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CHAPTER 1

GENERAL INTRODUCTION
AIM AND SCOPE







THE NUCILEUS

In order to fit the whole genome into the cell nucleus, the DNA has to be
organized into a condensed structurc. The basic structure is the double helix
structure of the DNA. The formation of nucleosomes mediates the first level
of condensation: 147 base pairs of the double helix of DNA is wrapped around
an octamer of two of each of the histones HZA, H2B, H3 and H4 in 1.67 turns
!. The complex of core histone proteins and the DNA that is folded around it,
is the most simple form of chromatin *°. The nucleosomes are organized into
30 nm chromatin fibers, and the fibers themselves are then again condensed.
Nucleosomes and fibres can undergo conformational and spatial changes,
making the DNA either accessible or inaccessible for the transcription machinery
by a regulatory mechanism that causes post-translational modifications to the
N- and C-tetminal amino acid tails of histones, such as acetylation, methylation,
sumoylation, ubiquitylation and phosphorylation. These modifications can be
recognized by specific binding-proteins, included in chromatin, which can lead to
a change in nucleosome configuration and thereby regulate the activity inactivity
of a gene of gene region (reviewed in ).

CELL DIVISION: MITOSIS AND MEIOSIS

The nucleus of virtually all somatic cells in vertebrates contains a complete
diploid (2n) genome, which is distributed over 23 chromosome pairs in human
¥, 20 pairs in mouse %, 39 pairs in dog (http:/ /www.ncbi.nlm.nih.gov/sites/
entrez?Db=genomepri&cmd=ShowDetail View& TermToSearch=10726),
and respectively 35 and 38 pairs in zebra finch and chicken (http://www.ncbi.
nlm.nih.gov/sites/entrez?db=genomeprj). In all species, each chromosome pair
consists of one paternally- and one maternally-derived chromosome. The sex
chromosome pair is special, and differs between the two sexes. In marmmals,
females carry two X chromosomes and males are XY, The X chromosome is
large and gene-rich, whereas the Y chromosome is small and gene poor. Smalil
tegions of the X and Y chromosomes share sequence identity, and these regions
are called the pseudoautosomal regions. They reflect the common origin of the
sex chromosomes (reviewed in ).

Mitosis occurs when cells proliferate, and results in the formation of two new
identical diploid (2n} daughter cells, whereas two specialized meiotic divisions are
required for the formation of haploid (n) gametes from a diploid (2n) precursor
cell (Figure 1).

Before either mitosis or meiosis can occur, replication of the genetic material
has to take place. During this synthesis phase (S phase), each chromosome in the

nucleus is replicated, forming a chromosome consisting of two identical sister
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Figure 1. Overview of mitosis and meiosis. Mitosis in diploid cells (2n, 2C) starts
with a round of DNA replication generating chromosomes consisting of two sister
chromatids, that have doubled the amount of genetic material (2n, 4C). The mitotic
division divides the replicated genome over two identical daughter cells (2n, 2C). Meiosis
also starts with DNA replication (2n, 4C), which is followed by homologous chromosome
pairing and meiotic recombination. The first meiotic division separates the replicated and
recombined homologous chromosomes into two new haploid daughter cells (1n, 2C),
and the second meiotic division divides the replicated or sister chromatids over the germ

cells (1n, 1C).

chromatids, which are held together by a special protein complex of cohesins
(reviewed in "®). In mitosis, this is followed by alignment of all chromosomes
at the metaphase plate, the cohesins are removed, and the sister chromatids are
separated in a bipolar fashion, leading to the formation of two new identical
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Oogenesis
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Figure 2. Overview of oogenesis. The process of oogenesis starts a few weeks after
fertilization in humans, and approximately 13 days after fertilization in mouse, and all
oocytes atrest at the diplotene (D) stage before birth (Oo = oogenia, L = leptoten, Z =
zygotene, P = pachytene, D = diplotene/dictyotene) *. During the first meiotic prophase,
the protein SPO11 induced hundreds of DNA double strand breaks throughout the
genome, while the genome continues to be packed arcund histones. Shortly before
ovulation, meiotic prophase continues, and the first meiotic division is completed. This
division generated the secondaty oocyte and the first polar body. Subsequently, the
oocyte arrests again at metaphase I1. Only after fertilization, the second meiotic division
is completed, and the second polar body is formed. Since all oocytes have reached
diplotene/dictyotene before birth, the supply is limited, and when no more oocytes are
available, menopause starts,

daughter nuclei (2n). Finally, the cell itself divides and each of its two daughter
cells contains one of the newly formed nuclei.

Meiosis encompasses a meiotic S phase and a meiotic prophase, followed by the
two meiotic divisions: meiosis I and II (Figure 1). Following § phase (resulting in
2n, 4C cells, where 1C is the amount of DNA in a haploid gamete), homologous
chromosome sets align, pair and recombine, after which the homologous
chromosomes ate separated in opposite directions in the first meiotic division,
leading to the formation of haploid daughter cells containing a single set of 23
(human) chromosomes that each still consist of two sister chromatids (1n, 2C).
Meiosis I is a so-called reductional division, whereas meiosis II is an equational
division, resembling a mitotic division, in which the chromosomes align at the
metaphase II plate and sister chromatids are pulled apart from each other. The
net result of meiosis I and meiosis II in males is the generation of 4 haploid
gametes (1n, 1C) from one primary spermatocyte (2n, 4C), and each haploid
nucleus carries one homolog of each chromosome pair, that consists of a single
chromatid. In females, the metaphase plate is oriented such that meiosis I and
1T result in the formation of only one haploid oocyte, containing almost all the
cytoplasm, and two polar bodies.

INTRODUCTION: GAMETOGENESIS AND EMBRYONIC DEVELOPMENT



As mentioned above, meiosis leads to the production of haploid gametes,
which are needed for sexual reproduction. Missegregation of chromosomes in
either one of the meiotic divisions leads to an unequal number of chromatids in
the gametes, resulting in an aneuploid embryo, which is mostly lethal to it (see
. In order to obtain proper segregation of chromosomes in meiosis, correct
alignment, pairing and association of the homologous chromosome pair has to
be ensured.

During meiotic prophase, homologous chromosomes need to locate and
recognize each other whereafter they can proceed with their alignment, pairing,
synapsis, and recombination. Meiotic recombination leads to the formation
of chiasmata, which ensure stable physical connections between homologous
chromosomes, needed for proper segregation of the homologs. The chiasmata
represent sites of crossover, meaning exchange of genetic information between
two non-sister chromatids resulting in new allelic combinations that are
instrumental to obtain genetic diversity necessary for natural selection in relation
to sexual reproduction and environmental factors.

So, the first important step in chromosome pairing is identification of
homology. Upon entering the meijotic prophase, all chromosomes undergo the
final S phase in the preleptotenc stage (reviewed in ). At leptotene, meiotic
DNA double strand breaks (DSBs) are introduced throughout the genome
and homologous chromosomal pairing is initiated. Meiotic DSBs are required
for the completion of chromosome pairing ' and some of these DSBs
are converted into crossovers. At zygotene, DSBs are repaired through the
hemologous recombination repair pathway, while the paired homologs start
to become physically connected through the formation of the proteinaceous
synaptonemal complex ''. This process is calied synapsis. When synapsis and
DSB repair is completed during pachytene, the crossovers between the homologs
are formed. During diplotene, the synaptonemal complex is graduzally degraded,
and homologs remain connected through their chiasmata and sister chromatid
cohesion. The chromosomes start to condense in diakinesis I, as the nuclear
membrane disappears and the first meiotic spindle is formed. At metaphase I,
the homologous chromosomes align along the equatorial plane. Loss of sister
chromatid cohesion along chromosome arms allows separation of homologous
chromosomes during metaphase [ (reviewed in *'%), and meiosis [ is completed
when each haploid chromosome set arrives at its pole in telophase 1. Each
daughter cell carries one copy of cach chromosome, and each chromosome
consists of two sister chromatids (In, 2C).

Meiosis II foliows quickly, and loss of the remaining sister chromatid cohesion
at the centromeres (reviewed in* %) allows separation of the sister chromatids,
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and results in the formation of definitive male and female gametes that contain a
hapleid genome with each chromosome consisting of a single chromadd (1n, 1C).

GERM CELLS

In the mammalian early postimplantation embryo, extra-embryonic cells in
proximity to the epiblast start expressing BMP4 Y, which induces primordial
germ cell (PGCs) development in a number of adjacent epiblast cells. Next, these
cells move to the extra-embryonic mesoderm, from where they then migrate
back towards the genital ridges inside the embryonic part to form the germ cell
lineage. During this migration, the PGCs continue to proliferate and divide and
finally colonize the developing gonadal regions (reviewed in '%). Upon arrival
in the gonads, the PGCs are completely epigenetically reprogrammed and reset
by genome-wide DNA demethylation and posttranslational modification of
histones 2.

Inductive signals from somatic cells, depending on the sex chromosomal
constitution (XY versus XX) of these cells, direct gonadal and ultimately
embryonic development into respectively either male or female '* . Male sex
determination is directed through expression of the Y chromosomal Sry gene,
which causes cellular differentiation of supporting cells into Sertoli cells and
formation of testis cords in which the pre-Sertoli cells enclose the PGCs, thereby
committing the germ cells to spermatogenesis ' . In the classical view, it is the
lack of Sry gene expression or action that will result in ovary development, and
the absence of testls cord formation will recruit the germ cells into the cogenic
pathway.

Althought Sry 1s the dominant male sex determining gene in placental
mammals, it has been determined that female sex determination requires the
activity of genes such as Iox/2, Repo? and Wasd 2, Kaockout of Rype? * and
combined knockout of Fax/Z and Wt 2 # leads to extensive XX-sex reversal in
mice. In addition, in human, loss of RSPO1 function is associated with complete
XX sex reversal ®.

OOGENESIS (Figure 2)

The germ cells in the developing ovaries undergo several rounds of mitosis during
the colonization process and their differentiation into cogonia. Already at the
embryonic stage of development, all oogenia enter meiotic prophase, whereafter
they are named primary oocytes. Primary oocytes progress through the first
stages of the prophase of meiosis T and arrest in diplotene (reviewed in *), now
termed dictyotene. At dictyotene, socalled primordial follicles are formed in
which the dictyate oocytes are enclosed by one layer of pre-granulosa cells. Only
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Figure 3. Overview of spermatogenesis. (a) The process of spermatogenesis starts
with the onset of puberty and continues until death. In the first meiotic prophase,
several hundreds of DNA double strand breaks are induced throughout the whole
genome by the toposisomerase-like enzyme SPO11, to enable chromosome pairing and
meiotic recombination. During the postmeiotic phase, after the two successive meiotic
divisions, the whole genome becomes completely reorganized. All histones are removed
and replaced by protamines. This histone-to-protamine exchange is accompanied by the
introduction of transient DNA double strand breaks to remove supercoils and allow
repackaging of the DNA by protamines. The protein-exchange allows compaction of
chromatin, necessary for the final DNA condensation in the mature spermatozoa. (b)
Spermatogenesis involves cycles of mitotic divisions, proliferation and differentiation of
type A spermatogonia (A). Some differentiate through intermediate spermatogonia (I)
into type B spermatogonia and finally enter as primary spermatocytes the first meiotic
prophase (leptotene, zygotene, pachytene and diplotene). After the two successive
meiotic divisions (MI & II), spermatids enter the postmeiotic phase or spermiogenesis.
Spermiogenesis is divided into 16 steps in the mouse, based on the progressive formation
of the acrosome of the spermatids. Berween step 8 and step 13 the round spermatid
nucleus undergoes morphological changes resulting in elongation and condensation of
the sperm head. Mouse spermatogenesis is divided into 12 different continuous stages of
the cycle of the seminiferous epithelium (adapted from ™).
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Figure 4. Overview of early embryogenesis. (a) Directly after fertilization, the secondary
oocytes completes its second meiotic division and all protamines of the paternal genome
are removed and replaced by maternal histones. This protamine-to-histone exchange occurs
within 30 minutes, and 4 hours after fertilization both the paternal and maternal pronucleus
have formed **. Around 24 hours after fertilization, the first cleavage division takes place,
and the second cleavages divisions follow approximately 24 hours later, resulting in a 4-cell
stage-embryo. (b) 2-cell stage blastomeres can divide either meridional (M) or equatorial (E).
The upper row represents embryos, in which the first blastomere undergoes a metidional
division, and the second does so equatorial (ME-embryos). MM-embryos originate from
two meridional second cleavage divisions. The lower row shows embryos undergoing first
an equatorial division, which is followed by either a meridional division (EM-embryos)
or another equatorial division (EE-embryos) *. Boxed area: In ME-embryos the progeny
of the earlier M-divided blastomere contributes to the embryonic part of the blastocyst,
whereas in EM-embtyos the blastomeres from the first divided E-embryo contribute to
either the embryonic part or the abembtyonic (Ab) part *.
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during postnatal reproductive life, the resting pritnordial follicles are recruited
for growth. The pre-ovulatory surges of the hormones FSH and LH induce
resumption of cocyte meiosis I, and the first meiotic division is completed just
prior to ovulation, resulting in the formation of the small first polar body {1n,
2C), and a large secondary oocyte (1n, 2C). This secondary vocyte immediately
proceeds with meiosis 11, to arrest again at metaphase 1I. Fertilization triggers
the metaphase 11 to anaphase II transition, and a second polar body is formed,
as well as the female haplojd proaucleus (1n, 1C). The formation of small polar
bodies allows the cocyte to maintain maximal cytoplasmic volume containing
the maternal factors required for the first cleavage divisions during embtyonic
development. This specific regulation of meiosis in females results in the
formation of one single gamete and two polar bodies.

SPERMATOGENESIS (Figure 3ab)

In contrast to oogenesis, meiosis in male germ cells is not initiated during
embryonic development, but during postnatal testis development at puberty, and
continues to be initiated throughour adult life. During the fetal en neonaral period
of spermatogenesis, the PGCs differentiate to form gonocytes and subsequently
into type A spermatogonia (reviewed in ¥). Around puberty, type A spermatogonia
undergo cycles of mitotic divisions to maintain of pool of undifferentiated type A
spermatogonia, and some differentiate into type B spermatogonia and ultimately
into primary spermatocytes. The diploid primary spermatocytes (2n) undergo one
round of DNA duplication (4C) and then commence meiosis 1. After finishing
metaphase I, the resultiag haploid (1n, 2C) secondary spermatocytes quickly entet
meioisis IT and produce the haploid (1n, 1C} postmeiotic round spermatids. Male
meiotic prophase and the two meiotic divisions together take 26 days in human,
and 11-12 days in mice (see figure 3b) *,

Spermatogenesis includes a unique postmeiotic development phase, which
does not occur in oogenesis. The postmeiotic hapleid male germ cells, called
spermatids, differentiate without cell division into spermatozoa during a process
named spermiogenesis, Spermiogenesis takes 38 and 21 days in men and mice,
respectively . During spermiogenesis, spermatids undergo radical morphological
and biochemical alterations, completely remodeling the paternal chromatin to
ensure 2 tightly packed and condensed male nucleus in spermatozoa. In the early
postmeiotic elongating spermatids, histones are first replaced with transition
proteins TP1 and TP2 *, which are subsequently replaced by protamines PRM1
and PRM2 in the late postmeiotic condensing spermatids {reviewed in %'} and
this is accompanied by transcriptional inactivation of the complete genome.
The histone-to-protamine exchange allows the formation of 2 highly condensed
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chromatin structure. The topoisomerase IIb ¥ relieves the tension caused by
the supercoiling during the transition phase and introduces controlled and
transient DNA breaks ** facilitating the final protamine exchange. Finally, the
late condensed spermatids are released from the Sertoli cells into the lumen of
the seminiferous tubules, in a process named spermiation, and ate transported
to the epididymis to undergo maturation to spermatozoa with full motility and
fertilizing capacity.

FERTILIZATION AND EARLY EMBRYONIC
DEVELOPMENT (Figure 4ab)

When the sperm meets the travelling secondary oocyte up the female reproductive
tract, it first has to pass the species-specific zona pellucida, which surrounds the
oocyte. Upon binding to the zona the individual sperm undergoes the acrosome
reaction, which allows penetration of the zona pellucida. Next, the so-called
equatorial segment of the sperm head binds to its receptor on the membrane
of the oocyte, the membranes fuse, and this most likely tuggers the endogenous
release of Ca™ stored in the endoplasmic reticulum (reviewed in ). This increase
in intracellular Ca®" triggers the completion of the second meiotic division of the
female metaphase 1l genome, and causes exocytosis of granules residing right
under the cellmembrane, the cortical granules, which initiates alterations in the
zona pellucida preventing access for other sperm (reviewed in *).

The fertilized oocyte, now called zygote, contains the haploid female
pronucleus and the decondensing male pronucleus, which undergoes a protamine-
to-(maternal) histone transition and active DNA demethylation, but leaving some
inherited imprints on the paternal genome intact. This is followed by replication
of the paternal and maternal genomes. When the zygote goes into M phase,
the nuclear membranes of both replicated pronuclei disintegrate, and paternal
and maternal chromosomes align on the metaphase plate after which the frst
cleavage division takes place **7° (Figure 4a).

Early mammalian embryonic development has been viewed as a random
occurrence of cleavage divisions until formation of the blastocyst stage, where
polarity is first witnessed by the asymmerric location of the inner cell mass (ICM),
giving rise to the futnre embryo proper, at the so-called embryonic pole, opposite
from the abembryonic pole. This polarization appears to occur at a relatively
late stage compared to what is observed for other species such as insects and
amphibians, where dorso-ventral polarity is alteady determined respectively during
oogenesis "7 or right after fertilization *. However, asymmetry in the zygote
can be observed already shortly after fertilization, also in mammals (reviewed

in *%: simultaneously with the formation of the paternal pronucleus, the second
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polar body (1n, 1C) is expelled from the secondary oocyte, marking the animal
pole, and the zygote rapidly changes its shape by cytoskeletal reorganisation. This
actin-mediated reorganisation causes the zygote to become flattened, resulting
in the formation of a short animal-vegetal axis (AV-axis) with the sperm entry
point (SEM} on the vegetal pole **. The first cleavage division appears to occut
preferentially along this AV-axis %, and both resulting blastomeres inherit
animal and vegetal components of the zygote {Figure 4b).

Recent results indicate that mammalian embryos and cleavage divisions are
flexible,sinceithas been shown thatuptoaquarter of a8-cell stage preimplantation
human embryo can be removed without disrupting its development ¥, and in
mouse embryos research showed that embryo biopsy does not lead to reduced
birthweight or altered subsequent growth to weaning **'. However, they seem
to be biased, since the second cleavage divisions produce 4-cell stage embryos
with apparent different developmental potential and capabilities, depending
on the orentation and order of divisions ** The second cleavage divisions
cccur asynchronous, and each blastomere can either divide mesidionally (M,
paraliel to the AV-axis), producing 2 blastomeres with again animal and vegetal
components, or equatorally () with one blastomere inheriting mainly animal
parts and one blastomere vegetal parts. Similar to the first cleavage division,
these second cleavage divisions are biased; the combination of an M with an
E division, irrespective of the order in which the divisions occur (ME or EM),
accounts for the greater majority (~80%;) of the 4-cell stage embsryos *. It has
been established that in the case of ME-embryos, most of the progeny of the
blastomeres that have undergone the first (M) division will contribute to the
emnbryonic part or plutipotent inner cell mass (ICM), and the progeny from the
subsequent E-division contribute more to the abembryonic part. In the EM
embryos, the earlier E dividing blastomere contributes to either the embryonic
ot abembryonic part. In contrast, the progeny of the blastomeres in EF and MM
embryos contribute randomly to both parts of the ICM * (Figure 4b).

The differential developmental potential of blastomeres of MI embryos
appeats to be associated with an epigenetic asymmetry: blastomeres derived from
M divisions along the AV-axis show higher methylation levels of histone 3 on
lysine residues 17 and 26 compared to the progeny of the E-dividing blastomere
# Chimeras from different combinations of either M- or E-division derived
blastomeres show that individual blastomeres with differential epigenetic states
have different developmental potencies ** ¥,

After the first few cleavage divisions the number of blastomeres increases to
approximately 16-32 in the morula. During these eatly cleavage divisions, passive
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global IDNA demethylation takes place, which removes methylation from the
maternal genome, again leaving genomic imprints intact *%

At the 8-cell stage, blastomeres become polarized along their apical-basal axis
as several proteins become asymmetrically localized * %% and the 4" and 5"
cleavage divisions can be divided in symmetrical divisions, generating only outer
daughter cells, and asymmetrical divisions, leading to inner (basal regions) and
outer (apical region) daughter cells (reviewed in *%). Subsequently, tight junctions
are formed between the outer cells separating the apical (outer cells) and basal
(inner cells) regions 7. The outer cells will give rise to the trophectoderm,
whereas the inner cells will shape the ICM or the embryo proper. The ICM will
retain pluripotency and is able to form all cell types, while the trophectoderm
will give rise to the extra-embryonic tissue. Before implantation in the uterine
wall, a cavity within the developing embryo forms. At this stage, the so-called
blastocyste stage, the ICM (now subdivided in epiblast and hypoblast) lies in
the blastocyst cavity, and is surrounded by the trophoblast. The epiblast is what
ultimately gives rise to the three different germ layers: the ectoderm, mesoderm
and endoderm, which together will form the future embryo, whilst the hypo- and
trophoblast form the extraembryonic tissue.

In mammals, the XX females and XY males have to compensate for the dosage
difference in X-linked genes between them **. This gene dosage compensation
is achieved through inactivation of one of the X chromosomes during early
female embryonic development (reviewed in ). During early mouse embryonic
development, two separate phases of X chromosome inactivation (XCI) occur.
First, the paternal X chromosome is specifically inactivated by unknown
impsinting between the 4- and 8-cell stage.

Following implantation, the plugpotent epiblast cells in the female mouse
embryo, start to differentiate into somatic cell lineages and undergoe a second wave
of XCI: the inactivated paternal X chromosome becomes teactivated, followed
by random X chromosome inactivation “**. Imprinted paternal X inactivation,
however, is maintained in the extra-embryonic tissue **. In humans, early female
preimplantatdon embryos, X chromosome inactivation also takes place, from the
. However, it is still not certain if this early human XCI
concerns either the maternal or paternal X chromosome and occurs through an
imprinted pathway.

8-cell stage onwards

AIM AND SCOPE OF THIS THESIS

Correct pairing of homologous chromosomes in meiotic prophase requires
the formation and repair of endogenously induced DNA double strand breaks.
When chromosomes lack a homologous pairing partner or are not able to pair

PINPROPUCTTON: COAMPTOG RN AND BABRYONIC BEHVELOPMINT
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correctly {e.g. due to translocations), the unpaired regions show persistent
presence of DNA repair proteins and are subjected to meiotic transcriptional
inactivation. This process is named meiotic silencing of unsynapsed chromatin
(MSUC) %% If these inactivated chromosomes contain genes that are essential
during meiotic prophase, meiosis is arrested, leading to fertility disorders.
Mammalian males are always faced with a pairing problem of their heterologous
sex chromosomes (X and Y) due to the evolutionary degeneration of the Y
chromsome. In meiotic prophase of human and mice, they pair and synapse only
in the short pseudoautosomal regions, leaving the rest of the chromosomal arms
unpaired. This unpaired or unsynapsed state Is detected, and triggers a special
form of MSUC, named meiotic sex chromosome Inactivaton (MSCI) (reviewed
in ). In contrast with the infertility or reduced fertility that is associated with
the occurrence of MSUC, spermatocytes are able to cope with the loss of X
chromosome gene transcription, due to evolutionary adaptations which include
the testis-specific expression of retroposed autosomal copies of several essential
X chromosomal genes *.

The central topic of this thesis concerns the mechanisms and consequences
of MSUC and MSCIL To gain a broader understanding, we manipulated MSCI
and MSUC in mamumals, but we also studied meiotic chromosome pairing in
birds, which have a female heterogametic sex chromosome system. In addition,
we analysed chromatin reorganization and sex chromosome behaviour during
spermatid differentiation and in early embryos. Successively in this thesis, the
ermphasis shifts from meiotic prophase (Chapters 2, 3, 4, 5 and 6} to postmeiotic
development (Chapters 7 and 8) and eatly embryonic development (Chapters 8
and 9).

Chapter 2 provides a more detailed introduction of specific aspects related
to the aims of this thesis. The first aim of this work was to gain insight in the
mechanisms that initiate both MSUC and MSCI. Since homologous chromosome
pairing and MSUC / MSCI share components of the DNA repair machinery, we
first studied if there is a link between the presence of DNA double strand breaks
and the repair of these breaks, homology recognition, and MSUC (Chapter 3).
MSCI and MSUC have been described in a diversity of species, indicating an
evolutionary advantage for these mechanisms, We analysed if MSCI also occurs in
birds, a vertebrate species with ZW female heterogamety, which shows complete
heterologous synapsis of the /Z and W sex chromosomes (Chapter 4). In addition,
we analysed the process of MSUC in male zebra finches, which carry a single and
therefore continuous unpaired chromosome, the so-called germ cell restricted
or GCR chromosome, to compare meiotic events for the GRC with this of the
avian sex chromosomes (Chapter 5). Finally, we analysed the behaviour of X and
Y chromosomes during the meiotic prophase in a different clade of vertebrate
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species, the male dog, to establish how representative the XY pair of the male
mouse during meiosis is for mammals in general (Chapter 6).

Recent observations have revealed that MSCI does not end after completion
of the meiotic prophase. Rather, inactivation of sex chromosomes in male
mammals is conunued during postmeiotic spermatid development (PMSC,
postmeiotic sex chromatin). In Chapters 7 and 8, we address the second aim
of this thesis, to study the role of the ubiquitin-conjugating enzyme HR6B/
UBEZ2B in meiotic and postmeiotic chromatin structure regulation. This study
evolved from previous observations that Hrsb/ Ube2b knockout male mice have
low sperm counts and aberrant morphology of sperm heads, resulting in male
infertility. This is associated with specific aberrations of chromatin structure, in
particular of the X and Y chromosome ™. In humans, sub- and infertility can often
be overcome through the use of assisted reproduction techniques (ART) such as
in vitro ferdlization (IVF) and intracytoplasmic sperm injection (ICSI). By using
these techniques, ferdlization is facilitated by bringing the sperm and the cocyte
in close contact (IVF) or through introduction of the sperm (ICSI) or spermatid
(ROSI, round spermatid injection) into the oocyte by injection. We suggested
that our Hrsb/Uke2b knockout mouse infertlity model could provide valuable
information about the relation between dysregulation of chromatin structure in
spermatogenesis and its consequences for eatly embryonic development. Hlence,
we have studied the role of HR6B/UBEZB in maintaining genome integrity in
spermatogenesis and early embryonic development, by using ICSI and ROST in
the mouse (Chapter 8).

During early female embryo development in the mouse, the paternal X
chromosome is subjected to imprinted inactivation. It has been suggested that
this imprinting is fanctionally linked to the meiotic inactivation of X and Y in
the male germline ** 7', although this is debated in view of the observation that
the paternal X chromosome shows expression from zygotic gene activation until
the 4-cell stage in female mouse embryos " ™. Imprinted paternal X inactivation
is initiated around the 4-cell stage but it does not occur simultaneously in all
blastomeres within one embryo. This observation led to the third aim of this
thesis, described in Chapter 9, where we studied the possible link between the
riming of paternal X chromosome inactivation in individual blastometes and
the order and orientation of the cleavage divisions during eatrly embryonic
development.

The General Discussion (Chapter 10) summarizes the findings of this thesis,
and possible future prospects are discussed.
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ABSTRACT

In smeiotic prophase, homologous chromosomes pair and recombine, which
ensures correct segregation of the homelogs at the metaphase to anaphase
transition of the first meiotic division. As a first step, early in meiotic prophase,
DNA double-strand breaks {DSBs) are introduced by 5PO11 at hundreds of
sites throughout the genome. In mammals, formation and repair of these breaks
is essential for the pairing process. The sex chromosomes, X and Y, are largely
heterologous and pair only in the small pseudoautosomal homologous regions.
The large heterologous regions show delayed repair of DSBs and asynapsis, which
triggers meiotic sex chromosome inactivation (MSCH) leading to formation of the
transcriptionally silenced XY body. Initation of XY body formation is known
to require phosphorylation of H2AX, which is also associated with damage-
nduced DSB repair in somatic cells.

MSCI is considered as a specialized form of a general meiotic silencing
mechanism that also silences autosomal unsynapsed chromatin during male and
female meiotic prophase: meiotic silencing of unsynapsed chromarin (MSUC).
Whereas the XY pair remains always largely unsynapsed and inactivated,
autosomal nonhomeologous regions frequently show heterclogous synapsis and
escape from inactivation. Hence, MSUC is less efficient than MSCI. However,
if MSUC occurs, MSCI is incomplete, indicating that the two mechanisms are
functionally interacting,

Herein, we briefly review how X and Y evolved from a pait of autosomes,
in relation to X-chromosomal dosage compensation in females and MSCI in
males. Next we describe current ideas about initiation and maintenance of MSCI
and MSUC. Insight in the mechanism of meiotic silencing is highly relevant for
our understanding of male inferility associated with translocations, in particular
when these occur between an autosome and the X. Furthermore, we anticipate
that dysregulation of MSCI may impact on early embryonic development.

5( Adapted from: W
| Inagaki A, Schoenmakers $ and Baarends WM. (2010) Double strand break |
tepair, synapis and silencing during meiosis. Epigenetics 16;5(4):255-60.
Schoenmakers 8 and Baarends WM (2011). Meiotic pairing of homologous
chromosomes and silencing of heterologous regions. Accepted in Lipigenetics |
and Reproduction, Springer Berlin Heidelberg,
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1. INTRODUCTION

The presence of the largely nonhomologous, or heterologous, X and Y
chromosomes in the genome of mammalian males during meiosis is associated
with specific problems. The Y chromosome is much smaller than the X
chromosome and carries very few genes. The human X chromosome hatbors at
least 1000 genes. The X and Y share homology in the short psendo-autosomal
regions (PARs) that contain approximately 28 genes in humans (reviewed
in ). Despite the current differences in length and gene content, X and Y have
evolved from a pait of homologous autosomes (reviewed in ). DNA sequence
analyses have revealed ancestral homology between genes on X and Y] and have
confirmed the evolutionary relaticnship berween X and Y **. Below, we will address
how X and Y have become so divergent and how this has complicated regulation
of X and Y pairing, their recombination and gene expression duting meiosis.

A remarkable achievement of meiosis is the separation of homologous
chromosomes. This process requires that homologous chromosomes can find
each other, align over their full length, and stck together until the metaphase to
anaphase transition of the first meiotic division, Moreover, in order to ensure
that complete genome sets are separated during the metaphase-to-anaphase I
transition, pairing between nonhomologous chromosomes needs to be prevented.
One important aspect of the meiotic prophase is meiotic recombination. This
involves the induction and repair of DNA double-strand breaks (ID8Bs), which
leads to exchange of genetic information between homologous chromosomes. Tt
is evident that correct repair of these DSBs is essential for the maintenance of
genome integrity. This is important for cells undergoing mirosis, but it is even
more important for germ cells. Errors in the separation mechanism lead to an
unequal number of chromosomes (aneuploidy) in the resulting gametes, which is
mostly incompatible with survival of the developing embryo, but can be viable
when it concerns a small chromosome {(trisomy 21) or the sex chromosomes.
Therefore, it appears counterintuitive for 2 cell to generate DSBs on purpose
upon entrance INto mejosis,

With this review, we aim to highlight known and putative links between
meiotic DSBs repair, homology recognition, synapsis, and detection and silencing
of nonhomologous or heterologous regions such as the largely heterologous
X and Y chromosomes or regions resulting from chromosomal aberrations
such as translocations, Basic insight in these processes will contribute to our
understanding of causes of male infertility, and may help to estimate the possible
risks for the offspring, resulting from the application of assisted reproduction
techniques using sperm from males with fertility problems resulting from
impaired MSCI or activated MSUC.
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2. EVOLUTION OF SEX CHROMOSOMES

Several events and mechanisms have contributed to the present heteromorphic
length and gene content of the now largely heterologous sex chromosomes.
Since there is no situation in the life cycle of mammals in which two Y
chromosomes are present in the same nucleus, it also never recombines with
another Y chromosome. In contrast, an X chromosome can pair and recombine
with another X chromosome during meiotic prophase in XX oocytes. The Y
does recombine with the X chromosome in spermatocytes, but solely in the short
homologous PARs,

In an early mammalian ancestor, the initiation of the progressive differentation
of X and Y most likely started with the evoiution of the dominant male sex-
determining gene SRY on one member of a pair of autosomes °, leading to
the formation of a sex chromosome pair % Meiotic recombination within the
region containing the SRY gene became repressed, consolidadng the new XX/
XY sex-determining system, with a proto-X and proto-Y., How this is initially
achieved 1s not known, but several mechanisms have been suggested (reviewed
in 7). For example, if SRY was located in a small reversed region of the genome,
this could have contributed to the repression of meiotic recombination in that
region. In addition, or alternatively, other male beneficial genes incorporated next
to SJRY might allow selection to act on this male-specific region as a whole, and
this would be favoured by suppression of recombination in this whole region
between the proto-Y and proto-X, to keep SKY in one functional unit with other
male beneficial genes. With time, the region of suppressed recombination has
expanded, and now encompasses the whole male-specific region of the Y (MSY),
which is most of the Y chromosome.

The complete lack of meiotic recombinaton for the MSY has resulted
in the gradual loss of the majority of functional genes that were present on
the original proto-Y chromosome through vatious selection mechanisms that
act during evolution (reviewed in ®. In addition, accumulation of repetitive
sequences on Y has led to the formation of large heterochromatic regions °.
Complete degeneration of the human Y chromosome has been predicted to
occur in approximately 14 million vears (MY) % However, recent sequence
analyses of multiple single-copy Y chromosomal genes in more than 100 men
of diverse genetic background has shown that there is very litrle variation in the
protein coding regions of these genes; implying that natural selection effectively
operates to preserve Y chromosome functionality in man ™. In addition, human
Y-linked genes have been surprisingly well conserved as compared to chimpanzee
Y-iinked genes. Comparative sequencing showed that no gene loss from Y has
occurred in human duting the 6 MY that separate the two species ' ', Hence,
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the widely suggested rate of Y chromosomal decline, with 4-5 single-copy genes
disappearing every one million years, does not seem applicable for the human Y
chromosome. Total degeneration of the Y chromosome may zalso be prevented,
or at least delayed, via intra-Y-homolog recombination between palindromic
regions ", containing multi-copy genes, particular involved in spermatogenesis,
although this is a vulnerable system, described as an Achilles’ heel ™.

Stepwise fusion of the X chromosome with autosomal chromosomes,
the so-called different evolutionary strata, and a seties of Y-invetsion events
have also added to the current heteromorphic state of the sex chromosomes
> %, Finally, acquirement of individual genes by autosome-to-Y and autosome-
to-X transpositions also contributed to XY differentiation. Since most of these
transposed genes and the remaining functional genes on Y have a testis-specific
expression, the Y chromosome seems to have masculinized, and its functional
regions exist mainly out of male-beneficial genes .

Mammalian XY differentiation began approximately 200 MY ago and the last
major rearrangement on the human X chromosome occutred 30-50 MY ago .
The oldest part of the Y chromosome contains the sex determining gene SRY
{distal tip of Yp) and the PARs, where X and Y can still recombine. Where the
Y chromosome has evolved into a male beneficial gene enriched chromosome,
the X chromosome has become enriched for genes benefical for reproduction
and brain development . The evolutionairy changes that occurred on X and Y,
generating huge differences, complicate the pairing and recombination process
duting male meiotic prophase. Still, the heterologous X and Y need to associate,
to ensure cogrect separation of X and Y during the first metaphase-to-anaphase
transition.

3. HOMOLOGOUS CHROMOSOME PAIRING IN MEIOTIC
PROPHASE

In meiotic prophase, all homologous chromosomes need to recognize
each other before they can proceed with alignment, paiting, synapsis and
recombination. Alignment and initiation of pairing occurs following the final
S phase, in leptotene, pairing progresses during zygotene and is followed by
synapsis, which is completed in pachytene nuclei. Synapsis is achieved by the
formation of the synaptonemal complex (SC) between the chromosomal axes
of the paired homologous chromosomes. X and Y also need to recognize each
othet, but at the same time, pairing of the heterologous regions needs to be
avoided to prevent incorrect recombination. The exact mechanism by which
homologous chromosomes recognize each other and prevent association between
nonhomologous or heterologous chromosomes in meiotic prophase in mammals
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is still enigmatic, although two important processes are known to be essential
for chromosome pairing: bouquet formation and the generation and repair of
meiotic DSBs.

3.1 Bougunet formation

After DNA replication in preleptotene, the telomeric repeats of all chromosomes
associate with the nuclear envelope in leptotene, while the chromosomal arms
loop towards the center of the nucleus. This is followed by aggregation and
clustering near the centrosome, forming the transient meiotic bouquet (reviewed
in '), Specific components of the inner and outer nuclear membrane have
been shown be essential for bouquet formation and (homologous) chromosome
pairing in mouse . Telomeric movements along the nuclear membrane enable
the occurrence of transient interactions between the chromosommes ', possibly
contributing to homology recognition and pairing. Also, specific unique (DNA)
sequences or chromatin components such as yet unknown pairing centers and
centromeres may contribute to the initial homologous interactions (reviewed in '%).

3.2 Metotic DNA double strand break formation

Simultaneously with formation of the bouquet configuration of chromosomes
at leptotene, several hundreds of meiotic DNA double strand breaks (DSBs) are
induced by the topoisomerase-like enzyme SPO11 throughout the genome .
The presence of DSBs leads to activation of the checkpoint kinase ATM, which
phosphorylates histone H2AX (forming YH2AX) in the regions surrounding the
222 In somatic cells, yH2ZAX marks damage-induced DSBs % Formation

and repair of meiotic SPO11 induced-DSBs is essential to achieve complete and
23,24

breaks

correct chromosome pairing

3.3 Synapionemal conplex: formation

During formation and repair of meiotic DSBs, a protelnacecus structure is
assembled between the homologs. This structure, named the synaptonemal
complex (8C), physically connects the homologous chromosomes, facilitates and
stabilizes synapsis, and enables meiotic recombination (reviewed in *).

The assembly of the SC starts with the formation of the axial elements
(AE) at leptotene, when SYCP2 and SYCP3 proteins form filaments along the
chromosomal axes of the connected sister chromatids (reviewed in 2. During
this phase, specific sites on the chromosomes, such as “sticky” centromeric and
pericentric heterochromatic regions in respectively budding yeast and Drosaphils
(reviewed in '), and pairing initiating regions in Caenorbabditis elegans ¥, could
establish transient interactions and stabilize the aligning chromosomes (reviewed
in '%. The sites of meiotic DSB repair (see below) seem to form the first physical
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connections between homologous chromosomes, and could function as initiation
sites of synapsis, at least in budding yeast (reviewed in ). However, the clustered
and paired telomeres at the bouquet stage could also function as starting points
of synapsis. This is suggested by the observation that synapsis during meiosis in
humans appears to initiate from both ends of the SC, proceeding to the middle
of the aligned chromosomal axes *.

Apart from SYCP2 and SYCP3, the chromosomal axes also contain cohesins,
in a protein complex that holds sister chromatids together. The meilosis-specific
cohesin proteins RECS and SMCI1B colocalize with the AE component SYCP3
¥, Analysis of mice deficient for genes encoding meiosis-specific components
of the cohesin complex have shown that they are not oaly required to keep the
sister chromatids connected during the first metaphase-to-anaphase transition,
but cohesins also regulate the length of the SC and synapsis ¥,

Upon homologous chromosome alignment, the transverse element (TE)
protein SYPCI, in cooperaton with the central element (CE) components
SYCE1, SYCE2 and TEXI2, connects the homologous AEs (reviewed in .
The appearance of SYCP1 defines the moment of synapsis and the AFs are
now termed lateral clements (LEs) in the completed SC. Knockout of each of
these genes leads to very similar synaptic defects: meiotic chromosome paits
in spermatocytes from Syp?", Syel”, Syee2”, and Tex727" mice show normal
alignment, but do not synapse and fail to complete repair of meiotic DSBs. In
addition, the X and Y chromosomes do not pair in these mutants 2%, Also, in
SYCP2 and SYCP3 deficient mice, chromosome pairing is also severely affected
¥ Itisimportant to note that the sevetity of the meiotic phenotype thatis observed
upon mutation of genes involved In meiotic recombination or synaptonemal
complex formation is frequently different between males and females **°. For
example, In Sygp3 knockout females, meiosis proceeds up to the diplotene stage,
but many oocytes are lost during the first week of postnatal development ¥.
Some oocytes even survive until adulthood, and embryos obtained from such
oocytes are frequenty aneuploid *. This and other sex-differences observed for
the functions of genes involved in meiosis are thought to be due at least in part
to a sex-differential regulation of checkpoints ¥ (see also 3.5).

3.4 Meiotic DNA donble strand break repair
In mitotic cells, [DSBs can be repaired via nonhomologous end-joining (NHE])
or via homologous recombination (HR) pathways. For the latter process, an intact
homologous template is required, for which, after S phase, the sister chromatid
is usually available.

In meiotic prophase, expression of proteins involved in NHE]J is repressed

* and all meiotic DSBs thus need to be repaired by the mote accurate HR

Ui REVPA IR, ASYNADPSTS AN RIETO T S HNCING




pathway. The meiotic DSB repair process is quite different from homologous
recombination repair of damage-induced DSBs in somatic cells. First, meiotc
breaks are not induced by damage or stalled replication forks, but generated by
SPO11, an enzyme that remains covalently attached to the cleavage site *. SPO11
Is an enzyme conserved from veast to worm, flies and marmmals. The DSBs
are formed after the final S-phase and depend on several accessory factors that
may help to localize and activate SPO11 (reviewed in ). Meiotic DSBs are not
distributed at random in the genome but concentrate in so-called hotspots. Recent
evidence indicates that histone modifications such as H3K4 trimethylation are
involved in creating the chromatin environment that forms a hotspot *. SPO11
functions as a dimer, where one molecule remains covalently attached to each
DSB end upon generation of the break {reviewed in *.)

To allow DNA repair through HR, endonucleolytic cleavage of these protein-
linked DDSBs is necessary to remove the attached SPO11 together with some
oligonucleotides *. In fission veast, subunits of the MRN complex (MRET11,
RADS50 and NSB1) in combination with the endonuclease Ctpl are required
for meiotic DSB processing, including cleavage and subsequent resection of the
-4 vielding 3’ended single-stranded DNA (ssDNA) overhangs * on cach
end of the break. The MRN complex is also involved in sensing the presence of
(meictic) DSBs, and aids in the localization of the kinase ATM to damage sites
(reviewed in ™).

ends

Apart from the different origin and initial processing of SPO11-induced
breaks compared to damage-induced DSBs in somatic cells, the homologous
tecombination mechanism itself has also been adapted for meiosis. The most
important melotic specialization of this repair pathway involves the inhibition of
the use of the sister chromatid as a template for repair, thereby stimulating the
search for the homologous chromosome. Several meiosis-specific DINA repair
proteins and the synaptonemal complex contribute to the so-called interhomolog
bias of the meiotic DSB-tepair machinery. After the 3’ ssDINA overhangs on
each end of the DSB have been formed, the strand exchange protein RADS1,
essental for strand invasion of the homologous DNA, forms filaments on these
overhangs in mitotic cells *'. Using immunocytology, the formation of RADS51
filaments can be observed as foci. In meiotic cells, not only RADS1, but also its
meiosis-specific paralogue DMC1 assembles on the processed ssDNA ends *
and these RADS51/DMC1 filaments inidate the search for homology (7, reviewed
in *). From these two repair proteins, DMC1 is believed to be the one that
promotes repair via the homolog ** . When the ssDNA filament invades the
dsDNA of the homolog, this brings them in close proximity to each other. The
search for homology is most likely facilitated by the bouquet configuration and



the active movements of the chromosomes. This whole process of searching,
occurring on several sites of DSB repair on each chromosome pair, most likely
mediates correct alignment and pairing of homologous chromosomes.

Once homology has been detected, the ssDNA with the RAD51/DMC1
filaments invades the homologous template and a brief phase of DNA synthesis
occurs (reviewed in **). Subsequently, crossovers (actual exchange of chromatids
arms) and noncrossovers (gene conversion events) are formed through separate
pathways that are strictly regulated; the number of crossovers is rather constant
per species and sex, and highly outmumbered by the number of nonecrossovers.
Special mechanisms reduce the likelihood of two crossovers oceurring in close
proximity of each other, but ensure that each chromosome pair, including X
and Y, contains at least one —obligate— crossover. In addition, Kleckner et al.”
reported that the number of crossover sites correlates to the length of the SC.
This indicates that there is a complex functional interplay between the formation
and processing of meiotic DSBs and the structure of the chromosomes. It is not
clear what the molecular basis of crossover interference is in mammals.

The importance of the generadon and in particular the repair of melotic
DSBs for chromosome pairing is illustrated also by the inferulity phenotypes
of respectively Spof7 and Dmcl knockout mice ™ * % . In the absence of
meiotic DSBs, 11 Spe? I knockout mice, nonhomeologous synapsis 1s observed, in
addition to asynapsis **. Thus, ongoing meiotic DSB repair, or repair-associated
signaling, may inhibit nonhomologous synapsis. Stil, when DSB repair is stalled
in certaln mutant mouse models, nonhomologous synapsis also occurs, indicating
that these incompletely repaired DSBs cannot completely prevent heterologous
synapsis ¥ %01,

3.5 Meiotic checkpoint regulation during male meiotic prophase

To maintain genomic integrity, the repair process and the associated pairing
of homologous chromosomes need to be tightly controlied. In budding veast,
two main meiotic cell cycle checkpoints have been identified: the replication
or double-strand-break checkpoint, coupling the completion of premeiotic
DNA replication to the introduction: of SPO11-induced meiotic DSBs, and the
pachytene checkpoint, monitoring correct (homologous) DSB repair, meiotic
recombination, and synapsis {reviewed in ).

Careful analysis of many meiotic mutants in mouse has revealed thatincomplete
meiotic DSB repair and synapsis trigger apoptosis around midpachytene,
corresponding to Stage IV of the cycle of the seminifercus epithelium in mouse
(Figure 3b, Chapter 1) *** indicating that a checkpoint operates at this stage. It
has been proposed that this checkpoint is triggered by failure to inactivate the X
and Y chromosome (meiotic sex chromosome inactivation, see below), and this
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idea (reviewed in %) would provide at least one attractive possible reason for
the sex-difference in meiotic phenotypes of many mutants,

The rwo related kinases ATM and ATR perform pivotal functions in the
activation of cell cycle checkpoints in somatic cells. The SPO1!1 mediated
induction of meiotic DSBs activates ATM, which enables the first meiotic
wave of phosphorylation of H2AX *. ATR is expressed somewhat later, and is
required for YH2AX formation on XY body chromatin (see below) *% . Az’
spermatocytes show a fallure in meiotic DSB repalr and chromosome synapsis,
and apoptos:s 1s induced at the mid-pachytene checkpoint, indicating that ATM
is not required for this checkpoint . Spef7 heterozygosity allows progression
of the meiotic prophase of A#w” spermatocytes until the first metaphase, when
increased spermatogenetic apoptosis is stili observed, indicating that metaphase
I also functions 28 a checkpoint moment 9%, In these Sp0" A mice, reduced
or delayed formation of meiotic DSBs may help ATR to compensate for the loss
of ATM %,

In many organisms, cell cycle checkpoint proteins (such as ATR and ATM) not
ornly function as surveillance proteins, but are also indispensable for completion
of DSB repair and meiotic recombination. Phosphorylation of the yeast meiosis-
specific HORMA-domain protein HOP1 by ATR and ATM homologs (MEC1
and TELT) is required for meiotc prophase checkpoint activation as well as
for interthomolog-directed repair @, Recently, two mammalian homologs of the
veast Hopl protein, named HORMADT and HORMADZ, have been identified
*. Barly in meiotic prophase, HORMAD1 and 2 accumulate on unsynapsed
chromosomal axes. They are removed when the SC forms between homologous
chromosomes . As expected, HORMADI1 and 2 both remain present on the
unsynapsed parts of X and Y 7.

4. SEX CHROMGOSOMAL BEHAVIOUR DURING MAMMAILIAN
SPERMATOGENESIS

4.7 Pairing of X and Y in meistic prophase

As mentioned above in section 2, the X and Y chromosomes are largely
heterclogous as a consequence of the evolutionary degeneration of Y and
reorganisation of X. During zygotene, synapsis between X and Y is initiated in
the pseudoautosomal regions (PARs) and appears to continue along most (90%a)
of the length of the Y chromosome at early pachytene in mouse (Figure 1ADB and
™", including nonhomologous regions. Apparently this heterologous synapsis is a
transient state since hereafter X and Y desynapse gradually unul they only remain
connected at their homologous tips in late pachytene and diplotene ™. This
observation indicates that progression of synapsis is dynamic, allowing desynapsis
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early pachytene early-to-mid pachytene mid pachytene late pachytene

ll extensive X-Y synapsis —— > X-Ydesynapsii ——» XY end-to-end associatio

c human mid-late pachytene spermatocyte

Figure 1. Extensive (heterologous) synapsis between X and Y at early pachytene
is followed by desynapsis and subsequent end-to-end association. (a) Overview of
the different XY associations duting pachytene in mouse spermatocytes. Spermatocyte
spread nuclei immunostained for SYCP3 (red). The position of the XY pair is indicated
by a box and the appearance of the SC is schematically depicted in the lower right corner
of each image. Bar represents 10 pm. (b) Enlargement of the XY pair from the panel,
and the bar represents 5 um. (c¢) Human spermatocyte in pachytene stained for SYCP3
(red) and yH2AX (green). Bar represents 10 um. Higher magnifications of XY pair are
shown on the right. Bar represents 5 pm.

when an unknown control mechanism detects absence of homology. For the
XY pair, this mechanism appears to be efficient, since persistent heterologous
synapsis between X and Y is not observed.

Throughout pachytene and diplotene, X and Y reside in a specific chromatin
region adjacent to the nuclear membrane, named the XY body. In human
spermatocytes, the morphology of the X and Y chromosomal axes is more



complicated in pachytene nuciei zs compared to mouse, although extensive
synapsis has also been described ™. Partial synapsis is visible in immunofluorescent
analyses of early pachytene nuclei, but the XY chromatin condenses rapidly
thereafter, and the SC structure has a disorganized appearance (Figure lc
and 7' ), forming the XY body.

4.2 Meiotic DSB repair at X and ¥

Chromosomes or chromosomal regions without a homologous pairing partner
can only repair their meiotic DSBs (in these regions) through recombination
with the sister chromatid or via NHE]. Since both these pathways appear to be
repressed during early meiotic prophase, meiotic DSBs in such regions may remain
unrepaired. During the zygotene-to-pachytene transition, the XY pair becomes
easily recognizable because it is the only chromosome pair with incomplete
synapsis. At this stage, the number of RAD51/DMC1 foci in spermatocyte nuclei
has already decreased dramatically compared to leptotene/zygotene ™. Few foci
still persist on the autosomes in early pachytene, but the unsynapsed part of
the X chromosome is always marked by several persistent RAD51/DMC1 foci
77 Concomitant with the gradual decrease in the number of RAD51/DMCI
foci, the overall level of YH2ZAX also decreases. Howevet, a second wave of
YH2AX formation occurs specifically on the XY body and this phosphorylation
is mediated by ATR **%. ATR first localizes the unsynapsed parts of the XY pair,
after which it also spreads to the synapsed part 7. The unsynapsed part of the X
chromosome is also marked by increased levels of persistent foci of DSB repair
and checkpoint proteins (Table I) until late pachytene/early diplotene, indicating
that repair of DXSBs along the X chromosome is severely delayed.

Surprisingly, RADS51 foci are only rarely observed along the unsynapsed part
of the Y in mice ™ Itis not known whether SPO11 does notinduce breaks on this
part of Y. RNA-FISH analyses have provided indications that the Y chromosome
is already partially inactive in mouse spermatogenia and a heterochromatic
chromatin structure encompassing most of the Y chromoscme may interfere
with access of SPO11 to the DNA *. Also, these breaks tmight somehow be
morte rapidly repaired on Y compared to the X chromosome. In human, due to
the repetitive nature of the Y chromosome, such repair might occur via intra-
chromosomal recombination during zygotene, simuitaneously with homologous
recombination tepair on autosomes ',

In addidon to several DSB repair and checkpoint proteins (Table 1), the
postreplication DNA repair pathway proteins HR6A, HRGB and RAD1S also
accumulate on the X and Y chromosomes during pachytene *'. HROA and HR6B
encode two very similar mammalian homologs of the ubiquitin-conjugating
enzyme RADG in veast * and form a complex with the ubiquitin ligase RAD13
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Table 1, Proteins involved in DNA repair and checkpoint activation enriched on the XY

body

Protein Function Pattern on XY Reference

ATR Protein kinase involved in DNA Axial elements ™
replication, DNA damage response and  and chromatin
checkpoint actvation

BLM Membet of the RecQ helicase family, XY body 138
functons in DSB repair chromatin

BRCA1 Functions in homclogous recombination Axial elements 1%
tepair of DSBs. Ubiquitin ligase activity
Checkpoint mediator protein

BRCAZ Functions in homologous Axial elements ¥
recombination repair of DSBs,
stimulates RADS1 filament formation

DMC1 Melosis-specific paralogue of RADS1  Focal (X) along *

axial elements

YH2ZAX YH2AX phospotylated at $129, XY body .22
mediated by ATR at the XY body chromatin

H2AK119ubl H2A mono-ubiquitylated at K119, XY body o
silences chromatin and recruits DSB chromatin
repair proteins

HORMAD1/2 Meiosis-specific HORMA domain Axial elements 3414
containing proteins involved in
DSB repair, interhomolog bias and
checkpoint activation

HR6B Functions in DSB and postreplication XY body i
repair and is required for H2B chromarin
ubiquirylation. Ubiquitin-conjugating
ENZyME ACtivIty

Ku70 Involved iz nonhomologous end-joining XY body H
pathway chromatin

MDC1 Early responder to DSBs, facilitates XY body B
ATM and MRE11 complex recruitment chromatin

MRE11 Component of the MRE11 complex, XY body *3
involved in sensing and repair of DSBs  chromatin
and checkpoint signailing. Endonuclease
actvity

RAD1 Component of the 9-1-1 complex, Axial elements ™
involved in cell cycle checkpoint
activation

RADI18 Functions in DSB and postreplicadon XY body 8

repair pathways, Ubiquitin ligase activity.

Ubiquitylates PCNA

chromatin
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Table 1. Continuation

Protein Function Pattern on XY Reference
RADS51 Catalyzes homologous recombination  Focal (X} along 7
reaction using ATP-dependent DNA axial elements
binding activity and a DNA-dependent
ATPase
TOPBP1 Functions in DNA replication and DNA Axial elements '+ ¥
damage response, activates ATR and chromatin
53BP1 Role in the recruitment of proteins XY body 2
to double stranded breaks in DNA. chromatin

Checkpoint mediator protein

%, In yeast, the RADG-RAD18 complex is required for the ubiquitylation of the
sliding clamp protein PCNA *, which forms a trimeric ting around the DNA
and is indispensable for DNA replication. HR6A and HR6B ate also involved
in the ubiquitylation of the histone H2B in veast and mammalian cells % %,
Altnough HR6A and HRGB perform redundant essential functions in somatic
cells ¥, HROB is specifically required duting meiotic and postmeiotic male germ
cell development *.

Around mid-dipiotene, the DNA repair proteins and YH2AX have disappeared
from the XY body, indicating that the breaks have been repaired. At this stage,
repair via the sister-chromatid may no longer be blocked. Alternatively, or in
addition, NHE] may have been reactivated at this stage and participate in repair
of the persistent meiotic DSBs ¥.

In contrast to delayed DSB repair on the unsynapsed parts of X and Y, repair
of DSBs that localize to the pseudoautosomal region of the XY pair appears to
occur with normal, or perhaps even accelerated timing *. RADS51 foci do not
petsist in this region of X and Y, and the single obligate crossover appeats to be
formed slightly ahezad of the crossovers on the autosomes ',

4.3 Meiotic sexc chromosome inactivation (MSCI)

During the consecutive stages of spermatogenesis, X- and Y-linked genes show
three different expression profiles. In mitotically dividing spermatogonia, genes
from the X and Y chromosomes are actively transcribed, and male germ-cell
specific genes have been found to be overrepresented on the X chromosome in
these cell types *'. However, as mentioned above, Namekawa et al. ® reported
that in type A and B spermatogonia, the Y chromosome appears to be at least

partially inactive, based on results from RNA FISH analyses.
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LUipon entrance into meiotic prophase, transcription of genes located on the
X chromosome starts to decrease . Concomitant with completion of synapsis
between all autosomes around the zygotene-to-pachytene transition, melotic
sex chromosome inactivation (MSCI) is initiated and the largely unsynapsed
X and Y form the inactivated XY body (or sex body) in the periphery of the
nucleus . The XY body is a specialized chromatin domain, not a membrane
enclosed vesicle, which remains visible as a more or less separate DAPT domain
until the end of meiotic prophase. Immunocytochemical analyses have shown
that the XY body is visibly depleted for RINA polymerase 11 from midpachytene

onwards ¥

. In addition, microarray analyses of isolated cell types have shown
that the average RNA expression level of X chromosomal genes is very low
in spermatocytes as compared to spermatogonia fractions ¥. However, many
X-linked miRNA genes escape MSCI since they remain actively transcribed by
RNA polymerase I throughout meiosis *. How the transctiption of miRNAs is
achieved in the XY body is unclear; perhaps specific factors that bind to miRNA
gene promoters allow RNA polymerase to transcribe these genes. The amount
of RNA polymerase II that is actually involved in this miRNA-related process
may be low, explaining why the whole XY body appears to be devoid of RNA
polymerase I1.

The X chromosome contains many genes that perform functions that are
essential for cell viability. For several of these genes, retroposed intronless
copies have emerged on autosomes during the course of evelution, which can
compensate {or the loss of wanscription from the X-encoded variant because
of MSCI, and these autosomal retroposed genes mostly show testis-specific
expression .

The ATR-mediated phosphorylation of H2AX is the eatliest known histone
modification on the XY body and this modification has been shown to be required
for the initiation of MSCI *. In addition, unknown chrormatin components
become sumoylated around late zygotene ¥ followed by ubiquitylation of
H2A on the XY * and deposidon of histone macroH2A1.2 (* around early
pachytene. In pachytene, the X and Y chromosomes also undergo a series
of histone modifications, such as deacetylation of H3 and H4 *, most likely
contributing to transcriptional silencing of the XY body. In addition, a global
nucleosome replacement occurs around midpachytene . The exact functions
of these modifications and proteins are not known, but they could play a role in
the maintenance of MSCIL.

So far, a few knockout mouse models have been described in which initiatdon
of MSCT is pertutbed. In the complete absence of formation of meiotic DSBs, as
occuts in Spo? 77 mice, chromosome paiting in spermartocytes is severely affected;
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X and Y hardly ever associate in these cells and are not silenced. This indicates
that DSB formation could be essential for “true” XY body formation. However,
one or two subnuclear regions containing part of the asynapsed chromatin but
mostly not overlapping with X and Y still show enhanced accumulation of ATR
and YH2AX in the Spo777 mice ¥, apparently independent of the presence of
meiotic DSBs. These so-called pseudo-XY body regions are also transcriptionally
silenced ', similar to the silencing of the XY body in wild types. Thus, it seems
that in the absence of meiotic ID8Bs, there is still some unknown activity on (part
of the) asynapsed axes that nucleates the formation of a silenced chromatin area;
the pseudo-XY body.

