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Crossovers in Mammalian Meiosis

J. Kim Holloway’, James Booth?, Winfried Edelmann?, Clare H. McGowan?*, Paula E. Cohen'*

1 Department of Biomedical Sciences, Cornell University, Ithaca, New York, United States of America, 2 Department of Biological Statistics and Computational Biology,
Cornell University, Ithaca, New York, United States of America, 3 Department of Cell Biology, Albert Einstein College of Medicine, Bronx, New York, United States of
America, 4 The Scripps Research Institute, La Jolla, California, United States of America

Abstract

Two eukaryotic pathways for processing double-strand breaks (DSBs) as crossovers have been described, one dependent on
the MutL homologs MIh1 and MIh3, and the other on the structure-specific endonuclease Mus81. Mammalian MUS81 has
been implicated in maintenance of genomic stability in somatic cells; however, little is known about its role during meiosis.
Mus81-deficient mice were originally reported as being viable and fertile, with normal meiotic progression; however, a more
detailed examination of meiotic progression in Mus81-null animals and WT controls reveals significant meiotic defects in the
mutants. These include smaller testis size, a depletion of mature epididymal sperm, significantly upregulated accumulation
of MLH1 on chromosomes from pachytene meiocytes in an interference-independent fashion, and a subset of meiotic DSBs
that fail to be repaired. Interestingly, chiasmata numbers in spermatocytes from Mus81 7~ animals are normal, suggesting
additional integrated mechanisms controlling the two distinct crossover pathways. This study is the first in-depth analysis of
meiotic progression in Mus81-nullizygous mice, and our results implicate the MUS81 pathway as a regulator of crossover
frequency and placement in mammals.
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Introduction

Meiosis is a tightly regulated and essential process that results in
the generation of gametes containing the correct haploid
chromosome complement. The defining events of meiosis occur
during prophase I, including the pairing of and physical
assoclation between, homologous chromosomes (synapsis), accom-
panied by exchange of genetic information (recombination)
between these chromosome pairs. These meiotic regulatory
processes are highly conserved from yeast through to humans.
Recombination is initiated by the formation of double-strand
breaks (DSBs), an event that is catalyzed in most eukaryotic species
by the meiosis-specific endonuclease Spoll [1], and then
processed via the DSB repair pathway [2]. The process of DSB
repair in mammals appears to utilize pathways similar to that seen
in lower eukaryotes, such as S. cerevisiae [3,4], and results in either
crossover (CO), which involves exchange of flanking DNA markers
between the homologs, or non-crossover (NCO), in which the
flanking  DNA  remains unchanged [3]. COs are physically
manifested as chiasmata, which tether homologous chromosomes
together to ensure correct segregation at the first meiotic division.

In many organisms, the majority of COs are subject to
regulation by a phenomenon known as interference, a process
by which the presence of a CO on a chromosome greatly
decreases the chances of a second CO occurring nearby on the
same chromosome [5]. Thus, COs susceptible to interference
remain widely spaced, and are less likely to cause problems during
segregation. In mammals, interference is generally measured

@ PLoS Genetics | www.plosgenetics.org

between MLHI1 foci at pachynema, so that the interference
measurement in this regard is between MLH]1 events, rather than
between COs [6,7].

In S. cerevisiae, at least two CO pathways have been described, one
dependent on the Mutl. homologs, Mlh1 and Mlh3, and the other
on the structure specific endonuclease, Mus81 [8]. The majority of
COs are processed by the interference-dependent Msh4-Msh) and
MIh1-Mlh3 pathway (Class I CO)[8], while a second class of
interference-independent CO (Class IT CO) [8,9] are thought to be
processed by the alternative Mus81-Mms4 pathway . There is some
evidence for a third pathway which, in the absence of Msh4-Msh5
and Mms4, generates COs in S. cerevisiae [10,11]. In S. pombe,
Mus81-Emel generates most, if not all, COs [12] and these CO
events are not subject to interference [13].

The exact mechanism of Mus81 action remains unclear, and
has been the subject of some controversy. Mus81 may act early in
the DSB repair pathway, following the point of strand invasion, or
later, during Holliday Junction (HJ) resolution [14,15,16,17].
More recent evidence suggests Mus81 is able to cleave intact single
HJs in S. pombe [15,17], the intermediates of recombination in that
species, although these structures are thought less likely to be the
substrates for Mus81 in budding yeast and higher eukaryotes [15].
However, Drosophila melanogaster MEI-9 protein, an XPF-type
endonuclease similar to MUS81, has been implicated in Holliday
junction resolution and DSB repair in fruit flies [18].

In Arabidopsis thaliana, both the Class I (interference-dependent,
AtMIh1-AtMIh3 regulated) and Class II (interference-indepen-
dent, AtMus81-regulated) CO pathways have been described [19].
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Author Summary

Failure to undergo faithful meiotic chromosome segrega-
tion during mammalian meiosis can result in aneuploidy in
the offspring and is a major cause of pregnancy loss and
birth defects in humans. One essential component of
meiotic prophase | is the exchange of genetic information
between maternal and paternal chromosomes, known as
recombination or crossing over, and is mediated, at least in
part, by the mismatch repair proteins MSH4-MSH5 and
MLH1-MLH3. A distinct subset of crossovers in lower
organisms is generated by an alternate pathway involving
Mus81 endonuclease. Previous studies into the impact of
Mus81 mutations in mice revealed no adverse effect on the
fertility of these animals. In this study, we report subtle, yet
significant, defects in meiotic progression in male and
female Mus81 mice, coupled with intriguing results
showing that MUS81 protein is essential for crossover
control in mammals. MUS81 appears to be required for
correct localization of MLH1-MLH3 complexes to paired
homologous chromosomes, however, not for the mainte-
nance of physical crossovers, visualized as chiasmata.
These results show a complex interplay between the
MUS81 and MLH1-MLH3 pathways for generation of
crossovers and, as such, are critical to the further
understanding of the intricacies of crossover control with
a view to reducing meiotic error rate in humans.

In Atmus81 mutants, the number of physical COs is maintained at
wild-type levels, even in the absence of this proposed alternate
AtMus81-dependent CO pathway [20]. However, in the Atmsh4/
mus81 double knockout, COs are reduced compared to the Atmsh4
single mutant [20], indicating that AtMus81 plays a minor role in
generating a subset of meiotic crossovers in wild-type plants.
Residual chiasmata are seen, even in the Atmsh4/mus81 double
mutant, suggesting that a third pathway to generate meiotic COs is
also present in higher eukaryotes.

