTGGTTGGTG-30 and 50-AGGCCAGAGCACATTTCTGT-3 0,
respectively. The following PCR conditions were used: an initial incubation
at 948C for 5 min, followed by 35 cycles of denaturation at 948C for 30 sec,
annealing at 568C for 25 sec, and extension at 728C for 50 sec, with a final
extension for 7 min. The sizes of wildtype and mutant products were 491 bp
and 671 bp, respectively.

Chromosome Analysis of Mouse Oocytes Throughout
Prophase I

Chromosome preparations of oocyte nuclei were obtained by hypotonic
sucrose spreading of mouse ovaries between embryonic Day 18 and Day 1
postpartum using previously published techniques [24, 29, 34]. Chromosome
immunofluorescence was performed as described elsewhere [24, 29, 34]. A
goat monoclonal antibody against rat SYCP3 (a component of the lateral
elements of the SC), kindly provided by T. Ashley (Department of Genetics,
Yale University School of Medicine, New Haven, CT), was used to identify
meiotic cells. Monoclonal anti-human MLH1 (BD Pharmigen, BD Biosciences,
San Jose, CA) and polyclonal rabbit anti-MLH3 [34] served to visualize late
meiotic nodules. Centromeres were identified using human serum from patients
with CREST (calcinosis, Raynaud phenomenon, esophageal motility disorders,
sclerodactyly, telangiectasia) syndrome. All donkey-raised and fluorochrome-
conjugated secondary antibodies were products of Jackson ImmunoResearch
Laboratories (West Grove, PA). Immunofluorescence was visualized, captured,
and scored on a Zeiss Axio Imager Z1 fluorescent microscope equipped with
AxioVision 4.0 software (Carl Zeiss MicroImaging, Thornwood, NY). For all
foci counts, at least 50 cells were quantified, with the exception of the
Mlh1G67R, which showed no MLH3 or MLH1 staining.

Oocyte Collection, Culture, and Metaphase Analysis

Analysis of metaphase I and metaphase II oocytes was undertaken by a
modification of published techniques [35, 36]. Briefly, ovaries were removed
from unstimulated females at 24–26 days of age. We released oocytes by
puncturing ovaries with 30-gauge needles in Waymouth media (Gibco,
Invitrogen, Carlsbad, CA) supplemented with 100 U penicillin (base)/ml and
10 lg streptomycin (base)/ml, 10% fetal bovine serum (Sigma), and 0.23 mmol/
L sodium pyruvate. Primary oocytes at the germinal vesicle stage were cultured
in 20 ll drops of KSOM (Millipore, Bedford, MA) overlaid with mineral oil and
incubated at 378C in an atmosphere of 5% CO

2
. After 2.5 h in culture, oocytes

were transferred to fresh KSOM drops and scored for germinal vesicle
breakdown (GVBD). In order to observe meiotic division at metaphase I and
metaphase II, we cultured oocytes in KSOM for 8–10 h and .18 h, respectively,
and fixed them in fibrin clots (see following paragraph). For metaphase II
analysis, only oocytes with a single polar body were selected. Polar body
extrusion rates were calculated for no fewer than 12 oocytes per genotype.

To make fibrin clots, we transferred up to 10 oocytes from KSOM to 1 ll
fibrinogen solution containing 1.25% fibrinogen (Calbiochem, EMD Chemi-
cals, San Diego, CA), 154 mM NaCl, 5.63 mM KCl, and 2.25 mM CaCl

2
under

mineral oil on microscope slides precoated with high molecular weight poly-L-
lysine (Fisher Scientific, Pittsburgh, PA). We added 1.2 ll thrombin (Sigma-
Aldrich) to the fibrinogen drop and mixed gently. The mineral oil was washed
off using 2% Triton X-100(Sigma)/PBS, and slides were placed in a fixative of
2% paraformaldehyde, 1% Triton X-100, 0.1 mmol/L PIPES, 5 mmol/L
MgCl

2
, and 2.5 mmol/L EGTA (Fisher) for 30 min at 378C. Slides were washed

in 0.1% normal goat serum (NGS; Gibco, Invitrogen) for 15 min at 378C and
further incubated in 10% NGS, 0.1% Triton X-100, and 0.02% sodium azide in
PBS at 378C. Then slides were either stained with antibodies or stored in 10%
NGS at 48C.

For observations of spindle morphology and chromosome configuration at
metaphase I and metaphase II, oocytes were incubated with a 1:500 dilution in
5% NGS of primary mouse monoclonal antibody to b-tubulin (Sigma-Aldrich)
for 1 h in a dark, humid chamber, washed three times of 10 min each in 10%
NGS/PBS, and detected with a fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove,
PA). Oocytes were counterstained with 400 ng/ml 40,6-diamidino-2-phenyl-
indole for 2 min and dipped briefly in 0.4% Kodak Photo-flo (Electron
Microscopy Sciences, Hatfield, PA). The rubber cement was removed and a
coverslip applied with Prolong antifade reagent (Molecular Probes, Invitrogen).
Immunofluorescence-stained slides were scored on a Zeiss Axio Imager Z1
fluorescent microscope.
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Giemsa Staining of Diakinesis-Stage Mouse Oocytes