When meiotic DSB repair is blocked, such as in Dmel knockout mice, the XY
body or a pseudo-XY body are not formed **, and in such nuclei, RAD51 and
YH2AX persist at many sites in the nucleus. This indicates that components of
the DISB-repair machinery and the XY silencing machinery may be shared and
limiting in amount. In addition, such nuclei also show impaited homologous
chromosome pairing. Based upon the fact that in Spe/7 mutants, the pseudo-
XY body forms on only a small part of the asynapsed axes, it appears that the
presence of asynapsed axes by itself is not sufficient to trigger meiotic silencing.
However, the pseudo-XY body formation in the $po/7 knockout also argues
against meiotic DSBs being the sole factor in the initiation of MSCI. The
presence of DSB-repair associated proteins on the XY body and the inhibition
of XY body formation and MSCI when DSB-repair is blocked, point towards a
link between the DSB-repair machinery and the XY silencing machinery.

Apart from proteins encoded by the Spo?7 and meiotic-DSB repait genes, the
poly{ADP-ribose) polymerase 2 (PARP2) enzyme also appears to be involved in
MSCI. Parp2?- spermatocytes show a general decrease in crossover frequency,
defective SC formation between X and Y chromosomes and also an impairment
in MSCIL. PARP2 controls chromatin structure and genomic integrity in response
to DNA damage, again providing a link between DINA damage response pathways
and MSCI '™

Taken together, it appears likely that the detection of heterologous regions is
tightly coupled to the process of homology recognition. Both processes appear
to have DSB-dependent and DSB-independent aspecrs. In addition, checkpoint
proteins, such as ATR and perhaps also the newly identified HORMAD proteins,
play essential roles in marking unsynapsed regions {often containing persistent
meiotic DSBs) for meiotic silencing.
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4.4 Meiotic silencing of unsynapsed chromatin (MSUC)

MSCI appears to be a specialized form of a general meiotic silencing mechanism
that silences unsynapsed (autosomal) heterologous chromatin in spermatocytes
and oocytes '™ '™, termed meiotic silencing of unsynapsed chromatin, MSUC ',

This mechanism s activated for example when translocations or inversions
mterfere with normal chromosome pairing, and on the single X chromosome in
oocytes of XO mice "' In these unsynapsed, silenced, heterologous chromatin
regions, persistence of meiotic DSB repair proteins is also observed, similar to
what has been reported for the unsynapsed part of the X chromosome in the
XY body. The X and Y chromosomes in spermatocytes are always subjected
to meiotic silencing, but autosomal chromosomes with nonhomologous regions
or the single X chromosomes in XO oocytes can sometimes evade MSUC by
achieving heterologous synapsis.

Variable heterologous synapsis is detected when specific translocations cause
a pairing problem. For example, in mice carrving two similar but not identical
translocations between chromosome 1 and chromosome 13, a heterologous
region of approximately 40 Mb is present on both the small 1'* bivalent and the
large 13’ bivalent. The small translocation bivalent shows heterologous synapsis
in only 40% of the nuclei, whereas the larger bivalent with a heterologous region
with the same size succeeds to complete heterologous synapsis in more then 95%
of the nuclei '™, Such heterclogous synapsis is thought to occur via an adaptive
process, called synaptic adjustment. The axial/lateral elements of the SC can be
considered as a basal axis that connects the loops of chromatin. The length of
these loops determines axis length, and during synaptic adjustment, chromatin
loop length is adjusted to equalize the axis length of the two chromosomal
regions that ate heterologous ', It is evident that heterologous synapsis should
be generally avoided, because it interferes with homologous chromosome paiting.
However, heterologous synapsis of small regions may help the cell to escape
from a possible synapsis checkpoint or may prevent silencing of essential meiotic
genes by MSUC, allowing spermatocytes with a minor pairing problem to survive
and continue with their meiotic progression,

Certain heterologous regions remain unsynapsed in a fraction of pachytene
nuclei, whereas they synapse heterologously in the rest of the nuclei ' When
heterologous regions remain unsynapsed, they accumulate the DNA repair- and
MSCHlinked proteins DMC1/RAD51, BRCA1, ATR, HR6B and RAD18, and
the phosphorylated form of H2AX, in human and mouse spermatocytes and
oocytes 11 and this is then always associated with transcriptional silencing of
these unsynapsed regions. Conversely, when heterologous synapsis occurs, DNA
repair proteins are not observed in these synapsed regions, and the chromatin is
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Figure 2. Model for the process of homology recognition, linked to meiotic DSB
repair and MSCI. (a) In carly leptotene, all telomeres become attached to the nuclear
membrane, and cytoskeletal fibres originating in the cytoplasm pull the telomeres along
on the membrane. Simultaneously, hundreds of meiotic DSBs ate induced (yellow dots) [
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not silenced. Thus, there is a tight coupling between the prolonged presence of
DNA repair proteins, hence the persistence of DSBs and unsynapsed silenced
chromatin.

In spermatocytes in which MSUC has been activated, MSCI seems to be
impaired ', This appears somewhat similar to what is observed in Spa7 1, Aswr’
and Dl mouse mutants with impaired meiotic DSB repair as mentioned in
sections 3.5 and 4.3. In such mutants, persistent DSB sites also interfere with
MSCT 242,58, 5% 63,67, 65, 96100 Thege findings indicate that functional components
of the DNA repair machinery and the MSCI/MSUC machinery are shared and
limidng in their amount; for example, the amount of ATM/ATR that has to
phosphorylate H2AX may be limiting. Unsynapsed and silenced autosomal
chromosomes often localize adjacent to the silenced X and Y chromosomes;
formation of such a single silenced chromatn region may help to concentrate
the shared factors that mediate MSCE and MSUC within the same region of the
spermatocyte nucleus.

throughout the genome, and a search for a homologous repair-template is initiated. The
chiromosomal movements facilitate numercus transient interchromosomal interactions,
allowing an efficient homology scan by the DSB repair machinery. If homelogy is
confirmed, stable interactions can be formed, and strand Invasions associated with DINA
repair follow. Pairing regions and “sticky heterochromatc” regions {colored rectangled
block) may also contribute to homology recognidon and aid in the stabilisation of
homologous pairing, (b} Each individual autosomal homologous chromosome pair
acquires many DSBs and simultanecusly assembles the lateral element, SYCP3, of the
synaptonemal complex. The homoelogy-directed meiote [ISB repair occurs in association
with the assembly of the SC, and the intimate contacts that ocour during strand invasion
allow SYCP1 and other central elements of the SC to assemble between the SYCP3
proteins on both homelogs. Some of the DSBs (at least one per chromosome pair) are
converted to crossovers, and these are required for proper segregation during the first
metaphase to anaphase transition. Following completion of the DNA repair process,
H2AX becomes dephosphorylated. (¢) The ¥ and Y chromosomes underge the same
processes as the autosomes: induction of DSBs and assembly of SYCP3. However, apart
from the pseudoautosomal region in which the obligatory crossover will be formed, no
regions of homelogy are present. This interferes with the homologous recombination
repair process of meiotic DSBs on the X chromosome, due to the absence of a homologous
tepair-temnplate. SYCP1 deposition and SC formaton inijtiates from the pseudoautosomal
region, but does not proceed, or is unstable, 1n the heterologous regions. The delaved
repair of DSBs could cause continuous accumuladon of DNA repair proteins, and above
a certain threshold ATR may be recruited. Alternatively, or in addition, accumulation of
(DNA repait) proteins that specifically associate with the uasynapsed chromosomal axes
may recruit ATR. This leads to spreading of ATR and other (DNA repair) proteins
along the XY chromosomal axes. Subsequently, phosphorylaton of FH2AX spreads into
the surrounding chromarin, mediating recruitment of downstream factors, including the
factors that mediate transcriptional silencing in the XY body.
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4.5 Postmeiotic silencing of sex chromosomes (PMSC)

Inactivation of the majority of X- and Y- chromosomal genes continues beyond
meiotic prophase, in spermatids, and persists until the end of spermatogenesis,
when the whole genome is shut down * . Around late pachytene, the
inactivated XY pair acquires di- and trimethylared H3K9, that is assoclated
¥, H3K9me3 mediates the recruitment of the
Chromobox protein 1 (CBX1), a well known heterochromatin marker, to the
XY chromatin ", The histone methyladon marks and CBX1 remain present on
X and Y until the histone-to-protamine transition in late spermiogenesis ™%,
indicating continued repression of X and Y. Recently, it has been shown that the

multi-copy Y-chromosomal gene 5/ plays a pivotal role in X- and Y-chromosome
111

with transcriptional repression

silencing in mouse spermatids ''". Through inhibitton of $4 expression with
small RNAs expressed from a transgene, it was shown that S/ is involved in the
maintenance of CBX1 and H3K9me3 on X and Y in postmeiotic auclei "' In
addition, deficiency for SLY leads to a global posunelotic de-repression of X and
Y genes, resulting in sperm defeces ''h 12

How can expression of a Y chromosomal gene function in the maintenance
of repression of Y chromosomal gene transcription, if it is repressed by MSCI
itself? This can be explained by the fact that, although most X- and Y-encoded
genes remain repressed in postmeiotic cells, ™7 the majority of X- and Y-linked
multi-copy genes —including S4— show postmeiotic re-expression 7. In
addition, a small number of single-copy genes are re-expressed '™ 1'%

5. SILENCING OF X AND Y DURING SPERMATOGENESIS
AND X CHROMOSOME INACTIVATION IN FEMALE
SOMATIC CELLS ARE INDEPENDENT MECHANISMS

It can be imagined that MSCI and postmeiotic repression of X and Y would
leave some epigenetic matk that could affect the regulation of gene expression
from the sex chromosomes in early emabryos. This idea is relevant in the context
of the fact that species with heterologous sex chromosomes not only have to
deal with pairing problems in meiotic prophase of the heterogametic sex, they
also have to compensate for the dosage difference in X-linked genes between
males and females '°. Female mammals achieve dosage compensation through
inactivation of one of their X chromosomes during early development (reviewed
in "%, The active X shows a twofold uptegulation in somatic tissues in both male
and females, 10 equalize the average X chromosomal gene expression level to that

of autosomes "7 115,
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From the 2-cell stage onwards in mouse embryos, the paternal X chromosome
is specifically inactivated in fernale mouse embryos. This imprinced form of XCI
persists in the extraembryonic tissues but is reversed and replaced by random
X-inactivation in the embryo proper. The process of mammalian X chromosome
mnactivation is thought to have spread gradually over those regions of the X that
had lost homology with Y (reviewed %), most likely paralieling the occurrence of
the different strata. The fact that most of the human X-linked genes without a Y
homolog that still escape XCI are located on the younger strata " supports this
idea, and indicates that XCI may stiil be expanding.

In order for XCI to occur, the presence of the X inactivation center (Xic) is

necessary !

. Several non-coding RNA genes are located in the Xic, including
the Xist en Tyix genes. 1%, X is specifically expressed from the inactivated
X chromosome (Xi}, and is required for XCI to occur in #s. The spreading of
Xist RNA over the X chromosome from which it is ¢ranscribed induces its
heterochromatinization ' %, Teix is transcribed antisense to Xis7, and both
genes overlap in mice. Teix negatively regulates expression of s Recently, it
was described that human fernale preimplantation embryos also show progressive
Xir? RNA accumulation on one of the two X chromosomes '#. Tt is not known
whether this early XCI occurs at random or only on the paternal X, as in mouse.

Althought Xzsf and Tiix genes are not required for MSCI and PMSC '
'8 it has been suggested that the two mechanisms (MSCI and XCI) might be
functionally connected. As described above, the inactivation of X and Y during
meiosis may leave an epigenetic imprint on the X chromosome, and this might
play a roie in the imprinted paternal X chromosome inactvation (XCI) in the early
female mouse embryo from the two-celi stage onward. To test the hypothesis that
MSCI facilitates paternal X-inactivation in the eatly mouse embryo, Okamoto et
al. ¥, analysed expression of an autosomally localized transgenic copy of Xis
in germ cells and eatly embryos. They found that the transgene was not silenced
by MSUC during meiotic prophase, and that the transgenic Xisz genc still showed
expression only when present on the paternal copy in the zygote. In addition,
they showed that the paternal X chromosome is active in two-cell embryos,
excluding the inheritance of the X in a “pre-inactive state” ', The Xis/ gene is
absent from the marsupial genome and imprinted inactvation of the paternal X
in this species occurs in all cells by an unknown mechanism. MSCI does occur
in the male germiine of marsupials, but —similar to mouse and man— the
paternal X is active in early embrvos ', again arguing against a link between
MSCI and imprinted X-inactivation, even in the absence of Xigz . In contrast
to the theory that proposes a pre-inactive paternal X, it has also been suggested
that the protamine-to-histone transition occurring directly after feriilization in
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Figure 3. Persistent meiotic DSBs homology recognition and transcriptional
silencing of heterologous regions. SPOll-induced DSBs and the bouquet
configuration of the chromoscmes both contribute to the homology recognition process.
Numerous RADS1 foci in leptotene nuclei mark the intitiation of the homology search.
If homoelogy recognition occurs, DSB repair proceeds and this is coupled to stimulation
of progression of SC formation in zygotene nuclei (and SC formation may also help to
complete the DSB repair process), leading to the complete SC with few remaining RADS1
foci in diplotene. If homology recognition does not occur, the DSB persists, additional
DSB repair proteins accumulate, and spread along the chromatin, and progression of SC
formation is inhibited (and lack of SC formation also inhibits invasion of the homologous
remplate). This is associated with the recruitment of ATR to asynapsed regions, which >



the male pronucleus of the zygote may facilitate rapid activation of the paternal
X chromosome, thereby enhancing the chance of Xis# transcription from the
paternal X P’ This hypothesis has not yet been tested.

6. MEIOTIC SILENCING OF SEX CHROMOSOMES IN A
SPECIES WITH FEMALE HETEROCGAMETY

In concrast to the XY /XX male/female sex chromosome systern in mammals, birds
have a ZW female and ZZ male sex chromosome constitution. Recently, it was
discovered that sex in birds is determined by the dosage of the Z-linked DMRTY
gene. The higher DMRTT dose in ZZ chickens drives the bipotential gonads to
become testes V. Similar to the mammalian mele Y chromosome, the avian female

W chromosome carties few genes; so far only 4 genes have been identified . In
addition, the gene content of the Z chromosome appears to have masculinized,
showing an overrepresentation of male-biased genes . This is comparable to the
ovet-representation of female-biased genes on the mammalian X chromosome 2.

The heterologous mammalian X and Y chromosomes remain largely
unsynapsed during the male meiotic prophase. However, despite the fact that
the avian Z and W are also largely nonhomologous, they synapse completely
during the female meiotic prophase in chicken oocytes. MSCI and MSUC in
mammals are always associated with asynapsis, and it has been suggested that the
heterclogous synapsis of Z and W in bird oocytes needs to occur to escape from
such a silencing mechanism, since the presence of a silenced Z chromosome
would be incompatible with cocyte development during the lengthy (arrested)
meiotic prophase in females %,

The complete heterclogous synapsis of Z and W is difficult to understand; how
does the cell allow heterologous synapsis between Z and W and simultaneously
prevent synapsis between nonhomologous autosomal chromosomal pairs?

It is apparent that during homologous chromosome pairing, in zygotene,
the Z and W are the last pair to synapse. RADS1 foci indicative of the
presence of (unrepaired) DSBs, persist on the asynapsed axes, but disappear
where heterologous synapsis has taken place. The obligatory crossaver in the
pseudoautosomal region of Z and W 1s formed with normal timing, as a single

[> induces a second wave of YH2ZAX formation and rranscriptional silencing. The balance
between progression and inhibition of synapsis and DNA repair (black horizontal arrow)
determines the final outcome in pachytene. The XY body in the pachytene nucleus is
encircled. Spread mouse spermatocyte nuclel were stained with andbodies against RADS51
(green) and SYCP3 (red). The DNA was stained with DAPT (blue), with exception of the
lower left and right images of synapsed autosomal chromosomes (left) and the XY body
(right). Here, localization of YH2AX is shown in blue, and the DNA is not stained.
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MLH1 focus can be observed on the ZW of most pachytene oocytes. This
crossovert is essential to ensure correct separation of Z and W during the first
meiotic division. Recently, we have shown that Z and W are temporarily silenced,
during the stage of complete synapsis, in chicken pachytene oocytes (Chapter
4, ", This mechanism, which is independent from the final achievement of
synapsis, may use mechanisms different MSUC/MSCI in mammals.

2

7. WHAT DRIVES MEIOTIC SILENCING IN MOUSE AND MAN?

The chromosomal pairing dance of X and Y leading to the bouquet stage starts
with telomere attachment to the nucleat envelope, followed by active movements
along the membrane, aided by ¢ytoskeletal fibers, until they meet and cluster
together. The sex chromosomal telomeres most likely still share homology, and
the largely nonhomologous regions outside of the telomeric regions may remain
undetected during these early stages of chromosome pairing. At the end of the
dyvnamic bouquet stage, when homologous telomeres have paired and clustered,
the chromosomes keep moving around and most likely scan and assess homology
during transient states of interaction. Around this time, when the chromosomes
are already actively being pulied around, SC assembly starts with de deposition of
SYCP3 along the axes, SPO11 introduces DSBs throughout the genome and ATM
mediates the first wave of YH2AX formation in regions surrounding the meiotic
DSBs. The movement of chromosomes gives the ssDNA strands coated with
RADS51/DMC1 the opportunity to invade homologous dsDNA and temporary
recombination intermediates are formed. If homology is not established,
recombination intermediates are destabilized and the search continues. If a
homologous template is encountesed, the repair process can contnue and is
completed to form crossovers and noncrossovers while YH2ZAX and RADS1 foci
disappear concomitant with the formation of the complete SC.

The X and Y chromosomes initiate synapsis from the PARs, but by the
end of zygotene, the X chromosomal arm is still left with numerous RADS51/
DMCT foci. A second wave of YH2ZAX formation is then induced and covers the
complete X and Y chromosomes, masking the formation of the XY body and
initiation of MSCIL.

The persistence of DNA repzir proteins on meiotic DSBs may be used as an
indicator for the absence of a homologous partner. Alternatively, or in addition,
persistence of IDSB repair proteins may inhibit progression of synapsis.

For the initiztion of MSCI In mamrals, two mechanisms appear to corne
together: The mechanism that regulates progression of synapsis along aligned
and paired chromosomes and the mechanism of meiotic-DSB repair (Figure
3). These two mechanisms are tightly coupled; in DSB-repair mutants synapsis

AP



cannot proceed, in mutants that lack components of the SC, DSB repair is
impaired and in both cases true XY body formation does not take place. The
formation of the pseudo-XY body in Spo77 knockout mice supports the
hypothesis that formation of a silenced asynapsed region is independent of
meiotic D5Bs. However, the lack of silencing associated with the majority
of unsynapsed axes in these mutants, and rthe presence of many DNA repair
related molecules in the pseudo-XY body, indicate that asynapsis alone does
not do the job, and implicate functions of DSB-repair proteins in forming the
final inactive chromosome structure.

The recruitment of ATR, to replace ATM at such sites, appears to be the
crucial event in the initiation of meiotic silencing and could be the rate-limiting
factor in MSUC/MSCI. Tt remains to be esrablished if this recruitmentis normally
initially trigeered by the presence of persistent DSBs, or by the presence of some
compenent that specifically associates with asynapsed axes, or depends on both
features associated with nonhomologous chromatin. If ATR is initially recruited
by the persistent IDSBs, it may subsequently spread along the chromosomal axes
and into the chromoseme loops undl the end of the chromosomes is reached.
This then results in the massive phosphorylation of H2AX, and incorporation
of macroH2A, chromatin sumoylation, H2A ubiquitylation and other histone
modifications occur downstream. Together, this results in the formation of the
silenced XY body. This putative sequence of events is schematically summarized
in Figure 2.

8. CLINICAL RELEVANCE OF MEIOTIC SILENCING

Interference with MSCI appears to be incompatible with fertlity in mouse
and man * %1% 13 Tnappropriate expression of X and Y-linked genes during
meiotic prophase may trigger apoptosis of pachytene spermatocytes due to the
toxic effects of the expression of one or more of these genes %, In addition,
activation of MSUC due to the presence of chromosomal aberrations that
interfere with normal chromosome pairing may also trigger germ cell death
due to inappropriate inactivation of genes essential for melosis. For example,
X-augosome translocations are frequently associated with male inferdlity = V%
Y which is most likely due to spreading of the meiotic silencing signal from
the X to the (asynapsed) autosomal part of the translocation chromosome '™,
In addition, autosome-to-autosome translocations can trigger MSUC and are
associated with (sub)fertility in mouse ' and man . It cannot be exciuded
that inappropriate regulation of chromosome regions during spermatogenesis
duc to defective MSCI and/or activation of MSUC affects regulation of gene
expression in the early embryo via transmission of epigenetic marks,
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Therefore, in the context of the field of assisted human reproduction
techniques (MESA, TESA, IVF and ICSI), it is of utmost importance to
understand the basics of the meiotic silencing mechanisms, in order to estimate
the possible risks of producing zygotes from gametes in which MSCI was
incomplete, and/or MSUC was activated.
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CHAPTER 3

INCREASED FREQUENCY OF ASYNAPSIS
AND ASSOCIATED MEIOTIC SILENCING OF
HETEROLOGOUS CHROMATIN IN THE PRESENCE
OF IRRADIATION-INDUCED EXTRA
DNA DOUBLE STRAND BREAKS




ABSTRACT

In meionc prophase of male placental marnmals, the heterologous X and
Y chromosomes remain largely unsynapsed, which activates meiotic sex
chromosome inactivation (MSCH, leading to formation of the transcriptionally
silenced XY body. M5CI is most likely related to meiotic silencing of unsynapsed
chromatin  (MSUC), a mechanism that can silence autosomal unsynapsed
chromatin. However, heterologous synapsis and escape from silencing also occur.
In mammalian species, formation of DNA double strand breaks (DSBs) during
leptotene precedes meiotic chromosome pairing. These DSBs are essential to
achieve full synapsis of homologous chromosomes. We generated 25% extra
meiotic DSBs by whole body irradiation of mice. This leads to a significant
increase in melotic recombination frequency. In mice carrying translocation
chromosomes with synaptic problems, we observed an approximately 35%
increase in asynapsis and MSUC of the nonhomologous region in the smallest
chromosome pair following irradiation. However, the same nonhomologous
region in the largest chromosome pair, shows complete synapsis and escape from
MSUC in almost 100% of the nucled, irrespective of exposure to irradiation. We
propose that prevention of synapsis and associated activation of MSUC is linked
to the presence of unrepaired meioric DSBs in the nonhomologous region. Also,
spreading of synaptonemal complex formation from regions of homology may
act as an opposing force, and drve heterologous synapsis.

Schoenmakers 8, Wassenaar E, van Cappellen WA, Derijck AA, de Boer
P, Laven JSE, Grootegoed JA and Baarends WM (2007) Dev Biol 317(1):
270-281.




INTRODUCTION

In meiotic prophase, homologous chromosomes align and synapse. This
is accompanied by formation of a tripartite, proteinaceous structure, the
synaptonemal complex (SC), which physically connects the homologous
chromosomes along their axes (reviewed by ). In Sacharomyess cerevisiae and
mouse, chromosome pairing is preceded by induction of DNA double strand
breaks (DSBs} by the topoisomerase-like protein SPO11 *7 The DSB sites
are marked by phosphorylation of serine 139 of histone H2ZAX, resulting in
fortation of yH2ZAX . During processing of the DSBs, RAD31 and DMC1 form
filaments on single-stranded DINA ends, that are visible as discrete foci following
immunocytochemical detection (reviewed in %). The presence of RADSI foci
indicates the initiation of the meiotic recombination repair process. Subsequently,
different mechanisms are thought to be responsible for formation of crossover
and non-crossover products via homologous recombination. During male
mammalian meiotic prophase, the number of RAD51 foci decreases to almost
zezo on the synapsed SC of autosomes aroutrd mid-pachytene, while RAIDS1 foci
persist on the single unsynapsed X chromosome until late pachytene °.

Analyses of spel7 mutants have shown that chromosome pairing is severely
impaired in the absence of meiotic DSBs in yeast, plant, and mouse species .
However, in yeast spo77 mutants, a small fraction of the nuclei is still capable
of showing complete and cotrect synapsis of homologous chromosomes '™ '
In Caenorbabditis elegans and Drosophila welanggaster, meiotic D3Bs are induced
after the assembly of the SC, and chromosome pairing occurs independent of
SPO11 (reviewed by ). In yeast and mammalian species, telomere dynamics
duting leptotene, leading to bouquet formation, is thought to facilitate homology
recognition, and this appears to be coupled to the regulation of meiotic DSB
repair (reviewed by '). These data indicate that DSB dependent and DSB
independent homologous chromosome pairing mechanisms exist. In male
placental mammals, the pairing mechanisms are challenged by the presence of
the largely heterologous X and Y chromosomes. These chromosomes pair only
in the short pseudoautosomal regions (PARs), and form the transcriptionally
silent XY body that localizes in the periphery of the nucleus during pachytene

and diplotene stages of meiotic prophase

. This process is called meiotic
seéx chromosome inactivation (MSCI). Following the metotic divisions, the
sex chromosomes remain transcriptionally repressed, with exception of a few

genes

. Recent data have shown that inactivation of X and Y during male
meiotic prophase (MSCI) is related to a more general mechanism named meiotic
silencing of unsynapsed chromatin (MSUC) "', Recruitment of DNA repair

proteins, such as checkpoint kinase ATR by the BRCA1 protein and subsequent
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phosphorylation of serine 139 of HZAX have been shown to be essential for
MSUC/MSCI . MSUC also detects and silences autosomal nonhomologous
chromatin regions, in male and female meiosis '* . However, heterologous
synapsis and escape from silencing also occur ' ' # Tor example, in oocytes
from XO females, heterologous (self)synapsis of the X and associated escape
from MSUC occurs in approximately 50% of the nuclei ' It is unknown whether
the process of heterologous synapsis precludes MSUC activation, or whether the
lack of MSUC zctvation allows heterologous synapsis. In the fungus Newrospora
¢rassa, a mechanism named meiotic silencing by unpaired DNA (MSUD) occurs
at the single gene level, and requires components of the RNAi machinery *
2. For MSUC, a link with RNA-mediated silencing has also been suggested Z,
providing support for a possible functional relation between MSUC and MSUD,
although MSUD appears to be far more efficient than MSUC.

Inmouse Spe? T mutants, meictic ID5Bs are not formed, there is no homologous
chromosome pairing, and the XY body does not develop % *. Instead, H2AX

phosphorylation occurs in one or more restricted areas, forming a so-called
24,25

e

pseudo sex body

Inmammals, pairingof homologous chromaosomesand subsequent establishment
of the SC depend on the induction and repair of meiotic DSBs (reviewed by ).
In regions that lack, or do not find 2 homologous partner, unrepaired DSBs often
appear to persist, followed by asynapsis and MSUC ' *. It could be envisioned
that DSBs and associated repair proteins in the nonhomologous region impede the
progression of (heterologous) synapsis, which could result in asynapsis and lead
to actdvation of MSUC. Alternatively, the choice between heterologous synapsis
and asynapsis may be independent from the presence of unrepaired DSBs. To try
to obtain more insight in the role of IDSBs in the detecdon of nonhomologous
chromatin, we aimed to induce extra meiotic DSBs to test if this would increase the
frequency of asynapsis and associated MSUC.

For yeast, fungl and flies, it has been shown that irradiation-induced DSBs can
replace SPO11-generated DSBs, and partially rescue spo?7 deficieat phenotypes
7 Therefore, we used irradiation to induce extra DSBs duting eatly meijotic
prophase in the mouse. As a model, we used mice that are double heterozygote
for the T{1;13)70H and T(1;13)1Wa transiocations (referted to as T/T° in Figure
1a). During meiotic prophase in T/T” mice, two heteromorphic bivalents, 1"
and 13', are formed. The larger 13' bivalent shows complete synapsis in almost
all nuclei (Figure 1b). However, the small 1% bivalent displays varying degrees
of asynapsis throughout meiotic prophase * (Figure 1b). For these mice, we
analysed the effects of irradiation on the frequency of meiotic recombination,
and the occurrence of MSUC.,
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Figure 1. Schematic presentation of the T/T’ mouse model. (a) The T/T" mice are
generated by cross-breeding T and T” mice with two different translocations involving
chromosomes 1 and 13. The breakpoints in chromosome 1 differ between T and T,
and the T/T” offspring is double heterozygous for the two different 1" translocations.
The breakpoint of T70H has been mapped to the R band in 1A4 . In the NCBI map
viewer (www.ensembl.org) band 1A4 is localized berween 20.3 and 22.3 Mb from
the centromere. The T1Wa breakpoint has been mapped between the 1C1.2 and 1C2
subbands, which corresponds to approximately 55-66 Mb from the centromere. The
Ctla4 gene has been mapped distal from the T1Wa breakpoint and localizes at 61.1 Mb
from the centromere *. Therefore, we estimate that the region of nonhomology in the
1" and 13" bivalents has a size of approximately 35-40Mb. G-light bands (1A4, 1B and
1C2) and G-dark bands (1C1 and 1A5) of the region berween the T1Wa and T70H
breakpoints on chromosome 1 are indicated. This region corresponds to the regions
of nonhomology that are present in the 1" and 13' meiotic bivalents in mice which
are double heterozygote for the two translocations. (b) Morphology of incompletely or
heterologous synapsed 1" and 13 bivalents immunostained for SYCP3 in spermatocyte
spread nuclei. The incompletely synapsed group of the 1" bivalent consists of: PR (=
partially synapsed rest), PA (= partally synapsed A shape), and PH (= partially synapsed
horseshoe shape). Heterologously synapsed 1" bivalents: CS (= completely synapsed). IS
(=incompletely synapsed). Bar represents 5 pm.
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RESULTS AND DISCUSSION

Exposure to irradiation increases the number of RADST foci in leptotene and gygotene
nuclei

During leptotene, SPO11 is one of the major determinants in the initiation
of the meiotic recombination process as it catalyses the formation of DNA
DSBs 3! In Neurospora crassa and Saccharomyces cerevisiae spoll mutants,
exposure to ionising radiation can partially restore the meiotic process,
suggesting that the radiation-induced DSBs can replace Spol1 protein generated
meiotic DSBs in these species %, We first asked if irradiation-induced DSBs,
when generated in male mouse leptotene nuclei, could be incorporated in
the meiotic recombination process. Substages of the first meiotic prophase
were distinguished according to the morphology of the axial elements of
the synaptonemal complex (SC) after immunostaining with anti-SYCP3
(Figure 2). To visualize and quantify the number of meiotic DSBs we used an
antibody against the homologous recombination repair protein RADS51. This
protein forms filaments on 3’ end single-strand DNA overhangs of meiotic
DSBs shortly after SPO11 has generated the meiotic DSBs °. These sites are
first marked by phosphorylation of serine 139 of H2AX (yH2AX), but this
modification spreads, and discrete foci cannot be counted during leptotene °.

| MLH1 foci

|RADS1 foci + 30 b RAD18

— ——| RADS1 foci 20hr

—— 1 1"3-13" bivalent configuration
yH2AX

— — —ee———{ RADT8

Figure 2. Experimental setup in relation to the duration of the substages of meiotic
prophase in mouse. The upper bar shows a schematic representation of the different
meiotic prophase substages in male mice, with corresponding time lengths (hours) in the
lower right corners *. The lower panel shows the different substages according to the
morphology of the lateral element of the synaptonemal complex, immunostained for
SYCP3 (red). Timing of irradiation and immunofluorescent analyses (RAD51, MLHI,
RAD18, YH2AX, 1" and 13! bivalent configuration) are indicated. Bar represents 10 pm.
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In mouse spermatocytes, around 400 RADS1 foci are detected at the leptotene
stage 7%, 250 foci are stiil present at the leptotene-to-zygotene transition,
and 200 around mid-zygotene, followed by a decrease to almost zero when
pachytene progresses . On the XY body, RADS51 foci persist until the end of
pachytene °. After removal of RAIDS1, other repair, or repair related, proteins
such as RPA and MSH4 accumulate and form sitnilar foci . We itradiated mice
with a dose of 4Gy of whole body irradiation, to find out if the irradiation
could induce extra meiotic DSBs. This dose will kill most of the spermatogonia
and preleptotene spermatocytes, but more than half of the spermatocytes at
later stages will survive *°. Two hours after irradiation, we found an increase of
approximately 25% in the total number of RADS1 foct in wild type leptotene
nuclei (Figure 3aby),

Subsequently, we Investigated the effect of these irradiation-induced extra
DSBs during the consecutive stages of meiotic prophase. First, testicular cells
were isolated 30 h after irradiation. During this time period, Irradiated leptotene
cells will have progressed to the zygotene stage (Figure 2). At the mid-zygotene
stage, we found an increase of 12% in the total number of RAIDS1 foci (Figure
3cd). This indicates that almost 80% of the extra irradiation-induced RAD531
foci have disappeared within thirty hours, as compared to 55% of SPO11-
induced DSBs (Figure 3b,d). Based on these findings it appears that irradiation-
induced DSBs are processed slightly faster than SPOT11-induced DSBs. This
repair of induced ISBs in leptotene/zygotene nuclei appears to be slower than
repair of the majority of irradiation-induced foci during pachytene, as recently
reported . This difference may be explained by the fact that repair of DSBs
in leptotene/zygotene of meiotic prophase appears to be cartied out exclusively
by the HR pathway, in the absence of the nonhomologous end-joining (NHE])
proteins KU70 * and 53BP1 . In addition, HR using the sister chtomatid as
repair template is suppressed *. From mid-pachytenc onwards, NHE] can be
carried out *~*. Based on these features and our findings, it appears that repair
of irradiation-induced DSBs during leptotene/zygotene is slower than during
pachytene. Still, our irradiation-induced DSBs appear to be processed somewhat
taster than the programmed meiotic DSBs.

In witro experiments using mammalian cell lines have shown that approximately
35 DS8Bs per Gy can be generated in mitotic G1 stage (2C amount of DNA) celis
#1142 In wive, an average of 19 DSBs per Gy was measured in mouse neonatal
metaphase germ cells (4C amount of DNA) . A reduced sensitivity of testicular
cells to ionizing radiation may be explained by the relatively low oxygen level in
the tests, which could protect the tissue against double strand break induction *
. Based on these data, we would expect an average of around 100 extra DSBs
following 4Gy of irradiation, and this is in line with our obsetvations, although
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Figure 3. Radiation induces extra RAD51 foci in spermatocytes. (a) Control (left)
and 2 hours post 4Gy irradiation (right) leptotene spermatocyte nuclei from wild type
mice, immunostained for SYCP3 (red) and RADS51 (green). Bar represents 10 pum. (b)
Graphical representation of the average number of RADS51 foci in leptotene nuclei in
control (n=20 nuclei / 2 wild type mice) and irradiated nuclei (n=27/ 2 wild type mice).
Error bars represent the standard error of the mean. * Indicates a significant difference
(p<0.05) as compared to control. (¢} Control (left) and 30 hours post 4Gy irradiation
(right) zygotene spermatocyte nuclei from wild type mice, immunostained for SYCP3
(red) and RADS51 (green). Bar represents 10 um. (d) Graphical representation of the
average number of RADS51 foci in zygotene nuclei in control (n=22 nuclei / 2 wild type
mice) and irradiated nuclei (n=20/ 2 wild type mice). Error bars represent the standard
error of the mean. * Indicates a significant difference (p<0.05) as compared to control.
(e) Irradiated T/T” pachytene spermatocyte nucleus immunostained for SYCP3 (red) [
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we do not exclude that multiple DSBs may sometimes cluster together into
a single RAID51 focus, which would lead to an underestimate of the total.

Together, our observations on the behavior of RADS1 foci indicate that
the irradiation-induced extra DBSs may at least partially be incorporated in the
meiotic recombination process.

Irradiation-induced extra DSBys can be converted into crossovers

Next, we exposed 5 adult male T/T” mice carrying the 1" and 13" translocation
bivalents (Figure 1) to 4Gy of ionizing irradiation, and sham irradiated 4
control T/ T mice. Since full synapsis of homologous chromosomes is achieved
in pachytene nuclei, we assumed that only breaks that were induced prior to
pachytene could be incorporated in the meiotic recombination pathway. This
creates a window of maximally 60 hours (Figure 2). We chose to analyse testicular
cells five days after irradiation, At this point, spermatocytes that were irradiated
at leptotene and zygotene will have progressed to mid and late pachytene, at
Stages IV-VII of the cycle of the spermatogenic epithelium * (Figure 2). First,
we analysed whether the presence of irradiation-induced extra DSBs might
increase crossing-over frequency. In general, only a minority of the meiotic DSBs
are converted to acrual crossovers. Of the initial number of 400 RADS1 foci,
only around 25 crossovers are formed. The DSBs that are processed to ‘non-
crossover’ products are thought to participate in the meiotic homology search,
alignment and pairing of homologous chromosomes '. To analyse the number of
crossovers, we used an antibody that detects the mismatch repair protein MLH1.
This protein accumulates at sites of crossing-over during pachytene, forming
distinct foci “»*. It has been shown * that MLH1 foci are present in mouse
pachytene auclei from Stage IV tubules onwards. MLH1 foci disappear at the
end of pachytene **, most likely in Stage VIII-IX rubules ™, corresponding to
an estimated time period of around 80 hours.

We performed double immunofluorescent staining for MLH1 and SYCP3
on mid-pachytene nuclel from irradiated and control T/T° males, and counted
MLH1 foci on the synaptonemal complexes (SCs) (Figure 4a). After irradiadon,
we found a small but significant increase in the number of MLH1 foci (Figure
4b). Te analyse this further, we grouped SCs in those with zero, 1, 2 and 3 MLH1
foci. We detected a significant increase in the number of SCs with 3 MLH1 foci
in irradiated nuclei compared to controls (Figure 4¢). Accordingly, the percentage
of 5Cs with 1 focus showed a tendency to decrease and the percentage of SCs

and RADS51 (green). Part of the left picture is enlarged in the right picture, and shows
clusters of persistent RADS1 foci on the small 1 translocation bivalent and the Xand Y
chromosomes. Bar represents 10 pm.

E3ie AN IETROCVTON O UNSYN AP CHROMATIN




control T/T"

4Gy T/T'

pachytene B . (p=0.001)

30 4 i

25

20

average number of MLH1 foci

0 L
control 4Gy
n=102 n=134

C &

60 <

55 -]

50

15
T 40 ]
2 .l [ control (n=102)
§ A 4Gy (n=134)

i

35 4

= (p=0.007)

25 b

G H

15

§

05

o

0 1 2 3 MLH1 foci per SC

Figure 4. Radiation-induced double strand breaks increase crossing over
frequency. (a) Immunostaining of control (left) and irradiated (right) T/T" pachytene
spermatocyte nuclei for SYCP3 (red) and MLH1 (green). The number of MLH1 foci in
this control nucleus (left) is 26, and 27 in the irradiated nucleus (right). Asterisks indicate
the XY pair, arrows indicate the 1" bivalent. Bar represents 10 mm. (b) Graph of the
average number of MLH1 foci in pachytene nuclei from control (= 26.5, with n= 102
analysed nuclei / 4 mice) and irradiated (=27.6, with n = 134 analysed nuclei / 5 mice)
T/T” mice. Error bars represent the standard error of the mean. * indicates a significant
difference (p<0.05) as compared to the control. () Graph showing the percentage of
SCs with 0, 1, 2 or 3 MLH1 foci per SC in pachytene spermatocytes of control (n = 102
analysed nuclei / 4 mice) and irradiated (n = 134 analysed nuclei / 5 mice) T/T" mice.
LError bars represent the standard error of the mean. * indicates a significant difference
(p<0.05) as compared to the control.

with 2 foci a tendency to increase. We detected approximately 3% SCs without
an MLH1 focus, mostly representing the XY chromosomes (78%) and the 17
bivalent (21%). This finding can be explained by the fact that the MLH1 focus
on the synapsed part of the XY pair usually appears and disappears slightly ahead



of the autosomal MLH1 foci *, and therefore may already have disappeared
in part of the analysed nuclei. The 1" bivalent is often silenced by MSUC and
localizes close to the XY body. From this, it can be suggested that the dynamics
of the MLHY focus on 1 might be similar to that of the MLH]1 focus on XY, In
addition, the 1" bivalent may actually lack an MLH1 focus in some cases, since
it has been reported that approximately 2% of the 17 chromosomes appear as
univalents at the diakinesis-metaphase I transigon °'.

Our analysis shows that a 25% increase in the number of DSBs caused by
irradiation in leptotene, decreases to 10% in zygotene nuclei and ultmately leads
to a 4% increase in the pumber of crossovers in pachytene nuclei. In zygotene
nuclei, pairing has already initiated, and irradiation-induced DSBs in these celis
may have a reduced chance to become incorporated in the cross-over process,
compared to DSBs induced in leptotene cells. In addition, the time window
from leptotene to zygotene (60 hours) is slightly shorter than the time window
during pachytene that was analysed (80 hours). Together, this may result in an
underestimation of the effect of irradiation on the number of meiotic crossovers.
Generaily, the number of crossovers per nucleus is highly regulated, and the
distribution is non-random **. A crossover interference mechanism ensures the
presence of at least one crossover per bivalent and alsc reduces the likelihood
of two crossovers occurring in close proximity to each other (reviewed by ¥).
This mechanism may direct repait of extra DSBs towards non-crossover events.
Alternatively, of in addition, SPO11-iaduced DSBs might be preferred crossover
sites, compared to irradiatton-induced DSBs.

Radiation-indnced DSBs during leptotene increase the frequency of asynapsis and
associated MSUC of the 17 bivalent
We hypothesized that the detection of unsynapsed nonhomologous chromatia,
and subsequent initiation of MSUC, might be linked to the presence of unrepaired
meiotic DSBs in such regions. Persistent meiotic DSBs appear to be present on
the XY body, as indicated by the persistence of RAIDS51 foci on the X axial
elements until late pachytene. In the present experiments, the 1 bivalent in the
spread nuclel from irradiated and control mice also contains persistent RADS51
foci on the unsynapsed loop (Figure 3¢), in accordance with earlier reports %
Based upon this observation, and on the fact that XY body formation depends
on SPO11 *, we investigated whether irradiation during leptotene affects the
frequency of heterologous synapsis of the 1% and 13! bivalents in pachytene
nuclet of T/T mice. The 1" bivalent is easy to identify as it has the shorrest
SC complex in the spread nuclel. Previously, we have shown that when the 17
bivalent is incompletely synapsed, it becomes transcriptionally silenced and often
localizes adjacent to the XY body '. In addition, several proteins such as ATR and
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ubiquitinylated histone H2AK119ub?, that associate with XY body chromatin,
accurnulare on the 1" bivalent chromatin when it is incompletely synapsed '
*. In nuclel where the 17 bivalent shows complete (heterologous) synapsis, this
hivalent behaves similar to the autosomes and is not silenced. First, we scored
the motphology of the 1" bivalent in mid-pachytene nuclei from control and
irradiated T/T mice. Mid-pachytene nuclei were randomly selected based on
the MLHI and SYCP3 staining pattern. We found that nuclei with incompletely
synapsed 1" bivalents are significantly more frequent in irradiated T/T testes
compared to non-irradiated controls (Figure 5e). Immunostaining for RNA
polymerase II was used to visualize regions of active transcription. Very low to

no RNA polymerase II signal was found around the incompletely synapsed 17
bivalents, wheteas normal staining was observed when the 17 bivalents synapsed
heterologously. The relation between synapsis and silencing of the 1" bivalent
was similar in control and irradiated nuclei (Figure 5ab). Hence, in both groups,
only completely synapsed 1 bivalents escaped silencing. From this, we conclude
that the presence of nonhomologous chromatin of the small 17 bivalent is
detected more often in nuclei that are irradiated at early prophase.

< Figure 5. Exposure to 4 Gy increases the frequency of non-synapsed 1 bivalents
in pachytene spermatocytes. (a) Control and irradiated T/T” pachytene spermatocyte
spread nuclel immunostained for SYCP3 (red) and RNA polymerase II (green). RNA pol
11 staining signzl is normal in the region of completely synapsed (C8) 17 translocation
bivalent, and very low in the XY body region (*). The arrows point to the T/T” bivalent.
Bar represents 10pm. (b) Control and irradiated T/T” pachytene spermatocyte spread
nuclel immunostained for SYCP3 {red) and RNApol IT (green). RNApo! I staining signal
is very low in the XY body region (*) and also in the region of the incompletely synapsed
1" bivalent. The arrows point to the T/T” bivalent. Bar represents 10um. (c) Conrrol
(left) and irradiated (righs) T/T” pachytene spermatocyte spread nuclei immunostained
for SYCP3 (red) and RAD18 (green). RAIDS accumulates on the XY body and on the
incompletely synapsed 1" bivalent {arrow right nucleus), but not on the completely
synapsed 1" bivalent (arrow left nucleus). Bar represents 10um. (d) Centrol (left) and
irradiated (right) T/T" diplotene spermatocyte spread nuclel immunostained for SYCP3
(red) and RADI18 (green). In diplotene, RAID18 alse accumulates on the XY body and on
the incompletely synapsed 1" bivalent {artow right nucleus), but aot on the completely
synapsed 17 bivalent (arrow left nucleus}. Open arrowheads point to possible unrepaired
DSBs on the autosomes. Bar represents 10um. {¢) The morphology of the 113 bivalent
was classified as incompletely synapsed or completely synapsed, and the graph shows
the percentage of nuclei with incompletely synapsed 113 bivalent in mid-pachytene
spermatocytes from control (n = 400 analysed nuclei / 4 mice) and irradiated (1 = 486
analysed nuclei / 5 mice) T/ 1" mice. Error bars represent the standard error of the mean.
* Indicates a significant difference {p<<0.05) as compared to the control group. (f) Graph
shows RAD18 accumulation on the 1 bivalent during pachytene and diplotenc in the
control {n = 280 analysed nuclei / 4 mice) and irradiated (n = 300 analysed nuclei / 5
mice) T/ T mouse spermatocytes. Error bars represent the standard error of the mean. *
indicates a significant difference (p<0.05) as compared to the control group.
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Next, weused anantibody againstthe protein RAD18, which we have identified
as a marker of MSUC from pachytene until mid-diplotene *. RAD18 is the mouse
homologue of Saccharomyces cerevisiae RAD18, and this ubiquitin ligase functions
in the replicative damage bypass (RIDB) pathway together with the ubiquitin-
conjugating enzyme RADG . Its role duting meiotic prophase is unknown,
but might involve function(s) in MSUC and suppression of recombination .
In control and irradiated pachytene and diplotene nuciei, RAD18 localizes to
the XY body and incompletely synapsed 1" bivalents # (Figure 5cd). We found
that in the irradiated group, the number of RAID18 positive 1" bivalents was
significantly increased in mid-pachytene nuclei that were exposed to radiation
during the previous leptotene (Figure 5f). This effect was similar to the increase
in the frequency of incompletely synapsed 1% bivalent configutations after
irradiation (Figure 5e¢). However, in late pachytene and diplotene nuclei from
irradiated mice, we observed additional RAD18 staining at a few sites (Figure
5d). These sites also accumulate yHZAX (not shown) and most likely represent
unrepaired DSBs that were induced during early pachytene.

It is possible that only those breaks which are introduced before pachytene
can be incorporated into the meliotic recombination pathway, implying that the
time-window of break formation influences the behaviour of the translocation
bivalents and the process of MSUC. Therefore, we tested whether cells that
had already completed leptotene and zygotene at the time of irradiation behave
sirpilar in irradiated and control mice, with respect to the frequency of MSUC
associated with the 1" bivalent. We analysed spermatocytes that were in eatly
pachytene at the time of irradiation and have progressed to diplotene at the time
of analysis (Figure 2). At this time point, the morphology of the 1" bivalent is
difficult to classify, and, therefore, we again analysed RAD18 staining, which
still marks silenced unsynapsed chromatin during diplotene . In these diplotene
nuclei we found no significant difference in RAD18 staining of the 1" bivalent
between irradiated and controel mice (Figure 5d.f).

We cannot formally exclude that our findings on MSUC of the 1" bivalent
are caused by a stress-related response of the cells to irradiation. However, the
results of the analyses of RADS1 and MLHI foci, and the absence of residual
damage in mid-pachytene nuclei, indicate that the surviving spermatocytes have
been able to repair the DSBs. Therefore, our data suggest that the detection
and associated asynapsis of nonhomologous chromatin could be linked to the
presence of meiotic DSBs, localized in the nonhomologous region, and induced
during a certain time window, most likely limited to leptotene and zygotene. We
and others '“'¥ find a tight correlation between asynapsis and activation of MSUC.
Therefore, it is at present not possible to discriminare between the possibilities
that cither persistent DSBs or the asynapsed configuration trigger MSUC. In fact,
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the persistence of DSBs as well as a failure to synapse both may act as critical
factors, in the mechanism that activates MSUC. Li and Schimenti * recently
showed that mutation of T#p73 leads to a meiotic defect that is characterised by
persistence of several DNA repair proteins on normally synapsed chromosomes,
and normal XY body formation. Apparently, the incomplete repair of DSBs
in this mouse model does not interfere with MSCIL It is not known whether
the sites, which contain persistent yH2ZAX staming, activate ectopic MSUC. In
various other mouse mutants with defective repair of meiotic DSBs, yH2AX is
associated with these breaks, but no XY body is formed *. It could be suggested
that in these mouse models with a certain level of incomplete repair of meiotic
DSBs, and an additional lack of chromosome pairing, the second wave of HZAX
phosphorylation is initiated at too many sites to achieve effective MSCIL. This
mmplies that there is a limiting amount of one or more of the components that
establish MSCI/MSUC. A recent report also suggests that silencing of autosomal
unsynapsed chromatin (MSUC) pardally disrupts MSCI ™,

Analysis of the larger 13" translocation bivalent with the same heterologons region
The large 13" bivalent carries the same nonhomologous region as the 1V
bivalent, but pairing problems are observed at much lower frequencies ** %,
If heterologous synapsis is inhibited by the presence of meiotic DSBs and
associated repair proteins, induction of extra IDSBs by irradiation should also
increase the frequency of asynapsis and meiotic silencing of the nonhomologous
chromatin of the 13' bivalent. To analyse this, we first identified this bivalent
using a combined ant-SYCP3 immunostaining with a DNA FISH identifving
chromosomes 1 and 13 (Figure 6a). Subsequently, we measured the length of the
SCs that showed a positive signal for the FISH probes. These analyses confirmed
that the 1" bivalent has the shortest SC present in pachytene spread nuclei and
that the 13! bivalent represents the longest SC. Previous reports have shown that
both the 1" and 13" translocation chromosomes can form unsynapsed loops that
become visible around late zygotene * %, For the 13! bivalent, this loop is rarely
observed in mid pachytene, and it has been suggested that the disappearance of
this loop is due to synaptic adjustment *. In contrast, asynapsis of the 1" bivalent
is frequently ohserved throughout pachytene . When we carefully analysed late
zygotene/eatly pachytene nuclei, we sometimes observed nuclei that contained a
13’ bivalent with an unsynapsed loop, positive for yH2AX (Figure 6b). However,
less then 1% of the nuclei showed this 13! configuration. In addidion, no RAD18
staining on the 13' bivalent was observed in 160 irradiated and 120 control mid-
pachytene nuclei.

Together, the data on the 13" bivalent show that this bivalent almost always
escapes from MSUC, even if extra DSBs are induced, in contrast to the observed
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Figute 6. Analysis of 13' bivalents in T/T’ meiotic prophase spermatocytes. (a)
Irradiated T/T” pachytene spermatocyte spread nuclei DNA FISH with painting probes
for chromosomes 1 (red) and 13 (green) (right), and immunostained for SYCP3 (red)
(left and right). This allows identification of the 13' (double arrow) and 1" (single closed
arrow) bivalents. Asterisk indicates the XY body. Bar represents 10um. (b) Irradiated T/T"
pachytene spermatocyte spread nuclel immunostained for SYCP3 (left/right), YH2AX
and DAPI (right). yH2AX accumulates on an incompletely synapsed 13" bivalent, Double
arrow indicated the 13! and the single closed arrow the 1" bivalent. Bar represents 10pm.

association between extra DSBs and increased frequency of asynapsis and
associated MSUC of the small 1" bivalent.

Concluding remartes

Pairing sites have been identified in species like Drosophila melanogaster and
Caenorbabitis elegans, that show synapsis prior to DSB formation (reviewed in
i, For mouse and human, this is less clear, but a recent study showed that SC



initiation occurs in distal subtelomeric regions °\. It has been suggested that DSB
repair sites may function as such SC initiation sites . This could imply that
irradiation-induced DSBs act in two ways. First, irradiation-induced extra DSBs
in homologous parts of the genome may lead to formation of extra sites of
strand invasion on a non-sister chyomatid, and this could facilitate the process of
synapsis. Second, if induced in heterologous regions, the lack of a homologous
partner precludes strand invasion and this may result in asynapsis and subsequent
activation of the MSUC pathway.

The onset and spreading of SC formation initiated from regions of homology
may act as an opposing force against MSUC, promoting heterologous synapsis
irrespective of the presence of persistent DSBs. RADS1 foci, indicative of
sites of DSB repair, disappear from synapsed regions in pachytene °. This most
likely also occurs when synapsis is nonhomologous on both the 1 and 13!
bivalent. It could be that DSBs that are still present following heterologous
synapsis, are repaired via homologous recombination with the sister chromaud.
Alternatively, repair proteins may dissociate while the DSB persists. The large
13! translocation bivalent was found to escape from MSUC in almost 100% of
the nuclel, irrespective of the induction of extra IDSBs. The nonhomologous
region in the 13! bivalent comprtises only 13% of the total length of the bivalent,
as compared to 50% for the 1" bivalent (Figure 1). In view of this, it can be
understood that the increased number of DSBs induced by irradiation in the
present experiments has significantly altered the balance between heterologous
synapsis and MSUC for the 1 bivalent, whereas the behaviour of the longer
13" bivalent is subject to additional mechanisms, which may cause heterologous
synapsis and escape from MSUC.

Herein, we have shown for the first time that extra irradiation-induced DSBs
during leptotene, can be incorporated into the meiotic recombination pathway
of mouse spermatocytes. The extra DSBs lead to more frequent asynapsis and
associated MSUC of the small 17 bivalent, and this suggests that unrepaired
DSBs in heterologous regions may inhibit the progression of synapsis. However,
structural adaptations of the chromosomal axes and heterologous synapsis also
occur, In association with an escape from silencing, even in the presence of DSBs.

MATERIALS AND METHODS

Mice

Adult wild type FVB and T(1;13)70H/T(1;13) 1WA (T/T") double-heterozygous
mice * (T /T") were subjected to whole body y-itradiation with *'Cs Gammacell-40
/ Elekta linear accelerator (Crawley, UK). Mice received a total dose of 4 Gy ata
rate of respectively 0.74 Gv/min and 0.5 Gy/min. Mice were killed at 2 hours, 30
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hours (wild type) and 120 houts (T/T"} after treatment, and testes were collected
as described below.

Meiotic spread nuclei preparations, immunocytochemistry and FIS H analysis

Testes wete isolared from T/T” and wild type mice. Spread nuclel preparations
of mouse spermatocytes were prepared using a modification of the drying-down
technique described by Petets et al. ® For immunocytochemistry, frozen slides
were defrosted at room temperature and washed with PBS. The slides wete
blocked with PBS containing 0.5% w/v BSA and 0.5% w/v milk powder, and
were double stained with rat polyclonal anti-SYCP3 #, mouse monoclonal anti-
MILH! (BD Pharmingen, San Diego, USA), rabbit polyclonal and-RAD18 2,
rabbit polyclonal anti-RNA polvmerase IT (Abcam, Cambridge, United Kingdom)
and rabbit anti-human RAD51 . For rabbit polyclonal primary antibodies, the
secondary antibodies were fluorescein isothiocvanate (FITC) (Sigima, St Louis,
USA)-labeled goat anti-rabbit IgG antibodies; the secondary antibodies used for
the rat polyclonal anti-SYCP3 (lg(G} and mouse monoclonal anu-MLH1 (IgG)
were Alexa 594-labeled goat anti-rat IgG and FITC-labeled goat anti-mouse
1gG respectively. Primary antibodies were diluted in 10% w/v BSA in PBS and
incubzated overnight in a humid chamber. Thereafter, slides were washed in PBS,
blocked in 10% v/v normal goat serum (Sigma) in blocking buffer (5% milk
powder (w/v in PBS, centrifuged at 13,200 rpm for 10 min), and incubated with
secondary antibodies in 10% v/v normal goat serum in blocking buffer at room
temperature for 2 hours. Next, the slides were washed in PBS and embedded
in Vectashield containing DAPI (4,6’-diamindino-2-phenylindole)  (Vector
Laboratories, Burlingame CA, USA).

Fluorescent in situ hybridisation

Painting probes of chromosome 1 and 13, respectively labelled with Cy3 and
FITC (Cambio, Cambridge, UK} were warmed at 37 C. 3 ul of each concentrated
chromosome paint was added to 12 pl of hybridisation buffer (Cambio,
Cambridge, UK). Slides were treated with 0,2% pepsin for 4 minutes at 37 C,
washed in 4% paraformaldehyde in PBS at room temperature for 5 minutes,
and finally dehydrated in an ethanol series consisting of 3 minutes washes in
70%, 90% and 100%. Slides were air-dried and denatured for 3 minutes in 70%
formamide, 30% 2xSSC at 85 C. This was followed by quenching the slides in
ice-cold 70% ethanol and dehydration. The probe mixture was placed on the slide
and covered with a coverslip. The slides were placed in a pre-heated sealed slide
box and incubated overnight at 37 C. After incubation, the slides with coverslip
were placed in 2xS5C at 45 C for 5 minutes. After removal of the coverslip,
slides were then rinsed twice in 50% formamide and 50% 1xSSC for 5 minutes,
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followed by rinsing twice in 1xSSC at 45 C for 5 minutes and 4 minutes in 0,05%
Tween-20 and 100% 4x8SC. Finally, a droplet of Vectashield mounting medium
with DAPI (Vector Laboratories) was placed on the slide and covered with a
coversip.

Fluorescence microscopy analysis, digital image preparation and analysis

Analysis of the spermatocyte nuclei was performed using a Carl Zeiss Axioplan 2
imaging microscope (fena, Germany) with a plan-neofiuar objective 100x/1.3 oil
immersion. images were taken with a Coolsnap-pro digital camera (Photometrics,
Waterloo, Canada). The acquired digital images were processed with Photoshop
software (Adobe Systems). The number of RAD51-foci on digital images was
determined using the image analysis software package Image] (http://www.
rshinfo.nih.gov/ij/). First, we measured the mean intensity and its standard
deviation per nucleus with Emage]. Next, we set the foci detection threshold
for each nucleus on the mean plus 2 x the standard deviation, and analyzed
the same nucleus for total area of foci. We calculated the average focus area by
analysing 20 manually selected foci. Subsequently, we determined the number
of foci per nucleus using the total area of foci divided by the average focus
size. Measurement of synaptonemal complex lengths and distances within nuclei
was performed using the Image] plugin Neuron] (httprwww.imagescience.org/
meijering/software/neuronj/). We visually selected the 10 longest bivalents in
each nucleus, tracked the SCs, and measured the lengths using Neuron] software.
With zid of Image] we measured the longest diameter from each nucleus (named
Feret’s diametet), and divided the calculated SC lengths by Ferets diameter to
correct for variations in spreading of nuclel.