In mice, the existence of an alternative, MLHI1-MLH3-
independent, pathway has yet to be demonstrated. In the absence
of Mikh1 or Mlh3, chiasmata numbers are reduced approximately
10 tol100-fold, but are not removed entirely [6,21,22]. In both
male and female MZh1~’~ mice, diakinesis chromosome prepara-
tions reveal mostly univalent homologs [6,21], with the level of
chiasmata in MIhI oocytes severely reduced compared to WT (1.9
and 24.1 average chiasmata per cell respectively) [21]. Diakinesis
stage spermatocytes from MIh3~ '~ mice show a similar depletion
in chiasmata [22]. In both M{k1 and MIh3 knockout mice, a subset
of 5-10% of wild-type (WT) CO persist at the Psmb9 recombi-
nation hotspot [23,24], indicating that the MLHI-MLH3
pathway is responsible for the majority of CO events, but also
suggesting that alternate CO pathways exist in mammals.

Previous analysis of two different strains of Mus81 disrupted
mice revealed increased DNA damage and susceptibility to DNA
cross-linking agents such as mitomycin-C, Curiously, meiotic
progression in these mutants appeared to be normal [25,26]. Here
we provide the first detailed analysis of meiotic progression in
Mus81 null mice, and reveal that mutant males show reduced
sperm number, consistent with spermatogenic cell arrest during
meiosis. While some germ cells can overcome this meiotic
disruption, others cannot and do not progress through meiosis.
These results demonstrate the disruption of normal meiotic
progression in Mus81 mice, which leads to proposing the existence
of a new crossover pathway in mammals, which has wide reaching
implications for mechanisms of crossover control and a direct role

for MUS81 in meiotic DSB repair.
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Results

Mus81 Homozygous Mutant Males Show Reduced Testis
Size and Sperm Numbers

Mus81 null mice show defects in meiotic progression, manifested
by reduction in testis size (Figure 1A, B) and a decrease in mature
spermatozoa within the epididymides (Table 1). In line with
previous reports, this reduced reproductive function is not
sufficient to render the mice infertile [25,26]. Differences in gross
testis organization between Mus81*"* and Mus81~ /'~ males are
not obvious from H&E staining (Figure 1C, D) [26]. Early meiotic
progression appears unaffected in Mus81~’~ males, with germ cell
nuclear antigen-1 (GCNA-1) staining of spermatogonia and early
spermatocytes being similar in mutant and WT males (Figure 1E,
F). However, the cell density of the seminiferous epithelium
appears reduced in the mutant testes compared to that of WT
litter mates, accompanied by a significant increase in the number
of apoptotic cells (P=0.0073) (Figure 1G-I). The location of
apoptotic cells in the testes of Mus8/~’~ males, from pachynema
to metaphase, indicates a loss of spermatocytes during prophase I,
however a proportion of cells escape this apoptosis since many
meiosis II spermatocytes and post-meiotic spermatids are observed
(Figure 1C, D).

Analysis of Prophase | in Mus81 Mutant Males Reveals
Persistence of Unrepaired Double Strand Breaks and
Persistence of the Early Meiotic Nodule Component, BLM

To study the progression of synapsis and recombination events
during prophase I, chromosome spreads were prepared as
described previously [27]. Indirect immunofluorescence on
chromosome spreads was performed to localize meiotic proteins
SYCP3, phosphorylated H2AX (yH2AX), and RAD51 on
chromosome spread preparations of spermatocyte nuclei (see
materials and methods). SYCP3 is a protein that localizes to the
lateral elements of the symaptonemal complex during meiosis, and
allows the visualization of chromosome cores. Histone H2AX is a
ubiquitous member of the histone H2A family that, upon DSB
induction, is rapidly phosphorylated on serine 139. This
phosphorylated form of H2AX, referred to as y-H2AX, also
localizes to regions of silenced chromatin and is thus used in
meiotic cells to mark regions of DSBs, asynapsis and the sex body
[28]. Processing of DSBs in early prophase I requires the
participation of RecA homologs, RAD5]1 and DMCI1 [29],
components of early meiotic nodules in mice [30,31,32].
RAD51, forms a nucleofilamentous structure along single stranded
DNA and facilitates strand invasion in the early stages of DSB
repair during leptonema and zygonema, and once synapsis occurs,
disappears from the chromosome cores, indicating progression of
repair events beyond strand invasion [33]. In Mus81 ~/~ males,
RAD51 accumulates normally on meiotic chromosomes, but the
foci persist to late pachynema in mutant animals, indicating that
not all meiotic DSBs are repaired correctly (Figure 2A, B). In
addition to these small regions of localized RADS51 staining, some
late pachytene spermatocytes (<5% total) show larger regions of
asynapsis, indicating a role for MUS81 in correct pairing of
homologous chromosomes in a subset of spermatocytes, as
visualized by the persistence of both RAD51 and y-H2AX stains
on autosomes in late pachynema (Figure 2A-D).

Late pachytene spermatocytes also show increased accumula-
tion of the RecQ helicase Bloom syndrome mutated (BLM), the
mammalian ortholog of yeast Sgsl. Previous studies have
demonstrated that BLM accumulates on chromosome cores
during Prophase I in WT spermatocytes, appearing early in
zygonema and gradually declining through mid-pachynema
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Figure 1. Mus81~’~ male mice have reduced testes size and
sperm number. Testes from WT (A) and Mus81~/~ (B) mice were
removed, weighed and photographed. Scale bar 5 mm. C, D)
Respectively, WT and Mus817/~ testes sections stained with H&E. E, F)
WT and Mus81~ /" testes sections stained with antibody to GCNA-1
raised in rat (red). G, H) WT and Mus81~/" testes sections TUNEL stained
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for apoptotic cells (dark brown) and counter stained with methyl green.
I) Average number of apoptotic cells per tubule in WT and Mus81~/~
testis sections, which are significantly different between the two
genotypes (P =0.0073).

doi:10.1371/journal.pgen.1000186.g001

[34,35]. In the current study, a similar increase in BLM foci is
observed at zygonema in WT spermatocytes, before decreasing to
a few foci in mid-late pachynema (Figure 3A, B). In spermatocytes
from Mus81~’~ males however, BLM focus numbers rise during
zygonema but then remain elevated above WT levels throughout
the entire pachytene stage, with increased foci being distributed
along all chromosomes in an individual nucleus (Figure 3C, D).

Absence of MUS81 in Spermatocytes Results in Increased
Accumulation of MLH1-MLH3 on Pachytene
Chromosomes and Reduced Interference

The accumulation of MLH1 and MLH3 on meiotic chromo-
some cores in early to mid pachynema occurs at a time when, it is
thought, the final number of crossover events is set. Spermatocytes
from Mus81~’~ males show a significant increase in the number of
MLHLI foci, from 22.07%0.39 (meanz*s.d.) in spermatocytes from
wild-type males to 25.26%0.52 in spermatocytes from Mus81 -
males, reflecting an average increase of 3.1 foci per cell during late
pachynema (P<<0.05: Figure 4A, B). Importantly, the increase in
MLHI1 focus numbers is not associated with changed in the length
of the synaptonemal complex. In contrast to the normal cohort of
MLHI foci observed in mouse spermatocytes [36], these
additional foci appear to be interference-independent. When
inter-focus data were fitted to a gamma distribution [37], the level
of interference between MLHI foci in spermatocytes from
Mus81~'~ (12.7+1.8 s.d.) was reduced with respect to that of
WT males (15.9%£2.9 s.d.) (P=0.1). However, since this measure-
ment only takes in to account those chromosomes exhibiting more
than one MLHI1 focus (long chromosomes), an alternative
censoring technique was employed to estimate interference on
chromosomes with only one focus (hence, shorter chromsomes).
Censoring 1s a statistical method used when the value of an
observation is only partially known. More specifically, right-
censored data refers to that in which a data point is above a certain
level, the extent of which 1s unknown (see Materials and Methods).
When using the right-censored data, the fitted gamma distribu-
tions are significantly different when compared using a likelihood
ratio test (P<0.0001; Figure 4C), indicating that interference is
reduced in the mutant.

