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In mammalian meiosis, homologous chromosomes pair, synapse, and undergo
genetic recombination, or the exchange of genetic material through crossing over. The
appropriate frequency and distribution of crossovers is essential for ensuring equal
segregation of homologs at the first meiotic division. Crossover formation is initiated by
250-300 DSBs of which 90% are resolved as non-crossovers, while 10% are resolved
as crossovers.
MLH1/MLH3 (MutLγ) contains a putative endonuclease domain in MLH3 thought
to be essential for crossover formation. One focus of this thesis was to elucidate the role
of MutLγ in crossover resolution in vivo, while investigating how MutLγ is recruited to
chromosomes at the appropriate time and frequency. We generated an Mlh3D1185N
mouse (Mlh3DN/DN) harboring a point mutation within the endonuclease domain.
Mlh3DN/DN males are infertile, yet exhibit normal mating behavior. Mlh3DN/DN
spermatocytes exhibit normal DSB formation, synapsis, and localization of MutLγ to
chromosomes. However, Mlh3DN/DN pachytene spermatocytes exhibit persistence of
RAD51 and BLM. Diakinesis-staged cells show reduced crossovers, but somewhat

	
  

elevated above that of Mlh3-/- males. Thus, the MLH3 endonuclease domain is essential
for processing of the majority of DSB events ultimately destined to become crossovers.
CNTD1 is implicated in designating DSB repair intermediates to become crossovers
in male meiosis; however, the meiotic phenotype of Cntd1GT/GT females is unknown. Thus,
the second focus of this thesis was to elucidate CNTD1 function during prophase I in
females. Cntd1GT/GT females are infertile, yet exhibit normal mating behavior. Initial DSB
processing events are normal in Cntd1GT/GT oocytes, yet pachytene oocytes have a high rate
of synapsis defects and fail to recruit MutLγ to chromosomes, leading to significantly fewer
chiasmata compared to Cntd1+/+ oocytes. Cntd1GT/GT oocytes also show severe spindle
defects and abnormal chromosome arrangement. Histologically, pre-pubertal Cntd1GT/GT
ovaries have fewer follicles when compared to Cntd1+/+ ovaries, and are depleted of oocytes
by adulthood. Thus, CNTD1 is not essential for early DSB processing events, but is required
for MutLγ recruitment and Class I crossover designation.
Crossover formation (MLH3) and designation (CNTD1) must be controlled
temporally, spatially, and quantitatively. It is this fascinating and exquisitely complex
regulation that forms the basis for the studies outlined in this thesis.
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CHAPTER 1
AN INTRODUCTION TO MAMMALIAN MEIOSIS

1.

Meiosis
Meiosis is a specialized cell division process in which a diploid parental cell

undergoes one round of DNA replication followed by two rounds of cellular division
resulting in up to four haploid daughter cells. Meiosis is divided into two stages: meiosis
I and meiosis II, each of which is subsequently divided further into four sub-stages:
prophase, metaphase, anaphase, and telophase. Meiosis II is highly reminiscent of
mitosis, in that sister chromatids segregate into two daughter cells (for males at least;
Figure 1-1A). However, meiosis I is unique since during this division homologous
(maternal and paternal) chromosomes must segregate into two daughter cells (that
each then enter meiosis II). Thus, a successful division of the genome at the end of
meiosis I is dependent on the tethering of homologous chromosomes during meiotic
prophase I and their subsequent release at the first meiotic division (Figure 1-1B-D).
This tethering is ensured by: 1) synapsis, the formation of a tripartite proteinaceous
structure between homologous chromosomes; 2) homologous recombination (the
reciprocal exchange of genetic information between homologous chromosomes) leading
to the formation of crossovers, and by 3) cohesion between replicated sister chromatids,
which establishes the appropriate tension on the metaphase I spindle [1, 2]. Synapsis
and recombination are the hallmarks of meiotic prophase I, and as such are both
required for establishing homolog interactions that lead to the formation of at least one
crossover event per chromosome pair [3]. Furthermore, the correct placement,
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Figure 1-1. Mammalian mitosis and meiosis and sexual dimorphism between
males and females.
(A) In mammalian mitosis, a parental cell undergoes one round of DNA replication
followed by one round of cellular division resulting in daughter cells identical to the
original parental cell. (B) In contrast, meiosis is a specialized cell division process in
which a cell undergoes one round of DNA replication followed by two rounds of cellular
division to results in haploid gametes. To have equal segregation of the homologous
chromosomes at the first meiotic division, crossover formation occurs in prophase I to
tether the homologs. (C, D) Note the sexual dimorphisms in meiosis between males and
females. In males, a meiotic event results in up to four haploid spermatids. On the other
hand, one meiosis in females results in only one newly fertilized oocyte where the extra
chromosomal content was extruded in polar bodies at the first and second meiotic
division. Homologous chromosomes are in pink and blue, mitotic and meiotic spindles
are shown in black, gray "X" indicates discarded polar body. This figure is adapted from
Cohen and Holloway, Mammalian meiosis. Knobil and Neill's Physiology of
Reproduction. 2015.

	
  

2	
  

	
  

3	
  

frequency, and distribution of crossovers is critical for ensuring the appropriate
disjunction at metaphase I and for maintaining genomic stability [3]. Thus, the events of
prophase I, and the subsequent first meiotic division, are the defining events of meiosis
that make it different from the mitotic division.
It is essential that each pair of homologous chromosomes undergo proper
crossover events to maintain genomic stability [3]. The absence or improper placement
of a crossover may lead to the mis-segregation of homologs at the first meiotic division
and can subsequently result in an aneuploid gamete. Indeed, studies of human
gametes have shown that approximately 1-2% of sperm and 20% of oocytes are
aneuploid, and that an estimated 10-30% of human zygotes host an abnormal number
of chromosomes, with most being either trisomic or monosomic [4]. In addition,
approximately 35% of all miscarriages are due to aneuploidy events, making it the
leading cause of pregnancy loss. Of the cases that survive to term, aneuploidy is the
leading genetic cause of developmental abnormalities [4]. These human studies
emphasize the importance of understanding the initial causes of aneuploid gametes,
some of which result from a mis-segregation of homologous chromosomes at the first
meiotic division due to improper meiotic recombination events.

2.

Meiotic Prophase I - Homologous Chromosome Pairing and Synaptonemal

Complex Formation
Meiotic prophase I is the first and longest stage of mammalian meiosis in which
the homologous chromosomes must pair, synapse, and undergo meiotic recombination
to generate a crossover event. Pairing and synapsis occurs through protein-protein
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interactions, while recombination occurs through DNA-DNA interactions. Prophase I is
divided even further into five sub-stages, defined cytologically by the chromosomal
appearance of the synaptonemal complex (SC). The SC is a tripartite proteinaceous
structure that forms between and maintains the homologous chromosomes at of
distance of 100 nm from each other [5]. This structure is composed of two lateral
elements (LEs; assemble along the homologous chromosomes), a central element
(CE), and the transverse filaments (TFs) that join the LEs and CE [6-9]. Specifically in
the mouse, the LEs are composed of SYCP2/3, the TF of SYCP1, and the CE of
SYCE1/2/3, and TEX12 [10-15]. Interestingly, protein components of the LEs, CE, and
TFs do not show sequence homology across multiple eukaryotic species, such as
Drosophila, C. elegans, and M. musculus. However, while evolutionarily complex, the
SC holds a conserved function across species [9].
The first stage of prophase I, leptonema, immediately follows the pre-meiotic
DNA replication that results in sister chromatids bound to each other via cohesion
proteins. During this stage, the chromosomes are long and decondensed as the axial
elements (AEs) of the SC, one of which is SYCP3, aligns along the chromosomes as
short discrete patches. These short stretches coalesce into longer filaments along the
entire length of the homologs as the chromosomes become more condensed in late
leptonema and into zygonema [5, 8].
In zygonema, the homologous chromosomes pair and begin to synapse as CE
proteins, such as SYCP1, begin to associate with the AEs, and allow the homologous
chromosomes to "zipper up". This may be observed cytologically as the co-localization
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of SYCP3 and SYCP1. As synapsis between the homologs progresses from early to
late zygonema, the chromosomes continue to condense [5, 8].
Once the homologous chromosomes are completely condensed and synapsed,
the cell has entered pachynema, the longest of the sub-stages in meiotic prophase I. At
this point, the AEs of the SC are now termed lateral elements (LEs). When pachynema
is complete, the cell enters diplonema, which is when the CEs of the SC begin to
degrade and the homologous chromosomes will repel one another. This can be
observed cytologically as "bubbles" may form between the homologs, allowing the
chromosomes to be visualized separately (Figure 1-2A, B). However, as the SC breaks
down, the homologous chromosomes will remain tethered to one another at points of
crossing over, or cytologically termed sites as chiasmata (discussed further in this
chapter) [5, 8].
The final stage of prophase I is diakinesis, defined by the complete breakdown of
the SC, except for residual protein remaining at the centromeres of the homologous
chromosomes and where the homologs continue to remain joined at crossover sites,
primed to proceed to metaphase I and undergo the first meiotic division [5, 8]. At this
point, the homologous chromosomes may be viewed cytologically by using a DNA stain
such as DAPI or Giemsa. Collectively, these cytologically defined features define the
sub-stages of prophase I and allow us to determine the progression of meiotic
recombination in wild-type and meiotic mutants.
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Figure 1-2. Prophase I progression is defined by the status of the synaptonemal
complex in mouse spermatocytes.
(A) Male chromosome spread preparations from mouse spermatocytes, showing
prophase I cells in leptonema, zygonema, pachynema, and diplonema. The progression
of prophase I is defined by the state of the synaptonemal complex (SC). SYCP3, a
component of the lateral/axial element, is red; SYCP1, a component of the central
element is green. (B) A cartoon representation of the events during the first four substages of prophase I shows the localization of SYCP3 and SYCP1; diakinesis is not
shown because the SC is almost completely broken down by this stage (centromere,
blue; chromosomes, black). Note that for all chromosome spread immunofluorescence,
the fluorescence signal is labeling the proteins of the SC, and not the DNA. This figure
is adapted from Meiotic arrest and aneuploidy in MLH3-deficient mice (Lipkin et al
2002).

	
  

7	
  

3.

Differences Between Male and Female Meiosis
A hallmark of meiosis is the difference in the timing, mechanism, and outcome of

meiotic events between males and females [16]. One fundamental difference is in the
timing by which spermatogonia and oogonia enter meiosis. In males and females, entry
into meiosis is at least partly dependent on the expression of stimulated by retinoic acid
gene 8 (Stra8) which, as the name suggests is triggered by retinoic acid (RA) [17-21].
During fetal development, the mesonephroi of both male and females will synthesize
RA. In females, RA-induced Stra8 expression is observed at embryonic age (e) 12.5,
approximately one day prior to the onset of meiosis. Interestingly, meiotic entry of
oogonia occurs in a "wave" with the anterior region of the ovary being exposed to RA
first, followed by later exposure at the posterior end of the ovary at approximately e16.5
[22, 23]. In males, however, levels of RA in the developing testis will be 80% lower than
ovaries due to the expression of cytochrome P45026B1 (Cyp26b1), which is responsible
for the degradation of RA in Sertoli cells [19, 22, 24, 25]. Thus, spermatogonia are
blocked from entering meiosis during fetal development until after birth. In postnatal
mice, from around 8 days post-partum (pp), RA is synthesized in Sertoli cells where
CYP26B1 is now down regulated, allowing for high levels of RA to induce Stra8
expression and induce entry into meiosis [26].
The difference in the timing of meiotic entry leads to many other processes of
meiosis to be temporally distinct between male and female mice. As previously
mentioned, meiosis in males is initiated shortly after birth with the first wave of meiosis
beginning approximately at the onset of puberty (approximately 8-14 days pp in mouse).
Specified spermatogonia enter meiosis as waves in the testis tubules, which occurs
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continuously for the duration of the mouse's lifespan and thus results in a constant
replenishment of sperm [16, 27]. Thus, to study the normal progression of prophase I in
mouse spermatocytes, cells can be extracted from the testis tubules throughout adult
life. In females, the entire pool of oocyte precursor cells commit to meiosis during midgestation, at approximately e13.5 in mouse, in a semi-synchronous fashion and enter
the first meiotic arrest (dictyate arrest) at around day of birth [16]. Thus, to visualize the
progression of prophase I in female mice, oocytes must be extracted at various time
points between gestational age e15.5 and 1 day pp. Once a female reaches
reproductive age, a selected pool of oocytes will be triggered to ovulate and resume
meiosis under the influence of Luteinizing hormone (LH), to complete prophase I
through telophase, at which point the first meiotic division and extrusion of the first polar
body occur. The oocyte will then undergo a second meiotic arrest in metaphase II where
it will await fertilization by a sperm to complete meiosis with the second meiotic division
and extrusion of the second polar body.
One key feature between male and female meiosis is the resulting number of
gametes. In males, for every one spermatocyte that undergoes a meiotic event, there
are four resulting haploid spermatozoa. In females, on the other hand, the progression
of one oocyte precursor through meiosis results in one newly fertilized oocyte, with the
extra chromosomal content being extruded in two polar bodies, one after each
asymmetric cellular division. Thus, while males have a constant regeneration of
spermatozoa in waves (no arresting stages) throughout their lifetime, females are born
with a set pool of oocytes that remain arrested for a substantial period of time and upon
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puberty undergo either atresia or a second extended arrest after ovulation (until
fertilization), leading to the diminishment of the original set oocyte pool.

4.

Meiotic Homologous Recombination
Meiotic recombination begins with the induction of double strand breaks (DSBs)

by the topoisomerase-VI-like protein, SPO11, and its accessory proteins (Figure 1-3A,
B) [28]. These DSBs that are generated throughout the genome are not random,
occurring preferentially in sites at which recombination occurs at a thousand fold higher
rate than the genomic average, termed DSB hotspots [29-32]. After performing this
catalytic activity, SPO11 remains bound to the DNA until it is actively removed as a
SPO11- oligonucleotide complex [33]. The remaining 5' ends undergo resection to result
in 3' single strand overhangs (Figure 1-3C). These 3' overhangs are first coated by
Replication Protein A (RPA) to avoid the single stranded DNA from looping onto itself,
followed by the recruitment of RecA homologs, RAD51 and the meiosis-specific DMC1
[34-38]. Both RAD51 and DMC1 facilitate the invasion of the 3' single end into the
opposing homolog in a single-end invasion (SEI) event resulting in the displacement of
the complementary DNA strand to form a D-loop, a stable heteroduplex DNA
intermediate structure (Figure 1-3D) [39]. This D-loop intermediate can be processed in
multiple ways, depending on the DNA repair pathway that is invoked, and will result in
the formation of either a non-crossover or a crossover. A crossover is defined as the
reciprocal exchange of genetic material between the maternal and paternal
chromosomes, whereas a non-crossover is when no such reciprocal exchange occurs.
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Figure 1-3. Mammalian meiotic recombination pathways.
This figure is a schematic representation of the double strand break repair (DSBR)
model in eukaryotic organisms. (A-C) Induction of a double strand break (DSB) leads to
5' end resection and results in 3' single end overhangs. (D) The 3' end invades the
homolog in a single end invasion (SEI) event and subsequently a D-loop intermediate
forms. (E) In the mouse, a majority of DSB events undergo a non-crossover event via
the synthesis-dependent strand annealing (SDSA) pathway where the 3' single end is
displaced from the D-loop and the DSB is repaired without reciprocal exchange of
genetic material. (F) A subset of D-loop intermediates will undergo a second-end
capture event and result in the formation of a double Holliday junction (dHJ), which can
be processed in several ways. (G) In a dissolution event, the two Holliday junctions are
moved toward each other and the strands are cleaved to result in a non-crossover
event. (H) In a Class I crossover event, the dHJ is asymmetrically cleaved by an
unidentified resolvase, possibly by MutLγ-EXO1, and results in a reciprocal exchange of
genetic material. In mouse, a majority of crossovers were processed through the Class I
pathway. (I) A minority of crossover events are processed through a Class II crossover
pathway where structure-specific nucleases (SSNs), such as MUS81-EME1 (in mouse),
asymmetrically cleave the dHJ to result in a crossover. (J) dHJs can also be processed
through symmetric cleavage, which will result in a non-crossover event. Homologous
chromosomes are in pink and blue; black arrowheads depict predicted cleavage sites;
proteins in green are hypothesized to process dHJs; final products are in bold.
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The major pathway leading to a crossover is the Class I crossover pathway (discussed
below), where the D-loop undergoes further processing to relegate the 3' overhang with
its original end and thus results in a second end capture event to form a double Holliday
junction (dHJ; joint molecule; Figure 1-3F, H) [39, 40]. At some point in this process, the
ZMM proteins (discussed below) MSH4 and MSH5, collectively known as MutSγ,
associate with a subset of these intermediate structures [41]. MutSγ is thought to
stabilize the dHJs and hydrolysis of ATP through its ATPase domains allows MutSγ to
form a sliding clamp to allow additional loading of MutSγ [42-44]. This is followed by the
recruitment of another complex, MutLγ, consisting of the MutL homologs MLH1 and
MLH3 (Figure 1-3H) [45-48]. Formally, MLH3 associates first with the chromosomes,
followed by the co-localization of MLH1 to a subset of MLH3 sites, thus designating the
final Class I crossovers [45, 49]. Though not considered to be ZMM proteins, MLH1 and
MLH3 are critical for Class I crossover events in numerous organisms [47-52]. In fact,
the M. musculus MLH1-MLH3 heterodimer has been demonstrated to localize to sites
that are destined to become Class I crossovers and the absence of either protein in
male spermatocytes leads to a dramatic decrease, but not complete absence, of
chiasmata [45, 47-49, 53, 54]. At the end of DSB repair, Class I processed dHJs
undergo resolution by currently unidentified resolvases (Figure 1-3H). However, MutLγ
harbors catalytic activity within the putative endonuclease domain of MLH3 and is
thought to contribute to the resolution of dHJs [50, 55-58]. In addition, Exonuclease 1
(EXO1) has been shown to host a late role in recombination as Exo1-/- mice accumulate
both MLH1 and MLH3, yet still result in a dramatic loss of chiasmata [59]. As such, it is
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possible that both MutLγ and EXO1 contribute to the resolution of Class I processed
dHJs into crossovers (Figure 1-3H).
Crossovers can also form via the Class II pathway, which will be discussed in
further detail later in this chapter. Briefly, after SEI, a subset of intermediate DNA
molecules is processed by structure-specific nucleases (SSN) such as MUS81-EME1,
GEN1, or SLX1-SLX4 (Figure 1-3I) [60-66].

5.

Recombination Pathways Downstream of the Common D-loop Intermediate

5.1

Synthesis-Dependent Strand Annealing (SDSA) Pathway
Meiotic recombination begins with the introduction of a large number of

programmed DSBs, all of which must be repaired either as a non-crossover or a
crossover. In M. musculus, 90% of DSBs are repaired as non-crossovers while the
remaining 10% are repaired as crossovers [62, 67]. Evidence for the temporal
distinction between non-crossover and crossover pathways arose in S. cerevisiae,
where it was shown that the former occur earlier in meiotic prophase I through the
process of synthesis-dependent strand annealing (SDSA) [68, 69]. In SDSA, the
invading 3' single strand is displaced from the D-loop and is instead re-ligated to its own
5' end with DNA synthesis occurring by using either the sister chromatid or the opposing
homolog (which leads to a gene conversion event) as a template (Figure 1-3E).
Through the SDSA pathway, the initial DSB does not result in the physical linkage
between the homologous chromosomes. However, evidence in S. cerevisiae suggests
that DSBs that eventually lead to non-crossovers are critical for DNA-DNA interactions
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that are essential for the search, recognition, and juxtaposition of homologous
chromosomes [70].

5.2

Class I Crossover Pathway
In M. musculus of the 10% of DSBs that are repaired as crossovers, 90-95% are

processed through the Class I pathway while the remaining 5-10% are processed
through the Class II pathway [62, 67]. The Class I crossover pathway is also known as
the ZMM pathway, named after the major genes discovered in yeast that regulate this
mechanism. These include S. cerevisiae SC proteins Zip1/ Zip2/ Zip3, DNA mismatch
repair proteins Msh4/ Msh5, and ATP-dependent helicase Mer3 [71-74]. Collectively,
the ZMM proteins, in addition to other regulatory proteins, ensure that dHJs are
processed as crossover events. In fact, yeast strains with mutations in any of the ZMM
genes result in significantly reduced or the entire absence of crossovers [75]. S.
cerevisiae Zip1 is the structural and functional equivalent of central element protein
SYCP1 in mouse and thus aids in the association of homologous chromosomes in
synapsis [10, 74, 75]. S. cerevisiae Zip2 and Zip3 are components of the synapsis
initiation complex (SIC) and as such are thought to mediate protein-protein interactions
through ubiquitinylation and/or SUMOylation [76, 77]. Specifically, Zip3 is a SUMO E3
ligase found to be required for SC formation in yeast as it regulates such proteins on the
meiotic chromosome cores. [77]. Interestingly, while mutations in Zip3 leads to defects
in SC formation, mutations of its mammalian ortholog, SUMO E3 ligase RING finger
protein 212 (RNF212), results in normal synapsis [78]. However, mutations of both
yeast Zip3 and mouse RNF212 results in defective crossover formation, leading to a
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decrease in spore viability in yeast and infertility in mouse [72, 78]. S. cerevisiae Mer3
(mouse ortholog is HFM1) is a DNA helicase that unwinds both single- and doublestranded DNA substrates in an ATP-dependent 3' to 5' direction, most likely to promote
a second end capture event and subsequently aid in the generation of a dHJ [79-83].
Upon second end capture, MutSγ associates and stabilizes the dHJ, while ATP
hydrolysis via the ATPase domains of MutSγ results in a sliding clamp that moves away
from the dHJ to allow further loading of MutSγ [41, 69, 84]. While not officially classified
as ZMM proteins, MLH1 and MLH3 are recruited by MutSγ and are essential for dHJs to
be processed as Class I crossovers [46]. Collectively known as MutLγ, MLH1 and MLH3
function as a heterodimer to promote the resolution of dHJs. In fact, absence of either
MLH1 or MLH3 in mouse leads to a 90% loss of chiasmata in diakinesis-staged
spermatocytes, indicative of an absent Class I crossover pathway [47-49]. While the
exact function of MutLγ in the resolution of dHJs is currently unknown, evidence from S.
cerevisiae suggests that Mlh3 may be playing a critical role in the resolution of dHJs
[50, 55, 56]. Specifically, biochemical studies have shown that yeast Mlh3 preferentially
associates to the open unstacked (nearly square planar, extended conformation) form
of Holliday junctions and nicks supercoiled DNA in vitro [55]. Furthermore, MLH3
contains a highly conserved metal binding motif, DQHAX2EX4E, originally discovered to
harbor endonucleolytic activity in the human MLH1-PMS2 (hMutLα) heterodimer, but
also found in yeast Mlh3 [50, 57]. In fact, a point mutation in the putative endonuclease
domain of yeast MLH3 (mlh3-D523N) displayed defects in meiotic crossing over and
spore viability similar to that of mlh3-null-like mutants, while maintaining protein stability
of Mlh3 and its interaction with Mlh1 [50]. Thus, while the resolvase is yet to be

	
  

16	
  

unidentified, evidence from both yeast and mouse (see Chapter 2) suggests that MutLγ
promotes dHJ resolution to form Class I crossovers. In addition to MutLγ, Exo1 is also a
potential candidate for the promotion of dHJ resolution, as it has been found to interact
with MLH1. Furthermore, absence of EXO1 in male mice leads to the localization of
both MLH3 and MLH1 to the chromosome cores, however, still results in a dramatic loss
of chiasmata [59, 85]. Collectively, the ZMM proteins, MutLγ, and EXO1 are critical for
the formation of 90-95% of crossover events.

5.3

Class II Crossover Pathway
In M. musculus, approximately 5-10% of crossovers are processed through the

Class II pathway. This is evident in Mlh1 and Mlh3 homozygous null mice in which
residual chiasmata not processed through the major Class I pathway are observed in
diakinesis-staged spermatocytes [47-49]. In contrast to Class I, the minor Class II
crossover pathway is dependent on MUS81, which works as a heterodimer with EME1
to result in a structure-specific nuclease in mammals (Mus81-Mms4 in S. cerevisiae;
Figure 1-3I) [86, 87]. The Mus81-Mms4 complex is an XPF-family endonuclease shown
to cleave D-loops and nicked Holliday junctions in vitro [88, 89]. Furthermore, evidence
in S. cerevisiae has shown that Mus81-Mms4 interacts with RecQ helicase Sgs1 (yeast
ortholog of mammalian Bloom syndrome mutated protein, BLM) to resolve
recombination intermediates into crossovers in vitro [90]. Interestingly, the Class I
crossover pathway appears to compensate for the loss of MUS81 in male mice, as
higher numbers of MutLγ foci are observed in Mus81-/- pachytene spermatocytes than
seen in wild-type mice, leading to normal chiasmata numbers by diakinesis [62].
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However, loss of MUS81 also results in persistent BLM, and reduced testis weight and
sperm numbers, which are associated with increased apoptosis of spermatocytes [62].
Collectively, these data suggest that MUS81 is required to appropriately repair not only
DSBs, but also aberrant DNA structures in late prophase I [62]. Furthermore, final
chiasmata numbers can be achieved in the absence of a Class II crossover pathway
through compensation by the Class I pathway, but that the inverse does not occur. It
also suggests that there is potential cross-talk between the Class I and Class II
crossover pathways for the regulation and maintenance of proper crossovers between
homologous chromosomes.

5.4

Cross-talk Between the Class I and the Class II Crossover Pathways
Yeast Sgs1 and mammalian BLM have been extensively studied for their roles in

meiotic recombination and both are thought to participate in interactions between the
Class I and Class II crossover pathways. The SEI intermediate molecule that forms after
a DSB can be disassembled through unwinding and decatenation by Sgs1 in complex
with type-I topoisomerase III and Rmi1 (Sgs1-Top3-Rmi1; STR) to produce a noncrossover product via SDSA [91-96]. Recent evidence, however, identifies STR also as
a pro-crossover factor in the meiotic recombination pathway. In S. cerevisiae, absence
of Sgs1, Top3, or Rmi1 leads to the accumulation of SEI intermediates and dHJs that
become substrates for resolution by Mus81-Mms4 [97, 98]. Furthermore, a combination
of budding yeast mutations that include SSNs, Mms4, Slx4 and, Yen1 (mms4 slx4 yen1
triple mutant), but functional STR, resulted in only a 30% reduction of wild-type levels in
crossing-over at a meiotic hotspot, which was increased to 90% in the mms4 slx4 yen1
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sgs1 quadruple mutant [85]. These data suggest that the STR complex promotes
crossing over in combination with a resolvase other than the SSNs involved in the Class
II pathway (Figure 1-3I). Interestingly, the mms4 slx4 yen1 mlh3 quadruple mutant
resulted in crossovers reduced to 10% of wild-type, suggesting that Sgs1-dependent
crossovers require MutLγ in Class I crossovers [85]. Collectively, these results suggest
that Sgs1 plays a role in SDSA and pro-crossover activity by facilitating the distributing
of recombination intermediates between the Class I and Class II pathways, as deemed
appropriate for either MutLγ-EXO1 or SSN mediated resolution, respectively.

5.5

Mechanisms Behind the Paring Down of Crossovers
One of the greatest mysteries of meiotic recombination in M. musculus is how

250-300 DSB events are pared down to a finite number of just 24-26 crossovers. In
recent years, several factors have been proposed to orchestrate the process of DSB
selection to become crossovers, termed crossover designation. In zygonema of
prophase I, MutSγ has been observed to localize as distinct foci along the chromosomal
cores as approximately 150 foci per nucleus, which is much higher than the ultimate
number of crossovers that will form [45]. Eventually, this number of MutSγ foci will
decline from early to late pachynema to result in approximately 30 foci per nucleus,
hinting at additional mechanisms for the deselection of potential crossover sites [41, 69,
84]. SUMO E3 ligase RNF212 has been shown to localize to most MutSγ-associated
DSB repair intermediates, where it is thought to allow for the deselection of other repair
intermediates, and/or licensing of the RNF212-selected sites [78]. Specifically, 30% of
RNF212 foci were found to co-localize with MSH4 foci in early pachytene wild-type
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spermatocytes, which increased to 90% by mid-pachynema resulting in approximately
24 co-stained foci per nucleus, reminiscent of MutLγ associated sites [47-49, 53, 78,
99].
Another factor that may orchestrate the paring down of potential crossover sites
is cyclin N-terminal domain-containing 1 (CNTD1). Characterization of the C. elegans
ortholog of CNTD1 (COSA-1) has emphasized its essential role in the designation and
formation of crossovers. Briefly, COSA-1 foci were found to colocalize with both MSH5
and ZHP-3 (C. elegans ortholog of RNF212) in late pachytene and early diplotene cells,
respectively [100]. Interestingly, in both worm and mouse, absence of COSA-1/CNTD1
led to the hyper-accumulation of ZHP-3/RNF212 in late pachytene cells [100, 101]. In
addition, Cntd1 mutant males also exhibited a hyper-accumulation and persistence of
MSH4 in late pachytene spermatocytes [101]. Collectively, these data suggest that
MSH5/MutSγ, ZHP-3/RNF212, and COSA-1/CNTD1 work together to promote the
selection of bona fide meiotic crossovers [100]. Furthermore, GFP::COSA-1 protein
displayed a localization pattern reminiscent of a protein that marks final crossover sites
in C. elegans as one foci per homologous pair of chromosomes [100]. While specific
antibodies against CNTD1 has encumbered our attempts to determine its localization
pattern throughout prophase I in mouse spermatocytes, preliminary data from our lab
using a recently generated Cntd1-HA tagged mouse show that CNTD1-HA foci localize
to chromosome cores at a frequency of one to two foci per homolog pair, which also
correlates with the patterning of final crossover-specific markers, such as MLH1 (Gray
and Cohen, unpublished).
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Crossover sites may be further selected for by the putative ubiquitin E3 ligase,
Cyclin-B1-interacting protein 1 (CCNB1IP1), which is also known as Human enhancer
of invasion 10 (HEI10) [102-104]. Recent studies have found that loss of HEI10 in male
spermatocytes leads to the persistence of both RNF212 and MSH4 in high numbers
throughout pachynema when compared to wild-type spermatocytes, observations that
phenocopy that of Cntd1 mutant male mice [101, 102]. Furthermore, super-resolution
structured illumination microscopy (SIM) analysis revealed that MSH4 foci exhibited
high levels of co-localization with RNF212 in spermatocytes of Hei10 mutant mice [102].
Thus, HEI10 limits the colocalization of RNF212 with MutSγ-associated recombination
sites, and both CNTD1 and HEI10 are involved in promoting the loss of subset of
RNF212 and MutSγ from the chromosomal cores, thus establishing early differentiation
of non-crossover and crossover sites [102]. Interestingly, HEI10 has a cyclin-interacting
motif suggesting that as a cyclin-related protein, CNTD1 may recruit HEI10 or facilitate
its ubiquitin activity to promote further selection of crossover sites [101, 104]. Indeed,
loss of CNTD1 results in a failure to recruit HEI10 to the chromosome cores of
pachytene spermatocytes [101].
Cytological analysis of wild-type spermatocytes found that while HEI10 foci begin
to localize in early pachynema, foci numbers eventually reach approximately 21 foci per
nucleus in late pachynema, a localization pattern that is reminiscent of MutLγ [45]. In
fact, 94% of MLH1 foci were found to co-localize with HEI10 in late pachytene wild-type
spermatocytes [102]. Furthermore, absence of MLH3 from male spermatocytes leads to
the hyper-accumulation and persistence of HEI10 foci associated with the SC from mid-
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zygonema to diplonema, indicating that MutLγ directs HEI10 to stably accumulate at
designated crossover sites [102].