Statistical analysis

Statistical analyses were carried out using SPSS 11 (SPSS Inc., llinois, USA).
A nonparametric or independent sample T-test was used to analyse differences
between the groups. The differences were considered statistically significant at
95% confidence imit (p<0.05).
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CHAPTER 4

FEMALE MEIOTIC SEX CHROMOSOME
INACTIVATION IN CHICKEN
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ABSTRACT

During meiotic prophase in male mammals, the heterologous X and Y
chromosomes remain largely unsynapsed, and meiotic sex chromosome
mactivation (MSCI) keads to formation of the transcriptionally silenced XY body.
In birds, the heterogametic sex is female, carrving Z and W chromosomes (7%,
whereas males have the homogametic Z2Z constitution. During chicken oogenesis,
the heterologous ZW pair reaches a state of complete heterologous synapsis,
and this might enable maintenance of transcription of Z- and W chromosomal
genes during meiotic prophase. Herein, we show that the ZW pair is transiently
silenced, from eatly pachytene to eatly diplotene using immunocytochemistry
and gene expression analyses. We propose that ZW inactivation is most likely
achieved viz spreading of heterochromatin from the W on the Z chromosome.
Also, persistent meiotic DNA double-strand breaks (DSBs) may contrbute to
silencing of Z. Surprisingly, vFH2AX, a marker of DS8Bs, and also the earliest
histone modification that is associated with XY body formation in mammalian
and marsupial spermatocytes, does not cover the ZW during the synapsed stage.
However, when the ZW pair staxts to desynapse, a second wave of yH2AX
accumulates on the unsynapsed regions of Z, which also show a reappearance
of the DSB repair protein RADS1. This indicates that repait of meiotic DSBs
on the heterologous part of Z is postponed until late pachytene/diplotene,
possibly to avoid recombination with regions on the heterologously synapsed W
chromosome. Two days after entering diplotene, the 7 looses YH2ZAX and shows
reactivation. This is the first report of meiotic sex chromosome inactivation in
a species with female heterogamety, providing evidence that this mechanism is
not specific to spermatogenesis. It also indicates the presence of an evolutionary
force that drives melotic sex chromosome inactivation independent of the final
achievernent of synapsis.

Schoenmakers S, Wassenzar B, Hoogerbrugge JW, Laven JSE, Grootegoed |
JA and Baarends WM (2009) PLoS Genet 5(5): 5(5): ¢1000466. Epub 2009
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INTRODUCTION

During meiotic prophase, homologous chromosomes pair and are held together
by the synaptonemal complex (reviewed in ). In spermatocytes of male
mammals, the heterologous X and Y chromosomes pair and synapse only in small
pseudoautosomal regions (PARs). The preseace of the largely unsynapsed X and
Y chromosomal axes is associated with meiotic sex chromosome inactvation
(MSCI) *°. The two X chromosomes in meiotic prophase in oocytes show
complete synapsis and are transcripdonally active.

In birds, females are heterogametic, carrying 7 and W chromosomes (ZW),
whereas males have the homogametic 27 constitution. The chicken Z chromosome
is the larger of the two chromosomes (http://www.ensembl.org/Gallus_gallus/
index.html). Similar to the mammalian X and Y sex chromosomes, the Z and
W chromosomes share only a small pseudcautosomal region *. However, the
behaviour of the ZW pair during female oogenesis in the chicken differs from
that of the XY pair in mammalian spermatocytes, in that the ZW chromosomes
appear to reach a stage of complete synapsis. Based on electron micrographs,
Solari * analysed the paiting between 7 and W throughout the pachytene stage
and found that the chromosomal axes of the Z chromosome thickens and
shortens (most likely by folding back on itself), and wraps itself around the W
chromosome to achieve complete synapsis during the brief so-called equalized
stage. Subsequently, the Z and W chromosomes desynapse but remain attached
at their tips when the oocytes enter diplotene. The morphological changes of the
Z and W axes have been explained by a mechanism called synaptic adjustment
*. This mechanism describes the process of resolving an axial length difference
berween aligned chromosomes to achieve complete synapsis ©7.

During mitotic prophase in female chicken cells, the small W chromosome
appears to be heterochromatic ¥ indicating that the W chromosome is mostly
mactive in somatic cells. During early meiotic prophase in leptotene and zvgotene
oocytes, such a heteropycnotic area appears to be absent ™'\ Subsequently, Z
and W pair completelv. Although the pairing is mainly heterologous, Jablonka
and Lamb ' have suggested that pairing, synapsis and subscquent retention of
an active state is preferred above melotic Inactivation of Z and W, because of a
requirement for Z- and/or W-linked genes for maintenance and growth of the
large and long-living cocyres. However, Solari ' describes the appearance of
a more dense chromatin structure surrounding the ZW pair in late pachytene
and early diplotene oocytes, and the appearance of a hereropyenotic body in
some late pachyrene and diplotene nuclei of chicken oocytes. This observation
suggests that some form of Z and/or W inactivation may occur during late
meiotic prophase.
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MSCI in mammals is thought to be a specialization of a more general process
that silences unsynapsed chromatin during meiotic prophase, named MSUC
(meiotic silencing of unsynapsed chromatin) . Similar, but mechanistically
distinct mechanisms (meiotic silencing by unpaired DNA; MSUD) are operative
in a variety of distant species such as Caenorbabdifis elggans and Neurospora crassa
{teviewed in '%).

In mammalian melosis, chromosomal alignment and pairing is preceded by
induction of DNA double strand breaks (IDSBs) by the topoisomerase-like protein
SPO11, and these DSBs are thought to participate in homology recognition ™%,
After formation of DSBs, the homologous recombination repair protein RAD51
rapidly forms filaments on the 3’ end single-strand DNA overhangs of meiotic
DSBs (reviewed in ). The presence of persistent RADS1 foci on the unpaired
X chromosome of mouse and man indicates that D5Bs in heterologous regions
show delayed repair **. This is most likely due to the fact that a non-sister
chromatid from a homologous chromosome is not available for strand invasion
and recombination repair. Ashley etal. # reported a high concentration of RADS51
foci on the unsynapsed axis of the Z chromosome in chicken oocytes during
eatly pachytene, which disappear as the oocytes progress through pachytene.
Unsynapsed sex chromatin, persistent DSBs, and meiotic silencing are always
associated in mice ' %, In chicken oocytes, however, the ZW pair reaches a
state of complete synapsis, but possibly with persistent IDSBs. In the present
papet, we have investigated whether meiotic DSBs in chicken oocytes persist on
the Z chromosome, analogous to persistence of X-chromosomal meiotic DSBs
in mouse spermatocytes, and whether or not this would be associated with MSCL

RESULTS

The equalized ZW is completely synapsed in mid-pachytene oocytes

We analysed the progression of meiotic prophase in chicken oocytes by
immunostaining for SYCP3, which visualizes the lateral axial elements of the
synaptonemal complex (SC). At leptotene, small SYCP3 fragments started to
appear throughout the nucleus (Figure 1a). In addition to Z and W, the chicken
genome is distributed over 38 autosomal chromosome pairs, including 10 pairs
of microchromosomes. During zygotene, most microchromosomes are found
at the periphery of one part of the nucleus, where they are zligned and have
initiated pairing, whereas macrochromosomes are more confined to the center
and opposite site of the nucleus, and appear entangled and disorganized (Figure
1a). At eatly pachytene, when all autosomes have completed synapsis, the ZW
pair starts to synapse (Figure 1ab). Around mid-pachytene, the ZW pair reaches
the complete synapsed or so-called equalized stage (Figure 1b), and frequently
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A leptotene zygotene pachytene diplotene

B

pachytene / MAS

pachytene / equalized

Figure 1. Synaptonemal complex formation and ZW pairing during meiotic
prophase in chicken oocyte nuclei. (a) Overview of meiotic prophase in chicken
oocytes. The upper panel shows the different substages, based on the morphology of the
lateral elements of the synaptonemal complexes immunostained for SYCP3 (red). The
lower panel shows the corresponding DAPT stained nuclei. The ZW pair is encircled in
the zygotene and pachytene oocytes. Bar represents 10 pum. (b) Overview of the different
synaptic configurations of the ZW pair during zygotene, pachytene, and diplotene,
visualized by anti-SYPC3 (red). LAS = long asynaptic segment, MAS = medium asynaptic
segment [38]; W indicates W chromosome, 7 indicates Z chromosome. The panels on
the right show schematic drawings of the morphological configurations of 7Z and W (£
chromosome in blue, W chromosome in green). Bar represents 5 pm. (c) Progress of ZW
synapsis during pachytene visualized by immunostaining for SYCP1 (green) and SYCP3
(red). Bar represents 10 um. The higher magnifications show separate immunostainings
for SYCP1 (gteen, upper), SYCP3 (red, middle) and the merge (bottom) for the ZW pair.
Bar represents 5 pm.
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localizes to the periphery of the nucleus (Figure 2a). These findings are consistent
with the configurations of the Z and W chromosomes described by Solard
> (Figure 1b), and we used the consecutive configurations of the ZW pair to
subdivide the pachytene stage.

During early pachytene, the Z and W chromosomes appear to be separate
(‘early type’). This is followed by ZW pairing and synapsing in the short pseudo-
autosomal regions. Subsequenty the long asynaptic segment (ILAS) of Z, starts
to condense and shorten (most likely by folding back on itself), becoming the
medium asynaptic segment (MAS). At mid-pachytene, the Z chromosome
starts to wind itself around the relatively straight W axis, resulting in a fully
equalized ZW pair (Figure 1b). Next, the Z and W start to desynapse and rapidiy
separate again (‘late separate”). At early diplotene, Z and W display end-to-end
attachment (Figure 1b). Subsequently, all bivalents desynapse, elongate and
become intertwined, making it almost impossible to distinguish and follow the
individual 7 and W chromosomes. However, in some diplotene nuclei, the Z and
W chromosomes were found to display an end-to-end pairing in a typical £ (zeta)-
like configuration (Figure 1b and 213},

Next, we investigated if the Z and W chromosomes actually reach a state
of full synapsis during the egualized stage. Por this purpose, we stained for
SYCP1. In contrast to SYCP3, which localizes to the chromosomal axes of
meiotic chromosomes, SYCP1 is a component of the central element of the SC,
which is only assembled on completely synapsed chromosomes (reviewed in *.
During the LAS and MAS stages, SYCP1 stains only the synapsed regions of
the ZW pajr. As soon as the Z chromosome starts to wrap itself around the W
chromosome, we observed that the SYCP] signal followed the twists of the Z
chromosome (Figure 1c). At the equalized stage, the SYCP3 and SYCP1 staining
fully overlapped, except for the occasionally free tip of the Z chromosome.
As pachytene progresses further, Z and W begin to desynapse, and this was
accompanied by disappearance of SYCP1 from these regions (Figure 1c). At
the ‘late separate’ stage, SYCP1 was no longer present on 7 and W. Based on
these observations, we conclude that the equalized stage indeed represents a
completely synapsed configuration of 2 and Wi

The equalized ZW chromosome pair is transcriptionally silent in pachytene oocytes

To analyse the transcriptional activity of the Z and W chromosomes during
the different stages of meiotic prophase, we immunostained oocytes for RINA
polvmerase II (RNA pol II) and SYCP3. During leptotene and zygotene, we
found positive staining for RNA pol II throughout the macleus, but from early
pachvtene onwards, there is a depletion of RINA pol II surrounding the ZW
pair {Figure 2a). The absence of RNA pol II was most prominent during the

e ayiree
CHEAPT R



A zygotene pachytene diplotene
equalized early

B zygotene pachytene

late equalized

Z chrom

Figure 2. Lack of RINA polymerase II and enrichment for H3K9me3 mark the
ZW pair. (a) OQocyte spread nuclel immunostained for RNA polymerase 11 (green)
and SYCP3 (red). The RNA pol II signal is evenly spread in the zygotene nucleus. In
pachytene nuclei (LAS and equalized configuration of the ZW pair) and in diplotene,
RNA pol 1T signal is reduced around the ZW pair. Bar represents 10 um. (b) Qocyte
spread nuclei immunostained for H3K9me3 (green) and SYCP3 (red) (upper panel), and
DNA FISH with painting probes for the heterochromatic part of the Z (green) and W
(red) chromosomes (lower panel). W and the heterochromatic part of Z are enriched for
H3K9me3 already in early zygotene. The highest H3K9me3 signal is seen on the fully
synapsed ZW pair in pachytene. In diplotene, as Z and W have desynapsed, H3K9me3
remains highly positive on W and is lost from Z, with the exception of the constitutive
heterochromatic part of the Z that is recognized by the painting probe which is still
positive for H3K9me3, although with much lower intensity than W. Bar represents
10 pm.

equalized stage. As pachytene progresses into diplotene, the exclusion of RNA
pol 1T around the ZW pair persists, and a reduction of RNA pol II surrounding
the SC was also observed for other macrobivalents (Figure 2a). In mid diplotene,
the overall signal of RNA pol 1I increased, but the level in the area around ZW
remained relatively low. These data indicate that the Z and W chromosomes are
subjected to meiotic silencing. In late diplotene, RNA pol II staining is no longer
reduced on Z and W (not shown).

To obtain further evidence for transcriptional silencing of Z and W during
chicken oogenesis, we analysed the localization of the known heterochromatin
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marker H3K9me3 ¥, in combination with a FISH specific for the W chromosome
and the heterochromade part of the Z chromosome. In oogonia, and in leprotene
and zygotene oocytes, we observed several regions eariched for H3K9me3, but
the region with the highest signal always colocalized with the FISH signal for W
(Figure 2b). The Z painting probe colocalized with a region of 7 that was also
enriched for HM3K9me3, but to a lesser extent compared to the enrichment of
H3K9me3 on the W chromosome. During the equalized stage, the chromatin
surrounding the ZW pair could easily be recognized as the region that displayed
the strongest FI3K9me3 staining in the npucleus (Figure 2b). As the ZW pair
desynapses, H3K9me3 is lost from the Z chromosome, with the exception of the
heterochromatic region thatis recognised by the painting probe (Figure 2b). These
findings indicate that the W chromosome is already inactive before entry into
meiotic prophase, while the inactivation of the whole Z seems to be a transient
process from early pachytene until diplotene. Based on our observations and
earlier reports, we estimate that the duration from pachytene till early diplotene
takes approximately 3-4 days *.

VH2AX appears in two separate waves during meiotic prophase

Next, we analysed the behaviour of histone H2AX phosphorylated at serine 139,
(yH2AX), a well-known marker of DNA double strand breaks (DSBs) '™ #. This
is also the earliest histone modification that appears on the silenced XY body
in mouse (reviewed in °. In chicken oocytes, YH2AX was found to be present
throughout the nucleus with areas showling more intense staining in leptotene
and zygotene (Figure 3a). These areas most likely correspond to sites of meiotic
DSBs, similar to what has been observed for mouse oocytes and spermatocytes
Y. At the end of zygotene, remaining yH2AX foci localize to sites associated with
synaptonemal complexes {(8Cs). Persistent yH2AX foci were observed along the
unsynapsed arm of the Z chromosome (Figure 3bc), as confirmed by subsequent
FISH with specific probes against the heterochromatic part of Z and the whole W
chromosome. During mid pachytene, when the ZW pair is fully synapsed, yH2ZAX
foci along the length of the SCs have disappeared, but all telomeres showed a
bught focus (Figure 3d). During mid-late pachvtene, when the Z and W start to
desynapse, a second wave of vH2AX starts to accumulate in a distal to proximal
fashion on all the desynapting regions of Z (Figure 3ef). In diplotene, yH2ZAX
covers the whole Z chromosome, with the exception of the heterochromatic
part, which looses yH2ZAX during the late separate stage (compare diplotene in
Figure 3e with Figure 3f). In addition, all other chromosomes maintain yH2AX
at the telomeres. Approximately two days afrer entering diplotene, as seen in part
of the diplotene oocytes isolated from 7-day-old chickens, yHZAX is lost from
the Z chromosome (Figure 3a).
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Figure 3. Two separate waves of yH2AX on Z during meiotic prophase in
chicken oocytes. (a — f)(a) Oocyte spread nuclei immunostained for yH2AX (green)
and SYCP3 (red) (b — f) Oocyte spread nuclei immunostained for yH2AX (green) and
SYCP3 (red) (left panels), DNA FISH with painting probes for the heterochromatic part
of the Z (green) and W (red) chromosomes (middle panels) and schematic drawings
of the synaptic configurations of Z (blue) and W (green) (right panels). At leptotene,
yH2AX starts to appeat, and in zygotene it is present throughout the nucleus (a). In
pachytene, yH2AX marks all telomeres and is present as big foci on several chromosomes
(b). yH2AX also coarts the unsynapsed part of Z during early pachytene, but disappears
from Z as synapsis between Z and W progresses (bc). At the equalized stage, around
midpachytene, only the telomeres are yH2AX positive (d). Upon unwinding ot desynapsis
of the Z and W, a second wave of yH2AX starts to coat the desynapsed part of Z (e). The
heterochromatic part of Z has lost yH2AX from late pachytene onwards (f). In diplotene,
only the telomeres and the desynapsed Z chromosome are highly enriched for yH2AX
(a). At later stages of diplotene, yH2ZAX disappears also from the telomeres and Z (a).
Bar represents 10 pm.
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Together with the RNA polymerase IT and H3K9me3 staining patterns, these
data show that the second wave of yH2AX accumulation starts after silencing
of the ZW pair has been established. Moreover, the second wave of yH2AX
labelling appears to be restricted to the Z chromosome. These findings contrast
with observations during mouse meiosis, where yH2AX accurmulation is essential
for, and occurs concomitant with, silencing of the sex chromosomes . To obtain
more insight in the trigger for yH2ZAX accumulaton on the Z chromosome
during late pachytene in chicken oocytes, we analysed the immunolocalization of
the DSB-repair protein RAD51.

DNA double strand break repair associated proteins transiently disappear from
the ZW pair

We found RAD31 foci on the synapsed autosomes and the unsynapsed axis of
the Z chromosome during early pachytene. However, we never observed RAD 51
foci on the W chromosome during pachytene (Figure 4a-f). During progression
of pachvtene, RAD51 foci gradually disappeared from the autosomes. As
synapsis between Z and W progresses, RADS1 foci start to disappear from
the synapsed part, but remain present on the part of Z that is still unsynapsed
(Figure 4b-d). During the equalized stage, only a diffuse RAD31 signal persists
at the distal tip of Z (Figure 4¢). When the Z and W start to desynapse, we
noticed a reappearance of RADS1 foci along the desynapsing Z chromosomal
axis (Figure 4f). When Z and W were almost completely separated (‘late separate’
subtype), RAD51 foci covered the complete Z chromosome (Figure 4g), whereas
the W chromosome remained devoid of these foci. Upoa eatering diplotene,
all SC-associated RAID51 foci gradually disappear (Figure 4a). The observed
temporal disappearance of RADS51 foci (and vyH2AX) during progression of
synapsis between 7 and W in pachytene could indicate that the repair proteins
are transiently lost, while the breaks are not repaired. However, the lack of
detectable RADS1 focl could also be due to the tight winding and twisting of Z
around W, which may render the RAD51 proteins inaccessible to the antibody.
Still, the absence of yH2AX from the synapsed ZW indicates that the DSBs may
also be temporarily undetectable tor the machinery that couples processing of
these breaks to yH2AX formation. Final repair of these breaks may therefore be
suppressed until Z and W desynapse.

H2A ubiquitylation narks the ZW pair from early pachytene until diplotene

Next, we investigated the localization of several known other mammalian
and marsupial XY body markers in chicken oocyte nuclei First, we evaluated
H2ALk119ubl, a histone modification which is generally associated with gene
silencing, in combination with FISH for Z and W. It marks the inactive X
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Figure 4. Reappearance of RAD51 foci on the desynapsing Z chromosome. (a — g)
Oocyte spread nuclei immunostained for RAD51 (green) and SYCP3 (red). At leptotenc
and zygotene, RAD51 foci are dispersed throughout the nucleus (a). At early pachytene,
some RADS5I1 foci are present on almost all synaptonemal complexes, most prominently
on the unsynapsed part of the Z chromosome (ab). With progression of pachytene,
RADS51 foci disappear from the autosomes, but remain present on the unsynapsed
segment of the Z chromosome (cd). As synapsis between Z and W proceeds (MAS to
equalized), RADS51 foci disappear along the synapsed region of Z and W (cde). When Z
starts to unwrap itself, RADS5]1 foci reappear on the desynapsed part of Z (fg) and remain
present until diplotene (a). Enlargements and the schematic drawings (Z in blue, W in
green) of the synaptic configurations of the ZW pair are shown. Bar represents 10 pm.

chromosome in female somatic cells '*#*2 and the mammalian XY body from
mid-pachytene to early diplotene . In chicken zygotene oocytes, this histone
modification marks the W chromosome (Figure 5b) and from late zygotene
onwards also accumulates on centromeric chromatin. In early pachytene,
H2Ak119ub1 starts to spread from the centromeres on a few microbivalents. It
also begins to accumulate on the already synapsed part of the ZW pair, and part
of the distal unsynapsed arm of the Z chromosome (Figure 5¢). Around mid-
pachytene, when the ZW pair is fully synapsed, the H2ZAk119ub]1 signal increases
and intensifies specifically on the ZW pair (Figure 5d). When the Z and W start

to desynapse, H2Ak119ub1 remains present on the desynapting 7 chromosomal
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Figure 5. Analysis of H2Ak119ubl on the ZW pair during meiotic prophase. (a —h)
(a) + (h) Immunostaining for H2Ak119ubl1 (green) and SYCP3 (red) on spread oocyte
nuclei. (b — g) Immunostaining for H2Ak119%ub1 (green) and SYCP3 (red) on spread
oocyte nuclei (left) and DNA FISH with painting probes for the heterochromatic part of
the Z (green) and W (red) chromosomes (right). In leptotene, some H2Ak119ub1 arcas
are visible (a). H2Ak11%b1 already marks the W chromosome during early zygotene
(b) and accumulates at all centromeres at late zygotene (not shown). In pachytene,
H2Ak119ub1 still marks the centromeres, and H2Ak119ub1 starts to coat the 7 and W
chromosomes, covering both parts of the synapsed regions as well as the heterochromatic
part of the unsynapsed Z (c). The ZW pair is completely covered by H2Ak119ubl at its
equalized stage (d). When the Z and W start to desynapse, H2Ak11%ubl only persists
on the / chromosome (¢) (inset shows schematic drawing of Z (blue) and W (green)
pair). At late pachytene, H2Ak119ubl1 remains present on the 7, but is lost from its
heterochromatic part (f). In diplotene oocytes from 7-day-old chickens (g), H2ZAk11%ubl
briefly persists on Z, but eventually disappears and is distributed throughout the nucleus
(h). Bar represents 10 pm.
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axis, but is eventually lost from the W (Figure 5e). At the late separate stage
and during early diplotene, H2Ak119ub1 covers the 7 chromosome (Figure 5{g),
with exception of the heterochromatic part recognized by the FISH probe. A few
days after entering diplotene, HZAK119ub1 is lost from the Z chromosome, and

appears in an evealy distributed manner throughout the whole nucleus (Figure
Shy.

rimethylation of lysine 27 of histone H3 is a prominent marker of the W chromosome
during meiotic prophase

H3K27me3, an eatly marker of X chromosome inactivation in the female mouse
embryo ¥, is reduced on the XY body in mammals * and marsupials *. In
chicken leptotene oocyte nuclel, this modification 1s virtually absent, whereupon
the signal in zygotene nuclei increases on W and some microbivalents (Figure
6a). During pachytene, H3K27me3 is enriched on three microbivalents, but this
modification most prominently matks a subregion of the W chromosome (Figure
6a). This enrichment of H3K27me3 on the W chromosome was found to remain
prominent only on the W chromosome, even in late diplotene (Figure 6a).

Acetylation of H4KT6 on the ZW pair is reduced from mid pachytene until diplotene
Acetylation of H4IK16 is associated with active transcription, and in nuclei of
female chicken somatic celis, a subregion of the Z chromosome is specifically
entiched for this histone modification ¥. We performed double-immunostainings
of oocytes for H4K16ac and SYCP3, followed by a FISH for Z and W. During
zygotene, H4K16ac stained the nucleus more prominent then during leptotene and
pachvtene, which could indicate a transient global upregulation of transcription
(not shown). Similar to what was observed for RNA polymerase II, reduced
H4K16ac staining is observed on the completely synapsed Z\W pair (Figure
6b). As pachytene progresses, H4K16ac is also reduced around long autosomal
SCs. The low level of H4K16ac on ZW appears to persist until mid diplotene.
We also performed double-stainings for yH2ZAX and H4K16ac and observed
that when yH2AX accumulates on the desynapting Z, H4K16ac is reduced,
and this persists up to diplotene (Figure 6¢). Concomitantly, H4K16ac signal
increases on the rest of the genome. Together, these observations show that the
Z and W chromosome lose H4K16ac around the midpachytene stage, indicating
transcriptional silencing, in accordance with our other observations.

#mRINAs of Z and W genes show transient downregulation in oocytes during early
postnatal ovary developmient

If the Z and W chromosome are silenced during pachytene and early diplotene,
mRNA:s for Z and Weencoded genes should be decreased in these cells, compared
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Figure 6. Analysis of histone modifications on Z and / or W during meiotic
prophase. Immunostaining of oocyte spread nuclei preparations for H3K27me3
(green) and SYCP3 (red) (upper panel) and DNA FISH with painting probes for the
heterochromatic part of the Z (green) and W (red) chromosomes (lower panel). With
progression of zygotene, part of the W chromosome becomes positive for H3K27me3.
During pachytene, H3K27me3 is present on several microbivalents and coats a specific
part of the W chromosome. This pattern persists up into diplotene. Bar represents 10 pm.
(b) Oocyte spread nuclei preparations immunostained for H4IK16ac (green) and SYCP3
{red). From around midpachytene onwards, H4K16ac is reduced around the ZW pair.
In pachytene, also other chromosomes appear to have reduced levels of H4K16ac. Bar
tepresents 10 um. (¢) Oocyte spread nuclei preparations immunostained for H4K16ac
(green) and yH2ZAX (red). In diplotene, yH2AX and H4K16ac signals are mostly murtually
exclusive. Bar represents 10 um.

to earlier and/or later stages of oocyte development. To analyse this, we performed
real-time RT-PCR experiments using total RNA isolated from purified oocyte
fractions and total ovaries isolated on 3 different time points (embryonic day
20, post hatching day 4 and day 7). Real time RT-PCR was performed for 10
Z-encoded genes, 4 W-encoded genes (Figure 7a) and 2 autosomal meiosis-specific
genes, namely the synaptonemal complex component SYCP3 and meiotic-DNA
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double strand break-inducing enzyme SPO77. The expression profiles of SYCP3
and SPO77 followed the expected pattern (Figure 7b, Figure 8). The Z genes,
HINTT, TXN, NIPBL and SMAD2 all show a relative decrease in expression in
oocytes of post hatching day 4, followed by an increase in expression at day 7
(Figure 7b); Expression of the Z gene SL.CA7.43 is measured in oocytes for the
first time at day 7. The W gene HINTIW also shows a decrease on post hatching
day 4, and subsequently increased expression at day 7. The other analysed Z- en
W-encoded genes showed no expression in oocytes at any timepoint, indicating
that they are inactive during meiotic prophase. Based upon earlier descriptions
of ovary development *'"'*" and our own observations, most oocytes are still
in zygotene during embryonic day 20, whereas the vast majority of the oocytes
is in late pachytene on post hatching day 4, and in late diplotene on day 7. The
observed decrease in mRNA levels of Z- and W-encoded genes supports our
immunocytochemical findings and confirms that Z and W are transiently silenced
during oocyte development.
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Figure 7. Gene expression profile in oocytes in different stages of meiotic
prophase. (a) Schematic drawing of the location of the analyzed genes on the Z and
W chromosomes. The genes in gray did not show expression in oocytes at any of the
analysed timepoints. The intermittent lines from the W chromosome indicate that the
exact location of the genes is unknown *'. (b) Gene expression graphs as analyzed by
real time RT PCR for two autosomal meiosis-specific genes; SPO77 and SYCP3, for 1
W chromosome gene (HINTW) and 5 Z chromosomal genes (HINT7, TNX, NIBPL,
SMAD2Z, and SL.CAT.A3). Data were collected at 3 different time-points: embryonic day
20 (E20), 4 (P4) and 7 days post-hatching (P7), and expression in oocytes was estimated
as described in Materials and Methods. Finally, expression at E20 was set at 1, except for
SLCATA3Z, which was expressed in oocytes only on day 7 post hatching,
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The ZZ chromosome pair behaves similar to the autosomal chromosome pairs during
male meiotic prophase

To establish that the ZW pair in oocytes behaves different from the Z7Z pair
in spermatocytes, we also performed immunocytochemical analyses on chicken
spermatocytes isolated from adult testes. Similar to what we observed in oocytes,
, YH2AX was present throughout the nucleus with areas showing more intense
staining in leptotene and zygotene spermatocytes (Figure 9a). At the end of
zygotene, remaining YH2AX foci localize to sites associated with synaptonemal
complexes, also resembling the pattern observed in chicken oocytes. However,
during pachytene, all chromosomes were fully synapsed and yH2AX was present
only on telomeres, and this pattern persisted up to late diplotene (Figure 9a).

Next, we analyzed the presence of H3K9me3 in combination with a FISH
specific for the heterochromatic regions of the Z chromosomes (Figure 9b).
Several regions in leptotene and zygotene spermatocytes were enriched for
H3K9me3, but they never colocalized with the FISH signal(s) of Z (Figure 9b).
In pachytene, the heterochromatic region of 7 showed some enrichment for
H3K9me3, and this signal decreased again during diplotene (Figure 9b).

H3K27me3 was present on a few microchromosome throughout meiotic
prophase, but not on Z (not shown).
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Figure 8. Gene expression profile in ovaries in different stages of meiotic
prophase. Gene expression graphs with SEM as analyzed by real time RT PCR using
total ovary RNA for two autosomal meiosis specific genes; SPO!7 and SYCP3, for 1
W chromoesome gene (HINTW) and 5 Z chromosomal genes (HINT7, TINX, NIBPL,
SMAD2, and SL.LCATA3Z). Data were normalized to actin at 3 different time-points:
embryonic day 20 (E20), 4 (P4) and 7 days post-hatching (P7). Expression at E20 was
setat 1.
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Figure 9. Analysis of histone modifications during meiotic prophase of male
chicken spermatocytes. (a) Spermatocyte spread nuclei immunostained for YH2AX
(green) and SYCP3 (red). At leptotene YH2AX starts to appear and in zygotene it is
present throughout the nucleus. In pachytene, YH2ZAX marks all telomeres, then it
gradually disappears from telomeres in diplotene. Bar represents 10 y. (b) Spermatocyte
spread nuclei immunostained for H3K9me3 (green) and SYCP3 (red) (upper panel) and
DNA FISH with painting probes for the heterochromatic part of the Z (light blue) and
SYCP3 (red) (lower panel). In leptotene and zygotene, H3K9m3 is present throughout the
nucleus with several regions of higher signal intensity, and the Z chromosomal regions
show the same H3K9me3 signal as the majority of the nucleus. In mid pachytene, some
microchromosomes and the heterochromatic part of Z have a slightly higher signal. In
diplotene (2 nuclei are shown), H3K9me3 signal is found in a patchy pattern on some
macrochromosomes and minichromosomes, and it is lost from the heterochromatic part

ol &

DISCUSSION

Meiotic inactivation of the synapsed ZW pair in chicken oocytes

Meiotic sex chromosome inactivation (MSCI) in male mammals is thought to
be triggered by the presence of unsynapsed axes of the X and Y chromosome
(reviewed in *. Recently, it was discovered that in marsupial spermatocytes the
unsynapsed X and Y chromosomes are also inactivated in a manner similar to
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what has been observed in mouse ***. Herein, we show inactivation of sex
chromosomes during meiosis in the female Gallws gallns domesticns, a species with
female heterogamety and a ZW sex chromosome system that evolved independent
of XY. Female oocytes undergo a much longer developmental process between
the initiation of meiotic prophase and ovulation, compared to the time course that
is involved during development of spermatocytes to mature sperm. Therefore, it
was suggested that meiotic inactivation of Z (and W) would not occur because it
would be incompatible with the lengthy oocyte developmental process %, Herein,
we have shown to the contrary that MSCI does occur, but is transient in chicken
oocytes; in diplotene, the Z chromosome loses its specific “silencing” histone
modifications (YHZAX and H2Ak11%ub1). In additon, the mRNA of several
Z-encoded genes is higher in oocytes isolated at posthatching day 7 compared to
day 4. Reactivation of Z may allow Z-encoded genes to assist in further oocyte
development. HINTW is a W chromosomal multicopy gene ** that also shows
increased expression in day 7 oocytes. It localizes to the non-heterochromatic tp
of W *. Based on its female specificity and expression in differentiating ovaries
of early embryos, HINTW has been implicated in female sex differentiation, but
its exact function is unclear *. The W chromosome is gene poor, and to date,
only a few genes have been described to be W-specific (ICBN Mapviewer, **.
In addition, the actual size of the pseudo-autosomal region between 7 and W
has ot been established. Based on the persistent presence of H3K9me3 on W in
diplotene oocytes, it could be suggested that the W remains inactive throughout
oocyte development, perhaps with the exception of the non-heterochromatic
tip that contains the multicopy gene HINTW. This nicely parallels the recent
findings by Muellet et al ¥, who describe that X- linked multicopy genes that
are subjected to MSCI are specifically re-expressed in postmeiotic spermatids in
mouse, whereas the vast majority of single-copy genes remain inactive.

in early mouse pachytene spermatocytes, the X and Y chromosome show
more extensive synapsis compared to the later pachytene stages, when desynapsis
progresses until the X and Y show only an end to end association in some
“. This resembles the dynamics of ZW association during
chicken cogenesis, with exception of the fact that complete synapsis is never
achieved in mouse, and always in chicken. Our data now show that despite the
complete (heterologous) synapsis, sex chromosome inactivation is not prevented,
and repair of meiotic DSBs is delayed (see below).

diplotene nuclei

No compensation for 7 inactivation by vetrogene expression from autosomal sites

During mammalian MSCI, silencing of some essential X chromosomal genes is
compensated by expression from retroposed copies on autosomal chromosomes.
The expression of these copies is male-specific and inidates concomitant with




MSCI *. However, in the chicken genome, very few functional retroposed genes
appear to be present *. For the 15 identified functional retroposed genes in
chicken, no bias for genes from specific chromosomes was detected. Due to the
transient nature of the ZW inactivation, Z-encoded mRNAs and proteins may
be in large enough supply to allow maintenance of function of essential Z-linked
genes during this short period. Genomic analyses and analyses of EST dawabases
have revealed that ovary-specific genes are underrepresented on the chicken Z
chromosome. In addition, microarray analyses of gene expression in different
chicken tissues have shown that the average expression of Z-linked genes versus
autosomal genes is lowest in the embryonic ovary *. This phenomenon could
have different causes. In principle, so-called sexually antagonistic genes {(genes
beneficial to one sex, detrimental to the other), are expected to accumulate on the
sex chromosomes. In species with male heterogamety, recessive male beneficial
genes would be expected to accumulate on the X. In accordance with this notion,
the mouse and human X chromosome are entiched for spermatogenesis-genes
expressed prior to meiotic prophase. Due to MSCI and PMSC (post meiotic sex
chromatin), the X is depleted for spermatogenesis-genes expressed during later
stages, with the exception of some single-copy and multicopy genes, that show
postmeiotic reactivation ***- ¥, Since retroposition of Z genes to autosomes
does not seetn to occur in chicken *, it might be suggested that the evolutionary
force to drive cocyte-specific genes off the Z during evolution is relatively weak,
perhaps due to the transient nature of MSCI in chicken. Still, the relative lack of
ovary-specific genes, and the generally low level of Z-encoded gene expression
in embryonic ovary may indicate that MSCI in chicken reduces the likelihood of
oocyte-specific genes that functior during meiotic prophase to evolve on the Z.
However, the properties of the chicken Z chromosome can also be explained
by a dominant model of sexual antagonistic genes, whereby dominant genes
encoding proteins that are beneficial to males would be downregulated in females

to minimize antagonism °

Y. More detailed analyses of ovary-specific genes is
required, including separate analyses of genes expressed in somatic and germ line
cells of the ovary, to determine whether MSCI in chicken affects gene content

on Z.

Z inactivation precedes the second wave of yH2AX formation

The inactivation of Z and W during chicken cogenesis shows marked differences
and similarities to MSCI in marsupial and mouse (summarized in Figure 10). The
timing of Z inactivation (eatly pachytene) is similar to what has been observed
in rhe other vertebrates. However, the W chromosome appears to enter the
zygotene stage already in a (partially) inactivated configuration. yH2AX appears
as focl on the Z chromosome during zvgotene, and these foci appear to persist
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Figure 10. Phylogenetic tree, and overview of marsupial and mammalian XY body
and chicken ZW pair markers. Timescale for the avian (chicken) and mammalian
(mouse, matsupials) vertebrates ***. Overview of the localization of different markers
on XY (mouse »* % and marsupial *) and ZW (chicken) during meiotic prophase.

longer on the Z compared to the autosomes, similar to what has been observed
on the X chromosome during zygotene in mouse '"*'. However, during the stage
of complete synapsis, yH2AX is absent from the ZW pait. Then, a second wave
of yH2AX formation appears around late pachytene on the desynapsed Z, and
only after silencing has been established. This is in marked contrast with the
second wave of yH2AX formation in mouse, which occurs on both X and Y, and
immediately as spermatocyes enter pachytene. The appearance of yH2AX on the
desynapting Z chromosome is accompanied by a reappearance of RAD51. At this
stage autosomal axes also begin to desynapse, but do not show a reappearance of
RAD51 foci, and do not accumulate yH2AX. Thus, repair of meiotic DSBs on
the Z chromosome may be inhibited to avoid recombination with the synapsed
W chromosome, and postponed until desynapsis. This provides a clear link
between the second wave of yH2AX formation and DSB-repair rather than
with an unsynapsed axis per se. At this late pachytene/eatly diplotene stage,
H2Ak119ubl formation is also specifically enhanced on the Z chromosome.
This modification is known to be associated with inactive chromatin, but has also
been implicated in DSB-repait *. Perhaps silencing is induced at sites containing
persistent DSBs to prevent aberrant (truncated) transcription through the
damaged region in somatic as well as germ-line cells. In somatic cells, DSB repair
can also be associated with the recruitment of silencing factors *. We reported
a link between the presence of persistent DSBs and the frequency of meiotic
silencing of unsynaped chromatin (MSUC) in mouse =,
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Inactivation of Z during pachytene is most likely accomplished by spreading of
heterochromatin from W

With the identification of meiotic sex chromosome inactivation in a species
that shows female heterogamety as well as complete nonhomologous synapsis
during pachytene, we provide indications for the presence of an evolutionary
force that drives meiotic sex chromosome inactivation independent of the final
achievement of synapsis. The absence of homologous chromatin (as a template

.

1st wave of yH2AX

| |
¥

| |
1 |
| |

zygotene early pachytene early mid pachytene mid pachytene late pachytene early diplotene

H3Kkome3 O RADs1 W chromosome
— H3K27me3 x
e H2Ak119ub1 Z chromosome
m— YH2AX

Figure 11. Model for transient sex chromosome inactivation in the chicken
oocyte. In zygotene, parts of the W chromosome are already inactive and marked by
increased H3K9me3 and H2Ak119ub1. In addition, part of the W chromosome acquires
H3K27me3. The Z chromosome is enriched for H3K9me3 and H2Ak119ub1 oaly in the
region that is known to be heterochromatic. During this phase, RADS51 foci are present
and the first wave of yH2AX accumulation has occurred clearly on 7 and most likely
also to a lesser extent on W. Upon entrance of pachytene, 7 starts to condense and folds
back on itself, while the W chromosome lengthens slightly, and RNA pol II and the
first wave of yH2AX gradually disappear. With progression of pachytene, the ZW pair
reaches full synapsis, H3K9me3 and H2ZAK119ub1 most likely spread in frans from W on
Z while H4K16ac is lost. Also, silencing may spread on Z ## ¢, triggered by the presence
of persistent meiotic DSBs. As the ZW starts to desynapse, RADS51 reappears on the
desynapting Z, and a second wave of yH2AX on the whole Z chromosome follows.
H2AK119ubl also spreads on the desynapting Z. During this period, meiotic DNA
double-strand breaks on Z are most likely repaired, and transcriptional silencing of Z
is maintained by yH2AX and H2AK119ubl. Shordy after desynapting, both yH2AX
and HZAK119ub1 are lost from the heterochromatic part of Z, while H3K9me3 is lost
from Z, except from its heterochromatic region. In diplotene, both sex chromosomes
lengthen, and yH2AX and H2AK119ubl1 are gradually lost, allowing re-activation of the
7 chromosome, while W remains positive for H3K27me3 and H3K9me3, most likely
indicating a maintenance of its inactive state.
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for the repair of DNA double-strand breaks} could be instrumental in initiating
this silencing, since synapsis is only achieved after silencing has been established.
Based on the observations described herein, we propose the following model
for the inactivation of the sex chromosome in the heterogametic female oocyte
during meiotic prophase (Figure 11).

The W chromosome enters meiosis in an inactive configuration, which includes
hypermethylation of H3K9 and ubiquitvlation of H2AKI119. H3K27me3 is
also present on the W chromosome from zygotene onwards. H3K27me3 may
recruit the polvcomb protein complex PRCI, which could then help to enhance
ubiquitylation of HZAK119, as has been ohserved during X Inactivation in somatic
cells of female mammals % In pachytene, H3K27me3 remains enriched on a
subregion of the synapsed ZW pair. Concomitantly, the synapsis with Z allows
spreading # frans of heterochromatic marks such as H2ZAk119ub1 and H3K9me3
from the inactive W chromosome on the 7 chromosome. Also, additional
spreading 2z oir of H3K9me3 and HZAk119ub1 from the heterochromatic region
of Z may contribute to inactivation of 7, triggered by the transient persistence
of the meiotic DSB-associated yH2AX-signal.

The accumulated silencing histone modifications result in inhibition of Z
and W gene transcription, as visualized by reduced RNA polymerase II staining
around ZW, and reduced mRINA expression of selected Z and W genes. During
the compact arrangement of the Z-chromosomal axis around the W axis, DSB-
repair is inhibited, and yHZAX and possibly also RAD51 are lost from the DSB-
repair sites. Subsequent desynapsis is accompanied by reappearance of RAD51, a
second wave of yH2AX formation and enhanced H2Ak11%ub1 {formation on 7,
The latter modification may maintain silencing (despite the absence of H3K%me3
on the desynapsed Z) unul the breaks are repaired. The W chromosome remains
inactive due to the high levels of H3K9me3 and H3K27me3.

Transcriptional Inactivation of the ZW pair was first observed In oocytes
when Z and W show the LAS to MAS configuration, at day 1 after hatching,
Disappearance of yH2AX and H2Ak11%ubl from Z in diplotene was observed
in oocytes isolated at the 7™ day after hatching. This indicates that the period of
7 inactivation lasts approximately 5.5 — 6 days.

Meiotic sexc chromosome inactivation and dosage compensation.

A wide variety of mechanisms exist that compensate for unequal gene dosage in
species with chromosomal sex determination. Female marsupials show Inactivation
of the paternal X chromosome in somatic cells, to equalize the expression level
of X-encoded genes with that of males. The recent discovery of MSCI and
maintenance of X inactivation in postmeiotic cells of male marsupials supports
the hypothesis that inheritance of a “pre-inactivated” X chromosome could
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contribute to the establishment of paternal X-inactivation in female embryos *.
Our findings on transient ZW inactivation argue against the existence of such a
mechanism in birds. This is in accordance with data from the literature that show
that male birds do not show inactivation of one of the two Z chromosomes
#2343 In fact, dosage compensation in birds appears to be far less complete
than in mammals, and it is not yet known whether dosage compensation, if it
occurs, is achicved viz upregulation of Z-genes in females, or downregulation in
males. It cannot be excluded however, that the transient inactivation of 7. leads to
epigenetic modifications that persist and may influence gene expression in male
(Z2) offspring.

Meiotic silencing in evolution

During male meiosis in mice, a general mechanism ramed meiotic silencing
of unsynapsed chromatin (MSUC) silences all unsynapsed chromosomes ™ .
This mechanism could be evolutionary related to meiotic silencing by unpaired
DNA (MSUD) which opetates in Newrospora crassa ™. However, MSUD is 2
posttranscriptional silencing mechanism that acts at the single gene level. It is
not clear whether components of MSUD are conserved and used in MSUC,
which acts at a much larger scale and is far less efficient. Mejotic silencing of sex
chromosomes (MSCI) in mammals 1s most likely a specialized form of MSUC.
The driving force behind MSUD and MSUC may be that it is beneficial for the
species to silence foreign DINA. Although sex chromosomes are no foreign
DNA, recognition as such may also be beneficial, because it will help to suppress
recombination between the heterologous regions of the sex chromosomes.
This suppression of sex chromosome recombination could also be a strong
driving force to silence single or heterologous sex chromosomes. Spreading of
heterochromatin from W on Z in female chicken oocytes to achieve meiortic
sex chromosome inactivation may be mechanism that evolved independent
from MSCI in mammals. In XO male grasshoppers, the single X chromosome
also enters spermatogenesis in an already inactive configuration *. In chicken,
the heterologous synapsis between Z and W may be required to escape from a
synapsis checkpoint, and not to avoid meijotic silencing,

MATERIALS AND METHODS
Lsolation of vocytes from chicken ovaries
Qocytes were isolated from embrvonic day 20 (E20), day 4 (P4) and 7 (P7)
post hatching female chickens. Ovaries were collected and incubated for 30
min in 20 ml Dulbecco’s-PBS medium coataining 1 mg/ml collagenase, 1 mg/
ml trypsin and 0,5 mg/ml hyaluronidase (Worthington, Lakewood, USA) in a

PLORTAL D RT3 sl L RO OIS R 0 N A TN




Gt

shaking watetbath with an amplitude of 1 ¢m at 37°C (60 cpm/min). A single cell
suspension was obtained by repeated pipetting of the suspension. After filtration
through 70 mm gauze, the cell suspension was centrifuged for 3 min at 800 g
Iml of cell suspension in DMEMF12 was loaded on 9 ml of a 3-step gradient
of 1.012, 1.037 and 1.071 mg/ml Nycodenz (Nycoprep™ Universal, Axis Shield
PoC AS, Oslo, Norway) and centrifuged at 2400 g for 20 min at 20°C. The oocyte
fraction was collected from the 1,037 mg/ml layer, centrifuged for 3 min at 800g
and the pellet was snap-frozen in liquid nitrogen and stored at ~80°C. Based on
SYCP3 staining of spread nuclei preparations from the purified fractions we
calculated a purity of 70%, 40% and 50% oocytes in fractions isolated from E20,
P4 and P7, respectively.

Spreads and immunocytochemistry

Chicken (Gallus gallus domesticus) eggs were incubated at 37 °C and a humidity
of 70-80% until hatching, Chickens were killed by CO, intoxication. The
functional left ovary or left and right testes were dissected and placed in Hanks’
solution. Spread nuclei preparations of chicken oocytes and spermatocytes wete
prepated using a modification of the drying-down technique described by Peters
et al. . Briefly, ovaries and testes were minced in pieces with forceps and cells
were suspended in 500 ml of 100 mM sucrose, containing EDTA-free complete
protease inhibitor cocktad (Roche Diagnostics, Almere, The Netherlands).
Oocytes and spermatocytes were dispersed on a glass slide dipped in 1%
pataformaldehyde fixative with 0.1% Triton X100. After two hours in a humid
chamber at room temperature, the slides were allowed to dry for 30 minutes at
room temperature, followed by a single wash 1a 0.08% Photoflo (Kodak, Pazis,
France) and air-dried. The slides were stored at —80 °C.

For immunocytochemistry, frozen slides were defrosted at room temperature
and washed with PBS. The slides were blocked with PBS containing 0.5% w/v
BSA and 0.5% w/v milk powdert, and double stained with different combinations
of the following antibodies: rabbit polyclonal anti-SYCP3 (1:1000}, rabbit
polyclonal ant-SYCP1 (1:200) (gifts from C. Heyting, Wageningen), mouse
polycional anti-yH2ZAX (1:1000) (Upstate, Walthum, MA, USA), rabbit
polyclonal anti-yH2AX (1:1000) (Upstate), mouse monoclonal IgM anti-
H2AK119ubl (1:1000) (Upstate), mouse monoclonal antd-RNA polymerase II,
(BWG16) directed against the RINA polymerase [T CTD repeat YSPTSPS (1:600)
(Abcam, Cambndge, United Kingdom), mouse monoclonal ant-H4K16ac
(1:200) (Upstate), mouse monoclonal anti-H3K27me3 (1:100) (Abcam), rabbit
polyclonal anti-H3K9me3 (1:500) (Upstate), and rabbit anti-human RADS51
(1:500) *. For mouse monoclonal primary antibodies, the secondaty antibodies
were fluorescein isothiocyanate (FITC)-labeled goat and-mouse IgG antibodies
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(1:128} (Sigma, St Louis, USA) for anti-RNA polvinerase I, anti-yH2AX, and
anti-H3K27me3, FITC-labeled goat anti-mouse [gM (1:128) (Sigma) for anti-
H2AK119ub1 and tetramethylrhodamine isothiocyanate (TRITC)-labeled goat
anti-mouse IglG antibodies (1:128) (Sigma) for anti-yHM2AX. The secondary
antibody for polyclonal rabbit primary antibodies was tetramethylthodamine
isothiocyanate (TRITC)-labeled goat anti-rabbit IgG antibodies (1:200) (Sigma)
for anti-SYCP3 and fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit
IgG antibodies (1:80) (Sigma) for anti-Rad51, anti-SYCP1, and ant-yHZAX.
Primary antibodies were diluted in 10% w/v BSA in PBS and incubated overnight
in a humid chamber. Thereafter, slides wesre washed in PBS, blocked in 10% v/v
normal goat serum {Sigma) in blocking buffer (5% milk powder (w/v) in PBS,
centrifuged at 13.200 rpm for 10 min), and incubated with secondary antibodies in
10% v/v normal goat serum in blocking buffer at room temperature for 2 hours.
Next, the slides were washed in PBS and embedded in Vectashield containing
DAPI (#,6’-diamindino-2-phenylindole) (Vector Laboratories, Butlingame CA,
USA). Doubie stainings of SYCP1 with SYCP3, of RADS1 with SYCP3, and
of SYCP3 with H3K9%me3 (all rabbit polyclonal antibodies) were obtained by
sequential immunostainings with the single antibodies. Images of SYCP1, RADS51
and SYCP3 stainings respectively, were obtained prior to immunostaining with
anti-SYCP3 or H3K9me3 of the same nuclei,

Real-timee RT-PCR

For real-time RT-PCR, RNA was prepared from embryonic female liver, embryonic
day (E20), post hatching day 4 (P4) and day 7 (P7) ovaries and oocyte fractions
by Tnzol (Iavitrogen, Breda, The Nethetlands), DNase-treated and reverse
transcribed using random hexamer primers and Supersctipt IT reverse transcriptase
(Invitrogen). PCR was carried out with the Fast SYBR green PCR mastermix
(Applied Biosystems, Foster City, USA) in the DNA engine Opticon 2 real-time
PCR detection system (Bio-Rad, Hercules, USA). For .ACTB, SYCP3, SPO71, W
genes: NIBPL, SPIN, SMAD2, HINTW and 7 genes: NIBPL, SPINT, SMADZ,
HINTT, DMRT?, TXNLT, TXN, ILR7, BARPS, S1CA1.43 we used the following
conditions: 3 minutes 95°C, then 10 seconds 95°C, 30 seconds 58°C, 30 seconds
72°C for 40 cycles, experiments were performed in triplicate. For data analysis,
the average threshold cycle (Ct) was converted to absolute amount of transcript
(E™%) (E=efficiency determined via a standard curve) and presented as F & A<t -¢t
gensof interet 'T egimate the expression of Z and W encoded genes in oocytes and to
correct for differences in purity, we used the following formulas:

Expoz P-Ex +(1-P)Ex
Ex =F-Ex +(1-F)Ex,
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Ex_ = measured expression level in the putified oocyte sample, P= purity of the
ooé:ytes (0.7, 0.4 and 0.5 for E20, P4 and P7 respectively), BEx = expression level
in oocytes, Hx_ = expression level in the rest of the ovarian cells, Ex = measured
expression level in the ovary, I' = oocyte fraction in the ovary. We equalized the
Ex for SYCPJ to the expression measured in embryonic liver. This allowed us
to calculate the value of F in the different ovary samples. The median value of
I was found to be 0.06, and this number was used to calculate Ex . All -RT
reactions were negative. Forward and reverse primers (5" to 3%): See Table 1.

Fluorescent in situ hybridisation (F1ISH)

First, irmnmunocytochemistry was performed as described above, and images
were made of selected nuclel. Probe mixture of digoxigenin-labelled GGA
(Gallus GAllus) W and biotin-labelled GGA 7 chromosome (heterochromatic
part) painting probes (Farmachrom, Kent, UK}, salmon sperm DNA and
hybridisation buffer were mixed and denatured at 75 YC. Slides were treated with
0.005 % pepsine solution for 5 minutes at 37 "C, washed in 2xSSC at room

Table 1. Primers used for real-time RT-PCR analyses

Gene Forward primer (5 — 3%) Reverse primer (5°-3’)

autosomal

SYCP3 AGAGCATGGAAGAGCTAGAG  AGAGCATGGAAGAGCTAGAG
SPO11  AGAAGTGACTGCCCTGCAAC  TGGCTACCAAACAGGAGCTT

W chromosomal genes

NIBPL. AAAGTCCTGCGGGATATGTG
SPIN TCAGCCACGAAGAAACATTG
SMAD2 ACCAGAAACACCACCTCCAG
HINTW CTITCTTGGGCGTTTGATGAT

Z chromosomal genes

ATGGGACTGGACACTGAAGC
TGTCCCTTCCATTGTGTTA
TTGGTTCAACTGCTGGTCAC
GCGGTAGTCTGAAGGGACTG

NIBPL. CAGGGTCTCATCCATCCTGT TCGCATAGAAGGCTCTGGAT
SPIN1 GTCTCTGCCAGCATGATGAA  CACTCCCTTCTTICCATCCA

SMAD2  GTCTCTGCCAGCATGATGAA  GTCCCCAAATTTCAGAGCAA
HINT1 GTTTTGAATGAAGGGCCTGA  CATGCAGCATCTCTTGTGGT
DMRT1 AGTGGCAGATGAAAGGGATG CGAGGCCAGTATCTGTGTGA
TXNL1 GCCCTGGAACTAACACCAGA TCCCCGTGATTAGACTGGAC
TXN AGAACGGAAAGAAGGTGCAG AGACATGCTCCGATGTCTCC
IL7R TTCCTACAGCAGCCTGACCT TGGTACACACAGCCAGGGTA
PARP8  CACCAGCCAAAGAATCCAAT CAGGATGGAATGCCAGTTIT
SLC1A3 TCTTGGATCGICTCCGTACC CTTCAGCTCATGCCGTGATA
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temperature for 5 minutes, rinsed in distilled water and then air dried. Next,
they were dehydrated, zir-dried and incubated for 1 hour at 75 °C. Again, slides
were dehydrated and air dried. Subsequently, RNAse mix (100ug/ml in PBS) was
placed on each slide, and slides were incubated in a humid chamber at 37 °C. After
1 hour, slides were again air dried. Slides were denatured in 70% formarmide with
30% 2xSSC for 160 seconds at 75 °C. This was followed by quenching the slides
in ice-cold 70% ethanol, then at room temperature in 80% ethanol and finally in
100% ethanol. Probe mixture was placed on the slide, covered with a coverslip
and sealed. The slides were placed in a pre-heated humid chamber and incubated
overnight at 37 °C. After incubation, the slides with coverslip were placed in
2xSSC at room temperature for 5 minutes. After removal of the coverslip, slides
were then rinsed twice in 50% formamide and 50% 2xSSC for 10 minutes at 37
°C, followed by tinsing in 2xSSC with 0.1% Triton X-100 at room temperature
for 1 minute, Subsequently, the slides where placed 1 hour in 4xSSC with 0,05%
Triton X-100. Finally, the slides were placed in 4xSCC, 0.05% Triton X-100, 3%
BSA for 25 minutes at room temperature. Sides were incubated with anti-bictn-
labelled Cy3 and anti-digoxigenin Avidine Alexa Fluor 488-labelled antibodies
(Invitrogen) in a dark humid chamber for 35 minutes at room temperature. After
removing the coverslips, slides were washed 3 dmes for 3 minutes in 4xS5C
with 0.05% Triton X-100, rinsed in distilled water and air dried before a droplet
of Vectashield mountng medium with DAPT (4°,6’-diamidino-2-phenylindole)
{Vector Laboratories) was placed on the slide and covered with a coverslip.

Fluorescence microscopy, digital image preparation and analysis

Analysis of the chicken oocyte nuclel was performed using a Carl Zeiss Axioplan
2 imaging microscope (Jena, Germany) with a plan-necfluar objective 100x/1.3 o1l
immersion. Images were taken with a Coolsnap-pto digital camera (Photometrics,
Waterloo, Canada). The acquired digital images were processed with Photoshop
softwate (Adobe Systems).
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CHAPTER 5

MEIOTIC SILENCING AND FRAGMENTATION OF
THE MALE GERMLINE RESTRICTED CHROMOSOME
IN ZEBRA FINCH




ABSTRACT

During male meiotic prophase in mammals, X and Y are in a largely unsynapsed
configuration, which is thought to trigger meiotic sex chromosome inactivation
(MSCI). In avian species, females are ZW, and males ZZ. Although Z and W in
chicken oocytes show complete, largely heterologous synapsis., they too undergo
MSCI, albeit only transiently. The W chromosome is already inactive in eatly
meiotic prophase, and inactive chromatin marks may spread on to the Z upon
synapsis. Mammalian MSCI is considered as a specialized form of the general
meiotic silencing mechanism, named meiotic silencing of unsvnapsed chromatin
(MSUC). Herein, we studied the avian form of MSUC, by analysing the behaviour
of the peculiar germline restricted chromosome (GRC) that is present as a single
copy in zebra finch spermatocytes. In the female germline, this chromosome
is present in two copies, which normally synapse and recombine. In contrast,
during male meiosis, the single GRC is always eliminated. We found that the GRC
in the male germiine is silenced from early leptotene onwards, similar to the W
chromosome in avian oocytes. The GRC remains largely unsynapsed throughout
meiotic prophase I, although patches of SYCP1 staining indicate that part of the
GRC may self-synapse. In addition, the GRC is largely devoid of melotic double-
strand breaks. We observed a lack of the inner centromere protein INCENP on
the GRC and elimination of the GRC following metaphase L. Subsequently, the
GRC forms a micronucleus it which the DNA is fragmented. We conclude that
in contrast to MSUC in mammals, meiotic silencing of this single chromosome
in the avian germline occurs prior to, and independent of DNA double strand
breaks and chromosome pairing, hence we have named this phenomenon meiotic
silencing prior to synapsis (MSPS).