In contrast to the increased numbers of MLH1 (Figure 4A-C)
and MLH3 (data not shown) focus numbers at pachynema, MSH4
focus numbers were not significantly different between WT and
Mus81™"~ cells in mid-late zygonema (P=0.34), indicating no
change in the recruitment of the MSH4-MSHS5 heterodimer to
meiotic nodules in early prophase I (data not shown).

Normal Chiasma Counts in Spermatocytes from Mus81 "~
Males

In view of the increased MLHI-MLH3 frequency in Mus81 ™/~
spermatocytes, and given the role of these proteins in marking
ultimate sites of the majority of CO in other higher eukaryotes
[38,39], we asked whether the increased MLH1 foci in Mus81 ™/~
spermatocytes leads to an increase in physical crossovers. To this
end, spermatocytes were prepared for diakinesis analyis by
incubation in hypotonic buffer followed by methanol-acetic acid
fixation and spreading (see materials and methods). Surprisingly,
there was no significant difference in the number of chiasmata in
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Table 1. Mus81 mice show reduced testis size and sperm number.

Average single testis

Average sperm

Mouse Genotype weight (mg) % of WT % of Mus81~/~ number (per ml) % of WT
Mus81+* 102+16.7 mg - - 23x107 -
Mus81~/~ 68.5+1.2 mg 65 - 0.9x10” 40
Mus81+.MIh3 ™/~ 44.4+3.9 mg 45 65 0 0
Mus81~/~.MIh3~"~ 28.3+0.7 mg 27 41 0 0

Mice of different genotypes show varying testis weights and sperm numbers.
doi:10.1371/journal.pgen.1000186.t001

WT and Mus81~ '~ air-dried diakinesis spreads (P=0.64:
Figure 4D, E) indicating normal rates of crossing over in the
absence of MUSS81.

Normal Ovarian Development in Mus81~/~ Females
Despite Elevated MLH1 Counts in Prophase | Oocytes
Mus81~"" females have been previously reported to show WT
levels of fertility [26]. Ovaries from adult Mus81~ '~ females appear
histologically similar to wild-type females of the same age (Figure 5A,
B). Closer examination of the ovaries of wild-type (Figure 5C) and
Mus81~" (Figure 5D) females reveals oocytes at all stages of
follicular development, including primary and secondary follicles
(arrows in Figure 5D), as well as those in the antral stages (asterisk in
Figure 5A,B). The ability of Mus81 ™'~ females to produce normal
litter sizes (data not shown and McPherson et al. 2004) indicates that

A Leptonema Zygonema Pachynema Diplonema

Mus81-/-

Diakinesis

these follicles are viable and can give rise to healthy gametes.
However, like their male counterparts, MLH1 counts at pachynema
in oocytes from Mus81~ '~ females are significantly higher than in
WT oocytes (n=34 and 48 respectively, mean foci per cell
24.74%3.47 sd. and 23.00%2.47 s.d., respectively P=0.0097,
Welch’s correction test performed to compare variances: Figure 5E—
G), which is an average increase of 1.74, slightly fewer than those
seen in Mus81~ '™ spermatocytes, but nonetheless significant.

Analysis of Mus81: MIh3 Double Null Reveals a Reduction
in Chiasmata between MI/h3 Single and Mus81: MIh3
Double Mutants

To ascertain if MUS81 acts in a separate crossover pathway to
MLHS3, both single and double mutants in the two genes were
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Figure 2. Meiotic recombination analysis in WT and Mus87 '~ spermatocytes by immunofluorescent staining and diakinesis
spreads. A, B) RAD51 staining persists in late pachynema. A) WT (top panel) and Mus81~"~ (bottom panel) spermatocytes stained with antibodies
against SYCP3 (red), RAD51 (green) and CREST autoimmune serum (blue) in the five substages of Prophase |; Leptonema, Zygonema, Pachynema,
Diplonema and Diakinesis. B) RAD51 focus numbers are not statistically different in Mus81~/~ spermatocytes (shown as white bars) compared to WT
(black) except in late pachynema, where they persist in Mus81 ™/~ (significant difference shown by the asterisk). C) Mus81 /™ spermatocytes stained
with antibodies against SYCP3 (red), RAD51 (green) and CREST autoimmune serum (blue) during late pachynema. D) WT (left panel) and (Mus81~7")
spermatocytes were stained with antibodies to SYCP3 (red) and phosphorylated YH2AX (green). YH2AX foci are highlighted by the arrows.
doi:10.1371/journal.pgen.1000186.g002
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Mus81-/- Mus81-/-

Figure 3. BLM localization persists into late pachynema in Mus87 7~ spermatocytes. WT (column A, B) and Mus81’~ (column C, D)
pachytene spermatocytes were stained with antibodies raised against SYCP3 (red), BLM (green) and CREST autoimmune serum (blue). BLM focus
number is higher in late pachytene cells in the mutant as opposed to WT cells, as can be seen when visualizing the BLM only image (white) (columns

A, D)
doi:10.1371/journal.pgen.1000186.9003

oression and chiasmata frequency
o—/— —/=
and M3~ :Mus81 mice w

(Table 1), and this is

analyzed for meiotic
sizes of the Mus81
reduced compared to wild-type males
evident by the reduced cellularity of the seminiferous epithelium in
the double mutant males (Figure 6D-F). Both the single Mh3~ "~
and double Mus81~"~ :MIk3~’~ mutants had no mature sperma-
tozoa within their epididymides (Table 1), and no overt differences
were observed in localization patterns for different prophase I
markers between the two genotypes (MLHI, Figure 6G-I).
Chiasmata were reduced in the Mus81™ '~ :Mih3~’~ double
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mutant males, compared to the MIps™"~
and both were severely reduced when compared to W
nata counts per cell were WT 23.79 =1.78

single mutant males
(average
7179

Mus81~"~ §7/7 0.48 *0.70: Figure 6]J-L, with the
counts from Mih3~ " single null and Mus81~ '~ : Mih3™’~ being
significantly different p<<0.0001). Thus, it appears that MUS81
and MLH3 generate COs ndependent pathways, as exempli-
in the M43 null mice, and that there
le third pathway for generation of COs, due to the

presence of a small number of remaining COs in the double nulls.