To analyze crossovers at diakinesis, we did chromosome preparations of

oocytes, as described previously, with a slight modification [37]. Briefly,

oocytes were collected and cultured for metaphase I as described earlier. After

8–10 h in culture, oocytes were transferred in a drop of 1% sodium citrate

(Sigma-Aldrich) and incubated for 15 min at room temperature. Oocytes were

picked up and placed in the middle of a grease-free slide. Three drops of freshly

prepared fixative (three parts methanol, one part glacial acetic acid) were added

onto the top of the microdrop containing oocytes. Final scattering of nuclei and

spreading of chromosomes was achieved during air drying. For staining, slides

were placed in Giemsa solution (Sigma) for 3 min, washed and air dried, and

mounted in Histomount medium (Zymed, Invitrogen). Slides were scored on a

Zeiss Axio Imager Z1 fluorescent microscope using AxioVision 4.0 software.
Chiasma counts were performed on between 10 and 23 cells per genotype.

Giemsa Staining of Mouse Metaphase I Spermatocytes

Adult mouse testes were decapsulated and minced in a drop of 2.3%
sodium citrate. Germ cells were transferred into a fresh tube and adjusted to 3.5
ml final volume using sterile water. Cells were collected by centrifugation at
2000 rpm for 10 min and resuspended in 500 ll of 2.3% sodium citrate. We
added 6 ml of 378C prewarmed 0.075 M KCl into the tube and incubated it at
378C for 20 min. Then cells were centrifuged and resuspended in 500 ll of
2.3% sodium citrate again. We then added 2 ml fixative of ice-cold methanol/
acetic acid (three parts methanol, one part glacial acetic acid). Cells were

FIG. 1. Colocalization of MLH1 and MLH3 in wildtype, Exo1, Fkbp6, Mlh1, and Mlh3 null mouse oocytes during prophase I. Chromosome spreads from
mouse ovaries between embryonic Day 18 and Day 1 postpartum were subjected to immunofluorescent localization of SYCP3, a component of the SC
(green FITC), together with MLH3 (red, Cy3), MLH1 (blue, Cy5), and CREST (green FITC). A) Wildtype zygonema (Zyg.) showing colocalization of MLH1
and MLH3 (overlapping signal is seen as pink) on partially synapsed SC and MLH3 focus without the companion of MLH1 (red arrow). B) Wildtype
pachynema (Pach.) showing fully synapsed SC, appropriate numbers of MLH1/MLH3 heterodimer, and the occasional MLH3 focus in the absence of
MLH1 (red arrow). C) Oocyte chromosome preparation at pachynema in an Fkbp6�/� female showing slightly reduced frequency of MLH1/MLH3
heterodimer. D) and E) Mlh3�/� and Mlh1�/� chromosome preparations at pachynema illustrating no localization of either MLH1 or MLH3 on SCs. F)
Exo1�/� oocyte at pachynema showing reduced number of MLH1/MLH3 heterodimer and MLH3 foci in the absence of MLH1 (red arrows).
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incubated on ice for 5 min, centrifuged, and resuspended in 500 ll of 2.3%
sodium citrate. After fresh fixative was added, cells were incubated on ice for
60 min, centrifuged, and resuspended in 500 ll of 2.3% sodium citrate again.
The fixative/centrifuge/resuspension step was repeated three times, but without
incubation on ice. Cells were resuspended in a final volume of 500 ll of
fixative, and 200 ll of cells was added onto 658C prewarmed slides. Final
scattering of nuclei and spreading of chromosomes was achieved during air
drying. For staining, slides were placed in Giemsa solution for 3 min. After the
slides were washed with sterile water and air dried, coverslips were applied to
the slides with Histomount medium, and chromosome configurations were
observed as described earlier for oocytes.

Quantitation and Statistical Analysis

Immunofluorescence chromosome counts and cell staging were performed
by at least three independent observers, compiled using Excel (Microsoft
Corporation) and then analyzed using the statistical software package, Prism
4.0 (GraphPad Software, San Diego, CA). Staging of prophase I cells was
performed according to the formation of SCs. The MLH1 and MLH3 signals
distributed along chromosomes were included in our focus counts. At least 50
cells were counted for each substage of prophase I. Crossovers/chiasma
counting of chromosome spreads at metaphase I was performed on oocytes or
spermatocytes of at least three animals. Unpaired t-tests were performed to
examine the variation between two groups. The statistical significance was set
at P , 0.05.

RESULTS

Frequency of MLH1-MLH3 Foci Through Prophase I in
Oocytes From Wildtype and Mutant Females

The present study was aimed at understanding the function
of the MMR gene family during female meiosis and, more
specifically, exploring the gender-specific responses to pro-
phase I disruption in female and male mammals. Mutations in
the MLH1-MLH3 heterodimer result in destabilization of
chiasmata and loss of meiotic nodules. Although the
localization of these proteins on meiotic chromosomes has
been well documented for male meiotic prophase I, only
limited studies have been performed to assess the localization
of the MLH1-MLH3 heterodimer on meiotic chromosomes in
females. We analyzed the temporal and spatial colocalization
of MLH1 and MLH3 at late meiotic (or recombination) nodules
using double immunofluorescent labeling techniques, in
oocytes from wildtype mice, as well as those from Fkbp6,
Mlh3, Mlh1, and Exo1-deficient females.