-
Schoenmakers 8, Wassenaar B, Laven JSE, Grootegoed JA and Baarends

WM (2010} Chromosoma 119(3):311-24. Epub 2010 Feb 17.
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INTRODUCTION

In vertebrate species, male and female meiotic prophase starts with the
intreduction of genome wide meiosis-specific DNA double strand breaks (DSBs)
during (pre)leptotene. Melotic DSBs are detected and repaired by the homologous
recombination repair machinery, using the homologous chromosomal partner as
template (reviewed in ! and ). The DSB repair protein RADS51 and its meiosis-
specific paralogue DMCI, rapidly form filaments on the 3° end single-strand
DNA tails that resuit from processing of the meiode DSBs, and these filaments
can be identificd as distinct RADS51 foci {reviewed in 7).

The presence of RADS51 and DMC1 mark the initiation of meiotic
recombination, which involves homologous chromosome alignment, pairing,
synapsis and the formation of crossovers. All these steps are necessary to obtain
correct DSB repair and subsequent proper segregation of the chromosomes
during the meiotic divisions, with the haploid gametes as a final result. With
progression of meiotic prophase {zvgotene}, the number of RADS5] foct
gradually decreases to almost zero on the synapsed autosomal chromosomes

at early pachytene *

. During synapsis, the synaptonemal complex (SC) keeps
the homologous chromosomes physically connected along their axes (reviewed
" and ultimate complete synapsis is essential for normal continuation of the
meiotic prophase. Failure of homologous chromosommes to reach full synapsis
leads to meiotic arrest and apoptosis (reviewed in *). The male mammalian X and
Y chromosomes and the female avian Z and W sex chromosomes form a pair bus
are largely nonhomologous. Therefore, these sex chromosomes are confronted
with 2 pairing problem during melosis. The avian Z and W have solved this
problem by wrapping the much longer Z chromosome around the short W
chromosome during pachytene, resulting in a brief state of heterologous, but
complete synapsis at mid pachytenc 7. Hereafter, during late pachvtene, the 2
and W start to desvnapse again ©°. Although the mammalian XY pair shows
extensive (heterologous) synapsis in early pachytene, this is followed by gradual
desynapsis, and only the small homologous pseudoautosomal region remains
synapsed in late pachytene, leaving the rest of the X and Y chromosomal arms
unsynapsed " In addition to the pairing problem, the nonhomologous sex
chromosomes also face the presence of persistent unrepaired meiotic DSBs.
These arise because the homologous template needed for recombinadon
repair is lacking, and repair via the sister-chromadd is most likely repressed ™.
Consequently, RADS51 foci persist on the unsynapsed region of the mammalian
X chromosome until late pachytene ", and reappear on the desynapsing avian Z
chromosome at mid - late pachyrene ©
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During male mammalian meiotic prophase, the unsynapsed arms of the X
and Y chromosomes are detected, and meiotic sex chromosome inactivation
(MSCI) causes transcriptional silencing of the sex chromosomes, resulting in the
formation of the heterochromatic XY body ™. Initiation and maintenance of
MSCI in mammals is always associated with the combination of persistent DSBs
and asynapsis. Recently, we found that, although the avian ZW pair synapses
completely, it is still subjected to a transient form of MSCI ®.

MSCI is considered as a more efficient and specialized form of the general
mechanism of meiotic silencing of unsynapsed chromatin (MSUC), which
transcriptionally inactivates all unsynapsed (nonhomologous autosomal)
chromatin. MSCI always silences the X and Y chromosomes, but MSUC in
mammals can be circumvented through heterologous (self)synapsis, which
probably conceals the nonhomologous regions (reviewed in *). When autosomal
chromosomal regions without a homologous partner remain unsynapsed,
these regions become silenced by MSUC and also show persistent RAID51 foci
indicative of unrepaired DSBs >,

In birds, the mechanism of MSCI may be essentially different from that in
mammals. Heterochromatinization by hypermethylation of H3K9 ¢ implying
the inactivation of W, precedes the introduction of DSBs and initiation of
synapsis of homologous chromosomes, indicating a DINA repair and synapsis-
independent recognition of the single W chromosome. Indeed, the ZW pair
is silenced despite its complete heterologous, synapsis. We have proposed that
the heterochromatin of W spreads onto Z during the intimate wrapping of Z
around W during pachvtene . However, in chicken as well as mammalian meiotic
cells, there appears to be a link between the presence of unrepaired DSBs and
rranscriptional silencing. In mammals, this is already apparent at the initiation of
silencing, whereas in chicken oocytes, such a link is observed later, when Z and
W desynapse during late pachytene. At this stage, RAD31 foci reappear on the
unsynaped part of Z, together with accumulation of yHZAX and ubiquitylated
H2A on these parts ° These histone modifications may help to maintain Z
chromosome silencing until the D5Bs have been repaired.

Since both Z and W are silenced in the female germline of birds by MSCI, we
next asked how the mechanism of MSUC operates in avian species. To answer
this question, we chose the zebra finch (Taeniopygia guttata) as a model system. This
avian species carries a peculiar additional chromosome, which is only present
in the germline, named germline resericted chromosome (GRC). The GRC is
ptesent as 2 single copy in the male germline, whereas two coples are detected
in most ococytes 1> 16 In the female germline, the two copies synapse and form a
bivalent, which normally participates in pairing and meiotic recombination '>*.
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In the male germline, the single GRC lacks a homolog and remains unsynapsed.
In addition, it is heterochromatic, resembling the mammalian XY body, and
Pigozzi and Solari "¢ reported that the GRC is eliminated from the nucleus
around metaphase 1. To investigate the general process of meiotic silencing in
birds, we analysed the behaviour of the GRC in the male and female zebrafinch
germline.

RESULTS

The GRC forms a beterochromatic body at the end of prelepiotens that persists until
early diplotene

Two ptevious reports described the formation of a DAPI dense body (DDB;)
during meiotic prophase in zebra finch spermatogenesis ' ', We observed that
the DDB or GRC body almost always localizes in the periphery of the nucleus
and is, except in diplotene, easily identifiable as the intense DAPI field that clearly
stands out from the rest of the chromosomes (Figure 1a).

To discriminate between the different substages of meiotic prophase, we
immunostained for the presence of the lateral element of the synaptonemal
complex, using antibodies targeting SYCP3. At preleptotene, SYPC3 foct start to
appear in the nucleus. A DDB is visible in only part of the preleptotene nuclei
(Figure 3a), indicating that preleptotene Is a transitory stage during which the
DDB is formed. At leptotene and zygotene, a DDB is visible in all nuclei and
small SYCP3 fragments occasionally localized in the DB, while thick and long
SC axial elements are present on assembling chromosome pairs in the rest of the
nucleus. In pachytene, the GRC chromosomal axis is coated by SYCP3, but the
signal is not always continuous. The axial SYCP3 element of the GRC is relatively
thin compared to the SYCP3 axes associated with the other chromosomes, due to
the fact that only one axial eletent has been assembled.

Despite the abseace of a pairing partner for the GRC, we sometimes observed
patches of SYCP1 assembly on the GRC (Figure 1c), most likely representing
small regions of self-synapsis.

YH2AX does not mark the GRC during meiotic propbase, but accumulates on the
eliminated micronunclens

It is well-known that shortly after the formation of DSBs, histone H2AX is
phosphotylated at serine 139, forming YH2AX "% In addition, yH2AX marks
the silenced sex chromosomes from late zygotene until diplotene in mouse (XY)
and marsupial (XY) spermatocytes. In female (ZW) chicken oocytes, it marks the
Z chromosome during desynapsis from the W, from late pachytene until diplotene
¢ In zebra finch spermatocytes, yH2ZAX was found to accumulate in leptotene
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Figure 1. The GRC throughout meiosis in zebra finch spermatocytes. (a) Overview
of the different stages of meiotic prophase I of zebra finch spermatecytes. The top panel
shows the DAPI staining of the different nuclei, the lower panel shows the corresponding
nuclei stained for SYCP3 (red), the bottom panel shows the same nuclei stained for both
SYCP3 (red) and yH2AX (gteen). The positdon of the GRC is indicated by a box. Bar
represents 10 um. (b,c). Spermatocyte spread nuclei immunostained for SYCP3 (red) and
SYCP1 (green). The GRC is boxed. Enlargement and the schematc drawing of GRC
are shown. No (b) ot a small fragment (c) of SYCP1 signal is present on the GRC. Bar
represents 5 plm.
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nuclei, mainly confined to the areas where SYCP3 had already assembled, most
likely representing sites of melosis specific induced DSBs. Also, in zygotene and
pachytene, yH2ZAX mostly colocalizes with the SYCP3 filaments. In pachytene,
only a few yH2ZAX foci and some larger yH2ZAX -positive areas remained. In
diplotene, the yH2AX signal was found to increase and to disperse throughout
the nucleus (Figure 1a).

In early meiotic prophase, the area of the GRC was found to be mostly
devoid of yH2AX (Figure 1a). However, some weak yH2ZAX foci are present on
the axial element in zygotene and pachytene, indicating the presence of some
(unrepaired) DSBs. The much lower intensity and limited presence of vH2AX
(fociy on the GRC as compared to the rest of the nucleus indicates that only very
few melotic DSBs are induced on the heterochromatic GRC. At metaphase, an
intense yH2AX signal covers the whole nucleus, including the relatively DAPI
dense GRC (Figure 2a).

When the nuclei progress from metaphase I through the first meiotic division
and transform into secondary spermatocytes, the GRC appears to be climinated
from the nucleus, while its yH2AX signal increases strongly (Figure 2a).

The GRC and ifs participation in meiotic recombination during spermatogenesis

To analyse the processing of meiotic DSBs on the GRC and the rest of
the chromosomes 1n more detail, we immunostained for the homologous
recombination repair protein RADS1, In leptotene spermatocytes, many small
foci are present throughout the nucleus. During zygotene, the total number of
RAIX51 foci drops, and the remaining foci are larger and more intensely stained.
In late zygotene, a few bright foci remain present, mainly on the unsynapsed
parts of chromosome pairs. We also identified several RADS51 foci on the
GRC, although the number and Intensity of the focl is much less, and the focl
itself’ appear smaller compared to the RAIDS1 foct on the other chromosomes
{Figure 2b).

A small fraction of the introduced meiotic DSBs are processed into crossovers,
The DNA mismarch repair protein MLH1 marks the locations of these crossovers
in spread meiotic nuclel of most species analysed to date. In mammals, MLH1
foci appear during midpachytene, and disappear before entering diplotene . In
chicken oocytes MLH1 foci are already observed around mid to late zygotene *'.

In spermatocytes of the zebrafinch, many small MLH1 foci form aggregates
around SYCP3 fiaments of different chromosomes already at early zvgotene.
These aggregates appear to transform into bright MLIH1 foc: on the SCs arcund
mid zygotene. Surprisingly, also the GRC shows a MLH1 focus in a minority of
the nuclei (Figure 2¢), which provides an additional indication for the formation
of meiotic DSBs in the GRC of some nuclei duting leptotene, The MLHI foci on
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Figure 2. The GRC and meiotic recombination. (a) Spread nuclei immunostained for
DAPT (blue), yH2AX (green) and SYCP3 (red). After metaphase I, the GRC becomes
strongly positive for yH2ZAX. The GRC is boxed. Bar represents 5 pm. Sec spc, secondary
spermatocyte. (b} Spermatocyte spread nucleus immunostained for SYCP3 (red), RADS51
(green) and DAPI (blue). The GRC is boxed. Most RADS51 foci localize on axial elements
of the SC. The bottom image represents a magnification of the area of the boxed GRC.
Few small RADS51 foci are visible on the GRC. Bar represents 10 pm. (c) Spermatocyte
spread nucleus immunostained for SYCP3 (red), MLH1 (green) and DAPI (blue). The
area of the GRC is boxed. The bottom image represents a magnification of the area of
the boxed GRC, and shows the presence of a MLH1 focus on the GRC. Bar represents
10 pm.

the autosomes remain present until diplotene, followed by dispersion of MLHI
signal throughout the nucleus towards the end of diplotene (not shown).

The GRC is silenced early during male meiotic prophase

The appeatrance of the DAPI-dense GRC body during preleptotene indicates that
it acquires a heterochromatic configuration upon entrance into meiotic prophase.
To confirm this, we immunostained for a well-known marker of inactivation
and heterochromatin, H3K9me3. We identified preleptotene nuclei as the stage
in which SYPC3 foci start to appear (Figure 3ab). Furthermore, the combined
staining for SYPC3 and DAPI allowed us to distinguish between the different
substages (eatly, mid and late) of preleptotene based on the appearance of 2 DDB
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preleptotene

preleptotene leptotene

Figure 3. The GRC is silenced during early meiotic prophase. (a — d): Preleptotene
spermatocyte spread nuclei. Bar represents 5 pm. (a) Top panel shows early and late
preleptotene nuclei stained for SYCP3 (red) and DAPI (blue). The DAPI dense GRC
localisation in late preleptotene stages is indicated with an asterix; the lower panel shows
only the DAPIT staining, The early preleptotene nucleus shows no heterochromatic area,
indicating that the DDB has not yet formed. The formation of a few SYCP3 axial element
fragments in all nuclei marks the preleptotene stage. (b) The top panel shows a mid and
late preleptotene nucleus stained for SYCP3 (red) and DAPI (blue). The asterix indicates
the DAPI dense GRC. The lower panel shows the same auclei, but immunostained for
yH2AX (green), indicative of the presence of the first DNA double strand breaks, that
more ot less colocalise with SYCP3. (¢,d) The top panel shows early and late preleptotene
stages with DAPIT staining. The asterix indicates the DAPI dense GRC. The lower panels
shows the corresponding nuclei stained for H3K9me3 (c¢) and macroH2A (d). Early
preleptotene nuclei lack intense H3K9me3 (c) and macroHZ2A (d) staining, and no DDB
is observed. (¢) The top panel shows DAPI staining of the different nuclei, the middle
panel shows the corresponding nuclei stained for H3K9me3 (red), and the bottom panel
shows the merge. In preleprotene, a faint staining is present throughout the nucleus.
In all consecutive meiotic prophase stadia, the GRC is positive for H3K9me3. Sec spc
secondary spermatocyte. Bar represents 5 pm.

metaphase |
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(Figute 3a—¢). In the eatlier preleptotene nuclei, we never observed a distinct
subnuclear region containing such a strong H3K9me3 signal as was observed
for the GRC body in leptotene spermatocyes (Figure 3¢, ). However, at the end
of preleptotene, we observed colocalization of the DDB and H3K9me3 (Figure
3¢, €). For macroH2A, another heterochromatin marker, we observed a similar
staining pattern as for H3K%me3 (Figures 3d and 7). This indicates that the GRC
becomes heterochromatized upon entry into meiotic prophase.

The highly intense H3K9me3 staining, colocalizing with the DDB remained
present until its elimination. In metaphase I, H3K9me3 also marks the area of
the centromeres (Figure 3e).

We often observed a2 somewhat separate localisation of the GRC from the rest
of the chromosomes around metaphase I, indicating that this chromosome may
not be aligned with the rest of the chromosomes. In secondary spermatocytes,
identified by the presence of a few SYPC3 filaments pet nucleus (Figare 4a), we
observed nuclei with and without a DAPT dense area, representing presence or
absence of the GRC. To investigate this further, we quantified the number of nuclel
without the GRC DAPI dense chromatin, nuclei with the GRC still minimally
attached to the nucleus and nucled still containing the GRC DDB (Figure 4a). We
scored 180 secondary spermatocyte nuclei and the vast majority (131 out of 180
nuclet) had lost the GRC. A minority of the secondary spermatocytes appeared
with a round, small XAPI dense GRC body still attached to the nucleus (36 out
of 180 nuclei), and these bodies were still positive for H3K9me3 (Figure 4a).
We also observed secondary spermatocyte nuclei still containing an H3K9me3
positive area, indicating that the GRC is not always eliminated at metaphase I (13
out of 180 nuclet) (Tigure 3a).

We also immunostained for H3K%c and H3IK4me3 (Figure 5), as markers
for active transcription. As expected, based on the staining for H3K9me3 and
macroH2A, the GRC body lacked both markers of active chromatin from eatly
leptotene until late diplotene. Whereas the GRC body temained devoid of
H3K4me3, the H3K%ac signal on the DAPI dense GRC body, was no loager
reduced compared to the rest of the chromatin from late diplotene onwards,
indicating that the GRC acquires a mixed pattern of histone modifications at
H3K9 around this stage.

Analyses of known MSUC/MSCI markers on the GRC body

Next, we investigated if markers of melotic silencing of unsynapsed chromatin
(MSUC) or more specifically, sex chromosomes (MSCI) also localise to the GRC
body. The most well-known marker of the XY body in mammals 1s yH2AX.
However, as mentioned above, yH2ZAX is mostly absent from the GRC until
metaphase. Still, yHZAX starts to mark the GRC body from metaphase onwatds,



secondary spermatocytes pachytene secspc

I = 13/180 F=36/180 F=131/180 .

pachytene

Figure 4. The silenced GRC is eliminated at metaphase I in the vast majority of
spermatocytes. (a) Spermatocyte spread nuclei stained for DAPI (blue, upper and lower
panel) and SYCP3 (lower panel, red). The left image shows a secondary spermatocyte
with the GRC still inside the nucleus, the middle image with the GRC still attached to the
outside of the nucleus, and the right image shows a secondary spermatocyte lacking the
GRC. The typical SYCP3 filaments/dots mark the secondary spermatocyte stage. ' = the
number of positive nuclei / the total number of scored secondary spermatocyte nuclei.
Bar represents 5 pum. (b,c,d) Male meiotic prophase spread nuclei stained for H2ZAK119
ubiquitylation (green, b), sumoylation (green, ), H4K16ac (green, d) and SYCP3 (red).
At pachytene, the GRC becomes increasingly sumovylated, and acetylated on H4K16.
However, no H2ZAK119 ubiquitylation signal is present on the GRC at this stage. When
the GRC is almost eliminated, it becomes increasingly ubiquitylated at H2AK119, (b).
The area of the GRC is encircled. Bar represents 5 pm.

and the GRC remains yH2AX positive until it is expelled from the nucleus
(Figure 2a).

H2AK119 ubiquitylation, another XY and ZW body marker, also marked the
GRC, starting just after metaphase I and reaching its maximum in secondary
spermatocytes, when it is still attached to the nucleus (Figure 4b). Free GRC
bodies were mostly negative for H2ZAK119 ubiquitylation (not shown).
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Figure 5. Overview of histone modifications on the GRC in the different stages
of meiotic prophase I of zebra finch spermatocytes. (a) The top panel shows DAPI
staining of the different nuclei, the middle panel shows the corresponding nuclei stained
for H3K9ac (green), and the bottom panel shows the merge. The area of the GRC is
always devoid of H3K9ac until diplotene. During metaphase I, the GRC becomes positive
for H3K%ac, and when it is almost expelled, the GRC is as positive as the rest of the
nucleus. Sec spc, secondary spermatocyte. (b) The top panel shows DAPI staining of the
different nuclei, the middle panel shows the corresponding nuclei stained for H3[K4me3
(red), and the bottom panel shows the merge. The GRC is devoid of the active marker
H3K4me3 during all stages of meiotic prophase. Sec spc, secondary spermatocyte.




In mouse 3

, the XY body is marked by increased protein sumoylation from
late zygotene onwards, whereas the XY body in human * and the ZW body in
chicken (not shown) show no increased sumoylation. We found strong staining
for sumoylation on the GCR body from leptotene onwatds, and the signal
remained present until late pachytene (Figure 4¢).

Lack of H4K16ac marks the inactive ZW pair at during pachytene in chicken
oocytes . However, we observed marked H4K16ac staining, colocalizing with
the GRC body during leptotene, zygotene and reaching a maximum at pachytene
(Figure 4d). From metaphase onwards, H4K16ac staining was evenly distributed
throughout the nucleus, including the GRC body (not shown).

Absence gf INCENP from the GRC

During metaphase I, attachment of spindle microtubules to the kinetochores
enables segregation of dyads during the first meiotic division.

We found that the GRC mostly localises to the petriphery of the nucleus
dutring meiotic prophase. In metaphase I, we noticed that the GRC often appears
separate from the other chromosomes, Earlier reports also described thar the
GRC becormnes separate from the rest of the DNA during metaphase I '*'°. The
distant position of the GRC and its apparent separation could be caused by
defective or absent attachment of the GRC to the spindle. To analyse this, we
immunostained for the centromeric protein INCENP {inner centromere protein).
During male meiosis in mouse, INCENP localizes on the central elements
of the synaptonemal complex from zygotene onwards. In late pachytene, it
relocalizes to the centromeres . In zebra finch spermatocytes, we fitst observed
the appearance of INCENP on the SC fragments around late zygotene — early
pachytene and as bright foci throughout the nuclei (Figure 0a). However, the
area containing the GRC lacked INCENP staining. Arcund metaphase I, most
of the INCENP foci disappeared and the protein relocalized to the center of
the nucleus. During progression of metaphase I, we observed intense INCENP
staining indicating the positions of the centromeres. In the vast majority of the
nuclei, the GRC lacked all INCENP signals. However, rarely, the GRC did show
INCENP staining, which could indicate that the GRC participates in the first
melctic division in a smell minority of the cells (not shown).

DNA fragmentation of the GRC during and after its eliniination from the nucless

Both phosphorylation of H2AX, and ubiquitylation/de-ubiquitylation of H2A
have been associated not only with DSB repair and chromatin silencing, but
also with initiation and execution of apoptosis, which involves the generation
of DNA breaks and finally results in DNA fragmearadon *®. The appearance
of increasing yH2ZAX and H2AK119 ubiquitylation staining on the GRC from
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Figure 6. The GRClacks INCENP protein and its DNA is degraded. (a) Male meiotic
prophase spread nuclei stained for INCENP (green) and DAPI (blue). In pachytene,
INCENP foci most likely follow the axial elements, which can be inferred from the DAPI
staining. Also, many INCENP-foci are present throughout the nucleus. The GRC remains
largely devoid of INCENP staining, From diplotene onward, INCENP-foci relocalize
and concentrate mainly around the centromeres in metaphase. The GRC mostly shows
no INCENP-staining at its centromere. The area of the GRC is boxed. Bar represents
5 um. (b) Spermatocyte spread nuclei stained for TUNEL (terminal deoxynucleotidyl
transferase dUTP nick end labelling) (red) and DAPI (blue). Eatly in meiosis the GRC is

largely devoid of TUNEL staining. When the GRC is almost expelled from the nucleus, it
becomes strongly TUNEL-positive. The area of the GRC is boxed. Bar represents 5 pm.

metaphase I onwards (Figure 2a and 4b), combined with initial lack of yH2AX
and H2AK119 ubiquitylation staining during pachytene, indicated that the DNA
of the GRC may be degraded during and after its release from the nucleus.
TUNEL (terminal deoxynucleotidyl transferase) dUTP nick end labelling)
staining is a common method used for the detection of DNA fragmentation. We
observed faint TUNEL staining in early meiotic prophase spermatocytes, which
most likely represents the presence of meiotic DSBs. The GRC body showed less
TUNEL staining compared to the rest of the chromosomes during these stages,
which is in agreement with the relative lack of RAD51 and yH2AX foci on the
GRC we observed previously. When the GRC body becomes more separate from
the rest of the chromosomes, TUNEL signal increases, and when the GRC has
formed a separate body, the TUNEL staining is maximal, again indicating that
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Figure 7. Analyses of
the ZW pair and GRC
chromosomes duting
female meiotic prophase.
Oocyte spread nuclei stained
for SYCP3 (red), H3K9me3
(green), HZAK119ub (green)
and DAPI (blue). Atpachytene,
the ZW pair is strongly
positive for H3KY9me3 and
H2Ak119ubiquitylation.

* indicates the middle part of
the GRC, which is also positive
for H3K9me3, indicating that
the GRC is also (partally)
silenced during female meiotic
prophase. GRC is boxed. Bar
represents 5 pm.

the DNA of the GRC is fragmented during and after its exclusion from the
nucleus (Figure 6b).

Analyses of the GRC during female meiotic prophase of the zebra finch

To compare the behaviour of the single GRC in male spermatocytes with that
of the paired GRC and the ZW chromosome pair in oocytes, we immunostained
oocyte spread preparations of zebra finch females for SYCP3 and H3K9me3 and
for SYCP3 and H2AK119 ubiquitylation (Figute 7).

As we observed previously in chicken oocytes °, a H3K9me3-positive ZW
body is visible during pachytene in zebra finch oocytes. HZAK119 ubiquitylation
also marks part of the ZW pair around mid pachytene. In addition, we observed
that the middle part of the GRC pair is also positive for H3K9me3, shows a dense
DAPI signal, and mostly localizes in the periphery of the nucleus. Throughout
the female meiotic prophase, the GRCs remain partially positive for H3K9me3
(Figure 7), although the signal is much less intense compared to what we observed
for the single GRC in spermatocytes. In pachytene and diplotene, part of the
GRC shows a very strong H3K9me3 signal and this part of the GRC often
colocalises with the H3K9me3 positive ZW pair in the periphery of the nucleus.

DISCUSSION

During male and female meiotic prophase in mammals, the presence of
unsynapsed chromatin is associated with silencing of these areas by MSUC.

MEIOTIC SILENCING PRIOR TO SYNAPSIS (MSPS) IN BIRDS



A
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The heterologous XY pair remains largely unsynapsed, and is always subjected
to a specialized form of MSUC: meiotic sex chromosome inactivation (MSCI)
(reviewed in ), Tn mammals, MSUC and MSCI appear to be triggered by the
presence of unsynapsed chromatin in combinatjion with persistent meiotic DSBs
> Recently we showed that the avian sex chromosomes in chicken oocytes
also display MSCI, albeit transient, despite the fact that Z and W show complete
synapsis . Here, we asked how, in addition to the avian form of MSCI, meiotic
silencing of unsynapsed chromatin (MSUC) functions in the avian germline. We
chose to analyse the meiotic behaviour of the single copy of the GRC in the
germline of the male zebrafinch, Our data show that this chromosome is silenced
upon entry into meiotic prophase, first detectable in preleptotene spermatocytes.
This resembles what we observed for the W chromosome in chicken and zebra
finch oocytes. Apparently, the inactivation of both the GRC and W chromosomes
precedes the introduction of meiotic DSBs and synapsis. Furthermore, the
GRC does appear to accumulate only few meiotic DSBs during leptotene.
Therefore, it is wnlikely that the mechanisms that silence W and the GRC are
linked to meiotic DSB repair. In addition, since silencing of W (in cocytes) and
the GRC (in spermatocytes) occurs prior to initiation of chromosome pairing,
discrimination between synapsis/asynapsis can also not be the initiating trigger
for this transcriptional silencing,

In male grasshoppers, Eyprepocnemis plovans and Locusia migratoria, the single
facultative heterochromatic X chromosome (and a constitutive heterochromatic
B chromosome) remain unsynapsed throughout meiotic prophase and are also
silenced at the onset of meiotic prophase " as visualised by the loss of H3K9
L3 Apparently, in spermatocytes of grasshoppers, silencing of these
single chromosomes is also DSB and synapsis-independent. Based on these
observations, we would like to propose to refer to this type of early meiotic
silencing of chromosomes as Meiotic Silencing Prior to Synapsis (MSPS), to
indicate that the initlating events and tming in this type of meiotic silencing may
be differeat from MSUC in marmmals.

acetylation

Cabrero et al. * suggested the existence of a counting mechanism operating
at the start of meiosis, enabling detection and direct subsequent inactivation of
single chromosomes. The clustering of telomeres in the nuclear envelope that
occurs upon entry in meiotic prophase 1 (reviewed in *) could play a role in
the detection of these univalents. For zebra finch and chicken, such a counting
mechanism seems unlikely, since the single Z chromosome behaves different
from the single W and GRC.

W and the GRC appear euchromatic in premelotic germ cell stages, but may
be largely transcriptionally silent due to the fact that very few functional genes
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appear to be present. In fact, these chromosomes seem to be highly enriched
35

for repeat sequences »*, and their inactive status may be associated with late
replication during the final S phase before entry into meiotic prophase. Recently,
Lande-Diner et al. * showed that replication-time switching, from late to early
ot vice versa, Is linked to the acetylation state of the chromatin, and thus may
direct nucleosome structure regulation. Perhaps the nucleosomes that assemble
ot GRC and W chromatin during the final § phase are specifically modified,
for example by acerylation of H4KI16, to mark them for global silencing and
heterochromatization, and, in case of the GRC, to prepare it for its ultimate
expulsion. Apart from, or in addition to, late replication, small non-coding RNA
pathways may also be involved, since these have been linked to silencing of
transposable elements and repeats in meiosis. The elunination of the GRC during
male meiosis shows some resernblance to homology dependent programmed
(single copy) DNA elimination that is also mediated by non-coding RNAs during
sexual reproduction ia ciliates (reviewed in ¥ ).

Surprisingly, we found that in contrast to what has been described for the
grasshopper X and B chromosomes, the GRC occasionally accumulates 2 few
meiotic DSBs, as shown by the presence of both RADS1 and yH2AX foci, Its
compact heterochromatic configuration most likely prevents access of DSB-
inducing proteins to most of the GRC, minimizing the number of DSBs i the
GRC. Rarely, we noticed the presence of a MLH1 focus on the GRC. The existence
of intrachromosomal recombination could explain this observation, and this is
supported by the recent finding that the GRC is rich in repeat sequences * and
our observation of small regions of self-synapsis, visualised by the presence of
small SYCP1 stretches on: the GRC during pachytene.

H4K16 acetylation is generally associated with an open chromatin
configuration and a tanscriptionally active state (reviewed in *). However,
we find increased H4IK16 acetvladion on the heterochromatic GRC. Although
there are a few reports describing that histone acetyltransferases could be
involved in maintaining silencing of certain loci, this most likely results from
shifting of heterochromatc boundaries and not from direct silencing activity
induced by the histone acetylation (reviewed in *). Therefore, it is unlikely that
the observed increased H4K16 acetyladon is linked to GRC silencing, Histone
aceryltransferases (HATS) have also been implicated in the detection of DSBs
and DNA repair processes *'. It might be suggested that the induction of even a
few DSBs on the GRC could cause (hyperjacetylation of H4, since these brealks
cannot be repaired.

As the cells progress towards the diplotene stage, DAPT staining of the GRC
was found to become indistinguishable from the rest of the nucleus. This may
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indicate that the GRC undergoes a brief stage of chromatin relaxation, facilirared
by the observed increased H3K9 acerylation on the GRC around diplotene. The
less condensed configuration could then provide access to the GRC for the
kinase (most likely ATR or ATM) that phosphorylates H2AX and the ubiquitin
ligase that induces ubiquitylation of H2A, which accompany the observed
fragmentation of the GRC.

INCENP, is part of the conserved chromosomal passenger complex, which
reguiates chromosormal segregation and ensures correct kinetochore-microtubule
interactions (reviewed in *). The lack of INCENP loading on the GRC indicates
that the separadon of the GRC from the rest of the chromosomes around
metaphase I is at least partly due to the fact that proper microtubule attachment
to the GRC kinetochore may not occur, resulting in aberrant localisation of the
chromosome. In addition, the fact that the GRC is not attached to a homolog
will contribute to its aberrant behaviour; the lack of tension from opposing
pulling forces will destabilize the attached microtubules. Abberant regulation
of the kinetochore/centromere is also apparent from the lack of H2AK119
ubiquirylation {(not shown), which marks the centromeres on other chromosomes.
Around the first meiotic metaphase-to-anaphase transition, the GRC is truly
separated from the two haploid genomes and will no longer be incorporated in
the nucleus in the vast majority of secondary spermatocytes. Instead, the GRC
forms a micronucleus.

When the GRC does not move to the metaphase plate, DNA fragmentation that
selectively affects the GRC could be triggered, as visualized by increasing yH2AX,
HZ2AKI119 ubiquitylation and TUNEL-staining. Subsequently, de-ubiquitylaton
of H2A follows, which is a feature of ongoing apoptosis *. These events are
schematically summarized in Figure 8. Recently, Terradas et al. ¥ showed that also
in human cells, DNA with unrepaired DSBs can be separated in a micronucleus,
in which DINA degradation occurs, followed by elimination. Elimination of the
single GRC may have evolved to avoid activadon of the spindle checkpoint.
For example, in mantid spermatocytes, sex chromosomes occasionally remain
unpaired, and this leads to phosphorylation of the kinetochore, checkpoint
activation, and meiotic arrest ™. In contrast, in XO grasshopper species, the
always single X has a special kinetochore that apparently is not recognized by the
checkpoint machinery *.

In the female germline, the GRC is present as a bivalent, in most oocytes. It
can be easily recognized because 1t 1s the longest bivalent '™ ' We noticed that
it is also pattly heterochromatic, which may be caused by a low gene content
and/ot the presence of repetitive DNA on these chromosomes. In chicken
oocytes, we have also observed increased [M3K9me3 staining on parts of the
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Figure 8. Schematic overview of the behaviour of the GRC during the male
meiotic prophase of the zebra finch. In the transition phase between spermatogonia
and the start of the male meiotic prophase, the GRC is identified and from preleptotene,
it becomes heterochromatized and gains specific chromatin modifications such as
H3K9me3, macroH2A, sumoylation and H4K16ac. With progression through meiotic
prophase, all chromatin of the GRC is drawn into a heterochromatic body at the periphery
of the nucleus. Few DSBs are induced on the GRC, and these remain unrepaired. Also,
H2A on its centromere 1s not ubiquitylated. Sumoylation of chromatin and acetylation
at H4K16 accumulate on the GRC and reach a maximum around mid pachytene. At
diplotene, the GRC becomes acetylated at H3K9 and starts to decondense. During
metaphase I, the nuclear membrane is degraded, the centromere and kinetochore of the
GRC are aberrant, and proper attachment to the spindles fails. This may cause DNA
degradation of the GRC, and the chromatin to become phosphorylated, ubiquitylated,
and again de-ubiquitylated. In addition, the GRC forms a micronucleus with ongoing
DNA fragmentation in the cytoplasm of the secondary spermatocyte,

macrochromosomes °. In contrast to the single GRC in males, the GRC bivalent
in oocytes normally participates in meiotic recombination. It has been suggested
that recombination of the GRC-pair in the female germline prevents the loss of
the GRC and ensures the transmission through females '°. From this perspective,
recombination of Z with W in the pseudoautosomal region may rescue W from
a fate similar to that of the single GRC in males. Alternatively, failure of pairing
leading to a single W may trigger meiotic arrest. A special feature intrinsic to
the GRC may be responsible for the aberrant kinetochore/centromere structure,



causing initiation of the DNA fragmentation and elimination from the male
meiotic nucleus.

We have shown that the single unpaired GRC in male zebra finch meiosis is
efficiently silenced, and propose to refer to this phenomenon as Meiotic Silencing
Prior to Synapsts (MSPS). The timing of meiotic silencing in birds differs from
that of meiotic silencing in mammals: Whereas the GRC and W are inactivated
immediately upon entry into meiotic prophase, MSUC and MSCI in mammals is
Initiated at the zygotene/pachytene transition, strictly correlating with the timing
of an unsyvnapsed configuration. In bitds and mammals, essentially different
machineries may have evolved to trigger meiotic silencing of regions without a
pairing partner.

MATERIALS AND METHODS

Spreads and immunocytochemistry

Adult male and 2 - 7 day old female zebra finches (Tueniopygia guttatas) were killed
by CO, intoxication. The functional left ovary and left and right testes were
dissecred and placed in PBS solution. Spread nuclei preparations of zebra finch
oocyies and spermatocytes were prepared using a modification of the drying-
down technique described by Petets et al *. Btiefly, ovaries and testes wete
minced with forceps, and ovarian cells were suspended in 500 ml of 100 mM
sucrose, containing EDTA-free complete protease inhibitor cocktail {Roche
Diagnostics, Almere, The Nethetlands), whereas testicular cells were placed in
hypobuffer sclution, and after centrifugation, cells were resuspended in 100 mM
sucrose. Oocytes and spermatocytes were dispersed on a glass slide dipped in 1%
paraformaldehyde fixative with 0.1% Triton X100, After two hours in a humid
chamber at room temperature, the slides were allowed to dry for 30-60 minutes
at room temperature, followed by a single wash in 0.08% Photoflo {Kodak, Paris,
France) and air-dried. The slides were stored at —80 °C.

For immunocytochemistry, frozen slides were defrosted ar room temperature
and washed wich PBS. The slides were blocked with PBS containing 0.5% w/v BSA
and 0.3% w/v milk powder, and double stained with different combinations of
the following antibodies: rabbit polyclonai anti-SYCP3 (1:1000), rabbit polyclonal
anti-SYCP1 (1:200) (gifts from C. Heyting, Wageningen), mouse polyclonal
anti-yHZAX (1:1000) (Upstate, Walthum, MA, USA), mouse monoclonal IgM
antl-H2AK11%ubl (1:1000) (Upstate), mouse monoclonal anti-H4K 16ac (1:200)
(Upstate), mouse monoclonal MLHT (1:25) (BD Pharmingen, San Diego, USA),
rabbit polycional anti-H3K9me3 (1:.500) (Upstate), rabbit anti-human RADS51
(1:500) [24], rabbit polyclonal macroH2A (1:500) (Upstate), rabbit monoclonal
H3K9ac (1:50) (Sigma, USA), H3K4me3 (1:1000) (Upstate), mouse monoclonal



GMP-1 (SUMO) (1:100) (Zymed, San Trancisco, USA) rabbit polyclonal
INCENP (1:100) (Abcam, UK). For mouse monoclonal primary antibodies, the
secondary antibodies were fluorescein isothiocyanate (FITC) (1:128) (Sigma,
St Louis, USA)-labelled goat anti-mouse IgG antibodies for anti-yHZAX, anti-
MLH1, anti-macroH2A and anti-GMP-1, FITC -labelled goat anti-mouse IgM
(1:128} {(Sigma) for anti-H2AK11%ub1 and tetramethylrthodamine isothiocyanate
(TRITC) (1:128) (Sigma)-labelled goat anti-mouse IgG antibodies for anti-
YH2AX. The sccondary antibody for polyclonal rabbit primary antibodies was
tetramethylrhodamine isothiocyanate (TRITC) (1:200} (Sigma)-labelled goat
anti-rabbic IgG antibodies for anti-SYCP3 and fluorescein isothiocyanate (FITC)
(1:80) (Sigmaj-labelled goat anti-rabbit IgG antibodies for anti-RADS1, and-
SYCP1, ant-H3K9%c and anti-INCENP Primary antibodies were diluted in
10% w/v BSA in PBS and incubated overnight in a humid chamber. Thereafter,
shides were washed in PBS, blocked in 10% v/v normal goat serum (Sigma} in
blocking buffer (5% milk powder (w/v in PBS, centrifuged at 13.200 rpm for 10
min), and incubated with secondary antibodies in 10% v/v normal goat serum in
blocking buffer at room temperature for 2 hours. Next, the slides were washed
in PBS and embedded in Vectashield containing DAPT (4,6'-diamindino-2-
phenylindole) {Vector Laboratories, Buslingame CA, USA). Double stainings of
SYCP1 with SYCP3 and of RADS1 with SYCP3 (all rabbit polyclonal antibodies)
were obtained by sequential immunostainings with the single antibodies. Images
of SYCP1, RADS1 and SYCP3 stainings respectively, were obtained prior to
immunostaining with anti-SYCP3 of the same nuclet.
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CHAPTER 6

CANINE MEIOTIC SEX CHROMOSOME
INACTIVATION IN COMBINATION WITH COMPLETE
HETEROLOGOUS SYNAPSIS




ABSTRACT

Pairing problems between autosomal chromosomes during the meiotic prophase
in mouse spermatogenesis result in meiotic silencing of unsynapsed chromatin
(MSUC), which causes transcriptional inactvation. However, if heterologous
autosomal regions manage to synapse, by a mechanism called synaptic adjustment,
MSUC is avoided and transcription continues.

Mammalian and avian heterologous sex chromosomes are always faced with
paiting problems due to evolutionary physical and genetic divergence. Therefore,
the sex chromosomes synapse only partially and are transcriptionally silenced
through meiotic silencing of sex chromosomes (MSCI), a specialized form of
MSUC. However, where X and Y chromosomes remain largely unsynapsed, the
ZW pair becomes completely synapsed, although temporarily, but is still subjected
to MSCIL

Herein, we investigated the behaviour of X and Y chromosomes during
canine male meiotic prophase in order to study the possible variability in sex
chromsome behaviour during meiotc prophase between different mammalian
species. Such knowledge may help to identify criticai components of the MSCI/
MSUC pathway that are common among mammals.

In contrast to the male mouse sex chromosomes, the canine XY pair was
found to synapse completely in the meiotic prophase, possibly in part through
some seli-synapsis of X. The canine X chtomosome also shows persistent foci
of the homologous recombination repair protein RADSL, but with progression
of the heterologous synapsis between X and Y during pachytene, the number of
RAD51T foci decreases At late pachytene, all RADST foci and YH2AX as a general
marker of DNA damage, have disappeared, whereas the mouse X chromosome
maintains RAD51 focl throughout pachytene and YH2AX unul late diplotene.
This indicates more rapid repair of meiotic DSBs oa the canine X,

We postulate that once mammalian and avian MSCI is trigged, it remains
activated, even in the presence of heterclogous synapsis. Heterologous synapsis
of X and Y in canine pachytene spermatocytes may facilitate homologous
recombination repair of persistent meiotic D3Bs, using the sister chromatid as a
template for repair.

Since the canine XY can accomplish synapsis that is far more extensive and
stable compared to what is observed for the mouse XY pair, this provides a
previously unrecognized parallel between avian and mammalian MSCI.

-
| Schoenmakers S, Wassenaar E, Laven JSE, Grootegoed JA and Baarends WM

| (2010). |
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INTRODUCTION

During vertebrate gametogenesis the homologous chromosomes have to pair
and recombine during the meiotic prophase to obtain proper segregation during
the two successive meiotic divisions. Failure of homologs to pair and/or synapse
during meiotic prophase is associated with meiotic arrest and fertilicy problems
(reviewed in 1.

In mammals, tmales are heterogarnetic, carrying X and Y sex chromosomes,
whereas females have two X chromosomes. In contrast, avian species have a female
heterogametic sex with Z and W chromosomes, and males are Z2Z. Although both
XY and ZW sex chromosome pairs have evolved from an autosomal chromosome
pair, they do not otiginate from the same pait of autosomes {reviewed in %).
The evolutionary degeneration of both the Y and W chromosomes has led to a
physical as well as a genetic divergence of ¥ and W from X and Z, respectively
(reviewed in Chapter 2, 7). Therefore, the heterogametic sex in both mammals
and birds is faced with a sex chromosome pairing problem during meiotic
prophase. The X and Y chromosomes share significant homology only 10 the
small pseudoautosomal regions (PARs) (reviewed in %). Pairing and synapsis only
takes place in the PARs and an obligatory crossover is formed in this region,
ensuring proper segregation of both chromosomes during the meiotic divisions.
The rest of the sex chromosomal arms remains unsynapsed. The unsynapsed
state of X and Y is detected early during the meiotic prophase and leads to
complete transcriptional inactivation, a process called meiotic sex chromosome
inactivation (MSCI) (reviewed in '). The XY chromarin usually resides in the
petiphery of the nucleus and forms the socalled XY body °.

MSCI is viewed as a specialized form of a more general silencing mechanism
that also detects pairing problems of autosomal chromosomes, named meiotic
silencing of unsynapsed chromatin (MSUC) *®. MSCI is always triggered during
meiotic prophase in the heterogametic sex, but the degree of MSUC is variable,
and if autosomal heterclogous regions manage to synapse, MSUC does not occur
&% Such heterologous synapsis is achieved through an adaptive process cailed
synaptic adjustment, in which the chromatin loop length is adjusted to equalize
the axis length of the two chromosomal regions that are heterologous 1.

During meiotic prophase of avian oocytes, the heterologous 7 and W
chromosomes initially also only pair in their PARs, but with progression into
pachytene, synapsis between Z and W extends progressively and at midpachytene
they show compiete heterologous synapsis. Since mammalian MSUC can be
cirtcumvented by heterologous synapsis, heterclogous ZW synapsis was explained
as a mechanism to prevent meiotic inactivation. Due to the lengevity of oocytes,
it was suggested that continued expression of Z and/or W-linked genes was
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necessary for maintenance and growth, and inactivation by MSCI should be
incompatible with sutvival until ovulation . Howevet, recently, we showed that
although the ZW pair shows complete heterologous synapsis, it is still subjected
to a transient form of MSCI Y. In pachytene, Z and W-linked gene expression
is repressed, but Z-genes and at least one W-linked gene show re-expression
from diplotene onwards. The W chromosome is already heterologous upon
entrance into meiotic prophase, and remains largely inactive in diplotene oocytes.
Heterochromatization and inactivation immediately upon entrance of meiotic
prophase was also observed for a very special single chromosome in zebra
finch spermatocytes '*. This socalled germline restricted chromosome (GRC), is
present as a univalent and hence lacks 2 pairing partner '*'¢, However, even before
homologous chromaosome pairing is initiated, the GRC becomes heterochromatic
and transcriptionally silenced. We named this mechanism meiotic silencing priox
to synapsis (MSPS) ™. Based upon the differences in timing and chromosome
behaviour, the mechanisms to silence heterologous sex chromosomes in avian
and mammalian meiotic prophase seem to be rather different, and could have
evolved independently. However, there could be parallels berween the two
systems. First, there are indications that the mammalian Y chromosome may
be in an already partially inactive state in spermatogonia V. Second, in mouse
spermatocytes, the Y chromosome synapses almost completely with the X in
eatly pachytene, and desynapses subsequently ', whereas the larger part of the X
chromosome remains unsynapsed throughout this process.

The pairing behaviour of the sex chromosomes during meiotic prophase in
male mice and men have been documented and investigated * ", Howevet, even
though the XY pair is subject to inactivation in these two mammalian species,
the appearance and {dis)assembly of the synaptonemal complex on X and Y
shows striking differences between the two species during mid and late pachytene
{Reviewed in Chapter 2, '%1),

The behaviour of the mouse XY pair during meiosis is used as a model for sex
chromosome dynamics representing the mammalian class. We wanted to establish
how representative the mouse is for other mammals with respect to meiotic sex
chromosome behaviour. Therefore, we decided to investigate the behaviour of
another mammalian XY pait, namely that of the domestic dog (Cands familiaris). In
evolution, the domestic dog descended from the common mammalian ancestor
50 million vears ago *, approximately 10 million years before the mouse did.
Dogs are of particular interest in this respect, since mouse and man belong to
the Euarchontoglires clade of placental mammals whereas dogs represent the
Laurasiatheria. This clade also includes cats, cows, horses and pigs.

The diploid genome of the dog consists of 38 autosomal pairs and the sex
chromosomal pair  (http://wwwneblolmnih.gov/sites/entrez?Db=genomep



rj&cmd=ShowDetailView& TermToSearch=10726). Formation of the obligate
crossover on the XY pair during meiotic prophase has been visualized through
staining of spread spermatocyte nuclei for the mismatch repair proteing MLH]I,
that also marks crossover sites in mouse and man meiotic prophase cells ».
Howevet, no detailed analyses of the pairing behaviour and meiotic DNA double
strand break (DS8Bs) repair dynamics of the dog X and Y during meiotic prophase
have been described.

Here, we provide a detailed description of the assembly and disassembly of
the synaptonemal complex during canine spermatogenesis. We show that the
caninic XY pair achieves complete heterologous synapsis during pachytene.
However, this synapsis does not lead to an escape from MSCI, and it may involve
self-synapsis of X. In addition, meiotic DSB repair on the canine X appears to be
completed around late pachytene, which is faster compared to the completion in
diplotene in the mouse. Our data indicate that once MSCI is initiated, subsequent
synapsis cannot alleviate the repression.

RESULTS AND DISCUSSION

The beterologous X and Y chromosomes of Canis familiaris completely synapse in
pachytene

First, we visualized the progression of meiotic prophase and synapsis in canine
spermatocytes. We immunostained {for SYCP3, a component of thelateral element
of the synaptonemal complex (SC}, which assembles first along the chromosomal
axes. In addition, we analysed the appearance of SYCPI, 2 component of the
central element of the SC. The presence of SYCP1 indicates complete synapsis
between chromosomal pairs.

At leptotene, short fragments of SYCP3 appear throughout the nucleus,
shortly followed by the appearance of fragments of SYCP1, that colocalize
with SYCP3, but are initially fewer in number (Figure la). This indicates that
already eatly in leptotene, synapsis 1s achieved in small regions. In zygotene, long
strerches of co-localized SYCP3 and SYCP1 fragments are present, in agreement
with the known progression of synapsis between the homologous chromosomes
(reviewed in Chapter 2). During zygotene in maie mouse meiosis, thin continuous
stretches of SYCP3 represent the chromosomai axes, and synapsis seems to
starts from one or both ends and progresses towards the centre or the other end.
During zygotene in canine spermatocytes, the SYCP3-SYCP1 assembly between
the homologs is often interrupted at several places along the axes, giving the
complexes a dashed-like appearance. In pachytene, the SC assembly is complete
on all autosomes and SYCP3 and SYCPL completely co-localize, indicating full
synapsis.
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Figure 1. Overview of the canine male meiotic prophase and the progression of
synapsis between the XY pair. (2) The different stages of the first meiotic prophase in
canine spermatogenesis. The upper panel shows DAPI staining of the different canine
meiotic nuclei, the middle and lower panel show the corresponding nuclei stained for
respectively the synaptonemal complex lateral element of the SYCP3 (red) and the central
element SYCP1 (green). The partially synapsed XY pair, which can be identified by the
presence of the thick part of X and its horseshoe shape, is encircled. Bar represents
10 um. (b) Spermatocyte spread nucleus stained for MLH1 (green) and SYCP3 (red). >



To identify the pseudoautosomal regions (PARs) and the location of the Y
chromosome, we decided to immunostain for the DNA mismatch protein, MLH1.
This protein is known to localize to the future crossover sites in pachytene nucler
of different mammalian species, including dog **. The obligatory crossover
between X and Y takes place in the PARs (Figure 1b) during pachytene, and we
observed a single MLH1-focus on the tip of the XY pair in almost all nuclei that
also displayed MLH1 foci on the autosomes. Based upon this observation, we
conclude that the small protruding part from these PARs, represents part of Y
{(Figure 1b).

At the beginning of pachytene, SYCP1 is only present at the dp of the XY
pair, which represents the PARs. The rest of the X chromosome is positive for
SYCP3, but not for SYCP1. Interestingly, the small part of Y that protrudes
from the PARs Is positive for SYCP? (Figure 1¢). It is unclear how SYCP1 can
accumulate along this part of the Y chromosomal axes.

As pachytene progresses, the chromosomal axis of the long unpaired region
of the X chromosome secms to lengthen and this is followed by shortening,
which appears to be caused by the X chromosome folding back on itself (Figure
lc; IV). At midpachyrene, the length of the XY pair is much shorter compared
to early pachytene, and the intensity and thickness of the SYCP3 signal on the X
is much higher and broader than on the autosomes, reminiscent of the avian Z
behaviour during pachytene in the female meiotic prophase .

This behaviour of the canine X during the meiotic prophase is paralled by the
appearance of both small fragments of SYCP1 on the unpaired part of X and
spreading of SYCP1 from the PARs into the rest of the X chromosome. At this
stage, the small SYCP1-positive part of the Y is still protruding. Around mid-
pachytene, the ¥ chromosome has completely synapsed with X since the tip can

P> The XY pair is boxed and the lower panel represents an enlargement of the boxed area;
next to it a schematic drawing of the X and Y chromosomes is shown (X in pink, Y in
blew). The localization of the MILH1 focus indicates the area of the PARs and the tip
of Y. Bar represents 10 pm. (c) Progression of heterologous synapsis between X and Y
chromosomes from late zygotene until midpachytene. Spread nuclel were immunostained
for SYCP3 (red) and SYCP1 {green). Initially, X and Y are completely unsynapsed (I;
no SYCPT celocalisation with SYCP3), fellowed by synapsis starting at the tip where
the PARs are situated (II), recognisable by the protruding tip of Y, and from there it
spreads towards the other tip (IIT). Simulaneously, small areas of SYCP1 appear en
the unpaired part of X. Individual variations in de presence of SYCP1 on both the
PARs-area and X can be seen (compare 111, IV and V). In pachytene, X appears to fold
back on itself (TV}), after which longer stretches of SYCPT appear on X (V, VI). At mid-
to-late pachytene, SYCP1 and SYCP3 colocalize in 100% of cases (VII), indicating full
heterologous synapsis between X and Y. The lower panel show the whole spread nuclei
for respectively I and VII. Bar represents 5 pm.
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sometimes no longer be seen, and the XY pair is completely positive for SYCP1
(Figure 1¢; VII).

Hereafter, the SC must disassemble quickly, since we never observed nuclei
corresponding to a transition stage between pachytene and diplotene. Atdiplotene,
mostly intense SYCP1 and SYCP3 dots are visible, sometimes accompanied by
thin stretches of SYCP3. Occasionally, we observed a remaining continuous
SYCP3 complex in diplotene, while the rest of the nucleus exists only out of
dots. The presence of H3K9me3 and the lack of H3K4me2 (see below) around
this complex, indicate that this persistent complex represents the region that
contains the XY pair.

H2BT119ph marks the axial axes of the completely synapsed XY pair at late
pachytene

During pachytene in mouse spermatocytes, H2BT119ph marks the unpaired axes
of autosomes and X and Y chromosomes, and is absent from the synapsed PARs
%, 'To verify the completely synapsed state of the canine XY pair, we investigated
the presence of H2BT119ph during the meiotic prophase.

H2BT119ph initially only marks the first half of the unsynapsed region
of X (Figure 2), and we observed no presence on the synapsed PARs, nor on
the Y. As mentioned above, we see the appearance of small patches of SYCP1
when the unpaired part of X has shortened, indicating that X has initiated some
form of self-synapsis (Figure 1¢). However despite the progression of synapsis,

Figure 2. H2BT119ph, a marker of mouse mammalian unsynapsed chromosomal
axes, is present on the synapsed axes of X and Y. Spermatocyte spread nuclei were
immunostained for H2BT119ph (green) and SYCP3 (red). Initially, in early pachytene,
H2BT119ph marks an area of the X. With progression of pachytene, H2BT119ph
spreads towards the PARs, and during the completely synapsed stage it marks the whole
XY pair. The XY pair is boxed and the enlargement represents the boxed XY pair. Bar
represents 10 pm.
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H2BT119ph spreaded gradually until it covered the complete XY chromosomal
axes. At the end of pachytene, H2BT119ph is present all along the axes of the
XY pair, despite the fact that we earlier showed that SYCP1 is present along all
the XY axes, indicating 2 completely synapsed state (Figure 2).

DNA double strand break repaiv on XY follows the progression of heterologons
synapsis between XY

Due ro the largely nonhomologous state of X and Y and Z and W, SPO11-
induced mejotic DNA double strand break repair is generally delayed on the
sex chromosomes (' and Chapter 2). To visualize the dynamics of DNA double
strand break formation and repair on the canine XY, we first analysed the
presence of the homologous recombination repair protein, RADST (Figure 3a).
At leptotene, many RADS51 foci, indicative for the presence of DNA double
sttand breaks (IDSBs} appeat throughout the nucleus and the number of foci
decreases during zygotene {(not shown). In pachytene, only a few foci remain
present on the synapsed axes of autosomes, whereas the X chromosome still
carries a lot of bright RADS1 foci (Figure 3a). With progression of pachytene,
and the process of heterologous synapsis between X and Y, the number of foci
on X declines. When X and Y are completely synapsed around midpachytene, all
foci have disappeared. Since we never observed reappearance of RADS51 foci,
as we did during female meiotic prophase in chicken °, this indicates that the
DSBs on the canine X have been repaired already before the end of pachytene,
which 1s much earlier than during meiotic prophase in female chicken and male
mouse, when RADS51 foct persist throughout pachytene and only disappear
during diplotene.

Simultaneously with the appearance of RADS51 foci, a general marker of
DDSBs, YH2AX appears. YH2AX represents the phosphorylated form of H2AX.
This variant of H2A can be phosphorylated by the checkpoint kinases ATR and
ATM or by DNA-PKcs in somatic cells in response to DNA damage *. During
meiotic ptophase in mouse, ATM phosphorylates H2ZAX at mejotic DSBs #*".
Later, ATR is responsible for the formation of yH2AX at the XY body *. In
canine leprotene spermatocytes, YH2ZAX covers the whole nucleus, indicative of
the presence of the numerous unrepaired meiotic DSBs (not shown}, and at
the end of zygotene, it concentrates mainly on the X and Y. Contrary to the
autosomes, X and Y are often still separate at this stage. In pachytene, yYH2AX
covers the now paired X and Y, and increases in intensity. The unsynapsed part
of X, mostly displays a higher Intensity of yHZAX than the synapsed region
(Figure 3b, early-mid pachytene). This could be due to either the presence of the
unrepaired DSBs on X or the activation of MSCI by the the unsynapsed state
of X.
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early-mid pachytene mid pachytene late pachytene

Figure 3. DNA double strand breaks on the XY pair are repaired during synapsis.
Canine spermatocyte spread nuclei were immunostained for RADS1 (green) and SYCP3
(red) {upper panel), yH2AX (green) and SYPC3 (red) (middle panel) and yH2ZAX (green)
and SYCP1 (red) (lower panel). (a) In early pachytene, only few RADS51 foci are present
on the autosomes, whereas many foci remain present on the XY pair. With progression
of synapsis between X and Y, the number of RADS51 foci on XY is reduced and when the
XY pair is completely synapsed, all RAD51 foci have disappeared. The XY pair is boxed.
Enlargement represents the boxed XY pair. Bar represents 10 pm. (b) At late zygotene,
YH2AX levels on the autosomes decrease, indicating completion of repair of meiotic
DNA double strand breaks at these sites. However, the intensity of yH2AX increases
on the unpaired X and Y chromosomes, indicative of either the presence of unrepaired
DNA double strand breaks or initiation of MSCI, or both. The intensity of yH2ZAX on
X and Y increases in early pachytene and remains present during the progression of
DNA double strand break repair and the process of synapsis. At midpachytene, YH2AX
increases intensively on the completely synapsed XY. At late pachytene, YH2AX is lost
from the XY pair. Bar represents 10 um. (c¢) In pachytene, YH2AX is present on the
XY pair while synapsis progresses (SYCP1). When SYPCI is present along all the axes,
vH2AX starts to disappear, and in late pachytene no YHZAX is present. Bar represents
10 pm.
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YH2AX is also the carliest known marker of MSCI in mouse spermatocytes *',
and although the canine X and Y become completely synapsed at midpachytene,
the intensity of YH2AX increases and is highest and uniform at midpachytene.
At the end of pachyrene, YH2AX is lost from the YX pair, and YH2AX can be
observed as a diffuse nuclear staining, which remains present in diplotene. The
complete loss of high intensity YH2AX accumulation from the XY pair further
supports the conclusion that all DSBs on X have been repaired ar the end of
pachytene.

Complete heterologous synapsis of the XY pair is associated with normal MSCI

In addition to being the eatliest known marker of the mouse XY body, YHZAX is
required for the initiation of MSCI in mouse spermatocytes *'. Since the canine
XY-pair is highly positive for YH2ZAX, we next investigated other markers of
mammalian and avian M5CI.