is a pos
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Figure 4. MLH1 accumulation is upregulated in Mus87 nulls, while interference is reduced. A, B) MLH1 focus numbers are increased in
Mus81~/~ spermatocytes compared with WT. A) Chromosome spreads from WT (left panel) and Mus81 ™~ (right panel) spermatocyte stained with
antibodies against SYCP3 (red), MLH1 (green) and CREST autoimmune serum (blue). White arrows show the positions of MLH1 foci for clarity. B)
Average MLH1 focus numbers counted in mid pachynema (MP) and late pachynema (LP). Statistically significant increases in Mus81~/~ counts (white)
compared with WT (black) are shown by the asterisks. C) Interference is reduced in the mutant (blue) compared to the WT (red). D, E) Chiasmata
counts on cells at diakinesis of prophase | for WT (left) and Mus81~7~ (right) mice, chiasmata numbers for each cell are shown, as well as average

counts for WT and Mus81 /"
doi:10.1371/journal.pgen.1000186.9004

Discussion

These studies demonstrate that deletion of Mus8! in mice has
severe consequences for meiotic progression. Male Mus81™ /"~
mice exhibit reduced testis size and epididymal sperm numbers,
coupled with increased seminiferous tubule apoptosis that is not
confined to a single stage of spermatogenesis. Meiotic DSB repair
appears normal in the early stages of prophase I, as assessed by the
accumulation of RAD51 and MSH4 on meiotic chromosomes, but

@ PLoS Genetics | www.plosgenetics.org

by pachynema there is a significant increase in the numbers of
MLH1 and MLH3 foci on the chromosome core of both
spermatocytes and oocytes from Mus81 nullizygous animals. Since
recombination rate (and hence MLH1 focus frequency) is tightly
associated with synaptonemal complex length [40], it is important
to note that these increases in MLHI-MLH3 foci are not
associated with changes in synaptonemal complex length.
Moreover, we see reduced interference amongst MLH1 foci in
spermatocytes from Mus81 =/~ males, indicating that the addi-
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Mus81 -/-
G
40m
3 A
] A
E 30 A A
E AAA
2 ol Ve
w
g 29 AAAAAAA
T AAAAA
= 207 AAAA
159
1C L] L]
WT Mus81

Figure 5. Meiotic Analysis in Mus81~/~ females. WT (A, C) and
Mus81~/~ (B, D) day 22 pp ovaries sectioned and stained with H&E
show normal oocyte development. Secondary (arrows) and antral
(asterisk) follicles are present in both mutant and WT ovaries. MLH1
staining of WT (E) and Mus81~/~ (F) oocytes from day e18.5 embryos
show increased MLH1 foci in Mus81~"~ (G).
doi:10.1371/journal.pgen.1000186.9g005

tional MLH1-MLH3 events are not subject to the normal strict
regulation of crossover placement that is essential to ensure
appropriate segregation of chromosomes at the first meiotic
division. Late in pachynema, spermatocytes from Mus81 '~ males
show persistent and upregulated localization of BLM helicase
indicating a failure to repair DSBs appropriately and/or the
presence of aberrant DNA structures in late prophase I
Interestingly, however, the persistence of BLM is associated with
normal chiasmata numbers at diakinesis in Mus81™ /™~ males,

@ PLoS Genetics | www.plosgenetics.org

MUS81 Role in Mammalian Meiosis

despite the increase in MLH1-MLH3 foci observed at pachyne-
ma. The data herein represent the first comprehensive analysis of
the effects of Mus81 mutation on meiotic progression and DSB
repair in mice and demonstrate the possible existence of a second
CO pathway in mammalian meiosis. Moreover, these data
indicate important cross-regulatory mechanisms between the two
CO pathways in mammals.

In S. cerevisiae and S. pombe, the synthetic lethality of mus81.sgsl
(or mus81.rghl for pombe) double mutants [12,41,42,43] can be
rescued by deletion of rad51 [44,45] , suggesting that the removal
of homologous recombination events can prevent the accumula-
tion of toxic recombination events during vegetative growth.
Extensive studies in S. cerevisiae have also demonstrated the
requirement in lagging-strand replication for additional interac-
tions between Mus81 and Sgsl that are independent of
homologous recombination [44], and the role of Mus81 in this
scenario is, in fact, primarily independent of Rad51 [46]. Li and
Brill [46] have proposed a model in which Mus81 cleaves 3'-flaps
present on the lagging strand to result in polymerase-directed
repair in most cases. Alternatively, the 3’ end may become
recombinogenic, resulting in Rad51-directed double Holliday
junction (HJ) formation and subsequent activation of the major
repair pathway involving Sgsl. Additionally, a minor pathway
may be initiated by Rad51-mediated strand displacement and
subsequent Mus81 activity [46]. Thus, in this model, Mus81
functions to remove 3’ flaps prior to Rad51-induced double HJ
formation.

Similar models have been proposed during meiosis in S.
cerevisiae, supported by the observations that double HJs do not
accumulate in mms4 mutant strains [8,47], that the reduction in
crossing over in this strain is extremely modest (<1.8-fold), and
that expression of a bacterial HJ resolvase fails to suppress the
mus81 meiotic phenotype [8].

Despite the lack of evidence supporting a role for Mus81 in
double HJ resolution during meiosis in yeast, mutants for mus81 or
mms4 show delayed repair of DSBs and appearance/disappear-
ance of recombination intermediates. This involvement in later
stages of DSB repair may be explained by the model proposed by
De Los Santos et al, in which Mus81/Mms4 are required for a
subset of recombination intermediates in which over-replication of
the displaced invading strand following D-loop formation (for
details see [8]). Taken together, these models all suggest a
mechanism by which Mus81 functions upstream (and indepen-
dently of) Rad51, presumably through cleavage of 3’ flaps, to
effect DNA repair but, in addition, can act downstream of Rad51
to mediate repair involving Holliday junction intermediates (but
again through its action on 3’ flaps).

Our data on MUSS8! function in mice is congruent with both
possibilities presented above. An early role for MUS81 in
prophase I in mice is indicated by the loss of meiotic cells from
leptonema onwards, and by the observation of increased RAD51
staining associated with regions of asynapsis and synaptic
disruption in zygonema (Figure 2C), although it must be noted
that homolog association and synapsis are unaffected in . cerevisiae
mms4 mutants [8]. However, the fact that RAD51 focus numbers
are largely unaffected in Mus81 nullizygous mice, together with the
observation that MSH4 focus frequency is normal in these
animals, would argue that the early stages of DSB repair are
unaffected by the absence of MUSSI. It is possible that the subset
of DSB events that are destined to become substrates for RAD51 is
unaffected by the loss of MUS81 and that only those MUS81-
dependent DSBs are then left unrepaired, perhaps becoming the
substrate for DNA mismatch repair processes. However, this is
inconsistent with our observation that the increase in MLHI1/
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MIh3-/-Mus81-/-