Both MLH1 and MLH3 foci were detected on the SCs of
wildtype oocytes from early/mid zygonema (Fig. 1A). The
mean number of foci (6 SD) was 20.0 6 6.1 for MLH1 and
20.6 6 5.8 for MLH3, at the mid/late zygotene stage (Fig. 2).
The majority of MLH3 colocalized with MLH1, but a residual
number of MLH3 foci were devoid of MLH1 coimmunor-
eactivity (red arrow in Fig. 1A). In addition, and in contrast to
what is seen in male spermatocytes [34], MLH1 is occasionally
detected in the absence of MLH3 at zygonema and pachynema,
but such single foci are extremely rare. The localization of
MLH1/MLH3 heterodimers from early/mid zygonema in
females occurs earlier than in males, where MLH3 foci appear
from early pachytene and MLH1 loads at midpachytene [29,
34].

Colocalization of MLH1 and MLH3 from wildtype and
MMR mutant oocytes at the pachytene stage is illustrated in
Figure 1, B–F, and the quantitation is provided in Figure 2. A
slight, but statistically significant, increase in MLH1 and
MLH3 foci was observed in oocytes from wildtype females as
prophase I progressed to pachynema, with the mean number of
foci rising to 25.3 6 4.0 and 26.8 6 4.0, respectively (Figs. 1B
and 2; P , 0.0001 for both MLH1 and MLH3). The number of
foci was slightly lower in pachytene oocytes from Fkbp6�/�

females (22.6 6 4.2 for MLH1 and 24.2 6 4.2 for MLH3),

and this was significant for both MLH1 and MLH3 (P ¼
0.0011 and P ¼ 0.0016, respectively; Figs. 1C and 2),
concurrent with the normal fertility of Fkbp6�/� females [10].

In Mlh3�/� males, MLH1 fails to load onto chromosomes of
pachytene spermatocytes in the absence of MLH3, correlating
with the reduction of crossovers in spermatocytes at metaphase
I and subsequent sterility of these animals [34]. Similarly, in
the current study, we found that both MLH1 and MLH3 were
absent from pachytene chromosomes of oocytes from Mlh3�/�

females (Figs. 1D and 2). In oocytes from Mlh1�/� females, we
saw the appearance of very faint MLH3 foci very occasionally
(Fig. 1E). Because these foci were fainter than normal MLH3
foci, and because their intensity was often below the detection
threshold for our camera, these foci were not included in our
quantitation (Fig. 2). However, it is important to note that,
unlike the female nulls, normal intensity residual MLH3 foci
are observed in Mlh1�/� males [29]. Localization of faint
MLH3 foci was apparent on oocyte chromosomes of both Mlh1
nullizygous strains (WE and ML, not shown). In view of the
similar prophase I phenotypes of these mice, most prophase I
studies were performed using Mlh1(WE) mice.

To investigate the role of the ATPase function of MLH1 on
MLH1-MLH3 recruitment to meiotic nodules, we explored the
localization of these two MutL homologs in spermatocytes of
mice bearing an inactivating point mutation in the ATPase
domain of the murine Mlh1 gene. These Mlh1G67R/G67R mice
are sterile and exhibit a similar meiotic phenotype to that of
Mlh1�/� mice, but male spermatocytes show residual levels of
MLH1 localization at pachynema in the absence of MLH3
localization (Cohen, Avdievich, Kneitz, and Edelmann,
unpublished observations). In oocytes from Mlh1G67R/G67R

females, however, no MLH1 or MLH3 foci were found along
meiotic chromosomes during pachynema (Fig. 2), underscoring
the importance of the ATPase function of MLH1 in MLH1-
MLH3 dynamics.

FIG. 2. Quantitation of the colocalization of MLH1 and MLH3 at
prophase I from wildtype, Exo1, Fkbp6, Mlh1, and Mlh3 null mouse
oocytes. MLH1 and MLH3 focus numbers are significantly increased in
wildtype pachynema; the loading of MLH1 onto SCs requires MLH3 in
Mlh3�/�mouse oocytes. Low numbers of MLH1 and MLH3 were found in
both Fkbp6�/� and Exo1�/� females, indicating that these females might
have a lower frequency of chiasmata at metaphase I, and there was no
statistical difference between the two. **, P , 0.001; ***, P , 0.0001.
Numbers are means 6 SD of at least 50 cells per genotype (except
Mlh1G67R/G67R where n¼ 5).
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Oocytes from Exo1�/� females also showed a reduced
frequency of MLH1 and MLH3 localization at pachynema of
21.5 6 4.3 and 23.0 6 4.0 foci, respectively (Figs. 1F and 2; P
, 0.0001), frequencies that are not statistically different from
those seen in Fkbp6�/� oocytes (P ¼ 0.2154 and P ¼ 0.1676,
respectively). The distribution of these foci mirrors that of
wildtype oocytes, with a maximum of one to two foci per
chromosome, albeit it at a reduced level. Interestingly,
however, the total number of MLH1 foci and MLH3 foci
found in the absence of their heterodimeric partners increased
in the absence of EXO1 (red arrows in Fig. 1F) from 0.6% to
2.2% and 6.0% to 8.8%, respectively (of a total of 1400 foci
counted per genotype). Although these changes were not

significant by v2 analysis of total numbers of foci and were
slightly significant at the P , 0.05 level when using Mann-
Whitney U-tests or one-way ANOVA when comparing mean
foci numbers per cell, these results suggest that EXO1 may
stabilize the MLH1-MLH3 heterodimer at late meiotic nodules.