First, we analysed the presence of RNA polvmerase II, 2 general marker for
active transcription. The overall level of RNA polymerase 1T was relatively low in
pachytene nuclei. However, the XY-pair still appeared relatively devoid of RINA
polymerase II as compared to the rest of the nucleus (Figure 4a), indicating a lack
of transcriptional activity.

H3K27me3, which is reduced on the mammalian and marsupial sex body ="
but is a prominent marker of the avian W chromosome ", appears in 2 foci-like
fashion around the XY pair in pachytene (Figure 4b), with its highest concentration
around the region that represents the Y chromosome and the PARs.

Ubiquitylation of lysine 119 of H2A is associated with gene silencing and
marks the inactive mammalian and avian sex chromosomes in pachytene and
diplotene %2 However, we did not observe enrichment of H2AK119ubl on
the chromatin of the canine XY pair. Intriguingly, an antibody that recognizes
all conjugated ubiquitin (Figure 4b; FK2) showed 2 focal staining pattern on the
unsynapsed region of X in pachytene, resembling the pattera of H3K27me3.

The ubiquitin-conjugating enzyme HRGB/UBL2B is a prominent marker of
the silenced XY-body in mouse spermarocytes and plays a role in the maintenance
of inactivation of the sex chromosomes during the postmeiotic stages **. Here,
we observed a bright focal pattern of HR6B/UBEZ2B covering the whole canine
XY pair in pachytene (Figure 4b; HROA/B-8120ph).

The concentration of a marker for transcriptionally potentiated chromatin,
H3K4me2, is much lower on the canine XY pair compared to the signal in
the rest of the chromatin in pachytene {(Figure 4b), resembling what is also
observed for the XY body in pachytene mouse spermatocytes *. In diplotene,
an area with a relatvely low concentration of H3K4me2 persists, and often
co-localizes with a continuous SYCP3 complex (not shown), indicating that
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MSCI markers of vertebrate MSCI

SN carly pachytene mid pachytene late pachytene diplotene

Figure 4. Presence of mammalian and avian MSCI markers on canine XY pair.
Spermatocyte spread nuclel were immunostained for (a) RNA polymerase I (green);
(b) H3K27me3 (green), FK2 (green), H3K4me2 (green), HR6A/B-$120ph (green) and
SYCP3 (red); (c) H3K9me3 (green) and SYCP3 (red). (a) The RINA pol IT signal is evealy
spread throughout the nucleus, and is reduced around the XY pait. Bar represents 10
pm. (b) During pachytene, H3K27me3, H3K4me3 and HRGA/B-$120ph are present
on the XY pair, while H3K4me2 is strongly reduced arcound XY. Bar represents 10 pm.
() H3K9me3, which initially marks the Y and the PARs, spreads during the process
of heterologous synapsis distally towards the X. Spermatocyte spread nuclei were
immunostained for H3K9me3 (green) and SYCP3 (red). Eatly in pachytene, H3K9me3 >
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MSCI might persist beyond pachytene. Together, these data indicate that once
MSCT has been triggered during early canine meiotic prophase, when X and Y
have not yet synapsed, MSCI is maintained even during the phase of complete
heterologous synapsis. This shows some resemblance to the avian ZW pair. In
chicken oocytes, the first signs of MSCI of the ZW pair can be visnalized around
early pachytene, and repression continues and is most evident during the state of
complete heterologous synapsis at mid pachytene . However, in contrast to the
apparent postponement of DSB-repair until diplotene in chicken oocytes, repair
of meiotic DSBs at the canine X appear to occur during pachytene.

H3K9me3 originates from Y and then spreads to X duving their synapsed state
Another general marker of transcriptional inactivation and heterochromatin is
the histone modification H3K9me3. This modification specifically marks the
inactive germline restricted chromosome (GRC) in spermatocytes of the zebra
finch and the avian W chromosome upon entry in meiotic prophase ¥,

Early in pachytene, only the protruding tip of Y and the PARs are positive
for [M3K9me3, but this appears to spread distally along the expanding synapsed

area to the X during the process of heterologous synapsis (Figure 4¢). When
X and Y are completely synapsed, H3K9me3 is eatiched on the whole XY
body, resembling the heterologously synapsed avian ZW pair . In diplotene,
an area containing the remaining SYCP3 complex is still positive for H3K9me3
(Figure 4c), which resembles the region in which we found the relatively low
concentration of H3K4me?2 (not shown). However, these findings are pending to
be verified by fluorescent in situ hybridization, using probes for canine X and Y.

CONCLUSIONS

At late zygotene, the canine X and Y chromosomes are the last chromosomal pair
that remains unpaired as compared to the fuliy synapsed autosomes. In addition,
X and Y are both marked by unrepaired DS5Bs and an increasing presence of
YH2AX. The presence of YH2AX at this stage most likely represents the second
wave of YH2ZAX formation, associated with the initiation of mammalian MSCI,
which might be triggered by the presence of unrepaired DSBs and the unsynapsed
configuration. Despite progression of synapsis between the heterologous X and
Y chromosomes during pachytene, markers of avian and mammalan MSCI

[> marks the centromeres of the autosormes and the protruding tip of Y intensively. H3K9me3
then seems to spreads towards the PARs and further along the X chromosome. When
X and Y are completely synapsed and form a horse-shoe shape, H3K9me3 completely
covers the XY pair. In diplotene, a same horse-shoe shaped SYCP3 complex, is also
completely covered with H3K9me3. The XY pair is encircled. Bar represents 10 um.
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accumulate and spread on the silenced canine XY pair. In contrast to described
escape from MSUC of heterologous synapsed chromatin in mouse meiotic
prophase ~™% heterologous synapsis between the canine X and Y cannot undo
MSCI. In addigen, the persistent DSBs on X appear to be repaired during the
process of synapsis.

Based on the length of the Y axial element visualized by SYCP3-
immunostaining, the canine Y 1s much smaller relative to X, comparable to how
the length of the chicken W relates to the chicken 7 chromosome. While we
proposed that H3K9me3 spreads from the chicken W onto the Z during their
complete synapsed state ¥, such a scenario seems unlikely for the canine Y and
X. However, it cannot be excluded that the heterochromatic Y causes chromatic
alteration during its heterologous synapsis with X, allowing heterochromatization
of the XY pair. Most likely, the initiation of MSCI in dogs occurs in a manner that
is similar to what occurs 1n mouse and man, and functionally involves the eatly
accumulation of YH2AX on the unsynapsed X and Y. The lack of H3K4me?2
and the presence of H3K9me3 around the remaining SYCP3 complex during
diplotene suggest maintenance of MSCI beyond pachytene, which would also
resemble the behaviour of mouse and marsupial XY 93,

Although marsupial, mouse and canine sex chromosome behaviour resemble
each other, such as the initiating accumulation of YH2AX and the lack of RNA
polymerase 11, the extensive hererologous synapsis, most likely including self-
synapsis of X of the dog XY pair, provides novel information, First, heterologous
synapsis does not lead to a release from MSCI once this has been established.
Second, the disappearance of RAD51 and yH2AX during XY synapsis indicates
that heterologous synapsis may facilitate meiotic DSB repair in heterclogous
regions. It might be suggested that achieving synapsis releases the inhibition
to repair meiotic DISBs via the sister chromatids. Finally, the achievement of
complete synapsis between X and Y In a mammalian species, such as the dog
studied herein, and possibly also in other mammalian species, provides a strong
parallel to meiotic silencing in avian species

MATERIALS AND METHODS

Meiotic spread nuclei preparations, immunocytochemistry and FIS H analysis

Testes were isolated from adult dog Spread nuclel preparations of dog
spermatocytes were prepared from fresh and frozen testis fragments using
a modification of the drying-down technique described by Peters et al. *. For
tmmunocytochemistry, frozen slides were defrosted at room temperarure and
washed with PBS. The slides were blocked with PBS containing 0.5% w/v BSA
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and 0.5% w/v milk powder, and were double stained with rabbit polyclonal
anti-SYCP3 {1:1000) (gifts from C. Heyting, Wageningen), or goat anti-SYCP3
(1:100) (R&D System, Minneapolis, USA), rabbit polyclonal ana-SYCP1 (1:200)
(gifts from C. Hevting, Wageningen}, mouse monoclonal and-MLH1 (1:250
(BD Pharmingen, San Diego, USA), rabbit polyclonal and-RNA polymerase 11
(BWG16) directed against the RNA polymerase II CTD repeat YSPTSPS (1:600)
{(Abcam, Cambridge, United Kingdom), rabbit anti-hurmman RADS1T (1:500) *,
rabbit anti- HRGA/B-S120ph *°, mouse monoclonal IgM ant-H2AK119%ubl
(1:1000) (Upstate, Walthum, MA, USA), mouse monoclonal anti-H3K27me3
(1:100) (Abcam), rabbit polvclonal anti-H3K9%me3 (1:500) (Upstate), rabbit
polyclonal ant-H2BT119ph (1:100)%, rabbit polyclonal anti-H3K4me2 1:300
(Upstate}, rabbit polycional antd-H3K9me3 (1:500) {Upstate), rabbit polyclonal
anti-FK2 1:1000 (Millipore, MA, USA).

For rabbit polyclonal primary antibodies, the secondary antibodies were
fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit IgG antibodies (1:128)
(Sigma, St Louis, USA) and tetramethylrhodamine isothiocyanate (TRITC)-
labeled goat ant-mouse [gG antibodies (1:128) {Sigma) ; the secondary antibodies
used for mouse monoclonal anti-MLH1 (IgG) were Alexa 594-labeled goat anti-
mouse [gG (Molecular Probes/Invitrogen, CA, USA) and FITC-labeled goat
anti-mouse g (Sigma) respectively; for goat primary antibody, the secondary
antibody was Alexa 543-labeled donkey anti-goat 1gG (Molecular Probes/
Invitrogen, CA, USA). Primary antibodies were diluted in 10% w/v BSA in PBS
and incubated overnight in a humid chamber. Thereafter, slides were washed in
PBS, blocked in 10% v/v normal goat sexum (Sigma) or swine serum (Sigma) In
blocking buffer (5% milk powder (w/v in PBS, centrifuged at 13,200 rpm for 10
min), and incubated with secondary antibodies in 10% v/v¥ normal goat serum
or swine serum respectively in blocking buffer at room temperature for 2 hours,
Next, the slides were washed in PBS and embedded in Vectashield containing
DAPI (#,6’-diamindino-2-phenylindole} (Vector Laboratories, Burlingame CA,
USA).

Fluorescence wicroscopy analysis, digital image preparation and analysis

Analysis of the spermatocyte nuclei was performed using a Carl Zeiss Axioplan 2
imaging microscope (Jena, Germany) with a plan-neofluar objective 100x/1.3 oil
immersion. Images were taken with a Coolsnap-pro digital camera (Photometrics,
Waterloo, Canada}. The acquired digital images were processed with Photoshop
software (Adobe Systems).
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CHAPTER 7

INCREASED PHOSPHORYLATION AND
DIMETHYLATION OF XY BODY HISTONES IN THE
HR6B-KNOCKOUT MOUSE IS ASSOCIATED WITH
DEREPRESSION OF THE X CHROMOSOME




ABSTRACT

Mono-ubiquitylated H2A marks the transcriptionally silenced XY body during
male meiotic prophase. Concomitant with H2AKI11%ubl, the ubiquitin-
conjugating enzyme HRGB is also enriched on the XY body. We analysed H2A
and H2B ubiquitylation in Hr6% knockout mouse spermatocytes, but no global
changes were detected. Next, we analyzed phosphorylation of the threonine
residues T120 and T119 that are adjacent to the K119 and K120 targer sites
for ubiguitylation in H2A and H2B, respectively. In wild type cells, H2AT120ph
and mark meiotically unpaired and silenced chromatin, including the XY body.
In Hr6k knockeout spermatocytes, the signal was unchanged, but HZAT120ph
was enhanced from late pachytene untl metaphase 1. Furthermore, we found
increased HM3K4 dimethylation on the X and Y chromosomes of diplotene Hrgs
knockout spermatocytes, persisting into postmeiotic round spermatids. In these
cells, the X and Y chromosomes maintained an unchanged H3K9me?2 level, even
when this modification was lost from centromeric hererochromatin. Analysis of
gene expression showed derepression of X-chromosomal genes in postmeiotic
Hrob knockout spermatids. We conclude that HRGB exerts control over different
histone modifications in spermatocytes and spermatids, and that this function
contributes to the postmeiotic maintenance of X chromosome silencing,

Bazrends WM, Wassenaar E, Hoogerbrugge JW, Schoenmakers 8, Sun ZW
and Grootegoed JA (2007) J Cell Sci 120(Pt 11):1841-51. Epub 2007 May 8.
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INTRODUCTION

Chromatin structure regulaton requires the concerted actions of different histone
modifying enzymes and ATP-dependent chromatin remodeling complexes.
The combined presence of specific histone modifications, such as acetylation,
phosphorylation, methylation, ublquitylation, and sumeoylation, on the four core
histones (H2A, H2B, H3, H4) that constitute the nuclecsome, has been termed
the histone code which is “read” by regulatory effector proteins .

Histone mono-ubiquitylation * and histone sumoylation * involve addition of
a peptide rather than a smaller organic group. Ubiquitin is a M 7000 pepude
that is attached to lysine residues of substrates through the subsequent acton
of ubiquitin-activating (J31), ubiquitin-conjugating (2} and ubiquitin-ligating
(I23) enzymes. Poly-ubiquitvlation usually targets a substrate for degradation by
the proteasome * whereas mono-ubiquitylation is involved in various processes
including DNA repair and regulation of gene expression °.

The ubiquitin-conjugating enzymes HR6A and HR6B are two very similar
mouse homologs of the 5. cerepisiae RADG protein ® . In veast, RADG is required
for ubiguitylaton of H2ZBK123, together with an E3 named BRE1 **. H2AK119
is not ubiguitylated in yeast, but it is a prominent ubiquitylation substrate in
mammalian cells, since as much as 10% of H2A, as compared to 0.1-2% of HZ2B,
is ubiquitylated in most mammalian cell types iavestigated ' "% To study the
possible role of HRGA and HRGB in histone ubiquitylation in mammalian ceils,
knockout or knock-dewn approaches are required. In mouse, the Hrbs gene is
lecated on the X chromosome, and Hrék localizes to chromosome 11. Knockout
mice for each individual gene were generated, but Hrée-Hrgd double-knockouts
are not viable, indicating that the two encoded proteins perform essential

redundant functions ©

. In most cell types, HRGA and HRG6B protein levels are
approximately equal, but oocytes contain a relatively high HR6A dose, explained
by the presence of two active X. chromosomes °. Conversely, male germline cells
show a relatively low HROA expression associated with inactivation of the X
and Y chromosomes durng male meiotic prophase (see below), while HR6B
expression is maintained at a high level . In the female and male germlines,
there is a specific requirement for Hrde and Hir6k, respectively, as reflected by the
inferrility phenotypes of Fia knockout females and Hr6) knockout males 7.
During male meiotic prophase, the X and Y chromosomes remain largely
unpaired, with exception of the so-called pseudoautosomal regions. The XY
body is formed when the X and Y chromosomes are transcriptionally inactivated,
by a mechanism named “meiotic silencing of unsynapsed chromatin®™ (MSUC)
", Proteins that are specifically associated with the XY body during meiotic
prophase, may play a role in MSUC. In particular, recruitment of rthe checkpoint
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kinase ATR by the BRCAT protein and subsequent phosphorylation of serine
139 of H2AX have been shown to be essential for MSUC ™. Interestingly,
H2AK11%ubl is also enriched on the XY body, concomitant with accumulation
of the HR6B enzyme ' . However, HR6A- or HRGB-dependent histone
modifications in mammalian cells have not been described.

Hr6b knockout spermatocytes display an increased frequency of melotic
recombination, possibly related to disruption of the structural organization of the
paired chromosomes as a consequence of dysregulation of histone modifications
. In yeast, RADG dependent H2BK123 ubiquitylation is required for H3K4 and
H3K79 methylation in a trans-histone regulatory mechanism %, In addition,
neighboring amino acid residues can be modified by different posttranslational
modifications, and this was proposed to function as a binary switch *. The
existence of such a binary switch in H3 was recently shown to involve stable
methylation on Lys9 and transient phosphotvlation of Ser10 ¥, The H2A and
H2B ubiquitin-accepting lysines together with their respective adjacent threonine
residues may also form binary switches *. It is not known whether H2BT119 is
phosphorylated, but HZAT1201s phosphorylated by nucleosomal histone kinase-
1 (NHK-1) in Drosophila *. Based on the findings of trans-histone regulation in
yeast and the binary switch model, we have analysed histone ubiquitylation, as well
as H2AT120 and H2BT119 phosphorylation, and H3K4 and H3K9 methylation
in wild type and ) knockout animals. Finally, we have analysed changes in
X-chromosomal gene expression in wild type and FH»6s knockout meiotic and
postmeiotic spermatogenic ceils.

RESULTS

Histone H2AKT79 and HZBKT120 nbiquitylation

In analogy to the funcdon of RAIDG in veast, ubiquitylation of HZBK120 is
the most obvious candidate histone modification that could be affected in Hréb
knockout mice. To study the effect of loss of HR6B on H2BK 120 ubiquitylation
in spermatogenesis we analysed H2BK120 ubiquitylation in spermatocytes and
spermatids isolated from wild type and Hréb knockout testes. Antibodies that
specifically recognize ubiquitylated H2BIC120 are not available, and we used anti-
H2B to detect both HZB and HZBK120ubl (Figure 1a). In additon, the use
of antibodies against ubiquitin and H2ZAK119ubl allowed us to compare the
amounts of H2AK119ubl and H2BK120ub1 (Figure 1b). The results show that
the global levels of H2AK119 and H2BK120 ubiquitylation are not affected in
Hr6b knockout spermatogenic cells (Figure 1b).
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Figure 1. HR6B is not required for histone ubiquitylation in spermatocytes. {a)
Basic nuclear proteins were isolated from purified spermatocytes, and analysed on Western
blots using anti-H2B. The antibody recognizes unmodified H2B and H2BK120ub? (both
indicated by arrows). In the control lance (Cir), the first antibody was omitted from the
incubation mixture. The boxed area is presented for each immunostaining in (). (b)
Histone ubiquitylation was analysed in spermatocytes (spc) and spermatids (spt) isolated
from wild type (+/+4) and Hr6k knockour {-/-) mice. From top to bottom, antibodies
were targeting ubiquitin, H2AK119ubl, and H2B as indicated on the right side of the
blots, and the modified histones are indicated by arrows. Representative results are shown;
each experiment was repeated at Jeast twice with germ cell preparadons isolated from a
different pool of mice. Equal amounts of protein were present in each lane, as verified
by Poncezu S staining of the blot (not shown).

Histone H2AT120 and H2BTT19 phosphorylation
"The binary switch model predicts that phosphorylation of the threonines that are
immediately adjacent to Lys119 and Lys120 in H2A and H2B, respectively, would
take part in a mechanism to regulate binding of effectors of the histone code .
In this mechanism, the pattern of ubiquitylation and phosphorylation at these
neighbouting residues may be interdependent. To analyse these modifications in
wild type and Hr6% knockout spermatocytes, we performed immunocytochemical
anaiysis using specific antibodies against phosphorylated H2AT120 and
HZBT119. To identify the different substages of meiotic prophase, we co-stained
with an antibody that recognizes SYCP3. This protein is a component of the
axial elements (before synapsis) or lateral elements {(during synapsis) of the
synaptonemal complex (SC) that forms berween the chromosomal axes of pairing
homologous chromosomes during meiotic prophase (reviewed by ). Round
spermatids are recognized using DAPI staining of DNA, which also visualizes
the chromocenter, a heterochromatic dense-staining round area containing the
centromeric DNA in the center of the spermatid nucleus.

The highest level of H2BT119ph was observed along the unpaired axial
elements of the X and Y chromosomes of pachytene and diplotene spermatocytes,
and a lower level extended over the rest of the XY body chromatin (Figure 2a).
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early pachytene diplotene

Figure 2. H2BT119ph on the XY body and on meiotic and mitotic metaphase
chromosomes. (a) Double immunostaining of pachytene and diplotene spermatocyte
nuclei with anti-SYCP3 (red) and anti-H2BT119ph (green). The insert shows a larger
magnification of the area containing the XY body. Arrowhead: pseudoautosomal
synapsed region; arrows: patches of synaptonemal complex lateral elements that are
H2BT119ph negative. Scale bars represent 10 pm. (b) H2BT119ph (green) and SYCP3
(red) on meiotic metaphase (left), and H2BT119ph (green) on Dapi-stained (blue) mitotic
Hela cell nucleus (right). Scale bar represents 10 pm.

[nterestingly, H2BT119ph was strongly reduced on a few foci along the
unpaired axial elements of pachytene nuclei. All other spermatogenic cell nuclei
were negative, except for metaphases of mitotic spermatogonia and meiotic
spermatocytes, where was mainly detected on centromeric DNA (Tigure 2b,
and results not shown). In nuclei of Hr6) knockout spermatocytes, the staining
pattern and level of H2BT119ph were not different from wild type (not shown).
In cultured human somatic cells (HeLa), H2ZBT119 phosphorylation was restricted
to centromeric DNA of metaphase nuclei (Figure 2b). All observed signals
could be competed by the phosphorylated peptide that was used to generate the
antibody and not by similar amounts of non-phosphorylated peptide, indicating
that the antibody selectively recognized H2BT119ph on nuclei (data not shown).

Next, we analysed H2ZAT120ph in spread nuclei of testes from wild type and
Hr6b knockout mice. In wild type cells, HZAT120ph was found to be high in
leptotene/zygotene spermatocyte nuclei, with the exception of regions containing
centromeric DNA. Most H2AT120ph is lost at early pachytene, but it remains
present on the XY body. During late pachytene and diplotene development,



H2AT120 phosphorylation decreases further, and the staining disappears also
from the XY body. Hereafter, H2AT120ph increases on centromeric DNA
during meiotic divisions. Then, early round spermatids show a low level of
H2AT120ph, but an increased level of HZATI120ph in the whole nucleus is
detected ar later stages of round spermatid development, with the highest signal
in the chromocenter (Figure 3a). Antibody specificity was again demonstrated
through competition with phosphorylated and nonphosphorylated peptides
{not shown). In Hr6b knockout spermatogenic cells, we observed interesting
alterations in the partern of H2AT120 phosphorylation. In late pachytene and
diplotene spermatocyte nuclel, phosphorylation of H2AT120 was increased
compared to wild type nuclel of the same stages (Figure 3b). Most strikingly,
we observed enhanced signals on the XY body. We also found much higher
H2AT120ph on metaphase I chromosomes of Hr6h knockout compared to
wild type cells. Following the meiotic divisions, H2AT120ph in Hr6s knockout
round spermatids was back to wild type level To substantiate these findings, the
H2AT120ph signal was quantified in wild type and Hrs/ knockout diplotene
spermatocytes (Figure 3¢). The results show an approximately three-fold increase
in nuclear HZAT120ph of IHr64 knockout diplotene spermatocytes compared to
wild type, and a five-fold increase in XY body-associated HZAT120ph.

Previously, we reported accumulation of HZAK119ub1 on the XY body of
pachytene spermatocytes of wild type and Hr64 knockout mice %, The staining
for H2ZAK119ub1 was repeated, and quantification of the immunofluorescent
signal confirmed that HZAK11%ub1 levels were similar in wild type and Hréb
knockout spermatocytes (Figure 3d). Next, we studied the developmental time
course of H2AT120ph and HZAK119%ubl in wild type and Hr64 knockout
meiotic spread nuclei using triple immunocytochemical staining. In wild type early
pachytene spermatocytes, H2AT120ph precedes HZAK11%ub1 on the XY body.
Then, H2ZAT120ph strongly decreases during mid-pachytene, as H2ZAK119ubl
increases to a high level that is reached during late pachytene (Figure 4a). In
Hrob knockout pachytene spermatocyte nuclei, HZAT120ph alsc precedes
H2AK119ubl, but remains present until diplotene, which results in high signals
for the two modifications within the same nucleus (Figure 4b}.

To investigate whether H2A molecules are present that contain both the
phosphorvlation and the ubiquitylation marks, we petformed Western blot
analysis for basic nuclear protein extracts from tescis. In addition to H2ZAT120ph,
a famnt but specific band with a size corresponding to HZAK119ub1 was identified,
and this lilkely represents a small fraction of H2A that is both ubiquitylated and
phosphorylated at the adjacent Lys119 and Thr120, respectively, in wild type
testis (Figure 4c¢). Spermatocytes of Hrgb knockout mice show a higher level
of both H2AT120ph and H2AK11%ub1T120ph to wild type (Figure 4d). The
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H2AT120ph signal is higher n spermatids compared to spermatocytes, but
we observed no difference between wild type and Hrgh knockout spermatids.
The pattern of H2AT120ph resembles the known pattern of H2AXS139
phosphorylation during meiotic prophase '* ', but we detected no differences
for the patterns of H2AXS139 phosphorylation in wild type and Hr6b knockout
spermatocytes {not shown).

H2AK119ubl is associated not only with the XY body, but also with other
chromatin areas that remain unsynapsed during meiotic prophase '*. These
findings indicated that HZAIK119 ubiquitylation could be important for MSUC,
the silencing of this chromatn. To establish if HZBT119ph and H2AT120ph
are also associated with MSUC, we investigated these modificadons in T/T°
mice. These mice are double heterozygous for two very similar translocations
between chromosomes 1 and 13, and the small 1" bivalent often shows regions
of unsynapsed chromatin that are subject to MSUC ™. The results show that both
H2BT119ph and H2AT120ph localize not ordy to the XY body, but also to the
1" translocation bivalent (Figure 5).

XY body nucleosome replacement

Histone variant H3.1 is deposited on DNA during DNA. replication, whercas H3.3
is a replacement histone that can be incorporated into nucleosomes on DNA,
independent of the cell cycle phase . Using antibodies against these different
histone variants, it was recently shown that all nucleosomes associated with the X
and Y chromosomes are replaced during pachytene . During this process, H3.1
gradually disappears from the XY body, concomitant with a gradual increase
of the H3.3 level . We analysed XY body nucleosome replacement in Hrob

< Figure 3. H2AT120ph is increased in Hr6é knockout spermatocyte nuclei. (a)
Double immunostaining of wild type spermatocyte and spermatid nuclei with anti-SYCP3
(red) and anti-H2AT120ph {(green). For spermadds, separate images of the H2ZAT120ph
(green) and Dapi (blue) staining are shown. Arrowhead: XY body; Z: zygotene; ¢P: early
pachytene; IP: late pachytene; eD: early diplotene; 1D+ late diplotene; MI: Metaphase I
eT: early round spermatid; IT: late round spermatid. Scale bar represents 10 pm. (b) As
in (a}, but for Hrob knockout spermatocyte and spermatid nuclel. (¢} Quantification of
H2AT120ph immunofluorescent signal in early and late diplotene nuclei of wild type
{(wt) and Hr6b knockout (ko) mouse testes. Arbitrary units per wm2 were calculated for
the standard error of the mean (SEM) covering the XY body and for the area coveting
the autosomes. Error bars represent the SEM walues of 20 nuclei that were measured
for each genotype from two different animals. (d) Quantification of H2AK11%ubl
immunofluorescent signal in pachytene nuclei of wild type {wt) and Hréb knockout ko)
mouse testes. Arbitrary units per Um2 were calculated for the area covering the XY body
and for the atea covering the autosomes. Error bars represent the SEM values of 20
nnclei that were measured for each genotype from two different animals.
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A wild type B Hr6b knockout
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Figure 4. H2AT120 phosphorylation in association with H2AK119 ubiquitylation
in Hr6b knockout pachytene spermatocytes. (a) Triple immunostaining of wild
type early (eP), mid (mP) and late (IP) spread pachytene nuclei with anti-H2ZAT120ph
(blue), anti-H2AK119ubl (green), and ant-SYCP3 (red). The left panels show the
merge of the H2AT120ph signal and SYCP3 signal, and right panels show the merge
of the H2AK119ubl (green) signal and SYCP3 signal (red). The arrowheads indicate
the XY body. Scale bar represents 10 pum. (b) As in (a), but for Hr6b knockout nuclei. (c)
Western blot analysis of H2AT120ph in basic nuclear protein extracts from total testis
(C). Specificity of the antibody reaction is shown by competition of the signal with the
phosphorylated H2A peptide (+P) but not with the nonphosphorylated peptide (-P). The
identities of protein bands are indicated. Equal amounts of protein were present in each
lane, as verified by Ponceau S staining of the blot (not shown). (d) Western blot analyses
of H2AT120ph and ubiquitinated histones (ubi-his) in basic nuclear protein extracts
from spermatocytes (spc) and spermatids (spt) isolated from wild type (wt) and Hréb
knockout (ko) mice. *indicates a non-specific protein band enriched in germ cell extracts
compared to total testis extracts; the localization of HZAK119ub1T120ph was verified
using the localization of ubiquitinated histones visible on the same blot that was stripped
and reprobed with anti-ubiquitin as shown. Equal amounts of protein were present in
each lane, as verified by Ponceau S staining of the blot (not shown).
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Figure 5. H2AT120ph and H2BT119ph and meiotic silencing of unpaired
chromatin (MSUC). (a) Double immunostaining of pachytene nuclei isolated from
T/T mice with anti-H2AT120ph (green) and ant-SYCP3 (red). Arrowhead indicates the
XY body, and the arrow indicates the 1" translocation bivalent. Scale bar represents 10

pm. (b) As in (a), but these nuclei were stained with anti-H2BT119ph (green) and anti-
SYCP3 (red).

knockout and wild type spermatocytes, to asses whether the altered dynamics of
H2AT120ph in Hr6b knockout spermatocytes could be caused by disturbances
in the general replacement of nucleosomes. Triple immunofluorescent analyses
of SYCP3, H2AT120ph and H3.1 show that the disappearance of H3.1 from the
XY body in wild type pachytene spermatocytes coincides with the disappearance
of H2AT120ph (Figure 6a). However, in Hr6h knockout late pachytene
spermatocytes, the XY body-associated H2ZAT120ph signal is still high when
H3.1 has disappeared from the XY body (Figure 6b). Thus, although H2AT120ph
dynamics have changed in Hr6b knockout spermatocytes, H3.1 disappearance
trom the XY body follows the wild type pattern.

MacroH2.A47

MacroH2A1 is also enriched on heterochromatin and the XY body in late pachytene
and diplotene spermatocytes *'. We found a small increase in the overall level of
macroH2AT1 in Hrob knockout diplotene spermatocytes, compared to wild type
cells. This is a global change, with the same relative increase on autosomal and
sex chromosomal chromatin (Figure 6cd). In round spermatids, macroH2A1 is
gradually lost from autosomes and sex chromosomes, in a pattern which is not
different between wild type and Hrsb knockout cells (not shown). Western blot
analyses for basic nuclear proteins extracted from wild type and Hr6b knockout
spermatocytes and spermatids, showed no effect of Hr6h mutation on macroH2A1
levels, and also not on H3K4me2 and H3K9me2 levels (Figure 6e). As described
in the legend to Figure Ge, the Western blots represent a mixed cell population in
which sub-nuclear changes that occur in germ cell substages that constitute a small
fraction of the total will go undetected. The Western blot results for these histone
variants and modifications, therefore, confirm their presence, but cannot provide
additional detail about the sub-nuclear and temporal control of these modifications.
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Figure 6. Histone variants in wild type and Hré/ knockout spermatocytes. (a) Triple
immunostaining with and-H3.1 (green), anti-SYCP3 (red) and ant-H2AT120ph (blue) in
early (eP) and late (IP) pachytene spermatocytes. H3.1 is present on all chromosomes in
early pachytene, but has disappeared from the XY body in late pachytene. Concomitantly
with the loss of H3.1, H2AT120ph decreases. In Hr64 knockout pachytene spermatocytes
(b), H3.1 disappears normally from the XY body, but HZAT120ph remains high.
Arrowheads point to the XY body. Scale bars represent 10 pm. (c and d) Immunostaining
with anti-macroH2A1 (green) and anti-SYCP3 (red) of wild type (leftpanels) and >



HI3K4 methylation

Since HZBT119ph was not changed in Hr6b knockout spermatocytes, we next
analysed H3IK4 methylation in spread nuclei of spermatogenic cells 2s another
possible indirect readout of dynamic changes in H2B ubiguitylation. We have
used antibodies targeting H3K4mel, H3K4me2 and H3IK4me3, and here we
focus on results obtained with ant-H3K4me2. Sirnilar results were obtained
with anti-H3K4mel, but H3K4me3 levels wete not consistently different
between spermatogenic cells of wild type and Hr6k knockout (not shown). In
agreement with the known general association of H3K4me2 with potentiated
ot transcriptionally active chrotnatin, we observed a low level of H3K4me?2 in
regions contalning heterochromatic centrometic DNA (Figure 7a). In meiotic
prophase, the overall level of H3K4 dimethylation was highest on euchromatin
of leptotene/zygotene spermatocytes. The overall H3K4me?2 signal was very
low in pachytene and diplotene spermatocyte nuclel, followed by an increase
during the meiotic divisions and post-meiotic round spermatid development.
The XY body shows an even lower level of H3K4me2 compated to the rest
of the pachytene nucleus. During diplotene and subsequent stages, H3K4me2
on the XY body gradually increases to a level that exceeds the H3K4me2 signal
on autosomal chromatin (Figure 7a}. In haploid round spermatds, either the
X or the Y chromosome is located adjacent to the chromocenter. Localization

of H3K4me2 on the X or Y chromosomes in round spermatids was verified
using FISH (Figure 7¢). It should be noted that a significant fraction of round
spermatids showed no increased H3K4me2 signal on X or Y, and this most likely
reflects H3K4me2 loss from the sex chromosomes in round spermatid at steps

P> Hr6b knockout {right panels) pachytene (P) and diplotene (D) spermatocytes. In Hrsh
knockout diplotene spermatocytes, the overall level of macroH2A1 is higher compared
to wild type spermatocytes. The immuncfluorescent macroHZA1 signal was quantified
(D)) and arbitrary units per pm2 were calculated for the area covering the XY body and
for the area covering the autosomes. Error bars represent the SEM values of 20 nuclej
that were measured for each genotype from two different animals. (e} Western blot
analysis of H3K4me2, H3K9me2 and macroH2A1 in basic nuclear protein extracts from
spermatocytes (spc) and spermatids (spt) isolated from wild type (wt) and Hr6k knockour
(ko) mice. Arrowhead indicares the specific protein bands. Equal amounts of protein
were present In each lane, as verified by Poncean § staining of the blot {not shown). All
modifications show approximately equal levels in wild type and Hr6b knockout samples.
The differences between wild type and Hr6b knockout diplotene spermatocytes that wete
observed using immunocytochemistry may not appear on Western blots, since diplotene
spermatocytes represent only approximately 10% of the spermatocyte population. For
round spermatids, the immunocytochemical differences in H3K4me2 and H3K9me2
levels are also observed in only a subfraction of the cells, and only in a subregion of the
nucleus, and likewise may not appear in Western blot analysis of the whole cell population,
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Figure 7. Increased dimethylation of H3K4 on XY chromatin of Hr6l knockout
spermatocytes and spermatids. (a) Double immunostaining of wild type and Hr6/
knockout diplotene nuclei with anti-H3K4me2 (green) and anti-SYCP3 (red). Arrowhead
indicates the XY body. Scale bar represents 10 um. (b) Quantification of H3K4me2
immunofluorescent signal on autosomal and XY body chromatin of wild type (wt) and
Hr6h knockout (ko) diplotene spermatocytes. Arbitrary units per pm2 were calculated
for the area covering the XY body and for the area covering the autosomes. Error bars
represent the SEM values of 20 nuclei that were measured for each genotype from
rwo different animals. (c) Immunostaining with anti-H3K4me2 (green, upper panels)
combined with X chromosome FISH (red, lower panels) on spread chromosomes of
MI (one primary spermatocyte) or MII (two secondary spermatocytes) nuclei from wild
type and Hr6b knockout mice. Chromosomes are stained with Dapi (blue). Arrowhead
indicates the X chromosome. Scale bar represents 10 pm. (d) Immunostaining with anti-
H3K4me?2 (green) combined with X chromosome FISH (red) on wild type spermatocyte
and spermatid nuclei (left panel). The right panels show immunostaining of wild type and
Hreb knockout <pr:rm'1tid nuclei with anti-H3K4m2 (green). DNA is stained with Dapi
(blue). White arrows in the left panel indicate the position of the X chromosome, and
the pink arrow denotes the Y chromosome. The arrowhead points to an XY body of a
pachytene spermatocyte. Scale bars represent 10 pm.
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6-7 (just prior to spermatid elongation), as verified by immunohistochemical
analysis (not shown).

When we compared developmental H3K4 dimethylation patterns in wild type
and Hr6b knockout tests cell preparations, we observed increased H3K4me2 on
the X and Y chromosomes from diplotene onwards (Figure 7a-c, Figure 8). This
approximately 2.5-fold increase of H3K4me2 was verified by quantification of
the fluorescent signal in nuclei and XY bodies of wild type and Hr6b knockout
diplotene spermatocytes (Figure 7b). The increased H3K4me2 signal persisted
in metaphase I and memphﬂse/an:lphasc IT spermatocytes (Figure 8) and round
spermatids (Figure 7c).

H3K9 methylation

Previously, we have found that the synaptonemal complexes (SCs) of late
pachytene Hr6b knockout spermatocytes are longer and thinner compared to
the SCs of wild type cells. In addition, we found a loss of SC components from
near telomeric regions in Hr6b knockout late pachytene nuclei *. These findings

most likely reflect a global change in chromatin structure in late pachytene and

Figure 8. Increased dimethylation of H3K4 on X and Y chromatin of H/6/knockout
meiotic metaphase nuclei. Immunostaining with anti-H3K4me2 (green, upper panels)
combined with X chromosome FISH (red, lower panels) on spread chromosomes of
MI (one primary spermatocyte) or MIIL (two secondary spermatocytes) nuclei from wild
type and Hr6b knockout mice. Chromosomes are stained with DAPI (blue). Arrowhead
indicates the X chromosome. Scale bar represents 10 um.
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diplotene spermatocytes. To investigate this further, we analysed additional histone
modifications generally associated with active (H4K16and H2AK119 acetylation)
ot inactive (H3K9mel, H3K9me2, H3K9me3, H3K27me2 and H3K27me3)
chromatin during spermatogenesis in wild type and Hr6b knockout mice (not
shown). Of these, only H3K9me2 appeared to be different between wild type
and Hr6b knockout spermatocytes. H3K9me2 generally marks silent chromatin,
and in wild type diplotene spermatocytes the level is high on centromeric
heterochromatin and the XY body. In Hr6s knockout diplotene spermatocytes,
H3K9me?2 is much lower on centromeric heterochromatin compared to wild type
nuclei of the same stage, but a normal level is observed on the XY body (Figure
9ab). Also in round spermatids, H3K9me?2 is lower on the chromocenter, but not
on either X or Y (Figure 9ab).

Postmeiotic maintenance of X-chromosomal silencing

The relatively high level of H3K4me2 on the X and Y chromosomes in Hr6b
knockout spermatids may be related to changes in transcriptional activity. To
investigate this further, we analysed the expression of several X-chromosomal
and autosomal genes in cell preparations isolated from wild type and Hréb
knockout mice. Genes were selected based on data from Namekawa et al. (2006)
who showed that transcription from the X chromosome is largely repressed in
meiotic and postmeiotic cells *2. We selected 4 genes that were reported to remain

wild type Hr6b knockout

early diplotene late diplotene early diplotene late diplotene

round spermatid

. spt

Figure 9. Loss of H3K9me2 from centromeric heterochromatin, but not from X and
Y in Hr6h knockout diplotene spermatocytes and spermatids. (a) Immunostaining
with anti-H3K9me2 (green) and anti-SYCP3 (red) of wild type eatly (eD) and late (1D)
diplotene spermatocytes (upper panels), and round spermatids (spt) (lower panels). DNA
is stained with DAPI (blue). Arrowheads point to the XY body. Scale bars represent 10
pum. (b) As in (a), but for Hr6b knockout nuclei.

round spermatid
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repressed in the postmeiotic spermatids (Chicl, Atp7a, Gla and Hpri) and two
genes that showed postmeiotic reactivation (Ubelx and PetkT) 2. In addition, we
selected 4 autosomal genes that are expressed at meiotic (Spo/7 and Sygp2) and
postmeiotic (Tup! and Creb3M4) spermatogenic developmental steps. Real-time
RT-PCR expression data were normalized to Aetb (b-actin) mRNA, which showed
equal expression in the different cell preparations (data not shown). For the
autosomal genes, no significant differences between wild type and Hr6/ knockout
cells were detected (Fig 10a). However, five out of the six X-chromosomal genes
that were tested show increased expression in Hr6b knockout cells compared to
wild type (Figure 10b). This effect was most clear for round spermatids. Petk7 is
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Figure 10. Derepression
of X-chromosomal ge-
nes in Hr6b knockout
spermatids.  Real-time
RT-PCR  quantification
of mRNA levels of four
autosomal  genes  (A)
and six X-chromosomal
genes (B) in a mixed
spermatocyte/spermatid
(spc/spt)  and  purified
spermatid (spt) cell prepa-
raton from wild type (wt)
and Hr6bh knockout (ko)
mice. The amount of PCR
products was normalized
to Acth (b-actin) mRNA
(x100). Results from two
independent experiments
are shown. For each
experiment, the value
represents the average of
a duplicate real-time PCR
experiment.
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expressed at a reladvely high level, compared to the other tested X-chromosomal
genes, and no further upreguiation of its postmelotic expression was observed
for the Hr6b knockout cells (Figure 10b). Taken together, the results indicare that
postmeiotic maintenance of X-chromosomal gene silencing is compromised in
Hrob knockout spermatids.

DISCUSSION
HR6EA/ B and bistone nbiguitylation

RAD® 15 a protein that is highly conserved m evolution. It 1s most well known for
its pivotal function in replicative damage bypass, a pathwayv that allows replication
to proceed in the presence of a damaged template . RADG is also esseadal
for sporulaton, and this involves H2B ubiquitvlation by RADG, together with
BRE1 *"". The present results indicate that HRGA and HRGB do not act as main
determinants of global histone ubiquitylation in mammalian cells, since we observe
no detectable defects in H2A or HZB ubiquityladon in spermatocytes from Hr6h
knockout males. HRGA is still expressed in these cells, at a low level *, and we
cannot exclude that this small amount of HROA is responsible for the observed
maintenance of global histone ubiguitylation in Hr6b knockout germline cells. In
addition, redundancy with other E2 enzymes may prevent detection of some role
of HR6B in dynamic control of histone ubiquitylation. Ideally, Hr6e-Hr65 double-
knockout cells should be used to address the role of HR6A and HR6B in histone
ubiquitylation in sematic and germline cells, bur these cells are not obuained °.
Recently, the human E2 enzyme UBCHG has been shown to be able to
ubiquitvlate H2B in witro, together with an 3 complex consisting of RNEF20
and RNF40 proteins . RNF20 and RNF40 are orthologs of BRET, the veast
23 that ubiquitylates H2B. In addition to the evolutionary conservation of
these components, the pathway leading from H2B ubiquitylation to H3K4
methylation also appears to be conserved ™. Possibly, the role of RADG in
histone ubiquitylation has been taken over, at least in part, by UBCHG. Given the
conservation of the trans-histone regulatory pathway, leading from H2ZBI120
ubiquitylation to H3K4 methylation, our observation that H3K4 methylaton in
Hr6b knockout spermatogenic cells is not reduced, provides further evidence
that H2B ubiquityladon is not atfected in HRGB deficient spermatocytes. HRGB
localizes primarily to the XY body, and most likely is required to ubiquitylate
certain XY body chromatin components, but not H2A or H2B. Somehow, lack
of HR6B affects H2ZATi20ph, and this may subsequently lead to increased
H3K4mel and H3K4meZ2, specifically in the XY body. Previously, Khalil and
Driscoll (2006), reported that H3K4me?2 is upregulated on the silent XY body of
wild rype diplotene spermatocytes . Qur data confirm their findings, and we show



that in Hr6h knockout spermatocytes this modification is further upregulated on
Xand Y. We did not detect a consistent increase in H3K 4me3 levels, but the anti-
H3K4me3 antibodies cross-teact to some extent with H3K4me2. Therefore, we
cannot exclude that apart from H3K4me2, H3K4me3 is also increased.

Global versus XY specific chromatin regulation

HRGA and HR6B most likely exert multiple functons during spermatogenesis.
During meiotic prophase, HRO6B concentrates on the XY body, but is also
present on autosomal chromatin. Previously, we have shown that Hr6b knockout
spermatocytes show a higher recombipation frequency associated with some
dysregulation of the structure of the synaptonemal complex *. Changes in the
synaptonemal complex might follow after global changes in chromatin structure,
and such global changes are indicated by increased macroH2AT and decreased
H3K9me? levels of meictic prophase chromatin. This provides a background for
the observed differential effects of HROB deficiency on autosomal versus XY
associated histone modifications. Interestingly, however, the loss of H3K9me2
signal in Hr6b knockout diplotene spermatocytes and round spermatids occurs
on all heterochromatin, but not on XY chromatin. This adds to our observations
on the marked XY associated increase in HZAT120ph and H3K4me?2 signals

H2AT120pk and reguiation of chromatin organization

In Drosgphila, nucleosomal histone kinase-1 (NHK-1) phosphorylates H2AT120
%, Female flies that carry a mutation in the gene encoding NHK-1 are infertile %,
Loss of H2AT120ph was shown to be associated with a failure to disassemble the
synaptonemal complex and with impaired loading of condensin *°. H2AT120ph
n mouse may also be assoclated with regulation at this level of chromatin
organization. During meiosis, we observed a very high level of HZAT120ph not
only at metaphase, but also in leptotene/zygotene spermatocytes. This indicates
that H2AT120ph may be relevant not only for disassembly of the synaptonemal
complex (SC), but also for its assembly. H#6b knockout spermatocytes show SCs
that are longer, with some loss of SC proteins from near centromeric regions %,
Thus, in analogy ro what has been observed in Drasophila, the modified level and
pattern of H2AT120ph in Hr6h knockout spermatocytes may be related to a role
of HR6OB in maintenance of a normal SC structure. Such a relationship may also
appear from the observed loss of H3K9me2 from centromeric heterochtromatin
in Hr6k knockour diplotene spermatocytes.

In wild type spermatocytes going through meiotic prophase, HZAT120
phosphorylation decreases as HZAK119 ubiquitylation increases. Also, during
spermatid elongation, H2AT120ph decreases again when H2AK119ub] increases
{our own unpublished results).

HERGE REGULATIS XY BOUY COHRGMATTN MODITTOATION




This indicates that H2AT120 phosphorylation is down-regulated prior to
H2AK119 ubiquitylation. Loss of XY body-associated HZAT120 phosphorylation
occurs concomitant with the exchange of all nucleosomes from the XY body, as
visualized by the loss of H3.1. Therefore, no active dephosphoryviation may be
required at this stage. In Hr6b knockout pachytene spermatocytes, HZAT120ph
is not properly removed, but H2ZAK119 ubiquitylation increases as in wild type.
Apparently, HZAT120ph dephosphorylation is not a prerequisite for H2AK119
ubiquitylation.

In Hr6k knockout pachytene and diplotene nuclei, HZAT120ph is increased
throughout the nucleus, but the combined H2ZAK119ub1T120ph modification s
present mainly on the XY body. This mightlead to XY body-restricted recruitment
of complexes that recognize this combinatory code, and such a mechanism wouid
provide an explanation for a subsequent increase of H3K4me2 only on the XY
body of Hrbb knockout diplotene spermatocytes.

H2ATI120 and H2BTT19 phosphorylation and meiotic silencing of wunpaired
chromatin (MSUC)
In meijotic prophase nuclet we detect H2BT119ph only on chromatin associated
with the unpaired axial eclements of the XY body. Then, when cells enter
metaphase I, H2ZBT119ph localizes on centromeric DNA. On Western blots of
basic nuclear proteins isolated from testis, no specific signal could be obtained
with this antibody (resuits not shown). This may be due to the fact that the
percentage of H2BT119ph is extremely low compared to the amount of
unphosphorylated H2B, The localization of H2ZBT119ph on centromeric DNA
of metaphase chromosomes of mitotic somatic cells is similar to the reported
localization of H2ZAT120ph on metaphase chromosomes of mitotic cells from
Drosophila * and human (our own unpublished observations). However, during
spermatogenesis the two modifications display different localization patterns
and kinetics. H2AT120ph is first present on all chromatin during zygotene,
and then persists on unpaired chromatin. In contrast, H2ZBT119ph is absent
during leptotene/zygotene, and subsequently this phosphorylation is specifically
induced on chromatin associated with unpaired axial elements. On the XY body,
H2AT120ph covers all chromatin, whereas H2BT119ph is mainly concentrated
on the axial elements that are unpaired, and it is excluded from pseudoauvtosomal
regions, and a few unidentified small regions on the axial elements, which appear
to show enhanced SYCP3 staining,

In spermatocytes from T/T° mice, phosphorylation of H2AT120 and
H2BT119 is enhanced on the partially synapsed 1 bivalent. Taken together
with the observations on these modifications for the unpaired and silenced XY
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chromatin, this indicates that HZAT120ph and H2ZBT119ph may be functionally
relevant for MSUC,

Postmeiotic derepression of X-chromosomal gene excpression in Hréh fnockout
spermatids

In Hr6b knockout spermatocytes, accumulation of specific XY body-associated
histone modifications and nucleosome replacement all occur as in wild type
cells. The increase in H3K4meZ on X and Y chromatin becomes apparent in
late meiotic prophase spermatocytes, and remains present in postmeiotic Hrgl
knockout cells. Therefore, we conclude that XY body formation in Hros kneckout
spermatocytes is not affected; rather, late melotic and postmeiotic regulation of
XY chromatin appeats to be disturbed. This is supported by our finding that the
most obvious derepression of X-chromosomal genes is detected in postmeiotic
spermatids.

H3K4 methylation is generally found in association with active genes, although
recent data indicate that certain repressors of gene expression can also bind
methylated H3K4 (reviewed by *'). We find upregulation of five out of six tested
X-chromosomal genes in Hrob knockout spermatids, and no downregulation,
This effect points to a link between H3K4 methylation and gene activaton on the
postmeiotic X chromosome. The autosomal genes tested show wild rype mRNA
levels in the Hreb knockout cells. Although we do not exclude that autosomal
gene expression is affected to some extent, the loss of HRGB activity seems to
exert a more pronounced effect on transcriptional activity of the X chromosome.

The data presented herein provide evidence for a role of HR6B in regulation
of histone modifications in mammalan cells. This has been revealed in Hr6s
knockout spermatocytes, a cell type with a relatively low level of HRGA. HRGA
and HR6B show 96% amino acid similarity, and at present we have no indications
that HRGA and HROB perform different activities, neither in somatic nor in
germline cells. In spermatocytes, HRGB localizes mainly on the XY body, together
with the putative partner ubiquitin ligase RAD18 V. Although H2AK11%ubi
also is entiched on the XY body, our findings indicate that HR6B activity is
not responsible for this modificadon. Moreover, HR6B is not required for
global H2BK12( ubiquitylation. Instead, we have established that loss of HRGB
affects other aspects of histone modifications associated with the XY body, in
particular exerting an effect on HZAT120ph and H3K4me?, in association with
derepression of X-chromosomal genes in postmeiotic cells.
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MATERIALS AND METHODS

Isolation of different cell types from monse testis

Spermatocytes and round spermatids were isolated from 4-5-week-old wild type
(FVB) and Hr6b knockout mouse testes after collagenase and trypsin treatment,
followed by sedimentation at unit gravity (StaPut procedure) . This vielded a
fraction containing approximately equal amounts of spermatocytes and round
spermatids (spc/spt), with few other contaminating cells (<10%), and a fraction
containing >9%0% pure spermatids {spt). These fractions were used for analysis of
RNA. For protein analysis, cells were further purified (>90%) by density gradient
centrifugation through Percoll ** resulting in preparations of spermatocytes (spc)
and spermatids (spt). Cells were snap-frozen in liquid nitrogen and stored at

-80C,

Generation of antibodies

Antibody against peptide CPGGRIKHSGKSGKPPL representing amino acids
22-37 of mouse SYCP3, with an added N-terminal cysteine, was generated at
Eurogentec (Seraing, Belgium) according to their protocols. Antibodies against
HZAT120ph H2BT119ph and H2AK11%c_ were generated in rabbits using
peptides  GTKAVI*KYTSS, LLPKKT*ESHH, and QAVLLPKK*TESH
(asterisk indicates phosphorylated or acetylated residue), respectively, using
standard protocols. Phosphorylated and non-phosphorylated and acetylated and
non-acetylated peptides were used in competition experiments to test antibody
specificity.

Isolation of acid soluble nuclear proteins and Western blotting

Nuclei and acid soluble proteins were isolated from cell preparations or total
testes according to Chen et al. . The isolated protein fraction was precipitated
with 5% (w/v) trichloroacetic acid.

An amount of 20 ug of protein per sample was separated on 12% SDS-
polyacrylamide gels and the separated proteins were transferred to nitrocellulose
membranes, using the BioRad miniprotean I1I system and blot cells (Bio-Rad,
Veenendaal, Netherlands). Membranes were stained with Ponceau S (Sigma-
Aldrich, Zwijndrecht, Netherlands) according to the suppliet’s protocol.

Modified histones were detected with mouse monoclonal IgM anti-
H2AK119ubl (Upstate, Waltham, MA, USA), rabbit polyclonal anti-ubiquitin
(DakoCytomation, Glostrup, Denmark), rabbit polyclonal anti-H2B (Upstate),
and rabbit polyclonal ant-H2AT120ph.
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Meiotic spread nucler preparations and immnnocytochenistry

Testes were obtained from adult T(1;13)70H/T(1;13)1Wa (T/T”) mice (Swiss
random bred), and from 5-week-cld wild type wild type and Hréb knockout mice
(FVB background).

Testis tissues were processed to obtain spread nuciel for immunocytochemistry
as described by Peters et al. *, Spread nuclei of spermatocytes were stained
with rat polyclonal and-Sycp3, mouse monoclonal IgM anti-ubi-H2A (Upstate,
Waltham, MA, USA), rabbit peolyclonal znu-H3Ked4mel (Upstate), rabbit
polyclonal and-H3K4me2 (Upstate and Abcam, Cambridge, UK with similar
results, Upstate antibody was used in Results section), rabbit polyclonal anti-
H3K4me3 (Upstare and Abcam), rabbit polyclonal ant-H3K9mel (Upstate),
rabbit polyclonal and-FI3K9me2 (Upstate), mouse monoclonal and-H3K9me2
(Abcam, both anti-H3K9me2 antibodies with similar results, Abcam antibody
was used in the Results section), rabbit polyclonal anu-H3K27me2 ( Upstate),
mouse monoclonal anti-H3K27me3 (Abcam), rabbit polyclonal anti-H4IK16ac
{Abcam), rabbit polyclonal anti-macroH2AT (Upstate), mouse monoclonal anti-
H3.1 ¥, rabbit polyclonal anti-H2AT120ph, rabbit polyclonal 2ntd-H2AK119ac,
or rabbit pelyclonal antd-H2BT119ph. Secondary antibodies were FITC- (Sigma,
St Louis, MO, USA), TRITC- (Sigma) , Alexa 350, Alexa 594, or Alexa 488
(Molecular Probes}, labeied goat anti-rabbit, goat anti-mouse, of goat anti-rat IgG
antibodies; FITC-labeled goat anti-mouse IgM (Sigma) was used as secondary
antibody for ant-H2AK119ub1 (IgM). Before incubation with antibodies, slides
were washed in PBS (3x10 min), and non-specific sites were blocked with 0.5%
w/v BSA and 0.5% w/v milk powder in PBS. First antibodies were diluted in
10% w/v BSA in PBS, and incubations were overnight at room temperature in
a humid chamber. Subsequently, slides were washed (3x10 min) in PBS, blocked
in 10% v/v normal goat serum (Sigma} in blocking buffer (supernatant of 5%
w/v milk powder in PBS centrifuged at 14000 rpm for 10 min), and incubated
with secondary antibodies in 10% normal goat serum in blocking buffer at room
temperature for 2 hours. Finally, slides were washed (3x10 min) in PBS {in the
dark) and embedded in Vectashield containing DAPI to counterstain the DNA
(Vector Laboratories, Burlingame, CA, USA) or in Prolong Gold (Molecular
probes) when Alexa labeled secondary antibodies were used. DAPI was omitted
when triple immunostainings were performed. Fluorescent images from spread
nuciei were observed using a fluorescent microscope (Axioplan 2; Carl Zeiss,
Jena, Germany) equipped with a digital camera (Coolsnap-pre, Photometrics,
Waterloo, Canada). Digiral images were processed using Adobe Photoshop
software (Adobe Systems). For quantification of immunofluorescent signal, slides
were analysed on the same day. Flucrescent images were taken under identcal
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conditions for all slides, and not further processed in Adobe. The signal present
in the total nucleus and in the XY body was measured using Image | software
analysis (National Institutes of Health).

FISH

Following immunocytochemistry, the position of selected nuclei on the slide
was determined, and FISH was petformed to detect the X chromosome using
STAR*FISH mouse whole chromosome-specific paints {1200XmCy3; Cambio,
Cambridge, UK) according to the manufacturer’s protocol. If specific signal
was not obtained, the procedure was performed for a second time, and this
always resulted in a positive signal in most nuclei. Specificity of hybridization
was confirmed using male melotic spread nuclei preparations; positive signal
colocalized with the XY body of pachytene spermatocytes. Digital fmages
were obtained and processed as above. FISH images were combined with
immunocytochemical images using Adobe Photoshop software (Adobe Systems).

Real-time RT-PCR

For real-time RT-PCR, RNA was prepared from the isolated germ cell
preparations by Trizol, DNAse-treated, and reverse transcribed using random
hexamer primers and Superscript IT reverse transcriptase (Invitrogen, Breda, The
Netherlands). PCR was carried out with the iQ SYBR green PCR mastertnix
(Applied Biosystems) in the DNA engine Opticon 2 real-time PCR detection
system (Bio-Rad). For Hprt, Petk? and Afp7a we used the following condidons:
3 minutes 95°C - (30 seconds 95°C, 30 seconds 62°C, 30seconds 72°C) x
45cycles. For Chicl, we used 3 minutes 95°C - (30 seconds 95°C, 30 seconds
65°C, 30seconds 72°C, 30 seconds 78°C) x 45cycles, For Glr we used 3 minutes
95°C - {30 seconds 95°C, 30 seconds 65°C, 30seconds 72°C) x 45cycles and for
Ubel s condidons were: 3 minutes 95°C - (30 seconds 95°C, 30 seconds 57°C, 30
seconds 72°C, 30 seconds 80°C) x 45 cycles. For Spot 1, Syep2, Tupl and Creb3 X4
we used 3 minutes 95°C - (30 seconds 95°C, 30 seconds 60°C, 30seconds 72°C)
x 45cveles as reaction conditions. b-actin was included in each reaction and used
to nermalize the data. Two independent experiments were performed and each
real-time PCR was performed in duplicate. —RT reactions were negative. Forward
and reverse primers for Hprs, Petkl, Atp7a, Gla, Chicl and Acth (b-actin) were as
described *. Forward and reverse primers (57 to 37):

Ubelx: TGTCCACACCCACTTACT and GCACTCTGCAACTCC

Spol7: GCTCCTGGACGACAACTTCT and ATCTGCATCGACCAGTGTGA
Syp2: TGGATGTGATGACAGCAAGA and TGGGTCTTGGTTGTCCTTTT
Tup?: AAGAACCGAGCTCCTCACAA and CATCACAAGTGGGATCGGTA
Creb3H: CCTCCGATTCGCATAGACAT and GCCAGCAGTTGCTTTTCTTC.
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CHAPTER 8

A POSTMEIOTIC AND PATERNAL-EFFECT FUNCTION
OF UBE2B TO PRESERVE GENOME INTEGRITY
IN SPERM AND DURING
EARLY EMBRYONIC DEVELOPMENT
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ABSTRACT

Ube2k  knockout mice show male-limited inferdlity due to Impaired
spermatogenesis, associated with low sperm counts and defective sperm head
motphology. The ubiquitin-conjugating enzyme UBE2B plays multiple roles
in DNA repair and is involved in regulation of chromatin structure. Herein,
we have investigated the role of UBEZB in the control of normal chromatin
structure during spermatogenesis.