Figure 6. Analyses of Mus81 /" /MIh3’~ double null mice. MIh3"*:Mus81~/*(A), MIh3™~:Mus81™* (B) and MIh3™"~:Mus81~"~ (C) testes
sections were analyzed by H&E staining. Chromosome spreads from the same mice stained with antibodies against SYCP3 (green) and MLH1 (red) (D-
F). Diakinesis spreads show normal levels of chiasmata in the MIh3~"*:Mus81~"* mice, reduced levels in the MIh3~"~:Mus81** mice and only a residual
level of chiasmata in the MIh3™/":Mus81~/~ double knock-out mice (G-I). Arrows show the positions of the residual crossovers.

doi:10.1371/journal.pgen.1000186.g006

MLHS3 focus numbers does not occur until mid-to-late pachyne-
ma, much later than the appearance of these aberrant DNA
structures. Moreover, that the additional foci of MLLH]1 are equally
represented by additional foci of MLH3 implies that these
extraneous MutL heterodimers are of the MLH1/MLHS3 variety
(involved in recombination events) and not of the MLH1/PMS2
variety (involved in canonical mismatch repair), although analysis
of PMS2 localization is prevented by the absence of a functional
antibody. Nonetheless, we cannot exclude the possible involve-
ment of a non-canonical mismatch repair complex in these events,
nor can we dismiss the possible importance of other repair
pathways in these processes. Alternatively, such aberrant struc-
tures, which fail to be processed by MUS81 in early leptonema,
could proceed through prophase I to pachynema, whereupon they
become substrates for MLH1/MLH3 accumulation (giving rise to
the increased focus numbers for these MutL homologs). The lack
of an appreciable increase in MSH4 foci would argue against this
possibility, although the predicted increased may be too small to
be evident above the normal level of MSH4 accumulation.
Previous studies from other organisms have shown Mus81 to be
important in the processing of interference-independent COs [8,9]
We believe non-interfering COs might be generated in the same
way in mice, as Mus81~’~ males show irregularities in processing
of late recombination intermediates, characterized by a significant
increase in interference-independent MLH1 foci. Intriguingly, this

@ PLoS Genetics | www.plosgenetics.org

increase in MLHI1 does not correspond to an increase in
chiasmata in the Mus81~’" mice, when compared with WT
(discussed below). Thus, Mus81 deletion represents the first single
null mutant in which an increase in MLHI1 foci is not correlated
with increased SC length and, more importantly, in which the
increase in MLH1 focus numbers does not result in an increase in
the final tally of chiasmata. That these increased MLH1 foci are
associated with similar increases in MLH3 suggests that the MLH1
function at these sites is one of recombination rather than of DNA
mismatch repair (which would utilize PMS2). Unfortunately, the
lack of a MUSS81 antibody that detects the protein on chromosome
spreads precludes detailed analysis of MUS81 localization in
spermatocytes (Holloway and Cohen, unpublished data). These
observations point to alterations in crossover control at the level of
at least two distinct, but converging, recombination repair
pathways and not to regulation of crossover frequency by the
SC per se.

Given the late prophase I increase in MLH1-MLH3 foci in
Mus81 nullizygous animals, it i3 possible that MUS81 may play
both an early and a late role in recombination events in the mouse,
the two possibly being delineated by RAD51-independence versus
RADS51-dependency as suggested by Li and Brill [46]. For the
later, RAD51-dependent function, there are two possible models
for the interplay between MSH4-MSH5, MUS81 and MLHI1-
MLHS3 in generating COs (Figure 7). The first posits that MSH4
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MSHS5 will bind model dH]Js [48], recruit MLHI-MLH3 to the
majority of CO sites, while recruiting MUS8]1 to the remaining
subset of CO sites (or the presence of MUSS81 at this subset
prevents MLHI-MLH3 recruitment here). In the absence of
MUS81, MSH4-MSH5 directs all COs to be processed by
MLHI1-MLH3. There is evidence from tomato that MLHI-
positive COs and MLH1-negative COs may arise from the same
early precursors [39]. Moreover, data from mice and humans
show that genetic maps are consistently longer than those
estimated from MLH]1 focus counts, suggesting that MLHI foci
do not represent all the physical COs generated during meiosis
[7,49,50]. This model, however, would require physical interac-
tion between MSH4-MSH5 and MUSB81, a prerequisite for which
there is no published data. In addition, evidence from A. thaliana
suggests that, if this were the case, Atmsh4 mutants and
Atmsh4.mus81 double mutants would show the same number of
residual chiasmata, which is not the case [20].

The second model assumes that MSH4-MSH5 and MUSS81 act
in separate pathways, between which there is some degree of
crosstalk. This model also assumes that mammalian MUSS81 acts
at HJs @ vivo, which has been shown i vitro using recombinant
human MUSS81 [16]. The presence of MUS81 may then prevent
MLHI1-MLH3 binding to a subset of CO sites, resulting in
processing of these COs down a MUS81-dependent pathway,
which is, by inference from the yeast data, interference-
independent [8]. In the absence of MUS81 in Mus8l /™
spermatocytes, MLH1-MLH3 would not be repressed at these
CO sites, thus increasing overall MLHI1 focus number, and

MUS81 Role in Mammalian Meiosis

decreasing the amount of interference between MLHI1 foci, while
maintaining the eventual number of chiasmata (see below).
MUS81-MLH1-MLH3 crosstalk may be mediated by BLM, as
BLM is known to interact with MUS81 in somatic cells [51] and
with key components of the DNA mismatch repair family,
including MLH1 [52]. These data predict that interference is laid
down prior to MLH1-MLH3 accumulation, and remains in place
regardless of the pathway by which COs are processed. This
represents the first data on interference decision and timing in
mouse spermatocytes and is supported by data concerning the role
of MUS81-EMEL! in cleaving H]Js # wvitro and wm vivo. MUS81
readily cleaves non-H]J substrates i vitro [12,45,53,54,55], and can
efficiently catalyse symmetrical and coordinated cleavage of intact
HJs i vitro [14,16]. The potential importance of this intact HJ
resolution activity is supported by indirect evidence that MUS81-
EME] cleaves HF in vivo, at least in fission yeast [12,15], but has
yet to be demonstrated definitively in other eukaryotes.

A third possibility is that the extra MLLH1 foci seen in Mus81 -
mice are not representative of extra COs, but instead of aberrant
repair structures that require MUS81 protein to be repaired
correctly, or which arise as a result of failure of MUS81-driven
processes (as discussed above). From our data, it is difficult to say
whether this is the case. The persistent BLM and RADS51 foci seen
in the mutant spermatocytes indicate repair defects, rather than
crossover anomalies yet, at the same time, since we see increased
MLHS3 foci in addition to the increase in MLH1 foci, it is equally
likely that these structures represent nascent COs rather than
unrepaired breaks.