Chiasma Counts of Diakinesis Mouse Oocytes

At diplonema of prophase I, the SC breaks down, and
homologous chromosome interactions are maintained by the
structural manifestations of homologous recombination events,
the chiasmata. Lack of chiasmata and/or abnormal distribution
along chromosomes causes premature homologous chromo-
some segregation, which, in turn, will affect spindle organiza-
tion. Giemsa staining of air-dried chromosomes from
diakinesis-stage oocytes from wildtype females revealed the
normal crossover configurations (Fig. 3A), enabling quantita-
tion of crossover frequency and distribution. In oocytes from
wildtype mice, the 20 bivalent diplotene chromosomes usually
displayed one (black arrows in Fig. 3A) or two chiasmata
(arrowhead in Fig. 3A), with a mean (6 SD) of 23.1 6 1.4 (Fig.
4). Similarly, oocytes from Fkbp6�/� females had 20 bivalent
diplotene chromosomes and chiasma counts that were not
statistically different from those of wildtype mice (23.0 6 1.7;
P¼ 0.8619; Figs. 3B and 4). Oocytes from Mlh1�/�, Mlh1G67R/

G67R, and Mlh3�/� females showed a failure to construct or
maintain crossovers (6.0 6 3.0, 1.4 6 0.9, and 4.5 6 2.6
crossovers per oocyte, respectively; Figs. 3, C–E and 4). The
frequencies of chiasmata from MLH3, MLH1, and EXO1-
deficient oocytes were significantly reduced (P , 0.0001)
compared to those of wildtype and Fkbp6�/� oocytes. There was
no significant difference in chiasma counts between Mlh3 or
Mlh1 mutant females. There were more chiasmata from oocytes
of Exo1 mutant females than from oocytes of Mlh3, Mlh1, and
Mlh1G67R/G67R mutant females (P , 0.0001), whereas there
were significantly more chiasmata from oocytes of Mlh1�/� and
Mlh3�/� females than from oocytes of Mlh1G67R/G67R females
(P , 0.0001).

Exo1�/� oocytes consistently showed more than 20
chromosomes, suggesting the existence of univalent chromo-
somes (as shown by the arrowhead in Fig. 3F) and a
concomitant reduction in the number of chiasmata (11.4 6
4.1; Fig. 4). The frequency of chiasmata in Exo1 null oocytes
was significantly higher than in Mlh3 and Mlh1 null oocytes,

FIG. 3. Giemsa-stained preparation of dia-
kinesis mouse oocytes, showing normal
crossovers and failure to maintain crossovers
in mutant mouse oocytes. A) Wildtype oocyte
illustrating 20 bivalent diplotene chromo-
somes with either one chiasma (black arrow)
or two chiasmata (black arrowhead) per
bivalent pair. B) Fkbp6�/� oocyte having 20
bivalent diplotene chromosomes and normal
chiasma counts. C) Mlh3�/�oocyte showing
38 chromosomes and no crossovers, indicat-
ing the failure of recombination in the Mlh3
null female. D) Mlh1�/� oocyte showing 38
chromosomes with only one bivalent diplo-
tene chromosome with one crossover (black
arrow), suggesting a failure to maintain
crossovers. E) Mlh1G67R/G67R oocyte showing
38 chromosomes and one crossover (black
arrow). F) Exo1�/� oocyte showing 29 chro-
mosomes and reduced number of chiasma
counts. The number of chromosomes sug-
gests the existence of unpaired univalent
chromosomes, as exemplified by the black
arrowhead.

FIG. 4. Quantitation of chiasma counts at metaphase I in mutant oocytes
and spermatocytes with disruption of Exo1, Fkbp6, Mlh1, and Mlh3.
Defects in the MMR genes caused a significant reduction of chiasmata
both in males and females, except for the Fkbp6�/� female, which has a
normal number of chiasmata. The differences of chiasma frequencies
between wildtype males and females and between Mlh1G67R/G67R males
and females were not statistically significant. Differences in chiasma
counts between males and females of the remaining genotypes were
statistically significant. Frequencies of chiasmata from other mutant
oocytes were dramatically decreased, in addition to those in Fkbp6�/�

oocytes. ***, P , 0.0001; n.s., not significant. Numbers are means 6 SD
of at least 10 cells per genotype.
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supporting the idea that EXO1 might maintain crossovers by
stabilizing the MLH1-MLH3 heterodimer at late meiotic
nodules.