6.

Checkpoint Control in Mammalian Meiosis
Meiosis in male and female mammals involves specialized checkpoint

mechanisms to avoid the generation of aneuploid gametes. The meiotic checkpoint is
known as the pachytene checkpoint because meiocytes that have sufficient
abnormalities will not exit pachynema if recombination and synapsis are not complete.
The pachytene checkpoint can be divided into the DNA damage checkpoint (DNA
damage dependent) and the synapsis checkpoint (DNA damage independent).
Confirmation of the DNA damage checkpoint emerged from investigating the role of
TRIP13 (mouse ortholog of pachytene checkpoint 2, Pch2, in yeast) in mammalian
meiosis [105]. Homologous chromosomes of Trip13 mutant spermatocytes exhibited full
synapsis and association of MutLγ on the cores, yet retained RPA, RAD51 and BLM
and did not naturally exit pachynema unless treated with okadaic acid [105]. Thus,
these data suggest that unrepaired DNA damage alone can trigger the pachytene
checkpoint [105]. Evidence for a meiotic checkpoint that is independent of DNA damage
is observed in Spo11-/- male spermatocytes, which do not exhibit DSBs, yet still
succumb to apoptotic events in early prophase I [106].
Extensive work using multiple female meiotic mutants (Dmc1-/-, Msh5-/-, and
Mlh1-/-) in a Spo11-/- background also point to the idea that DNA damage dependent
and independent checkpoint mechanisms exist [107]. Specifically, oocytes from female
mice with mutations in meiotic recombination proteins involved in early DSB repair, such
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as Dmc1-/- and Msh5-/- exhibit severe oocyte loss as early as 4.5 days pp and thus
succumb to a DNA damage dependent checkpoint [107]. On the other hand, Spo11-/ovaries consist of 16% of the normal number of diplotene and dictyate arrested oocytes
at 4.5 days pp, with a gradual depletion of oocytes by 8 weeks of age [107]. From this,
the authors conclude that due to a lack of DSBs, Spo11-/- oocytes must undergo
apoptosis through a DNA damage independent pathway (recently labeled as the
synapsis checkpoint) [107]. Remarkably, ovaries from Spo11-/-Msh5-/- double mutant
females consist of oocyte numbers that are indistinguishable from that of Spo11-/females [107].
Sexual dimorphism between mammalian males and females exist regarding the
DNA damage and synapsis checkpoints. Interestingly, male spermatocytes will
succumb to these meiotic checkpoints in pachynema and thus undergo apoptotic events
[108]. Such stringency presumably leads to the drastically low (1-2%) occurrence of
aneuploid human sperm [4]. On the other hand, DNA damage and synapsis checkpoints
in the oocytes are "leaky" in that oocytes with significant meiotic abnormalities may still
complete meiosis I, which is postulated to lead to over 20% of human oocytes being
aneuploid [4]. The exact mechanisms as to why such dramatic differences in pachytene
checkpoint outcomes between spermatocytes and oocytes exist are currently unknown.
However, some studies have looked into the role of meiotic silencing of unsynapsed
chromatin (MSUC) and how it interferes with meiotic sex chromosomes inactivation
(MSCI; silencing of sex-linked genes by sequestering the X and Y chromosomes into a
sex body) in male spermatocytes, and how it is the interference of these two
mechanisms that may lead to stringent apoptotic events [109]. Since oocytes do not
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exhibit a sex body, such an interference mechanism of MSUC and MSCI would not exist
and thus allow oocytes (of certain damage conditions) to "escape" the pachytene
checkpoint.

7.

Research Focus and Goals of this Thesis
The goal of my research was to understand further the mechanisms of Class I

crossover events in the mammalian germ line. Specifically, there were two areas of
focus in my project, as outlined below.
7.1

The Endonucleolytic Role of MLH3 During Prophase I of Mammalian

Meiosis
While extensive research has been conducted in numerous eukaryotic organisms
on the mechanisms of meiotic recombination, the resolvase responsible for the
resolution of dHJs remains to be identified. As previously discussed, a potential
nuclease in the Class I crossover pathway that appears to play a role in the resolution of
dHJs is MutLγ. Studies in yeast have shown that as an endonuclease, MutLγ can
associate with dHJs and nick supercoiled DNA in vitro and is thus thought to be the
unidentified resolvase, possibly working in conjunction with EXO1 [50, 55, 56, 85].
Absent from these studies, however, is the endonucleolytic role of MutLγ in a
mammalian meiotic system in vivo. Thus, Chapter 2 of this doctoral thesis presents the
effect of an endonucleolytic-defunct MutLγ on mammalian meiosis and thus proposes
the hypothesis that normal endonucleolytic function of MutLγ is crucial for proper
crossover formation.
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Recent studies have delved even further into the role of early DSB repair proteins
in recognizing specific genomic landscapes, both of which influence the location of
DSBs, non-crossover, and crossover sites [110, 111]. Such studies have resulted in
genome-wide mouse recombination hotspot (regions of the genome with a
recombination frequency significantly higher than adjacent regions) maps as determined
by early DSB factors such as DMC1 [111]. Absent from these studies, however, is a
genome-wide mouse recombination map defined by Class I crossover markers MLH3
and/or MLH1. Thus, included in Chapter 2 is an appendix in which a ChromatinImmunoprecipitation Sequencing (ChIP-Seq) experiment was performed using wild-type
and Mlh3DN/DN (lacking endonucleolytic activity) pachytene spermatocytes. The MLH3
ChIP-Seq data from this experiment was recently generated and at a glance does not
appear to show compelling results, which may be due to a variety of factors notorious in
ChIP-Seq experiments [112]. However, an extensive analysis of the data remains
ongoing and could not be completed in readiness for this thesis. Regardless, this
appendix demonstrates a ChIP-Seq protocol using specifically enriched cell fractions of
different prophase I stages, which can be used to determine the genomic landscape of
other meiotic recombination proteins.

7.2

Investigating the Role of CNTD1 During Prophase I of Female Meiosis
CNTD1 was recently discovered to play a role in the paring down of crossover

sites in mammalian male meiosis [101]. Absent from this work, however, was a detailed
study on the effect of diminished CNTD1 protein in female meiosis. Since many meiotic
mutants exhibit sexual dimorphisms, it was imperative to perform a detailed analysis to
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determine the effects of the Cntd1 gene trap allele on the progression of prophase I in
female meiosis [16]. Interestingly, initial phenotypic analysis of Cntd1GT/GT females
displayed a resemblance to the ovarian phenotype found in Spo11-/- mutant females
[106]. Thus, Chapter 3 of this doctoral thesis, not only investigated the role of CNTD1 in
the paring down of crossovers during prophase I in females, but also explored a role for
CNTD1 in maintaining the oocyte pool. In addition, included in Chapter 3 is an appendix
that questioned further the idea that CNTD1 may be involved in a pachytene checkpoint
using a Cntd1GT/GTMsh4-/- double mutant mouse model. Collectively, the work included
in Chapter 3 presents novelty in that CNTD1 has never been previously proposed to
function either directly or indirectly in a checkpoint mechanism and thus alludes to the
need of further research in this topic.
In brief, this thesis was written by a doctoral candidate in the field of Molecular
and Integrative Physiology with an avid interest in exploring the roles of meiotic proteins
MLH3 and CNTD1 during prophase I in mammalian meiosis. The work presented here
provides evidence on how Class I crossover events are selected for by recombination
(MLH3) and designation machinery (CNTD1). Collectively, this research enhances the
scientific community's understanding of the processes involved in meiotic homologous
recombination.

	
  

26	
  

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.

9.
10.

11.

12.

13.

14.

15.

	
  

Gray, S. and P.E. Cohen, Control of Meiotic Crossovers: From Double-Strand
Break Formation to Designation. Annu Rev Genet, 2016. 50: p. 175-210.
Hunter, N., Meiotic Recombination: The Essence of Heredity. Cold Spring Harb
Perspect Biol, 2015. 7(12).
Jones, G.H., The control of chiasma distribution. Symp Soc Exp Biol, 1984. 38: p.
293-320.
Hassold, T. and P. Hunt, To err (meiotically) is human: the genesis of human
aneuploidy. Nat Rev Genet, 2001. 2(4): p. 280-91.
Page, S.L. and R.S. Hawley, The genetics and molecular biology of the
synaptonemal complex. Annu Rev Cell Dev Biol, 2004. 20: p. 525-58.
Gillies, C.B., Synaptonemal complex and chromosome structure. Annu Rev
Genet, 1975. 9: p. 91-109.
von Wettstein, D., The synaptonemal complex and genetic segregation. Symp
Soc Exp Biol, 1984. 38: p. 195-231.
Fraune, J., et al., The mammalian synaptonemal complex: protein components,
assembly and role in meiotic recombination. Exp Cell Res, 2012. 318(12): p.
1340-6.
Fraune, J., et al., Evolutionary history of the mammalian synaptonemal complex.
Chromosoma, 2016. 125(3): p. 355-60.
de Vries, F.A., et al., Mouse Sycp1 functions in synaptonemal complex
assembly, meiotic recombination, and XY body formation. Genes Dev, 2005.
19(11): p. 1376-89.
Schramm, S., et al., A novel mouse synaptonemal complex protein is essential
for loading of central element proteins, recombination, and fertility. PLoS Genet,
2011. 7(5): p. e1002088.
Hamer, G., et al., Progression of meiotic recombination requires structural
maturation of the central element of the synaptonemal complex. J Cell Sci, 2008.
121(Pt 15): p. 2445-51.
Yuan, L., et al., The murine SCP3 gene is required for synaptonemal complex
assembly, chromosome synapsis, and male fertility. Mol Cell, 2000. 5(1): p. 7383.
Yang, F., et al., Mouse SYCP2 is required for synaptonemal complex assembly
and chromosomal synapsis during male meiosis. J Cell Biol, 2006. 173(4): p.
497-507.
Costa, Y., et al., Two novel proteins recruited by synaptonemal complex protein 1
(SYCP1) are at the centre of meiosis. J Cell Sci, 2005. 118(Pt 12): p. 2755-62.

27	
  

16.

17.

18.

19.
20.

21.

22.
23.
24.
25.
26.
27.

28.
29.
30.

	
  

Morelli, M.A. and P.E. Cohen, Not all germ cells are created equal: aspects of
sexual dimorphism in mammalian meiosis. Reproduction, 2005. 130(6): p. 76181.
Baltus, A.E., et al., In germ cells of mouse embryonic ovaries, the decision to
enter meiosis precedes premeiotic DNA replication. Nat Genet, 2006. 38(12): p.
1430-4.
Anderson, E.L., et al., Stra8 and its inducer, retinoic acid, regulate meiotic
initiation in both spermatogenesis and oogenesis in mice. Proc Natl Acad Sci U S
A, 2008. 105(39): p. 14976-80.
Koubova, J., et al., Retinoic acid regulates sex-specific timing of meiotic initiation
in mice. Proc Natl Acad Sci U S A, 2006. 103(8): p. 2474-9.
Zhou, Q., et al., Expression of stimulated by retinoic acid gene 8 (Stra8) and
maturation of murine gonocytes and spermatogonia induced by retinoic acid in
vitro. Biol Reprod, 2008. 78(3): p. 537-45.
Zhou, Q., et al., Expression of stimulated by retinoic acid gene 8 (Stra8) in
spermatogenic cells induced by retinoic acid: an in vivo study in vitamin Asufficient postnatal murine testes. Biol Reprod, 2008. 79(1): p. 35-42.
Menke, D.B. and D.C. Page, Sexually dimorphic gene expression in the
developing mouse gonad. Gene Expr Patterns, 2002. 2(3-4): p. 359-67.
J., B. and K. P., Retinoic acid, meiosis and germ cell fate in mammals.
Development, 2007. 134(19): p. 3401-11.
Griswold, M.D., et al., Initiating meiosis: the case for retinoic acid. Biol Reprod,
2012. 86(2).
G., M., et al., Apoptotic extinction of germ cells in testes of Cyp26b1 knockout
mice. Endocrinology, 2007. 148(10): p. 4560-7.
Hogarth, C.A., et al., Identification and expression of potential regulators of the
mammalian mitotic-to-meiotic transition. Biol Reprod, 2011. 84(1): p. 34-42.
Goetz, P., A.C. Chandley, and R.M. Speed, Morphological and temporal
sequence of meiotic prophase development at puberty in the male mouse. J Cell
Sci, 1984. 65: p. 249-63.
Cole, F., S. Keeney, and M. Jasin, Evolutionary conservation of meiotic DSB
proteins: more than just Spo11. Genes Dev, 2010. 24(12): p. 1201-7.
Neale, M.J., J. Pan, and S. Keeney, Endonucleolytic processing of covalent
protein-linked DNA double-strand breaks. Nature, 2005. 436(7053): p. 1053-7.
Pan, J., et al., A hierarchical combination of factors shapes the genome-wide
topography of yeast meiotic recombination initiation. Cell, 2011. 144(5): p. 71931.

28	
  

31.

32.

33.

34.

35.
36.
37.
38.

39.

40.
41.

42.

43.

44.

	
  

Buhler, C., V. Borde, and M. Lichten, Mapping meiotic single-strand DNA reveals
a new landscape of DNA double-strand breaks in Saccharomyces cerevisiae.
PLoS Biol, 2007. 5(12): p. e324.
Blitzblau, H.G., et al., Mapping of meiotic single-stranded DNA reveals doublestranded-break hotspots near centromeres and telomeres. Curr Biol, 2007.
17(23): p. 2003-12.
Keeney, S., C.N. Giroux, and N. Kleckner, Meiosis-specific DNA double-strand
breaks are catalyzed by Spo11, a member of a widely conserved protein family.
Cell, 1997. 88(3): p. 375-84.
Bishop, D.K., et al., DMC1: a meiosis-specific yeast homolog of E. coli recA
required for recombination, synaptonemal complex formation, and cell cycle
progression. Cell, 1992. 69(3): p. 439-56.
Moens, P.B., et al., Rad51 immunocytology in rat and mouse spermatocytes and
oocytes. Chromosoma, 1997. 106(4): p. 207-15.
Barlow, A.L., et al., Distribution of the Rad51 recombinase in human and mouse
spermatocytes. EMBO J, 1997. 16(17): p. 5207-15.
Ashley, T., et al., Dynamic changes in Rad51 distribution on chromatin during
meiosis in male and female vertebrates. Chromosoma, 1995. 104(1): p. 19-28.
Wold, M.S., Replication protein A: a heterotrimeric, single-stranded DNA-binding
protein required for eukaryotic DNA metabolism. Annu Rev Biochem, 1997. 66:
p. 61-92.
Hunter, N. and N. Kleckner, The single-end invasion: an asymmetric intermediate
at the double-strand break to double-holliday junction transition of meiotic
recombination. Cell, 2001. 106(1): p. 59-70.
Schwacha, A. and N. Kleckner, Identification of double Holliday junctions as
intermediates in meiotic recombination. Cell, 1995. 83(5): p. 783-91.
Kneitz, B., et al., MutS homolog 4 localization to meiotic chromosomes is
required for chromosome pairing during meiosis in male and female mice. Genes
Dev, 2000. 14(9): p. 1085-97.
Bocker, T., et al., hMSH5: a human MutS homologue that forms a novel
heterodimer with hMSH4 and is expressed during spermatogenesis. Cancer Res,
1999. 59(4): p. 816-22.
Snowden, T., et al., hMSH4-hMSH5 recognizes Holliday Junctions and forms a
meiosis-specific sliding clamp that embraces homologous chromosomes. Mol
Cell, 2004. 15(3): p. 437-51.
Snowden, T., et al., hMSH4-hMSH5 adenosine nucleotide processing and
interactions with homologous recombination machinery. J Biol Chem, 2008.
283(1): p. 145-54.

29	
  

45.

46.
47.
48.
49.
50.

51.

52.
53.

54.

55.

56.

57.
58.
59.

	
  

Kolas, N.K., et al., Localization of MMR proteins on meiotic chromosomes in
mice indicates distinct functions during prophase I. J Cell Biol, 2005. 171(3): p.
447-58.
Santucci-Darmanin, S., et al., MSH4 acts in conjunction with MLH1 during
mammalian meiosis. FASEB J, 2000. 14(11): p. 1539-47.
Baker, S.M., et al., Involvement of mouse Mlh1 in DNA mismatch repair and
meiotic crossing over. Nat Genet, 1996. 13(3): p. 336-42.
Lipkin, S.M., et al., Meiotic arrest and aneuploidy in MLH3-deficient mice. Nat
Genet, 2002. 31(4): p. 385-90.
Edelmann, W., et al., Meiotic pachytene arrest in MLH1-deficient mice. Cell,
1996. 85(7): p. 1125-34.
Nishant, K.T., A.J. Plys, and E. Alani, A mutation in the putative MLH3
endonuclease domain confers a defect in both mismatch repair and meiosis in
Saccharomyces cerevisiae. Genetics, 2008. 179(2): p. 747-55.
Colas, I., et al., A spontaneous mutation in MutL-Homolog 3 (HvMLH3) affects
synapsis and crossover resolution in the barley desynaptic mutant des10. New
Phytol, 2016. 212(3): p. 693-707.
Jackson, N., et al., Reduced meiotic crossovers and delayed prophase I
progression in AtMLH3-deficient Arabidopsis. EMBO J, 2006. 25(6): p. 1315-23.
Anderson, L.K., et al., Distribution of crossing over on mouse synaptonemal
complexes using immunofluorescent localization of MLH1 protein. Genetics,
1999. 151(4): p. 1569-79.
Marcon, E. and P. Moens, MLH1p and MLH3p localize to precociously induced
chiasmata of okadaic-acid-treated mouse spermatocytes. Genetics, 2003.
165(4): p. 2283-7.
Ranjha, L., R. Anand, and P. Cejka, The Saccharomyces cerevisiae Mlh1-Mlh3
heterodimer is an endonuclease that preferentially binds to Holliday junctions. J
Biol Chem, 2014. 289(9): p. 5674-86.
Rogacheva, M.V., et al., Mlh1-Mlh3, a meiotic crossover and DNA mismatch
repair factor, is a Msh2-Msh3-stimulated endonuclease. J Biol Chem, 2014.
289(9): p. 5664-73.
Kadyrov, F.A., et al., Endonucleolytic function of MutLalpha in human mismatch
repair. Cell, 2006. 126(2): p. 297-308.
Kadyrov, F.A., et al., Saccharomyces cerevisiae MutLalpha is a mismatch repair
endonuclease. J Biol Chem, 2007. 282(51): p. 37181-90.
Wei, K., et al., Inactivation of Exonuclease 1 in mice results in DNA mismatch
repair defects, increased cancer susceptibility, and male and female sterility.
Genes Dev, 2003. 17(5): p. 603-14.

30	
  

60.

61.

62.
63.
64.

65.
66.
67.
68.
69.

70.

71.

72.
73.

74.

	
  

de los Santos, T., et al., The Mus81/Mms4 endonuclease acts independently of
double-Holliday junction resolution to promote a distinct subset of crossovers
during meiosis in budding yeast. Genetics, 2003. 164(1): p. 81-94.
Higgins, J.D., et al., Expression and functional analysis of AtMUS81 in
Arabidopsis meiosis reveals a role in the second pathway of crossing-over. Plant
J, 2008. 54(1): p. 152-62.
Holloway, J.K., et al., MUS81 generates a subset of MLH1-MLH3-independent
crossovers in mammalian meiosis. PLoS Genet, 2008. 4(9): p. e1000186.
Fekairi, S., et al., Human SLX4 is a Holliday junction resolvase subunit that binds
multiple DNA repair/recombination endonucleases. Cell, 2009. 138(1): p. 78-89.
Holloway, J.K., et al., Mammalian BTBD12 (SLX4) protects against genomic
instability during mammalian spermatogenesis. PLoS Genet, 2011. 7(6): p.
e1002094.
Fricke, W.M. and S.J. Brill, Slx1-Slx4 is a second structure-specific endonuclease
functionally redundant with Sgs1-Top3. Genes Dev, 2003. 17(14): p. 1768-78.
Svendsen, J.M., et al., Mammalian BTBD12/SLX4 assembles a Holliday junction
resolvase and is required for DNA repair. Cell, 2009. 138(1): p. 63-77.
Guillon, H., et al., Crossover and noncrossover pathways in mouse meiosis. Mol
Cell, 2005. 20(4): p. 563-73.
Allers, T. and M. Lichten, Differential timing and control of noncrossover and
crossover recombination during meiosis. Cell, 2001. 106(1): p. 47-57.
Moens, P.B., et al., The time course and chromosomal localization of
recombination-related proteins at meiosis in the mouse are compatible with
models that can resolve the early DNA-DNA interactions without reciprocal
recombination. J Cell Sci, 2002. 115(Pt 8): p. 1611-22.
Peoples-Holst, T.L. and S.M. Burgess, Multiple branches of the meiotic
recombination pathway contribute independently to homolog pairing and stable
juxtaposition during meiosis in budding yeast. Genes Dev, 2005. 19(7): p. 86374.
Hollingsworth, N.M., L. Ponte, and C. Halsey, MSH5, a novel MutS homolog,
facilitates meiotic reciprocal recombination between homologs in Saccharomyces
cerevisiae but not mismatch repair. Genes Dev, 1995. 9(14): p. 1728-39.
Agarwal, S. and G.S. Roeder, Zip3 provides a link between recombination
enzymes and synaptonemal complex proteins. Cell, 2000. 102(2): p. 245-55.
Tsubouchi, T., H. Zhao, and G.S. Roeder, The meiosis-specific zip4 protein
regulates crossover distribution by promoting synaptonemal complex formation
together with zip2. Dev Cell, 2006. 10(6): p. 809-19.
Sym, M., J.A. Engebrecht, and G.S. Roeder, ZIP1 is a synaptonemal complex
protein required for meiotic chromosome synapsis. Cell, 1993. 72(3): p. 365-78.
31	
  

75.
76.

77.

78.
79.

80.

81.

82.

83.

84.
85.
86.
87.
88.

	
  

Lynn, A., R. Soucek, and G.V. Borner, ZMM proteins during meiosis: crossover
artists at work. Chromosome Res, 2007. 15(5): p. 591-605.
Perry, J., N. Kleckner, and G.V. Borner, Bioinformatic analyses implicate the
collaborating meiotic crossover/chiasma proteins Zip2, Zip3, and Spo22/Zip4 in
ubiquitin labeling. Proc Natl Acad Sci U S A, 2005. 102(49): p. 17594-9.
Cheng, C.H., et al., SUMO modifications control assembly of synaptonemal
complex and polycomplex in meiosis of Saccharomyces cerevisiae. Genes Dev,
2006. 20(15): p. 2067-81.
Reynolds, A., et al., RNF212 is a dosage-sensitive regulator of crossing-over
during mammalian meiosis. Nat Genet, 2013. 45(3): p. 269-78.
Mazina, O.M., et al., Saccharomyces cerevisiae Mer3 helicase stimulates 3'-5'
heteroduplex extension by Rad51; implications for crossover control in meiotic
recombination. Cell, 2004. 117(1): p. 47-56.
Nakagawa, T. and H. Ogawa, The Saccharomyces cerevisiae MER3 gene,
encoding a novel helicase-like protein, is required for crossover control in
meiosis. EMBO J, 1999. 18(20): p. 5714-23.
Nakagawa, T., H. Flores-Rozas, and R.D. Kolodner, The MER3 helicase involved
in meiotic crossing over is stimulated by single-stranded DNA-binding proteins
and unwinds DNA in the 3' to 5' direction. J Biol Chem, 2001. 276(34): p. 3148793.
Nakagawa, T. and R.D. Kolodner, Saccharomyces cerevisiae Mer3 is a DNA
helicase involved in meiotic crossing over. Mol Cell Biol, 2002. 22(10): p. 328191.
Guiraldelli, M.F., et al., Mouse HFM1/Mer3 is required for crossover formation
and complete synapsis of homologous chromosomes during meiosis. PLoS
Genet, 2013. 9(3): p. e1003383.
Edelmann, W., et al., Mammalian MutS homologue 5 is required for chromosome
pairing in meiosis. Nat Genet, 1999. 21(1): p. 123-7.
Zakharyevich, K., et al., Delineation of joint molecule resolution pathways in
meiosis identifies a crossover-specific resolvase. Cell, 2012. 149(2): p. 334-47.
Boddy, M.N., et al., Mus81-Eme1 are essential components of a Holliday junction
resolvase. Cell, 2001. 107(4): p. 537-48.
Kaliraman, V., et al., Functional overlap between Sgs1-Top3 and the Mms4Mus81 endonuclease. Genes Dev, 2001. 15(20): p. 2730-40.
Schwartz, E.K. and W.D. Heyer, Processing of joint molecule intermediates by
structure-selective endonucleases during homologous recombination in
eukaryotes. Chromosoma, 2011. 120(2): p. 109-27.

32	
  

89.

90.

91.

92.
93.
94.

95.
96.
97.

98.

99.

100.

101.

102.

	
  

Mukherjee, S., et al., The Mus81-Mms4 structure-selective endonuclease
requires nicked DNA junctions to undergo conformational changes and bend its
DNA substrates for cleavage. Nucleic Acids Res, 2014. 42(10): p. 6511-22.
Jessop, L. and M. Lichten, Mus81/Mms4 endonuclease and Sgs1 helicase
collaborate to ensure proper recombination intermediate metabolism during
meiosis. Mol Cell, 2008. 31(3): p. 313-23.
Oh, S.D., et al., BLM ortholog, Sgs1, prevents aberrant crossing-over by
suppressing formation of multichromatid joint molecules. Cell, 2007. 130(2): p.
259-72.
Wu, L. and I.D. Hickson, The Bloom's syndrome helicase suppresses crossing
over during homologous recombination. Nature, 2003. 426(6968): p. 870-4.
Jessop, L., et al., Meiotic chromosome synapsis-promoting proteins antagonize
the anti-crossover activity of sgs1. PLoS Genet, 2006. 2(9): p. e155.
Cejka, P., et al., Decatenation of DNA by the S. cerevisiae Sgs1-Top3-Rmi1 and
RPA complex: a mechanism for disentangling chromosomes. Mol Cell, 2012.
47(6): p. 886-96.
Cejka, P., et al., Rmi1 stimulates decatenation of double Holliday junctions during
dissolution by Sgs1-Top3. Nat Struct Mol Biol, 2010. 17(11): p. 1377-82.
De Muyt, A., et al., BLM helicase ortholog Sgs1 is a central regulator of meiotic
recombination intermediate metabolism. Mol Cell, 2012. 46(1): p. 43-53.
Tang, S., et al., Pervasive and essential roles of the Top3-Rmi1 decatenase
orchestrate recombination and facilitate chromosome segregation in meiosis. Mol
Cell, 2015. 57(4): p. 607-21.
Kaur, H., A. De Muyt, and M. Lichten, Top3-Rmi1 DNA single-strand decatenase
is integral to the formation and resolution of meiotic recombination intermediates.
Mol Cell, 2015. 57(4): p. 583-94.
Kolas, N.K. and P.E. Cohen, Novel and diverse functions of the DNA mismatch
repair family in mammalian meiosis and recombination. Cytogenet Genome Res,
2004. 107(3-4): p. 216-31.
Yokoo, R., et al., COSA-1 reveals robust homeostasis and separable licensing
and reinforcement steps governing meiotic crossovers. Cell, 2012. 149(1): p. 7587.
Holloway, J.K., et al., Mammalian CNTD1 is critical for meiotic crossover
maturation and deselection of excess precrossover sites. J Cell Biol, 2014.
205(5): p. 633-41.
Qiao, H., et al., Antagonistic roles of ubiquitin ligase HEI10 and SUMO ligase
RNF212 regulate meiotic recombination. Nat Genet, 2014. 46(2): p. 194-9.

33	
  

103.

104.
105.

106.
107.

108.

109.

110.
111.
112.