We generated transgenic mice expressing UBE2D fused to a hemagglutinin
tag (HA) in spermatocytes and spermatids, on the Ube2b knockout genetic
background (Ube2b-FH.A/Ube2b” / mice). In these mice, spermatogenesis has
qualitatively and quantitatively improved compared to the LUbe2l knockout,
although the males are still infertile. Analysis of sperm DNA integrity indicated
that sperm from Ube2b /- mice showed increased DNA damage as compared
to wild type and Ube26-HA/ Ube2i sperm, indicating accumulation of DNA
damage during spermatogenesis in Ube25 / mice.

We compared the outcome of intracytoplasmic injection of Upe2b” or Ube2é-
HAJ Ube2b! sperm into wild type oocytes (ICST). After ICSI with Ube2b knockout
sperm, the paternal pronucleus was fragmented and heavily loaded with the DNA
double-strand break-marker yH2AX. In contrast, ICSE with Ube246-HA/ Ube2b
sperm resulted in the formation of a normal paternal pronucleus. However, in
vitto embryonic development was associated with progressive accumulation of
nuclei with DNA fragmentation, and the embryos blocked before hatching

To pinpoint the origin of the DNA damage during spermatogenesis in Ube28
knockout mice, we selected the earliest haploid germ cells and performed round
spermatid injection (ROSI). ROSI with nuclei of Ube2s/ spermatids generated
zygotes with an unfragmented paternal pronucleus and further i pivw embryonic
development was successful and indistinguishable from results obtained from
ROSI with wild type spermatids.

These data indicate that UBE2B is required in developing spermatids to
protect the genome from darmage in sperm, and has a paternal-effect function to

ensure maintenance of genome integrity duting early embryonic development.

Schoenmakers S, Uringa EJ, Wassenaar E, Ooms M, Hoogerbrugge JW,
Laven JSE, Grootegoed JA and Baarends WM (2010).
In preparation
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INTRODUCTION

Rad6 is an EZ ubiquitin-conjugating enzyme that is required for multiple
processes, incluiding meiotic recombination and sporulation ', but it is most well
known for its role in replicative damage bypass (RDB) in 5. cerevisae.

The RDB pathway is initiated when DNA damage is encountered during DN A
replication, and allows S phase to proceed (reviewed by ¥). One of the first steps
in RDB is ubiquitylation of PCNA (proliferating cell nuclear antigen) by Rad6 in
association with the E3 ubiquitin ligase Rad18 °. Together with Brel, another E3
ubiquitin ligase, Rad6 mono-ubiquitylates histone H2B on lysine 123 (H2BK123)
19, which is required for the methylation of H3K4 and H3K79 through a “trans
tail pathway” "% Finally, Rad6 participates in protein degradation by the N-end
rule pathway through complex formation with Ubr1/2 ¥

Two mammalizn Radé homologs, named UBE2A (previously called HRGA)
and UBE2B (previously called HR6B) "%, and one mammalian Rad18 homolog,
named RAD18 * have been identified. UBE2A (encoded by the X chromosome)
and UBEZB (autosomally encoded) show 91% amino acid identity, and ate
ubiquitously expressed. Mutation of both genes in mouse appears to be cell
lethal, whereas single Ube2a or Ube2d knockout cells show no defects in the RDB
pathway "2,

In mammalian cells, lysine 120 of histone H2B (H2BK120, homologous
to H2ZBK123 in §. cerevisae) is ubiquitylated through the combined action of
UBEZ2A/B and the ubiquitin ligases RNF20/40 (Brel homologs) **. The overall
level of H2B ubiquitylation is reiatively low, and H2A is the major ubiquitylated
histone. In Ube24 knockout spermatocytes and spermatids, ubiquitylation of both
H2A and H2B appears to be unaffected *. Since both UBE2A and UBE2B can
ubiguitylate H2ZB *, the normal level of ubiquitylated H2B in Ube2t knockout
germ cell extracts could be due to an overlapping function of UBEZA. However,
the level of UBE2A protein in spermatocytes and spermatids is relatively
low, compared to that of UBEZB, due to the fact that the X chromosome is
transcriptionally silenced during melotic prophase. The heterologous X and Y
chromosomes undergo meiotic sex chromosome inactivation {(MSCI) leading to
the formation of the XY body **. UBE2A/B accumulates on the XY body during
male meiotic prophase *#. After completion of the meiotic divisions, silencing
of the sex chromosomes is largely maintained duting the postmeiotic stage ™%,
although a distinct set of single and muld-copy X- and Y-linked genes, including
the X-linked UbeZa gene, are re-expressed *-371

Interestingly, UbeZa and Ube2b single knockout mice show diverse fertility
problems. Ug22z knockout males are fertile, but the females are nferdle due to

a maternal defect at the 2-cell stage of embryonic development . In contrast,
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the Ube2b knockout shows male-limited infertility due to severely impaired
spermatogenesis %,

Previcusly, we have shown that meiotic as well as postmeiotic germ cell
development is impaited in Uke2f knockout testis ™. Duting meiotic prophase,
the spermatogenic impairment involves increased melotic recombination
frequency, and ancmalies of the synaptonemal complex *. From late pachytene
onwards, Uke2h knockout spermatocytes and spermatids show enhanced levels
of H3IK4me2 on respectively the XY body and the X or Y chromatin, and Ube2l-
knockout spermatids show derepression of X chromosomal genes **. This
result indicates a role for UBEZB in the mamtenance of meiotic and postmelctic
sex chromosome inactivation. Global analysis of gene expression in wild type and
UbkeZl knockout spermatocytes and spermatids revealed that UBE2B-deficiency
hardly affects gene expression during the meiotic prophase in spermatocytes,
whereas approximately 30% of the genes are differentally expressed in the
postmeiotic round spermatids . This global dysregulation of gene expression
in Ube2k knockout spermatids includes a more pronounced upregulation of the
X chromosome.

Foliowing the two meiotic divisions, haploid round spermatids undergo
extensive morphological changes and chromatin remodeling in spermiogenesis.
When round spermatids start to elongate, histones are replaced by two transition
proteins, TP1 and TP2 *. The removal of histones and their replacement by
transition proteins is accompanied by the transient formation and repair of DINA
double strand breaks. The formation of these breaks acts to release topological
stress . During the final phases of spermatid condensation, the transition
proteins are replaced by the arginine-rich protamines 1 and 2 {(PMR1 and PMRZ).
Protamines are essential for fertility, since haploinsufficiency for one of the
protamine genes already leads to inferdlity ***'. In the absence of TP1 and TP2
however, histones are still removed and replaced by protamines, but the process
of chromatin condensation is aberrant. Tp7 and Tp2 double knockout mice are
infertile and intracytoplasmic sperm injection (JCSI) of wild type oocytes with
epidydimal spermatozoa did not result in offspring. However, ICSI with testicular
sperm from these mice resulted in viable offspring, indicating that the genornic
integrity is maintained up to release of the sperm cells in the epididymis *.

To study if genomic derailment of male germ cells might occur before or
during the process of spermiogenesis in certain mouse models of male infertility,
one possibility would be to inject the eatliest hapleid nucieus, that of round
spermatids, preceeding the chromatin reorganization process, into wild type
oocytes {ROSI, round spermatid injection). Recently, Meng et al. ¥ showed
that ROSI with nuclei carrying a male sterility transgene indeed resulted in life
offspring, whereas ICSI did not.



Herein, we generated a transgenic mouse expressing UBEZB fused to a
hemagglutinin tag (HA) in spermatocytes and spermatids on the Ube24 knockout
genetic background (Ube2b” /Ube2b-HA mice) to analyse the specific function
of UBE2B in spermatogenesis in more detail. We used ICSI and ROSI to oy
to rescue the inferdlity phenotype of Ube2l knockout mice, in the presence or
absence of germ cell-specific UBE2B-HA expression. We show that UBE2B
has an essential role during postmeiotic chromatin reorganisation and that its
function during spermatogenesis is also reqguired to ensure maintenance of
genome integrity during subsequent eatly embryonic development.

RESULTS

Testis-specific expression of UBEZB fusion protein in transgenic mice

First we investigated whether we could rescue Ube2b knockout infertility through
testis-specific transgenic expression of an UBEZB-HA fusion protein. This can
yvield information about functionality of the tagged proteins, with the aim to use
transgenic expression of UBE2B-HA for protein-protein interaction studies.

To direct expression of the Ube24-F1A4 transgene (Figure 1a) specifically to germ
cells, we selected a Calpregn gene promoter fragment that has been shown to induce
transgene reporter expression specifically in pachytene spermatocytes *.

We obtained a single Ube2b-F.A transgenic line (Figure 1a). Southern blot
analyses indicated that only a single copy of the Ube2b-ILA4 transgene was
integrated (data not shown), and Western blot analyses confirmed testis-
specific expression of the fusion protein in Ube2b-HA transgenic mice (Figure
1b). However, expression of the Ube2b-FLA transgene is low compared to the
expression of endogenous UbeZa/ Ube2b genes. Also, on an Ube2l’ background
in Ube2b/ Ube2b-FLA mice, UBE2A expression was higher than UBE2B-HA
expression (Figure 1¢). In isolated germ cells from Ube2b’/ Ube2b-H.A mice,
UBE2B-HA expression was higher in spermartocytes than in spermatids, but low
compared to endogenous UBEZA/UBE2B (Figure 1d).

Localization of UBFE2B-HA and SYCP3 in spermatogenic cells

Previcusly, we have described accumwulation of UBE2A/UBE2B on XY body
chromatin of pachytene spermatocytes “. The antibody used recognizes both
UBE2A and UBEZB and, therefore, the only available negative control experiment
involved competition with the peptide that was used to generate the antibody.
The present generation of transgenic mice that express UBE2B-HA provides
a more specific tool to determine the localization of UBEZB in spermatocytes
from midpachytene onwards, when the Cafwegin promoter is activated. Indeed,
in spread nuclei of spermatocytes from Ube2b-H.4 /Ube2l’" transgenic mice,
no UBE2B-HA was detected in leptotene and zygotene spermatocytes.
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Figure 1. Generation and analyses of the Ube2b-HA mouse model. (a) Generation
of testis-specific Ube2b-HA transgenic mice. The Ube2b-HA - DNA construct contained
the Calmegin promoter placed in front of a cDNA encoding UBE2B-HA fusion protein.
To enhance expression, b-globin intron/exon sequences and a polyadenylation signal
were fused to 37 to the cDNA sequences. 59 pups wete generated of which 5 wete
positive for the transgene (founders). Of these, only one showed expression of the
transgene in testes of male offspring, resulting in a single Ube2b-HA line. (b) Testis-
specific expression of UBE2B-HA. Expression of UBE2A/B and UBE2B-HA was
analysed with ant-UBE2A /B and and-HA antibodies in liver (Li), brain (Br), heart (He),
and testis (Te) tissue extracts from 10-week-old wild-type (W) and Ubs24-HA transgenic
mice. Arrows indicate the positions of the detected proteins. We observed the presence
of a non-specific band around 18 KDa obtained with anti-UBE2A /B. (¢) The expression
of UBE2A/B and UBE2B-HA in testis from 25-day-old Ube2h heterozvgous (+/-) and
knockout (-/-) mice with (+) or without (-) the transgene. (d) Analysis of UBE2B-HA
expression in isolated germ cells from Ube2b-HA transgenic mice. UBE2A/B and
UBE2B-HA showed highest expression in germ cell preparations greatly enriched in
spermatocytes (spc) compated to spermatids (spt), both isolated from 2-month-old
Ube2b-HA rransgenic animals.

Immunohistochemical analyses of UBE2B-HA expression in UbeZb knockout
mice showed that the UBE2B-HA protein is expressed from midpachytene
onwards (Figure 2a), with lower expression in round and elongating spermatids
(Figure 2a).

In pachytene nuclei, UBE2B-HA is detected almost exclusively on the XY
body (Figure 2b). Then, in late pachytene and early diplotene nuclei, UBE2B-HA
remains high on the XY body, but UBE2ZB-HA foci become more apparent in the
rest of the nucleus (Figure 2b). This staining pattern with anti-HA antibody was
not observed in centrol wild-type mice (not shown). In addition, UBE2B-HA
was found to colocalize with RAD18 on the XY body (Figure 2c).
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Figure 2. Localisation of UBE2B-HA in mouse testes. (a) Immunohistochemical
analyses of UBE2B-HA protein expression in tissue sections of Ube2b” [Ube2b-HA
mouse testis. Bar represents 100mm in the left panel and 20 mm in the two panels on
the right. (b) Immunolocalization of UBE2B-HA protein (red) and SYCP3 (green) in
spread pachytene, early and late diplotene nuclei from Ube2b” / Ube2b-FLA spermatocytes.
UBE2B-HA localizes to the XY body. In diplotene, UBE2B-HA gradually shows a mote
spread distribution of chromatin-associated foci. Pictures were obtained and modified
using identical settings. Asterisk indicates the XY body; scale bar represents 20 pm. (c)
Immunolocalization of SYCP3 (blue), RAD18 (red) and UBE2B-HA protein (green) in
spread nucleus of pachytene spermatocyte from Ube2b’ [/ Ube2b-FHA mouse. Asterisk
indicates colocalization of RAD18and UBE2B-HA on the XY body. Scale bar represents
20 pm.
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UBEZ2B-HA expression in pachytene spermatocyies does wnot rescue the meiotic
phenotype of Ube2b knockout mice.

Previously, we have shown that UbeZd knockout pachytene en diplotene
spermatocytes show dysregulation of general chromatin structute associated
with increased meiotic recombination frequency, anomalies of the synaptonemal
complex (SC) , and aberrant histone modifications *.

Since the localization of UBE2B-HA seems to be identical to what we have
observed for endogenous, wild type UBE2A/B, we first investigated if the
tagged protein expression could rescue the phenotypical characteristics of Ube2d
" knockout spermatocytes. Despite the presence of UBE2B-HA, the average
number of MLHI1 foci was increased compared to wild type spermatocytes, but
comparable with the Ube24 knockout (Table 1). In addition, similar SC aberrations
were observed in Ube2b’ / Ube2b-FA and Ube2b knockout spermatocytes (note
the numerous separated SC ends in the very early diplotene spermatocye in Figure
2b). We then analyzed spermatocyte apoptosis, and found a similar increase in
the number of apoptotic nuclei in sections from transgenic and knockout mouse
testis, compared to wild type (Table 1). Also, the increased phosphorylation
and dimethylation of XY body histones in Ube24/" spermatocytes #, wete also
observed on the XY body in Ube2b’” /Ube2b-HA spermatocytes (not shown).

These results indicate that Ube2b-FLA transgene expression from pachytene
onwards does not rescue the defects of UBEZB-deficient spermatocytes during
the meiodc prophase.

Fersility analyses of Ube2b-HA transgenic mouse models

Male Ube2b-H.A transgenic mice were normally fertile on wild type background
(not shown). Howevet, repeated breedings (17) of Ube2d”/Ube2b-FLA transgenic
mice vielded no offspring. Analysis of testis and epididymal sperm morphology
showed that the quality of spermatogenesis was affected in testes from Ube2)
knockout mice either with or without the Ube24-FL4 transgene (Figure 3ab).
However, testis weights of Ube25-IA transgenic mice were higher compared

Table 1. Analysis of MLH1 foci and apoptosis in wild type, Ube2d’ and Ube25-H.A/
Ube2b7 mouse testes.

Genotype # MLHI1 foci  SEM # apoptotic nuclei*

n
Wild type 25.5 0.35 52 1
Ube2b’/Ube2b HA 274 0.41 141 2
Ube2b' 27.8 0.68 154 2

*average number of apoptotic nuclei per 100 tubule sections
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to those of Ube2b knockouts lacking the transgene (Tigure 3c). A similar partial
rescue of the Ube2l’” phenotype by the transgene was observed when sperm
counts were compared (Figure 3c). Epididymal sperm from Ube2b knockout mice
shows a large variety of highly abnormal sperm heads (Figure 3bc, ) and only a
very small percentage of sperm heads with normal, or near normal, morphology
can be detected (Figure 3bc). When the Ube2s-HA transgene is expressed, the
percentage of normal sperm heads increases to approximately 30% (Figure 3c).
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Figure 3. Characterisation of Ube2b-HA male mouse model. (2) Hematoxylin/eosin
stained stage X-XI testis tubule cross sections from 9-week-old Ube2b knockout (Ube2b7)
with or without Ube2b-HA transgene as indicated. Overall, the quality of spermatogenesis
is variable on the Ube2b knockout background, with no obvious improvement resulting
from the presence of the Ube2b-H.A transgene. Scale bar represents 25 pm. (b) Epidydimal
spermatozoa from 9-week-old Ube2b knockout mice with ([Ube2" / Ube2b-H.A) or without
(Ube2l") transgene. Sperm heads marked with asterisks were classified as abnormal.
Note the presence of morphologically normal sperm from Ube2b’"/ Ube2b-HA. Scale
bar represents 10 pm. (c) Testes weight, epidydimal sperm cell count and sperm head
morphology wete assessed for Ube2b” (-/-), Ube2b-HA/ Ube2b (-/-, Ube2b-HA), and

control (C) adult mice. n = number of mice. Error bars represent SEM.

UBEZB IS REQUIRED FOR GENOMIE INTEGRITY IN SPERM

195



it

The increased testis weight, sperm counts and fraction of morphologically
normal sperm of Ube2t/ Ube2b-FHA males compared to Ube26 knockout males
indicates that the spermatocytes that survive beyond the meiotic prophase are at
least partly rescued by the postmeiotic Ube26-HA transgene expression. However,
UBE2B-HA cleatly does not completely rescue the Ube2b” phenotype, which
could be due to either too late and /or too low expression of Ube2h-HA. Also, the
presence of the HA-tag could interfere with the functionality of UBE2B-HA.

Sperm chromatin structure assay (SCSA) shows that Ube2b’ [ Ube2b-FLA sperm
has a normal DINA fragmentation indesx
Tounderstand why Ube257/ Ube26-H.A male mice are still infertile, we performed a
sperm chromatin structure assay (SCSA) on Ube2b7, Ube2b? / Ube2b-H.A and wild
type sperm originating from the vas deferens. SCSA 1s a fow cytometric technique
that can identify abnormal chromatin packaging in spermatozoa by quantitatively
measuring the susceptibility of DNA to low pH-induced denaturation in situ.
DNA that contains breaks is more susceptible to the denaturation process, and
this will lead to a larger fraction of single-stranded (indicative of breakage) versus
double-stranded (intact) DNA. Differential fluorescence of acridine orange (AO)
is used to differentiate between denatured, single stranded and native, double-
stranded DNA in sperm chromatin. When AO binds to single stranded DNA,
fluorescence will be red, and green when AQ 1s associated with double stranded
DNA. The extent of DNA denaruration is expressed as the DNA fragmentation
index (%o DFT), represenung the percentage of the sperm with a relatively high
level of red fluorescence (%o DFL) (for more details see ). In several animals and
in man, a DFI <15% is associated with normal fertility .

SCSA analyses showed a DT of 7.2% for wild type sperm and 2.8% for UbeZt
-/ Ube2b-HA sperm, which can be classified as normal. On the other hand, Ube24
“sperm has a DF1 of 39%, indicating the presence of highly damaged DNA. The
resuits from the SCSA indicate that the expression of UBE2B-HA prevents the
occutrence or accumulation of DNA damage during spermatogenesis. However,
it does not explain the infertility of the Ube2b’/ Ube2b-H.A males.

The Ube2l'™ paternal pronnclens shows massive phosphorylation of H2AX and
DNA fragmentation, while Ube2b" [ Ube2b-FLA sperm induces progressive nucleic
Jragmentation during early enmbryonic development

We investigated if 1CSI could rescue the infertility phenotype of the Ube2s/ and
Ube2trf Ube2b-HA mice. Zygotes obtained after ICSI with wild type, Ube2b7
and Ube2l"/ Ube2b-HA sperm were fixed at 2 hours and 4 hours (Figures 4, 5
and 6) after injection, and immunostained for the DNA double-strand break
{DSB) marker yH2AX. Two hours after injection, zygotes detived from injection



with wild type sperm showed decondensing sperm in almost all cases (13 out
of 14) and the second meiotic division of the maternal genome had taken place
in all zygotes. Maternal (pre)pronuclei mostly contained one or two distinct
vH2AX foci (Figure 4a), whereas several yH2AX foci were observed in paternal
(pre)pronuclei. These foci might be caused by DNA breaks that accompany the

A 2 hr post injection
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! zygote zygote !
genotype| 2-2,5hrp.i. | 4-4,5hrp.. !
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I: no formation of maternal pronucleus - condensed paternal pronucleus

Il: no formation of maternal pronucleus - decondensation of paternal pronucleus
Il formation of maternal pronucleus - condensed paternal pronucleus

IV: formation of maternal pronucleus - decondensation of paternal pronucleus

Figure 4. Pronucleus formation and yH2AX foci shortly after intracytoplasmic
sperm injection (ICSI) with wild type sperm. Immunostaining for DAPI (blue)
and yH2AX (green) of zygotes 2 and 4 hours after injection. The right panel presents
differential interference contrast (DIC) images of the same zygote. Asterisks indicate the
paternal pronucleus. Bar represents 10 ym. (a) Two hours after injection, the oocyte has
completed the second meiotic division and both the developing paternal and maternal
pronuclei show some yH2AX foci. (b) Four hours after injection the formation of both
paternal and maternal pronucleus is complete. The paternal pronucleus has many yH2AX
foci, whereas the maternal pronucleus either shows no yH2AX foci (not shown) or some
distinet yH2AX foci (lower panel). () Table summarizing the dynamics of the developing
paternal and maternal pronuclei two and four hours post injection (p.i.).
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protamine-to-histone transition. Alternatively, or in addition, some DNA damage
that has accumulated during sperm storage in the epidydimis might be detected
by the maternal DNA repair machinery. Four hours after injection, both the
paternal and maternal pronuclei were completely formed; the paternal pronucleus
still showed distinct bright yH2AX foci dispersed through the nucleus, and the
maternal pronucleus mostly had 3 to 5 large yH2AX foci. Oaly in 1 out of 22
zygotes at 2 and 4 hours after injection {Figure 4b) the maternal second meiotic
division had not taken place.

In the majority of the zygotes from Ube25” sperm (7 out of 11), the paternal
DNA was fragmented and showed intense staining for yH2AX already at 2
hours after sperm injection (Figure 5a), whereas in the remaining 4 embryos
the paternal genome was still completely condensed. The presence of massive
H2AX phosphorylation on the Ube2b” paternal genome in combination with
its fragmentation is in agreement with our findings of the SCSA analysis, which
indicated the presence of massive DNA damage and/or breakage in Ube2b/
sperm. At 4 hours after injecton (Figure 5b), only 2 out of 6 surviving zyvgotes
contamed an almost intact (decondensed) paternal pronucleus, although these
nuclei were still strongly yH2ZAX -positive and small DAPT and yHZAX-positive
fragments were present. Three embryos contained paternal DNA that showed
complete fragmentation, and of one embryo the paternal genome was still
condensed. Summarized (Figure 5¢), we found that in most of the zvgotes (8
out of 10), the paternal genome was completely fragmented and the dispersed
patches of DAPI-positive material in the zygote also contained high levels of
yH2AX. Tn addition, in the majority (11 out of 17) of the zygotes, the oocytes
had not undergone the second meiotic division (Figure 5ab).

<l Figure 5. Ube2b knockout spetm derived paternal pronucleus shows fragmentation
upon decondensation. Immunostaining for DAPI (blue) and yH2AX (green) of zygotes
ferdlized with sperm from Ube2b knockout mice. The right panels present differential
intetference contrast (DIC) images of the same zygote. Asterisks indicate the paternal
pronucleus. Bar represents 10 um. (a) Two hours after injection with Ube25/ sperm, both
the paternal and maternal pronuclei are heavily stained with yH2AX and DAPI, here
shown for two different zygotes. In addition, yH2AX and DAPI-positive fragments can
be observed apart from the developing paternal pronucleus / decondensing spermhead
(upper panel), or the paternal pronucieus is fragmented (lower panel). Note that the
second maternal meiotic division has not been completed in the lower panel. (b} Four
houts after ICST with Uée2b” sperm. In the upper pagel, the paternal pronucleus is
decondensed, yH2AX-positive and surrounded by small DAPI- and yH2AX-positive
parts. The maternal pronucleus has been formed and shows some yH2AX foci. The
lower panel shows a completely shattered paternal pronucleus, and maternal metaphase-
IT arrest. (c) Table summarizing the results for the Ube2b ' paternal pronucleus and wild
type maternal pronucleus.
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Zygotes derived from ICSI with Ube2b7/Ubelb-HA sperm showed normal
decondensation at 2 (Figure 6a} and 4 hours (Figure 6b) after injection, and the
pattern of yH2AX immunostaining in paternal and maternal pronuclei was similar
to what was observed in zygotes obtained after ICSI with wild type sperm (Figure
4ab). These results confirmed our SCSA findings, which indicated comparable
low levels of DNA damage in both Ube2b//Ube2b-HA and wild type sperm.
However, in 4 out of 13 zygotes, the second maternal meiotic division had not
occurred (Figure Ge), which could indicate that, although Uhe26-HA expression
on a Ube2b knockout background provides some support during spermiogenesis,
the resulting sperm cells are impaired in their 2bility to activate the oocyte. At the
2-cell stage, we noticed DAPI dense and yH2AX positve bodies (DDBs), in 3 out
of the 7 preimplantation embryos {Figure 6e). These DD Bs most likely represent
nuclear fragmentation, which occurred after the first cleavage division. FHach
aucleus contained several yH2AX foci, and mitotic metaphases were completely
stained with anti-yH2AX. In cultured mitotic cells, yH2ZAX foci are known to
form in S phase, possibly at breaks that result from stalled replication forks *.
At the 4-cell stage (Figure 6¢c), 2 out of 5 analysed embryos showed yH2AX
DDBs, and again each nucleus contained several yH2AX foci. At the morula
stage (Figure 6d), all analysed embryos displaved many yHZAX positive DDBs
in almost every cell, and many nuclei showed aberrant morphology compared to
the nuclei of blastocysts derived from [CSI with wild type sperm. Although some
embtyos appeared to reach the blastocyst stage with signs of cavitation, Ube267/
Ube2b6-HA ~ sperm derived embryos never hatched (not shown}, in contrast to the
normal hatching of embryos derived from wild type sperm ICSL

< Figure 6. 1CSY with Ube2b”/Ube2b-HA sperm results in normal fertilization
but embryos show progressive nuclear fragmentation during early embryonic
development. Pre-implantation embryos at different stages resulting from ICSI with
Ube2ir" [ Ube2b-FLA sperm were immunostained for yH2AX (green) and DAPT (blue).
The right panel presents a differential interference contrast (DIC) image of the same
embryo. Asterisks indicate the paternal pronucleus. Bar represents 10 pm. (ab) Ube2b7/
Ube2b-HA paternal and wild type maternal pronuclei show normal development at 2
{A) and 4 (B) hours after injection. Both pronuclet show yHZAX-foci. Bar represents
10 pm. (cd} Immunostaining of respectively 4-cell and morula stage Ube2d-FLA/ Ube2l'
sperm detived embryos for DAPI (blue) and yH2AX (green). (¢) Several yH2ZAX-positive
and DAPI dense bodies in two blastomeres of a 4-cell stage embryo. {d) Morula-stage
embryo. Some blastomeres show aberrant nuclear morphology and many DDAPI dense
and yH2ZAX-positive bodies are present throughour the embryo, indicating progressive
nuclear fragmentation. (¢) Table with results for the different developmental stage of
Ube2b-H.A/ Ube2t sperm derived embryos. Note that although some reach blastocyst
stage, they were never able to hatch.
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Ube2l'" testicuiar sperm shows varying degrees of DINA damage and fragmentation
after fertilization but development is blocked before batching of the blastocyst

Our SCSA results indicated that DNA breaks accumulate throughout the genome
in Ube2b knockout germ cells during the process of spermatogenesis, or during
storage of sperm in the epidydimis. Alternatively, highly abetrant chromatin
packaging may render the DNA more susceptible to breakage during the acid
denaturation step of the SCSA assay.

Zhoa et al ¥ showed that testicular spermatozoa of mice lacking transidon
nuclear proteins (TP1 and 2) were capable of producing offspring when using
ICSI, but epidydimal spermatozoa were not able to fertilize, indicating that
aberrant sperm may accumulate DNA damage while stored in the epididymis.

To test whether Ube2d knockout sperm isolated from the testis would be
able to support embryo development following ICSI, we activated oocytes
and then injected Ube24 " testicular sperm heads. Five embryos were analysed
at 4 hours following ferdlization. Of these, three embryos displayed increased
yH2AX staining in the paternal pronucleus, compared to controls, and two of
these also showed partial DNA fragmentation. Two embryos displayed normal
yH2AX staining in the paternal and maternal pronuclei (not shown). Embryos
that were kept in culture all reached the 2-cell stage, but blocked before reaching
the hatching stage.

Ube2b knockont round spermatids do not accummlate unvepaired DINA double strand
breaks

The above results of SCSA and ICSI indicated that Ube2d knockout testicular
spermatozoa have accumulated DNA damage, or become highly susceptible to
DNA breakage, during spermatogenesis, but are further damaged during storage
in the epidydimis. We next tried to pinpoint the timing of the occurtence of the
defect that leads to the chserved DNA damage in early embryos upon ICSI. On
testis sections, stained for YH2ZAX, no differences were detected in the pattern
of staining, and fully condensed spermatids were generally yH2AX-negative (not
shown). In addition, TUNEL staining patterns on testis sections were similar for
wild type and UkeZk knockout spermatids (not shown). To study this further, we
immunostained Ube257 spread preparations for yH2AX to analyse the presence
or occurrence of DNA breaks i secondary spermatocytes, round and elongating
spermatids (Figure 7b). The results show that the amount of yH2AX wvaries
between spermatids, in the knockout as well as the wild type. However, a clear
focal YH2AX staining observed in wild type spermatids (Figure 7a), was less
apparent for the knockout spermatids (Figure 7h).
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Figure 7. Analysis of yH2AX localization in spread preparations nuclei and
spermatozoa of wild type and Ube2b knockout mouse testes. Wild type (a) and Ube2)
knockout (b) secondary spermatocyte, spermatid and spermatozoa nuclei were stained
with DAPI (blue) and anti- yH2AX (green). The overall pattern is similar in wild type and
knockout nuclei. yH2AX appears somewhat enhanced in knockout spermatocytes and
spermatids. Bar represents 10 pm.

Injection of round spermatids from Ube2b knockout mice yields normal embryos.

Based upon the above results, we investigated the fertilization potential of Ube2b
knockout round spermatids compared to round spermatids from wild type
mice through the use of ROSI (Figure 8). Oocytes were injected with nuclei of
manually selected round spermatids of Ube2b”" mice, and the resulting zygotes
were fixed 4 hours after injection. Subsequently, the zygotes were immunostained
for yH2AX and H3K4me2, and analysed with confocal microscopy. The paternal
pronucleus could be identified by the relative lack of H3K4me2 compated to
a higher level in the maternal pronucleus (not shown). We found that in the
majority of the zygotes (6/11) the developing paternal pronucleus contained
some yH2AX foci comparable to what is observed in wild type pronuclei after
ICSI (compare Figure 8a to Figure 4b). No nuclear fragments were observed.
The remaining paternal pronuclei (5/11) were partially developed (Figure 8b),
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showing a strong overall signal for yH2AX with some bright yYH2ZAX focl The
overali signal seemed to be related to the degree of development: nuclel with
more Intense DAPI staining showed a stronger yHZAX signal. Similar results
wete obtained for wild type pronuclei after round spermatid injection (Figure
8cd).

When we cultured the zygotes resulting from ROSI with Ube26 knockout
spermatids, we observed normal progression to the 2-cell stage (56/58), and
subsequent morphologically normal development up to the hatching blastocyst
stage (17/28). Analysis with confocal microscopy of these hatching blastocysts
showed the presence of normal nuclel and ne yH2AX positive DB, or any sign
of nuclear fragmentation. We also noticed that most nuclei contained several
yH2AX foci, and mitotic metaphases were completely stained with anti-yH2ZAX.
This is similar to the yYH2AX staining pattern that is observed in blastocysts after
ROSI or ICST with wild type sperm.

We transferred 28 2-cell stage embryos derived from injection with Ubz25h
knockout spermatid nuclef into two pseudopregnant mothers, and at day 18 of
embryonic development, we observed 2 living embryos with norrmal appearance
and weight in each foster mother (Figure 8e).

DISCUSSION

Intracytoplasmic sperm injection (ICSI) is used to overcome rnale-factor
infertility. Since normal breeding with Ube2s” males never fesulted in live
offspring, we used ICSI to try to generate zygotes from Ube2b” sperm. Shortly
after injection, simultaneously with the start of the formation of the maternal

and paternal pronuclel, we noticed that the majority of paternal pronuclei derived
from UBEZB-deficient sperm showed presence of DNA damage, as visualized by
massive H2ZAX phesporylation, accompanied by progressive paternal pronuclear

< Figure 8. Zygotes resulting from Ube2b* round spermatid injection show normal
embryonic development. Ube2h” zygotes after ROSI immunostaining for DAPT (blue)
and yHZAX (green). The right panel presents differential interference contrast (DIC) image
of the same embryo. Asterisks indicate the paternal pronucleus. Bar represents 10 pm. {ab)
Four hours after injection, the zygotes either show the formation of a normal paternal
progucleus with a few yH2AX focd and ne fragmentaton (a) or a paternal pronucleus
that is still developing (b}, showing strong vH2AX staining, and this is most ikely due to
its condensed state. The maternal pronuclel have some bright yH2AX focl. (cd) wild twpe
zygotes after ROSI immunostaining for DAPT (blue) and vH2ZAX {green). Wild type zygotes
four hours after ROSI either show a completely developed paternal pronucleus (¢} with few
yH2AXfoci, or a partly formed paternal pronucleus (d) which is positive for yH2AX, The
maternal pronuclei show some yH2AX spots. (&) 18 days of embryonic development after
ROST with respectively Ube2d/ Ube2l' and wild type spermarids.

LBREZE S RUCOUTRGD VIOR GO INVRORITY I wPhiia : 2k



NG

fragmentation. The results from the SCSA assay showed that Ubs24 ' spermatozoa
many carry many untrepaired DNA breaks or their DNA is more receptive to
damage, as compared to wild type sperm. The majority of ococytes injected
with Ube2{r/- spermatozoa still showed a metaphase Il arrest, indicating that the
maternal genome did not complete the second meiotic division. Directly after
fertlization, the penetrating sperm normally delivers an oocyte-activating factor,
which initiates continuation and finalization of the maternal second meiotc
division (reviewed in *"). The impaired methaphase-to-anaphase transition of the
maternal genome in the zygotes derived from Ube2s” spermatozoa following
ICSI could point towards the lack of an oocyte-activating factor in Ube2b”
sperm. Alternatively, the fragmentated paternal pronucleus could rapidly activate
an oocyte-checkpoint that blocks refief of the metaphase I arrest. It could even
be suggested that direct communication between the paternal and maternal
pronuclel occurs right after fertilization, blocking the maternal second meiotic
division inn case of a heavily damaged paternal {projnucleus. Similar failure to
actvate the cocyte has been observed upon ICSI of sperm derived from mice
carrying two semi-identical translocation chromosomes that is associated with
reduced fertility **. In addition, in heterologous ICSI experiments using human
sperm injected into mouse oocytes, it was also observed that fragmentation of the
paternal genome was frequently associated with a failure to activate the oocyte *.

The results from the Ube2i/"/ Ube2b-H.A male mice show that even a relatively
low level of UBE2ZB-HA in Ube2ir’ spermatocytes and spermatids significantly
improves the qualitative and quantitative output of spermatogenesis, compared
to Ube?b knockouts. This indicates thar the fusion protein functions at least
partially. Therefore, we also tried ICSI to overcome the infertility of the Ube2é
-/ Ube2b-HA mouse. We observed the formation of motphologically normal
paternal Ube2l'"/ Ube2b-H.A pronuclei with normal yH2AX staining, The fact
that a minority of these zygotes still showed metaphase II arrest, indicates that
most likely an oocyte-activating facror is missing or reduced in level in both
Ube2i" [ Ube2b-HA transgenic and Uke2b’ sperm. A possible lack of an oocyte-
activating factor in Uke2b’/Ube2b-HA sperm could partially contribute to the
infertility phenotype.

Unfortunately, the obtained transgenic Ube2b-HA mouse line shows relatively
low levels of UBE2B-HA expression. Shekhatr et al. ® have reported stable
overexpression of UBEZB in several mammalian breast cancer cells (MCEF10A,
WS8-15 and MDA-MB-231}, which resulted in various abnormalities * ¢, These
findings indicate that a high level of UBEZB is detrimental to most cells, and
transgenic mice that overexpress UBEZB-HA in testis were not obtained. The
Calbmegin promoter is germ cell-specific, and directs expression specifically from
pachytene onwards *, and UBE2B-HA is therefore not present during mitotic
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and eatly meiotic phases of spermatogenesis in Ube2b-H.A wransgenic mice. The
incapability to yield offspring with Ube2b-HA transgenic sperm could indicate
that expression of UBE2B prior to pachytene may be critical. Since none of the
known meiotic phenotypical characteristics of the Uke2b knockout spermatocytes
were rescued by the Uke2b-THA transgenc, we suggest that UBEZB also performs
a function in meiotic prophase celis, most likely during leptotene, zygotene, and/
or early pachytene. Stil, this function is not required o obtain an intact haploid
genome, since ROSI with Uke2b knockout spermatids yielded normal embryos,
surviving at least until E18.

As described in the Introduction, in yeast, the ubiquitin-conjugating enzyme
Rad6 is known to function together with the E3 ligases Ubri, Brel, and Rad18.
In mammals, UBE2A and UBEZ2B also have been shown to interact with the
Brel homologs RNF20 (huBrelA, % and RNF40 (huBrelB ¢ #%, with UBR2 ¥
and with RAD18 @ Thus, it seems likely that part of the functions of UBE2B
m spermatogenesis may depend on the Interaction of UBE2B with one or
more of these known HE3 ligase partners. The expression of Brel homologs in
mouse testis has not been investigated, but available microarray data indicate
that R#f#0 but not Raf20 mRNA levels are high in spermatocytes and spermatids
#. Previously, we found no difference in H2B ubiquitylation, which most likely
depends on UBE2A and UBE2B, in wild type and Ube24 knockout spermatocytes
and spermatids **, indicating that this function is not solely dependent on UBE2B
during spermatogenesis. Knockouts for Ruf20 and Rnf0 are not yet available,
precluding comparison: of phenotypes. Ubr2 knockout males are infertile, and
display a developmental arrest at late zygotene/eatly pachytene . Thus, part
of the early meiotic functions of UBEZ2B may depend on its interaction with
UBR2. Rad7§ kaockout mice have also been described and males were found to
have only very minor spermatogenic aberrations . However, detailed analyses of
meiosis i these mice have not been performed.

Similar to what has been found using UBE2A/B andbodies ¥, UBE2B-HA
accumulates on XY body chromatin of pachytene and diplotene spermatocytes.
This supports the notion that UBE2B, possibly together with RADI1S, acts
during meiotic prophase in a role that most likely involves specific aspects of
chromatin structure regulation associated with the presence of unsynapsed
chromatin **. Furthermore, we show that correct timing of UBE2B expression
in spermatocytes appears to be critical for normal synaptonemal complex
morphology, which is linked to chromatin structure, spermatocyte survival,
and postmeiotic maintenance of X and Y chromosome inactivation *. Since
Western blot analysis has shown that UBE2B and RAD18 are both expressed
in spermatids of wild type mice *>*, these proteins may also act together at this
postmeiotic stage.
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The low levels of UBE2ZB-HA in spermatids of Ube2l?-/ Ube2b-HA mice,
together with the finding that the Ube2i”/Ube2b-HA epididymis contains an
increased percentage of sperm cells with abnormal morphology as compared
to wild type, indicates that a high level of UBEZB in postmeiotic spermatids is
essential for normal sperm head morphology. Surprisingly, the sperm integrity
analysis for spermatozoa from Ube2b-HeA [Ube2b mice, showed a DFI
comparable to wild type sperm, indicating that UBE2B-HA can rescue this
aspect of UBEZB function during postmeiotic development. However, [CSI
using Ube2l"/Ube2b-HA-sperm did not vield normal hatching biastocysts.
Instead, the embryos apparently accumuiated increasing genomic damage, since
after each cleavage division, more blastomeres are affected. By the time the
morula stage was reached, further development was blocked. These data indicate
that although the genome of Ube26”/Ube2b-HA -sperm cells may be intact, the
chromatin structure is aberrant and more susceptible to damage. It might even be
suggested that the role of UBEZB in postmeiotic chromatin reorganization is not
to facilitate repair of the breaks that are made during the histone-to-protamine
transition, but more likely involves a function in the correct packaging of the
genome to protect it from damage during its storage in the epidvdimis, and also
to allow correct repackaging in the zygote. This idea is supported by our results
obtained with zyvgotes derived from ICST with testicular sperm of Uke?b knockout
mice, that showed reduced yHZAX staining and DNA fragmentation compared
to zygotes derived from ICSI with epidydimidal sperm. In addition, the fact that
the overall sperm head morphology is still aberrant in Ube2b'/ Ube2b-HA mice
provides an indication that the genome is not correctly packaged. Escalier er al.
* have performed electron microscopjc analyses to analyse the nuclear structure
of Ube2b knockout mice and found no indications for reduced protamine
mcorporaticn. In addition, we have previously shown that transition proteins are
incorporated during spermatid elongation, and the testis-specific H2B variant
TH2B was no longer detectable in condensed spermatids *. This indicates that
the disturbances in chromatin structure in Ube2s knockout sperm are distinct
trom what is observed in mice that lack the transition proteins or protamines. In
this context, it 1s of interest to note that sperm derived from mice with deletions
of large parts of the Y chromosome also contains increased DNA damage that
impairs the developmental potential of ICSI-derived embryos . These data
point to a possible functional interaction between UBE2B and postmeiotically
expressed Y-encoded genes, that is required for proper regulation of the histone-
to-protamine transition. Disturbances in the histone-to-protamine transition in
spermatids may also cause disturbances in the protamine-to-histone transition
in the zygote. This may generate specific problems during DNA replicaton,
causing more stalled replication forks and subsequent collapse of these forks and



the formation of DSBs. This paternal effect of UBE2B upon genome integrity
during postfertilization development as revealed in the embryos that were derived
from ICSI with Ube2b/-/ Ube2b-HA sperm, provides evidence for the inheritance
of epigenetic disturbances through the male germline.

Although both melotic and postmeiotic development of male germ cells is
impaired in (Jke2b" testes, we initially could not determine if the postmeiotic
derailment is a consequence of the lack of UBE2B during the meiotic prophase,
or if UBE2B also performs a specific role during spermiogenesis. We argued
that if the acquired DNA damage present in Ube2b/ spermatozoa tesults from
a postmeiotic defect, injection with round spermatdds (ROSI) from Ube2b’ mice
might be able to rescue the defective proauclear development that was observed
upon ICSI with Ube2b'* spermatozoa. We indeed observed formation of a normal
paternal pronucleus shortly after ROSI, indistinguishable from pronuclei derived
from ROSI with wild type round spermatids or ICSI with wild type sperm, or
Ube2b" [ Ube2b-HA sperm. Moreover, zygotes from UbeZb’ round spermatids
could develop normally #z zivo, with a similar rate and frequency compared to
embryos derived from ROSI with wild type spermatids.

Taken together, these results show that UBE2B has an important role in
organizing a chromatin structure, which supports maintenance of genome
integrity throughout the last steps of spermatogenesis and eatly ferdlization
events, including the histone-to-protamine and protamine-to-histone transitions.
The aberrant chromatin structure and histone modifications in Ube2¥/ spermatids
might perturb the normal exchange of histones for transition proteins and
protamines, resulting in enhanced susceptibility to DNA damage. To reveal the
exact nature of the postmeiotic UBE2B functions, the UBE2B-HA transgenic
mouse model will be useful to purify the B3 enzyme and/or substrates that
interact with UBEZB during postmeiotic male germ cel! development.

MATERIALS AND METHODS
Mice

All animal experiments were conducted in accordance with the local guidelines
and protocols.

Generation of transgenic mice

To produce transgenic mice that show testis-specific expression of UBEZ2B
protein fused to a hemagglutinin tag (HA) we generated a construct (Ube26-HA
construct) containing a 330 bp Sacl/BamHI fragment of the Calwegin promoter
(Figure 1) (gift from K. Yamagata, Osaka University Japan), which has been
shown to direct specific expression in pachytene spermatocytes and later stages
of male germ cell development *.
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This promoter was placed in front of the Ube2b cDNA (500 bp fragment)
fused in frame to a linker containing the HA immunotag. A BamHI site,
generated through site-directed mutagenesis, replaced the Ube2b stop codon. To
enhance transgene expression, exon 2 (the last 22 bp), intron 2, exon 3, and the 3'
untransiated region (including the polyadenylation signal} of the human b-globin
gene were inserted at the 3’end. Finally a linker containing a single LoxP site
was cloned in front of the Calmegin promoter. Linearized DNA was isolated and
microinjected into fertilized oocytes from FVB mice. Founders were screened
after genomic tail DNA isolation * and analyzed with the following forward and
reversed PCR primers: 5’CAACATCATGCAGTGGAATGC ¥
SGCTCAACAATGGCCGAAACT

These primers amplify a fragment of 347 bp only if the transgene is present.
A separate multiplex PCR reaction was performed to determine the Ube2’
genotype. For this, the following priumers were used:

5 TTGAAATCCCGCATGAGC 3

5 CGGAGGGAGACGTCATTG 3°

5 CTTTACGGTATCGCCGCTCCCGAT 3

Copy number of the transgene per haploid genome was determined using
Southern blot analyses according to standard methods with Ube26 cDNA as
probe. UbeZb-HA transgenic male mice were crossed with Ukbe2d knockout
females (FVB background) to obtain mice that were transgenic for the testis-
specific Ube2d fusion gene, and heterozygous for the UbeZl knockout allele.
These mice were intercrossed to obtain Ube2b-HA transgenic mice on a UbeZb
knockout background,

Fertility analysis

Adult heterozygous Uke2b-HA males on Ube2t knockour background were bred
with control females for a maximum of 6 weeks. Litter number and litter size
were recorded. To analyse spermatogenesis, adult males were killed by cervical
dislocation, and testes and epididymis were isolated and weighed. To obtain sperm
for assessment of morphology, the epididymis were transferred into 2 plastic
Petri dish containing 0.5 ml Dulbecco’s medium (Gibeo) with 0.5 % BSA, and
carefully cut to allow sperm to move out of the tissue. After 10-20 minutes, the
medium was carefully stirred, and aliquots were removed for sperm morphology
analysis in smears stained by hematoxylin/eosin. Then, the epididymis were
transferred into a small glass Potter and homogenized by hand. The total number
of sperm present in the epididymis was counted using an improved Neubauer
hemocytometer and a phase contrast microscope at a magnification of 400 X,
At least 200 sperm in 2 different samples from one animal were counted. Sperm
head motphology was assessed using hematoxylin/eosin stained smears and
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bright field microscopy at 1000 X magnification. 200 Sperm heads were analyzed
per animal,

For morphological analysis of spermatogenesis, testes were fixed overnight
in Bouin’s fixative and embedded in paraffin. 8um Sections were cut and stained
with hematoxylin/ecosin. Statistical analyses were performed using the Student’s
t-test.

lmmunoblot analysis

Mouse testes were obtained from adult mice, and frozen in liquid nitrogen
directly after dissection. Cell preparations highly enriched in spermatocytes and
round spermatids were isolated from mouse testes after collagenase and trypsin
treatment, followed by sedimentation at unit gravity (StaPut procedure) and
density gradieat centrifugation through Percoll *.

Protein extracts were prepared by 10 cycles of 10 seconds sonification in 0.25
M sucrose/ 1TmM EDTA supplemented with complete protease inhibitor cocktail
(Roche). Protein concentratdons were determined using Coomassie Plus protein
assay reagent (Pierce, Perbio Science, Etten-Leur, Netherlands) as described by
the manufacturer.

An amount of 20 pg of protein per sample was separated on 12% SDS-
polyacrylamide gels and the separated proteins wete transferred to nitrocellulose
membranes, using the BioRad miniprotean III system and blot cells (Bio-Rad,
Veenendaal, Netherlands). Membranes were stained with Ponceau S (Sigma-
Aldrich, Zwijndrecht, Netherlands) according to the supplier’s protocol.

UBEZA and UBL2B were detected with a rabbit polyclonal antibody
(x-UBE2A/B) raised against a peptide reptesenting the N terminus of UBE2A
and UBEZ2B, which are identical *. RAD18 protein was detected using the affinity
purified anti-RAD18 antibody described by van der Laan et al. . After blocking
non-specific sites with 3 % w/v non-fat milk in PBS/ with 0.1% v/v Tween20
(blotto) for 1 howur at room tempetature, antibody was added in fresh blotto,
and incubation was continued for an additional hour at room temperature.
Subsequently, non-bound antibody was removed through several washes using
PBS with 0.1% v/v Tween20. Peroxidase-labeled second antibody (Sigma) was
dituted in blotto, and incubation was for 1 hour at room temperature. Antigen-
antibody complexes were detected by using a chemoluminescence kit {Du Pont/
NEN, Bad Homburg, Germany) according to the instructions provided by the
manufacturer.

Tmmpunostaining of spread meiotic nuclei preparations

Spread nuclel preparations of mouse spermatocytes were made according to the
S o
protocol described *. The slides containing spread meiotic nuclei were washed
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with PBS extensively and nonspecific sites were blocked by incubation in PBS/
0.5% BSA/ 0.5% w/v non-fat milk, prior to addition of specific antibodies.
The primary antibodies; rabbit polyclonal anti-RAD18 (1:50), rat monoclonal
anti-HA (Roche, 1:100) mouse monoclonal anti-MLHI (BD, Alphen aan den
Rijn, Netherlands, 1:25) rabbit polyclonal anti-SYCP3 (1:1000) (a gift from
C. Heyting) were diluted in 10% BSA/ PBS and incubated overnight at room
temperature. Non-bound antibodies were removed by washing in PBS and the
slides were incubated with PBS/ 5% w/v non-fat milk/ 10% v/v normal goat
serurn for 20 minutes at room temperature. The secondary antibodies (FITC-
conjugated goat anti-rabbit 1:80, TRITC-conjugated goat anti-mouse 1:130
(Sigma), goat anti-rat Alexa 488 1:200 and goat anti-mouse Alexa 350 1:200
(Molecular Probes, Iavitrogen, Breda, Netherlands) were added, and incubation
was continued for 2 more hours ar room temperature. Finally, after extensive
washing with PBS, the slides were mounted in Vectashield (Vector Laboratores,
Brunschwig, Amsterdam, Netherlands) containing DAPI. Images were taken with
a fluorescence microscope (Axioplan 2; Cat]l Zeiss, Jena, Germany) equipped
with a digital camera (Cooclsnap-Pro; Photomertrics, Watetloo, Canada).

TUNEL assay

Testes were isolated from adult mice of different genotypes. Tissues were

formaldehyde fixed and embedded in paraffin according to standard procedures.
Sections were mounted on amino alkylsilane-coated glass slides, dewaxed, and
pretreated with proteinase K (Sigma) and peroxidase as desctibed elsewhere
#. Siides were subsequently washed in terminal deoxynucleotidyl transferase
(I'dT) buffer * for 5 minutes and then incubated for at least 2 hours in TdT
buffer containing 0.01 mM Biotin-16-dUTP (Roche) and 0.3 U of TdT enzyme
(Promega, Leiden, Netherlands) per pl at RT. The enzymatic reaction was
stopped by incubation in TB buffer, and the sections were washed *. Slides were
then incubated with StreptABComplex-horseradish peroxidase conjugate (Dalko)
for 30 min and washed in PBS. dUTP-biotin labeled cells were visualized with
3,3"-diaminobenzidine tetrahydrochloride-metal concentrate (Pierce). Tissue
sectdons were counterstained with hematoxylin, For each animal, the number of
TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling)-positive cells was counted in 100 tubule cross sections.

Media
For oocyte collection and injection, 45 ml MEM-alpha complete {Life-
technologies/GIBCO Cat.nr. 22571) was supplemented with 10% feral calf

serum, 0.068 g sodium lactate, 0.006 g sodium pyruvaat, 0,25 gr HEPES and 0.007
g L-Glutamine. The pH was adjusted to 7.2 using NaOIH. The final solution was
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filter sterilized. For oocyte storage, GZ medium was used. For embryo culture,
KSOM medium supplemented with amino acids (Chemicon), was used,

Preparation of monse oocytes

B6D2F1 female mice (Charles River), 6-14 wk old, were cach induced to
superovulate by ip. igjection of 7.5 IU serum PMSG-Tolligonan (Intervet)
followed by 7.5 TU hCG-Chorulon (Intervet) 48 h later. Oocytes were collected
from oviducts about 13-15 h after hCG injecton, freed from cumulus cells by
treatment with Hyaluronidase (Sigma, H-4274), thoroughly rinsed in GZ medium
and stored at 37°C up to 5 h in GZ medium under 5 % CO2 and 5 % OZ2 in air.

Cryopreservation and preparation of spermatozoa

Spermatozoa were obtained from Ube2b’, Ube2b’ /Ube2-HA and wild type
male mice. The cauda epididymis and vas deferens were isolated and placed in
sperm/cryoprotectant soludon (CPA, 8,5 ml MiliiQQ, 1,8 gr Raffinose (Sigma) and
0,3 gr milkpowder {Campina)). The vas deferens was empded and the epididymal
tubules were cut in several places to allow the spermatozoa to disperse into the
medium in a petridish (Greiner Bio-One, Alphen a/d Rijn, Netherlands).

50 - 100 ml of sperm solution was placed in a cooling chamber and rapidly
frozen in liquid nitrogen vapour. Tubes wete stored in liquid nitrogen.

Thawing occurred for several minutes at room temperature, followed by
heating in a waterbath 37°C. This was diluted iz 50-100 m] HTF-HEPES-3%
BSA, and centrifuged for 5 min at 3000 rpm. The pellet was resuspended in HTT-
HEPES-3% BSA, and incubated for 15 min at 37°C, 5% COZ2. Subsequently,
the spermheads were separated from the tails by sonication for 15 minutes in a
waterbath {Branson 1210). This suspension was kept at room temperature.

4 ml of the spermsuspension was pipeted into PVP-saline (0.9% NaCl
containing 12% [w/v] polyvinvlpyrrolidone [360 kDa; ICN Biochemicals]). A
small drop (about 10 ml) of this mixture was kept under mineral oil (Sigma) in a
plastic petri dish on the microscope stage at room temperature before injection
1nto oocytes.

Sperm chromatin structure assay procedure

Sperm was diluted with TNE buffer (0.01 M Tris-HCl, 0.15 M NaCl, 0.001 M
ethylenediamine tetraacetic acid, pH 7.4} in a toral volume of 200 ml and then
mixed with 400 ml of an acid-detergent solution (0.12 N HCL, 0.15 M NaCl, 0.1%
Triton X-100, pH 1.2) for 30 seconds and subsequently stained with 1200 ml
of staining soluton (0.037 M citric acid, 0.126 M Na2HPO4, 0.0011 M EDTA,
0.15 M NaCl, pH 6.0, containing 6 mg/ml. Acridine Orange (No. A8097, Sigma
Chemical, St. Louis, MO, USA). After 3 min at room temperature, sperm cells
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were analyzed by flow cytometry using FACScaliber (Becton Dickinson, San Jose,
CA). The flow rate was kept below 300 events/second and a total of 5000 events
were accumulated for each measurement. The DNA Fragmentation Index (DFI)

was measured as the ratio of ted fluorescence to total fluorescence ™.

Preparation of rownd-spermatids for ROSI, and spermatozoa for festicylar ICST
Adult Ube2t” and wild type male mice were killed by cervical dislocation. The
testes were dissected, placed in 1 ml PBS and an incision was made in the testis
capsule to allow for the removal of the seminiferous tubules. The content of the
seminiferous tubules was liberated by mechanical agitation with forceps, leaving
a suspension of cells including round spermatids, which wete pipeted into PVP-
saline as described above for sperm. To obtain sperm heads from the testicular
suspension, the suspension was first sonicated as described above for epididymal
sperm and kept at room temperature in PBS until injection.

ICST and round-spermatid injection (ROST)

The microinjection procedure was performed as described . In short, oocytes
{kept in MEM-alpha complete) were injected using a fine glass capillary with a 10
mm {ICST) and 5 mm (ROSI) internal diameter, attached to a Plezo microinjection
system (PiezoDrill; Burleigh Instruments, Burleigh Park, Fishers, NY, USA).
Sperm heads were aspirated and injected into the oocytes. Round spermatids were
identified by size and morphology as described by Kimura & Yanagimachi (1995)
*. The selected spermatids were individually drawn into the injection pipette and by
repeated aspiration the nucleus was isolated from the rest of the cell before injected
into the ooeytes. After ICSI, oocytes wete kept at room temperature for 5 min, and
then gradually warmed to 37°C and placed in KSOM medium supplemented with
amino acids {Chemicon) under 5% CO2, 5% O2 in air at 37°C.

For each ROSI-experiment, and for the testicular ICSI experiment, 15 mM
SrCl2 (Sigma) was freshly diluted from a 1M stock in calcium-free M16 culture
medium. Microdroplets were arranged onto a Petti dish (Falcon, Franklin Lakes,
NJ, USA), covered with mineral oil {Sigma} and incubated under 5 % CO2 and
5 % O2 in air at 37°C for at least 30 min. For activation, oocytes were washed
twice, and cultured in the equilibrated 15 mM 5¢rCl2 solution for 1,5 h.

