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INTRODUCTION 

Each individual from a specific animal species has a characteristic number of chromosomes 

in the cells composing its body. All chromosomes within a cell are present in pairs: one chro

mosome of each pair comes from the mother and one from the father. In mammals, while 

most pairs of chromosomes, called autosomes, look the same in both males and females, 

one particular pair differs between the sexes. Females have two copies of the X chromosome, 

one from each parent, while males inherit one X chromosome from their mother and one Y 

chromosome from their father. Thus, it is the presence or absence of the Y chromosome that 

determines male or female sex, respectively. Usually the X and Y are very different in structural 

appearance, and they share little sequence similarity. The regulation and functions of the sex 

chromosomes differ in quite many aspects from those of the autosomes. The most relevant 

special features of sex chromosomes will be described in this chapter, embedded in an over

view of important chromatin regulatory events during spermatogenesis and early embryonic 

development. 

1.1 X and V chromosome evolution in mammals 

Virtually all therian mammals (eutherians, the placental mammals, and merarherians, the 

marsupials) have an XYIX.X sex-determining system, where male sex is determined by the 

dominant Y-borne Sry gene that triggers a cascade of events leading to testis development. 

Sry is a homo log of the X-linked Sox3 gene, and is not present in the genome of species other 

than the therian mammals. 

How the X and Y chromosomes initially evolved has been debated for decades. The most 

accredited hypothesis suggests that they have differentiated from a pair of autosomes carrying 

the Sox3 gene, after one of these autosomes acquired the sex determining Sry gene by muta

tion of the respective Sox3 allele. Confirmation of this assumption has been provided, among 

others, by the finding that all genes on the human and marsupial X are autosomal in platypus, 

one of the egg-laying monotremes (prototheria), implying that the therian X and Y began 

their differentiation from a pair of autosomes around 165 million years ago (MYA), soon after 

the divergence from the monorremes (Veyrunes et al., 2008). 

But how then, in the course of evolution, did an identical pair of autosomes end up being 

so different from each other, morphologically and genetically, as the X and Y nowadays are? 

After the initial acquisition of the male-determining gene on one member of a pair of au

tosomes, which gave rise to a pro to-Y chromosome, recombination must have become sup

pressed between the homomorphic proto-sex chromosomes, as a first step leading to the two 

heteromorphic chromosomes (Charlesworth, 1996; Rice, 1996). Currently available evidence 
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suggests that the elimination of recombination might have been achieved through chromo

somal inversions on the proco-sex chromosomes (Lahn and Page, 1999). In therian mammals, 

suppression of recombination seems to have progressed in multiple steps along the proto-sex 

chromosomes (Lahn and Page, 1999), allowing them to accumulate mutations independently 

and to become genetically distinct. 

Beyond their heterogeneity in gene content, the most striking difference between che X and Y 

chromosomes resides in their physical size, with theY chromosome being smaller than the X. 

Since there is no possibility for two Y chromosomes co be present in the same nucleus during 

the mammalian life cycle, this chromosome is completely sheltered from genetic recombina

tion with another Y chromosome, so that it is inherited from father co son in a clonal fashion. 

The X chromosome, on the other hand, can still recombine along its entire length in female 

meiosis, in oocytes. Various models have been proposed to explain the degeneration of the Y 

chromosome (Charlesworth, 1978; Orr and Kim, 1998; Rice, 1987). A common feature of 

these models is that the efficacy of narural positive or negative selection acting on individual 

Y-chromosomal genes becomes reduced on such a non-recombining chromosome, resulting 

into an increased accumulation of deleterious mutations, loss of function of most of its genes 

and final degeneration. Rapid loss of many Y chromosomal genes may have occurred already 

at the very beginning of mammalian X and Y evolution (reviewed in (Bachcrog, 2013)). 