Strong, E.R. and J.C. Schimenti, Evidence Implicating CCNB1IP1, a RING
Domain-Containing Protein Required for Meiotic Crossing Over in Mice, as an E3
SUMO Ligase. Genes (Basel), 2010. 1(3): p. 440-51.
Ward, J.O., et al., Mutation in mouse hei10, an e3 ubiquitin ligase, disrupts
meiotic crossing over. PLoS Genet, 2007. 3(8): p. e139.
Li, X.C. and J.C. Schimenti, Mouse pachytene checkpoint 2 (trip13) is required
for completing meiotic recombination but not synapsis. PLoS Genet, 2007. 3(8):
p. e130.
Baudat, F., et al., Chromosome synapsis defects and sexually dimorphic meiotic
progression in mice lacking Spo11. Mol Cell, 2000. 6(5): p. 989-98.
Di Giacomo, M., et al., Distinct DNA-damage-dependent and -independent
responses drive the loss of oocytes in recombination-defective mouse mutants.
Proc Natl Acad Sci U S A, 2005. 102(3): p. 737-42.
Hamer, G., et al., Disruption of pairing and synapsis of chromosomes causes
stage-specific apoptosis of male meiotic cells. Theriogenology, 2008. 69(3): p.
333-9.
Homolka, D., P. Jansa, and J. Forejt, Genetically enhanced asynapsis of
autosomal chromatin promotes transcriptional dysregulation and meiotic failure.
Chromosoma, 2012. 121(1): p. 91-104.
Khil, P.P., et al., Sensitive mapping of recombination hotspots using sequencingbased detection of ssDNA. Genome Res, 2012. 22(5): p. 957-65.
Smagulova, F., et al., Genome-wide analysis reveals novel molecular features of
mouse recombination hotspots. Nature, 2011. 472(7343): p. 375-8.
Kidder, B.L., G. Hu, and K. Zhao, ChIP-Seq: technical considerations for
obtaining high-quality data. Nat Immunol, 2011. 12(10): p. 918-22.

	
  

	
  

34	
  

CHAPTER 2

TITLE: MLH3 ENDONUCLEASE ACTIVITY IS REQUIRED FOR NORMAL
CROSSOVER FORMATION IN MAMMALIAN MEIOSIS

Authors: Melissa Toledo1, Xianfei Sun1, Anita Venkatesh1, Lekha Patel1, Miguel
Angel Brieño-Enríquez1, and Paula E. Cohen1.

1

	
  

Department of Biomedical Sciences, Cornell University, Ithaca, NY

35	
  

1.

Abstract
During prophase I of mammalian meiosis, homologous chromosomes must pair,

synapse, and undergo reciprocal genetic recombination, the latter of which results in
crossover formation. Crossovers ensure that the homologs will segregate equally into
daughter cells during the first meiotic division. The absence of a crossover can lead to
daughter cells with an abnormal number of chromosomes (aneuploidy), which may be
inviable. In the mouse, crossover formation is initiated through the creation of
approximately 250 DNA double strand breaks (DSBs) of which 90% are resolved as
non-crossovers, while 10% are resolved as crossovers.
DNA mismatch repair (MMR) heterodimer MLH1/MLH3 (MutLγ) has been
identified to play a role in processing of crossover sites during prophase I. Specifically,
MLH3 contains a potential endonuclease domain that is thought to have an enzymatic
role in crossover formation and double Holliday junction processing. Thus, the goal of
this work was to elucidate the specific enzymatic function of MutLγ in vivo, while at the
same time, investigating how this complex is recruited to meiotic chromosomes at the
appropriate time and in the appropriate frequency during mammalian meiotic prophase
I.
To investigate the endonucleolytic role of MLH3 in vivo, we generated an
Mlh3D1185N mutant mouse (homozygous mutants are termed Mlh3DN/DN for simplicity),
harboring a point mutation at a conserved site within the endonuclease domain.
Anatomical studies of the Mlh3DN/DN males show that they have significantly lower testes
weights, do not have spermatozoa in the testes tubular lumen nor in the epididymis, and
do not produce offspring when mated with wild-type females. Thus, loss of the
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endonuclease

activity

of

MLH3

results

in

male

infertility.

Chromosome

immunofluorescence studies show that Mlh3DN/DN spermatocytes undergo normal DSB
formation as displayed by normal γH2AX, and exhibit complete synapsis, as shown by
the colocalization of synaptonemal complex proteins SYCP3 (lateral element) and
SYCP1 (central element). In addition, Mlh3DN/DN spermatocytes display normal numbers
of both MLH3 and MLH1 to the chromosome cores and in counts comparable to wildtype pachytene cells. However, disruption of the endonucleolytic function of MLH3
results in a persistence of RAD51 and BLM in Mlh3DN/DN pachytene spermatocytes,
indicating a possible temporal delay in DSB repair. Furthermore, Mlh3DN/DN diakinesisstaged spermatocytes exhibit less than 10% of crossovers when compared to wild-type,
but more when compared to Mlh3-/-, suggesting that the endonuclease activity may be
substituted by other proteins at a small subset of DSB sites. In conclusion, while the
endonuclease domain of MLH3 appears to not play a significant role in the processing
of DSBs and paring down to final crossovers sites, it is essential for the processing of
the majority of DNA events that are ultimately destined to become crossovers.

2.

Introduction
Meiosis is a specialized cell division process in which a diploid parental cell

undergoes one round of DNA replication followed by two rounds of division resulting in
up to four haploid cells. Successful halving of the genome during meiosis I depends on
the tethering of homologous (maternal and paternal) chromosomes during meiotic
prophase I and their subsequent release at the first meiotic division. This tethering is
ensured by synapsis, the formation of a tripartite proteinaceous structure between
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homologous chromosomes, by homologous recombination leading to the formation of
crossovers, and by cohesion between replicated sister chromatids that ensures
appropriate tension on the metaphase I spindle [1, 2]. Thus, synapsis and
recombination are hallmarks of prophase I, and are both essential for ensuring homolog
interactions leading to the formation of at least one crossover event per chromosome
pair [3]. Moreover, the correct placement, frequency, and distribution of crossovers is
critical for ensuring appropriate disjunction at metaphase I and for maintaining genomic
stability [3].
Meiotic recombination begins with the introduction of a large number of
programmed double-strand breaks (DSBs), all of which must be repaired either as a
non-crossover (NCO) or a crossover (CO). Evidence for distinct NCO versus CO
pathways arose in S. cerevisiae, where it was shown that the former occur earlier in
meiotic prophase I through the process of synthesis-dependent strand annealing
(SDSA) [4]. In M. musculus, 90% of DSBs are repaired as NCOs, via SDSA and other
pathways, while 10% of DSBs are repaired as COs [5, 6].
COs can form via one of at least two distinct mechanisms (referred to as Class I
and Class II), each of which is used in varying degrees in different eukaryotic organisms
[6-8]. The Class I CO pathway is also known as the ZMM pathway, named after the
major genes discovered in yeast that regulate this mechanism [9-13]. Class II COs, on
the other hand, do not involve either the ZMM proteins, but instead appear to rely on the
structure-specific endonuclease, MUS81/EME1 (Mus81/Mms4 in S. cerevisiae) [6-8].
In M. musculus, the Class I pathway accounts for 90-95% of COs, while the
Class II pathway accounts for 5-10% of COs [5]. Both Class I and Class II CO
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pathways, as with NCOs, begin with the induction of a DSB by the topoisomerase-VIlike protein, SPO11, and these then undergo resection of the 5' ends to result in 3'
single strand overhangs. These 3' ends are subsequently coated by RecA homologs
RAD51 and meiosis specific DMC1 [14-17]. The 3' end invades the opposing homolog
in a single-end invasion (SEI) event resulting in the displacement of the complementary
DNA strand to form a D-loop [18]. In the Class I CO pathway, this structure undergoes
further processing to relegate the 3' overhang in a second end capture event, resulting
in the formation of a double Holliday junction (dHJ) [18, 19]. At some point in this
process, the ZMM proteins MSH4 and MSH5, collectively known as MutSγ, associate
with a subset of these intermediate structures (~150 foci/nucleus) [20]. MutSγ is thought
to stabilize the dHJs, leading to the recruitment of another complex, MutLγ, consisting of
the MutL homologs, MLH1 and MLH3 [21]. Though not formerly considered to be ZMM
proteins, MLH1 and MLH3 are critical for Class I CO events in numerous organisms [2227].

In fact, the M. musculus MLH1-MLH3 heterodimer has been demonstrated to

localize to sites that are destined to become Class I COs and the absence of either
protein in male spermatocytes leads to a dramatic decrease, but not complete absence,
of chiasmata (the physical manifestation of a CO) [21, 22, 24, 27-29]. MutLγ associates
with an even smaller subset of sites (~24-26 foci/nucleus), thus designating these
events as Class I COs [20-22, 24, 30-34].
Class I CO formation in M. musculus has been shown to be highly dependent on
MLH3 [6, 22]. Not only is MLH3 an essential binding partner for MLH1, but also its
recruitment precedes that of MLH1 [21, 22]. Further analysis of MutLγ has shown that
MLH3 contains a conserved metal binding motif, DQHA(X)2E(X)4E, that was originally
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discovered in the human MutL homolog, PMS2, and found to be required for human
MutLα (hMLH1/hPMS2) endonuclease function [35, 36]. This putative endonuclease
motif is highly conserved in eukaryotic homologs of human PMS2 and MLH3, but not in
homologs of human MLH1 and PMS1 [35]. Studies in S. cerevisiae have shown that a
single point mutation in the putative endonuclease motif of yeast Mlh3 (mlh3-D523N)
results in meiotic crossing over defects similar to mlh3-null-like mutants, yet the mlh3D523N point mutation does not affect the protein stability of Mlh3 or its interaction with
Mlh1 [23]. In addition, biochemical assays of yeast mlh3-D523N recombinant protein
show that alteration of the endonuclease domain abolishes nicking of supercoiled
double stranded DNA [37, 38]. Collectively, these studies in S. cerevisiae suggest that
MutLγ may play a direct role in resolving dHJs to generate COs through its
endonuclease activity.
In order to investigate the function of the putative endonuclease domain of MLH3
in mammalian meiotic recombination, we generated a point mutant mouse (termed
Mlh3DN) where endonucleolytic activity was disrupted, but the structure of MLH3
remained. Here, we demonstrate that normal function of the MLH3 endonuclease
domain is required for proper CO formation and late meiotic recombination events.
However, Mlh3DN/DN spermatocytes exhibit normal DSB formation and synapsis, with
appropriate localization of MLH3 and MLH1 to the synaptonemal complex during
pachynema. In addition, Mlh3DN/DN diakinesis-staged spermatocytes show significantly
fewer chiasmata when compared to wild-type mice (WT), but significantly more when
compared to Mlh3-/- males, suggesting a structural role for MLH3 and an unaffected
Class II pathway. Collectively, our data show that the endonucleolytic activity of MLH3 is
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essential for the final processing of dHJs to form COs through a Class I pathway, but
not for the accumulation of MutLγ at DSB repair intermediates.

3.

Materials and Methods

3.1

Generation of mice and genotyping
PL253 targeting vector containing the MLH3-D1185N point mutation in the

potential endonuclease domain and a loxP-neo-loxP cassette in intron 5-6 of Mlh3 was
incorporated into an embryonic stem cell line. Mlh3DN transgenic mice were crossed with
a Spo11-Cre mouse line to remove the neo cassette [39]. Genotyping of WT, Mlh3+/DN,
and Mlh3DN/DN mice was performed using the following PCR primer pairs: forward (5’AAGCCAAGTCTGCATGAGTA-3’) and reverse (5’-TAAATGTGCCACTGACTAAAT-3’)
followed by a restriction enzyme digestion with Sau96I (New England Biolabs) at 37ºC
for 2-3 hours, which results in 439-bp and 263-bp fragments from the WT allele and a
702-bp fragment from the mutant allele. Fertility tests were performed by breeding
Mlh3DN/DN adult males with WT females. Presence of a copulation plug the following
morning counted as a successful mating event. Pregnancy was confirmed by gentle
palpation of the abdomen after gestation day 11 or on delivery date of litters. Mice were
housed and utilized under the guidance and approval of the Cornell University
Institutional Animal Care and Use Committee.

3.2

Histology
Testes from adult mice were fixed in Bouin’s solution overnight at room

temperature and then washed 3 x 10 min with 70% ethanol at room temperature with
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agitation. Fixed and paraffin-embedded testes were section at 5 µm. H&E staining was
performed on Bouin’s fixed testes using standard methods.

3.3

Sperm counts
Caudal epididymides were removed from adult males and placed in pre-warmed

1X PBS containing 4% bovine serum albumin. Sperm were released into solution by
squeezing epididymis with tweezers and incubated for 20 min at 32ºC/5% CO2. After
incubation, 20 µL of sperm suspension was re-suspended in 480 µL of 10% formalin.
Sperm counts were performed with a hemocytometer.

3.4

Prophase I chromosome analysis and immunofluorescence
Prophase I chromosome spreads from adult testes were prepared as previously

described [21]. Chromosome slides were then washed in 0.4% Kodak Photo-Flo 200/1X
PBS for 2 x 5 min, 0.4% Kodak Photo-Flo 200/dH2O for 2 x 5 min, then air-dried for
approximately 10 min and stored in -80ºC or used immediately for staining. Primary
antibodies used were: anti-γH2AX (Millipore, NY, #05-636, 1:10,000), anti-SYCP3
(Abcam, MA, #97672, 1:5000), anti-SYCP1 (Abcam, MA, #15087, 1:1000), anti-RAD51
(Calbiochem, #PC130, 1:500), anti-BLM (generous gift from Dr. Ramundo Freire;
1:100;), anti-CDK2 (Santa Cruz, TX, sc-163; 1:250), anti-MLH3 ([40]; 1:1000;), and antiMLH1 (BD Biosciences Pharmingen, CA, #550838, 1:100). Secondary antibodies used
were: goat anti-mouse Alexa Fluor 488 (#62-6511), goat anti-mouse Alexa Fluor 555
(#A-10521), goat anti-rabbit Alexa Fluor 488 (#65-6111), goat anti-rabbit Alexa Fluor
555 (#A-10520; all Invitrogen, 1:2000).
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3.5

Spermatocyte diakinesis spread preparations to observe chiasmata
Diakinesis chromosome spreads were prepared as previously described [41, 42]

with slight modifications [43]. Slides were stained with 20% Giemsa for 2.5 min,
washed, air-dried and mounted with Permount.

3.6

Image acquisition
All chromosome spread slides were visualized using the Zeiss Imager Z1

microscope (Carl Zeiss, Inc.). Images were captured with a high-resolution microscopy
camera AxioCam MRm (Carl Zeiss, Inc.) and processed with ZEN Software (version
2.0.0.0; Carl Zeiss, Inc.).

3.7

Statistical methods and analysis
An unpaired parametric t-test with Welch's correction was performed on WT,

Mlh3DN/DN, and Mlh3-/- testes weights, zygotene BLM foci, and chiasmata counts. An
unpaired nonparametric Mann-Whitney test was used on WT, Mlh3DN/DN, and Mlh3-/sperm, zygotene and pachytene RAD51, MLH3, and MLH1 foci counts because the
data was not normally distributed. Chi-square analysis was performed on RAD51
presence and frequency distribution data in WT, Mlh3DN/DN, and Mlh3-/- pachytene cells.
Fisher's exact test was performed on WT and Mlh3DN/DN hyper-accumulation of BLM
data in pachytene cells. All statistical analysis was performed with GraphPad Prism
Version 6.00 for Mac, Graphpad Software, La Jolla California USA, www.graphpad.com.
P-values less than 0.05 were considered statistically significant.
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4.

Results

4.1

Mlh3DN/DN males show a severe infertility phenotype
To investigate the meiotic requirement for the presence of a functional

endonuclease domain in mammalian MLH3, we generated a mouse line with a point
mutation

in

the

putative

endonuclease

motif

of

the

M.

musculus

protein:

DQHAAHERIRLE. Specifically, we replaced the aspartic acid "D" in amino acid position
1185, with an asparagine "N" by changing GAC to AAC in the genomic sequence.
Extrapolating from an analogous mutation in the S. cerevisiae gene, this D-to-N
replacement is predicted to completely disrupt the endonucleolytic function of MLH3
while keeping the structure intact (Figure 2-1A, B) [23].
Male and female Mlh3+/DN mice were phenotypically similar to WT littermates and
displayed full fertility. These mice were used for breeding in order to generate agematched littermates of all genotypes. Mlh3DN/DN males are grossly normal when
compared to WT littermates, survive into adulthood and live normal lifespans. Mlh3DN/DN
males also exhibit normal mating behaviors as determined by observing a vaginal plug
in WT females the morning after mating. However, breedings between Mlh3DN/DN males
and WT females were never observed to result in offspring (data not shown).
Mlh3DN/DN males show complete infertility, demonstrated by significantly reduced
testes size when compared to WT (Figure 2-2A, B; p < 0.0001) and the complete
absence of spermatozoa in the epididymides (Figure 2-2C; p < 0.0001). In addition,
whereas histological cross-sections of testes stained with hemotoxylin and eosin (H&E)
from WT males showed the presence of meiotic and post-meiotic cells within the
seminiferous epithelium, testis sections from Mlh3DN/DN males were devoid of
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Figure 2-1. Amino acid sequence of MLH3 endonuclease domain and its
conservation across species.
(A) Amino acid protein sequence of the M. musculus, H. sapiens, S. cerevisiae, and A.
thaliana MLH3 endonuclease domain, DQHA(X)2E(X)4E, shows the conservation of this
domain across these species [44]. Asterisk refers to the conserved aspartic acid (D) that
was targeted for a point mutation and converted to asparagine (N) to generate the Mlh3DN mouse. (B) Mus musculus MLH3 is composed of a 1411 amino acid long sequence
that results in an ~158 kDa sized protein [45]. MLH3 contains a globular N-terminal
domain (NTD; light gray) and C-terminal domain (CTD; light blue) connected by a
flexible linker arm (white). The NTD (light gray) contains ATP binding motifs (dark gray)
that are conserved across species. The CTD consists of the MLH1 interacting domain
(light blue) and the conserved endonuclease motif (dark blue) (M. musculus MLH3
schematic courtesy of Vandana Raghavan). The aspartic acid (D) in the conserved
endonuclease motif in mouse, DQHAAHERIRLE, was converted to an asparagine (N;
red) at amino acid site 1185.
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Figure 2-2. Mlh3DN/DN males show a sterility phenotype.
(A, B) Mlh3DN/DN adult male testes are significantly smaller when compared to WT
littermates (Mlh3DN/DN - 0.28% of total body weight ± 0.06, n = 13 testes; WT - 0.77% ±
0.1, n = 15 testes; p < 0.0001, unpaired t-test with Welch's correction) and (C) have
zero sperm in the epididymis (WT - 9.8 x 107 ± 4.4 sperm/mouse; p < 0.0001; MannWhitney, n = 10 mice, n = 12 mice, respectively; error bars show standard deviation).
Hemotoxylin and eosin stained (D, E) WT testes show the presence of meiotic and postmeiotic cells whereas (F, G) Mlh3DN/DN are absent of spermatids and spermatozoa.
Higher magnification of WT and Mlh3DN/DN testes sections are shown in E and G,
respectively. Black arrows in (G) indicate metaphase I spermatocytes in the Mlh3DN/DN
tubule lumen. Sg, spermatogonia; Sc, prophase I spermatocytes; St, postmeiotic
spermatids. Scale bar is 100µm. Images were taken at 40X magnification.
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spermatids, but showed the presence of spermatogonia and spermatocytes (Figure 22D-G). In addition, metaphase I spermatocytes were observed in the tubular lumen of
Mlh3DNDN mice (Figure 2-2G, black arrows).

4.2

Mlh3DN/DN spermatocytes exhibit normal DSB formation and synapsis
To investigate the progression of meiotic recombination, prophase I chromosome

spreads were prepared from WT, Mlh3DN/DN, and Mlh3-/- adult males and stained for a
variety of markers involved in synapsis and recombination. Chromosome spreads were
stained with antibodies against γH2AX, the phosphorylated form of histone H2AX, as a
marker for DSB induction [46, 47]. In spermatocyte preparations from WT males, γH2AX
signal is abundant throughout the nucleus at leptonema soon after the induction of
several hundred DSBs [48]. Thereafter, the γH2AX signal declines in zygonema as
DSBs are processed for repair [48]. In pachynema and diplonema, γH2AX signal is
absent from the autosomes, but emerges throughout the sex body due to meiotic sex
chromosome inactivation (MSCI) (Figure 2-3A-D) [49]. Spermatocytes from both
Mlh3DN/DN and Mlh3-/- males exhibit the same γH2AX signal and temporal dynamics as
that observed in WT spermatocytes, with abundant staining in leptonema, slightly
reduced signaling in zygonema, followed by the absence of γH2AX signal on the
autosomes of pachytene and diplotene spermatocytes, except at the sex body (Figure
2-3F-I, K-N). Interestingly, previous work on Mlh3-/- spermatocyte preparations have
noted persistent γH2AX signal on the autosomes [50]. To determine this, we overexposed the γH2AX signal in WT, Mlh3DN/DN, and Mlh3-/- chromosome spreads and
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Figure 2-3. DSB formation and signaling as well as synapsis are normal in
Mlh3DN/DN spermatocytes throughout prophase I.
(A-O) Mlh3DN/DN prophase I cells exhibit normal DSB formation and signaling as
observed by γH2AX staining (green) on synaptonemal complex protein SYCP3 (red) as
compared to WT and Mlh3-/- cells. Images show abundant γH2AX signal in leptonema,
following by diminished signal in zygonema, with the absence of signal in pachynema
and diplonema, except at the sex body, due to MSCI. (E, J, O) Over exposure of the
γH2AX signal results in γH2AX foci or flares on the autosomes in WT, Mlh3DN/DN, as well
as Mlh3-/- cells (white arrows), suggesting that this signal may not be representative of
true un-repaired DSBs. (P-W) Mlh3DN/DN prophase I cells have normal synapsis as
observed by the localization of synaptonemal complex protein SYCP1 (green) and
SYCP3 (red) on the chromosomes when compared to WT. SYCP3 forms as short
patches along the chromosomes in leptonema, extending into filaments in zygonema
along with the appearance of SYCP1, full synapsis with the co-localization of SYCP1
and SYCP3 are observed in pachynema, followed by desynapsis in diplonema with the
degradation of SYCP1.

	
  

48	
  

	
  

49	
  

found γH2AX signal on the autosomes in both mutants as frequently as was found in
WT (Figure 2-3E, J, O; white arrows). Thus, γH2AX signal observed in Mlh3DN/DN and
Mlh3-/- pachytene spermatocytes may not be true persistent DSB signaling, but instead
an artifact of imaging techniques.
Spermatocyte chromosome spreads from WT and Mlh3DN/DN males were stained
with antibodies against synaptonemal complex components, SYCP3 and SYCP1,
marking the axial/lateral elements and the central element, respectively. Prophase I
progression in WT spreads is characterized by the initial accumulation of SYCP3 signal
in discrete dots along chromosomes at leptonema, and these dots gradually coalesce
into continuous filaments along the chromosome cores in zygonema.

At this time,

SYCP1 appears in patches along the SYCP3 signal, indicating that synapsis is
occurring. By late zygonema, most of the chromosome core is now labeled with SYCP1,
and by pachynema synapsis is complete, as demonstrated by complete overlap of the
SYCP3/SYCP1 signals on the autosomes. For the sex chromosomes, synapsis only
occurs at the pseudoautosomal region (PAR). After meiotic recombination occurs, the
SC begins to degrade in diplonema, and the homologs are no longer tethered to one
another except at CO sites (Figure 2-3P-S) [51, 52].
Synapsis appears normal in Mlh3DN/DN spermatocytes with discrete accumulation
of SYCP3 on the chromosomes in leptonema, followed by continued accumulation of
SYCP3 along the chromosomes as SYCP1 appears in patches in zygonema (Figure 23T, U). Complete synapsis of the autosomes and the PAR is observed in pachynema
with co-localization of SYCP1 and SYCP3 (Figure 2-3V). Desynapsis is then observed
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in diplonema with the degradation of the SC (Figure 2-3W). Thus, synapsis in Mlh3DN/DN
spermatocytes appears unaffected by loss of the endonuclease activity of MLH3.

4.3

Mlh3DN/DN spermatocytes show a persistence of RAD51 in zygotene and

pachytene cells
Early DSB repair events were monitored by examining RAD51 localization on
chromosome cores of the autosomes (sex chromosomes were excluded) throughout
prophase I. In WT mice, RAD51 was observed to localize to the cores of zygotene cells
as discrete foci at a high frequency (mean = 124.8 ± 32.3 foci; Figure 2-4A, E) with a
dramatic decrease of very few to no RAD51 foci observed in pachynema (mean = 3.9 ±
4.0 foci; Figure 2-4B, F). In prophase I spreads from Mlh3DN/DN males, we observed a
significant increase in the number of RAD51 localized to the cores in zygonema when
compared to WT (mean = 144.2 ± 39.7 foci; p = 0.02; Figure 2-4C, E). By pachynema,
RAD51 focus frequency had decreased, but remained significantly higher than in WT
(mean = 6.8 ± 3.2 foci; p = 0.03; Figure 2-4D, F). These observations suggest a higher
number of initial DSB processing events, or a persistence of these intermediate events
in zygonema, coupled with persistent DSBs in pachynema in spermatocytes from
Mlh3DN/DN males. We favor the latter possibility where Mlh3DN/DN zygotene cells exhibit a
persistence of DSB intermediate events, rather than an increase in DSBs, due to similar
RAD51 counts in Mlh3DN/DN leptotene cells as there were in comparatively-staged WT
cells (data not shown).
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Figure 2-4. Mlh3DN/DN spermatocytes show a persistence of RAD51 foci in
zygonema and pachynema.
The localization of RAD51 (green) on synaptonemal complex protein SYCP3 (red) is
observed in (A, B) WT and (C, D) Mlh3DN/DN male spermatocytes in zygonema and
pachynema. (A, C, E) In zygonema, WT cells show high numbers of RAD51 associated
with the chromosome cores while Mlh3DN/DN exhibit even higher RAD51 foci (WT mean
= 124.8 ± 32.3 foci, Mlh3DN/DN mean = 144.2 ± 39.7 foci; p = 0.02; Mann-Whitney; error
bars show standard deviation). Mlh3-/- zygotene cells show comparable RAD51 focus
counts (mean = 127.4 ± 37.0 foci) when compared to WT (p = 0.4; Mann-Whitney test)
and Mlh3DN/DN (p = 0.1; Mann-Whitney). (B, D, F) In pachynema, WT cells exhibit a
dramatic decrease of very few to no RAD51 associated with the autosomes while
Mlh3DN/DN cells show persistent RAD51 (WT mean = 3.9 ± 4.0 foci, Mlh3DN/DN mean =
6.8 ± 3.2 foci; p = 0.03; Mann-Whitney; error bars show standard deviation). Mlh3-/pachytene cells exhibit significantly comparable RAD51 focus counts (mean = 3.5 ± 2.6
foci) when compared to WT (p = 0.9; Mann-Whitney), but significantly fewer than
Mlh3DN/DN (p = 0.003; Mann-Whitney). (G) Approximately 35% of WT pachytene
spermatocytes show the persistence of at least 1 RAD51 foci on the autosomes
compared to 61.5% of Mlh3DN/DN (p = 0.008; Fisher's exact test). Mlh3-/- exhibited a
significantly higher percentage of 85.2% when compared to WT (p < 0.0001; Fisher's
exact test) and Mlh3DN/DN (p = 0.04; Fisher's exact test). (H) In addition, a significantly
greater percentage of Mlh3DN/DN pachytene spermatocytes had 1 - 2, 3 - 8, or > 8
RAD51 foci per nucleus in comparison to WT (p = 0.009; Chi-square). Mlh3-/- pachytene
cells also had a significantly greater RAD51 frequency distribution when compared to
WT (p < 0.0001; Chi-square) but not when compared to Mlh3DN/DN.
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To compare the dynamics of DSB processing and RAD51 accumulation in the complete
absence of MLH3, we prepared prophase I chromosome spreads from Mlh3-/- testes,
stained for RAD51 and counted foci in zygotene and pachytene cells. In contrast to our
observation of RAD51 in spreads from Mlh3DN/DN males, RAD51 focus counts of Mlh3-/zygotene cells were comparable to spreads from similarly-staged WT spermatocytes
(mean = 127.4± 37.0 foci; p = 0.4) and from Mlh3DN/DN spermatocytes (p = 0.1; Figure 24E). By pachynema, RAD51 signal also decreased from the cores of autosomes as
observed in spreads from WT and Mlh3DN/DN males, but while RAD51 counts for the
Mlh3-/- males were comparable to WT (mean = 3.5 ± 2.6 foci; p = 0.9), there were
significantly fewer RAD51 foci when compared to Mlh3DN/DN males (p = 0.003, Figure 24F).
To further assess the persistence of RAD51-marked DSB events, the number of
pachytene cells displaying at least one RAD51 autosomal focus was quantitated for
spermatocytes from WT, Mlh3DN/DN, and Mlh3-/- males. In WT preparations, 35% of cells
were observed to have at least one RAD51 focus on the autosomes at pachynema
(Figure 2-4G). The number of cells displaying at least one RAD51 focus rose
significantly in Mlh3DN/DN males, and even more significantly in spreads from Mlh3-/males (61.5% [p = 0.008], and 85.2% [p < 0.0001] compared to WT, respectively; p =
0.04 compared to Mlh3DN/DN; Figure 2-4G). RAD51 frequency distribution per pachytene
cell was also analyzed in WT, Mlh3DN/DN, and Mlh3-/- males. We observed a trend in
which there were a significantly greater percentage of pachytene cells from Mlh3DN/DN
males that showed 1 - 2, 3 - 8, or > 8 RAD51 foci when compared to spermatocytes
from WT males (p = 0.009) and even more so in Mlh3-/- cells when compared to that of
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WT males (p < 0.0001; Figure 2-4H). However, there was no significant difference in the
frequency distribution of RAD51 foci between Mlh3DN/DN and Mlh3-/- pachytene
spermatocytes.
Collectively, these data indicate that loss of normal MLH3 endonuclease function
delays the processing of DSBs, resulting in altered acquisition of, and persistent RAD51
foci. This effect is even more dramatic with the complete absence of MLH3 protein.