After ROSI, or after ICSI with testicular sperm, oocytes were washed twice
in 15 mM 5:Cl12 solution, and incubated in this solution for 1,5 h under 5%
CO2, 5% O2 in air at 37°C. Subsequently, cocytes were washed twice in KSOM
medinm supplemented with amino acids (Chemicon), and further cultured in this
medium in 5% CO2, 5% O2 in air at 37°C. Following 1CSI or ROSE, embryos
were collected at different time points following fertilization. Zygotes were
collected at 2 and 4 hr following injection. 2-cell and 4-cell stage embryos were
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assessed at respectively 24, and 48 hr after injection. Morulas and blastocysts
were collected at either 70 or 96-120 hr after ferulization. Collected embryos
were washed several times in PBS and kept at 4°C in a 96-wells plate (Greiner
Bio-Cne)

Ewmbryo transfer into foster mothers

Recipients of the embryos were FVB mice. They were mated with sterile males
of the same strain. The day on which a vaginal plug was found was defined as
day 1 of pregnancy. At about 14:00 h on that day, fernales were anaesthetized
and their oviducts were exposed through dorso-ventral incisions. Meanwhile, the
embryos (2-cell stage) to be transferred were sucked into an embryo transfer
pipette and the embryos were transferred into the lumen of the ampulla. The

number of embryos transferred into each oviduct was around 10,

TImmunocytochenical staining of embryos

Embryos were fixed in 5% PFA for 20 min at 37°C and treated for
immunofiuorescence as described by Plusa et al. * in a 96-well plate (Greiner Bio-
One). The primary antibodies mouse monoclonal anti-yH2ZAX (1:1000) (Upstate,
Walthum, MA, USA), rabbit polyclonal H3K4me2 {1:500) (Upstate), rabbit
polyclonal anti-RAD18 (1:200) were diluted in 3% BSA/ PBS-Tween 20 (0,15%)
and incubated overnight at 4°C. For mouse monoclonal primary antibodies, the
secondary antibodies were fluorescein isothiocyanate (FITC)-labeled goat and-
mouse [gG antibodies (1:128) (Sigma, St Louis, USA) and tetramethylrhodamine
isothiocyanate (TRITC}-labeled goat anti-mouse IgG antibodies (1:128) {Sigma).
For rabbit polyclonal primary antibodies, the secondary antibodies were
tetramethylrhodamine isothiocyanate (TRITC)-labeled goat anti-rabbit IgG
antibodies (1:128) (Sigma). After antibody incubations and washes, embryos
were mounted in DAPI-Vectashield on polylysine-coated slides. To analyze
the dynamics of paternal pronuclens formation, ICSI- and ROSI-zygotes were
collected two and / or four hours post injection. In addition, we also collected
the preimplantation embryonic development stages of 2-cell, 4-cell, morula and
blastocyst from ICSI-embryos.

Fluorescence microscopy analysis, digital image preparation and analysis
Confocal microscopic observations of maternal and paternal pronuclei and
embryos were made by confocal sectioning at least every 1 pun through the whole
embryo, using a Zeiss510 Multiphoton confocal microscope. The acquired digital
images were processed with Photoshop software (Adobe Systems).
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CHAPTER 9

X CHROMOSOME INACTIVATION
IN THE PRE-IMPLANTATION EMBRYO




ABSTRACT

During eatly mouse preimplantation development, male XY and female XX
embryos are already subject to differential regulatory processes long before the
actual sex determination process starts. The difference in X chromosomal dosage
between male and female embryos is compensated through the process of
imprinted paternal X chromosome inactivation. This is initiated around the fout-
cell stage resulting in the inactivation of paternally provided X-chromosome.
In the inner cell mass (ICM) of the early blastocyst, this impzrint is erased and
replaced by random X-inactivation whereas inactivation of the patermal X
chromosome is maintained in the extra-embryonic lineages. It is not known
whether the process of carly imprinted X-inactivation could be influenced by
existing asymmetry in the early embryo. Differential distribution of asymmetric
factors, whose distribution depends on the plane of the first cleavages, might
result in intra-embryonic and inter-embryonic differences in the developmental
potential of blastomeres and embryos, respectively. Herein, we show that male
and female embryos reach the biastocyst stage within a similar time frame. Scill,
the number of cells is reduced in XX blastocysts compared to XY blastocysts,

RNA FISH analyses of Xt expression show that X chromosome inactivation
(XCI) appears with increased probability in embryos in which the two divisions
that generate the 4-cell embryo from a 2-cell embryo occur along the animal-
vegetal axis, whereas XCI 13 delayed in embryos in which the second cleavage
divisions were both equatorial. These data indicate that factors that regulate
imprinted XCI may be asymmetrically distributed in the blastomeres of the 2-cell
embryo.

-
' Schoenmakers S, Laven JSE, Grootegoed JA, Zernicka-Goetz M and)
Baarends WM (2010). '

In preparation J
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INTRODUCTION

The individual blastomeres of the early maminalian embryo have considerable
plasticity with respect to their capacities to contribute to the different cell
lineages during further development. This is based on the fact that experimental
vearrangement of blastomeres, or reduction of the number of blastomeres within
an embryo does not terminally compromise normal embryonic development ™. Tt
has long been proposed that the early cell-cleavage divisions occur in an essentially
random sequence of events undl the formation of the blastocyst. Embryonic
polarity is first witnessed by the asymmetric location of the inner cell mass ICM),
that will give rise to the future embryo proper, at the so-called embryonic pole, which
is distinct from the opposing abembryonic pole. The formation of this embryonic-
abembryonic axis occurs later than equivalents polarities in other species such as
insects and amphibians, where anterior-posterior and/ or dorso-ventral polarity is
predetermined daring oogenesis *° or immediately following fertilization *.

However, also in mammals eatly asymmetry can be revealed shortly after
fertilization (reviewed in ). Coincident with the formation of the paternal
pronucleus, the second polar body is extruded and acts as a matlker of the animal
pole (A}, opposing its counterpart, the vegetal pole (V) of the zygote™® (Figure
4, Chapter 1). It is along this AV-axis that the first cleavage division occurs ™7,
results in daughter blastomeres inheriting both animal and vegetal components
of the zygote. The asynchronous second cleavage divisions that produce the
4-cell stage embryo, result in daughter blastomeres that can exhibit different
developmental potential and capabilities, depending upon the orientation and
order of the cell divisions that generated them '™ " Each two-cell stage blastomere
can elther divide meridionally (M, in parallel with the AV-axis) producing two
similar blastomeres with both animal and vegeral components, or equatorially
(E), resulting in dissimilar daughters that either inherit mainly animal or vegetal
components of the original zvgote {Tigure 4, Chapter 1). Approximately 80% of
all 4-cell stage embryos are derived from a combination of M and E divisions
1 In ME embryos (the first blastomere divides M and the second E), it is
possible to predict the spatial patrerning of the eventual blastocyt as the vast
majority of M derived progeny contributes to the embryonic part, including the
pluripotent inner cell mass (ICM), of the blastocyst. Conversely the E progeny
conttibute to the abembryonic part. In EM embtyos, blastocyst patterning is not
as predictable, as the E and M progeny can contribute to either the embryonic or
abembryonic parts. This highlights the importance of the order of cell divisions
in additon to their orientation. In contrast, the progeny of the blastomeres
derived from EL and MM embryos do not form any recognisable pattern and
conttibute cells randomly throughout the blastocyst 1%
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The predictable differences in developmental potential of blastomeres from
ME embryos appears to be linked to an epigenetic asymmetry. This involves higher
levels of H3R17me2 and H3R26me?2 in blastomeres derived from the M division,
compared to the progeny of the BE-dividing blastomere . If the blastomeres
derived from the M-dividing cell of different ME embryos are combined, the
resulting chimeras are able to efficiently develop to term when transferred back
to pseudo-pregnant females. In contrast, chimeras composed of the progeny
of the E-division display much poorer developmental success. Especially,
chimeras derived from just the “vegetal’ cells of the E dividing blastomere never
successfully develop to term and are characterised as trophoblastic vesicles by
the blastocyst stage. The developmental deficiency of chimeras creazed from the
progeny of the E dividing blastomere do not necessarily translate to normal
development as naturally occuring EE embryos can develop to term, but at
much lower frequencies when compared to EM, ME and MM embryos !
It is interesting that the A/V blastomeres derived from the M cleavage in ME
embryos have elevated levels of H3R17me2, H3R26me2 and global transcription
compated to those E -division derived A and V blastomeres that have low level
of H3R17/26me?2 levels .

In addition to the apparent different developmental potencies of blastomeres
at the 4-cell stage, the sex of an embryo can influence its developmental
capacity "', It has been shown that male preimplantation embryos are often
more developmentally advanced when compared to female embtyos, with male
embryos reaching the blastocyst stage sooner ™ ''%, and comprising a higher
number of blastomeres ™. It was suggested that the presence of a Y chromosome
accelerates embryonic development, and that females development may be
comparatively retarded by the presence of two X chromosomes ° although a
potential mechanism was not put forward.

To compensate for the difference in X chromosome dosage between
mammalian females (XX) and males (XY), one X chromosome is subjected
to transcriptional inactivation during early female embtyonic development (¥,
reviewed in ¥). In order for X chromosome inactivation (XCI) to occut, the
presence of the X inactivation center (Xic) *"#, which contains the non-coding
RNA genes Xt and Trx 2%, is necessary. Xiss RNA Is specifically expressed
from the future inactivate X chromosome (Xi), and spreads across it #» #sinducing
heterochromatinization and subsequent XCI * ¥, Twx is transctibed antisense to
Xist, and overlaps completely with Xiw in mice. However, Tsix is transcribed
from the active X chromosome (Xa) and negatively regulates Xii# expression.
During early mouse embryonic development, two separate phases of XCI occur.
First, the paternal X chromosome is specifically inactivated between the 4- and
8-cell stage. This paternal specific XCI 1s then maintained in the extracmbryonic



tissues. In the ICM of the early blastocyst, XCI is reversed and then re-initiated
to generate random XCI in the progenitor cells of the embryo proper.

From the 2-cell stage onwards, Xist 1s specifically expressed from the
paternal X chromosome in female mouse embryos ** #. This paternal specific
Xist transcription may be facilitated by the overall higher transcriptional activity
of the paternal genome compared to that of the maternal genome, following
transcriptional activation of the zvgotic genome . This most likely results from the
fact that during the protamine-to-histone transition of the paternal genome, the
maternally provided histones used in the replacement are hypo-posttranslationally
modified and hence provide a more transcriptionally permissive chromatin
structure *7*. Alternatively, or possibly in addition, paternal imprints causing
active Xist transcription and/or maternal imprints that inhibits X7 transcription
from the maternal X could also be involved. The accumulation and spreading
of Xis# over the paternal X chromosome is known to occur after the second

28,35

cleavage division and 1s accompanied by transcriptional inactivation of the
paternal X, verified by RNA polymerase II and Cotl RINA exclusion from the
Xist RNA bound demain, and the induction of several epigenetic modifications
on the future Xi * ¥, Interestingly, analysis of Xis# expression in blastomeres
from 2-, 4-, 8-cell and morulae stage female embryos report that 18-33% of
Llastomeres actually lack Xiss signals. This suggests that the timing of XCI differs
between blastomeres. Such early heterogencity between the blastomeres of the
early embryvo is supported by farther experimental evidence showing that two
of the blastomeres within an 8-cell embryo contain relatively high levels of Xisz
RNA when compared to the other cells .

1t 1s possible that because of {imprinted) XCI, the developmental delay of
female embryos may arise due to the extra “task’ they must accomplish compared
to males. Therefore, we tracked the cell divisions of ecarly male and female
embryos to identify whether the reduced size and number of female blastocysts,
when compared to males, is due to differences in the timing of cavity formation,
or in the duration of the preceding cell cycles. In addition, we asked if observed
heterogeneities in Xisf expression in the eatly embryo could be correlated to
the orientation of the second cleavage divisions as has been shown for some
epigenetic marks .

RESULTS

Developmental differences between female and male embryos.

Using time-iapse microscopy we analysed the developmental properties of male
and fernale mouse embtyos from the 2-cell untl the blastocyst stages {defined
as the first sign of cavitation). We counted the number of cells at the inititation
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of cavitation and found that male embryos developed from the two-cell stage
to the stage of initiation of cavitation over an average of 2302.5 min (SEM
79.60 min) and had an average number of 28 cells {SEM 1.3}. The developmental
duration of female embryos from the two-cell stage to the initation of cavitation
was statistically indistinguishable at 2351.25 min (SEM 124.05) however these
blastocysts contained only 24.75 (SEM 4.0) cells on average.

Initration of X chromosome inactivation differs between individual embryonic groups
according to the ovientation of the second cleavage division and between blastomeres
within the same embryo

We analysed the initiation of X chromosome inactivation {XCI) by assaying for
the presence of Xusz RNA in the blastomeres of the early mouse embryo. Since the
first signs of XCI can be detected at the 4-cell stage ¥, we statted our analyses in
the 4-cell stage embryo. We znalysed 94 non-sex determined 4-cell stage embryos
3 hours after the division of the second 2-cell stage blastomere (group 1, Table
1) and classified them according to the four cell division ozientation groups. The
observed distzibution across the four groups (ME, MM, ME and EE) was in
accordance with eatlier reports '™ '2 (Table I). The EE group showed a lower than
expected frequency (given an 1:1 ratio of male:female embryos) of initiation
of XCI, in that only 1 of 11 analysed embryos (p = 0.034, as compared to ME,
MM and ME embryos) showed any positive Xigf staining and this was only in
two of the four blastomeres. In the three other groups there was detectable Xz
expression in one or moge blastomeres per embryo in 30-50% of cases. This is
in agreement with the expected male:female ratio of 1:1. Iaterestingly, in half

A B
Ciasses | embryos embryos X2 Classes | embryos | 1 243 4
@ ME 33% (31/94) | 48% (15/31) | 0.158 ME 15 (of 31) 7 60 2
@ EM 319%{29/94} | 41%(12/29) | 0.681 EM 12 (of 29) 7 2 2 1
@ MM | 2496 (23/94) | 35% (8/23) 0.650 MM 8 {of 23} 4102 2
@ EE 11%{11/94)| 9% {(1/11) 0.034 * EE 1{af11) 0 1 0 G

Table 1. Xist~expression dynamics in 4-cell stage embryos 3 hours after the second
cleavage divison. (a) The total number (and % of total) of ME, EM, MM and EE-
embryos with Xistcloud 3 hours after the second cleavage division. ¢2 = p-value between
groups, * indicates significant difference (p<<0.05). (b) The number of Xi-cloud positive
blastomere per ME, EM, MM and EE-embryos which have initiated X-chromosome
inactivation.
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of the Xis positive MM embryos, three or four blastomeres had detectable Xisz
expression, whereas only one or two blastomeres from ME and EM embryos had
initiated imprinted XCI.

Next, we analysed imprinted XCI in 134 non-sex determined embryos, 6
hours after the completion of second round of cleavage divisions (group 2, Table
2). In this group none of the 15 EE embryos showed initiation of imprinted
XCI (p<0.001), suggesting that EE cell-division orientation pattern negatively
affects Xist RNA expression. The majority of the Xis-cloud positive ME
embryos showed Xist expression in all four blastomeres (Figure 1a), which is in
accordance with the expected progression of XCI throughout the embryo. The
Xist positive MM embryos showed either two or four blastomeres with an Xis#
cloud with a similar distribution as obsetved at 3 houts (Table 1 vs Table 2). In
addition, in one of the MM Xisf positive embryos, we observed two Xis# clouds
in each blastomere, indicating that both X chromosomes were being inactived
(Figure 1b). It is interesting to note that the relative developmental success of
MM embryos transferred back to pseudo-pregnant females is drastically reduced
when compared to ME and EM subgroups .

In some of the 4-to-8 cell stage embryos, we noted blastomeres that were
mitotic with persistence of X7# on the metaphasic X chromosome, indicating
that Xist RNA does not (always) disappear from the paternal X chromosome as
cells enter M-phase. The same observation has been reported in mitotic female

4-cell stage 4-cell stage MM-embryo

Figure 1. Initiation of X-chromosome inactivation in 4-cell stage pre-implantation
embryo six hours after the second cleavage division. (a) Immunostaining for DAPI
(blue) and Xis (green) in 4-cell stage embryo. Picture represents only one Z-stack showing
three blastomeres which all have one positive Xistcloud in the nucleus. Bar represents
10 pm. (b) Left picture presents a Z-stack of a 4-cell stage embryo after two meridional
division (MM-embryo) immunostained for DAPI (blue) and Xiss (green). The nucleus
shown has two positive Xist-clouds (indicated by asterixes) in one nucleus, indicating
that both X-chromosomes have initiated Xis# expression, leading to X chromosome
inactivation. The right picture represents the same Z-stack for bright field microscopy.
Bar represents 10 pm.
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. : ositive
+6 hours :ﬁ pui)s)iiiis\fe +6 hours pgs)i(g\ie bla':tomere(s}
Classes | embryos embryos 12 Classes | embryos 1y 21304
@ ME  |43% (58/136)] 40% (23/58} | 0.992 ME 23 {of58) i 415113
@ EM  128% [36/136)| 50% (18/26) | 0.141 EM 18 {of 36) 2 5 6 5
@ MM 120% (27/136)] 48% (13/27) | 0317 MM 13 (of 27) 0 & 1 6
@ EE 11% (15/136) 0% (0/15) | <0.001# EE 0 (of 15} 01010190

Table 2. Xist-expression dynamics in 4-cell stage embryos 6 hours after the second
cleavage divison. (a) The total number (and % of toral) of ME, EM, MM and EE-
embryos with Xist-cloud 6 hours after the second cleavage division. ¢2 = p-value between
groups, * indicates significant difference {(p<0.05). (b) The number of Xisz cloud positive
blastomere per ME, EM, MM and EE-embryos which have initiated X-chromosome
inactivation.

ES cells *. Also, we noticed that the area covered by Xisz was larger in group 2
than in group 1 blastomeres, indicating further progression of XCI.

Finally, we analysed imprinted XCI in 8-cell stage embryos, at approximately
14-18 hours after completion of the second round of cleavage divisions. For
this purpose, we analysed 29 embryos. Interestingly, at this time point, 3 out of
the 5 Xisz positive EIL embryos had initiated XCT in all 8 blastomeres, indicating
that EE embryvos do inactivate the paternal X, but are delaved as compared to
the other types of embryos. The functional significance of this delay is unclear
but it is known that of the four classes of embryos, EE embryvos develop least
successfully '°. In the EM and MM groups, all of the Xis positive embryos
had Xiss signals in all 8 blastomeres indicating complete XCI of the paternal
X chromosome in all cells. The 4 Xis positive ME embryos displayed Xist
expression in only 2 subset of blastomeres. Again, we noticed an increase in
signal and spreading of the Xisz signal at this later tme point, as compared to
group Z, indicative of progressive XCL

% Xist positive
positive blastomere(s)

Classes embryos | 113 |4 |6 |8

Table 3. Xist-expression dynamics in
8-cell stage embryos. The total number
EM 60% (3/5) 0 0 0 0 3 (ﬁﬂd % of total) of original I\’IE, EN[,
MM and EE-embryos with Xistclouds in
MM 1 625%(5/8H) 01 C | C 0 |5 8-cell stage embryos. Last four columns
e |erswiss | 101 o3 represent the number of Xistcloud
positive blastomeres per embryo.

ME 50% (4/8) g1 211 i 0
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Although approximately half of the embryos 1n most groups at all time points
showed Xisz expression, we cannot exclude that some female EM, ME and MM-
embryos in our analyses have not initiated XCI, since we did not determine the
sex of the embryos. Howevet, considering the embryos in which we observed
Xist signal, initiation of XCI in BEE embryos seems to be delayed. Overall, our
data suggests that the onsct of XCI could be aided by a M-division orientation
and hindered by an E-division. Indeed, we observed an example of aberrant XCI
in MM embryos at the 6 hours time point (Figure 1b). Furthermore, it is known
that the M-derived blastomeres of ME embryos are more transcriptionally active
than those detived from the E-division, therefore providing greater potential for
transcription of X

DISCUSSION

Eatly mammalian embryonic development is anticipated as flexible and unbiased,
but recent reports indicate the presence of asymmetry and polarization already in
the zygote (reviewed in®*), directing the developmental potency and capacity of
the embryo. Another form of asymmetry thatappears to influence early embryonic
development is the presence of either an XX or XY chromosomal constitution.
Several reports mention that female embryos reach the blastocyst stage later than

male embryos 101

, and contain less cells '*'*. However, one report shows that
during in vivo development, ferale embtyos form a compacted morula earlier than
males '°. Although the number of anzlysed embryos has to be increased, our first
results show that females indeed reach the blastocyst stage with a lower number
of blastomeres, but are not slower than male embryos. Although Burgoyne et al.
have shown that the Y chromosome plays a role in determining the number of
cells at the blastocyst stage ¥, the initiation of X chromosome inactivation and
its subsequent maintenance in ezch nucleus in females, can also be viewed as an
extra task for these embryos, that may result in a developmental delay. The lower
number of cells in female blastocysts compared to males as found in our analyses
might be caused by a sex-specific difference in cell cycle length, or by increased
cell loss in female embryos, or by the presence of female cells that do not divide
at all. Cell loss could occur if cells have mnactivated both X chromosomes instead
of one. Recently, Monkhorst et al., * showed that random X-inactivation is a
stochastic process, meaning that every X chromosome has a certain probability
to become inactivated. This implies that a certain fraction of cells will inactivate
both X chromosomes, and the model predicts that these cells will be lost from
the population. During imprinted X inactivation in the female preimplantation
embryo, the paternal X chromosome is thought to have a probabilicy of 1 to
become inactivated. This is based upon the fact that in XpXp or XpY embryos,

NOTAND FARLY ATOUSH HAMBRYOGENDSNS

a9



1
3
1
1

all X chtomosomes were shown to express Xis?*'. On the other hand, the female
X chromosome may also have a certain probability to become inactivated, since
(delayed) X-inactivation is observed in parthenogenetic embryos, which consist
of two maternal genomes. In these embryos, X-inactivation is not observed until
the 8-16-cell stage. In addition, some cells showed Xisz expression from both
alleles . Since we found the presence of two Xistclouds in an MM embryo,
this might also suggest that the probalitity to inactivate the maternal X is >0.
The presence of two Xir~clouds, suggestive of two inactive X chromosomes,
would be incompatible with sutvival of these cells. This could lead to a loss of
such embryos or to a relative decrease in the total cell number at later stages. For
example, if this occurs in one of the female blastomeres at the 4-§ cell stage,
this would explain the decrease in cell number in female embryos compared to
males at the blastocyst stage. It is of interest to establish whether the frequency
of blastomeres with two inactive X chromosomes is dependent on the type
of eatly cleavage divisions. Similarly, future experiments with a larger number
of embryos should also allow us to make a distinction between the ME, EM,
EF, and MM embryos in determining the number of cells at the initiation of
cavitation in the blastocyst. This type of analyses, combined with the analyses of
Xist expression would reveal if cell polarity somehow influences the probability
for X-inactivation, and whether this could explain the difference in cell aumber
between embryos of different sex.

Some indications for an effect of the order and plane of the ecarly cleavage
divisions on the regulation of Xjs expression is evident from the fact that
blastomeres do not initiate XCI simultaneously Y. We found that the expression
of Xist differs between the EM, EE, ME and MM-embryos. The most striking
observation was that from the 26 analysed 4-cell EE-embryos (group 1 and 2
combined), only 1 showed signs of XCI. In EE-originated 8-cell stage embryos,
XC(CI is detectable, although in a wvariable number of blastomeres. However,
the total number of embtryos analysed at this time point is rather small, and
variability in the number of Xistpositive blastomeres was aiso observed for 8-cell
stage ME embryos. These results indicate that EE embryos initiate XCI with
delayed kinetics compared to the other embryo types. EE embryos show less
developmental potential ", and atre less transcriptionally active as compared to
ME and EM embtyos ¥, and pethaps this feature causes delaved accumulation
of Xiss transcripts in these embryos. Conversely, XCI appeared to be enhanced
in MM embryos; more blastomeres showed Xist clouds at 3 h after reaching the
4-cell stage compared to the other embryo types, and in one MM embryo we
observed two Xir/ clouds in all blastomeres.

It is known that the expression of Xisr 1s regulated by several factors.
Very recently, 2 dose-dependent, X-linked activator of X, named RNF12,
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has been identified “. It will be of interest to analyse RNIF12 expression
in relation to the Xist expression in the different embryo types (EM, ME,
EE, MM}, to determine if variation in the level of RNIF12 might explain the
variability in the initiation of imprinted XCI. Ra#/72 mRNA levels are high in
oocytes and fertilized eggs (http://genome.ucsc.edu/cgi-bin/hgGenerhgg
chrom=none&org=Mouseddb=mm9&hge gene=ucllYuaa.l), providing the
theotetical possibility for differential distribution of the protein or mRNA
to blastomeres upon cleavage. In addition to RINF12 expression, it will be of
Interest to investigate if the differential timing and maintenance of imprinted
XCl in individual blastomeres is also linked to the known epigenetic differences
between these cells. If the processes of imprinted XCI, epigenetic regulation
of individual blastomeres, and their developmental fate are coupled, this will
provide further evidence for biological consequence of epigenetic differences
between individual blastomeres.

The capacity of future extra-embryonic cells to maintain imprinted paternal
X chromosome inactivation, in contrast to the reactivation of the paternal X
chromosomel in the cells that will give rise to the embryo, could also be related
to certain: differences between cells of the blastocyst. Recently, it was shown
that before the blastocyst stage, pluripotency factors such as NANOG, OCT4
and SOXZ2 are present in all cells, and expression of these factors becomes
downzregulated by the transcription factor CIDX2 *, Around the 8-cell stage, CDX2
mRNA becomes first enriched in the apical part of two polarized blastomeres
*, and following the next round of symmetric cleavage divisions, the numbet of
CDX2-expressing blastomeres, giving rise to the extra-embryonic tissue, increases.
This indicates that asymmetrical divisions may lead to differential inherjtance of
CDX2 mRNA. Decreased presence of CDX2 in the inner cells would relieve
the CDXZ2-mediated downregulation of the pluripotency factors, NANOG,
SOX2 and OCT4 in the ICM. These pluripotency factors may directly cause
downregulation of Xis# *°, leading to reactivation of the Xp, whereafter both X
chromosomes have the same probability of being subjected to nactivation during
initiation of the random XCI process *. Conversely, the presence of CDX2 in
the outer cells ensures contimious downregulation of the pluriptotency factors,
which will result in continued expression and accumulation of Xis, allowing no
possibility for reactivation. In addition, it has been shown that the blastomeres
with higher levels of CDXZ2 were progeny of the 4-cell stage blastomeres that
inherited the vegetal component of the zygote, which showed less development
potential and lower levels of H3R17 and H3R26tme %,

Taken together, the enhanced XCI of MM embryos, and the delayed
activation of Xiss expression in EE embryos suggest that factors that regulate
Xist expression, and thus the probability of XCI, are differentially diswibuted
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in early blastomeres. These data also provide further evidence of considerable
heterogeneity in the early mouse embryo and given the known differences in
developmental potency of these embryo subgroups, offers 2 new perspective on
the impact of such heterogeneities on early mouse development. The separation,
or not, of the animal and vegetal derived poles of the 2-cell embryo may be
important in establishing/ delaying imprinted XCI, but it is important to note
that the most successful developinental outcomes arise when ME or EM division
orientations generate heterogeneity and consequently result in the formation of
a developmentally competent blastocysts with a degree of predictable patterning,
If both cells behave in 2 homogenous manner by either separating (EE) ot not
separating (MM) the A and V poles, this predictability is lost, Futute experiments
on embryos of defined sex will allow to determine the consequences of the
divisions for either sex more thoroughly eg. do male EE and MM embryos

develop more successfully than female ones, given they do not need to undertake
any XCI?

MATERIALS AND METHODS

Collection and analyses of embryos

2-cell stage embtryos were collected from F1 (C57BL/6 XCBA) females, aged 6
o § weeks, induced to superovulation by intraperitoneal injection of 7.5 IU of
pregnant mares serum gondotrophin (PMSG, Intervet) followed 48 hours later
by 7.5 IU of human chorionic gonadotrophin (hCG, Intervet).

For the purpose of analyses of developmental differences between males
and females, the F1 females were mated with transgenic males that express
GFP tagged histone H2B ¥, 2-cell embryos were collected 45 hours aftet hCG
injection into M2 medium supplemented with 4 mg/ml BSA and cultured in
vitro in drops of KSOM supplemented with amino acids and 4 mg/ml BSA,
under paraffin oil in an atmosphere of 5% CO, in air at 37.5°C. Time-lapse
imaging was performed using a Zeiss Axiovert microscope, Hamamatsu camera
and Kinetic-Imaging software. Fluorescence and DIC z-stacks were collected
every 15 minures, on 15 different planes for each time point, from the 2-cell to
the blastocyst stage. The PICT files obtained were converted to TIF using VisBio
(LOCI, WI) and Image] (NIH, Bethesda, MD). All cells were followed manually
using SIMI Biocell software .

For other purposes, F1 females, aged 6 to 8 weeks, were mated with wild type
males. To monitor the order and crentaton of the second cleavage divisions,
and then at the 4-cell stage to examine the arrangements of blastomeres,
embryos were cultured in the 5% CO, incubator at 37°C. After a few hours of

uninterrupted culture, embryos were observed under light microscopy every 20
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minutes to determine plane and order of divisions, Embryos were divided into
four groups: ME, EE, MM and ME ¥ and cultared until 3, 6 and 14-18 hours
(morula stage) after reaching the 4-cell stage. To remove the zona pelludica, 4-cell
embryos were placed in an acid tyrode solution until the zona started to dissolve.
Next, embryos were fixed for 10 minutes in 4% PFA, finsed in PBS and stored in
70% ethanol/PBS at 4°C in a 96-well plate (Greiner Bio-One, Alphen a/d Rijn,
The Netherlands).

Fluorescent in situ bybridisation

Embryos were dehydrated in 70%, 90% and 100% ethanol. They were
permeabilized by placing them in RIPA buffer (150 mM NaCl, 1% Nonidet
P-40, 0,5% Na deoxycolate, 0.1% SDS, ImM EDTA, 50 mM Trish pH 8.0) for
10 minutes at room temperature, and rinsed in PBS. Next the embryos were
postfixed in 4% PFA in PBS for 5> minutes.

Xist mRNA was detected with the 5.5-kb cDNA Xist probe described by
Gribnau et al. #®. The DNA-probe was labeled with digoxigenin by nick translation
(Roche). The nick-translated Xé#DNA-probes were dissolved in a hybridization
mixture contzining 31% formamide, 2XS5C, 50 mM phosphate buffer (pH 7.0),
10% dextran sulfate and 100 ng/ul COT DNA to a final concentration of 1 ng/
pl. The probe mixture was denstured for 5 miautes, and prehybridized for 45
minutes at 37 *C. The embryos were placed in the probe mixture overnight in a
shaking humid chamber at 37 °C.

After hybtidization, the embsyos were washed twice in 2 X S8C, three times
in 50% formamide/ 2 x SSC at 37 °C, and twice in TNT (0,1 M Tris, 0,15 M
NaCl, 0,05% Tween 20) at room temperature. Embryos were blocked in TNBSA
for 30 minutes ar room temperature. Detection was done by sequential steps
of incubation with anti-digoxigenin (Bochringer), anti-sheep FITC (Jackson
ImmunoResearch Laboratories) and anti-rabbit FITC (Jackson ImmunoResearch
Laboratories) antibodies in blocking buffer for 30 minutes at room temperature.
Embryos were washed in TNT between and after the detecdon steps. Finally,
embryos were placed in a droplet of Vectashield mounting medium with DAPI
4,6’ -diamidino-2-phenvlindole) (Vector Laborarories, Burlingame CA, USA)
and stored at 4 "C.

Statistical analyses

To test whether the proportion of Xitpositive embryo’s in a [group/treatment
arm/development stage] was different than the proportion of Xisspositive
embryos in the combined other [group/treatment atm/development stage]

the Pearson Chi-square test was performed. A p-value <0.05 was considered
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statistically significant. All statistical analyses were done using SPSS 15.0 for
Windows software (SPSS Inc., Chicago, IL, USA).

Fluorescence mricroscopy analysts, digital image preparation and analysis
Confocal sections were taken every 1 pum through the whole embryo, using Leica-

software. The acquired digital images were processed with Photoshop software
(Adobe Systems).
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In this thesis, we investigated the behaviour of heterologous sex chromosomes
during gametogenesis in various vertebrate species. Specifically, we studied the
role of HRG6B/UBE2B in sex chromosome regulation and maintenance of
genome integrity during mouse spermatogenesis. In addition, we analysed the
process of X chromosome inactivation in early female mouse embryos. Here,
I will focus on three central questions that have arisen during the course of
the work desctibed in this thesis. First, we wish to understand what triggers the
meiotic silencing of heterologous chromatin during gametogenesis. Second, based
on our findings in chicken, we would like to ask here what is the evolurionary
benefit of meiotic silencing of sex chromosomes? The third question involves
the possible transgenerational effect of meiotic sex chromosome inactivation,
is this biologically relevant? Although a definite answer to these three questions
is not yet available, the findings described in this thesis have hopefully brought
us somewhat closer to the answers, that will undoubtedly also generate new
questions.

WHAT TRIGGERS MEIOTIC SILENCING?

Mechanisms that silence DNA sequences, chromosomal regions or whole
chromosomes during formation of the gametes operate in 2 diversity of species
and predate the rise of multicellular organisms. Approaching meiotic silencing
mechanisms from an evolutionary perspective, to identfy if there is a unifying
property of this mechanism in the different organisms, could help us to unravel
the driving forces that cause the cascade of events leading to transcriptional
inactivation. Although the main outcome in all species is inactivation or silencing
of specific regions or even whole chromosomes, each species seems to achieve
this through their own unique sequence of events, that is of course more
dramatically different between species that are more distantly related.

Each meiotic cycle starts with an extensive homology check, comparing
chromosomal content to ensute pairing and synapsis of the correct homologous
chromosomes, before recombination can occur. Withour control for homology,
heterologous pairing might occur, leading to incorrect genetic exchange and
disruption of genomic integrity.

By means of meiotic transvection ', the fungus Newrgspora crajsa assesses
homology on the level of individual genes between paired alleles. Regions of
DNA that remain unpaired, either due to a new genomic insertion {such as a
transposable element (TE}), or due to a deletion, are silenced by a mechanism
named meiotic silencing of unpaited DNA (MSUD) 2 MSUD is a post-
transcriptional RNA interference (RNAID-mediated silencing mechanism (PTGS),
that silences all DNA homologous to the unpaired region in the genome, even
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copies at other genomic locations that are paired. MSUD appears to be an early
meiotic event, occurring before and independently of chromosomal pairing and
synapsis (reviewed in *). Most likely, the resulting mRNA from the unpaired
region is processed into short interfering (si)RNA, targeting its original mRINA
for degradation (reviewed in > %), resulting in effective silencing of these genes.

RNAI is a gene-silencing mechanism that depends on homology. It starts
with the formation of double stranded RNA (dsRNA) (reviewed in *°) and is
operative in fungi, plants, and animals, including humans . The type III RNase
enzyme cleaves dsRNA into siRNAs that are 21-26 nucleotides, and target
complementary mRNA for degradation, resulting in effective posttranscriprional
silencing *. Genes transcribed into noncoding RNAs (ncRNAs) are dispersed
throughout the genome, and apart from endogenous siRNAs, several additional
classes of ncRNA have been identified: mictoRNAs (miRNAs), repeat-associated
RNAs {rasiRNAs), PIWI-iateracting RNAs (piRNAs) (reviewed in %), and,
more recently, MIWI-independent small RNAs (MSY-RNAs) % Most of these
ncRNAs are transcribed by RNA polymerase H (¢, '° and reviewed in ). The
resulting dsRINAs are incorporated into silencing-effector complexes, in which
the evolutionary conserved small RNA binding protein Argonaute is the core
compenent (reviewed in %) In addition, the Argonaute protein Agol associates
with RNA polymerase 1T ', Apart from posttranscriptional silencing mediated
through RNA degradation {(siRNAs), such as occurs in MSUD, miRNAs inhibit
gene expression mostly via inhibition of mRNA translation. Furthermore,
small RNAs may also induce gene silencing at the transcrziptional level via
RNA-directed DNA methylation (RADM), or RNAi-mediated heterochromatin
formation, (reviewed in 7). In extreme cases, such pathways may even lead to
DNA elimination {reviewed in ).

The ciliated protozoans, Tetrahymena thermopbilia ° and Paramedum tetranrelia
" use an RNAI pathway to detect nonhomologous regions, but this leads to
complete elimination of large (new) DNA sequences, known as internal eliminated
segments (IES), during the sexual process of conjugation. Transvection and
RINA-mediated silencing have zlso been described to play roles in somatic cells
of Drosophila melanogaster (teviewed in '%). In addition, double-sttanded RNA-
mediated post-transcriptional gene silencing in the male germline of Drosophila
has been reported . An RNA-mediated #wns-silencing pathway depending on
homology has been detected in the germline of female D. melansgaster . The
insertion of a single transposable element (TE) in a subtelomeric heterochromatic
region without the presence of a homolog at the same location causes silencing
of ail copies of this TE throughout the genome by a #rans-silencing effect (TSE).
The silencing is mediated through a piRNA pathway ', sharing components of
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the siRNA-pathway described to control MSUD in N. srassa . Most notably, the
silenicing of such a TSE is transmitted over generations via piRNA inheritance
through maternal deposition in: the oocyte '

In addition to meiotic homology sensing and silencing at the level of single
genes, other silencing mechanisms operate at the level of large chromosomal
regions or even whole chromosomes in different species. It is not clear whether
the single-gene-based mechanism of MSUD in N, srassa is evolutionary related to
these chromarin-based mechanisms.

During spermatogensis in Drosophila, reduced expression levels of X-linked
genes as compared to autosomal genes have been reported . Along with the
finding that X-linkage reduces the espression of a tesds-specific promoter ¥,
this indicates that the X chromosome is inactivated during meiosis in Drosophila
spermatogenesis. This is further supported by the underrepresentation of
meiosis- and testis-specific genes on the X %4 Expression of X-to-autosome
retroposed genes during meiosis also points to the existence of a mechanism
that compensates for the silencing of genes on the X chromosome during
meiosis in the male Drosophila . RNA-mediated silencing has been shown to
be involved in silencing of TEs during male meiosis in Drosophilz 7, but it is
still unknown if the silencing of the X chromosome is related to MSUD and/
or RNAi-mediared sifencing, In contrast to mammals, the Y chromosome of
Drosophila melanogaster does not determine sex. Since years this it is believed to
be achieved by measurement of the ratio of the number of X chromosomes
versus the number of sets of autosomes (X:A ratio), but recent results indicate
a sex determining role for the X chromosomal dose through an X-chromosome
counting system ~. However, the Y chromosome is essential for male ferdlity,
since XO males are infertile *. No single-copy Y-linked genes are shared with
X, and all these genes arose by duplication of autcsomal genes (reviewed in
). Also, the Y chromosome contains male specific fertility genes and active
transcription from the Y chromosome is detectable in spermatocytes 2 dusing
Drosophila spermatogenesis, despite the fact that it lacks a homologous pairing
partner. ‘The difference in activity of X (lnactive) and Y (active) during Drosophila
spermatogenesis can be explained if the silencing of X is triggered by a specific
propetty of the X chromosome, rather than by a mechanism that checks for
sequence homology. Alternatively, and more likely in view of the properties of
the Drosophila Y chromosome, the Y chromosome may somehow escape from a
homology-dependent silencing mechanism.

In the hermaphroditic worm Caenorbabdifis elegans, sex is determined by
the X:A ratio. XX animals are hermaphrodites that first produce a few sperm
until the last larval stage. Hereafter, the germ cells continue meiosis through
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oogenesis (reviewed in *). The true males carry only one X chromosome, and
this X chromosome remains unpaired in spermatogenesis. In both female and
male meiosis, unsynapsed chromosomal regions or chromosomes, including the
univalent X in spermatogenesis, become specifically enriched for H3K9me2 and
are subjected to mejotic silencing %, indicating 2 synapsis-dependent inactivation.
Surprisingly, the paired X chromosomes also become temporarily inactivated
during C. elegans oogenesis and spermatogenesis, but they lack accumulation
of H3K9me2, and this inactivation is reversed around late pachytene in
oogenesis (reviewed in ¥). The role of RNAI in meiotic silencing during C. elegans
gametogenesis is stll unknown, but the proteins RHA-1 and EGC-1, which are
linked to the RNAi-machinery, are also necessary for the formation of H3IK9me2
at unsynapsed chromatin (reviewed in 7).

During mammalian meiosis, unsynapsed chromosomal regions are derected
and inactivated at the level of transcription by the mechanism of meiotic silencing
of unsynapsed chromatin (MSUC) *7', The heterologous X and Y chtomosomes
only pair in the small pseudoautosomal regions (PARs), leaving the larger parts
of the chromosomes unsynapsed. This unsynapsed state of the mammalian sex
chromosomes is thought to trigger a specialized form of MSUC called meiotic
sex chromosome Inactivation (MSCI) (reviewed in %] see also Chapter 2), resulting
in the formation of the transcriptionally inactve XY body.

In birds, the situation is somewhat different, due to the fact that females
are heterogameric (ZW) and males are homogametic (7). Sex is determined
by dosage of the Z-linked gene DMRT7 *. We have analysed the behaviour of
the heterologous sex chromosomes Z and W in oocytes and found that Z and
W oare transiently silenced during pachytene, despite their complete synapsis
at this stage {(Chapter 4, *. This indicates that MSCI is not male specific, and
heterologous synapsis apparently cannot completely prevent activation of this
mechanism. In birds, MSCI may spread from W to Z, since the W chromosome
is already inactivated early in meiosis, before the occurreace of pairing and
synapsis. Similatly, a germ cell restricted chromosome (GRC) that is present as a
single copy in zebra finch spermatocytes, is silenced immediately upon entry into
meiosis. We have termed this phenomenon meiotic silencing prior to synapsis
(MPSP). Interestingly, the GRC always enters a meiotic degradation pathway and
is eliminated around metaphase I (Chapter 5, ). MSPS is somewhat reminiscent
of the early detection of nonhomologous DNA sequences by MSUD in
Neurospora® and DNA elimination after frans-sensing by small RN As in the ciliate
Tetrabymena (teviewed In 7).

A direct link between RNA interference pathways and meiotic silencing as
observed in fungi and fly has not been shown for mammals. However, despite




MSCI during mammalian spermatogenesis, it was shown that many X-linked
genes transcribed into miRNAs escape MSCI and/ ot its continuation during the
postmeiotic stage as heterochromatic postmelotic sex chromatin (PMSC) and
are de novo transcribed in pachytene spermatocytes by RNA polymerase IT .
Although experimental evidence is lacking, it has been suggested that X-linked
miRNAs escaping from MSCI may regulate MSCI 7. It is known that the
piRNA pathway regulates silencing of transposons in meiotic prophase in the
mammalian testis. This mechanism is essential for spermatogenesis, as evidenced
by the male infertility phenotype of mouse knockouts for the three homologs
of Drasophila Piwr, Mili (Piwii2), Miwi (Pinifly, and Miwi2 (Piwitf). Spermatocytes
of M knockout mice appear to develep normally during the first wave of
spermatogenesis *, making it unlikely that this gene is involved in MSCI. Mz#
knockout spermatocytes are blocked in early pachytene, with apparently normal
formation of a YH2AX-positive XY body . In contrast, M2 knockout
spermatocytes are blocked prior to synapsis, and YHZAX remains high throughout
the nucleus, indicating that meiotic DSB repair is blocked *. This precludes
an analysis of the possible role of this protein in XY bodv formation. Taken
together, it appears unlikely that the pIRNA pathway is involved in the initiation
or maintenance of MSCI, although a role for MIWIZ cannot be excladed. The
significance of X-linked miRNA transcription during pachytene needs to be
further investigated.

Irrespective of the possible involvement of small RNAs in MSCI, the
question still remains how is MSUC/MSCI triggered? The earliest known
initiating event in MSCI and MSUC in mammals is the accumeulation of ATR
along the asynapsed axes of X and Y, and the subsequent phosphorylation of
H2AX in the surtounding chromatin **. However, during leptotene, before the
occurrence of MSCI, ATM already phosphorylates H2AX in association with the
meiotic D8Bs throughout the genome, making it impossible to clearly distinguish
the moment when ATR takes over from ATM zt the sex chromosomes *'. How
ATR is recruited is not exactly known, although BRCAT1 has been implicated (sce
Chapter 2). When chromosomal arms remain unsynapsed, specific proteins may
remain attached that would otherwise loose affinity for the axial elements when
synapsis has been established. Such proteins could then mediate recruitment of
silencing proteins to asynapsed chromatin. Strong candidate proteins for such
a function are the HORMAD1 and HORMAD2Z proteins, which accumulate
eatly during the meiotic prophase on unsynapsed chromosomal axes and are
only removed when the SC forms between homologous chromosomes . The
presence of persistent DNA double stzand breaks (DBSs) on unsynapsed axes
could also be inveolved in the initiation of MSCI, as proposed and described

CHAPTER



in detail in Chapter 2. Indeed, Shanbhag ct al. (2010) recently showed that the
presence of DSBs initiates an ATM-dependent signal that causes transcriptional
silencing #n s, spreading along several kilobases distal of the DSB in somatic
cells *. This mechanism has been termed DISC (DNA double-strand break-
induced transcriptional silencing iz #y). After induction of 2 DSB, ATM quickly
phosphortylates the histone HZAX (yH2ZAX) surrounding the breaks *# %, this
leads to widespread ubiquitylation of H2ZA (WH2A) distal to the lesion, leading
to transcriptional silencing through shutdown of RNA polymerase II activity,
and prevention of chromatin decondensation. Inhibition of ATM, results in
deubiquityladon of uH2A, a re-establishment of transcription and decompaction
of chromating several kilobases distal to the lesion *. Another study also showed
transcriptonal silencing and accumulation of silencing markers at DSB sites *7,

Although the spreading of silencing after induction of a DSB has not been
shown during the melotic prophase, one could envision that this mechanism
also operates during meiosis, With the lack of a repair template, DSBs cannot be
repaired and will persistalong the axes of Xand Y and other unsynapsed chromnatin,
Due to stalled repair of the DSBs, ubiquitylation of HZA and silencing couid
gradually continue to spread along the axes. The steady accumulation of histone
modifications upon the formation of YHZAX such as uH2A and H3K9me3,
couid result In a stable lock-in sitvation allowing maintenance of X and Y
silencing. Indeed, the mammalian XY chromosome pair displays accumulation of
diverse histone modifications associated with inactivation and heterochromatin
formation from the beginning of pachytene, and some are maintained into the
postmeiatic phase.

In contrast to the accuracy of gene homology sensing by transvection
10 Neurosporg and  Drosgpbile, mammalian chromosomal regions without a
homologous partner can circumvent MSUC by heterologous synapsis or self
synapsis * "%, In Chapter 3, we have shown that the presence of more DSBs
in 2 certain heterologous regions increases recognition and silencing by MSUC
of this region . In view of the recent data from Shanhbag et al. (2010) *, the
presence of more DBSs in the same region should cause more accumulation
of uH2A and spreading of silencing, making it harder to force heterologous
synapsis. In addition, the prevention of chromatin decondensation in the vicinity
of the DSBs, could prevent successful synaptic adjustment. However, when
the same heterologous region resides in a much larger chromosome it almost
always shows heterologous synapsis, apparently independent of the number of
DSBs present at that time. This indicates that the probability for a heterclogous
region to synapse depends not only on the number of IDSBs in that region, but
also on the size of the flanking regions. Perhaps the ratio between the synapsed
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and unsynapsed regions is critical: once synapsis has proceeded along 2 certain
length, a positive feedback mechanism may enforce heterologous synapsis of the
remaining part of the chromosome.

Although heterologous synapsis appears to circumvent MSUC, our recent
analyses of XY pairing in dog spermatocytes (Chapter 6) has shown that
heterologous synapsis of sex chromosomes does not completely prevent MSCL
This result resembles our observations on the ZW pair in chicken oocytes and
provides more evidence for a possible evolutionary link between the mechanisms
of meiotic silencing in birds and mamimals. In both lineages, the sex chromosomes
are the last pair to synapse, partially or complete, in association with persistent
DSBs. Heterologous synapsis of autosomal chromatin is likely to occur earlier,
when homologous chromoscomes also synapse. Hence, we suggest that the
timing of synapsis might be an essential factot, to citcumvent MSUC. Further
nvestigation of MSUC and MSCT in additional vertebrate species is necessary
to precisely define the evolurionary relationship between the meiotic silencing
mechanisms in different lineages of animal species.

WHY TRIGGER MEIOTIC SILENCING?

Although multiple mechanisms to silence or even eliminate heterologous
chromatin seem to exist ix a varety of species, the evolutionary driving
force to do so may be similar. From this perspective it is very intriguing that
meiotic sex chromosome inactivation can also occur in a situation where two
homologous chromosomes are present, as is the case in C. e/ggans hermaphrodite
spermatogenesis and oogenesis (reviewed in 7). In this situation, and also in
Drosophita, chicken and dog, MSCI appeats to be not directly coupled to the
final achievement of synapsis. At first sight, there appear to be two obvious
possible explanations for the silencing of sex chromosomes in meijotic prophase
in such a wide variety of species. First, the whole process may be a side-effect of
mechanisms that operate to silence foreign DNA, and that lack a proper pairing
partner. Second, the X chromosome is enriched for female beneficial genes that
may be harmful during male gametogenesis . Conversely, the Z chromosome
in chickens has relatively few female beneficial genes *'. Thus, sex chromosome
silencing duting meiosis in the heterochromatic sex could function to silence such
possible harmful genes. Flowever, this does not explain why the Y chromosome
is turned off during male meiotic prophase in mammals. Moreover, an escape
from MSCI in mouse by the Y chromosomes in the case of a XYY chromosomal
constitution, leads to an arrest in meiotic progression and cell death **, indicating
the existence of Y encoded genes that are harmful to male meiotic progression.
Still, the human Y also harbors genes that are male beneficial and essential for



spermatogenesis , and the “toxic” effect of Y expression in case of an XYY
constitution during meiotic prophase may be due to zberrant timing of the Y
gene expression program.

Neither one of these arguments explains why both X chromosomes atre
silenced in meiotic prophase in C. e/sgans hermaphrodites. However, this may
have evolved as an extreme form of dosage compensation that equalizes gene
expression patterns in XO (male) and XX (hermaphrodite) primordial germ cells.
Maintenance of X inactivation upon entry into meiotic prophase would also help
to equalize gene expression patterns in hermaphrodite spermatacytes (carrying
two X chromosomes) and male spermatocytes in which the single X chromosome
is silenced by MSUC.

A third possible driving force behind the silencing of single sex chromosomes
during meiotic prophase, such as occurs in C. elegans and grasshopper XO males
*, could be to help to evade checkpoint activation. This hypothesis is based on
recent findings in C. efggans that indicate that a single, transcriptionally silenced
X can evade checkpoint activation whereas unsynapsed autosomal chromosorme
pairs elicit a checkpoint response .

In D. melanogaster and C. elegans, chromosome pairing precedes the formation
of meiotic DSBs, whereas in yeast and mammals, meiotic DSB formation
precedes, and is essential, to achieve chromosome synapsis. This fundamental
difference in the mechanisms that achieve synapsis may also lead to differences
in factors that act as driving force to trigger the mechanism that detects and
silences chromatin that lacks a pairing partner. As discussed in Chapter 2, MSCI
and MSUC in mouse share many components with the DNA repair and cell
cycle checkpoint machineries that are operative in somatic cells. In Chapter 3,
we also found a clear link between the induction of DSBs and the detection
of heterologous chromatin *. This and other findings point to a possible
link between the persistence of meiotic DSBs in unsynapsed regions and the
induction of transcriptional silencing, As described above, Shanbhag et al. (2010)
have shown that a link between DSB repair and silencing in somatic cells ™. It
appears sensible to silence transcription in the area surrounding a DSB, to allow
access of repair factors and prevent the formation of truncated and/or aberrant
transcripts. In that context, MSCI and MSUC may have evolved in mammmals as
an unexpected consequence of DISC.
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IS THERE A BIOLOGICALLY RELEVANT
TRANSGENERATIONAL EFFECT OF MEIOTIC SEX
CHROMOSOME INACTIVATION?

Mammajian MSCI persists into the postieiotic phase, and the sex chromosomes
in spermatids of these species are visible as heterochromatic postmeiotic sex
chromatin (PMSC) *, Avian MSCI, on the other hand, is revetsed for the Z
chromosome, which shows re-expression from diplotene onward, indicating that
it is possible to quickly reverse the silencing process (Chapter 4, 9. Why then
do rthe mammalian sex chromosomes remain inactivated? First, it needs to be
mentioned that despite a global transcriptional inactivation, the majority of X-
and Y-linked multi-copy genes *" and a significant number of single-copy genes
are reactivated during the postmeliotic phase (spermiogenesis) in mouse *7* ¥,
showing that PMSC is not as strict as MSCI. Based on these findings, it might be
suggested that PMSC is not mediated by an active process, and that genes which
are required can be normally reactivated. It should be noted that the histone-
to-protamine transition that accompanies the formation of the compact sperm
head, leads to complete genome inactivation, most likely nullifying any differences
in chromatin structure between chromosomes or chromosome areas. However,
lack of the autosomal Hr6h/ Ube2b gene (*, Chapter 7, 8) and knockdown of the
Y-linked malti-copy S/ gene ® lead to derepression of X and Y chromosomal
genes in spermatids and subsequent sperm defects. Since Hrsb/Ube2b seems
to play a more general role during the postmeiotic phase {spermiogenesis) in
maintaining genome integrity (Chapter 8), and regulation of gene expression,
the sperm head defects may not be caused by the reduction of PMSC formation.
The etfect of S4 knockdown, however, was mainly restricted to the upregulated
postmeiotic expression of X- and Y-linked genes, arguing against a nonspecific
effect. Also, the SLY protein is colocalized with X and Y chromatin, the PMSC
chromatin in spermatids. Together, this indicates that an active mechanism to
malntain postmeiotic sex chromosome inactivation may exist in mouse. Still, it
remains to be established whether postmeiotic sex chromosome inactivation is a
general phenomenon ameng mamimals,

Since the X chromosome is largely inactive during meiotic and postmeiotic
male germ cell development, and the paternal X chromosome is subjected to
imprinted inactivation (XCI) in the early female mammalian embryo, it has
been suggested that imprinted XCI is a transgenerational mapifestation of
MSCI/PMSC ©. In this context, it is of Interest to note that the paternal X in
hermaphrodite C. ¢/gans worms is silenced during early embryonic development,
despite the fact that all histone modifications disappear during the final stages of
spermatogenesis, possibly due to a process similar to the histone-to-protamine



transition in mammals. This inactivation is maintained longer when the X is
derived from an XO male, compared to an X desived from XX spermatogenesis
in a hermaphrodite worm (reviewed in *. However, in order for XCI to be
induced in female mammalian embryos, active transcription from the X-linked
Xis? gene, generating the noncoding Xisg RINA is obligatory, indicating that an
active configuration of the X chromosome is initiatially required.

An alternative hypothesis states that the transidon from a protamine-
packaged genome back to a histone-packaged chromatin configuration, in the
male pronucleus during fertilization, may actually facilitate transcription from
the whole paternal genome. Paternal protamines are exchanged for maternal
histones, which are quickly hyperacetylated %, allowing rapid activation of
gene transcription, including transcription of the paternal X7 gene ®. Indeed,
the paternal genome has a higher transcriptional activity as compared to the
maternal genome, in zygotes “> % Sill, at the 2-cell stage the paternal X (Xp)
and maternal X (Xm} appear to be equally transcriptionally active ©, making it
unlikely that a generally higher transcriptional activity can explain preferential
activation of the paternal Xisf gene. Analyses of gene methyiation have revealed
some epigenetic differences between the paternal and maternal Xir locus ™7,
polnting to acuve imprinting of the maternal locus through DNA methylation. It
is not known when these imprints arc generated.

Taken together, at present there are no indications for a transgenerational
effect of MSCI on the behaviour of the paternal X chromosome in the carly
female embryo. However, it is not excluded that such effects are masked by the
dominant role of the Xirlocus in X chromosome inactivation in female embryos.
In marsupials, that lack the Xis# gene, the Xp is inactivated in all cells of the
female embryo. However, at the 2-cell stage, both X chromosomes are initially
active “, similar to what has been observed in mouse embryos. Still, some
epigenetic marks, acquired because the X was inactivated by MSCI, may play
a functional role in paternal imprinted X-inactivation in marsupials. Recently,
Namekawa et al. (2010) 7 provided evidence for Xist-independent silencing of
repeat element containing regions on the X chromosome at the 2-cell stage,
followed by Xitdependent silencing of protein coding genes around the
morula-to-blastula transition. The authors suggest the existence of two separate
mechanisms that act synergistically to achieve imprinted paternal X-inactivation
in female embryos. First, an Xis+independent mechanism, that possibly depends
on epigenetic imprints placed during MSCI, mediates transcriptional silencing of
repeat clements on the paternal X chromosome. Second, independent of MSCI,
the paternal X757 gene is activated to silence all coding and non-coding genes.

To distinguish between possible roles of MSCI, PMSC, and the histone-
to-protzmine and protamine-to-histone transitions, in inidation of paternal
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X-inactivation it will be interesting to analyse paternal X chromosome activity in
embryos detived from mice that show impaired MSCI and/or PMSC, as compared
to embryos derived from mice with defects in the protamine-to-histone transition,
using either round spermatids (before the histone-to-protamine transition) or
mature sperm (protamine-packaged chromatin) to generate zygotes using ROSI
and 1CSI, respectively.

In summary, sex chromosome silencing in the germ line of a wide variety of
animals may have evolved by mcorporzating aspects of different pathways into the
silencing machinery, depending on the differences between the mechanisms of
sex determination, dosage compensation, and chromosome pairing. A unifying
concept for an evolutionary force to drive sex chromoseme inactivation could
be, that genes beneficial to one sex and possibly harmful to the other sex tend
to localize to the sex chromosomes. In specific species, such as N, gusse, and C
elegenes, RN Al-mediated transcziptional or posttranscriptional silencing of foreign
DINA may undeslie meiotic silencing. It can not be excluded that RNAi-mediated
silencing pathways also cooperate in melotic silencing in vertebrate species, such
as mouse, human and chicken, but in these species, components of the DNA
damage response machinery may have co-evolved into a homology-dependent
meiotic silencing mechanism, to prevent transcription through damsaged DNA,
and/or to avoid erroneous recombination in meiotic prophase cells. In addition,
MSCI may play a transgenerational role in the very fust steps of imprinted
X-inactivation in early female embtyos, providing benefits of MSCI to both
males and females,
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SUMMARY

Correct oogenesis and spermatogenesis are necessary to obtain haploid oocytes
and sperm, which upon fertilization and fusion can give rise to an euploid zygote.
To ensure the formation of proper hapioid gametes, accurate repair of meiosis-
induced DNA doubie strand breaks and homologous chromosome pairing during
the meiotic prophase are obligatory. Chromosomes which remain unpaired or
unsynapsed during this phase are transcriptionally inactivated, In Chapter 2, we
provide a detailed overview of the processes of transcriptional inactivation of
sex chromosomes during meiosis and early embryonic development. In mejotic
prophase, endogenous SPO1l-induced DNA double strand bresks (DSBs)

are essential for the homologous pairing process '

. Since the repair of these
DSBs is mainly mediated via homologous recombination repair, using one of
the chromatids of the homologous chromosome as a template for repair, this
rmost likely facilitates associations between homologous chromosommes. In yeast,
many transient homologous associatons are initially formed, and inappropriate
recombination intermediates resulting from incorrect single-stranded DNA
invasion: are destabilized (reviewed in %), indicating the presence of a DSBs-
driven mechanism, which checks proper sequence homology between the DNA
strands before recombination and pairing is permitted. When chromosomes
ot chromosomal parts do not find a pairing partner in mammals, DSBs remain
untepaired; these regions do not synapse and are subjected to inactivation
by meiotic silencing of unsynapsed c¢hromatin (MSUC) **. However, escape
from MSUC through heterologous synapsis occurs * 7. The largely unpaired
heterologous X and ¥ chromosomes in mamimals pair only in the smailhomologous
pseudoautosomal regions and hence are always subjected o meiotic silencing °.
Following the meiotic divisions, the sex chromosomes remain (partially) inactive,
which is visible as the formation of the socalled heterochromatic postmeiotic sex
chromatin (PMSC).