The best known mammalian sex chromosomes are the human X and Y, closely followed by 

those of several other primates and the mouse. The human X is a medium sized chromosome 

(about 155 Mb) containing about 800 protein-coding genes (Ensembl Human genome as

sembly GRCh38). The X of other placental mammals has a similar size and gene content, as 

predicted by Ohno (Ohno, 1967), and even gene order (Raudsepp et al., 2004), except for the 

mouse X, which is highly rearranged. The marsupial X chromosome is about two-thirds the 

size of the X of placental mammals. Comparative gene mapping has shown chat the marsupial 

X is equivalent co che long arm and a proximal portion of the shore arm of the human X, che 

X-conserved region (XCR) (Glas et al., 1999). The shore arm of the human X is autosomal in 

marsupials (Graves, 1995), which means chat it originated by translocation of an aucosomal 

region to the eutherian sex chromosomes afrer divergence of marsupials and placental mam

mals. This region has therefore been called the X-added region (XAR). 

In man, the Y chromosome is about 60 Mb in size. Investigating the composition and 

gene content ofY chromosomes of different species is challenging, because their high content 

of repetitive sequences and their degenerative nature has excluded them from most genome 

sequencing projects. It was generally thought that theY chromosome would be poorly con

served, both in its gene content and arrangement among different species (Marshall Graves, 

2008), until two very recent srudies found evidence for long-term conservation of a key sec of 
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ancestral mammalian Y-linked genes (Bellott et al., 2014; Cortez et al., 2014). Comparison of 

Y-chromosomal sequences in various mammals revealed that, after abundant gene loss early 

in the evolution of theY chromosome (with only 3% of the ancestral pro to-sex chromosomal 

genes surviving on che "modern" Y chromosomes), a subsequent remarkable gene stability has 

been maintained across theY chromosomes of extant mammals. 

10 

BOXl. Meiosis 

In mammals, the transmission of genetic information from one generation to the next is 

achieved through sexual reproduction. Each new individual arises from fusion of a sperma

tozoon produced by the father with an egg derived from the mother. To generate a normal 

diploid organism (2n, 2C), gametes (spermatozoa and oocytes) must have a haploid DNA 

content (ln, lC). To achieve this, a single round of DNA replication, producing diploid 

cells with doubled DNA content (2n, 4C), is followed by two successive rounds of cell 

division during meiosis (le is the amount of DNA in a haploid gamete generated by the 

two meiotic divisions) (as represented in Figure lA and B). 

DNA replication takes place at the very beginning of meiotic prophase, so that all indi

vidual homologous chromosomes are present as two sister chromatids. In order to success

fully segregate chromosomes to haploid daughter cells in the first meiotic cell division, the 

homologous chromosomes (homologs) of the diploid genome must find each other and 

stably pair. Homolog recognition and pairing is promoted by DNA recombination inter

actions that are initiated upon formation of developmemally programmed DNA double 

strand breaks (DSBs). Following DSB formation, a speciali7..ed homologous recombination 

repair mechanism ensures that the proper parmer (the respective homologous chromo

some) becomes engaged in a stable pairing interaction. This interaction is then secured by 

the assembly of a proteinaceous structure between the homologs, the synaptonemal com

plex (SC). The formation of the se StartS with the accumulation of SYeP2 and SYeP3 

protein filaments along the chromosomal axes of the sister chromatids. These proteins form 

stretches of the axial elements (AE) of the SC at the beginning of meiotic prophase, in 

the meiotic prophase stage called leptotene. Subsequently, in zygotene, when homologous 

chromosome alignment is achieved, the transverse element (TE) protein SYeP1, in coop

eration with the central element (eE) components SYeEI, SYCE2, and TEX12, connects 

the homologous AEs. The appearance of SYeP 1 defines the moment of synapsis and the 

AEs in the completed SC are termed lateral elements (LEs). When synapsis is complete, 

the lengthy pachytene stage begins, and crossovers are formed. When DSBs have been 

repaired, leading tO the formation of crossovers or noncrossovers, the Se StartS to disas-
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semble at diplotene, and the homologous chromosomes, now held together at chiasmata 

(the X-shaped connections between the homologs, which are the visual representations 

of crossovers at metaphase), begin to separate. The segregation of the homologous chro

mosomes during the su?se_quent first meiotic division will give rise to two daughter cells 

containing only one copy of each chromosome, consisting of two sister chromatids (that 

are in fact no longer identical because crossing over has occurred) (ln, 2C). Subsequently, 

during the second meiotic division, the sister chromatids are separated from each other, in 

a process mechanically identical to separation of sister chromatids in mitosis. Together, the 

first and second meiotic divisions produce four genetically different haploid cells (1 n, 1 C) 

(Figure lA and B). 