4.4

Mlh3DN/DN pachytene spermatocytes show a hyper-accumulation of BLM
Bloom syndrome mutated (BLM) is a mammalian RecQ DNA helicase that in S.

cerevisiae (Sgs1) was shown to promote the resolution of complex multi-chromatid joint
molecule intermediates that may result from SEI events into both NCOs and COs [53,
54]. During prophase I in WT male spermatocytes, BLM localizes to the chromosomal
cores at a high frequency in zygonema and diminishes to a few foci in pachynema [43]
Recently, we showed that loss of MLH3 results in up-regulated BLM localization during
prophase I, along with persistence of BLM on chromosome cores through late
pachynema [43]. To determine if the disruption of the MLH3 endonuclease domain
affects the localization of BLM in a similar fashion, we stained prophase I chromosome
spreads with an antibody against BLM. In zygonema, as previously reported, WT cells
showed the accumulation of BLM on the cores in high numbers (mean = 214.1 ± 33.6
foci), whereas chromosome spreads from Mlh3DN/DN males showed a significant
increase in BLM foci (mean = 272.4 ± 43.6 foci; p = 0.0004; Figure 2-5B, F, M). In early
to mid pachynema, BLM localization on chromosome cores persists in approximately
37.0% of WT cells, whereas almost 70% of cells from Mlh3DN/DN males show persistent
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Figure 2-5. Mlh3DN/DN spermatocytes show a persistence of BLM in pachynema.
Meiotic chromosome spread preparations from (A-D) WT, (E-H) Mlh3DN/DN, and (I-L)
Mlh3-/- males showing the localization of BLM (green) on synaptonemal complex protein
SYCP3 (red) throughout the progression of prophase I. (B, F, M) In zygonema,
Mlh3DN/DN cells had significantly more BLM foci localized to the chromosome cores than
WT (WT mean = 214.1 ± 33.6 foci, Mlh3DN/DN mean = 272.4 ± 43.6 foci; p = 0.0004;
unpaired t-test with Welch's correction). (C, D, G, H) In pachynema, BLM is no longer
present on the chromosome cores of WT cells whereas Mlh3DN/DN cells show the hyperaccumulation of BLM on the autosomes and the sex body, which persists into
diplonema. (K) Pachytene Mlh3-/- cells also show persistence of BLM on the autosomes,
however, not to the extent of that observed in Mlh3DN/DN cells. (N) In early to mid
pachynema, approximately 69.4% of Mlh3DN/DN spermatocytes (black bars) show a
persistence of BLM staining on the chromosomes in comparison to 37.0% of WT (white
bars; p = 0.002; Fisher's exact test). As spermatocytes progress into late pachynema
and early diplonema, approximately 59.0% of Mlh3DN/DN cells continue to exhibit BLM
staining in comparison to just 3.0% of WT (p <0.0001; Fisher's exact test).
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BLM at this stage of prophase I (p = 0.002; Figure 2-5C, G, N). By late pachynema to
early diplonema the difference in BLM persistence was even greater, with 3.0% of WT
cells showing BLM staining, and 59.0% of Mlh3DN/DN cells still having significant BLM
localization on their chromosome cores (p < 0.0001; Figure 3D, H, N). Thus, altered
MLH3 function leads to persistence of BLM helicase on chromosome cores in late
prophase I.

4.5

Mlh3DN/DN pachytene staged spermatocytes exhibit normal localization of

CDK2, MLH3, and MLH1
We next asked if disruption of the endonuclease activity of MLH3 altered the
ability of CDK2 and MutLγ to associate with chromosome cores during prophase I. In
WT prophase I cells, CDK2 localizes to the telomeres as well as on the chromosome
cores during mid to late pachynema and remains associated with SYCP3 signal through
to diplonema [55]. In pachytene spermatocyte preparations from Mlh3DN/DN mice, CDK2
signal remains associated with both the telomeres and chromosome cores, while in
Mlh3-/- is absent from the cores (Figure 2-64A-C).
MLH3 localizes on the chromosomes during early pachynema, remaining
associated with SYCP3 signal through to diplonema [21]. In pachytene spermatocyte
preparations from Mlh3DN/DN mice, MLH3 signal remains associated with the autosomal
chromosome cores from early pachynema at a focus frequency that is statistically
indistinguishable from that of WT cells (21.34 ± 3.16 foci/nucleus for Mlh3DN/DN
pachytene cells and 21.72 ± 3.45 foci/nucleus for WT pachytene cells; p = 0.4; Figure 2-
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Figure 2-6. Mlh3DN/DN pachytene spermatocytes exhibit normal localization of
CDK2, and MutLγ with foci counts comparable to WT.
(A-C) CDK2 (green) localizes to the synaptonemal complex SYCP3 (red) in WT and
Mlh3DN/DN pachytene spermatocytes, but not in Mlh3-/- cells, except at the telomeres. (DF) MLH3 (green) localizes to SYCP3 (red) in WT and Mlh3DN/DN pachytene
spermatocytes with no statistical difference in the number of MLH3 foci (WT = 21.7 ±
3.4 MLH3 foci, Mlh3DN/DN = 21.3 ± 3.1 MLH3 foci; p = 0.21; Mann-Whitney test). (G-I)
MLH1 (green) localizes to SYCP3 (red) in WT and Mlh3DN/DN pachytene spermatocytes
also with no statistical difference in the number of MLH1 foci (WT = 21.1 ± 2.6 MLH1
foci, Mlh3DN/DN = 20.2 ± 2.8 MLH1 foci; p = 0.13; Mann-Whitney test). Different colors in
(F) and (I) indicate 3 sets of littermates used; n.s = not significant; error bars show
standard deviation.
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6D-F). MLH3 association with the PAR of the synapsed X and Y chromosomes was
similarly unaffected in Mlh3DN/DN pachytene spermatocytes (data not shown).
Localization of MLH1 was similarly explored in the absence of the
endonucleolytically-active MLH3. As with MLH3, there was no difference in the timing of
MLH1 accumulation on chromosome cores between WT and Mlh3DN/DN mice. Moreover,
when autosomal MLH1 foci were quantitated, no statistical difference was observed in
MLH1 focus frequency between WT and Mlh3DN/DN pachytene cells (21.06 ± 2.58
foci/nucleus and 20.64 ± 2.84 foci/nucleus, respectively; p = 0.2; Figure 4G-I). These
data suggest that disruption of the endonuclease domain of MLH3 does not alter
recruitment of MutLγ to chromosomes in pachynema.

4.6

Mlh3DN/DN diakinesis staged spermatocytes exhibit significantly fewer

chiasmata than WT spermatocytes
Chiasmata are the physical manifestations of crossing over and, as such, can
inform on the process of DSB repair via both the Class I and Class II CO pathways.
Diakinesis-staged spermatocytes from WT, Mlh3DN/DN males were used to quantitate
chiasmata. WT cells exhibited a chiasmata frequency of 23.5 ±1.3 per nucleus (Figure
2-7A, D) whereas Mlh3DN/DN spermatocytes exhibited a dramatically reduced chiasmata
count of 5.2 ± 1.7 chiasmata per nucleus (Figure 2-7B, D; p < 0.0001). Chiasmata
counts for full homozygous null males (Mlh3-/-) was even more dramatically reduced at
2.8 ± 1.1 chiasmata per nucleus. This value for homozygous null mice was significantly
lower than both WT and Mlh3DN/DN spermatocytes (p <0.0001; Figure 2-7C, D). Thus,
complete loss of MLH3 protein leads to the loss of approximately 88% of chiasmata,
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Figure 2-7. Mlh3DN/DN diakinesis staged spermatocytes show a reduced number of
chiasmata.
(A-C) Diakinesis staged spermatocyte preparations from WT, Mlh3DN/DN, and Mlh3-/males stained with Giemsa showing chiasmata formation between homologous
chromosomes. (D) Mlh3DN/DN cells exhibit significantly fewer chiasmata when compared
to WT (WT = 23.5 ± 1.3 chiasmata per nucleus, Mlh3DN/DN = 5.2 ± 1.7; p < 0.0001;
Mann-Whitney). Mlh3-/- cells have significantly fewer chiasmata when compared to WT
and Mlh3DN/DN (Mlh3-/- = 2.8 ± 1.1 chiasmata per nucleus; p < 0.0001; Mann-Whitney;
error bars are standard deviation). (E-F) Figure representation of 0 (gray; arrowhead), 1
(blue; blue arrow), or 2 (red; red arrow) chiasmata per homologous chromosome pair.
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while loss of endonuclease activity, but retention of MLH3 (and MLH1) protein results in
only a 78% loss of chiasmata.

5.

Discussion and Conclusion
Studies in S. cerevisiae and M. musculus have suggested MutLγ as the major

resolvase of dHJs in the Class I CO pathway [22, 23, 36-38, 56]. The current studies
elucidate for the first time the importance of an intact endonuclease domain for the
proper functioning of MLH3 during prophase I of mammalian meiosis. We generated a
mouse lacking a functional endonuclease domain within MLH3, while allowing the
normal structural function and stability of the protein. The introduced point mutation is
orthologous to a yeast mutation in the same gene that results in an MLH3 protein
incapable of functional endonucleolytic action [23]. We found that, as in Mlh3-/- mutant
males, Mlh3DN/DN males are infertile, exhibit significantly smaller testes than their WT
littermates, and have no epididymal spermatozoa [22]. In addition, we demonstrate that
an intact endonuclease domain within MLH3 is not required for DSB or synaptonemal
complex formation. Thus, in early prophase I events, Mlh3DN/DN animals are
phenotypically similar to Mlh3-/- males as well as WT [22]. However, unlike, Mlh3-/males, Mlh3DN/DN males show persistent RAD51 foci in zygonema and pachynema,
coupled with hyper-accumulation of BLM in pachynema. Unexpectedly, spermatocytes
from Mlh3DN/DN males show more residual chiasmata at diakinesis than in Mlh3-/- mice.
Loss of either component of MutLγ is predicted to eradicate 90-95% of
chiasmata, based on the established dogma that Class I COs account for the majority,
but not all, chiasmata in mammalian meiosis [5, 6, 22, 24, 27]. Accordingly, in the
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absence of MLH1 or MLH3, we observed only 5% residual COs or chiasmata when
assessed either genetically or cytogenetically [22, 27, 57]. Thus, our observation of only
a 78% loss of COs in Mlh3DN/DN spermatocytes is not in line with this expectation of a
complete loss of all Class I COs, and instead suggests that the endonucleolytic function
of MLH3 does not account for the resolution of all Class I COs and that other resolvases
can replace MLH3 under certain conditions. Alternatively, it is feasible that the point
mutation in the putative endonuclease domain does not completely eliminate
endonucleolytic activity in the mouse. However, we find this possibility highly unlikely
due to the extensive biochemical analysis of the S. cerevisiae mlh3-D523N protein [23,
38]. Another explanation is that, in the absence of endonuclease activity, some Class I
CO events can be processed by Class II (or other) CO machinery following appropriate
processing by DNA helicases such as BLM (see below). However, if such were the
case, then we question why the 90% loss of chiasmata observed in Mlh3-/- mice is not at
least partially overcome by a similar mechanism [22]. Nonetheless, we favor this last
hypothesis, that BLM-related NCO, Class II, or unidentified CO pathway resolution may
occur in the absence of MLH3 catalytic activity, which still requires the structural role of
MutLγ to maintain the dHJ until resolution and/or the recruitment of the appropriate
resolvases occurs. One potential resolvase is EXO1, which in yeast (Exo1) has been
shown to interact with MutLγ in vitro and its late prophase I activity is preceded by MutLγ
localization [58, 59].
Loss of the functional endonucleolytic domain of MLH3 has no effect on the
timing and frequency of DSB induction in early prophase I, as observed by similar
RAD51 numbers between WT and Mlh3DN/DN leptotene spermatocytes (data not shown).
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However, there were significant effects on RAD51 focus dynamics in which we found
persistent RAD51 foci in zygotene and pachytene Mlh3DN/DN spermatocytes, a
phenotype not found in Mlh3-/- cells. Since Mlh3DN/DN cells did not appear to have an
increase in DSB formation, this suggests that lack of a functional endonucleolytic
domain in MLH3 leads to delayed DSB processing events. Interestingly, such a delay is
not apparent in the homozygous null mice where there is a complete loss of MLH3. This
may be explained by the fact that the structural function of MLH3 in Mlh3DN/DN is still
intact and thus can still localize to dHJs, yet since it lacks endonuclease activity, MutLγ
cannot contribute to the resolution of the dHJ, and thus blocks access for other potential
nucleases and thus delays repair. This explanation notwithstanding, the observation of
persistent RAD51 in the Mlh3DN/DN spermatocytes suggests an earlier function for MLH3
than has been defined thus far.
In cases where the ZMM pathway cannot resolve dHJs through a Class I
pathway, BLM (RecQ like helicase) will process the joint molecules as a dissolution
event to result in a NCO product or a CO through the Class II pathway. However, in the
case of the MLH3-DN protein, it is possible that the endonucleolytically disrupted MutLγ
remains localized to the dHJ and thus blocks access for BLM, leading to the hyperaccumulation of BLM as it attempts to gain access to the joint molecule. Such a
scenario would concur with the hyper-accumulation of BLM observed in Mlh3DN/DN
pachytene spermatocytes, whereas only a few persistent BLM foci are observed in
Mlh3-/- cells (where absence of MLH3 allows BLM to access the dHJs) [43].
Furthermore, as alluded to above, the intense hyper-accumulation of BLM in Mlh3DN/DN
cells, under special circumstances, may lead to the successful resolution of some dHJs
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through a Class II (or other unidentified) CO pathway and thus would also explain the
higher residual chiasmata observed in diakinesis-staged Mlh3DN/DN spermatocytes that
are not observed in Mlh3-/- cells.
The work presented here emphasizes the essential role that MutLγ plays in
meiotic recombination, specifically its endonucleolytic function, in the resolution of DSBs
in a timely and accurate fashion. Interestingly, meiotic cells harbor multiple nucleases in
meiotic recombination in addition to MutLγ, including MUS81-EME1, SLX1-SLX4,
GEN1, and EXO1 [6, 8, 60-69]. EXO1 is an exonuclease involved in the Class I CO
pathway that appears to exhibit nuclease activity in early but not late meiotic
recombination events, specifically by resecting 5'-3' DSB ends. Its role in meiotic dHJ
resolution appears to be independent of its nuclease activity and perhaps may actually
aid in the stabilization and/or activation of MutLγ to cleave dHJs [58]. Thus, EXO1 alone
is not a prime candidate for the compensatory resolution of dHJs in the absence of
catalytically normal MutLγ.
Numerous studies have investigated the cleavage mechanisms of NCO and
Class II CO pathway structure specific nucleases (SSNs) on various DNA substrates.
MUS81-EME1/Mms4 is an SSN shown to process DNA molecules such as 3'-flaps, Dloops, and nicked Holliday junctions in vitro and is actually dispensable in mouse
meiosis due to compensation by the Class I CO pathway [6, 67, 70-73]. The nuclease
activity of SLX1 depends on its interaction with scaffold protein SLX4 and, as a
recombinant SLX1-SLX4 heterodimer, has been found to cleave Y-junctions, 5'-flaps,
and Holliday junctions. Interestingly, absence of SLX1 in mammalian meiosis does not
result in a meiotic phenotype, possibly due to a number of compensatory factors (Gray
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and Cohen, unpublished; [60-62]). GEN1 (Yen1 in S. cerevisiae) has been shown to
symmetrically cleave Holliday junctions in vitro, yet is not critical for meiotic
recombination, except in the absence of Mus81-Mms4 [56, 68, 74].
Even though meiotic cells harbor these SSNs in addition to MutLγ, absence of
MLH3 or MLH1 still leads to a dramatic loss of chiasmata, indicating that the remaining
nucleases do not perform well compensatory roles and further emphasizes the need for
a fully functional MutLγ in the Class I CO pathway.
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APPENDIX I

ADDITIONAL WORK IN THE PHENOTYPIC ANALYSIS OF
Mlh3DN/DN AND Mlh3DN/- MICE

8.1

Materials and Methods

8.1.1 Immunofluorescence
Primary antibodies used were: anti-CDK4 (Santa Cruz, #sc-260, 1:500), antiHEI10 (Abcam, #118999, 1:100), and anti-SYCP3 (Abcam, MA, #97672, 1:5000).
Secondary antibodies used were goat anti-mouse Alexa Fluor 488 (#62-6511), goat
anti-mouse Alexa Fluor 555 (#A-10521), goat anti-rabbit Alexa Fluor 488 (#65-6111),
goat anti-rabbit Alexa Fluor 555 (#A-10520; all Invitrogen, 1:2000).

8.1.2 Western blot of pachytene cell lysate
For separation of mouse spermatogenic cells (STA-PUT) protocol, see Chapter
2, Appendix III, Section 10.1. Western blots were performed by using WT and Mlh3DN/DN
pachytene cell lysate, which was homogenized in RIPA Buffer Plus (50 mM Tris, 150
mM NaCl, 0.1% SDS, 0.5% deoxycholate, 1% NP40, supplemented with 100 µg/mL
PMSF and 1X complete protease inhibitor (Roche)). Protein concentration was
measured with the BCA Protein Assay Kit (Pierce, #23227) and the Nanodrop. After
adding 6X SDS loading dye, samples were boiled at 95ºC for 5 min, cooled, and
electrophoresed on an 8 or 10% acrylamide protein gel. Protein was then transferred to
a 0.45 µm nitrocellulose membrane and blocked overnight at 4ºC with 1% casein/1X
TBST (0.1% Tween-20, 10% 10XTBS diluted in dH20). Primary antibody incubation was
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performed overnight at 4ºC CDK4 (1:1000; Santa Cruz, #sc-260); and β-tubulin (1:2000;
Sigma-Adlrich, #T4026). Secondary antibody incubation was performed for 2 hours at
room temperature (secondary HRP-conjugated antibodies were obtained from Pierce,
Life Technologies). Antibody signal was detected by using the SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific, #34095) and images were captured
with the BIO RAD Image Lab 5.1. Bands from western blots were analyzed and
quantified using Fiji software [10].

8.2

Results

8.2.1 Mlh3DN/DN spermatocytes show a persistence of CDK4 in pachytene cells
The regulation of cell cycle markers during prophase I of meiosis was monitored
by examining the localization of CDK4 on the chromosome cores of autosomes
throughout prophase I. In WT mice, CDK4 was observed to localize in leptonema and
continue to increasingly localize in zygonema on synapsed and asynapsed regions of
the chromosome cores. By pachynema, CDK4 was no longer localized to the cores of
the autosomes or the X and Y chromosomes. However, in diplonema, CDK4 localization
was observed only on the cores of the X and Y chromosomes and continued to be
absent from the autosomes (Figure 2-8A-D). In comparison, Mlh3DN/DN leptotene and
zygotene cells had similar CDK4 localization to the chromosome cores as observed in
WT. However, by pachynema, CDK4 persisted along the cores of the autosomes as
well as the cores of the X and Y chromosomes. By diplonema, Mlh3DN/DN cells were
observed to have CDK4 localization absent from the autosomes, but localized as a
cloud around the X and Y chromosomes (possibly the sex body) (Figure 2-8F-I).
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Figure 2-8. Pachytene cells from Mlh3DN/DN males show a persistence of CDK4 on
chromosome cores.
The localization of CDK4 (green) on synaptonemal complex protein SYCP3 (red) is
observed in (A-D) WT and (F-I) Mlh3DN/DN male spermatocytes throughout prophase I.
(A, B, F, G) In leptonema and zygonema, Mlh3DN/DN cells appear to have similar
localization of CDK4 on the chromosome cores as WT. (C, H) In pachynema, WT cells
exhibit no CDK4 localization on the autosomes or the X and Y chromosomes, while
Mlh3DN/DN cells have persistent CDK4 on both the autosomes and X and Y
chromosomes. (D, I) In diplonema, both WT and Mlh3DN/DN cells are absent of CDK4 on
the autosomes, except for some cells that do show localization of CDK4 on the X and Y.
(E, J) CDK4 protein (~ 34 kDa; [1]) was detected in WT and Mlh3DN/DN pachytene cells.
β-tubulin (~ 50 kDa;[1]) was used as a loading control. According to relative protein
concentration, there appears to be a higher CDK4 protein level in the Mlh3DN/DN
pachytene cells than in WT. Only 1 western blot was performed with 1 set of WT and
Mlh3DN/DN biological sample.
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Western blot analysis of CDK4 in WT and Mlh3DN/DN pachytene cells isolated via STAPUT showed higher CDK4 protein levels in the mutant, as quantified by relative protein
concentration to β-tubulin loading control (Figure 2-8E, J). Both CDK4 staining of WT
and Mlh3DN/DN chromosome spreads and western blot analysis were performed with 1
biological replicate, and thus would need to be repeated before drawing definitive
conclusions about a change in cell cycle progression during meiotic prophase I.
However, these data suggests that loss of MLH3 endonuclease activity leads to a timely
delay in the unloading of CDK4 and implies abnormal DSB intermediate processing.

8.2.2 HEI10, an ubiquitin E3 ligase, localizes to the autosomes of Mlh3DN/DN
spermatocytes in pachynema
HEI10, an ubiquitin E3 ligase, has been shown to be required for the localization
of MutLγ to chromosome cores in pachynema and for the formation of normal numbers
of chiasmata in male mouse spermatocytes, as such, is deemed essential for meiotic
crossing over events [2]. In order to determine if the disruption of the MLH3
endonuclease domain affects the localization of HEI10, chromosome spreads from WT
and Mlh3DN/DN mice were stained with anti-HEI10 antibody. In spermatocyte spreads
from WT males, HEI10 was observed to localize to the autosomes in pachynema as 1 2 foci per homologous chromosome pair (except the X and Y chromosomes) and
appeared to be evenly dispersed. In Mlh3DN/DN, HEI10 was also observed as in WT, to
localize to the autosomes in an evenly distributed fashion as 1 - 2 foci with an absence
of localization to the PAR of the X and Y chromosomes (Figure 2-9; HEI10 foci shown
by white arrows). WT and Mlh3DN/DN chromosome spreads with HEI10 staining were

	
  

74	
  

performed with only 1 biological replicate, and thus would need to be repeated before
drawing definitive conclusions about the localization pattern of HEI10 in Mlh3DN/DN
spermatocytes. However, these preliminary data suggest that the disruption of the
MLH3 endonuclease domain does not prevent the localization of HEI10 to the
autosomal cores in pachynema.

Figure 2-9. Mlh3DN/DN pachytene spermatocytes exhibit normal localization of
HEI10.
(A, B) HEI10 (green) localizes to the synaptonemal complex SYCP3 (red) in WT and
Mlh3DN/DN pachytene spermatocytes. The WT cell shows 1 - 2 evenly distributed HEI10
foci (white arrows) per homologous chromosome pair, with no foci at the PAR of the X
and Y chromosome, for a total of 21 HEI10 foci. The Mlh3DN/DN cell also shows 1 -2
evenly distributed HEI10 foci (white arrows) on some (not all) homologous chromosome
pairs, and no HEI10 foci on the PAR of the X and Y chromosome, for a total of 16
HEI10 foci.
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8.2.3 Mlh3DN/- males show a severe infertility phenotype
To determine if the Mlh3DN allele acts as a dominant negative to the Mlh3- allele,
Mlh3+/DN and Mlh3+/- mice were bred to result in Mlh3DN/- males. Mlh3DN/- males are
grossly normal when compared to WT littermates (data not shown). However, Mlh3DN/males have a severe infertility phenotype, demonstrated by significantly reduced testes
size when compared to WT (Figure 2-10A; p = 0.003) and the absence of spermatozoa
in the epididymis (Figure 9B; p = 0.004). There were no statistical differences in testes
weights (as percentage of body weights) or epididymal sperm counts amongst
Mlh3DN/DN, Mlh3-/-, and Mlh3DN/- males (Figure 2-10A, B). In addition, histological crosssections of testes stained with hemotoxylin and eosin (H&E) showed the presence of
meiotic and post-meiotic cellularity in the tubular lumen of WT mice while Mlh3DN/- testes
were absent of spermatids, but showed the presence of spermatogonia and
spermatocytes (Figure 2-10C, F). Furthermore, metaphase I spermatocytes were
observed in the tubular lumen of Mlh3DN/- mice as was also observed in Mlh3DN/DN mice
(Figure 2-10D, F, black arrows). These data suggests that the Mlh3DN allele is not
dominant negative as the Mlh3DN/- results in a severe fertility phenotype like the
Mlh3DN/DN and Mlh3-/- male mice. However, further studies into the progression of
meiotic homologous recombination throughout prophase I using Mlh3DN/- adult males
are required to determine more definitive conclusions on a dominant negative effect of
the Mlh3DN allele.
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Figure 2-10. Mlh3DN/DN, Mlh3-/-, and Mlh3DN/- adult males show a sterility phenotype.
(A) Mlh3DN/DN (0.28% of TBW ± 0.06, n = 13 testes; p < 0.0001; unpaired t-test with
Welch's correction), Mlh3-/- (0.36% of TBW ± 0.07, n = 4 testes; p = 0.0005; MannWhitney), and Mlh3DN/- (0.28% of TBW ± 0.03, n = 3 testes; p = 0.0025; Mann-Whitney)
adult male testes are significantly smaller when compared to WT (0.77% ± 0.1, n = 15
testes; error bars show standard deviation). (B) Mlh3DN/DN (p < 0.0001; Mann-Whitney, n
= 10 mice), Mlh3-/- (p = 0.001; Mann-Whitney, n = 4 mice), and Mlh3DN/- (p = 0.004;
Mann-Whitney, n = 3 mice) mice also have zero sperm in the epididymis (WT - 9.8 x 107
± 4.4 sperm/mouse, n = 12 mice, error bars show standard deviation). Hemotoxylin and
eosin stained (C) WT testes show the presence of meiotic and post-meiotic cells
whereas (D-F) Mlh3DN/DN, Mlh3-/-, and Mlh3DN/- are absent of spermatids and
spermatozoa. Black arrows in (D, F) indicate metaphase I spermatocytes in the
Mlh3DN/DN and Mlh3DN/- tubule lumen. TBW, total body weight; Sg, spermatogonia; Sc,
prophase I spermatocytes; St, postmeiotic spermatids. Scale bar is 100µm. Images
were taken at 40X magnification.
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8.2.4 Mlh3DN/DN and Mlh3-/- males weigh significantly less than WT littermates, but
have normal life spans
To determine if Mlh3DN/DN, Mlh3-/-, and Mlh3DN/- adult males are grossly normal
when compared to WT, total body weights were measured. Mlh3DN/DN (p = 0.01) and
Mlh3-/- (p = 0.01) had significantly lower total body weights when compared to WT.
However, there were no statistical differences in total body weights between WT and
Mlh3DN/- males and amongst Mlh3DN/DN, Mlh3-/-, and Mlh3DN/- (Figure 2-11A).
To determine if absence of MLH3 or disruption of the MLH3 endonuclease
domain affects the life span of adult mice, WT, Mlh3DN/DN, and Mlh3-/- male and female
mice were allowed to live until natural death or advised to euthanize by CARE at Cornell
University. According to the survival plot, all mice, except for one Mlh3DN/DN mouse,
lived over 365 days. No statistical difference was found amongst the WT, Mlh3DN/DN, or
Mlh3-/- survival curves (Figure 2-11B; p = 0.55, Log-rank (Mantel-Cox) test).
Upon natural death or death induced by euthanasia with exposure to CO2, mice
were necropsied and assessed for cause of death or illness by Dr. Andrew Miller, DVM
and pathologist at Cornell University. It was determined that almost all mice
experienced a natural death or illness due to the one or more of the following
conditions: enlarge and/or inflamed liver, hyper-cellular glomeruli in the kidneys,
histiocytic sarcoma with metastasis, lymphoma in the spleen and liver, presumptive
leukemia, myocardial degeneration, and extra-medullary hematopoiesis of the spleen,
all of which may be associated with old age. There was no trend in the type of
detrimental conditions observed in Mlh3DN/DN and Mlh3-/- when compared to WT (data
not shown). These data indicate that while absence of MLH3 or disruption of the MLH3

	
  

79	
  

Figure 2-11. Total body weight and percent survival of WT, Mlh3DN/DN, Mlh3-/-, and
Mlh3DN/- mice.
(A) Mlh3DN/DN (mean = 22.0 ± 2.5 g, n = 13 mice; p = 0.01; unpaired t-test with Welch's
correction) and Mlh3-/- (mean = 20.2 ± 2.5 g, n = 4 mice; p = 0.01; Mann-Whitney) adult
males are have a significantly less total body weight when compared to WT (mean =
24.5 ± 1.8 g, n = 13 mice). Mlh3DN/- total body weight was not significantly different from
WT (mean = 24.4 ± 2.8 g, n = 3 mice; p = 0.88; Mann-Whitney) and no statistical
difference was found in total body weight amongst mutants. (B) Male and female WT
(blue; median = 748 days, n = 3), Mlh3DN/DN (red; median, 658 days, n = 5), and Mlh3-/(green; median = 545 days, n = 1) mice were allowed to age until natural death or as
advised by the Cornell Center for Animal Resources and Education (CARE) to
euthanize with CO2. All mice, except one Mlh3DN/DN mouse (306 days), lived over 365
days. No statistical difference amongst the survival curves was found (p = 0.55; Logrank (Mantel-Cox) test).
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endonuclease domain results in lower total body weights when compared to WT, these
mutations do not affect life span or deter from naturally aging conditions.