To investigate gender effects of MMR gene deletion on
female and male meiosis, we compared frequencies of
chiasmata between diakinesis-stage oocytes and corresponding
spermatocytes (Fig. 4). The frequency of chiasmata in wildtype

females was not significantly different from that of wildtype
males (23.1 6 1.4 vs. 21.9 6 1.9, P¼ 0.093) but might reflect
an underestimate for female oocytes because of the inherent
difficulties in counting these structures. Oocytes from Fkbp6�/�

females had a normal number of chiasmata (23.0 6 1.7),
whereas no chiasmata could be seen in male meiocytes, given
the arrest in spermatogenesis and subsequent apoptosis prior to

FIG. 5. Germinal vesicle breakdown in
culture. Oocytes were harvested from
mouse ovaries of different genotypes, and
the number of those exhibiting germinal
vesicle breakdown (GVBD) was scored after
2.5 h in culture. A) GVBD rates (%) for
different genotypes of mice. B) Graphic
representation of GVBD rates from all
mutant (Mut) animals compared to all
wildtype (Wt) and all heterozygous (Het)
groups. n.d., not determined.

FIG. 6. Meiotic progression following GVBD in oocytes from different mutant mouse lines. Oocytes were incubated for 2.5 h in KSOM, and only those
that had undergone GVBD were selected for further incubation. Panels A–G show oocytes of different genotypes in metaphase I after 7–12 h incubation:
Wildtype, Fkbp6�/�, Mlh3�/�, Mlh1G67R/G67R, Mlh1�/� (ML), Mlh1�/� (WE), and Exo1�/�, respectively. Panels H–N show oocytes from the same mutant
lines at later stages of meiosis after 18–22 h incubation. First polar body extrusion rates (%) are listed below for each genotype, showing the proportion of
oocytes that have resumed meiosis and entered meiosis II within 22 h. The number of oocytes counted was 126 wildtype, 11 Fkbp6�/�, 29 Mlh3�/�, 92
Mlh1G67R/G67R, 7 Mlh1�/�(ML), 21 Mlh1�/�(WE), and 39 Exo1�/� from between two and five females for each genotype. Arrows indicate misaligned
chromosomes and/or chromosomes that are no longer chiasmate with their homolog partners.

OOCYTE MEIOSIS IN DNA MISMATCH REPAIR MUTANT MICE 467



metaphase I. The frequency of chiasmata in Mlh3 null females
was higher than in null males (4.5 6 2.6 vs. 2.6 6 1.2, P ¼
0.0045), whereas chiasma counts in Mlh1 and Exo1-deficient
females were significantly higher than in corresponding males
(6.0 6 3.0 vs. 2.4 6 1.8, P , 0.0001 and 11.4 6 4.1 vs. 5.1 6
2.0, P , 0.0001, respectively). A few crossovers exhibiting the
classic cruciform configuration were found in both Mlh3 and
Mlh1 null oocytes, suggesting the possibility of MLH1/MLH3
independent crossover pathways in mammalian meiosis.

Similar Rates of Germinal Vesicle Breakdown and Meiotic
Resumption in Oocytes From Meiotic Mutants

Resumption of meiosis occurred after 2.5 h incubation in
oocytes from all meiotic mutant strains at a similar rate to that
seen in wildtype and heterozygous oocytes. When the ability to
resume meiosis was measured by GVBD, it was found that the
ratio of oocytes that are able to resume meiosis was similar
among different mutants and control groups (Fig. 5A). The
GVBD ratio in mutant oocytes ranged from 29.63% to 73.76%,
whereas the ratio was from 60% to 79.66% in the heterozygous
group and from 60% to 76.54% in the wildtype group (Fig.
5A). Only oocytes from Mlh1(WE) nullizygous females
showed a significant decline in GVBD (P , 0.05). The
average of the three groups, when all mouse strains were
combined, was 72.73% for oocytes from all mutant ovaries,
69.10% for the heterozygous group, and 72.80% for the
wildtype group (Fig. 5B). Statistical analysis showed that no

significant differences could be detected among mutant,
heterozygous, and wildtype control oocytes (v2 test, P ¼
0.2824).

Metaphase I and II Progression in MMR Mutant Oocytes

Although around 72% of the mutant oocytes were able to
resume meiosis, different mutants showed different aberrant
metaphase configurations following meiotic resumption. At
metaphase I, oocytes from Fkbp6�/� females showed no
obvious chromosome or spindle aberrations and were similar
morphologically to oocytes from wildtype mice (Fig. 6, A and
B), which is consistent with the fertile phenotype of female
mice with this gene knockout. Extrusion of the first polar body
in Fkbp6�/� oocytes was also normal and occurred at a similar
rate to that seen in wildtype oocytes, with 64% oocytes
extruding a first polar body (Fig. 6, H and I). However, the
alignment of chromosomes across the midplate in Fkbp6�/�

oocytes was occasionally loose, with 25% of oocytes showing
single chromosomes often misaligned along the equator at
metaphase II (arrow in Fig. 6I).

In contrast to the relatively normal picture for Fkbp6 null
animals, oocytes from Mlh3�/� ovaries showed severely
aberrant spindle configurations after 7 h of culture. This is
exemplified in Figure 6C, which shows an oocyte with an
abnormal distribution of chromosomes around the metaphase I
spindle (white arrows). Approximately 66% of the oocytes
from Mlh3�/� mice arrested at metaphase I, whereas the
remainder proceeded through to metaphase II (data not shown).
In those oocytes that progressed through to metaphase II, the
dispersal of chromosomes throughout the oocyte cytoplasm
often led to second spindle formation within the oocyte itself,
as demonstrated in Figure 6J (white arrow).