- Model 1
MSH4-MSH5 \ CO sites deselected from MSH4/5
B o by MUS81
MD§81 In absence of MUS81, M5H4/S instead
Y 4 . recruit MLH1/3 to more CO sites
MLH1-MLH3
Interference- Interference-
dependent COs independent COs
- Model 2

“ ' 4
MSH4-MSH5 MS81
WX

”~

MLH1-MLH3

Y

Interference-
dependent COs

Interference-
independent COs

Two distinct pathways
MUS81 accumulates at

k Crosstalk between pathways

Y In absence of MUS81, MLH1/3 can
accumulate at all CO sites

Figure 7. Two possible models for late action of MUS81 in mammalian meiosis.

doi:10.1371/journal.pgen.1000186.9007
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In Mus81~’~ mice, the number of chiasmata was not different
from that of WT mice, despite the increase in MLHI foci at
pachynema. However chiasma numbers were significantly re-
duced with respect to MLHI focus number in AMus8! -
pachytene cells, indicating either that some MLHI foci are lost
before they are resolved as chiasmata or that cells with higher
number of MLHI foci undergo apoptosis following pachynema.
Cells with MLH1-MLHS3 foci too close together may be subject to
additional processing by downstream factors limiting the crossover
number, such as EXO1 or BLM (Sgsl in yeast) [56,57] which, we
suggest, would normally overlook interference-independent
MUSS81 foci. Unfortunately, analysis of the localization of
EXOI1 is precluded by the absence of an antibody that is
functional on chromosome spreads. However BLM appears to
persist into late pachynema in Mus81 spermatocytes and may
account for this additional surveillance mechanism. Oh et al. [57]
have proposed that Sgsl in yeast functions to suppress closely
spaced COs by preventing the formation of complex recombina-
tion intermediates involving multiple chromatids. In this model,
Milh1-Mlh3 complexes act to promote inter-homolog strand
invasion, in part by antagonizing Sgsl. At the same time, Sgs1 acts
to disassemble complex recombination intermediates that might
include those resulting from closely spaced DSB processing events.
Given these suggestions, the current data indicate that the absence
of MUS81 in mice results in closely spaced interference-
independent MLHI-MLH3 events that then become the target
for directed BLM action. We suggest, therefore, that CO control
in the mouse involves complex integration between MUS81 and
MLHI-MLH3, perhaps mediated by BLM.

The current study provides strong evidence that COs in
mammals are controlled by at least two pathways, and that
MUSS81 is responsible for processing a distinct subset of these events.
Whether this control is mediated early in prophase I, at the level of
RADS51 acquisition, or later, upon accumulation of MLH1/MHS3,
remains to be seen. Clearly, however, the function of MUSS8]1 in
meiosis differs between eukaryotic species and also possibly
betweeen its function in the context of replication and meiosis.
Continued cross-species analysis of MUS81 action will help to
elucidate the nature of its activity in these diverses processes.

Materials and Methods

Mouse Breeding

Mus81 knockout mice were generated as previously described
[25]. Hybrid mice were bred with C57Bl/6 for several
generations, until mice were over 85% C57Bl/6 background.
Analyses were performed both on Mus§! ~/~ mutants and aged-
matched wild-type control mice. Analyses were repeated on WT,
heterozygote and mutant littermates. M/h3 and Msh4 knock-out
mice have been previously described [22,58].

Sperm Counts

Epidiymides were removed from either mutant or WT adult
mice, placed in human tubule fluid (HTF) culture medium
containing BSA (Specialty media), ripped open using micro
forceps and the contents squeezed into the medium. The
spermatozoa were cultured for 20 minutes at 32°C, then a 20 pul
aliquot was removed and fixed in 480 pl 10% formalin. The fixed
cells were gently mixed then intact spermatozoa counted using a
hemocytometer.

Histology

Adult mice were subjected to either perfusion fixation with
Bouins fixative or the testes were removed and fixed in 10%
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buffered formalin for 12 hours at 4°C. Paraffin-embedded tissue
was sectioned at 4 Um and processed for Haematoxylin and Eosin
staining or immunohistochemical analyses using standard meth-

ods.

Chromosome Spread Analysis

Testes were removed from mutant and WT mice aged day 12
pp, day 14 pp, day 17 pp and day 20 pp for the meiotic time
course analysis, as well as adult mice for the focus counts, and
processed as previously described [59]. Briefly, testes were
removed and decapsulated into hypotonic sucrose extraction
buffer (HEB, containing 1.7% sucrose) and left on ice for 30 min—
1 hr. Tubules were chopped on glass depression slides in a bubble
of 0.03% sucrose and added to slides coated in 1% paraformal-
dehyde. For analysis of female chromosome spreads, ovaries were
removed from day €18.5 to day 0.5 pp females, briefly soaked in
HEB, minced in 0.03% sucrose and added to a bubble of
paraformaldehyde on a well slide. Slides were slow dried and
subjected to immunofluorescent analyses.

Immunofluorescence and Immunohistochemistry

Slides were processed as described previously [60] using
antibodies generated in this lab [59], generously donated by
colleagues and available commercially. Primary antibodies used
included polyclonal rabbit-anti-RAD51 (1:500, Oncogene re-
search products), mouse-anti-MLH1 (1:50, Santa Cruz), and
rabbit anti-MSH4 (1:10) [58].

Immunohistochemistry was performed on formalin-fixed sec-
tions using rat hybridoma supernatant against germ cell nuclear
antigen-1 (GCNA-1) [61] for staining of early spermatocytes or
TUNEL staining (Chemicon) to detect cells undergoing apoptosis.

Statistical Analyses

Interfocus distances were collected from all 19 chromosomes
from late pachytene cells using the computer application
MicroMeasure version 3.01 (available for free download via the
Internet at http://www.colostate.edu/Depts/Biology/MicroMea-
sure). The interference parameter, », was estimated using two
independent methods. In the first, v was estimated by fitting the
observed frequency distribution of inter-focus distances, for
measurements only from chromosome 1 and 2, to the gamma
distribution by the maximum likelihood method using the
GENSTAT software package (VSN International, Hemel Hemp-
stead, UK) as described previously [37]. The second method
utilized data from all chromosomes, with distances measured
directionally, beginning at the centromere. Distances from the last
focus to the end of the chromosome were considered right-
censored observations, and the inter-focus distances non-censored
observations. Thus, every chromosome from which data was
collected had one censored inter-focus distance measurement.
Since most chromosomes contain either one or two foci, most of
the inter-focus distances are censored. The shape and scale
parameters were estimated by maximum likelihood, with the
censoring being handled using the EM algorithm for exponential
families [62] and fitted to a gamma distribution.

Testis weights, spermatozoa numbers, TUNEL analysis,
immunofluorescent focus counts (RAD51, MSH4, MLH]1) and
diakinesis spread counts were all analyzed for statistical signifi-
cance by using an unpaired t-test.

Acknowledgments

We thank Esther de Boer for helpful advice and Terry Ashley for her
generous provision of anti-MSH4 antibodies.

September 2008 | Volume 4 | Issue 9 | e1000186



Author Contributions

Conceived and designed the experiments: JKH PEC. Performed the
experiments: JKH. Analyzed the data: JKH JB PEC. Contributed

References

1.