8.3

Discussion
In this work, additional phenotypic analysis was performed on Mlh3DN/DN and

Mlh3DN/- males. To determine if the meiotic cell cycle is affected by loss of MLH3
endonuclease activity CDK4 was analyzed in Mlh3DN/DN spermatocytes. CDK4 is a
cyclin dependent kinase found to be expressed in mammalian germ cells, and observed
to only localize to synapsed regions of the synaptonemal complex in zygotene
spermatocytes [3, 4]. In contrast, both WT and Mlh3DN/DN zygotene spermatocytes
showed the localization of CDK4 mostly at synapsed regions, but with a few foci
observed at unsynapsed regions. This is in contrast to findings by Ashley et al (2001)
where CDK4 was observed only at synapsed regions and may be explained by more
advanced imaging technology capable of imaging with higher precision and accuracy,
as well as more advanced Adobe PhotoShop Software. In WT pachytene cells, CDK4
was observed to be almost completely absent from the autosomes, except for 1 - 2 foci
on a few homologous chromosomes [4]. Contrary to WT, Mlh3DN/DN pachytene
spermatocytes exhibited a persistence of CDK4 foci along the cores of the autosomes
and also exhibited higher CDK4 protein levels in pachytene cell lysate. While only one
biological replicate was used for this experiment, this preliminary data suggests that
there appears to be a delay in the meiotic cell cycle progression of Mlh3DN/DN cells when
there is a lack of MLH3 endonuclease activity. Delays in the meiotic cell cycle due to
unsuccessful crossover formation have been suggested in other meiotic mutants, such
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as Cntd1GT/GT male mice, in which a persistence of CDK4 in pachynema was also
observed [5].
HEI10 is an ubiquitin E3 ligase required for the localization of both MLH3 and
MLH1 to the chromosome cores in male meiotic spreads [2]. In addition, ~94% of MLH1
foci has been observed to co-localize with HEI10 in male pachytene spermatocytes [6].
Interestingly, absence of MLH3 results in higher numbers of HEI10 foci in both zygotene
and pachytene Mlh3-/- cells when compared to WT, suggesting that MLH3 directs the
stable accumulation of HEI10 [6]. Thus, to determine the localization pattern of HEI10
when MLH3 endonuclease activity is lacking, but its protein structure remains, we
stained WT and Mlh3DN/DN spreads with HEI10. Our preliminary observations show that
indeed, HEI10 was found to localize to the chromosome cores in Mlh3DN/DN pachytene
cells in a similar fashion to WT. However, since only a few cells were observed for both
WT and Mlh3DN/DN from one biological replicate, we cannot conclude that MLH3 catalytic
activity is not responsible for the stable accumulation of HEI10, and thus further studies
are required.
We crossed Mlh3+/- and Mlh3+/DN mice to generate Mlh3DN/- males, which were
then analyzed to assess if the Mlh3DN allele is a dominant negative allele. Mlh3DN/- adult
testes weights, sperm counts, and morphology of the testes tubules are all comparable
to both Mlh3DN/DN and Mlh3-/- adult male mice, suggesting that the Mlh3DN allele does
not complement the Mlh3- allele. In addition, as observed in Mlh3DN/DN testes tubules,
Mlh3DN/- testes were also observed to contain metaphase I spermatocytes within the
tubular lumen. Interestingly, one difference in gross anatomy found amongst the
mutants was total body weight in which both Mlh3DN/DN and Mlh3-/- adult males weighed
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significantly less than WT, while Mlh3DN/- adult males did not. The discrete decrease in
body weight for Mlh3DN/DN and Mlh3-/- may be explained by the testes size found in these
mutants, yet does not seem to explain why Mlh3DN/- males are comparable to WT. We
propose that there is a discrepancy in total body weight amongst the mutants due to the
small sample size for Mlh3DN/- (n = 3) versus the larger sample sizes for WT (n = 13),
Mlh3DN/DN (n = 11), and Mlh3-/- (n = 4) and thus may require more Mlh3DN/- adult males to
observe a statistical difference. Collectively, based on this preliminary gross anatomy
data, we cannot conclude that there is no complementation effect present in the
Mlh3DN/- adult males. Further studies, including the localization of meiotic recombination
markers on chromosome spreads, such as γH2AX, RAD51, BLM, MLH3, and MLH1, are
required.
MutLγ plays a major role in meiotic recombination, yet has been observed to
have a minimal back up role in DNA mismatch repair (MMR) in somatic mammalian
cells [7]. Specifically, human MutLγ was found to repair both G/T mismatches as well as
+1 insertion/deletion loop substrates in vitro [7]. To determine whether lack of MLH3
endonuclease activity affects its MMR role in somatic cells, we assessed life span and
incidences of cancer in WT, Mlh3DN/DN, and Mlh3-/- adult males. Both Mlh3DN/DN and
Mlh3-/- mice survived for over one year with no incidences of cancer within the first 9
months, as has been previously reported for Mlh3-/- mice [7, 8]. However, long-term
studies of 9 - 24 months have found that Mlh3-/- mice have a shorter life span than WT
and more than half of the animals developed cancers, including gastrointestinal tumors
[9]. In contrast to work performed by Chen et al (2005), we did not find any
gastrointestinal tumors in the Mlh3-/- or Mlh3DN/DN used in this study nor found a

	
  

83	
  

significant difference in life span when compared to WT. However, the Mlh3-/- mice used
in Chen et al (2005) were on a 129 Sv/Ev strain background whereas the Mlh3-/- and
Mlh3DN/DN mice used in this study were on a C57/Bl6 and C57/Bl6/mixed background,
respectively, thus differences in cancer incidences and life span may differ due to the
distinct mouse backgrounds.

8.4

Conclusion
In this work, additional phenotypic analysis was performed on Mlh3DN/DN and

Mlh3DN/- males. In brief, preliminary data suggests that MLH3 endonuclease domain
activity is required for normal meiotic cell cycle progression as shown by changes in
CDK4 status, yet does not appear to affect the accumulation of the ubiquitin E3 ligase,
HEI10, in pachynema. In addition, gross anatomy data suggests that the Mlh3DN allele is
not dominant negative to the Mlh3- allele, however, further studies on meiotic
recombination in Mlh3DN/- mice are required before concluding. Furthermore, lack of
MLH3 endonuclease activity does not affect the life span or incidence of cancers in
mice in long-term studies.
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APPENDIX II

PHENOTYPIC ANALYSIS OF Mlh3DN/DN FEMALES

9.1

Introduction
The results presented here is an extension of the work on the effect of the

Mlh3DN mutant in female meiotic prophase I. Here, we demonstrate that, while Mlh3DN/DN
ovaries contain primordial, primary, secondary, and antral follicles, mutant females are
infertile when mated with WT males. In addition, mutation of the putative endonuclease
domain within MLH3 results in fewer chiasmata in mutant dictyate arrested oocytes
when compared to WT. Collectively, these preliminary data suggests that absence of
MLH3 endonuclease activity results in female infertility, most likely caused by an
unequal segregation of homologous chromosomes due to a lack of crossovers and thus
leading to inviable oocytes.

9.2

Materials and Methods

9.2.1 Ovarian histology
Ovaries from 6-week-old mice were fixed in Bouin’s solution for 4 - 5 hours at
room temperature and then washed 3 x 10 min with 70% ethanol at room temperature
with agitation. Fixed and paraffin-embedded ovaries were serial sectioned at a
thickness of 5 µm. H&E staining was performed on Bouin’s fixed ovaries using standard
methods.
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9.2.2 Oocyte metaphase I chiasmata preparations
Oocyte metaphase I chiasmata preparations were performed as previously
described [1]. Briefly, ovaries from 24 - 28 day old unstimulated female mice were
placed in oocyte collection media (9 mL Waymouth's Medium (Gibco, #11220-035), 56
µL Penicillin-Streptomycin (Gibco, #15140-122), 5 mL fetal bovine serum (Gibco,
#10082139), 100 µL Sodium Pyruvate (Thermo Fisher Scientific, #11360070); filtered
through a 22 µm filter). Extra fat and tissue was removed from the ovaries. Ovaries
were then punctured with 26-gauge needles to release oocytes into collection media. By
mouth pipetting with a hand-pulled glass micropipette, ~ 15 oocytes were then
transferred per 20 µL KSOM drop (prepared by EmbryoMax KSOM Powered Media Kit,
Millipore, #MR-020P-5F) which was submerged in 3 mL of EmbryoMax Filtered Light
Mineral Oil (Millipore, #ES-005-C) and cultured for approximately 7-9 hours (37ºC, 5%
CO2) to reach metaphase I.
Oocytes were then moved to a 1% hypotonic solution (1 g Sodium Citrate in 100
mL water) and incubated for 15 min at room temperature. A small (1 - 2 µL) drop of 1%
hypotonic solution was then placed on a slide and marked with a China marker pen.
Oocytes from transferred from the 1% hypotonic solution to the drop on the slide.
Excess fluid was removed until the oocytes appeared to have attached to the slide. One
drop of Carnoy's Fixative (3 parts methanol to 1 part glacial acetic acid) was added on
top of the oocytes, fixative was allowed to disperse, followed by two more drops of
Carnoy's Fixative. Slides were then air dried before staining with filtered Giemsa stain
(Sigma, #GS500) for 3 min, followed by 3 x 10 min washes with water. After slide was
completely dry, slides were mounted with Permount, cover slipped, imaged on the Zeiss
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Imager Z1 microscope (Carl Zeiss, Inc.) and processed with ZEN software (version
2.0.0.0; Carl Zeiss, Inc.)

9.3

Results

9.3.1 Mlh3DN/DN post-pubertal females have ovaries with all follicular stages, yet
exhibit infertility
Mlh3+/DN male and female mice were phenotypically similar to WT littermates and
displayed full fertility. These mice were used for breeding in order to generate agematched littermates of all genotypes. Mlh3DN/DN females are grossly normal when
compared to WT littermates, survive into adulthood and live normal lifespans (data not
shown). Mlh3DN/DN females also exhibit normal mating behaviors as determined by
observing a vaginal plug the morning after mating with a WT male. However, breedings
between Mlh3DN/DN females and WT males were never observed to result in offspring
(data not shown) and thus exhibit an infertility phenotype.
Even though Mlh3DN/DN females are infertile, histological sections of both WT and
Mlh3DN/DN adult ovaries showed the presence of all follicular staged oocytes: primordial,
primary, secondary, and antral follicles (Figure 2-12A-F; primordial follicles are indicated
with the green arrows). Primordial follicles were defined by the presence of very little to
no squamous granulosa cells, primary follicles were surrounded by a single layer of
cuboidal granulosa cells, secondary follicles consisted of more than one layer of
cuboidal granulosa cells, and antral follicles contained a defined antral space [2]. Thus,
a lack of endonuclease MLH3 activity does not deter Mlh3DN/DN oocytes from reaching
dictyate arrest and undergoing follicular maturation.

	
  

88	
  

9.3.2 Mlh3DN/DN diakinesis staged oocytes exhibit fewer chiasmata than WT
oocytes
WT and Mlh3DN/DN diakinesis staged oocytes were fixed with Carnoy's solution,
stained with Giemsa, and imaged to examine crossover formation. WT oocyte in Figure
2-13A shows 20 bivalent structures with 1 (blue arrow) or 2 (red arrow) chiasmata for a
total of 25 chiasmata whereas the Mlh3DN/DN oocyte in Figure 2-13B shows a total of 10
bivalent structures with 1 chiasma each (blue arrows) and 20 univalent structures
(gray). Cartoons of the chiasmata from the WT and Mlh3DN/DN oocytes are also shown
(Figure 2-13C, D). Thus, loss of the MLH3 endonuclease domain in females results in
fewer chiasmata structures when compared to WT, however, more oocyte samples are
required before definite conclusions can be determined.

	
  

89	
  

Figure 2-12. Mlh3DN/DN ovarian histology is phenotypically normal when compared
to WT ovaries.
(A, C, E) WT and (B, D, F) Mlh3DN/DN whole ovaries from 6-week-old female mice were
fixed in Bouins, paraffin-embedded, sectioned, and stained with hemotoxylin and eosin
(H&E). Both WT and Mlh3DN/DN ovaries were observed to contain primordial, primary,
secondary, and antral follicles. (C, D) Insets show WT and Mlh3DN/DN pre-antral follicles.
(E, F) Insets show WT and Mlh3DN/DN primordial follicles (green arrows). A and B were
imaged at 5X magnification, C and D were imaged at 20X magnification.
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Figure 2-13. Mlh3DN/DN metaphase I oocytes show a reduced number of chiasmata.
(A-B) Metaphase I oocyte preparations from WT and Mlh3DN/DN females stained with
Giemsa showing chiasmata formation between homologous chromosomes. (B)
Mlh3DN/DN oocytes exhibit fewer chiasmata when compared to WT (WT = 25 chiasmata,
Mlh3DN/DN = 10 chiasmata). (C, D) Figure representation of 0 (gray; arrowhead), 1 (blue;
blue arrow), or 2 (red; red arrow) chiasmata per homologous chromosome pair.
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9.4

Discussion
The results presented in this appendix provide preliminary data on the

importance of the endonuclease domain of MLH3 plays during prophase I in female
meiosis. To investigate this, we generated an Mlh3DN mouse line where a point mutation
in the conserved endonuclease domain of MLH3 disrupted its catalytic activity.
Histological sections from Mlh3DN/DN adult ovaries showed normal ovarian morphology
when compared to WT littermates, indicating that lack of MLH3 endonuclease activity
does not affect the ability of diakinesis staged oocytes to undergo follicular maturation.
This phenotype was also found in both Mlh3-/- and Mlh1-/- female mice where normal
follicular development was observed in the absence of MLH3 and MLH1, yet the
females were sterile [3, 4]. If diakinesis staged oocytes are present in Mlh3DN/DN ovaries,
then we would predict that the oocytes progressed through prophase I during embryonic
development, which has been observed in Mlh3DN/DN spermatocytes. If such is the case,
then we predict that there is no sexual dimorphism between Mlh3DN/DN male and female
mice in the ability of meiocytes to reach the end of prophase I. However, to elucidate on
the progression of meiotic recombination in the absence of MLH3 endonucleolytic
activity of oocytes, female chromosome spreads stained for various meiotic
recombination markers, such as γH2AX, RAD51, MSH4/5, and MLH1/3 have to be
analyzed.
Class I crossover formation between homologous chromosomes has been
shown to be highly dependent on MutLγ [3, 5]. In fact, absence of MLH3 results in a
90% loss of chiasmata in Mlh3-/- spermatocytes [3]. Preliminary data of diakinesis
staged oocytes showed that Mlh3DN/DN oocytes had fewer chiasmata (approximately
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50% loss) when compared to WT, however, only a few oocytes from one WT and one
Mlh3DN/DN mouse were observed. Thus, experimental replicates need to be performed
before determining the number of residual chiasmata in Mlh3DN/DN oocytes and
determine if there is any sexual dimorphism when it comes to crossover formation.

9.5

Conclusion
The work presented here are very preliminary results on the role of the MLH3

endonuclease domain during prophase I of female meiosis. In brief, MLH3
endonuclease activity appears to be required for crossover formation in oocytes and
lack there of leads to an infertility phenotype. A mutation in the endonuclease domain of
MLH3 does not affect the ability of oocytes to reach dictyate arrest and undergo
follicular maturation. This is not surprising due to the presence of follicles of all follicular
stages in Mlh3 null female ovaries. Based on these preliminary results, sexual
dimorphism between Mlh3DN/DN male and female adult mice is not apparent, however,
further studies of female prophase I progression are required.
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APPENDIX III

STA-PUT AND MLH3 CHROMATIN-IMMUNOPRECIPITATION SEQUENCING

10.1

Introduction
As a mismatch repair protein, MLH3 is known to associate with the majority of

potential Class I crossover sites [1, 2]. Currently, very little is known about the genomic
landscape of DNA where MLH3 is associating on the genome for the processing of
dHJs in the mouse. In the last decade, multiple experiments have been geared toward
identifying the molecular features of where the majority of meiotic recombination events
occur, termed hotspots. Hotspots are discrete regions of the genome where the
recombination frequency is significantly above the frequency in other adjacent areas [3].
Studies exploring hotspot biology use a variety of techniques, including
Chromatin-Immunoprecipitation

and

Sequencing

(ChIP-Seq)

and

mapping

of

oligonucleotide sequences. One method to identify hotspots in the mouse genome is to
use SPO11 oligonucleotide complexes (SPO11-oligos) as a proxy for DSBs. SPO11
induces a DSB through a topoisomerase-like reaction that results in the linkage of a
SPO11 molecule to the 5' DNA end [4]. DNA nicks in proximity to the DSB release the
SPO11 protein that is covalently bound to a short oligonucleotide. This short
oligonucleotide is then sequenced and aligned to the mouse genome [4]. These
experiments resulted in a mouse meiotic map that reveals the bona fide DSB hotspots
[4]. This mouse recombination hotspot map however, is defined by SPO11, a protein
that plays one of the earliest roles in meiotic recombination and thus may include sites
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where there are high rates of DSBs, but is not specific enough to reveal regions of a
high rate of Class I crossovers.
Another method to elucidate the molecular features of mouse recombination sites
is ChIP-Seq. Previous studies have utilized antibodies against DMC1 in ChIP-Seq
experiments, with DMC1 acting as a proxy for early DSB repair events [5]. Specifically,
DMC1 (along with RAD51) associates with 3' single ends after end resection to aid in
SEI of the homolog to search for a homologous template for repair [6]. From this work,
a mouse meiotic hotspot map was generated which revealed that recombination hot
spots consisted of a purine to pyrimidine skew from the hotspot center, an increase in
GC content in the middle of the hotspots, and are associated with testis-specific
trimethylation of lysine 4 on histone H3 [5]. While using DMC1 as a proxy for DSB repair
sites is downstream in the meiotic recombination pathway than SPO11 activity, it is still
not specific to the genomic regions of where Class I crossovers occur.
To generate a mouse meiotic recombination map specific for Class I crossovers,
I performed a ChIP-Seq experiment using MLH3 as a proxy for Class I crossovers using
chromatin from WT, Mlh3DN/DN, and Mlh3-/- isolated pachytene cells. My rationale is that
the loss of endonuclease activity in Mlh3DN/DN pachytene cell extracts may lead to a
persistence of MLH3 at DSB hotspots. In collaboration with Dr. Charles Danko,
however, a quick analysis of the sequencing results did not reveal enriched peaks when
aligned to the mouse mm10 genome on the Washu EpiGenome Browser (v42;
http://epigenomegateway.wustl.edu). We are currently investigating different ways to
collectively analyze the data, such as comparing the total peak signal in the wild-type
MLH3 ChIP-Seq samples to the Mlh3-/- negative control.
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10.2

Materials and Methods

10.2.1 Separation of mouse spermatogenic cells (STA-PUT)
WT, Mlh3DN/DN, and Mlh3-/- testes from adult males were decapsulated prior to
sorting of spermatogenic cell types based on cell size and density via the STA-PUT
velocity sedimentation method, with few modifications [7]. Briefly, testes were
decapsulated and tubules were placed in Krebs buffer at room temperature. Tubules
were incubated in 2 mg/mL collagenase (Sigma #C0130) at 34ºC with agitation for 15
min, then allowed to settle for 5 min, before performing 3 x 5 min washes with Krebs
buffer, allowing cells to settle between washes. Cells were resuspended in 20 mL of 2.5
mg/mL trypsin (Sigma #T0303) and 1 mg/mL DNase I (Sigma #DN25) until cell
suspension was no longer viscous. Cells were then added to 20 mL of 0.5% BSA and
centrifuged at 2000 rpm for 2 min at room temperature. The cell pellet was washed
twice with Krebs buffer, resuspended in 20 mL of 0.5% BSA, and filtered twice through
a 70 µm filter (Falcon 35-2350). After the 2% and 4% BSA solutions were poured into
the appropriate chambers of the gravitational separation apparatus, cells were loaded
into the cell chamber and allowed to drain into the sedimentation chamber. The cell
chamber was then rinsed once with 25 mL of 0.5% BSA. Once the BSA gradients
flowed into the sedimentation chamber, the cells were allowed to settle undisturbed for
2 hours at 4ºC. After 2 hours, 10 mL fractions were collected at a flow rate of
approximately 4 mL/min. Collected individual fractions were then centrifuged at 2000
rpm for 5 min at 4ºC and the pellets were resuspended in 200 uL 0.5% BSA. Pachytene
cell purity of the individual fractions was determined by cell diameter of 12 - 18 µm
(Figure 2-14) and chromosome spreads (SYCP1 and SYCP3 staining; Figure 2-15) [7].
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Pachytene cell fractions that exhibited > 70% purity were pooled, centrifuged at 2000
rpm for 5 min at 4ºC, washed once with 1X PBS, divided into 1x107 cell aliquots, flash
frozen in liquid nitrogen and stored in the -80ºC.
Chromosome spreads from STA-PUT fractions were prepared by placing 20 µL
of cell fraction into 20 µL of 100 mM sucrose, incubating for 10 min at room
temperature, and then placing 20 µL of cell suspension into a 30 µL 1%
paraformaldehyde and 0.15% Triton-X solution bubble on an 8-well PTFE printed slide
(EMS, #6342206). Spreads were incubated in a humidification chamber at 4ºC
overnight. The following day, spreads were washed, stained with SYCP1 (Abcam, MA,
#15087,1:1000) and SYCP3 (Abcam, MA, #97672, 1:5000), then with goat anti-rabbit
Alexa Fluor 555 (#A-10520) and goat anti-rabbit Alexa Fluor 488 (#65-6111; both
Invitrogen and 1:2000; each incubation was 1 hr at 37ºC), cover-slipped, and
immediately imaged (Figure 2-15).

10.2.2 Verification of anti-MLH3 antibody for ChIP-Seq analysis
Western blots were performed by using WT, Mlh3DN/DN, and Mlh3-/- pachytene
cell samples, obtained via the STAPUT protocol, which were resuspended in RIPA
Buffer Plus (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% deoxycholate, 1% NP40,
supplemented with 100 µg/mL PMSF and 1X complete protease inhibitor (Roche))
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Figure 2-14. Examples of pachytene and non-pachytene cells from WT testes
observed after gravitational separation step in STA-PUT protocol.
(A-F) Pachytene cells from WT testes range from 12 - 18 µm in cell diameter [7].
Fractions that contained greater than 70% of pachytene cells based on cell diameter
were pooled together for the "Pachytene Isolate" sample. (G-L) Fractions that contained
greater than 30% of non-pachytene cells were pooled together for the "Non-Pachytene
Isolate" sample (not included in ChIP-Seq experiment). Images were taken at 40X
magnification.
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Figure 2-15. Examples of chromosome spreads from WT prophase I cells
obtained in fractions after gravitational separation in STA-PUT.
Fractions with the highest percentage of WT pachytene cell purity vary depending on
experiment (i.e. number of testes used, number of cells, total volume of BSA gradients,
etc...), however, are usually between Fractions 15 - 40. Chromosome spreads from
individual fractions obtained after gravitational separation from a WT STA-PUT
experiment were prepared and stained for SYCP1 (red), SYCP3 (green) and DAPI
(blue). (A-D) Pre-leptotene and pachytene cells were observed in Fraction 15, which
had a pachytene cell purity of 83%. (E-H) Leptotene, zygotene, and pachytene cells
were observed in Fraction 20, which also had a pachytene cell purity of 83%. (I-L)
Fraction 25 also had leptotene and pachytene cells, however, had a pachytene cell
purity of 91.6%. Fraction 30 had a pachytene cell purity of 42% (not shown). Images
were taken at 40X magnification.
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Protein concentration was measured with the BCA Protein Assay Kit (Pierce, #23227)
and the Nanodrop. After adding 6X SDS loading dye, samples were boiled at 95ºC for 5
min, cooled, and electrophoresed on 6% acrylamide protein gel. Protein was then
transferred to a 0.45 µm nitrocellulose membrane and blocked overnight at 4ºC with 5%
milk/1X TBST (0.1% Tween-20, 10% 10XTBS diluted in dH20). Primary antibody
incubation was performed overnight at 4ºC for MLH3 (1:100; [1]); and SYCP1 (Abcam,
MA, #15087, 1:1000;). Secondary antibody incubation was performed for 2 hours at
room temperature (secondary HRP-conjugated antibodies were obtained from Pierce,
Life Technologies). Antibody signal was detected by using the SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific, #34095) and images were captured
with the BIO RAD Image Lab 5.1 (Figure 2-16).

10.2.3 Chromatin immunoprecipitation of pachytene cell isolates with MLH3
Pachytene cells pellets were prepared for chromatin sonication with the truChIP
Chromatin Shearing Reagent Kit (Covaris, #520154). The nuclei preparation protocol for
1-3 x 107 number of fixed cells was followed. After cell pellets were given time to thaw,
cells were incubated in 1 mL of 1X Lysis Buffer for 10 min at 4ºC on a rocker. Intact
nuclei were then collected by centrifuging samples at 4000 rpm for 5 min at 4ºC, then
resuspending the pellet and incubating the intact nuclei in 1 mL of Wash Buffer for 10
min at 4ºC on a rocker. Nuclei were collected by centrifuging again at 4000 rpm for 5
min at 4ºC, and washed, without disturbing the pellet, twice with 1 mL of Shearing Buffer
D3. Nuclei pellet was then resuspended in 1 mL of Shearing Buffer D3 and transferred
to an AFA Fiber milliTUBE (Covaris, #520135). Chromatin was sonicated by the Covaris
S2 Adaptive Focused Acoustic Disruptor with the following conditions: 5% duty cycle,
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Figure 2-16. Western blot analysis of WT, Mlh3DN/DN, and Mlh3-/- pachytene cells
isolated via STA-PUT.
MLH3 protein (~158 kDA; [8]) was detected using anti-MLH3 antibody [1] in pachytene
cells from both WT and Mlh3DN/DN, but not from Mlh3-/- testes. SYCP1 (~ 116 kDA; [8])
was used as a loading control.
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intensity at 4, 200 cycles per burst, bath temperature of 6ºC, frequency sweeping power
mode, continuous degassing mode for 20 min. Sheared chromatin samples were then
incubated with anti-MLH3 (1:100, [1]) or anti-rabbit IgG (1:100, Santa Cruz, #sc-2027)
overnight at 4ºC on a rocker.
To assess the size of the chromatin, 1 µL of RNase A (Sigma, #9001-99-4) was
added to 25 µL of sheared chromatin (removed from sonicated sample before adding
anti-rabbit IgG and anti-MLH3) for 30 min at 37ºC. 1 µL of 10 mg/mL of Proteinase K
(Roche, #3115879001) was then added to the sample and incubated at 65ºC overnight.
Following day, samples were purified using the QIAquick PCR Purification Kit (Qiagen,
#280106), run on a 1% agarose gel at 30 V for 3.5 hours, and imaged (Figure 2-17).
After ChIP samples were incubated with antibodies overnight, 50 µL of magnetic
Dynabeads Protein G (Invitrogen, #10003D; previously prepared by washing 50 µL of
beads with 1X PBS/0.01% Tween 20/protease inhibitor and resuspended in Shearing
Buffer D3) were added to ChIP samples and incubated for 2 hours at 4ºC on rocker.
Samples were then placed on a magnetic stand until solution became clear (~ 5 min).
The Dynabeads were then washed for 5 min at 4ºC on a rocker with 1 mL of the
following buffers in order: 1 wash with Low Salt Immune Complex Wash Buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.0, 150 mM NaCl), 1 wash
with High Salt Immune Complex Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCl pH 8.0,500 mM NaCl), 1 wash in LiCl Complex Wash Buffer
(0.25M LiCl, 1%IGEPAL-CA630, 1% deoxycholic acid [sodium salt], 1 mM EDTA, 10
mM Tris-HCl pH 8.0), and 2 washes in TE Buffer (10 mM Tris-HCl, 1 mM EDTA pH 8.0).
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Figure 2-17. Chromatin shearing of WT, Mlh3DN/DN, and Mlh3-/- pachytene cell
isolates using the Covaris S2 Adaptive Focused Acoustic Disruptor.
Chromatin from pachytene cells collected via STA-PUT was sonicated for 20 min using
the Covaris to obtain an optimal base pair range of 200 - 700 bp. Lanes 1/2, 3, and 4
contain sheared chromatin from WT pachytene cells isolated from 3 separate STA-PUT
experiments, Lanes 5 and 6 contain sheared chromatin from Mlh3DN/DN pachytene cells
isolated from 2 separate STA-PUT experiments, and Lane 7 includes sheared
chromatin from Mlh3-/- pachytene cells isolated from 1 STA-PUT experiment. All
pachytene cell samples were normalized to 1 x 107 cells before chromatin sonication.
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After the washes, the antibodies were eluted from the Dynabeads by incubating in 150
µL of fresh Elution Buffer (100 µL of 10% SDS, 100 µL of 1M NaHCO3 in 800 µL
distilled water) in a 65ºC heat block for 15 min. The Dynabeads were then pelleted
using the magnetic stand and the supernatant was removed and placed into new tubes.
Another 150 µl of fresh Elution Buffer was applied to the Dynabeads again, and
incubated at 65ºC for 15 min. This supernatant was then added to the previously
collected supernatant for a total of 300 µL of ChIP sample. The input DNA was also
incubated with 300 µL of fresh Elution Buffer at 65ºC for 15 min to mimic the conditions
of the ChIP. Crosslinks were reversed by adding 12 µL of 5M NaCl to input and ChIP
samples and incubated at 65ºC overnight. After overnight incubation, protein was
degraded by adding 6 µL of 0.5M EDTA, 12 µL of 1M Tris-HCl pH 6.5, and 5 µL of 20
mg/mL Proteinase K to the input and ChIP samples for 1.5 hours and 45ºC. The DNA
was then isolated from the samples with the MinElute Reaction Cleanup Kit (Qiagen,
#28206) and eluted in 11 µL. DNA concentration was then determined using the Qubit
dsDNA HS Assay Kit (Thermo Fisher Scientific, #Q32851) and the Qubit 2.0
Fluorometer.