After fertilization, both X chromosomes are active in the ¢arly fernale mouse
embryo. However, the paternal X chromosome is rapidly being inactivated again
o compensate for the difference in X chromosome dosage between males
and females. This dosage compensation mechanism ensures that male (XY)
and female (XX) embryos have only one active X chromosome in all of their
cells. Although it has been suggested that subjection of X to MSCI and PMSC
during spermatogenesis is important to mediate the imprinted inactivation of the
paternal X in the early female mouse embryo, this hypothesis is not supported by
currently available experimental data.

In Chapter 3, we investigated if the presence of meiotic DSBs is involved
in the recognition of unpaired regions and triggering of MSUC. To answer this
question, we used the T(1;13)70H/T(L;13)1WA (T/T" double-heterozygous
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mice . These mice are double hetetozygote for two very similar translocations.
During the male meiotic prophase, two zutosomal translocation bivalents, 1%
and 13", are formed, and both carry the same nonhomologous region. Whereas
the larger 13' bivalent mostly reaches complete heterologous synapsis during the
meiotic prophase (Chapter 3, Figure 1), the small 1" bivalent displays varying
degrees of asynapsis >® Heterologous 1 synapsis and the associated escape
trom transcriptional silencing by MSUC occurs in approximately 40% of the
nuclei *. We hypothesized that if signaling from (untrepaired) DSBs is functionally
related to the inhibition of heterologous synapsis and the stdmulation of MSUC,
the presence of more DSBs within this region would lead to a higher signal level,
and this may lead to more frequent induction of asynapsis and transcriptional
inactivation. We introduced an addidonal ~100 irradiation-induced DSBs on top
of the endogenous SPO11-induced DSBs throughout the whole genome. First,
we found that irradiation-induced DSBs during leptotene can be incorporated
in the meiotic recombination process, resulting in more crossovess. Second,
we observed an increase of 35% in the frequency of 1% bivalent asynapsis and
silencing, indicating more efficient detection of the nonhomologous region in the
1" bivalent. The large 13" bivalent, on the other hand, still showed almost 100%
heterologous synapsis. Apparently, nonhomoelogous synapsis can not always be
prevented by the presence of DSBs. We propose that the onset and spreading of
homologous synapsis by synaptonemal complex formation initated from regions
of homology provides a driving force for heterologous synapsis. The final result
of the pairing process, either synapsis or asynapsis, depends on the combination
of the level of stimulation of synapsis and the inhibitory action of DSB-repait
associated proteins that accumulate in the heterologous region. This may explain
the complete heterologous synapsis of the large 13’ bivalent in the vast majority
of nuclet.

In Chapter 4, we investigated the behaviour of the heterologous sex
chromosomes in another vertebrate class, birds. In contrast to mammalian
species where males are the heterogametic sex, females are the heterogametic
sex in birds, carrying the heterologous, so-called ZW chromosomes, and males
are Z7Z. Although the sex specific W chromosome has undergone a comparable
evolutionary degeneration as the Y chromosome in mammals, the heterologous Z
and W chromosomes undergo complete heterologous synapsis duting cogenesis.
The meiotic prophase in oocytes lasts months or even years due to its arrest
during embryonic development and therefore, it was believed that inactivation
of Z and W would be dettimental to the survival of the oocytes ?, because the
7 carties many housekeeping genes. Thus, heterologous synapsis of Z and W in
chicken cocytes might be a means to escape from Z chromosome silencing. We
investigated the behaviour of the Z and W chromosomes during female meiotic
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prophase to verify if the heterologous synapsis of Z and W indeed prevented
meiotic sex chromosome inactivation. We found that aithough Z and W show
complete synapsis, this does not prevent transcriptional silencing of Z and W.
Moreover, we found that the W chromosome is inactivated upon entering the
meiotic prophase, and we postulate that the 7 is inactivated due to spreading
of heterochromatin from W to Z during their synapsed state. These findings
indicate that heterologous sex chromosome silencing during meiosis is not
spermatogenesis-specific and independent of the final achievement of synapsis.

Since MSCI in mammals is thought to be a special form of the more general
inactivation mechanisms of MSUC, we decided to analyse MSUC in birds
(Chapter 5). We analysed the so-called germline restricted chromosome (GRC)
in zebra finch. Among birds, this GRC has only been described in zebra finch,
and is present as an univalent during spermatogenesis. This indicates that, during
spermatogenesis, the GRC lacks a homeolog and has to remain unsynapsed.
We confirmed that the GRC indeed remains unsynapsed, and showed that it
is immediately inactivated upon entering the melotic prophase, resembling
the behaviour of the W chromosome in female chicken oocytes. However, in
contrast to W, the GRC is eliminated around metaphase I, forms a micronucleus
in subsequent secondary spermatocytes and spermatids, and is fragmented.
Apparently, if a chromosome enters meiosis without a pairing partner it is
immediately inactivated and finally eliminated and degraded. In additon, we
concluded that the W chromosome might escape from this pathway because it
synapses with Z during pachytene. Since the meiotic silencing of W and GRC
precedes complete antosomal synapsis and induction of meiotic DSBs we have
named this silencing phenomenon meiotic silencing prior to synapsis (MSPS).

To study possible variation in the behaviour of heterologous sex chromosomes
among different types of mammals, we decided to investigate the behaviour of
the XY pair in the domestic dog {Canis familiaris) (Chapter 6). We noticed that
in contrast to the mouse XY pair, the canine X and Y chromosomes manage
to synapse completely, most likely involving self-synapsis of X. We concluded
that once mammalian MSCI is trigged, it remains active, even if heterologous
synapsis occurs. Also, since the canine XY can accomplish complete synapsis, the
processes of avian and mammalian MSCI appear more related than previcusly
assumed.

Following meiosis in mammals, the X and Y chromosomes can be recognized
as postneiotic sex chromosome chromatin (PMSC), adjacent to the DAPI dense
chromocenter in round spermatids. The PMSC region carries heterochromatin
markers, and publicly available microarray data indicate that the X and Y
chromosomes remain largely inactivated during postmeiotic development.
In Chapters 7 and 8 we focussed on the role of the ubiquitin- conjugating



enzyme HRG6B/UBE2B in the maintenance of sex chromosome silencing in
meliotic and postmeiotic cells, and the role of HRO6B/UBE2B in the overall
regulation of chromatin structure. HROB/UBE2B can ubiquitylate histone H2B
and proliferating cell nuclear antigen (PCNA) during chromatin remodelling
and replicative damage bypass repair, respectively. In addition, HR6B/UBE2B
can target protein substrates that carry destabilizing N-termini for degradation.
Mutation of Hr6h/Ube2b leads to male limited infertility. HROA/UBE2A is a
HRG6B/UBEZ2B-paralogue that shows 91% amino acid identity and performs
redundant functions with HRG6B/UBEZB in somatic cells, During meiotic
prophase, HR6A/UBEZ2A expression is relatively low, due to the fact that the gene
encoding this protein is located on the X chromosome, which is inactivated by
MSCI. In Chapter 7, we show that both H2ZAK119 and H2ZBK120 ubiquitylation
in Hréh/ Uke2b-knockout mouse spermatocytes are not compromised. However,
H2AT120 phosphorylation was enhanced from late pachytene until metaphase
[ in Hreb/ Ubs2b knockout spermatocytes. In addition, H3K4 dimethylation was
increased on the X and Y chromosomes from diplotene onwards in Hrob/ Ube2b-
knockout spermatocytes. When we then analvsed gene expression Jevels, X
chromosome genes showed derepression in postmeiotic Hr6b/ Ube2b-knockout
spermatids. We concluded that HR6B/UBE2B contributes to the postreiotic
maintenance of X chromosome silencing,

In Chapter 8, we analysed the role of UBEZB during spermiogenesis and
the consequence of a lack of UBE2B for early embryonic development, using
mouse intracytoplasmatic sperm injection (ICSI) and round spermatid injection
(ROSI). The results show that UBE2B is instrumental in maintaining genomic
integrity during postmeijotic spermatid development. Analyses of Ube2b” sperm
showed that chromatin integrity is compromised and that chromatin of mature
sperm is vulnerable and carries many DNA breaks. Comparison berween ROSI
and ICSI using wild type and UbeZh knockout spermatids and sperm revealed
that Ube2b knockout sperm cells could not generate intact male pronuclei in
the zygote, whereas normal male pronuclei were formed after ROSI with Ube2s
knockout spermatids. When we cultured the Ube2b knockout ROSI-resulting
zygotes, the majority of developed into hatching blastocysts, and when placed
back into psendopregnant foster mothers they developed nogrmally till term. This
indicates, that UBE2B has an essential function during the postmeiotic phase
and is necessary for maintenance of genomic integrity. In addition, transgenic
spermatocyte- and spesmatid-specific expression of hemagglutinin-tagged HR6B
partizlly rescued the postmeijotic disturbances of chromatin structure regulation
in Upe2é knockout mice. However, ICST with sperm from this transgenic
mouse, in which the endogenous Ube2b gene was knocked out, showed that the
postmeiotic function of UBEZB is necessary for maintenance of the genomic
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integrity during the first embryonic cleavage divisions. Together this reveals a
germ-cell specific postmeiotic and paternal-effect function of HR6B.

Finally, in Chapter 9, we have explored differences between XX and XY
preimplantation embryos and analysed the paternally imprinted inactivation of
the X chromosome. The results from these experiments have revealed that male
and female embryos both reach the blastocyst stage within a similar time frame,
however the number of cells is reduced in XX blastocysts compared to XY
blastocysts. An important difference between male and female mouse embryos is
the fact that female embryos inactivate the parernal X chromosome to compensate
for the difference in X chromosome dosage between males and females. This
imprinted X chromosome inactivation (XCI) precedes random XCI. We have
studied the dynamics of this impriated XCI process and asked whether inter-cell
and inter-embryo variation in the initdation of XCI could be related to epigenetic
differences between blastomeres that result from cell cleavages occurring along
the animal-vegetal axis (meridionally) or equarosialiy. We found that when both
second cleavage divisions occur along equatorially, XCI is delayed, whereas XCI
is initiated relatively early, and more frequently on both X chromosomes in
embryos that have undergone two meridional second cleavage divisions. These
data show that paternal imprinted XCI might be modulated by factors that vary in
their concentration or activity berween blastomeres. In addition, our data indicate
that these factors play a role in determining the probability of the maternal X
chromosome to become inactivated.

This thesis has focussed on the behaviour of sex chromosomes during
gametogenesis and early embryonic development. In Chapter 10, we discuss
our results again in light of the current knowledge concerning the initiation
of MSCI, the evolutionary conservation of meiotic silencing and the possible
transgenerational effects of MSCI and MSUC. Our data have provided more
insight in processes (DNA repair, synapsis) and proteins (HR6B/UBE2B) that
are involved in meiotic sex chromosome inactivation in mammals and birds.
Furthermore, our data provide information about possible transgenerational
effects of defective sperm chromatin on the developmental potential of early
mouse embryos. In addition, it was shown that imprinted X inactivation in female
mouse embryos is modulated by factors that are differentially distributed among
blastomeres depending on the plane of the cleavage divisions. Finally, this work
provides a basis for future experiments directed towards understanding the
relation between chromatin structure of the paternal genome and early embryo
development, including the regulation of X chromosome silencing.
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SAMENVATTING

Correcte odgenese en spermatogenese zijn noodzakelijk om haploide ei- en
zaadcellen te vormen, welke na bevruchting en versmelting een euploide zvgote
vormen. Om de vorming van de juiste haploide gameten te garanderen, is het
van essentieel belang dat de homologe chromosomen correct paren tijdens
de meiotische profase. Chromosomen die ongepaard blijven tijdens deze fase,
worden onderworpen aan transcriptionele inactivatie.

In Hoofdstuk 2 geven wij een overzicht van de processen van transcriptionele
inactvatie van geslachtschromosomen tijdens de meiose en de vroeg embryvonale
ontwikkeling, Tijdens de meiotische profase zijn de aanwezigheid van endogene
SPO11-geinduceerde DNA dubbel strengs breuken (DSBs) instrumenteel in
het homologe paringsproces. Aangezien reparatic van DSBs door het relatef
eenvoudige reparatiemechanisme waarbij de gebroken strengen aan eikaar worden
geligeerd niet operatief is en homologe recombinatie met de zuster chromatide
is geblokkeerd, is reparatic via het homologe chromesoom de enige mogelijkheid
tot herstel van het DNA. Dit faciliteert hoogstwaarschijnlijk de associatie tssen
de homologe chromosomen. In gist worden vele tijdelijke homologe associaties
gevormd en onjuiste recombinaties die het gevolg zijn van incorrecte enkel-
sirengs DNA invasie worden gedestabiliseerd. Dit wijst op de aanwezigheid van
een mechanisme dat gedreven wordt door DSBs, welke controle ujtoefent op
de juiste homologie tussen de DNA strengen voordat recombinatie en paging is
toegestaan. Wanneer in zoogdieren chromosomen of chromosomale gedeeltes
geen paringspartner vinden, worden de DSBs niet gerepareerd: deze gebieden
synapsen vervolgens niet en worden transcriptioneel geinactiveerd, een proces
genaamd “meictische silencing van ongesynapst chromatine (MSUC)”. Door
middel van heterologe synapsis kan heteroloog chromatine soms ontkomern
aan deze transcriptionele inactivatie. De grotendeels ongepaarde heterologe
X en Y chromosomes paren alleen in het kleine homologe pseudoautosomale
gebied en zijn daarom altijd transcriptioneel geinactiveerd. Deze inactivatic
wordt ook na de meiotische delingen grotendeels in stand gehouden, wat
zichtbaar is als zogenaamde heterochromatische postmeiotische sex chromatine
(PMSC) . Na de bevruchting zijn beide X chromsomen actief in de vroeg
vrouwlijke muizenembryo’s, echter het paternale X chromosoom wordt weer
snel geinactiveerd, in het kader van dosis compensatie. Het dosis compensatie
mechanisme zorgt ervoor dat mannelijke (XY) en vrouwelijke (XX) embryo’s
in al hun celien slechts 1 actief X chromosoom bevatten. Momenteel zijn er
geen duidelijk aanwijzingen dat de X-inactivatie ten gevolge van MSCI en PMSC
tijdens de spermatogenese een effect heeft op de inactivatie van de paternale X
in vrouwelijke embryos,



In Hoofdstuk 3 hebben wij onderzocht of de aanwezigheid van meiotische
DSBs betrokken is bij de hetkenning van ongepaarde gebieden en bij het activeren
van MSUC. Om antwoord te geven op deze vraag hebben wij gebruik gemaakt
van de T(L;13)70H/T(;1H1WA (T/T°) dubbel-heterozygote muizen. Deze
muizen zijn dubbele heterozygoot voor twee ongeveer dezelfde translocaties.
Tijdens de mannclijk meiotische profase worden twee autosomale translocatie
bivalenten 1¥ en 13' gevormd en beiden dragen dezelfde nonhomologe regio.
Terwijl het langere 13’ bivalent meestal compleet heteroloog synapst tijdens de
meiotische profase, vertoont het kleinere 1" bivalent een variérende mate van
asynapsis. Heterologe 1% synapsis en de daaraan gekoppelde ontsnapping aan het
transcriptionele inactivatie mechanisme MSUC treedt op in ongeveer 40% van
de kernen. Onze hypothese was dat als de signalen van ongerepareerde DSBs
functioneel gerelateerd zijn aan de inhibitie van heterologe synapsis en stmulatie
van MSUC, de aanwezigheid van meer DSBs in deze gebieden zouden leiden tot
een hoger signaleringsniveau, en dat dit vervolgens zou leiden tor een frequentere
asynapsis en transcriptionele inactivatie. Wij introduceerden ongeveer 100 extra
bestralingsgeinduceerde DSBs bovenop de endogene SPO11-geinduceerde
DBSs in het gehele genoom. Ten eerste vonden wij dat bestralingsgeinduceerde
DBS tjdens het leptoteen geincorporeerd kunnen worden in het meiotische
recombinatie proces, dat uiteindelijke resulteerde in meer crossovers. Ten
tweede observeerden wij een stijging van 35% in de frequentie van asynapsis en
inactivatie van de kleine 1 bivalent, wat duidc op een meer efficiénte detectie
van het nonhomologe gebied in de 1' bivalent. Echter, het grotere 13" bivalent,
ondergaat nog steeds heterologe synapsis ia bijna 100% van de kernen. Blijkbaar
kan nonhomologe synapsis niet altijd voorkomen worden door de aanwezigheid
van DSBs. Wij stellent dat de initiatie van homologe synapsis vanuit de gebieden
van homologe paring, als een voortdrijvende kracht voor heterologe synapsis
opeteert. Het nitetndelijle resultaat van het paringsproces (synapsis of asynapsis)
hangt dan waarschijnlijk af van cen combinatie van de mate waarin synapsis
gestmuleerd wordt én het remmende effect van DSB reparatie geassocieerde
eciwitten die zich verzamelen in het heterologe gebied. Aangezien voor het grotere
13" bivalent, een langer synaptonemaal complex tussen homoloog chromatine
gevormd kan worden, zou dit kunnen leiden tot een grotere drijvende kracht
voor heterologe synapsis en zo een verklaring kunnen geven voor de volledige
synapsis die voor dit bivalent werd geobserveerd in de overgrote meerderheid
van de kernen.

In Hoofdstuk 4 hebben wij het gedrag van heterologe geslachtschromosomen
in vogels, een ander gewerveld diersoort, onderzocht. In tegenstelling tot
zoogdieren waar de man de heterogametische sex is, zijn in vogels de vrouwen de
heterogametische sex. Zij dragen de heterologe, zogenaamde ZW chromosomen,
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rerwijl mannen twee Z chromosomen hebben. Ondanks het feit dat het
geslachtsspecifieke W chromoscom een met het Y chromosoom van zoogdieren
vergelijkbare evolutionaire degeneratie heeft ondergaan, zijn de heterologe ZW
chromosomen wel in staat tot complete heterologe synapsis tijdens de odgenese. De
meiotische profase in eicellen duurt maanden tot jaren ten gevolge van hun “arrest”
tijdens de embryonale ontwikkeling. Omdat het Z chromosoom veel “huishoud”
genen draagt, werd er vanuit gegaan dat inactivatie van 7 en W chromosomen
schadelijk zou zijn voor de overleving van eicellen. De heterologe synapsis van Z
en W zou daarom een ontsnapping bieden aan de transcriptionele inactivatic van.
Z. We onderzochten het gedrag van 7 en W chromosomen tijdens de vrouwelijke
meiotsche profase om te verifiéren dat heterologe synapsis tussen Z en W inderdaad
melotische geslachtschromosoom inactivatie voorkomt. We constateerden dat
ondanks het feit dat Z en W compleet synapsen, transcriptionele inactivatie niet
voorkemen wordt. Daarnaast toonden wij aan dat het W chromosoom reeds
geinactiveerd wordt aan het begin van de meiotische profase. Wij stellen dat de
inactivatie van Z wordt bewerksteliigd door de spreiding van heterochromatine van
W naar 7 tijdens de fase waarin de twee chromosomen een volledige synapsis laten
zien. Deze bevindingen indiceren dat heterologe geslachtschromosoom inactivatie
tijdens de meiose niet spermatogenese specifiels 1s, en dat in vogels inactivatie niet
voorkomen wordt door asynapsis.

Aangezien meiotische geslachtschromosoom  inactvatde (MSCI)  een
geavanceerde vorm van het meer algemene inactivatie-mechanisme van MSUC
is, hebben wij besloten om MSUC ook in vogels te bestuderen (Hoofdstuk
5). We hebbenr het zogenaamde, “germline restricted chromosome™ (GRC)
in zebravinken geanalyseerd. Bij vogels is het GRC alleen aangetoond in de
zebravink en het is aanwezig als een enkele kopie tjdens de spermatogenese. Dit
impliceert dat tijdens de spermatogencse het GRC een patingspartner mist en
per definitie ongepaard blijft. We hebben bevestigd dat het GRC inderdaad niet
synapst en daarnaast aangeroond dat het GRC, gelijkend op het W chromosoom,
ook reeds geinactiveerd is als het begint aan de meiotische profase. Echter, in
tegenstelling tot her W chromosoom, wordt het GRC geélimineerd rondom
metafase 1. Vervolgens vormt het een micronucleus in de daaropvolgende
secundaire spermatocyten en spermatiden, waarna het GRC fragmenteert.
Blijkbaar wordt een chromoscom zonder paringspartner direct gefnactiveerd als
het de meiotische profase start, waarna het fragmentatie en degradatie ondergaat.
Deze gegevens suggereren dat her W chromosoom mogelijk aan een dergelijke
ondergang ontsnapt omdat het synapst met Z tijdens het pachyteen. Aangezien
de inactivatic van W en het GRC voorafgaan aan het proces van synapsis en de
inductie van DSBs, hebben wij dit inactivatie-fenomeen meiotische inactivatie
voorafgaand aan synapsis (MSPS) genoemd.



Vanwege de verschillen in de inactivatie tijdens de meiose in vogels en muizen,
hebben wij besloten om het gedrag van het XY paar in de hond (Canis familiaris)
te onderzoeken (Hoofdstuk 6) om te bepalen hoe representatief de muis is voor
andere zoogdieren met betrekking rot de inactivatie van de X en Y chromosomen
tijdens de meiose. Wij vonden dat de X en Y chromosomen van de hond in
tegensielling tot die van de muis, compleet synapsen, waarbij het X chromosoom
mogelijk een vorm van synapsis met zichzelf vertoont. We concluderen dat zodra
de inactivatie van de geslachtschromosomen is geactiveerd, latere heterologe
synapsis niet leidt tot reactivatie. Aangezien de X en Y van de hond complete
synapsis vertonen, Hjkt het erop dat de geslachtschromosoom inactivatic-
processen van vogels en zoogdieren meer aan elkaar gerelateerd zouden kunnen
zijn dan voorheen werd gedacht.

Na de meiose in zoogdieren kunnen X en Y chromosomen herkend
worden als postmeiotisch sex chromatine (PMSC), liggend naast het DAPI-
tijke chromocentrum in ronde spermatiden. Het PMSC gebied vertoont de
aanwezigheid van heterochromatische markers en openbaar beschikbare micro-
array data indiceren dat de X en Y chromosomen grotendecls geinactiveerd
blijven tijdens de postmeiotische ontwikkeling, In Hoofdstuk 7 en 8 hebben wij
ons voornamelijk toegelegd op het identificeren van de rol van her ubiquitine-
conjugerende enzym HROB/UBE2B in het onderhouden van de inactivatie
van geslachtschromosomen in melotische en postmeiotische zaadcellen en de
rol van dit eiwit in de algemene regulatie van de chromatine structunr. HR6B/
UBEZB kan histon 2B en het eitwit PCNA ubiquitineren tijdens processen
waarbij chromatinestructuur moet worden veranderd in respectievelijk de
context van genexpressie-regulatie en de zogenaamde “replicative damage bypass
pathway”. Daarnaast kan HR6B/UBE2B eiwitsubstraten die instabiele N-termini
dragen, markeren voor degradatie. Mutatie van Hr6b/Ube2b leidt tot mannelijke
infertiliteit. HROA/UBE2A is een HR6B/UBE2B paraloog dat 91% gelijkenis
vertoont met de aminozuurvolgorde van HR6B/UBE2B en in somatische cellen
qua functie overlapt met die van HR6B/UBEZB. Tijdens de meiotische profase
is de expressie van HROA/UBHE2A relatief laag doordat het gen dat codeert
voor dit eiwit op het X chromosoom ligt dat gefnactiveerd wordt door MSCI. In
Hoofdstuk 7 laten wij zien dat de ubiquitinatie van H2ZAK119 en H2BIK120 in
spermatocyten van Hr6b/ Ube2b-knockour muizen niet gecompromitteerd wordt.
Echrer, wij zagen wel een intensere fosforylering van H2AT120 vanaf pachyteen
tot metafase I in Hrob/Ube2b knockout spermatocyten. Daarnaast was er een
hogere dimethylering van H3IK4 op de X en Y chromosomen vanaf het diploteen
in Hr6b/ Ube2b knockout spermatocyten. Toen wij vervolgens de niveaus van gen
expressie analyseerden, constateerden wij een derepressic van X chromosoom
genen in postmeiotische Hrgh/ Ube2l knockout spermatiden. We concludeerden
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hieruit dat HR6B/UBEZ2B bijdraagt aan het onderhouden van de inactivatie van
het X chromosoom tiidens de posimeiotische fase.

In Hoofdstuk 8 hebben wij de rol van UBE2B tijdens de spermiogenese en
het gevolg van een gebrek aan UBE2B tijdens de vroeg embryonale ontwikkeling
geanalyseerd, door gebruik te maken van de intracytoplasmaire sperma Injectie
(ICSI) en ronde spermariden injectie (ROSI). De resultaten van deze experimenten
tonen aan dat UBE2B onmisbaar is voor het behouden van de integriteit van
het genoom tijdens de postmeiotische zaadcel ontwikkeling. Analyse van Ube247
zaad toonde aan dat de chromatine structuur is zangedaan en dat het chromatine
van zaadcellen erg krwetsbaar is en vele DNA breuken vertoont. Een vergelijking
tussen ICSI en ROSI met “wilde type” en UbeZb knockout spermatiden en
zaadeellen liet zien dat Ube2b knockout zaadcellen niet in staat zijn tot het vormen
van intacte mannelijke pronucle: in de zygote, terwijl wel normale pronuclei
worden gevormd na ROSI met Ube2i/" spermatiden. Wanneer we de zygotes
na ROSI met UbeZh knockout spermatdiden doorkweekten, groeide de overgrote
meerderheid uit tot blastocysten en wanneer deze werden teruggeplaatst in een
pseudozwangere drasgmoedermuis ontwikkelden ze normaal doot. Dit houdt in
dat UBE2B een essentiéle rol heeft tijdens de postmeiotische fase en noodzakelijk
is voor het behoud van de integrireit van het genoom. Daarnaast toonden wij
aan dat expressie van een spermatocyt- en spermatide-specifieke hemagglutinine-
gelabelde Ube2b transgen de postmeiotische verstoring van de regulatie van de
chromatine scructuur gedeeltelijk voorkomt in Ube2b knockout muizen. Echter,
ICSI met zaadcellen van deze transgene muis, waarbij het endogene Ube2b gen
was uitgeschakeld, toonde aan dat de postmeiotische functie van UBE2B van
belang is voor het instandhouden van de genomische integriteit tijdens de eerste
embryonale klievingsdelingen. Dit alles laat zien dat UBE2ZB een geslachtscel-
specificke rol speelt tijdens de postmelotsche fase.

In Hoofdstuk 9 hebben wij de verschilien tussen XX en XY preimplantatie
muizenembryo’s onderzocht en de ingeprente inactivatie van het paternale X
chromosoom geanalyseerd. De resultaten van deze experimenten laten zien
dat mannelijke en vrouwelijk muizenembryo’s beiden even lang erover doen
om het blastocyst stadium bereiken, echter XX embryo’s hebben een minder
cellen in vergelijk met XY embryo’s. Een belangrijk verschil tussen mannelijke
en vrouwelilk muizenembryo’s is dat vrouwelijke embryo’s het paternale X
chromoscom nactiveren om te compenseren voor het verschil in de dosis van X
chromosomen tussen mannetjes en vrouwtjes. Deze ingeprente X chromosoom
inactivatie (XCI) gaat vooraf aan de random X chromosoom inactivatie. Wij
hebben de dynamiek van ingeprente X chromosoom inactivatie bestudeerd. We
hebben onderzocht of inter-cel en intet-embryo variatie in de initatie van XCI
gerelateerd is aan epigenetische verschillen tussen blastometen die het resultaat



zijn van celdelingen langs de “animal-vegetal” as {meridionaal) of equatoriaal.
Wi toonden aan dat wanneer de 2% klievingsdelingen equatoriaal is, XCI
vertraagd 1s, terwijl XCI relatief vroeger en frequenter geiniteerd wotdt op belde
X chromosomen in embryo’s die twee meridionale klievingsdelingen hebben
ondergaan. Deze data laten zien dat paternale ingeprente XCI gemoduleerd zou
kunnen worden door factoren die varigren in hun concentratie of activiteit in
verschillende blastomeren. Daarnaast impliceren onze data dat deze factoren
een rol spelen in het bepalen van de waarschijnlijkheid dat het maternale X
chromosoom geinactiveerd wordt.

Dit proefschrift heeft zich gericht op het gedrag van geslachtchromosomen
tijdens de vorming van de geslachtscellen en de vroeg embryonale ontwikkeling,
In Hoofdstuk 10 worden de gevonden resultaten nogmaals besproken in het
licht van de huidige kennis omtrent de initiatie van MSCI, de evolutionaire
conservering van meiotische transcriptionele inactivatie, en de mogelijke
transgenerationele effecten van MSCl en MSUC. Onze data hebben geleid tot meer
inzicht in de processen (DNA herstel, synapsis) en eiwitten (HR6B/UBE2B) die
betrokken zijn bj (meiotsche) geslachtschromosoom inactivatie in zoogdieren
en vogels. Onze resultaten tonen ook mogelijke transgenerationele effecten
aan van zaadcellen met beschadigd chromatine op de ontwikkelingspotentie
van vroege muizenembryo’s. Daarnaast hebben wij aangetoond dat ingeprente
X chromosoom inactivatie in vrouwclijke muizenembryo’s gemoduleerd wordt
door factoren die verschillend verdeeld zijn over de blastomeren, afhankelijk van
de richting van de klievingsdelingen. Dit proefschrift voorziet in een basis voor
verdere experimenten gericht op het begrijpen van de relatie tussen chromatine
steuctuur van het paternale genoom en de vioeg embryonale ontwikkeling,
inclusief de regulatie van de inactivatie van het X chromosoom.




LIST OF ABBREVIATIONS

AE

AQ
ATM
ATR
AV axis
BrdU
C. elegans
CBX1
cDINA.
CE

Cs
DAPI
DDB
DFI
DIC
DISC
DNA
DSB
dsDNA
dsRNA
H
FACS
FISH
FITC
FSH

HR

ICM
ICS]

IES
INCENDP
15

IVE

Kb

LAS

ALIDENDIETN

axial element

acridine orange

ataxia telangietctasia mutated
ATM- and RAD3-related
animal-vegetal axis
bromodeoxyuridine
Caenorhabdizis elegans

chromobox protein 1
complementary DINA

central element

completely synapsed

4 6-diamidino-2-phenylindole
DAPI dense boedy

DNA fragmentation index
differential interference contrast
DNA double strand break-induced transcriptional silenicng in e
deoxyribonucleic acid

double strand break

double stranded DNA

doubie siranded RNA

equatorial

fuoresence-activated cell sorting
fluorescence in situ hybridization
fluorescein isothiocvanate
follicle stimulation hormone
germline restricted chromosome
Gray

histone

hemagglutinine

homologous recombination
inner cell mass
intracytoplasmatic sperm injection
internal eliminated element
inner centromere protein
incompletely synapsed

in-vitro ferrilization

kilobase

long asynaptic segment



LE

LH

M

MAS
Mh
MESA
miRNA
mRINA
MSCI
MSPS
MSUC
MSUD
MSY
MSY-RNA
MY

N. crassa
ncRNA
NHE]J
NK-1
PA
PAR
PCNA
PESA
PFA
PGC
PH
piRNA
PMSC
PR
PTGS
rasiRINA
RDB
RdADM
RING
RNA
RNA pol II
RNAI
RNF12
ROSI

lateral element

luteinizing hormone

meridonial or mitase

medium asynaptic segment

megabase

microsurgical epidydimal sperm aspiration
mictoRNA

messenger RINA

meiotic sex chromosome inactivation
meiotic silencing prior to synapsis
melotic silencing of unsynapsed chromatin
meiotic silencing of unpaired DNA
male-specific region of Y chromosome
MIWI-independent small RINA

million vears

Neurospora crasia

noncoding RNA

nonhomologous end-joining
nucleosomal histone kinase-1

partially synapsed A shape
pseudoautosomal region

proliferating cell nuclear antigen
percutaneous epidydimal sperm aspiration
paraformaldehyde

primordial germ cell

partially horseshoe shape
PIWI-interacting RNA

postmeiotic sex chromatin

partially synapsed

post-transcriptional RNA interference
repeat-associated RINA

replicative damage bypass
RNA-directed DNA methylation

really interesting new gene

riboaucleic acid

RNA polymerase I

RNA interference

RING finger protein 12

round spermatid injection
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RPA
S phase

S. cerevisiae

5. ponsbe
SC
SCSA
SEM
siRNA
SRY
ssDINA
TE
TESE
TRITC
TSE
Tsix
TUNEL
WT
XCI

replication protein A

synthesis phase

Saccharomyces cerevisiae

Sehizosaccharonryces ponrbe

synaptonemal complex

sperm chromatin structure assay

sperm entry point or standard error of the mean
short interfering RINA

sex determining region Y

single stranded DINA

transposable element or transverse element
testicular sperm extraction
tetramethylrhodamine isothiccyanate
frans-silencing effect

X inactivative specific transcript, antisense
terminal deoxynucleotidyl transferase dUTP nick end labelling
wild type

X chromosome inactivation

X chromosome inactivation centet

X inactive specific transcript

X inactivation intergenic transcription element
maternal X chromosome

paternal X chromosome

phosphorylated HZAX



PHD PORTFOLIO SUMMARY

Summary of PhD training and teaching activitzes

Name PhlD student: Sam Schoenmalkers

Erasmus MC Departments:  Reproduction and Development
Obstetrics and Gynaecology

Research School: Medical Genetics Centre South-West
Netherlands (MCG) Graduate School

PhD Period: Februari 2006 ~ July 2010

Promoters: Profdr. J.A. Grootegoed and Prof.dr. J.S.E. Laven

Supervisor: Dt WM. Baarends

General acaderic skifls

2009 Biomedical English Writng & Communication,
Erasmus MC Graduate School
2006 Laboratory animal science
Research skills
2007 Principles of Research in Medicine and Epidemiology, NIHES
2007 Intreduction to data-analysis, NIHES

In-depth conrses

2007 From Development to Disease

2007 Reading and Discussing Literature

2006 Molecular and Cell Biology

Presentations

2010 VSF ESHRE avond 2010, Utrecht, The Netherlands

26" Annual meeting of ESHRE, Rome, Italy
VSF Voorjaarsvergadering, Leuven, Belgium
57" Annual Meeting of the Society for Gynaecologic Investigation,
Otlando, USA
Annual Molmed Day 2010, Rotterdam, The Netherlands

2009 VSF Najaarsvergadering, Tilburg, The Netherlands
EMBO Conference series on Melosis, L’Isle sur la Sorgue, Jaarhijkse
Onderzoeksmiddag, Rotterdamse Gynaecologen Opleidings Cluster
(RGOC}), Rotterdam, The Netherlands
Keystone Symposia Epigenetics, Development and Human Diseases
(A1), Breckensidge, Colorado, USA
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2008 55" Annual Meeting of the Society for Gynaecologic Investigations,
San Diego, USA
6™ Winterschool of the International Graduiertenkolleg
GRK767:“Transcriptional Control in Developmental Processes”,
Kleinwalserthal, Germany

2007 8" European Meiosis Meeting in Japan, Shonan Village, Japan
5% Winterschool of the International Graduiertenkolleg GRK767:
Transcuptional Control in Developmental Processes”™,
Kleinwalserthal, Germany

Awards

2010 Best oral presentation award, 57" Annual Meeting of the Society for
Gynaecologic Investigations, Orlando, USA

2009 Short Presenter Invitation Award, Keystone Symposia Epigenetics,
Developrnent and Human Diseases (Al), Breckenridge,
Colorado, USA

2009 Dagwinnaar VSF-BFS onderzoeksprijs, VSF Najaarsvergadering,
Tilburg

Winnaar Juriy Wladimiroff Onderzoeksprijs 2009, Jaarlijkse
Onderzoeksmiddag Rotterdam Rotterdamse Gynaecologen
OpleidingsCluster (RGOC)

2007 Recipient of Fellowship for Young Participants, 8th European
Meiosis Meeung, Shenan Village, Japan

Grants

2008 Boehringer Ingelheim Travel Grant
EMBO Short Term Fellowship

International conferences

2010 26" Annual Meeting Buropean Society of Human Reproduction and
Embryology, Rome, Italy
57* Annual Meeting of the Society for Gynaecologic Investigations,
Otlando, USA

2009 25" Annual Meeting European Society of Human Reproduction and
Embryvology, Amsterdam, The Netherlands
EMBO Conference series on Meiosis, L'Isle sur la Sorgue, France
56™ Annual Meeting of the Society for Gynaecologic, Glasgow,
United Kingdom
Keystone Symposia “Epigenetics, Development and Human
Diseases”, Breckenridge, USA
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2008

2007
2006

55™ Annual Meeting of the Society for Gynaecologic Investigations,
San Diego, USA

8" European Meiosis Meeting in Japan, Shonan Village, Japan

2" Conference on X-inactivation, Paris, France

Seminars and workshops

2008
2007

2006

Fellowships
2008

5% and 6™ Winterschool of the International Graduiertenkolleg
GRK767:

“Transcriptional Control in Developmental Processes”,
Kleinwalserthal, Germany

Chromatin mediated biological decisions, Marburg, Germany

“Epigeneric differentation of blastomeres in the early mouse
embryo”, Group of Zernicka-Goetz, the Wellcome Trust / Cancer
Research UK Gurdon Institute, University of Cambridge, United
Kingdom

Didactic skills, lecturing and teacking activities
2009-2010 Junior Science Program, Frasmus MC, Rotterdam, The Netherlands

2006-2010

2008

Curticulum Erasmus Faculty of Medicine and Health Sciences,
Erasmus University Medical Center Rotterdam

*  Disorders in gonadal development

*  Hypothalamus — pituitary gland — gonads axis

¢ FPerulity disorders

»  Diagnostic approach of amenorrhoea

¢ Non-hormonal anticonception
The Oxbridge Academic Program — The Cambridge Tradition: Majorx
and Minor Course of Molecular Medicine, Cambridge, UK
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CURRICULUM VITAE 1.1

Name:
Date of birth:
Place of birth:

Education:
2001 — 2003

1996 — 2000

1990 — 1996

Sam Schoenmakers
25 oktober 1977
Heetlen

Medical Doctor (MD), eum lande

Faculty of Health, Medicine and Life Sciences, University of
Maastricht, Maastricht, The Netherlands

MSe, Medical school

Faculty of Health, Medicine and Life Sciences, University of
Maastricht, Maastricht, The Netherlands

Lyceurn (VWO)

Sint Janscollege, Hoensbrock, The Netherlands

Research and clinical experience

2010-
2006-2010
2005 - 2006
2004 — 2005
2003
2001-2002
1999

AEMSVNDU M

ATOS Gynaecology and Obstetrics, Sint Franciscus Gasthuis,
Rotterdam, The Netherlands

PhD research, Departments of Reproduction & Development
and Gynaecology & Obstetrics, Erasmus Medical Center
Rotterdam, The Netherlands

ANIOS at Department of Obstetrics & Gynaecology, Albert
Schweitzer Hospital, Dordrecht, the Netherlands

ANIOS at Department of Obstetrics & Gynaecology, Vlietland
Hospital, Viaardingen, the Netherlands

Elective internship: Primary Health Care, Obstetrics &
Gynaecology and Paediatrics, Christian Medical College,
Vellore, India

Research participation: the Rett-syndrome, Department of
Clinical Genetics, University of Maastricht, The Netherlands

Elective internship: General Surgery and Medical Genetics,
Roval Brisbane Hospital, University of Brisbane, Brisbane,
Australia



1998 Adapted Kinesiology, Hof van Axen, Drenthe, The Netherlands

Other activities

2010 Comnrnittee member, De Jonge Orde
2008 - 2009  Course Dutch Deaf Sign Language

2006 Arts-Assistenten Vereniging (AAV), BErasmus MC, Rotterdam,
The Netherlands
Organising comimittee Jaarlijkse Wetenschapsdag 2007: “Ruimte

voor de Toekomst”

2000 — 2001 World travel
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CURRICULUM VITAE 1.2

Sam Schoenmakers is geboren in 1977 te Heerlen. Na het afronden van het VWO
op het 5t Janscollege te Hoensbroek is hij in 1996 gestart met zijn opleiding
Geneeskunde azn de Universiteit van Maastricht, waarvoor hij in 2003 ewm fande
afstudeerde. Tijdens ziin studie reiscde hij gedurende een jaar letterlijk de wereld
rond, en liep hij stages en co-schappen in Australié en India. In de periode van
2004 tot 2006 was hij ANIOS Gynaecologie en Obstetrie in zowel het Vlietland
ziekenhuis te Vlaardingen als het Albert Schweitzer Ziekenhuis te Dordrecht.
In februari 2006 startte hij aan zijn promote-onderzoek aan de Erasmus
Universiteit te Rotterdam. Van januari 2008 tot augustus 2008 verrichtte hij
een deel van ziin onderzoek in de groep van Magdalena Zernicka-Goetz aan
de universiteit van Cambndge, waarvoor hij zowel een EMBO Short Term
Fellowship als een Boerhinger Ingelheim Travel Grant kreeg toegewezen. In
de zomer van 2008 rmaakte hii deel it van een internationale summerschool,
“The Oxbridge Tradition”, alwaat hij gedurende een maand het zelfgeschreven
curticulum “Molecular Medicine” onderwees. In augustus 2010 is hii gestart als
AIQOS Gynaecologie en Obstetrie in het Sint Franciscus Gasthuis te Rotterdam.
Vanaf oktober 2010 za] hij zich als bestuurslid van de Jonge Orde gaan inzetten
voor de positie van de AIOS 1n Nedetland.
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CURRICULUM VITAE 2.0

Sam Schoeamakers, geboren op 25 oktober in het jaar 1977 te Heerlen en
opgegroeid te Treebeek en Brunssum. Daarna her VWO, Sint Janscollege in
Hoensbroek samen met je vrienden Erik, Bastiaan en Paultje. Als “klein” kind
wilde je al ‘dokter worden’, dus werd het geneeskunde aan de Universiteit in
Maastricht.

Al vanaf het VWO en ook tijdens je studietijd was je al bezig met muld-
tasking, In 1999 ging je voor een buitenlandse stage naar het Australié. Dat de
officiéle goedkeuring (en dus de financiéle ondersteuning) voor deze stage pas
achteraf verkregen werd, nadat de toegevoegde waarde van deze stage door een
rapport was aangetoond, kon je niet deren.

Na je doctoraal Geneeskunde ging je samen met Sander een jaar er tussenuit:
even de wereld en jezelf verkennen. Je vertrok vanuit Amsterdam naar Azi€ en
dazarna naar Australié. Daar heb je gewerkt in het Holland Heineken House, tijdens
de Olympische Spelen in 2000 te Sydnev. Daarna doot naar Nieww Zeeland, Fiji,
en Amerika en roen kwam je weer in het echte leven. Je co-schappen begonnen
en je viel er meteen in.

Nahetbehalenvanjebulin2003, benje eerstin Utrecht begonnen met chirurgie.
Hietna ben je naar Vlaardingen gegaan, om ervaring op te doen bij gynaecologie.
Toen Vlaardingen niet meer aan je verwachtingen kon voldoen, vertrok je naar
Dordrecht om verder te gaan met gynaecologie in een opleidingsziekenhuis.
Plotseling deed zich de kans voor om een promotiestudie te kunner combineren
met de studie gynaecologie aan het Hrasmus MC in Rotterdam.

In 2006 ben je in Rotterdam begonnen met je promotie, waar je veel tjd
in hebr gestoken. Je bent ook nog een half jaar naar Cambridge geweest en je
hebt meerdere congressen gehad o.a. in Japan, USA, Qostearijk, Franktijk en
[talié waar je je kennis hebt gepresenteerd voor het grote publiek. Echter, nam je
overigens ook ruim de tjd om te feesten.

Nu, per 1 augustus 2010, ben je officicel begonnen als AIOS gynaecologie te
Rotterdam. Nu begint het echte werk. In oktober 2010 promoveer je. Weet dat ik
supertrots op je ben.

Liefs, je moeder Hermine, die heel veel van je houdt. XXXX Hetmine *Hartje*

Door Hermine Schoenmakers-Vogels, 18 september 2010
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DANKWOORD

Zoals wel bekend is het dankwoord praktisch het enige gedeelte dat gelezen word,
en daarmee ook het meest drukuitocfenende gedeelte van een proefschrift. Wie
moet ex “bedankt” worden, in welke volgorde en in wat voor een bewoordingen?
De eerste conclusie die hieruit volgde was, dat woorden oprecht te kort schieten.
Hoe bedank je in en paar woorden vrienden en collega’s voor wie ze zijn en wat
ze voor je betekenen? Wat ik hier neerpen is per definitie een cufemisme.

Als eerst en meest belangrijke is er Bvelvne. Clichématig, maar eigenlijk
promoveer jij vandaag ook. Zonder jou lag dit proefschrift er niet. Jij hebt het
mogelijk gemaakt dat ik resultaten behaalde die vervolgens tot artikels hebben
geleid en mij in staat stelde om (betaald en wel) de wereld rond te vliegen om op
tal van congressen {en dus vakanties) een voordracht hierover te geven. Door
jouw eeuwige geduld om mij herhaaldelijk hetzelfde protocol uit te leggen,
proeven voor mij te herhalen en mijn getier aan te horen, ligt dit proefschrift
er nu. War ook niet onderschat mag worden, zijn al die dagen die wij samen in
het EDC hebben doorgebracht. Voor dag en dauw starten en in eerste instantie
maznden zonder succes, maar toch uren verkrapt achter een te lage microscoop
zitten, in de weet met semi-joysticks. Uren hebben wij, tussen het gescheld en de
frustraties door, zitten praten over van alles nog. Dankjewel, lieve Evelyne.

Willyl 4,5 jaar waren zo om en wat was het leuk (of moet ik zeggen leerzaam
en productief?). Co-promotor klinkt zo ondergeschikt, terwijl jij degene bent
geweest die mij iedere dag (IEDERE DAG) begeleidde, corrigeerde (op alle
gebieden) en meestal het geduld wist op te brengen om mij aan te horen en verder
op weg te helpen. Ik prijs mij gelukkig dat jij mijn “sterke-vrouwen” begeleidster
bent geweest. Wat 1k ontzettend aan je waardeer is dat je naast een positie als
professionele bazin ook de tijd neemt en begrip opbrengt voor persoonlijke
interesses en sores. Japan (en karaoke), Klein-Walserthal (en een losgeslagen
schouder en wijn), Frankrijk {en het eindfeest en presentatie) en het lab (en de
verslapen ochtenden en geagiteerde discussies) en en en en

Het is dan wel je functie, maar ontzettend bedankt voor je begeleiding,
corrigerende overwicht en vooral al het geduld. Ondanks dat het tijd werd voor
ons beiden om mijn promotie af te ronden, ben ik nog lang niet uitgeleerd en

hoop ik ooit een wetenschappelijk inzicht en denkwijze zoals de jouwe te bereiken.

Dan, geachte promotoren, professor Grootegoed en professor Laven, beste
Anton en Joop. Jullie inzet en steun heeft het in eerste instantie {Ubethaupt
mogelijk gemaaks: dat ik mijn promotietraject mocht en kon voortzetten na een
op zijn zachts uvitgedrukt turbulente start. Daarnaast hebben jullie mij allebei
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gesteund en geholpen by mijn koppige voornemen om een deel van mijn
promotie-onderzoek in het buitenland te verrichten. Toen ik daar vervolgens
zat, belde ik jullie met het verzoek of ik nog een maand langer mocht blijven om
onderwijs te geven. Gelukkig gingen jullie hiermee (uiteindelijk) ook akkoord.
Voor al dit alles, mijn hoogste dank.

Mijn positie als onderzoeker voor jullie beide afdelingen had onder andere als
doel de afstand tussen de basale wetenschap en de kliniek te verkleinen. In een
tijd waarin de grens tussen deze twee gebieden steeds meer begint te vervagen,
denk ik dat jullie toentertijd een wijze, voorzienige stap hebben gemaakt. Tk ben
dan ook erg positief gesternd dat deze samenwerking tussen jullie afdelingen
wordt voortgezet.

Anton, jij loopt over van wetenschappelijk ideeén en inzichten. De discussies die
wij hebben gevoerd, leidden altjd tot vernieuwd of verbererd inzicht. Ook als
jij het niet eens was met mijn ideeén of voorstellen, was jij wel altijd bereid om
hierover te discussiéren. Wanneer ik met goede argurmenten aankwam, deed jij
dan ook nict moeilijk om je mening bij te stellen. Ik wens jou de komende jaren

nog heel veel succes, en ik ben benleuwd wat er nog uit jouw koker gaat rollen.

Joop, wellicht is het (ook) onze gedeelde herkomst uit Limburg, maar wij
hebben al die jaren behoorlijk op een lijn gezeten. Jij gaf mij het gevoel dat
i milj waardeerde voor zowel mijn wetenschappelijk bijdragen als voor mijn
soclzle bezigheden. Voor jou als clinicus is mijn werk niet altjd in eerste instantie
duidelijk geweest, maar jij wist wel altiid heel snel de spijker op zijn kop te slaan.
De afspraken op jouw kantoor om mijn voortzettingen door te nemen waren
vooral vaak een podium voor jou om je eigen meningen en ervaringen ten toon
te spreiden. Hierdoor heb il ook jou beter leren kennen, maar heb ik vooral vaak
hard moeten lachen. Ik ga er vanuit dat onze wegen zich nog lang mogen blijven
kruisen.

Geachte prof. Grosveld, dr. Vermeulen en dr. de Boer, hartelijk dank voor het
willen plaatsen nemen in de kleine commissie.

Geachte professor Schrander-Stumpel, beste Connie, Helaas ben jij vandaag
verhinderd om plaats te nemen in de grote commissie. Toch wil ik dit moment
aangrijpen om je te bedanken voor de mogelijkheid die je mij geboden hebtin 2001
om bij jouw afdeling Klinische Genetica in het AZM mijn co-schap wetenschappelijk
onderzoek t¢ volgen. Mijn reeds bestaande interesse in moleculaire celbiologie en
genetica is onder jouw begeleiding alleen maar toegenomen, en dat heeft mede
bijgedragen aan de totstandkorning van dit proefschrift.



Paranimfies. In volgorde van onze eerste ontmoetingen.

Sander, Sannnonnnilifieeee, wie had ooit in 1996 kunnen voorspellen dat
wij beste vrienden zou worden. Ik een naieve limburger, jij een “boer” met
houthakkerblouse uit de polder met oorbeilen. Samen hebben wij letterlijk de
wereld overgeviogen, zijn wij huisgenoten geweest en alles wat ons bezig houds,
is reeds meerdere malen of zelfs tot in den treure besproken. Het enige dat ik
mij afvraag is, waar is het Pitt-bier gebleven? Alles is denk ik samen te vatten in
een woord: “vangnetje”. Maar wat ook niet ongezegd mag blijven is dat ik jou en
Judje meer dan al het beste wens.

Evelyne: zie boven.
Paul/Lindy:

Paul, Paul”TJE” wat fijn dat jij er was tijdens dic cerste oersaaie cursus. Qua
humor zaten wij gelijk op een lijn, tot grote irritatie van menigeen. En nog steeds.
De afgelopen iaren is de humor slechts toegenomen, ben jij een goede vriend
geworden en dat moet dus nog lang voortgezet worden, Het kan dan ook niet
anders dat jij naast mi; staac vandaag,

Lindy, LAM, ik leerde jou voor het eerst kennen vlak voor je vader overleed. Tot
op de dag van vandaag had ik je graag eerder leren kennen, want dan had ik er toen
voot je kunnen zijn. Jij zorgde er in eerste instantie voor dat ik de rest van de gyn-
promovendi leerde kennen en het begon met lunchen op vrijdag. Totdat jij, Paul,
Ingrid en ik een keer gingen uiteten........... vanaf toen ontspoorde het en begon
het grote Promoveren-Festijn. Super dat Jij in je rokkostuum mij vandaag bijstaat.

Jullie beiden hebben miin promotieti;d verheven en tot cen groot feest gemaakt.
Ik ben zelfs Rotterdam enigszins gaan waarderen door jullie. Helaas moe(s)t dit
een gecensureerde versie zijn, maar een paat trefwoorden kunnen wel: koffiebar,
aap, Skihut, flugel, Che, Schiermonnikoog, noffie, iPhone, starslet, ex’je, “de
rode harde schiif 7, gehandicapten, bouwvakkers decolleté en Cumbridge. Maar
los van samen feesten en lol hebben, zija iullie er aitijd wanneer nodig. Voor
jullie vriendschap, aandacht, tijd en relativeringsvermogen ben ik jullie (eeuwig?)
dankbaar.

A@kiko, Iris, Kim en ja, ook jij Joost, de beginkern. Wat was het een genot
om met jullie allen tezamen in een hok mijn promote te starten. Het kamertje,
de discussies, de diverse persoounljkheden, de verschillende muzieksmaken en
vooral de uiteenlopende zangkwaliteiten, de borrels, het stappen en de ol in het
lab. Het begin was het beste,




Eskeatnaf, Bthiopean-turned-Belgian, jij kwam net wat later, helaas. De manier
en rust waarmee Jij en Heleen de afgelopen jaren alles hebben doorstaan, vind ik
bewonderenswaardig. Nog heel even en dan heb jij wat je toekomt. Nu nog iets
minder stug worden ;-).

Sharon & Olivier, jullic waren er vanaf het begin en hebben mij geintroduceerd
en wegwijs gemaakt bij de fertl. Jammer dat jullie zo snel weer vertrokken.

Jos, Esther, Eveline, Marja, Peng, Stephan, Annegien, Ruben, Bas, Chrtistina,
Nilhan, Catherina, dank voor jullie geduld, aanwezigheid en hulp in het lab.

Mariekutje, Kleinerwalserthal was het begin. Half-dood werd ik wakker in de
trein, en vervolgens heb ik nog nooit heb ik zoveel, zo lang, zo hard en zo irtitant
(voor anderen) achrer elkaar gelachen mer iemand die ik net leerde kennen. En
toen bleek je ook nog eens ontzettend leuk, aardig, lief en ook etwat te plannerig
te zijn. Dat jij niet mijn paranimf bent, waar ik dat wel voor jou was, zeg niets
over hoezeer ik je waardeer.

John en Nicolette, dank voor alle ontspannen uren in de koffiebar het afgelopen
jaar. Uren waarin even de promotie- en prive-gerelateerde stress gespuwd kon
worden, en daarnaast de voorbijgangers keitisch “besproken” mochten worden.
En John, thanks voor het supergezelschap tijdens de fly-drive-fly-congres-drive-
fly-fly vakantie. Onwijs veel succes, maar vooral stetkte als enige man onder de
gyn-promovendi.

Yvonne, Annelindy, Fatwa, Marijana, Dincke, Annepoes, Robert, Mariélle, “W”,
Sarah, Babs, Jashvant & Eveline (en de rest die ik vergeten ben), dank voor de
lunches, buiten en binnen.

Marjo, mijn persoonlijke wekker. Zelfs de zwijgzame veevervoer treinreizen in
de ochtenden waren leuk en wat ben ik dankbaar dat et een iPhone bestaat (et
Whatsapp). En I'loris is gewoon onzeker.

Bastiaan en Erik, 20 jaar kennen wij elkaar al. Wij zijn allemaal ons “eigen ding”
gaan doen, maax wij zijn elkaar nooit uit het oog vetloren. Wat ik het meest toffe
en relaxte vind aan jullie is dat ik een topavond kan hebben met jullie zonder
wat te zeggen, maar slechts aanwezig hoef te zijn {maar das puur theoretisch
natuurlijl). Al die jaren hebben zo’n basis verschaft dat het nlet witmaakt war
er gaat komen: jullie zijn vrienden voor het leven. Als wij nu ook nog eens tijd
zouden kunnen maken om dat wat vaker met elkaar te vieren!

Sasje, wij zien etkaar te weinig.



Indraatje, vanat de eecrste dag dat onze studie startte, zat het goed tussen ons.
Als ik bedenk wat wij samen allemaal bebben besproken en meegemaakt, is het
zo fijn om te weten dat jij nog steeds mijn vriendinnetje bent. Het feit dat ik
peetoom ben van Isabelle is de grootste eer die mij welgevallen 1s, ondanks dat ik
dat wellicht niet vaak laat merken.

Nathalie, lieve Pare]****, ook jij beat voor mij uniek. Slechts twee korte weken
liepen wij samen co-schappen (en ik was beter), maar dat was genoeg. Ook nu
zien wij elkaar amper, maar gelukkig zijn wij beiden gemaakt voor het mobiele
tjdpetk. Floe j3j het allemaal doet, 1s mij een raadsel. Vandaag mag ik, 10-G9-2011
mag jij (nog meer) schitteren.

Philipe, eigenlijk had jij op een andere plaats in dit dankwoord moeten staan. Ik
weet oprecht niet wat te zeggen.

Vincent, professioneel eter, drinker, stapper en dan nu ook slaper, maar ook
notoire bedil. Ik heb het geluk gehad dat ik jouw humor, gezelschap en ambitie-
drang langdurig en (te) vaak dagelijks van dichtbij hebben mogen meemaken.
Ik heb hier ten eerste zo ontzettend veel lol door gehad, maar het heeft me ook
ervan bewust gemaakt dat als jij mazar wil, je heel veel kan bereiken. Ik hoop dat
naast Amsterdam, ook jij genoeg slazpt.

Willem, CorPop, Frevke, Jarrik, Meta, Joep, Jasper, Serge en Mischa, met jullie
is het nooit saai. Jullie zijn aldjd een nicuwe bron van inspiratie en gespreksstof
en het is voor mij zo prettig om in gezelschap te verkeren van non-medici met
ambitie en humor. Laat K3 voort bestaan.

Arjen, onze wegen moeten elkaar menigmaal hebben gekruist in Maastricht, maar
het heeft mogen dutren tot Den Haag voor wij elkaar ontmoetten en leerden
kennen. Veel blijft ongezegd, maar volgens mij bedoelen wij hetzelfde. Vorig jaar
werd dat vooral duidelijk. Dank.

Hans, Hermine/ pap en mam, en Raphke, jullic wonen daar, ik woon hier. Het is
voor jullie vaak niet duidelijk of bij te houden wat ik allernaal doe. Het enige dat
voor mij belangrijk is, is dat ik weet dat jullie er altijd zijn en dat ik er altijd voor
jullic ben. Afgelopen maanden zijn plotsklap erg heftig voor ons allen geweest,
maar het heeft mij wel gedwongen tot een pas op de plaats. Soms zijn er intense
momenten nodig om bij je prioriteiten stil te staan. Ik ben nooit weg geweest,
maar ik ben er weer. Alles wat 1k gedaan heb, maar vooral heb kunnen doen,
hebben jullie mogelijk gemaakt. Ik hou van jullie.
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