Although the overall progression through the meiotic prophase stages and meiotic divi

sions is fundamentally comparable in male and female germ cells, significant sex specific 

differences are present. In mice, the first morphological difference between male and fe

male gonads begins at embryonic day 11.5 (Ell.5) with the migration of mesonephric 

cells into the male gonads, soon followed by formation of testis cords with precursor Sertoli 

cells, which enclose the primordial germ cells. These events do not occur in the gonads of 

female embryos, where the supporting cells differentiate a few days later to become the first 

granulosa precursor cells associated with germ cells passing through meiotic prophase up 

to an arrest in diplotene (dictyotene or dictyate arrest) around the time of birth (McLaren, 

2003; Peters, 1970). In contrast, the germ cells enclosed in the testis cords in the devel

oping male testes undergo mitotic arrest (McLaren, 2000). Meiosis in the male will first 

start at the onset of puberty and from then on will regularly initiate in cycles throughout 

further adult life, leading to the continuous production of spermarowa (Figure lB). In 

females, oocytes remain in dictyotene arrest until sexual maturity is reached, when during 

each reproductive cycle a small percentage of the pool of arrested oocytes (non-growing 

oocytes) begin to grow progressively, increasing more then 200-fold in volume. At the time 

when full growth is achieved (the diameter of a fully grown oocyte reaches 80 ftm), the 

oocytes become capable of re-entering the cell cycle but are maintained in meiotic arrest by 

the surrounding follicular cells. At ovulation, under strict hormonal control, the oocytes 

are stimulated to resume the first meiotic cell cycle and undergo the first meiotic division, 

which results in the production of a haploid secondary oocyte and a smaller haploid cell, 

which is the first polar body (Figure lA). The secondary oocyte begins the second meiotic 

division and then arrests again, now at the metaphase of meiosis Il. When triggered by fer

tilization, the second meiotic division will be completed, producing the female pronucleus 

and a second polar body (Figure lA). 
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Figure 1: Gametogenesis in female and male mouse 

Schematic drawing showing analogies in the process of maruration of the oocyte and the development of 

spermatozoa, following their respective pathways. 

(A) During oogenesis, oogonia enter the first meiotic division after a pre-meiotic DNA replication event. 

These meiotic cells, called the primary oocytes, progress through the first meiotic proph ase until the diplotene 

stage, at which point they are arrested (dicryotene or dictyate arrest) and are maintained until puberty or even 

longer. With the onset of puberty, groups of oocytes periodically resume and complete meiosis I upon ovu

lation. Cell division in meiosis I is asymmetric: almost all of the cytoplasm ends up in one cell with half the 

chromosomes, called the secondary oocyte. The remaining cell with little cytoplasm and the other half of the 

chromosomes, called the first polar body, is discarded. The oocyte then proceeds to enter meiosis I!, but be

comes arrested again, now at metaphase II. Fenilization induces the transition from metaphase II to anaphase 
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1.2 XV regulation in male meiosis: pairing of two heteromorphic sex 
chromosomes 

INTRODUCTION 

Being genetically and structurally very different, the fact that meiotic prophase has to deal 

with the X and Y chromosomes has been defined as the Achille's heel of male meiosis (BOXI) 

(Kauppi et al., 2011). While autosomes are entirely homologous and are hence able to pair 

from end to end, the X and Y are heterologous chromosomes which share only a small region 

of homology that enables pairing, the pseudoautosomal region (PAR). The human Y chro

mosome has two PARs: a large PARI (2.6 Mb) and a much smaller PAR2 (320 kb). Thus 

far, human is the only eutherian species known to have two PARs. Only PARI is required 

for pairing of the X and Y chromosomes during meiosis in men, and this region is common 

ro most eutherian mammals (Figure 2), with a gene order that has been fairly well conserved 

since its addition, together with the XAR, after the divergence of placental mammals and mar

supials. However, the boundary between PARI and the non-recombining region has shifted 

over evolutionary time, and both the size and the gene content of PARI differ among species 

(Raudsepp and Chowdhary, 2008; Raudsepp et al., 20I2; Skinner er al., 20I3) (Figure 2). 