Oocytes from Mlh1G67R/G67R females showed congression
failure similar to that reported for oocytes from Mlh1�/�(ML)
females [35] (Fig. 6D, white arrow), and most (.75%) failed
to enter meiosis II and, instead, arrested at the first meiotic
division without polar body extrusion. Many arrested oocytes
presented with abnormally elongated spindle configurations
(Supplemental Figure 1 available at www.biolreprod.org). As
seen in oocytes from Mlh3�/� females, the disarray of
chromosomes around the metaphase I spindle often resulted
in multiple spindle formation within the same oocyte at
metaphase II (Fig. 6K, white arrows).

Previous studies demonstrated severe congression failure in
oocytes from Mlh1�/� females [35]. The mice used by Woods et
al. [35] were one of two nullizygous mutant lines generated and
described previously [12, 33]. These mice are termed Mlh1(ML)
mice herein to reflect the source of the mutant line (the
laboratory of Michael Liskay). To compare these mice to the
second mutant line, termed Mlh1(WE) (from the laboratory of
Winfried Edelmann), oocytes were analyzed for meiotic
progression and spindle assembly. Oocytes from Mlh1�/�(ML)
females exhibited severe defects in chromosome alignment, as
previously reported [35] (Fig. 6E) but with less chromosomal
disarray than seen in oocytes from Mlh3�/�, Mlh1G67R/G67R, and
Exo1�/� (see following) females. All the oocytes failed to enter
meiosis II and arrested in metaphase I, exemplified by the
oocyte in Figure 6L, which shows two groupings of
chromosomes, one at the equator and one at one spindle pole.
By contrast, most chromosomes aligned at the equator in
oocytes from Mlh1�/�(WE) females, with only a few chromo-
somes deviating from the spindle (Fig. 6F), but these oocytes
still arrested at metaphase, as shown by a reduced rate of first
polar body extrusion (23%; Fig. 6M and Supplemental Fig. 1D).
Thus, Mlh1(ML) mutant oocytes had a lower first polar body

FIG. 7. Polar body (PB) extrusion rates in oocytes from wildtype,
Mlh1G67R/G67R, and Exo1�/� females. Oocytes were cultured for approx-
imately 20 h post-GVBD, and the number of those that had their first polar
body extruded was counted. Panel A shows the counts for each group, and
panel B compares the first polar body extrusion ratio.
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extrusion rate than that seen in Mlh1(WE) mutant oocytes (0/7,
3/13, respectively). Furthermore, abnormal multiple spindle
structures were observed at metaphase II in Mlh1(WE) mutant
oocytes but not in Mlh1(ML) mutant oocytes.

Oocytes from Exo1�/� females showed loose arrangement
of chromosomes in metaphase I (Fig. 6G), with chromosomes
scattered around the spindle and multiple groupings of
chromosomes throughout the oocyte. Approximately 85% of
the mutant oocytes arrested in metaphase I and had aberrant
spindles (Fig. 6N). For those oocytes that extruded first polar
bodies and then arrested normally at metaphase II, single
chromosomes could often be seen away from the meiotic
equator (Supplemental Fig. 1A).

Polar Body Extrusion Rates in Oocytes From Mlh1G67R/G67R

and Exo1�/� Females

Our observations of meiotic mutant females showed that the
mutant oocytes were able to start meiosis I, but more than half
of the oocytes failed to reach metaphase II. In oocytes from
Exo1�/� mutant females, this meiotic disruption was the most
dramatic, with approximately 15% of oocytes extruding a first
polar body within 20 h of incubation. By contrast, the first
polar body extrusion rate was 75% for heterozygote Mlh1þ/

G67R females (not shown) and 53% for the wildtype group (Fig.
7). The reduction in polar body extrusion rates seen in the
homozygous mutant animals is significantly lower than that
seen in wildtype controls (v2, P , 0.0001).

DISCUSSION

The current study was aimed at comparing meiotic
progression beyond prophase I in female mouse mutants
exhibiting defects in synapsis and recombination. Previous
studies have focused almost exclusively on prophase I
disruption in male mutants, with little beyond preliminary
observations in females. In all the mutants examined herein, it
is noteworthy that the homozygous males all exhibited late
prophase I or early metaphase I arrest [12, 29, 34], whereas
oocytes bearing the same mutation can progress through much
of metaphase I and, in the case of Fkbp6 deletion, can produce
viable offspring.

To compare meiotic prophase I progression in oocytes from
each of the mutant mouse lines described herein, we first
analyzed the progression of meiotic recombination by
assessing the localization of MLH1 and MLH3 at meiotic
nodules through prophase I. Using dual labeling immunoflu-
orescence of each MutL homolog simultaneously, coupled with
immunofluorescent labeling of the SC with anti-SYCP3
antibodies, we have visualized the appearance and frequency
of foci of each MutL homolog together with the frequency of
their colocalization across the chromosome cores. As observed
for male spermatocytes, the number of MLH1 and MLH3 foci
in late pachynema was equivalent in oocytes from wildtype
females (Figs. 1 and 2), indicating their colocalization at late
meiotic nodules. However, the appearance of MLH1/MLH3
dual-labeled foci at zygonema was earlier than that reported for
MLH1 or MLH3 in pachytene spermatocytes [12, 29, 34],
suggesting that the establishment of late meiotic nodules, and
therefore the cohort of double strand break sites that will
become sites of crossing over, occurs earlier in females than in
males. The earlier specific timing for MLH1/MLH3 appearance
in female germ cells was reported by our previous studies in
human oocytes in which MLH1 and MLH3 were shown to
accumulate on meiotic chromosomes in early zygonema [24].
The current studies now show that a similar temporal