10.2.4 Preparation of ChIP DNA libraries for DNA sequencing
Input and ChIP DNA samples were normalized to 5 ng of DNA in a 50 µL volume
and libraries were prepared using the TruSeq ChIP Library Prep Kit Set A (Illumina, #IP202-1012).
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10.2.5 ChIP DNA Sequencing
Input and ChIP DNA libraries were submitted to the Biotechnology Resource
Center at Cornell University for quality assessment and control analysis using the AATI
Fragment Analyzer (Figure 2-18), digital PCR, and paired-end sequencing 2 x 75 bp on
the Illumina NextSeq500.
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Figure 2-18. AATI Fragment Analyzer (FA) analysis of WT, Mlh3DN/DN, and Mlh3-/pachytene cell chromatin ChIP samples after DNA library preparation.
(A, B) FA analysis showed that MLH3 ChIP chromatin from WT pachytene cell isolate
replicate #1 had an average of 280 bp (range 179 - 439 bp) at a DNA concentration of
2.5 ng/µL. FA analysis of WT replicate #2 resulted in a peak with an average of 255 bp
(range 182 - 274 bp) at a DNA concentration of 0.36 ng/µL and another peak at an
average of 302 bp (range 274 - 415 bp) at a DNA concentration of 0.49 ng/µL. (C, D) FA
analysis showed that MLH3 ChIP chromatin from Mlh3DN/DN pachytene cell isolate
replicate #1 had an average of 247 bp (range 187 - 390 bp) at a DNA concentration of
0.30 ng/µL. FA analysis of Mlh3DN/DN replicate #2 showed a peak at an average of 266
bp (range 175 - 423 bp) with a DNA concentration of 0.38 ng/µL. (E-G) Controls for the
MLH3 ChIP-Seq experiment; FA analysis of Mlh3-/- pachytene cell MLH3 ChIP
chromatin showed a peak at 299 bp (range 202 - 427 bp) at a DNA concentration of
0.37 ng/µL. WT pachytene cells rabbit IgG ChIP chromatin expressed a peak at 269 bp
(range 216 - 415 bp) at a DNA concentration of 0.14 ng/µL. FA analysis of WT input
DNA showed a peak at 269 bp (range 175 - 405 bp) at a DNA concentration of 0.92
ng/µL.
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Figure 2-18 (Continued)
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Figure 2-18 (Continued)
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10.3

Results and Discussion
To generate a mouse meiotic recombination map specific to Class I crossovers, I

performed a ChIP-Seq analysis using MLH3 as a proxy for Class I recombination sites.
The rationale is that, while MLH3 ChIP-Seq on chromatin from WT pachytene cells may
not reveal enrichment of MLH3 signal in any one location throughout the genome, the
loss of endonuclease activity in chromatin from Mlh3DN/DN pachytene cells may lead to a
persistence and further enrichment of MLH3 at DSB hotspots. While the analysis of this
experiment is currently ongoing, a quick model-based analysis of ChIP-Seq data
(MACS) results did not reveal enriched peaks when aligned to the mouse mm10
genome on the Washu EpiGenome Browser (v42; http://epigenomegateway.wustl.edu).
Thus, in collaboration with Dr. Charles Danko, I am currently investigating different ways
to collectively analyze the data, such as comparing the total peak signal in the wild-type
MLH3 ChIP-Seq samples to the Mlh3-/- negative control.
To enrich the amount of MLH3-bound chromatin, I decided to perform STA-PUT
using WT, Mlh3DN/DN, and Mlh3-/- testes and collect pachytene cell extracts. A main
advantage of STA-PUT over other cell collection techniques, such as Fluorescenceactivated cell sorting (FACS), is the number of total cells collected at the end of the
experiment. For example, using 10 WT testes for one STA-PUT experiment may result
in as many as one billion cells, where approximately one-third are pachytene cells,
whereas FACS from using one WT testis may result in several thousand pachytene
cells (Crate, Gray, and Cohen, personal communication).

Thus, using STA-PUT

allowed me to collect over 10 million pachytene cells, which is the number of cells
recommended for ChIP-Seq [9].
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One of the most important factors in a ChIP-Seq experiment is the quality of the
antibody used, which will contribute to the quality of the data. An antibody with a high
specificity allows the detection of enriched peaks without substantial background noise
[9]. One significant caveat in the MLH3 ChIP-Seq experiment was the limited selection
of anti-MLH3 antibodies. Currently, there are only two anti-MLH3 antibodies, which have
been shown to work in both staining of meiotic chromosome spread preparations and
western blots. Western blot analysis, however, has shown that both anti-MLH3
antibodies are not truly specific, as a western blot of WT whole testis lysate or isolated
pachytene cell extract blotted with anti-MLH3 reveals multiple bands of various kDa
sizes (data not shown). However, while the option is limited, I decided to use a
polyclonal anti-rabbit MLH3 antibody originally used in Lipkin et al. 2002, as it worked
better out of the two in identifying a band at approximately 150 kDA (size of mouse
MLH3 is 158 kDa) in both WT and Mlh3DN/DN, but not in Mlh3-/- pachytene cell extracts
(Figure 2-16) and had the fewest non-specific bands (data not shown).
Before performing ChIP, chromatin must be fragmented to a manageable size of
approximately 150 - 300 base pairs [9]. For the MLH3 ChIP-Seq experiment, I decided
to use the Covaris S2 Adaptive Focused Acoustic Disruptor, as it has previously been
shown to work well with chromatin from mouse meiotic cells for ChIP-Seq [5]. Shearing
conditions were optimized for chromatin from WT, Mlh3DN/DN, and Mlh3-/- pachytene cell
extracts to include sizes that range from 200 - 700 base pairs (Figure 2-17).
After collecting ChIP DNA from WT, Mlh3DN/DN, and Mlh3-/- pachytene cell
extracts, libraries were constructed using the TruSeq ChIP Library Prep Kit Set A by
Illumina. I decided to use the Illumina Kit as it was recommended by Dr. Peter
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Schweitzer, Director of the Genomics Facility at the Biotechnology Resource Center
(BRC) at Cornell University, since other laboratories have previously used it
successfully with the NextSeq500 for multiple experiments (Schweitzer, personal
communication). Furthermore, due to the limited number of MLH3-ChIP samples, I did
not have the option to optimize the ChIP library construction protocols, thus decided to
follow through with an already optimized protocol by Illlumina. Briefly, library
construction via the Illumina Kit consisted of end repair, ligation of single adenosine
residues, adaptor ligation, size selection, and gel purification. Size selection was one of
the largest caveats, as there did not appear to be DNA in the agarose gel from any of
the MLH3-ChIP from chromatin of WT, Mlh3DN/DN, or Mlh3-/- pachytene cell extracts.
Thus, size selection was performed based solely on the base pair ladder, followed by
PCR amplification (18 cycles as instructed in the Illumina Kit protocol), and quality
assessment and control by the AATI Fragment Analyzer (Figure 2-18). Fragment
analysis revealed that there was indeed MLH3-ChIP DNA in WT, Mlh3DN/DN, and Mlh3-/samples and in a concentration sufficient for sequencing, thus samples were submitted
to the BRC for paired-end sequencing by the NextSeq 500. I decided to use paired-end
sequencing over single-end sequencing as paired-end is better able to detect fragment
sizes, has greater sequence coverage, and improved efficiency of alignment to
repetitive regions for more accurate mapping to the mouse genome [5].
While the analysis of this experiment, in collaboration with Dr. Charles Danko, is
currently ongoing, a quick computational analysis of the sequencing through modelbased analysis of ChIP-Seq data (MACS) did not reveal compelling results. Specifically,
we did not find enriched peaks in WT or Mlh3DN/DN MLH3-ChIP samples when

	
  

113	
  

sequences were aligned to the mouse mm10 genome on the Washu EpiGenome
Browser (v42; http://epigenomegateway.wustl.edu). Furthermore, initial analysis did not
reveal more peak signal in the Mlh3DN/DN samples when compared to WT. Thus, we are
currently investigating different ways to collectively analyze the data, such as comparing
the total peak signal in the WT MLH3 ChIP-Seq samples to the Mlh3-/- negative control.
We also plan on comparing the sequencing alignment of the WT MLH3 ChIP to other
mouse meiotic recombination hotspot maps (on a C57/Bl6 background) to identify
potential similarities and differences in the alignment of the reads.
To improve the quality of the data, MLH3 ChIP-Seq should be repeated at least
twice (Schweitzer, personal communication). However, to do so successfully, I would
optimize the following steps in the ChIP-Seq protocol: 1) increase number of cells used
in ChIP experiment (50 million cells instead of 10 million) to increase chromatin yield; 2)
increase polyclonal anti-rabbit MLH3 antibody concentration and incubation time during
ChIP; and 3) optimize the number of PCR cycles after size selection and gel purification
of the ligated products to avoid amplification bias of reads. Additionally, since MLH3
functions as a heterodimer with MLH1 at Class I crossover sites, MLH1 ChIP-Seq
should be performed to support the sequencing results from the MLH3 ChIP-Seq.
In conclusion, the MLH3 ChIP-Seq experiment was challenging and took over a
year to optimize experiments and techniques. However, such an analysis would
precisely identify the genomic landscape of recombination hotspots, specifically where
Class I crossovers occur. Currently, these properties are unknown, since existing
meiotic recombination hotspot maps were generated using markers of early and not late
recombination events. Thus, this research possesses novelty in the use of late
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recombination meiotic markers, specifically of Class I crossovers, to generate a true
recombination hotspot map.
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1.

Abstract
During meiotic prophase I, homologous chromosomes undergo synapsis and

recombination, the latter resulting in crossover formation. The selection of crossovers is
highly regulated to ensure that each homologous pair of chromosomes receives at least one
crossover, and that these sites are appropriately spaced throughout the genome. Crossover
formation results from meiotic recombination, which is initiated by the formation of double
strand breaks (DSBs). In the mouse, approximately 90% of DSBs become non-crossovers
(NCOs) while the remaining 10% become crossovers (COs). Within this 10%, approximately
90-95% of COs were formed via the Class I pathway whereas 5-10% formed through a
Class II pathway.
Cyclin N-terminal domain-containing 1 (CNTD1) is the mammalian ortholog of C.
elegans COSA-1, which was recently shown to be important for designating DSB repair
intermediates to become COs [1]. Male Cntd1GT/GT spermatocytes exhibit normal DSB
formation, initial DSB processing events, and synapsis [2]. However, loss of CNTD1 in
pachytene spermatocytes results in the persistence of MSH4 and RNF212 foci in late
pachynema, which is followed by the inability of MutLγ (marker of Class I COs) to associate
with the chromosomal cores and leads to a dramatically reduced number of COs between
homologous chromosomes. [2]. These observations suggested a role for CNTD1 in the
designation of potential CO sites during pachynema in meiotic recombination. However, the
meiotic phenotype of Cntd1GT/GT female mice was not fully reported.
In the current study, we describe the role of CNTD1 during prophase I progression in
females. Like the males, Cntd1GT/GT females are infertile, yet exhibit normal mating
behaviors. Initial DSB processing events, observed with γH2AX and RAD51 staining on
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chromosome spread preparations, appear normal in Cntd1GT/GT females. Interestingly,
pachytene oocytes from Cntd1GT/GT females have a high rate of synapsis defects when
compared to oocytes from Cntd1+/+ mice, a phenotype that was not previously observed in
Cntd1GT/GT pachytene spermatocytes. In addition, during pachynema of prophase I, the
MLH1-MLH3 heterodimer (MutLγ) fails to be recruited to chromosome cores of Cntd1GT/GT
oocytes, leading to significantly fewer chiasmata when compared to oocytes from Cntd1+/+
littermates. Given that MutLγ is the ultimate marker of Class I CO events, this failure to
recruit MLH1 and MLH3 results in significantly reduced chiasmata numbers at the end of
prophase I in Cntd1GT/GT females. At metaphase I, oocytes from Cntd1GT/GT females show
severe spindle defects and abnormal arrangement of chromosomes. Histologically,
Cntd1GT/GT ovaries have fewer follicles at all stages of development when compared to
Cntd1+/+ age-matched littermates by 2 weeks of age, with complete depletion of follicles by 8
weeks, suggesting that CNTD1 may be involved in DNA damage-independent checkpoints.
Thus, these data show that CNTD1 plays important roles not only in the recruitment of
MutLγ during prophase I and CO designation via the Class I CO pathway, but may also be
involved in a DNA damage repair, synapsis, and/or a pachytene checkpoint in oocytes.

2.

Introduction
Meiosis is a specialized cell division process in which a diploid parental cell

undergoes one round of DNA replication followed by two rounds of cellular division
resulting in up to four haploid gametes. Successful halving of the genome during
meiosis I is promoted by synapsis, the formation of a tripartite proteinaceous structure
between homologous (maternal and paternal) chromosomes, by cohesion between
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replicated sister chromatids, and by crossover formation between the homologs, all of
which allow the appropriate tension on the metaphase I spindle [3-5] It is imperative that
each pair of homologous chromosomes undergo at least one crossover event, which is
the reciprocal exchange of genetic information, and that crossovers be properly placed
along the chromosomes in order to maintain genomic stability [6]. Absence or improper
placement of chiasmata may lead to the mis-segregation of the homologous
chromosomes at the first meiotic division and may subsequently result in an aneuploid
gamete. Indeed, studies of human gametes have shown that approximately 20% of
oocytes are aneuploid, and an estimated 10-30% of human zygotes host an abnormal
number of chromosomes [7]. In addition, approximately 35% of all miscarriages are due
to aneuploidy events, making it the leading cause of pregnancy loss, and among those
that survive birth, aneuploidy is the leading genetic cause of developmental
abnormalities [7]. These human studies emphasize the importance of understanding the
initial causes of aneuploid oocytes, some of which result from a mis-segregation of
homologous chromosomes at the first meiotic division due to improper meiotic
recombination events.
In M. musculus, meiotic recombination is induced by the formation of 200 - 300
double strand breaks (DSBs), 90% of which result as non-crossovers (NCOs) while
10% become crossovers (COs). COs can form via one of at least two mechanisms
(referred to as Class I and Class II CO pathways) each of which is used in varying
degrees in different eukaryotic organisms [8-10]. In the mouse, the Class I pathway
accounts for 90-95% of COs while the Class II pathway accounts for 5-10% of COs [11].
For both Class I and Class II, CO formation is induced by DSBs generated via the
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topoisomerase-VI-like protein, SPO11, which then undergo resection of the 5' ends to
results in 3' single strand overhangs. These 3' ends are then coated by RecA homologs
RAD51 and meiosis specific DMC1 [12-15]. The 3' end invades the opposing homolog
in a single-end invasion (SEI) event resulting in the displacement of the complementary
DNA strand to form a D-loop [16]. In the Class I CO pathway, this structure undergoes
further processing to re-ligate the 3' overhang in a second end capture event, resulting
in the formation of a double Holliday junction (dHJ) [16-18]. A subset of these
intermediate structures is then selected for by a cascade of meiotic recombination
proteins (see below for details) to stabilize and asymmetrically cleave the dHJ to result
in a Class I CO. The remaining intermediate structures become either NCOs or Class II
COs, which rely on the structure-specific endonuclease, MUS81/EME1 [8-10].
The Class I CO pathway is regulated by the members of the ZMM pathway,
named after the major genes discovered in yeast that regulate this mechanism [19-23].
Major components of the ZMM pathway include the DNA mismatch repair proteins,
MSH4 and MSH5 (MutSγ), which associate with a subset of DSB repair intermediates to
stabilize the dHJs [18]. MutSγ forms approximately 150 foci per nucleus in zygonema to
initially license a subset of DSB repair events that have the potential to become COs.
However, a subset of these sites, approximately 24-26 per nucleus, are stabilized by
interactions with MLH1-MLH3 (MutLγ) heterodimers in pachynema, with the remaining
MutSγ sites being repaired through NCO mechanisms [24]. One of the major questions
currently in the reproductive genomics field is how approximately 150 DSB repair
intermediates are pared to down to a finite number of 24-26 Class I COs. Association of
MutLγ with specific MutSγ sites is not sufficient to stabilize potential CO sites, and thus
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results in the loss of extraneous non-stabilized sites, since mouse mutants lacking
MLH3 still show the paring down of MutSγ sites in late pachynema (Holloway and
Cohen, unpublished), leaving the question of how this paring down process is regulated.
In recent years, several factors have been proposed to orchestrate the paring
down of a large amount of DSB repair intermediates to a finite number of Class I COs.
For example, the SUMO E3 ligase RING finger protein 212 (RNF212) localizes to most
MutSγ-associated DSB repair intermediates, where it is thought to allow for the
deselection of other repair intermediates, and/or licensing of the RNF212-selected sites
[25]. In addition, CO sites may be further selected for by the putative ubiquitin E3 ligase,
Cyclin-B1-interacting protein 1 (CCNB1IP1, or also known as HEI10), which appears to
limit the colocalization of RNF212 with MutSγ-associated recombination sites and thus
establish early differentiation of CO and NCO sites [26]. Furthermore, HEI10 appears to
be directed by MutLγ to stably accumulate at designated CO sites [26].
Another factor that may orchestrate the paring down of potential CO sites is
cyclin N-terminal domain-containing 1 (CNTD1). Characterization of the C. elegans
ortholog of CNTD1 (COSA-1) has emphasized its essential role in the designation and
formation of COs. Briefly, COSA-1 foci were found to colocalize with both MSH5 and
ZHP-3 (C. elegans ortholog of RNF212) in late pachytene and early diplotene,
respectively [1]. Interestingly, absence of COSA-1 led to the hyper-accumulation of
ZHP-3 in late pachytene and studies in msh-5 mutants suggested that COSA-1 may
facilitate or stabilize the association of MSH5 with nascent recombination sites, results
that appear concurrent with the conclusions determined from the mouse Cntd1GT
studies [1, 2]. Additionally, GFP::COSA-1 protein displayed a localization pattern
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reminiscent of a protein that marks final CO sites in C. elegans

as one foci per

homologous pair of chromosomes [1].
As a cyclin-related protein, CNTD1 may be playing a significant role in the
deselection of excess pre-CO sites and in the maturation of meiotic CO sites.
Specifically, studies of the Cntd1GTmouse model showed a persistence of both MSH4
and RNF212 in late pachytene Cntd1GT/GT spermatocytes as well as the failure of HEI10
to associate to the synaptonemal complex in pachynema, thus lending support to the
idea that CNTD1 functions in tandem with both RNF212 and HEI10 [2]. In addition, both
MutLγ and CDK2 fail to localize to the chromosome cores of Cntd1GT/GT pachytene
spermatocytes, suggesting that CNTD1 is essential for the maturation of CO sites [2].
The role of CNTD1 during prophase I of male meiosis was recently published,
however, the meiotic phenotype of Cntd1GT/GT female mice was not fully reported and any
differences in the role of CNTD1 in female meiosis versus male meiosis had not been
verified. Thus, the work presented here describes the role of CNTD1 during meiotic
prophase I progression in females. In brief, like the Cntd1GT/GT males, oocytes of mutant
females were observed to have normal DSB formation, initial DSB processing events
(as determined by RAD51 staining), and the absence of MutLγ from the chromosomal
cores in pachynema. However, Cntd1GT/GT oocytes exhibit synapsis defects in
pachynema

not

observed

in

Cntd1+/+

littermates

or

Cntd1GT/GT

pachytene

spermatocytes, severe spindle defects with an abnormal arrangement of chromosomes,
and diminished follicle counts of all developmental stages up to 8 weeks of age.
Collectively, the data presented in this work suggest that the role of CNTD1 during

	
  

123	
  

prophase I of female meiosis is to promote the designation of Class I CO sites and may
also partake in DNA damage repair, synapsis and/or pachytene checkpoints.

3.

Materials and Methods

3.1

Prophase I chromosome analysis and immunofluorescence
Prophase I chromosome spreads from embryonic day 15.5 - 18.5 or post natal

day 0.5 ovaries were prepared as previously described [24, 27, 28]. Briefly, fetal ovaries
were kept in hypotonic extraction buffer (HEB; 30 mM Tris, pH 8.2, 50 mM sucrose, 17
mM trisodium citrate, 5 mM EDTA, 0.5 mM DTT, and 0.1 mM PMSF) on ice for 20 min.
Ovaries were then transferred to a 100 mM sucrose solution and minced with 26 gauge
needles before spreading on 6- or 8-well slides coated with 1% paraformaldehyde and
0.25% Triton X-100. Slides were incubated overnight at 4ºC, then washed in 0.4%
Kodak Photo-Flo 200/1X PBS for 2 x 5 min, 0.4% Kodak Photo-Flo 200/dH2O for 2 x 5
min, then air-dried for approximately 10 min and stored in -80ºC or used immediately for
staining. Primary antibodies used were: CREST human autoimmune serum (Antibodies
Incorporated, CA, #15-234-0001, 1:50,000), anti-γH2AX (Millipore, NY, #05-636,
1:10,000), anti-SYCP3 (Abcam, MA, #97672, 1:5000), anti-SYCP1 (Abcam, MA,
#15087, 1:1000), anti-RAD51 (Calbiochem, #PC130, 1:500), anti-MLH3 (1:1000; [2]),
and anti-MLH1 (BD Biosciences Pharmingen, CA, #550838, 1:100). Secondary
antibodies used were: goat anti-mouse Alexa Fluor 488 (#62-6511), goat anti-mouse
Alexa Fluor 555 (#A-10521), goat anti-rabbit Alexa Fluor 488 (#65-6111), goat antirabbit Alexa Fluor 555 (#A-10520), and goat anti-human Alexa Fluor 647 (#A-21445; all
Invitrogen, 1:2000).
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3.2

Ovarian histology
Ovaries from 2-, 4-, and 8- week-old mice were fixed in Bouin’s solution for 4 - 5

hours at room temperature and then washed 3 x 10 min with 70% ethanol at room
temperature with agitation. Fixed and paraffin-embedded ovaries were serially
sectioned at a thickness of 5 µm onto poly-lysine coated glass slides. Hematoxylin and
eosin staining was performed on Bouin’s fixed ovaries using standard methods.

3.3

Oocyte metaphase I chiasmata preparations
Oocyte metaphase I chiasmata preparations were performed as previously

described [29]. Briefly, ovaries from 24 - 28 day old unstimulated female mice were
placed in oocyte collection media (9 mL Waymouth's Medium; Gibco, #11220-035, 56
µL Penicillin-Streptomycin; Gibco, #15140-122, 5 mL fetal bovine serum; Gibco,
#10082139, 100 µL Sodium Pyruvate; Thermo Fisher Scientific, #11360070 and filtered
through a 22 µm filter). Extra fat and tissue from ovaries were removed. Ovaries were
then punctured with 26-gauge needles to release oocytes into collection media. By
mouth pipetting with a hand-pulled glass micropipette, ~ 15 oocytes were then
transferred per 20 µL KSOM drop (prepared by EmbryoMax KSOM Powered Media Kit;
Millipore, #MR-020P-5F) which was submerged in 3 mL of EmbryoMax Filtered Light
Mineral Oil (Millipore, #ES-005-C) and cultured for approximately 7 - 9 hours (37ºC, 5%
CO2) to reach metaphase I.
Oocytes were then moved to a 1% hypotonic solution (1 g sodium citrate in 100
mL water) and incubated for 15 min at room temperature. A small (1 - 2 µL) drop of 1%
hypotonic solution was then placed on a slide and marked with a China marker pen.
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Oocytes were transferred from the 1% hypotonic solution to the drop on the slide.
Excess fluid was removed until the oocytes appeared to have attached to the slide. One
drop of Carnoy's Fixative (3 parts methanol to 1 part glacial acetic acid) was added on
top of the oocytes; fixative was allowed to disperse, followed by two more drops of
Carnoy's Fixative. Slides were then air dried before staining with filtered Giemsa stain
(Sigma, #GS500) for 3 min, followed by 3 x 10 min washes with water. After slides were
completely dry, slides were mounted with Permount, cover slipped, and imaged on the
Zeiss Imager Z1 microscope (Carl Zeiss, Inc.).

3.4

Oocyte meiotic spindle preparations
Oocytes were collected and cultured as previously described above [29]. Rubber

cement was used to create 6 wells on poly-lysine slides (Thermo Fisher Scientific,
#P4981). After oocytes incubated for 7 - 9 hours, 2 - 3 µL fibrinogen drops (Millipore,
#341573) were added to each rubber cement well. 5 - 10 oocytes were added to each
fibrinogen drop and then an additional 3 µL of fibrinogen was added to each drop. A 3
µL drop of thrombin (Millipore, #604980) was then placed next to each fibrinogen drop
and mixed quickly (~ 5 sec) with a 30-gauge needle to create a clot and then allowed to
sit for 1 minute. Wells were washed with ~ 60 µL each of cold 2% Triton/1X PBS for 3
min and then removed by tilting the slides. ~ 60 µL of Spindle Fix (2 mL 5X Spindle Fix
Buffer stock, which is comprised of the following: 7.55 g PIPES, 0.25 g MgCl2, 0.235 g
EGTA in 50 mLs water, pH 6.1 - 7.5; 250 µL 20% Triton X-100, 0.2 g
Paraformaldehyde, 3 drops 1M NaOH, in 10 mL water) was added to each well and
slides were incubated for 30 min at 37ºC. Slides were then washed in 0.1% Normal
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Goat Serum (500 µL 10% NGS, which is comprised of the following: 1 mL 20% Triton X100, 20 mL goat serum, 20 mL 10X PBS, 200 mL water; in 50 mL water) at 37ºC for 15
min, then replaced with 10% NGS for incubation at 4ºC overnight. On the following day,
anti-β-tubulin antibody (1:500; Sigma Aldrich, #T4026) was added to each well and
incubated for 1 hour at 37ºC or at 4ºC overnight. Next day, slides were washed in 10%
NGS 3 x 10 min at room temperature and incubated in secondary goat anti-mouse FITC
488 (1:1000; Thermo Fisher Scientific, #A-11017) at 37ºC for 1 hour. Slides were then
washed with 10% NGS 3 x 10 min, mounted with anti-fade DAPI, cover slipped and
imaged on the Zeiss Imager Z1 microscope (Carl Zeiss, Inc.)

3.5

Image acquisition
All chromosome spread, chiasmata, and metaphase I spindle slides were

visualized using the Zeiss Imager Z1 microscope (Carl Zeiss, Inc.). Images were
captured with a high-resolution microscopy camera AxioCam MRm (Carl Zeiss, Inc.)
and processed with ZEN Software (version 2.0.0.0; Carl Zeiss, Inc.). H&E ovarian
sections were imaged with an Aperio ScanScope CS2.

3.6

Statistical methods and analysis
A two-tailed Fisher's exact test was used on Cntd1+/+ and Cntd1GT/GT synapsis

defects counts, and an unpaired nonparametric Mann-Whitney test was used on
Cntd1+/+ and Cntd1GT/GT MLH3, MLH1, and chiasmata counts (did not show normal
variances) using GraphPad Prism Version 6.00 for Mac, Graphpad Software, La Jolla
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California USA, www.graphpad.com. P-values less than 0.05 were considered
statistically significant.

4.

Results

4.1

Cntd1GT/GT oocytes exhibit normal DSB formation and initial DSB

processing events
To elucidate the role of CNTD1 in female meiosis, we used a previously
described mouse line that harbors a gene trap allele of Cntd1 [2]. Cntd1+/GT male and
female mice were phenotypically similar to Cntd1+/+ littermates and were fully fertile.
Cntd1GT/GT females are grossly normal when compared to Cntd1+/+ littermates, survive
into adulthood and live normal lifespans (data not shown). Cntd1GT/GT females also
exhibit normal mating behaviors as determined by observing a vaginal plug the morning
after mating with a Cntd1+/+ male. However, breedings between Cntd1GT/GT females and
Cntd1+/+ males were never observed to result in offspring (data not shown) and thus
exhibit an infertility phenotype.
Prophase I chromosome spreads were prepared from embryonic day (e) 15.5 18.5 and 0.5 day post-partum (pp) neonatal ovaries and stained for markers involved in
DSB formation and processing. Chromosome spreads were stained with γH2AX, a
histone phosphorylation marker, as a proxy marker for DSB induction [30, 31]. In
Cntd1+/+ oocytes, γH2AX signal is abundant at leptonema where hundreds of DSBs are
present, decreasing in zygonema as DSBs are processed (Figure 3-1A, B). In
pachynema, γH2AX signal is almost completely absent from the chromosomes, except
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Figure 3-1. DSB formation and signaling are normal in Cntd1GT/GT oocytes
throughout prophase I.
(A-C) Chromosome spreads from both Cntd1+/+ and (D-F) Cntd1GT/GT prophase I
oocytes show abundant γH2AX staining (green) on chromosome cores labeled with the
synaptonemal complex protein SYCP3 (red) in leptonema, followed by continued signal
in zygonema, and very diminished signal in pachynema, except for γH2AX signal
emanating off the cores as flares (white arrowheads).
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for some flares emanating away from the chromosome cores

(Figure 3-1C; white

arrows). Oocytes from Cntd1GT/GT females exhibit similar intensity and dynamics for
γH2AX staining as that observed in Cntd1+/+ oocytes, with abundant staining in
leptonema, reduced signal in zygonema, and drastically diminished signal in pachytene
oocytes, with some remaining flares (Figure 3-1D-F).
Initial stages of DSB repair were monitored by the accumulation of the RecA
homolog, RAD51, which is a marker that is common to all DSB repair outcomes. In
Cntd1+/+ prophase I oocytes, RAD51 localizes as discrete foci along SYCP3-positive
stretches of chromosome cores in leptonema, persisting as chromosome cores are
completed in zygonema, and then disappearing as synapsis is completed in late
zygonema through until pachynema (Figure 3-2A-C). Oocytes from Cntd1GT/GT females
exhibited similar patterns of RAD51 localization from leptonema to pachynema to that
seen in WT oocytes (Figure 3-2D-F), indicating that early DSB repair events are normal
in the absence of CNTD1.