20.

21.

22.

23.

24.

26.

27.

Keeney S, Giroux CN, Kleckner N (1997) Meiosis-specific DNA double-strand
breaks are catalyzed by Spoll, a member of a widely conserved protein family.
Jell 88: 375-384.

. Paques F, Haber JE (1997) Two pathways for removal of nonhomologous DNA

ends during double-strand break repair in Saccharomyces cerevisiae. Mol Cell
Biol 17: 6765-6771.

. Paques F, Haber JE (1999) Multiple pathways of recombination induced by

double-strand breaks in Saccharomyces cerevisiac. Microbiol Mol Biol Rev 63:
349-404.

. Johnson RD, Jasin M (2001) Double-strand-break-induced homologous

recombination in mammalian cells. Biochem Soc Trans 29: 196-201.

. Jones GH, Franklin FC (2006) Meiotic crossing-over: obligation and interfer-

ence. Cell 126: 246-248.

. Baker SM, Plug AW, Prolla TA, Bronner CE, Harris AC, et al. (1996)

Involvement of mouse Mlh1 in DNA mismatch repair and meiotic crossing over.
Nature Genetics 13: 336-342.

. Froenicke L, Anderson LK, Wienberg J, Ashley T (2002) Male mouse

recombination maps for cach autosome identified by chromosome painting.

Am J Hum Genet 71: 1353-1368.

. de los Santos T, Hunter N, Lee C, Larkin B, Loidl J, et al. (2003) 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: 81-94.

. Copenhaver GP, Housworth EA, Stahl FW (2002) Crossover interference in

Arabidopsis. Genetics 160: 1631-1639.

. Abdullah MF, Hoffmann ER, Cotton VE, Borts RH (2004) A role for the MutL

homologue MLH2 in controlling heteroduplex formation and in regulating
between two different crossover pathways in budding yeast. Cytogenet Genome

Res 107: 180-190.

. Argueso JL, Wanat J, Gemici Z, Alani E (2004) Competing crossover pathways

act during meiosis in Saccharomyces cerevisiae. Genetics 168: 1805-1816.

. Boddy MN, Gaillard PH, McDonald WH, Shanahan P, Yates JR 3rd, et al.

(2001) Mus81-Emel are essential components of a Holliday junction resolvase.

Cell 107: 537-548.

. Novak JE, Ross-Macdonald PB, Roeder GS (2001) The budding yeast Msh4

protein functions in chromosome synapsis and the regulation of crossover
distribution. Genetics 158: 1013-1025.

. Gaskell LJ, Osman F, Gilbert RJ, Whitby MC (2007) Mus81 cleavage of

Holliday junctions: a failsafe for processing meiotic recombination intermedi-

ates? Embo J 26: 1891-1901.

. Cromie GA, Hyppa RW, Taylor AF, Zakharyevich K, Hunter N, et al. (2006)

Single Holliday junctions are intermediates of meiotic recombination. Cell 127:
1167-1178.

. Taylor ER, McGowan CH (2008) Cleavage mechanism of human Mus81-Emel

acting on Holliday-junction structures. Proc Natl Acad Sci U S A 105:
3757-3762.

. Roseaulin L, Yamada Y, Tsutsui Y, Russell P, Iwasaki H, et al. (2008) Mus81 is

essential for sister chromatid recombination at broken replication forks. EMBO J
27: 1378-1387.

. Yildiz O, Majumder S, Kramer B, Sekelsky JJ (2002) Drosophila MUS312

interacts with the nucleotide excision repair endonuclease MEI-9 to generate
meiotic crossovers. Mol Cell 10: 1503-1509.

. Mercier R, Jolivet S, Vezon D, Huppe E, Chelysheva L, et al. (2005) Two

meiotic crossover classes cohabit in Arabidopsis: one is dependent on
MERS3,whereas the other one is not. Curr Biol 15: 692—701.

Higgins JD, Buckling EF, Chris F, Franklin H, Jones GH (2008) Expression and
Functional Analysis of AtMUS81 in Arabidopsis Meiosis Reveals a Role in the
Second Pathway of Crossing-over. Plant J.

Woods LM, Hodges CA, Baart E, Baker SM, Liskay RM, et al. (1999)
Chromosomal influence on meiotic spindle assembly: abnormal meiosis I in
female Mlh1 mutant mice. Journal of Cell Biology 145: 1395-1406.

Lipkin SM, Moens PB, Wang V, Lenzi M, Shanmugarajah D, et al. (2002)
Meiotic arrest and aneuploidy in MLHS3-deficient mice. Nat Genet 31: 385-390.
Guillon H, Baudat F, Grey C, Liskay RM, de Massy B (2005) Crossover and
noncrossover pathways in mouse meiosis. Mol Cell 20: 563-573.

Svetlanov A, Baudat F, Cohen PE, de Massy B (2008) Distinct Functions of
MLH3 at Recombination Hot Spots in the Mouse. Genetics 178: 1937-1945.

. Dendouga N, Gao H, Moechars D, Janicot M, Vialard J, et al. (2005) Disruption

of murine Mus81 increases genomic instability and DNA damage sensitivity but
does not promote tumorigenesis. Mol Cell Biol 25: 7569-7579.

McPherson JP, Lemmers B, Chahwan R, Pamidi A, Migon E, et al. (2004)
Involvement of mammalian Mus81 in genome integrity and tumor suppression.
Science 304: 1822-1826.

Peters AH, Plug AW, van Vugt MJ, de Boer P (1997) A drying-down technique
for the spreading of mammalian meiocytes from the male and female germline.
Chromosome Res 5: 66-68.

@ PLoS Genetics | www.plosgenetics.org

1

MUS81 Role in Mammalian Meiosis

reagents/materials/analysis tools: WE CHM PEC. Wrote the paper:
JKH PEC.

28.

29.

30.

31.

32.

33.

34.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

Hamer G, Roepers-Gajadien HL, van Duyn-Goedhart A, Gademan IS, Kal HB,
et al. (2003) DNA double-strand breaks and gamma-H2AX signaling in the
testis. Biol Reprod 68: 628-634.

Tarsounas M, Morita T, Pearlman RE, Moens PB (1999) RAD51 and DMC1
form mixed complexes associated with mouse meiotic chromosome cores and
synaptonemal complexes. Journal of Cell Biology 147: 207-220.

Ashley T, Plug AW, Xu J, Solari AJ, Reddy G, et al. (1995) Dynamic changes in
Rad51 distribution on chromatin during meiosis in male and female vertebrates.
Chromosoma 104: 19-28.

Pittman DL, Cobb J, Schimenti KJ, Wilson LA, Cooper DM, et al. (1998)
Meiotic prophase arrest with failure of chromosome synapsis in mice deficient
for Dmcl, a germline-specific RecA homolog. Mol Cell 1: 697-705.

Yoshida K, Kondoh G, Matsuda Y, Habu T, Nishimune Y, et al. (1998) The
mouse RecA-like gene Dmel is required for homologous chromosome synapsis
during meiosis. Molecular Cell 1: 707-718.