appearance of MLH1/MLH3 occurs in mice and that the
timing of MLH1/MLH3 recruitment occurs earlier in female
mouse meiocytes than in males. That such sites might mature
earlier in females than in males might explain why premature
failure of SC events in females, as seen in Sycp3�/� animals,
does not affect chromosome segregation to the same extent that
it does in males [38, 39]. This is exemplified in the current
study by oocytes from Fkbp6�/� females, in which the normal
appearance of MLH1 and MLH3 at zygonema and pachynema
(Fig. 2), despite poor SC formation [10], results in oocytes that
are viable and can produce normal offspring, whereas
spermatocytes from Fkbp6�/� males are eradicated prior to
the first meiotic division [10].

As expected, and as observed in male meiocytes [29, 34],
oocytes from Mlh3�/� females showed no accumulation of
either MLH1 or MLH3 on meiotic chromosomes at pachynema.
However, oocytes from Mlh1�/� females also showed a failure
to load MLH3, which is in contrast to what is seen in Mlh1�/�

males, in which MLH3 loads independently of MLH1 [29, 34].
Indeed, our current observations of oocytes from wildtype
females suggest some transient, if unstable, loading of MLH1 in
the absence of MLH3. This would suggest that MLH1 and
MLH3 load almost simultaneously onto chromosome cores of
female meiocytes but sequentially (first MLH3 then MLH1)
onto chromosome cores of male meiocytes. Furthermore, the
observation that neither MLH1 nor MLH3 load onto chromo-
somes in mutants bearing an ATPase-defective form of MLH1
(Mlh1G67R/G67R) indicates that the ATPase function of MLH1 is
essential for MLH1/MLH3 deposition on prophase I chromo-
somes. Interestingly, EXO1 also may be required for MLH1/
MLH3 stabilization at meiotic nodules, because this protein is
thought to function after MLH1/MLH3, and yet mutant oocytes
showed a significant reduction in MLH1/MLH3 foci at
pachynema (Fig. 2; discussed later).

The failure of prophase I events in female meiocytes, as
observed in the current cohort of mutant mouse strains, does not
prevent the progression of these oocytes through to metaphase
following dictyate arrest. Indeed, when oocytes were obtained
by follicular puncture from postnatal unstimulated ovaries and
were cultured in vitro, oocytes from most homozygous mutant
animals were able to resume meiosis as efficiently as those from
wildtype littermates. However, oocytes from both Mlh1
nullizygous lines were slightly [and for Mlh1(WE) nulls,
significantly] impaired in the ability to undergo GVBD
compared to wildtype and mutant oocytes from other strains,
but this might reflect errors in meiotic recombination or in
failure to repair DNA mismatches created at replication.

Following the resumption of prophase I in postnatal ovaries,
oocytes progressed through the first meiotic division rapidly in
culture. The absence of MLH1 or MLH3 resulted in a high
proportion of oocytes stalled at the first meiotic division, with
only 23%–33% of oocytes from Mlh1(WE)�/� and Mlh3�/�

extruding a first polar body. Interestingly, even fewer oocytes
from Mlh1(ML)�/� were capable of progressing through the
first meiotic division, in line with previous reports of this
mutant mouse line [35]. In the current study, all lines of mice
have been previously backcrossed onto the C57BL/6J
background, precluding any strain differences between the
mice. Thus, the difference between the two Mlh1 nullizygous
lines most probably reflects subtle differences in the strategy
for ablating the Mlh1 allele. It is important to note in this
context that all oocytes for meiotic resumption studies were
obtained by ovarian puncture from unstimulated females,
followed by culture of the oocytes in vitro for up to 20 h,
precluding any effects of gonadotrophin stimulation or other
treatment (such as hyaluronidase removal of granulosa cells)
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on the ability of oocytes to resume meiosis and undergo the
first meiotic division. Given these strict experimental con-
straints, it can be concluded that less than 25% of oocytes can
proceed through the first meiotic division in the absence of
MLH1 or MLH3 or even in the absence of fully functional
MLH1 (as in the Mlh1G67R/G67R mice), whereas less than 15%
of oocytes can undergo the first meiotic division in the absence
of EXO1.