4.2

Cntd1GT/GT oocytes exhibit synapsis defects when compared to Cntd1+/+

oocytes
Meiotic prophase I progression in wild-type oocyte chromosome spreads is
characterized by the initial accumulation of the lateral/axial element protein, SYCP3, as
discrete dots along chromosomes at leptonema, and these dots gradually coalesce into
continuous filaments along the chromosome cores in zygonema. At this time, one of
multiple central elements, SYCP1, is observed to appear in patches along the SYCP3
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Figure 3-2. Initial DSB processing events are normal in Cntd1GT/GT oocytes
throughout prophase I.
Oocyte chromosome spreads from (A-C) Cntd1+/+ and (D-F) Cntd1GT/GT female mice
showing normal localization of RAD51 (green) on chromosome cores labeled with the
synaptonemal complex protein SYCP3 (red). Images show RAD51 foci associated with
SYCP3 in leptonema, abundant RAD51 foci in zygonema, and absence of RAD51 foci
from the chromosome cores in pachynema in Cntd1+/+ and Cntd1GT/GT oocytes.
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signal, indicating that synapsis is occurring. By late zygonema, most of the chromosome
core is now labeled with SYCP1, and by pachynema synapsis is complete, as
demonstrated by complete overlap of the SYCP3/SYCP1 signals on the autosomes.
After meiotic recombination occurs, SYCP1 cores disappear in diplonema as homologs
desynapse are no longer tethered to one another except at CO sites as the oocytes
enter dictyate arrest ([32-34]; Figure 3-3A-D).
While approximately 92% of Cntd1+/+ oocytes exhibit normal dynamics of SC
formation and synapsis, only 70% of oocytes from Cntd1GT/GT females do so (Figure 33E-L). Instead, approximately 30% of pachytene oocytes from Cntd1GT/GT females
exhibit

synapsis

defects,

including

inappropriate

synapsis

between

multiple

chromosomes and/or completely unsynapsed chromosomes (Figure 3-3I-L; white
arrows). These results indicate that absence of CNTD1 during prophase I of female
meiosis may cause slight defects in synapsis, a phenotype that was not previously
reported in the Cntd1GT/GT males [2, 35].

4.3

Cntd1GT/GT pachytene oocytes fail to accumulate MutLγ foci
In Cntd1GT/GT males, loss of CNTD1 leads to a failure to accumulate MutLγ during

pachynema of prophase I [2]. As previously reported for Cntd1+/+ pachytene oocytes,
MLH3 localizes to the chromosome cores at a frequency of approximately 23
foci/nucleus, while no MLH3 foci were found in oocytes from Cntd1GT/GT females (Figure
3-4A-C; Cntd1+/+ mean = 22.7 ± 3.1 MLH3 foci/nucleus, Cntd1GT/GT mean = 0; p <
0.0001, Mann-Whitney test). Since MLH3 is required for the recruitment of MLH1 to
meiotic chromosomes, we asked if the MLH1 localization pattern was also affected in
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Figure 3-3. Cntd1GT/GT oocytes exhibit asynapsis defects as compared to Cntd1+/+
oocytes.
(A-D, L) In Cntd1+/+ and (E-H) the majority of Cntd1GT/GT oocytes, synaptonemal
complex protein SYCP3 (red) forms as short patches along the chromosomes in
leptonema, extending into filaments along the chromosomes at zygonema with the start
of synaptonemal complex protein SYCP1 (green) localization, full synapsis with the colocalization of SYCP1 and SYCP3 is observed in pachynema, followed by desynapsis in
diplonema with the degradation of SYCP1. (I-L) A significantly greater percentage of
pachytene

Cntd1GT/GT

oocytes,

show

asynapsis

defects

when

compared

to

chromosome spreads from Cntd1+/+ females (p = 0.01, Fisher's exact test). Defects
observed were synapsis across multiple chromosomes and/or complete asynapsis of a
homolog pair (white arrowheads).
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Figure 3-4. MutLγ is absent from Cntd1GT/GT pachytene oocytes.
(A-C) MLH3 (green) localizes to the synaptonemal complex, identified by localization of
SYCP3 (red), in Cntd1+/+ pachytene oocytes, but not in Cntd1GT/GT pachytene oocytes (p
< 0.0001; Mann-Whitney test). (D-F) MLH1 (green) localizes to the synaptonemal
complex, identified by localization of SYCP3 (red), on chromosome spreads from
Cntd1+/+ females, but is lacking in Cntd1GT/GT pachytene oocytes (p < 0.0001; MannWhitney test). Error bars show standard deviation.
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Cntd1GT/GT oocytes [24, 36]. As predicted, MLH1 was absent from the chromosomes of
Cntd1GT/GT pachytene oocytes, while MLH1 localization in Cntd1+/+ oocytes was on
average 22 foci/nucleus (Figure 3-4D-F; Cntd1+/+ mean = 22.1 ± 3.9 MLH1 foci/nucleus,
Cntd1GT/GT mean = 0; p < 0.0001, Mann-Whitney test).

Taken together, these

observations demonstrate that loss of CNTD1 in oocytes leads to a failure to recruit
MutLγ to chromosomes in pachynema, as observed in Cntd1GT/GT males.

4.4

Cntd1GT/GT metaphase I oocytes exhibit significantly fewer chiasmata than

oocytes from Cntd1+/+ females
Chiasmata are the physical manifestations of crossing over and, as such, can
inform on the process of DSB repair via both the Class I and Class II CO pathways.
Cntd1+/+ and Cntd1GT/GT metaphase I oocytes were fixed with Carnoy's solution, stained
with Giemsa, and imaged to examine CO formation. Cntd1+/+ oocytes exhibited a
chiasmata frequency of 26.2 ±3.4 chiasmata/nucleus (Figure 3-5A, C) whereas
Cntd1GT/GT oocytes exhibited a dramatically reduced chiasmata count of 2.8 ± 1.1
chiasmata/nucleus (Figure 3-5B, C; p < 0.0001, Mann-Whitney test). Thus, absence of
CNTD1 protein leads to the loss of approximately 90% of chiasmata in oocytes,
indicative of the loss of Class I COs.

4.5

Cntd1GT/GT oocytes exhibit mis-segregation of homologous chromosomes

and abnormal spindle formation
Absence of 90% of chiasmata in Cntd1GT/GT oocytes is unlikely to allow for
chromosome tethering through the first meiotic division, and thus we speculated
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Figure 3-5. Cntd1GT/GT metaphase I oocytes show a reduced number of chiasmata.
(A, B) Metaphase I oocyte preparations from Cntd1+/+ and Cntd1GT/GT females stained
with Giemsa showing chiasmata formation between homologous chromosomes. (C)
Cntd1GT/GT oocytes exhibit significantly fewer chiasmata when compared to oocytes
from Cntd1+/+ age-matched littermates (p < 0.0001; unpaired t-test with Welch's
correction) and were observed to have possible DNA breaks (green arrow). Arrowheads
represent 0 (black), 1 (blue), or 2 (red) chiasmata per homologous chromosome pair.
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that loss of CNTD1 would lead to inappropriate spindle assembly dynamics in mutant
oocytes. In Cntd1+/+ metaphase I oocytes, the chromosomes are uniformly aligned at
the metaphase I plate with normal spindle formation (Figure 3-6A). In contrast, while
some Cntd1GT/GT oocytes contain fairly homogenous meiotic spindles (Figure 3-6B),
others form crooked and uneven spindles. Regardless of the spindle shape, all
Cntd1GT/GT oocytes exhibit mis-alignment and mis-segregation of the chromosomes, in
line with the absence of chiasmata, leading to impaired chromosome congression at the
mid-plate of the cell. Thus, CNTD1 is essential for CO formation/maintenance, and the
absence of such structures leads to the mis-segregation of homologous chromosomes
at the first meiotic division.

Figure 3-6. Cntd1GT/GT oocyte meiosis I spindle structure appears abnormal with
mis-alignment of chromosomes.
(A) Cntd1+/+ and (B-E) Cntd1GT/GT oocytes were cultured for up to 7 hours to assess the
structure of the meiosis I spindle (β-Tubulin, green; chromosomes, magenta). The
Cntd1GT/GT oocytes exhibit crooked and uneven meiotic spindles, and regardless of the
spindle shape, all Cntd1GT/GT oocytes exhibit mis-alignment and mis-segregation of the
chromosomes at the mid-plate in metaphase I.
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4.6

Cntd1GT/GT females exhibit continuous loss of follicles
The infertility phenotype of Cntd1GT/GT females led us to investigate the ovarian

morphology prior to puberty (4 weeks) and immediately post-pubertal (8 weeks).
Histological sections of both Cntd1+/+ and Cntd1GT/GT 4-week-old ovaries showed the
presence of all follicular stages: primordial, primary, secondary, and antral follicles
(Figure 3-7A-D). However, ovaries from 4 week-old Cntd1GT/GT females appeared
smaller than ovaries from Cntd1+/+ females and preliminary follicle counts suggested
that there were fewer primordial follicles in Cntd1GT/GT ovaries when compared to
Cntd1+/+ ovaries at 4 weeks (data not shown). At 8 weeks of age, while Cntd1+/+ ovaries
exhibited all follicular stages, Cntd1GT/GT ovaries were severely diminished in all follicle
stages, with a few remaining around the periphery of the ovary (Figure 3-7E-H). In
addition, Cntd1GT/GT ovaries at 8 weeks appeared smaller in size when compared
Cntd1+/+ littermates (data not shown).
To determine the onset of follicle loss, we counted the number of different
follicles within the entire ovary of Cntd1+/+ and Cntd1GT/GT females at 2 weeks of age.
Even at this early stage of development, ovaries of Cntd1GT/GT females have drastically
fewer primordial follicles than that of their Cntd1+/+ littermates (Figure 3-8A-E; Cntd1+/+
mean = 3202 ± 886 primordial follicles for standard deviation, n = 3; Cntd1GT/GT mean =
230 ± 141, n = 2; p = 0.1, Mann-Whitney test). Numbers of primary, secondary, and
post-secondary follicles were also reduced in 2 week-old Cntd1GT/GT females compared
to Cntd1+/+ littermates, but not as drastically as that seen for primordial follicles (primary,
p = 0.1; secondary, p = 0.1; post-secondary, p = 0.2, Mann-Whitney). Thus, absence of
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Figure 3-7. Post-pubertal Cntd1GT/GT females lack follicles of all developmental
stages.
Whole ovaries from 4- and 8-week-old Cntd1+/+ and Cntd1GT/GT female mice were fixed
in Bouins, paraffin-embedded, sectioned, and stained with H&E. Both 4-week-old (A, C)
Cntd1+/+ and (B, D) Cntd1GT/GT ovaries were observed to contain primordial, primary,
secondary, and antral follicles. (C, D) Arrows in insets show Cntd1+/+ and Cntd1GT/GT
primordial (blue), primary (green), secondary (red) and antral (black) follicles. (E-H)
While 8-week-old Cntd1+/+ ovaries continued to exhibit follicles of all developmental
stages, Cntd1GT/GT ovaries do not, except for an observed remaining few. (G, H) Arrows
in insets show Cntd1+/+ and Cntd1GT/GT primordial (blue), primary (green), secondary
(red) and antral (black) follicles. Images in A-H were scanned at 40X magnification;
scale bar in A, B, E, F is 1 mm, C, D, G, H is 500 µm.
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Figure 3-8. Ovaries from 2-week-old Cntd1GT/GT females have drastically fewer
primordial follicles than Cntd1+/+ age-matched littermates.
(A, C) Cntd1+/+ and (B, D) Cntd1GT/GT whole ovaries from 2-week-old female mice were
fixed in Bouins, paraffin-embedded, sectioned, and stained with H&E. (E) Both Cntd1+/+
and Cntd1GT/GT ovaries were observed to contain primordial, primary, secondary, and
post-secondary follicles, however, Cntd1GT/GT ovaries appeared smaller in size when
compared to Cntd1+/+ ovaries and showed fewer counts for follicles of all developmental
stages, especially so for the primordial follicle count in which there were drastically
fewer primordial follicles when compared to Cntd1+/+ age-matched littermates. (C, D)
Arrowheads in insets show Cntd1+/+ and Cntd1GT/GT primordial (blue), primary (green),
and secondary (red) follicles. Images in A-D were scanned at 40X magnification; scale
bar in A and B is 500 µm; scale bar in C and D is 100 µm; Graph in (E) shows white
bars for follicles from Cntd1+/+ females and black bars for follicles from Cntd1GT/GT
females; n.s. = not significant.

	
  

141	
  

	
  

142	
  

CNTD1 leads to a severe loss of the primordial follicle pool as early as 2 weeks of age,
with continued loss of all follicular stages as Cntd1GT/GT females reach reproductive age.

5.

Discussion and Conclusion
In this work, we investigated the role of cyclin-related protein CNTD1 during

prophase I of female meiosis. We found that, like in Cntd1GT mutant males, CNTD1 is
not required for DSB formation and initial DSB processing events. Instead CNTD1 is
required for the recruitment of MutLγ to potential crossover sites and, as such, leads to
a 90% loss of chiasmata. The loss of chiasmata, in turn, results in abnormal spindle
morphology and inappropriate congregation of chromosomes on the meiosis I spindle,
resulting in the mis-segregation of chromosomes at the first meiotic division.
Interestingly, loss of CNTD1 in female meiosis leads to a significant increase in
synapsis failures in oocytes from Cntd1GT/GT females, while no such errors were
observed in spermatocytes from Cntd1GT/GT males [2]. Thus, while loss of CNTD1 in
oocytes results in a failure to establish a viable population of Class I CO events, similar
to our published data for males, there are clear differences between males and females
that underscore the need to study analogous prophase I events in both sexes. Beyond
the prophase I defects, loss of CNTD1 in females leads to an extreme ovarian
morphology phenotype that is dissimilar to other meiotic mutant mouse models reported
so far [18, 36, 37]. Specifically, we find a gradual loss of all follicular stages observed to
begin as early as two weeks of age, and apparently being more severe as female mice
reach reproductive age.
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The temporal and gradual loss of oocytes in Cntd1 mutants is dissimilar to both
Msh4/5 and Mlh1/3 mutants, indicating perhaps distinct roles for CNTD1 in prophase I
progression in females. In Msh4-/- and Msh5-/- oocytes, most chromosomes fail to
synapse properly, resulting in univalent chromosomes or non-homolog synapsis.
However, while oocytes lacking MSH4 or MSH5 persist after birth, the ovaries are
completely devoid of follicles by 5 days pp [18, 37]. In contrast, chromosomes from
Mlh3-/- and Mlh1-/- oocytes undergo complete synapsis, yet crossover numbers are low,
homologs fail to remain tethered, and chromosome alignment and spindle formation
abnormalities are apparent [36, 38, 39]. Interestingly, in contrast to the ovarian
phenotype of Msh4/5 mutants, oocytes from Mlh3-/- and Mlh1-/- mice persist after birth,
remain through dictyate arrest, and are observed to undergo all stages of follicular
development with no observed loss of follicles in adulthood [36, 38, 39].
In both males and females, the loss of CNTD1 most closely resembles the loss of
either MLH1 or MLH3, at least in the progression of prophase I, leading us to
hypothesize that the ovarian phenotype of Cntd1GT/GT females would most closely
resemble that of a MutLγ mutant female. Instead, Cntd1GT/GT females exhibit an
"intermediate" phenotype in which approximately one third of oocytes show synapsis
defects, very low chiasmata numbers, and mis-aligned chromosomes with abnormal
spindle formation, while a small percentage reach dictyate arrest and undergo follicular
maturation, only to result in almost complete depletion of follicle loss by reproductive
age, most likely caused by the small pool of primordial follicles to begin with.
One explanation for this is that the Cntd1 gene trap allele results in a hypomorph
and thus leads to an "intermediate" phenotype due to low levels of functional CNTD1
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present in Cntd1GT/GT oocytes. Along these lines, the oocytes observed in Cntd1GT/GT
ovaries at 2 weeks of age hosted sufficient residual CNTD1 protein to have survived
apoptotic events between 1-4 days pp. Another possibility may be that the remaining
oocytes in Cntd1GT/GT ovaries escaped a meiotic checkpoint (triggers apoptotic events
when meiocytes have sufficient abnormalities, such as incomplete recombination or
synapsis), which in females is known to be relatively "leaky" when compared to males.
However, why the same does not occur for Msh4/5 mutant oocytes is a conundrum, but
may be explained by the fact that homologs from these oocytes never fully synapse
while the majority of Cntd1GT/GT oocytes are observed to have fully synapsed
chromosomes. On the flip side, why there is such disparity between Cntd1 and Mlh1/3
mutant ovarian morphology upon reaching reproductive age at the moment is difficult to
describe, yet suggests a secondary role for CNTD1 outside of the Class I CO pathway
that requires further investigation. While we currently cannot completely rule out either
circumstance, we favor the latter explanation, in which as a cyclin-related protein
CNTD1 may harbor regulatory roles outside of Class I CO formation. Additional
experiments using a recently generated Cntd1 homozygous null mouse model and
generation of double mutants in multiple meiotic backgrounds (i.e. Msh4-/-) could
eliminate the hypomorph hypothesis. Furthermore, using a CNTD1 tagged protein
mouse model would allow us to further investigate the mechanistic roles of CNTD1 in
the Class I CO pathway (and other possible secondary roles) in both male and female
meiosis (Gray and Cohen, unpublished).

	
  

145	
  

6.

Acknowledgements
The authors of this work would like to thank Mr. Peter Borst for his assistance

with mouse handling, maintenance, and genotyping, and members of the Cohen Lab for
their contribution to this manuscript.

	
  

146	
  

REFERENCES
1.

2.

3.
4.
5.
6.
7.
8.
9.

10.

11.
12.

13.
14.
15.

	
  

Yokoo, R., et al., COSA-1 reveals robust homeostasis and separable licensing
and reinforcement steps governing meiotic crossovers. Cell, 2012. 149(1): p. 7587.
Holloway, J.K., et al., Mammalian CNTD1 is critical for meiotic crossover
maturation and deselection of excess precrossover sites. J Cell Biol, 2014.
205(5): p. 633-41.
Ishiguro, K. and Y. Watanabe, Chromosome cohesion in mitosis and meiosis. J
Cell Sci, 2007. 120(Pt 3): p. 367-9.
Page, S.L. and R.S. Hawley, The genetics and molecular biology of the
synaptonemal complex. Annu Rev Cell Dev Biol, 2004. 20: p. 525-58.
Allers, T. and M. Lichten, Differential timing and control of noncrossover and
crossover recombination during meiosis. Cell, 2001. 106(1): p. 47-57.
Jones, G.H., The control of chiasma distribution. Symp Soc Exp Biol, 1984. 38: p.
293-320.
Hassold, T. and P. Hunt, To err (meiotically) is human: the genesis of human
aneuploidy. Nat Rev Genet, 2001. 2(4): p. 280-91.
Holloway, J.K., et al., MUS81 generates a subset of MLH1-MLH3-independent
crossovers in mammalian meiosis. PLoS Genet, 2008. 4(9): p. e1000186.
Higgins, J.D., et al., Expression and functional analysis of AtMUS81 in
Arabidopsis meiosis reveals a role in the second pathway of crossing-over. Plant
J, 2008. 54(1): p. 152-62.
de los Santos, T., et al., The Mus81/Mms4 endonuclease acts independently of
double-Holliday junction resolution to promote a distinct subset of crossovers
during meiosis in budding yeast. Genetics, 2003. 164(1): p. 81-94.
Guillon, H., et al., Crossover and noncrossover pathways in mouse meiosis. Mol
Cell, 2005. 20(4): p. 563-73.
Bishop, D.K., et al., DMC1: a meiosis-specific yeast homolog of E. coli recA
required for recombination, synaptonemal complex formation, and cell cycle
progression. Cell, 1992. 69(3): p. 439-56.
Moens, P.B., et al., Rad51 immunocytology in rat and mouse spermatocytes and
oocytes. Chromosoma, 1997. 106(4): p. 207-15.
Barlow, A.L., et al., Distribution of the Rad51 recombinase in human and mouse
spermatocytes. EMBO J, 1997. 16(17): p. 5207-15.
Ashley, T., et al., Dynamic changes in Rad51 distribution on chromatin during
meiosis in male and female vertebrates. Chromosoma, 1995. 104(1): p. 19-28.

147	
  

16.

17.
18.

19.

20.
21.

22.

23.
24.

25.
26.
27.

28.

29.
30.

	
  

Hunter, N. and N. Kleckner, The single-end invasion: an asymmetric intermediate
at the double-strand break to double-holliday junction transition of meiotic
recombination. Cell, 2001. 106(1): p. 59-70.
Schwacha, A. and N. Kleckner, Identification of double Holliday junctions as
intermediates in meiotic recombination. Cell, 1995. 83(5): p. 783-91.
Kneitz, B., et al., MutS homolog 4 localization to meiotic chromosomes is
required for chromosome pairing during meiosis in male and female mice. Genes
Dev, 2000. 14(9): p. 1085-97.
Hollingsworth, N.M., L. Ponte, and C. Halsey, MSH5, a novel MutS homolog,
facilitates meiotic reciprocal recombination between homologs in Saccharomyces
cerevisiae but not mismatch repair. Genes Dev, 1995. 9(14): p. 1728-39.
Agarwal, S. and G.S. Roeder, Zip3 provides a link between recombination
enzymes and synaptonemal complex proteins. Cell, 2000. 102(2): p. 245-55.
Tsubouchi, T., H. Zhao, and G.S. Roeder, The meiosis-specific zip4 protein
regulates crossover distribution by promoting synaptonemal complex formation
together with zip2. Dev Cell, 2006. 10(6): p. 809-19.
Borner, G.V., N. Kleckner, and N. Hunter, Crossover/noncrossover
differentiation, synaptonemal complex formation, and regulatory surveillance at
the leptotene/zygotene transition of meiosis. Cell, 2004. 117(1): p. 29-45.
Sym, M., J.A. Engebrecht, and G.S. Roeder, ZIP1 is a synaptonemal complex
protein required for meiotic chromosome synapsis. Cell, 1993. 72(3): p. 365-78.
Kolas, N.K., et al., Localization of MMR proteins on meiotic chromosomes in
mice indicates distinct functions during prophase I. J Cell Biol, 2005. 171(3): p.
447-58.
Reynolds, A., et al., RNF212 is a dosage-sensitive regulator of crossing-over
during mammalian meiosis. Nat Genet, 2013. 45(3): p. 269-78.
Qiao, H., et al., Antagonistic roles of ubiquitin ligase HEI10 and SUMO ligase
RNF212 regulate meiotic recombination. Nat Genet, 2014. 46(2): p. 194-9.
Peters, A.H., et al., A drying-down technique for the spreading of mammalian
meiocytes from the male and female germline. Chromosome Res, 1997. 5(1): p.
66-8.
Lenzi, M.L., et al., Extreme heterogeneity in the molecular events leading to the
establishment of chiasmata during meiosis i in human oocytes. Am J Hum Genet,
2005. 76(1): p. 112-27.
Sun, X. and P.E. Cohen, Studying recombination in mouse oocytes, in Methods
in Molecular Biology. 2012. p. 1-18.
Rogakou, E.P., et al., DNA double-stranded breaks induce histone H2AX
phosphorylation on serine 139. J Biol Chem, 1998. 273(10): p. 5858-68.

148	
  

31.

32.
33.
34.

35.

36.
37.
38.
39.

	
  

Kinner, A., et al., Gamma-H2AX in recognition and signaling of DNA doublestrand breaks in the context of chromatin. Nucleic Acids Res, 2008. 36(17): p.
5678-94.
Heyting, C., et al., Synaptonemal complex proteins. Genome, 1989. 31(1): p. 817.
Moens, P.B., et al., Synaptonemal complex antigen location and conservation. J
Cell Biol, 1987. 105(1): p. 93-103.
Kouznetsova, A., et al., SYCP2 and SYCP3 are required for cohesin core
integrity at diplotene but not for centromere cohesion at the first meiotic division.
J Cell Sci, 2005. 118(Pt 10): p. 2271-8.
Morelli, M.A. and P.E. Cohen, Not all germ cells are created equal: aspects of
sexual dimorphism in mammalian meiosis. Reproduction, 2005. 130(6): p. 76181.
Lipkin, S.M., et al., Meiotic arrest and aneuploidy in MLH3-deficient mice. Nat
Genet, 2002. 31(4): p. 385-90.
Edelmann, W., et al., Mammalian MutS homologue 5 is required for chromosome
pairing in meiosis. Nat Genet, 1999. 21(1): p. 123-7.
Edelmann, W., et al., Meiotic pachytene arrest in MLH1-deficient mice. Cell,
1996. 85(7): p. 1125-34.
Baker, S.M., et al., Involvement of mouse Mlh1 in DNA mismatch repair and
meiotic crossing over. Nat Genet, 1996. 13(3): p. 336-42.

149	
  

APPENDIX I

INVESTIGATING THE ROLE OF CNTD1 DURING PROPHASE I IN FEMALE
MEIOSIS USING THE Cntd1.Msh4 COMPOUND MUTANT MOUSE MODEL

8.1

Introduction
The results found in investigating the role of CNTD1 during prophase I of female

meiosis using the Cntd1 gene trap model are unique to this meiotic mutant. A prime
example is the ovarian phenotype in which Cntd1GT/GT females exhibit a gradual loss of
follicles up to reproductive age, which is intermediary to the ovarian phenotypes found
in Msh4/5-/- and Mlh1/3-/- females [1-6]. Additionally, the observed synapsis defects of
Cntd1GT/GT pachytene oocytes allude to the idea that CNTD1 may be playing a slight
role in a checkpoint or cell cycle mechanism. Thus, to further elucidate the role of
CNTD1, we crossed the Cntd1+/GT and Msh4+/- mouse to generate Cntd1/Msh4 double
mutant females with the notion that loss of CNTD1 in an Msh4 homozygous null
background may rescue the Msh4-/- female phenotypes [1].
Presented in this appendix are preliminary results on the progression of
prophase I and ovarian physiology observed in Cntd1GT/GTMsh4-/- females. In brief,
Cntd1GT/GTMsh4-/- pachytene oocytes were observed to have persistence of DNA
damage, synapsis defects, and the failure of MLH1 to localize to the chromosomes.
Furthermore, Cntd1GT/GTMsh4-/- ovaries at 4.5 days pp exhibit very few dictyate arrested
oocytes and by 4 weeks show only a few large follicles. Collectively, the data presented
in this work briefly suggest that, in addition to designation of Class I crossover sites,
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CNTD1 may also partake in DNA damage repair, synapsis and/or checkpoint
mechanisms.

8.2

Materials and Methods

8.2.1 Prophase I chromosome analysis and immunofluorescence
Prophase I chromosome spreads from embryonic day 15.5 - 16.5 or post natal
day 0.5 ovaries were prepared as previously described [7-9]. Briefly, fetal ovaries were
kept in hypotonic extraction buffer (HEB; 30 mM Tris, pH 8.2, 50 mM sucrose, 17 mM
trisodium citrate, 5 mM EDTA, 0.5 mM DTT, and 0.1 mM PMSF) on ice for 20 min.
Ovaries were then transferred to a 100 mM sucrose solution and minced with 26 gauge
needles before spreading on 6- or 8-well slides coated with 1% paraformaldehyde and
0.25% Triton X-100. Slides were incubated overnight at 4ºC, then washed in 0.4%
Kodak Photo-Flo 200/1X PBS for 2 x 5 min, 0.4% Kodak Photo-Flo 200/dH2O for 2 x 5
min, then air-dried for approximately 10 min and stored in -80ºC or used immediately for
staining. Primary antibodies used were: CREST human autoimmune serum (Antibodies
Incorporated, CA, #15-234-0001, 1:50,000), anti-γH2AX (Millipore, NY, #05-636,
1:10,000), anti-SYCP3 (Abcam, MA, #97672, 1:5000), anti-SYCP1 (Abcam, MA,
#15087, 1:1000), and anti-MLH1 (BD Biosciences Pharmingen, CA, #550838, 1:100).
Secondary antibodies used were: goat anti-mouse Alexa Fluor 488 (#62-6511), goat
anti-mouse Alexa Fluor 555 (#A-10521), goat anti-rabbit Alexa Fluor 488 (#65-6111),
goat anti-rabbit Alexa Fluor 555 (#A-10520), and goat anti-human Alexa Fluor 647 (#A21445; all Invitrogen, 1:2000).
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8.2.2 Ovarian histology
Ovaries from 4.5 days post-partum and 4-week-old mice were fixed in Bouin’s
solution or 4% paraformaldehyde for 4 - 5 hours at room temperature and then washed
3 x 10 min with 70% ethanol at room temperature with agitation. Fixed and paraffinembedded ovaries were serial sectioned at a thickness of 5 µm onto poly-lysine coated
glass slides. Hematoxylin and eosin staining was performed on Bouin’s fixed ovaries
using standard methods. Immunofluorescent staining was performed on 4%
paraformaldehyde fixed ovaries using standard methods with goat anti-NOBOX (1:500,
generous gift from Dr. Aleksandar Rajkovic).

8.2.3 Image acquisition
Stained chromosome preparations were visualized using the Zeiss Imager Z1
microscope (Carl Zeiss, Inc.). Images were captured with a high-resolution microscopy
camera AxioCam MRm (Carl Zeiss, Inc.) and processed with ZEN Software (version
2.0.0.0; Carl Zeiss, Inc.). H&E ovarian sections were imaged with an Aperio ScanScope
CS2 and NOBOX stained ovarian sections were imaged with an Aperio Scanscope FL.

8.3

Results

8.3.1 Cntd1GT/GTMsh4-/- pachytene oocytes exhibit persistent DNA damage
To further elucidate the role of CNTD1 in female meiosis, we generated a double
mutant mouse line by breeding Cntd1+/GT and Msh4+/- to result in Cntd1GT/GTMsh4-/female mice [1, 10]. Cntd1+/GTMsh4+/- male and female mice were phenotypically similar
to Cntd1+/+Msh4+/+ littermates and were fully fertile. Cntd1GT/GTMsh4-/- females are
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grossly normal when compared to Cntd1+/+Msh4+/+ littermates, survive into adulthood
and live normal lifespans (data not shown). Cntd1GT/GTMsh4-/- females also exhibit
normal mating behaviors as determined by observing a vaginal plug the morning after
mating with a Cntd1+/+Msh4+/+ male. However, breedings between Cntd1GT/GTMsh4-/females and Cntd1+/+Msh4+/+ males were never observed to result in offspring (data not
shown) and thus exhibit an infertility phenotype.
Prophase I chromosome spreads were prepared from e15.5 - 16.5 and 0.5 day
pp neonatal ovaries and stained for markers involved in DSB formation. Chromosome
spreads were stained with γH2AX, a histone phosphorylation marker, as a proxy marker
for DSB induction [11, 12]. In Cntd1+/+Msh4+/+ oocytes, γH2AX signal is abundant at
leptonema where hundreds of DSBs are present, decreasing in zygonema as DSBs are
processed (Figure 3-9A, B). In pachynema, γH2AX signal is almost completely absent
from the chromosomes, except for some flares emanating away from the chromosome
cores (Figure 3-9C). Oocytes from Cntd1GT/GTMsh4-/- females exhibit different intensity
and dynamics for γH2AX staining as that observed in Cntd1+/+Msh4+/+ oocytes, with
abundant staining in leptonema continuing through zygonema and into pachynema,
indicating that DSBs remain on the chromosomal cores (Figure 3-9D-F).