Benson FE, Baumann P, West SC (1998) Synergistic actions of Rad51 and
Rad52 in recombination and DNA repair [sce comments]. Nature 391:
401-404.

Walpita D, Plug AW, Neff NF, German J, Ashley T (1999) Bloom’s syndrome
protein, BLM, colocalizes with replication protein A in meiotic prophase nuclei
of mammalian spermatocytes. Proceedings of the National Academy of Sciences
96: 5622-5627.

. Moens PB, Freire R, Tarsounas M, Spyropoulos B, Jackson SP (2000)

Expression and nuclear localization of BLM, a chromosome stability protein
mutated in Bloom’s syndrome, suggest a role in recombination during meiotic
prophase. Journal of Cell Science 113: 663-672.

5. Anderson LK, Reeves A, Webb LM, Ashley T (1999) Distribution of crossing

over on mouse synaptonemal complexes using immunofluorescent localization of
MLHI protein. Genetics 151: 1569-1579.

de Boer E, Stam P, Dietrich AJ, Pastink A, Heyting C (2006) Two levels of
interference in mouse meiotic recombination. Proc Natl Acad Sci U S A 103:
9607-9612.

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

Lhuissier FG, Offenberg HH, Wittich PE, Vischer NO, Heyting C (2007) The
mismatch repair protein MLH1 marks a subset of strongly interfering crossovers
in tomato. Plant Cell 19: 862-876.

de Boer E, Dietrich AJ, Hoog C, Stam P, Heyting C (2007) Meiotic interference
among MLHI foci requires neither an intact axial element structure nor full
synapsis. J Cell Sci 120: 731-736.

Kaliraman V, Mullen JR, Fricke WM, Bastin-Shanower SA, Brill SJ (2001)
Functional overlap between Sgsl-Top3 and the Mms4-Mus81 endonuclease.
Genes Dev 15: 2730-2740.

Mullen JR, Kaliraman V, Ibrahim SS, Brill SJ (2001) Requirement for three
novel protein complexes in the absence of the Sgsl DNA helicase in
Saccharomyces cerevisiae. Genetics 157: 103-118.

Boddy MN, Lopez-Girona A, Shanahan P, Interthal H, Heyer WD, et al. (2000)
Damage tolerance protein Mus81 associates with the FHAI domain of
checkpoint kinase Cds1. Mol Cell Biol 20: 8758-8766.

Fabre I, Chan A, Heyer WD, Gangloff S (2002) Alternate pathways involving
Sgs1/Top3, Mus81/ Mms4, and Srs2 prevent formation of toxic recombination
intermediates from single-stranded gaps created by DNA replication. Proc Natl
Acad Sci U S A 99: 16887-16892.

. Bastin-Shanower SA, Fricke WM, Mullen JR, Brill SJ (2003) The mechanism of

Mus81-Mms4 cleavage site selection distinguishes it from the homologous
endonuclease Radl-Rad10. Mol Cell Biol 23: 3487-3496.

Ii M, Brill S§J (2005) Roles of SGS1, MUS81, and RAD51 in the repair of
lagging-strand replication defects in Saccharomyces cerevisiae. Curr Genet 48:
213-225.

de los Santos T, Loidl J, Larkin B, Hollingsworth NM (2001) A role for MMS4
in the processing of recombination intermediates during meiosis in Saccharo-
myces cerevisiae. Genetics 159: 1511-1525.

Snowden T, Acharya S, Butz C, Berardini M, Fishel R (2004) hMSH4-hMSH5
Recognizes Holliday Junctions and Forms a Meiosis-Specific Sliding Clamp that
Embraces Homologous Chromosomes. Mol Cell 15: 437-451.

Lenzi ML, Smith J, Snowden T, Kim M, Fishel R, et al. (2005) Extreme
heterogeneity in the molecular events leading to the establishment of
chiasmata during meiosis i in human oocytes. Am J Hum Genet 76: 112—
127.

Hulten MA, Tease C, Lawrie NM (1995) Chiasma-based genetic map of the
mouse X chromosome. Chromosoma 104: 223-227.

Zhang R, Sengupta S, Yang Q, Linke SP, Yanaihara N, et al. (2005) BLM
helicase facilitates Mus81 endonuclease activity in human cells. Cancer Res 65:
2526-2531.

September 2008 | Volume 4 | Issue 9 | e1000186



52.

53.

57.

Langland G, Kordich J, Creaney J, Goss KH, Lillard-Wetherell K, et al. (2001)
The Bloom’s syndrome protein (BLM) interacts with MLH1 but is not required
for DNA mismatch repair. J Biol Chem 276: 30031-30035.

Osman F, Dixon J, Doe CL, Whitby MC (2003) Generating crossovers by
resolution of nicked Holliday junctions: a role for Mus81-Emel in meiosis. Mol

Sell 12: 761-774.

Ciccia A, Constantinou A, West SC (2003) Identification and characterization of
the human mus81-emel endonuclease. ] Biol Chem 278: 25172-25178.

. Constantinou A, West SC (2004) Holliday junction branch migration and

resolution assays. Methods Mol Biol 262: 239-253.

Wei K, Clark AB, Wong E, Kane MF, Mazur D], et al. (2003) Inactivation of
Exonuclease 1 in mice results in DNA mismatch repair defects, increased cancer
susceptibility, and male and female sterility. Genes Dev 17: 603-614.

Oh SD, Lao JP, Hwang PY, Taylor AF, Smith GR, et al. (2007) BLM ortholog,
Sgsl, prevents aberrant crossing-over by suppressing formation of multi-
chromatid joint molecules. Cell 130: 259-272.

@ PLoS Genetics | www.plosgenetics.org

12

58.

59.

60.

61.

62.

MUS81 Role in Mammalian Meiosis

Kneitz B, Cohen PE, Avdievich E, Zhu L, Kane MF, et al. (2000) MutS
homolog 4 localization to meiotic chromosomes is required for chromosome
pairing during meiosis in male and female mice. Genes Dev 14: 1085-1097.
Kolas NK, Svetlanov A, Lenzi ML, Macaluso FP, Lipkin SM, et al. (2005)
Localization of MMR proteins on meiotic chromosomes in mice indicates
distinct functions during prophase 1. J Cell Biol 171: 447-458.

Edelmann W, Cohen PE, Kneitz B, Winand N, Lia M, et al. (1999) Mammalian
MutS homologue 5 is required for chromosome pairing in meiosis. Nature
Genetics 21: 123-127.

Enders GC, May JJ 2nd (1994) Developmentally regulated expression of a
mouse germ cell nuclear antigen examined from embryonic day 11 to adult in
male and female mice. Dev Biol 163: 331-340.

Oakes D (1999) Direct calculation of the information matrix via the EM
algorithm. Journal of the Royal Statistical Society B 61: 479-482.

September 2008 | Volume 4 | Issue 9 | e1000186