Analysis of Mlh1G67R/G67R female mice revealed important
functions for the ATPase domain of MLH1 in mammalian
meiosis. Despite the formation of MLH1 protein in these mice,
MLH1 and MLH3 still failed to accumulate at late meiotic
nodules. This is manifested by a more severe loss of chiasmata
in oocytes from these animals compared to that seen in either
Mlh1�/� or Mlh3�/� females. In Mlh1G67R/G67R males, MLH1
also failed to accumulate normally at meiotic nodules, but
occasional MLH1 foci were observed at severely reduced
intensity without concurrent MLH3 colocalization (Avdievich
et al., unpublished data). These weakly staining MLH1 foci
were not observed in Mlh1G67R/G67R females, suggesting that
the accumulation of MLH1 and MLH3 on meiotic chromo-
some cores in males and females is regulated differently, either
because the selection of meiotic nodules for further processing
through the MLH1/MLH3 pathway is determined via different
mechanisms or because the stabilization of MLH1/MLH3 at
meiotic nodules varies in male versus female germ cells.
Because MLH1 and MLH3 accumulate simultaneously on
meiotic chromosomes in oocytes but sequentially in spermato-
cytes, it is tempting to speculate that the requirements for an
ATPase-competent MLH1 in oocytes allow for loading of the
MutL heterodimer, whereas in males the equivalent functional
component of the MLH3 protein drives MutL heterodimer
loading.

The function of EXO1 during meiotic prophase I has
remained elusive in both male and female mice [30]. EXO1 is a
50-30 exonuclease that interacts with MutS and MutL homologs
and has been implicated in the excision step of DNA mismatch
repair. EXO1 also appears to function in other repair pathways
that are independent of the MMR machinery [40, 41]. During
meiosis, EXO1 is required in the later stages of prophase I
because spermatocytes from Exo1-deficient males exhibit
meiotic disruption as a result of dynamic loss of chiasmata
during metaphase I, resulting in meiotic failure and apoptosis
[30]. The biological function of EXO1 at the level of crossing
over is not clear, however, the current studies implicate EXO1
in events that result in the stabilization of crossovers after
accumulation of MLH1 and MLH3. A stabilization function of
Exo1 has also been proposed for the assembly of mitotic
multiprotein complexes containing MMR proteins [42]. Such a
function is also supported by the current data showing that,
despite the near-normal accumulation and/or retention of
MLH1 and MLH3 on chromosome cores during prophase I
in oocytes from Exo1�/� females, the number of residual
chiasmata in these oocytes at diakinesis remained significantly
lower than that seen in wildtype oocytes (Fig. 4) but was
significantly elevated above that seen in spermatocytes from
Exo1�/� males and above that seen in oocytes from Mlh1�/�

and Mlh3�/� females (Fig. 4). Thus, normal recombination
events in Exo1�/� oocytes are lost as a result of destabilization
of the MLH1/MLH3 heterodimer at a subset of the late meiotic
nodules. The remaining nodules in Exo1�/� females are capable
of giving rise to a reduced number of chiasmata at diakinesis
(approximately half that seen in wildtype oocytes), but these
are not sufficient to ensure successful segregation at the first
meiotic division. The resulting oocytes in Exo1�/� females are
incapable of giving rise to normal fertilized oocytes [30], with

less than 15% of these oocytes progressing beyond the first
meiotic division. Importantly, these studies are the first to show
that normal accumulation of MLH1 and MLH3 on SCs at
pachynema is not always predictive for proper chiasma
formation and maintenance.

The increased failure rate of meiotic resumption in Exo1�/�

females compared to either Mlh1�/� or Mlh3�/� females is
surprising, given the higher incidence of chiasmata in EXO1-
deficient oocytes, but it indicates that EXO1 functions
downstream of the MutL homologs during meiotic prophase
and suggests that EXO1 may stabilize crossover events after
the breakdown of the SC and/or might facilitate dissolution of
chiasmata at metaphase I. Furthermore, these observations
indicate that once MLH1/MLH3-dependent crossover events
have been selected from all the possible double strand break
events genome-wide, they cannot then be diverted to an
alternative pathway for processing, such as noncrossover
pathways or MLH1/MLH3-independent crossover pathways.
Cytogenetic and genetic analysis of recombination events in
murine meiosis have shown that approximately 10% of all
crossovers are independent of MLH1 [43] and MLH3
(Svetlanov and Cohen, unpublished data) but that these sites
are selected prior to MLH1/MLH3 accumulation on meiotic
chromosome cores. At the same time, noncrossover events,
which also do not appear to require MLH1/MLH3 (at least in
yeasts), are also selected prior to the loading of this MutL
heterodimer. Thus, given that crossover events in EXO1-
deficient oocytes fail after MLH1/MLH3 loading, it appears
that these events cannot be diverted via one of these other
recombination pathways. Instead, in males, EXO1-deficient
spermatocytes are eradicated by apoptosis, whereas in Exo1�/�

females, oocytes attempt to progress through the first meiotic
division without appropriate chiasmata to ensure accurate
segregation of bivalent diplotene chromosomes.

In summary, these studies illustrate important temporal
differences in, and functional requirements for, the recruitment
of MLH1/MLH3 to sites of recombination in mammalian
meiocytes. Such differences might account for the increased
stringency of checkpoint mechanisms in male germ cells
relative to their female counterparts. Furthermore, these studies
demonstrate that EXO1 plays a vital role downstream of
MLH1/MLH3 in maintaining nascent crossover structures and
may be important for the resolution of crossing over at
metaphase I. Finally, these studies document the heterogeneous
cytological consequences of such prophase I disruption on the
resumption of meiosis and progression through the first and
second meiotic divisions. Given the high frequency of errors
seen in these processes in humans, the current studies lend
credence to the idea that genetic alterations in prophase I
regulation, through subtle variations in key recombinogenic
genes, might account for many of the reported defects observed
in human oocytes.
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