8.3.2 Homologous

chromosomes

are

not

synapsed

in

pachytene

Cntd1GT/GTMsh4-/- oocytes
Cntd1+/+Msh4+/+ oocytes show the accumulation of SYCP3, as discrete dots
along chromosomes at leptonema, and as continuous filaments along the chromosome
cores in zygonema where SYCP1 is also observed in patches along the SYCP3 signal,
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Figure 3-9. DSB formation and signaling persist in Cntd1GT/GTMsh4-/- oocytes
throughout prophase I.
(A-F) Cntd1GT/GTMsh4-/- prophase I cells show persistent DSBs and signaling as
observed by γH2AX staining (green) on synaptonemal complex protein SYCP3 (red) as
compared to oocytes from Cntd1+/+Msh4+/+ females. Images show abundant γH2AX
signal in leptonema, followed by continued signal in zygonema, and very diminished
signal in pachynema, except for γH2AX signal emanating off the cores as flares in
Cntd1+/+Msh4+/+ oocytes, while Cntd1GT/GTMsh4-/- oocytes show persistent γH2AX signal
throughout prophase I.
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indicating that synapsis is occurring. By pachynema, synapsis is complete as
demonstrated by complete overlap of the SYCP3/SYCP1 signals on the chromosomes
([13-15]; Figure 3-10A-C).
While leptotene and zygotene oocytes from Cntd1GT/GTMsh4-/- females were
comparable to oocytes from Cntd1+/+Msh4+/+ females, all pachytene Cntd1GT/GTMsh4-/oocytes were observed to have complete asynapsis between all homologous
chromosomes (Figure 3-10D-F). These results indicate that absence of CNTD1 in an
Msh4-/- background during prophase I of female meiosis leads to a complete asynapsis
phenotype that was not previously found in single Cntd1GT/GT or Msh4-/- mutant females
[1].

8.3.3 Cntd1GT/GTMsh4-/- oocytes fail to accumulate MLH1 foci
In Cntd1GT/GT females, loss of CNTD1 leads to a failure to accumulate MLH1
during pachynema of prophase I, while Msh4-/- oocytes do not survive to pachynema
and thus the ability of MLH1 to associate to the chromosomes in unknown (See Chapter
2 Results; [1]). In oocytes from Cntd1+/+Msh4+/+ females, MLH1 localizes to the
chromosome cores, while no MLH1 foci were found in oocytes from Cntd1GT/GTMsh4-/females (Figure 3-11A, B). This observation demonstrates that loss of CNTD1 in an
Msh4-/- background in oocytes leads to a failure to recruit MLH1 to chromosomes in
pachynema.
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Figure 3-10. Cntd1GT/GTMsh4-/- oocytes exhibit asynapsis in pachytene.
(A-C) In Cntd1+/+Msh4+/+ oocytes, SYCP3 (red) forms as short patches along the
chromosomes in leptonema, extending into filaments along the chromosomes at
zygonema with the start of SYCP1 (green) localization, and exhibits full synapsis with
the co-localization of SYCP1 and SYCP3 in pachynema. (D-F) While Cntd1GT/GTMsh4-/oocytes appear to exhibit comparable synapsis progression in leptonema and
zygonema as in oocytes from Cntd1+/+Msh4+/+ females, by pachynema, homologs do
not appear to be synapsed along the entire length of the chromosomes.
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Figure 3-11. MLH1 is absent from Cntd1GT/GTMsh4-/- pachytene oocytes.
(A, B) MLH1 (green) localizes to the chromosome cores labeled with synaptonemal
complex SYCP3 (red) in pachytene oocytes from Cntd1+/+Msh4+/+ females but not in
Cntd1GT/GTMsh4-/- pachytene oocytes.
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8.3.4 Cntd1GT/GTMsh4-/- females exhibit drastic follicle loss of all developmental
stages
The infertility phenotype of Cntd1GT/GTMsh4-/- females led us to investigate the
ovarian morphology prior to puberty at 4 weeks. Histological sections of Cntd1+/+Msh4+/+
4-week-old ovaries showed the presence of all follicular stages: primordial, primary,
secondary, and antral follicles (Figure 3-12A, D). However, ovaries from 4 week-old
Cntd1GT/GTMsh4-/- females appeared smaller than ovaries from Cntd1+/+Msh4+/+ agematched littermates and showed only a few antral follicles, while ovaries from
Cntd1+/+Msh4-/- females did not have any follicles (Figure 3-12B, C, E, F).
To determine the onset of follicle loss, Cntd1+/+Msh4+/- and Cntd1GT/GTMsh4-/- 4.5
days pp ovaries were sectioned and stained with H&E and NOBOX, a germ cell cyst
and primordial follicle marker [16]. At this early stage in development, the H&E stained
ovarian sections showed the morphology of Cntd1+/+Msh4+/- ovaries consisting of mostly
primordial follicles, while such was not the case in Cntd1GT/GTMsh4-/- ovaries (Figure 313A-D). However, NOBOX staining revealed a large pool of primordial follicles in
Cntd1+/+Msh4+/- ovaries while Cntd1GT/GTMsh4-/- ovaries exhibited a few primordial
follicles and what appeared to be germ cell cysts (Figure 3-13E-I). Thus, absence of
CNTD1 in an Msh4-/- background seems to result in a few residual germ cell cysts and
severe loss of the primordial follicle pool as early as 4.5 days pp.

	
  

158	
  

Figure

3-12.

Pre-pubertal

Cntd1GT/GTMsh4-/-

females

lack

follicles

of

all

developmental stages.
Cntd1+/+Msh4+/+, Cntd1GT/GTMsh4-/-, and Cntd1+/+Msh4-/- whole ovaries from 4-week-old
female mice were fixed in Bouins, paraffin-embedded, sectioned, and stained with H&E.
(A, D) 4-week-old Cntd1+/+Msh4+/+ ovaries were observed to contain primordial, primary,
secondary, and antral follicles. (B, E) Cntd1GT/GTMsh4-/- ovaries were absent of follicles
of all developmental stages, except for a few large antral follicles, while (C, F)
Cntd1+/+Msh4-/- ovaries were completely absent of follicles. Arrows in insets show
Cntd1+/+Msh4+/+ primordial (blue), primary (red), and secondary (green) follicles. Images
in A-F were scanned at 40X magnification; scale bar in A-C is 500 µm, D, E is 250 µm,
and F is 125 µm.
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Figure 3-13. Cntd1GT/GTMsh4-/- females have residual germ cell cysts and
primordial follicles at 4.5 days pp.
Cntd1+/+Msh4+/- and Cntd1GT/GTMsh4-/- whole ovaries from 4.5 days pp mice were fixed
in Bouins or 4% paraformaldehyde, paraffin-embedded, sectioned, and stained with
H&E or NOBOX. (A, C) Cntd1+/+Msh4+/- ovaries were observed to contain a large pool
of primordial follicles, while (B, D) Cntd1GT/GTMsh4-/- ovaries appeared absent of
primordial follicles. (E, F) NOBOX (red) staining with DAPI (blue) revealed that
Cntd1+/+Msh4+/- ovaries exhibit a pool of primordial follicles while Cntd1GT/GTMsh4-/ovaries showed (H) residual germ cell cysts and (I) a few primordial follicles. Blue
arrows in (C) show Cntd1+/+Msh4+/- primordial follicles. Images in A-I were scanned at
40X magnification; scale bar in A, B, E, F is 100 µm, C, D is 50 µm, and I is 25 µm.
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8.4

Discussion and Conclusion
In this preliminary work, we investigated the role of CNTD1 during prophase I of

female meiosis using a Cntd1Msh4 double mutant mouse model. Surprisingly, we found
that loss of CNTD1 in an Msh4 homozygous null mutant background allows oocytes to
progress to a pachytene-like stage where none of the homologous chromosomes are
synapsed, yet appear short and condensed. Furthermore, MLH1 fails to be recruited to
Cntd1GT/GTMsh4-/- pachytene oocytes, most likely due to a complete failure in synapsis.
Beyond these prophase I defects, loss of CNTD1 in an Msh4-/- background leads to an
extreme ovarian phenotype that is somewhat unlike Msh4-/- females[1].
The loss of oocytes in Cntd1GT/GTMsh4-/- females is very intriguing, as it closely
resembles, yet is somewhat unlike Msh4/5 mutant females [1, 3]. In Msh4-/- and Msh5-/oocytes, most chromosomes fail to synapse properly and thus are stalled in a
"pachytene-like" stage where there is partial synapsis [1, 3]. Furthermore, while oocytes
lacking MSH4 or MSH5 persist after birth, the ovaries are completely devoid of follicles
by 5 days pp, most likely because the oocytes are succumbing to either a DNA damage
and/or synapsis checkpoint [1, 3, 17]. Thus, we were surprised to have been able to
observe a few large follicles at 4 weeks of surviving Msh4-/- oocytes lacking CNTD1
where there was persistent DNA damage and absolutely no synapsis in a pachytenelike. Furthermore, we question whether the majority of Cntd1GT/GTMsh4-/- oocytes persist
after 5 days pp and when exactly oocyte loss occurs. Thus, to determine this, a future
experiment is to collect Cntd1GT/GTMsh4-/- ovaries from various developmental time
points (e18.5, 0.5, and 5 days pp, and 2 weeks) and stain for germ cell markers to
determine the onset of oocyte loss. Furthermore, to elucidate prophase I progression in
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oocytes lacking both CNTD1 and MSH4, oocytes from leptonema to diplonema have to
be collected as chromosome spread preparations and analyzed for DNA damage
(γH2AX), synapsis (SYCP1), paring down of crossovers (MSH4, RNF212, HEI10) and
finalization of Class I crossover sites (MLH1/3).
Collectively, the work presented in this appendix suggests a complex molecular
interactions of CNTD1 with components of the Class I crossover machinery.. However,
additional analysis is required to determine the exact function of CNTD1 and whether it
is or is not involved in a DNA damage, synapsis and/or pachytene checkpoint in
oocytes.
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CHAPTER 4
DISCUSSION AND FINAL THOUGHTS

Meiosis is a specialized cell division process in which a parental cell undergoes
one round of DNA replication followed by two rounds of cellular division to result in
haploid gametes. In sexually reproducing organisms, viable haploid gametes with the
correct number of chromosomes are key for the generation of normal and healthy
offspring. However, multiple errors in meiosis can occur, which can lead to the
generation of aneuploid gametes, or cells with an abnormal copy number of
chromosomes. In fact, studies of human gametes have shown that humans are prone to
meiotic errors that result in approximately 1-2% of sperm and 20% of oocytes as
aneuploid [1]. Furthermore, 10-30% of human zygotes have been found to host an
abnormal number of chromosomes, with 35% of all miscarriages being due to
aneuploidy events, making it the leading cause of pregnancy loss [1]. Thus, extensive
work in the last couple of decades has been dedicated to understanding the initial
causes of meiotic errors that lead to such high rates of aneuploidy events in humans.
One main cause for the high aneuploidy events in humans is the absence or misregulation of crossovers (the physical tethering of homologous chromosomes) before
the first meiotic division. The correct placement, frequency, and distribution of
crossovers is critical for ensuring the appropriate disjunction at metaphase I and for
maintaining genomic stability [2]. The generation of crossovers is ensured by multiple
factors, one of which is homologous recombination. Briefly, meiotic homologous
recombination is a process by which genetically programmed double strand breaks
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(DSBs) are induced along the genome, processed, and repaired to result in either noncrossovers or crossovers. In the mouse, 90% of DSBs are repaired as NCOs while the
remaining 10% are repaired as crossovers [3, 4]. Crossovers can form via one of two
known pathways, and in the mouse, 90-95% of crossovers form via the interference
dependent Class I pathway while 5-10% form via the interference independent Class II
pathway [3, 4].
In the Class I pathway, crossovers are formed when an intermediate
recombination molecule, known as the double Holliday junction (dHJ), is asymmetrically
cleaved by a resolvase or resolvases to allow the reciprocal exchange of genetic
information between the maternal and the paternal chromosomes. While the
resolvase(s) responsible for this activity is/are currently unidentified, evidence from S.
cerevisiae suggests that MutLγ, a heterodimer complex composed of mismatch repair
proteins MLH3 and MLH1, plays a role in the resolution of dHJs [5-7]. Specifically,
MLH3 harbors a conserved putative endonuclease motif that has been shown to
perform catalytic activity in vitro, such as the nicking of super coiled DNA [5-9].
Furthermore, yeast MutLγ has been shown to associate with the open structurally
unstacked form of Holliday junctions [5].
Absent from these in vitro studies, however, is the role of the putative
endonuclease domain of MLH3 in vivo. Thus, in Chapter 2, I set out to investigate the
endonucleolytic role of MutLγ during prophase I of mammalian meiosis. My hypothesis
was that normal endonucleolytic function of MutLγ is required for proper crossover
formation. To do this, I utilized an Mlh3DN mouse model in which a point mutation was
introduced and replaced with an amino acid in the putative endonuclease domain
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conserved in a variety of eukaryotic organisms from yeast to human [5] This point
mutation is analogous to that performed in S. cerevisiae mlh3 [5]. My studies revealed
that while the endonuclease domain of MLH3 is not required for DSB formation and
initial processing events, synapsis, or the association of Class I crossover markers
MLH3/MLH1, it is required for the formation of the majority of crossovers between
homologous chromosomes.
While the exact mechanism of MutLγ function on Class I crossover resolution is
unknown, I would like to propose a model based on my results. In meiotic
recombination, the resulting dHJ must be asymmetrically cleaved to result in a
crossover between the homologous chromosomes. In a Class I crossover pathway,
MutLγ, in complex with EXO1, associates with each Holliday junction in a crossover
interference dependent mechanism and performs endonuclease activity to cut the DNA
and resolve the dHJ asymmetrically. In the absence of endonucleolytic function of
MLH3, MutLγ will associate with the dHJ, but not perform catalytic activity. In this
situation, I predict that multiple MutLγ-EXO1 complexes continue to load to the
unresolved dHJ, eventually blocking access for other potential resolvases. Due to the
absence of dHJ resolution, BLM is recruited in an attempt to unwind the dHJ in a
decatenase event to result in a dissolution event or to sequester the dHJ to undergo a
Class II crossover via MUS81-EME1. However, the over accumulation of MutLγ-EXO1
at the dHJ blocks the DNA and thus BLM hyper-accumulates along the chromosomes in
an attempt to eventually gain access. In certain circumstances, MUS81-EME1 may
reach the dHJ and perform asymmetric cleavage to result in a Class II crossover.
However, since the Class II crossover pathway cannot completely compensate for loss
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of Class I, the majority of dHJs remain unresolved which leads to univalent
chromosome structures.
This model moves the field of meiotic recombination forward by proposing the
idea that endonucleolytic function of MLH3 is absolutely critical for Class I crossover
formation, as no other resolvases appear to completely compensate its loss. As such,
this analysis emphasizes the need to accurately identify the Class I resolvase and its
potential interactors in eukaryotic organisms such as yeast and mouse. Hopefully, such
discoveries can be translated across multiple disciplines and aid in a thorough
understanding of DNA damage repair in both mitosis and meiosis.
While we can conclude that normal endonucleolytic function of MutLγ is critical
for Class I crossover formation, there are still a number of experiments required to
further elucidate the mechanistic role that MutLγ plays in the resolution of dHJs. One
experiment is an in vitro biochemical analysis of isolated wild-type mouse MutLγ
complex to determine if it can indeed associate with and asymmetrically cleave dHJs. In
addition to this, the catalytic activity of the mouse MLH3-DN protein against multiple
DNA substrates, including dHJs, needs to be determined in an in vitro assay. While
such biochemical analyses are outside the realm of the Cohen Lab, a collaborator is
currently optimizing and performing these assays to determine if MLH3-DN/MLH1
heterodimer is an endonucleolytically-dead complex.
In addition to determining the catalytic activity of mouse MLH3-DN protein, we
need to verify the protein stability and interaction with its heterodimeric partner, MLH1.
Such experiments were previously performed using yeast Mlh3/Mlh1 and Mlh3-DN/Mlh1
protein complexes where it was concluded that MutLγ complex harboring the Mlh3-DN
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protein maintained its stability, including its interaction with Mlh1 [5]. Thus, while we
predict that the same holds true for the mouse MLH3-DN/MLH1 complex, these
analyses still need to be performed for verification. One such experiment could be a coimmunoprecipitation of MLH3-DN from pooled pachytene cell isolates, followed by
western blotting for MLH1. Collectively, results from these biochemical experiments
would allow us to better understand the role of MutLγ in the formation of Class I
crossovers in vivo.
As a mismatch repair protein, MLH3 is known to associate with the majority of
potential Class I crossover sites [10, 11]. Currently, however, very little is known about
the genomic landscape of the DNA at which MLH3 is associating with for crossover
formation. In the last decade, multiple works have been geared toward identifying the
molecular features of where the majority of meiotic recombination events occur, termed
hotspots. Hotspots are discrete regions of the genome where the recombination
frequency is significantly above the frequency than in other adjacent areas [12]. Studies
that have explored hotspot biology have used a variety of techniques, including
Chromatin-Immunoprecipitation and Sequencing, or ChIP-Seq. To elucidate the
molecular features of mouse recombination sites, previous studies have utilized
antibodies against DMC1 in ChIP-Seq experiments, with DMC1 acting as a proxy for
early DSB repair events [13]. From this work, a mouse meiotic hotspot map was
generated which revealed that recombination hot spots consisted of a purine to
pyrimidine skew from the hotspot center, an increase in GC content in the middle of the
hotspots, and are associated with testis-specific trimethylation of lysine 4 on histone H3
[13]. Another method to identify hotspots in the mouse genome is to use SPO11
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oligonucleotide complexes (SPO11-oligos) as a proxy for DSBs. SPO11 induces a DSB
through a topoisomerase-like reaction that results in the linkage of a SPO11 molecule to
the 5' DNA end [14]. DNA nicks in proximity to the DSB release SPO11 that is
covalently bound to a short oligonucleotide, which can then be sequenced and aligned
to the mouse genome [14]. From this work, a mouse meiotic map was generated to
reveal the bona fide DSB hotspots [14]. Such mouse recombination hotspot maps
however, are defined by proteins that play an early role in meiotic recombination and
thus may include sites where there are high rates of DSBs, but not high rates of a Class
I crossovers.
To continue our analysis of MLH3 function, and following on from the DMC1
ChIP-Seq described above, I performed a ChIP-Seq experiment using our antibody
against MLH3 [10]. These studies are described in Chapter 2, Appendix III. Specifically,
chromatin

from

wild-type

and

Mlh3DN/DN

isolated

pachytene

cells

was

immunoprecipitated with an anti-MLH3 antibody, a library was generated from the ChIP
DNA, and the resulting reads were sequenced. Our rationale was that, while MLH3
ChIP-Seq on wild-type pachytene cell extracts may not reveal enrichment of MLH3
signal in any one location throughout the genome, the loss of endonuclease activity in
Mlh3DN/DN pachytene cell extracts may lead to persistence and further enrichment of
MLH3 at DSB hotspots. In collaboration with Dr. Charles Danko, however, a quick and
overall analysis of the sequencing results did not reveal enriched peaks when aligned to
the

mouse

mm10

genome

on

the

Washu

EpiGenome

Browser

(v42;

http://epigenomegateway.wustl.edu). We are currently investigating different ways to
collectively analyze the data, such as comparing the total peak signal in the wild-type
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MLH3 ChIP samples to the Mlh3-/- negative control. We also plan on comparing the
sequencing alignment of the wild-type MLH3 ChIP to other meiotic recombination
hotspot maps to identify potential similarities and differences in the alignment of the
reads. Surely, such an analysis would determine if MLH3 associates with previously
define recombination hotspots and allow us to identify the genomic landscape of these
sites, properties that up to now have not been recently discovered and thus poses the
novelty of this experiment.
Overall, the Mlh3DN mouse is a unique and versatile experimental model for study
as it is composed of a single point mutation in the putative endonuclease domain of
MLH3 that disrupts catalytic activity without altering its structural function. As such,
MLH3-DN protein may be used as a target for biochemical analyses to study its catalytic
activity in a variety of conditions. Furthermore, since the Mlh3-DN point mutation is not
germ cell specific and MLH3 plays a minimal role in somatic mismatch repair, the
Mlh3DN mouse model can be applied to multiple disciplines of study to determine if its
endonucleolytic activity is essential in cases such as: DNA repair of somatic cells,
hereditary

nonpolyposis

colorectal

cancers

(HNPCC;

Lynch

Syndrome),

and

Huntington's disease gene (HTT) CAG repeat instability [15, 16]. Studies of the role of
MLH3 in the germ 3line in triplet repeat expansions are currently ongoing with our
collaborator, Dr. Vanessa Wheeler at Harvard University.
Equally as important as meiotic recombination in crossover formation is the
selection of the final crossover sites themselves. Studies in the last decade using
various eukaryotic organisms, such as worm and mouse, have investigated the role of
regulatory proteins in the de-selection of excess pre-crossovers and the selection of
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mature crossover sites. MutSγ in mouse, for example, is thought to play a role in the
selection of prospective recombination sites by associating with a subset of the initial
250-300 DSBs, as only approximately 150 MSH4/5 foci per nucleus are cytologically
detected in wild-type zygotene cells [17]. As prophase I progresses, this number will
decrease to approximately 30 foci per nucleus in late pachynema, alluding to the idea
that there are regulatory proteins responsible for the paring down of the final crossover
sites [18-20]. One such protein of interest in this regulatory mechanism is CNTD1
(COSA-1 in C. elegans). In worms, COSA-1 was found to play a role in the mechanism
for reinforcement of crossover designation [21]. Specifically, it was proposed that after
MSH5 loads to prospective recombination sites (in excess of eventual crossovers) from
zygonema to mid-pachynema, COSA-1 loads to six sites in the worm nucleus at the mid
to late pachytene stage proposing its role in final crossover designation [21].
The role of CNTD1 in crossover designation in male meiosis was recently
investigated in our lab using a mouse model with a Cntd1 gene trap allele [22]. Briefly,
CNTD1 was found to be responsible for deselecting excess pre-crossover sites and
designating final recombination sites. However, absent from these studies was the role
of CNTD1 in female meiosis. Due to the existence of sexual dimorphisms in a number
of meiotic mouse mutants, it was imperative that the role of CNTD1 be elucidated in
females, as it was in males [23]. Thus, presented in Chapter 3 of this thesis is the work
set out to explore the role of CNTD1 during prophase I of female meiosis. Briefly, it was
found that CNTD1 is not required for DBS formation and initial processing events, but
was critical for full synapsis in a subset of oocytes, for the majority of chiasmata to form,
and for normal spindle structure and congression of homologs at metaphase I. These
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studies are currently ongoing, and it currently remains unknown if complete loss of
CNTD1 in oocytes leads to those same phenotypes as observed in Cntd1GT/GT males
[22]. However, based on the results I have collected and observed thus far, I propose
the following model as to the function of CNTD1 during prophase I in female meiosis. In
oocytes, DSB formation, SEI, D-loop and dHJ formation occur normally in meiotic
recombination. After these meiotic recombination events, CNTD1 function leads to the
recruitment of MutLγ, which in turn partakes in the resolution of a dHJ to form a Class I
crossover. In the absence of CNTD1, MutLγ fails to be recruited to the dHJs, leading to
a loss of Class I crossovers between homologous chromosomes in dictyate-arrested
oocytes. Upon ovulation, Cntd1 mutant oocytes exhibit a mis-segregation of
chromosomes, which may potentially lead to an aneuploid oocyte. While previous
studies in the lab have shown that Cntd1GT/GT oocytes undergo successful in vitro
fertilization, fertilized oocytes do not persist to the blastocyst stage and succumb to
apoptosis, most likely due to an aneuploidy.
Absent from my proposed model is the system by which CNTD1 is paring down
potential Class I crossover sites in oocytes. To elucidate this, the localization patterns of
MSH4/5, RNF212, and HEI10 from zygonema to late pachynema must be determined
on a Cntd1 homozygous null background. In addition to using antibodies against
MSH4/5, RNF212, and HEI10, another method to determine the localization patterns of
these proteins (and verify antibody specificity) is to create MSH4/5- , RNF212- , and
HEI10-tagged mice and generate double mutants by breeding the tagged lines to the
recently generated Cntd1 homozygous null mouse line. Localization patterns of
MSH4/5, RNF212, and HEI10 in a Cntd1-/- background throughout female prophase I
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could then be determined by using antibodies against the tagged portion of the proteins.
These studies will help to identify stages during meiotic recombination in which CNTD1
is functioning and whether it is indeed required for the paring down and formation of
Class I crossovers. However, to determine the mechanism by which CNTD1 is licensing
potential crossover sites, meticulous in vitro biochemical studies are required. For
example, as a distant cyclin family member, CNTD1 has the potential to interact with
other proteins that harbor cyclin-interacting domains, such as Cyclin-Dependent
Kinases (CDKs). While experiments performed in the Cohen Lab have deemed
unsuccessful to validate an interaction between CNTD1 and numerous CDKs, there are
other potential meiotic protein candidates that have yet to be tested (Gray and Cohen,
unpublished). For example, HEI10 harbors a potential cyclin/CDK interaction domain
toward its C-terminal end and thus has been proposed to interact with CNTD1 [24].
Thus, there are currently experiments ongoing in the Cohen Lab that are investigating
possible interactions between CNTD1 and HEI10 and therefore may allude to possible
mechanisms of CNTD1 and its interactors in licensing potential crossover sites (Gray
and Cohen, personal communication).
Interestingly, analysis of the ovarian morphology in Cntd1GT/GT females revealed
a gradual depletion of oocytes detected as early as two weeks of age and progressed
through to adulthood at which point the ovary was devoid of mature follicles. In this
case, I predict that Cntd1 mutant females appear to exhibit a gradual loss of oocytes
because at birth, begin with a smaller oocyte pool than wild-type littermates. It is
possible that at some point between e18.5 and 5 days pp, the majority of Cntd1GT/GT
oocytes undergo apoptosis due to meiotic recombination defects that are significant
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enough to trigger apoptotic events. Ctnd1 mutant oocytes in the remaining pool may be
harbor certain conditions that allow their survival in dictyate arrest. From this pool,
waves of oocytes will undergo follicular maturation, however, since the pool was limited
to begin with, oocytes are depleted faster than in wild-type. This observation is
indicative of a premature ovarian failure phenotype, and as such, requires further
investigation as to exactly when Cntd1GT/GT oocytes are succumbing to apoptotic
events. One experiment to determine this is to collect wild-type and Cntd1GT/GT ovaries
from littermates at embryonic age 18.5 (before birth), 0.5 days pp, and 4 days pp and
identify the number of dictyate arrested oocytes and primordial follicles using an anti-ckit or anti-NOBOX antibody [25, 26]. By determining the time point of Cntd1GT/GT oocyte
loss, ovarian sections at those developmental stages can be stained with apoptotic
markers, such as cleaved Caspase-3 and PARP to determine if the oocyte or
surrounding granulosa cells are triggering apoptotic events [27].
Critical to the current research on the role of CNTD1 is its localization pattern
throughout prophase I in both male and female meiosis. At the beginning of the
Cntd1GT/GT male and female studies, specific antibodies against CNTD1 were
unavailable and thus presented a substantial gap in this work. However, a recently
generated CNTD1-HA mouse model will allow us to determine the stages of prophase I
at which CNTD1 associates with the chromosomes, as well as provide a basis for a
number of biochemical assays, including mass-spectrometry, to determine potential
interactors with CNTD1. As such, preliminary data using the Cntd1HA mouse model
revealed association of CNTD1 foci to both the autosomes and the pseudo-autosomal
region (PAR) of the X and Y chromosomes in pachytene spermatocytes, analogous to
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MutLγ foci found in wild-type spermatocytes ([10, 17, 28-30]; Gray and Cohen,
unpublished). This preliminary work suggests that CNTD1 is associating with Class I
crossovers and thus may be playing a role in the designation of these final
recombination sites.
Collectively, the work presented in my doctoral thesis contributes to the field of
meiosis with the following concepts: 1) The endonucleolytic function of MutLγ is crucial
for the formation of crossovers, 2) ChIP-Seq analysis of late meiotic recombination
proteins, such as MLH3, is feasible, yet may require extensive optimization, and 3)
CNTD1 is essential for normal synapsis, crossover formation, and maintenance of the
oocyte pool in female meiosis (Figure 4-1). Overall, these new concepts add to our
understanding of meiotic homologous recombination as a whole by elucidating the
specific roles of these proteins in the generation of crossovers through crossover
formation and designation mechanisms.
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Figure 4-1. A model on the relationships amongst the main projects presented in
this thesis.
The generation of Class I crossovers harbors two simultaneous occurring mechanisms:
1) crossover formation and 2) crossover designation. Crossover formation includes the
processing of DSB intermediate molecules through specific mechanisms to result in a
Class I crossover. MLH3 plays both structural and catalytic roles in Class I crossover
formation. To determine these specific mechanisms, the putative endonuclease domain
of MLH3 was investigated. Crossover designation includes the paring down of a large
number of DSBs to a finite number of Class I crossover sites. CNTD1 is thought to play
a role in this highly regulatory pathway, although its exact function throughout prophase
I is currently unknown. Thus, the role of CNTD1 in the paring down of Class I
crossovers was also investigated. The MLH3 ChIP-Seq project branches the
mechanisms of crossover formation and designation together by revealing the genomic
landscape of Class I crossover sites in the mouse to further understand how both of
these mechanisms occur simultaneously. However, MLH3 ChIP-Seq analysis is
currently ongoing (dashed arrowheads) and may or may not reveal information on either
or both crossover formation and designation mechanisms.
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