Marsupials do not have a PAR region at all, and a different strategy to physically connect their 

sex chromosomes has evolved in this infraclass of mammals (Sharp, I982). The single mouse 

PAR is very small in size (around 700 Kb) (Perry et al., 200I), and contains only 3 genes (Sts, 

Asmt, and parr of Midi (Kasahara et al., 20IO), much fewer than the 24 genes in the hu

man PARI. Genes located within human PARI, when mapped in the mouse, are autosomal 

(Disteche et al., I992; Gianfrancesco et al., 200I). Rearrangemems and rapid evolution have 

shaped the PAR in the mouse lineage in a different manner (Perry et al., 2001). However, the 

mouse PAR, like the human PARI, plays an essential role in pairing and partial synapsis of the 

sex chromosomes in male meiotic prophase. 

II, leading co completion of oocyte meiosis and emission of a second polar body (which will degenerate). The 

production of egg cells via oogenesis occurs only from puberty to menopause. 

(B) The basic function of spermatogenesis is to turn each one of the diploid spermatogonia into four haploid 

spermatozoa. This quadrupling is accomplished through two subsequent and symmetric meiotic cell divisions, 

without loss of cells. During interphase before onset of meiotic prophase, the spermatogonial diploid chro

mosomal set is replicated to form chromosomes composed of two sister chromatids, giving rise to a primary 

spermatocyte that will go through the first meiotic division co form two haploid secondary spermatocytes. In 

meiosis II, these two cells go through a second division to yield four round spermatids, containing a unique 

set of haploid chromosomes, that ultimately mature into four ~permatozoa. Starting at puberty, a male will 

produce literally millions of sperm every single day for the rest of his life. 

n = ploidy number; C = DNA content. 
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As a consequence of the presence of the (largely) unsynapsed sex chromosomes during male 

meiosis (Figure 3A), an essential process defined as meiotic sex chromosome inactivation 

(MSC!) has been called into action in the therian lineage. 

Xpter 

t 
M-

f'( 

-A -
"' 

Sequence map of HSA Xp 

0 ~ 
g ~ 
c. \!) 

·------ -----------------+ 2.7Mb 

---- ----- ----- ... :: ::::- - , 
-=- ~ ~ 
~ ~~ 

Mouse 
0.7 Mb ... Xqter 

1.8Mb 

•
------------------------· 6.4Mb 

8.0Mb 

6.7Mb 

Figure 2: Pseudoautosomal regions of some eutherian species 

The physical domain of the pseudoautosomal region (PAR) lies between the terminal ends of the sex chromo

somes and the pseudoaurosomal boundary (PAB), a border across which the sequence homology between the 

X and Y chromosomes decreases. The PAB of the human PARI contains 24 genes and is demarcated by the 

XG gene (in bold characters) at 2.6 Mb from the tip ofHSAXp. The mouse PAR is approximately 700 kb and 

contains only 3 known protein coding genes. The mouse PAB is spanned by the Midi gene (in bold charac

ters). Thus far, the mouse PAR is the smallest and the gene poorest known among eutherians. 

The horse PAR is about 1.8Mb in size and contains I8 genes, itS PAB is located between PRKX and NLGN4X. 

Even though the equine PAR contains loci from an additional region beyond the human PARI , it is smaller 

than the human counterpart. The larger size of the human PARI is probably due to a greater abundance of in

tergenic repetitive sequences. The canine PAR is 6.6 Mb, contains at least 34 protein coding genes and extends 

proximal to SHROOM2. Similarly the cat PAB is also located between SHROOM2 and WWO . The porcine 

PAR is approximately 6.7 Mb and SHROOM2 representS the PAB also in this species. 
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BOX2. Epigenetics 

Chromosomal DNA is compacted by proteins called histones, and the resulting 

DNA-protein complex:, which includes also many other proteins interacting with histones 

or DNA, is called chromatin. There are five major families ofhistones: H1, H3, H4, H2A, 

and H2B. Histones H3, H4, H2A, and H2B are also defined as the core histones, while 

histone H1 is known as the Linker histone. Two each of the core histones come together 

to form a histone octamer core around which 146 bp of DNA is wrapped. This forms the 

basic structural entity of chromatin that is defined as a nucleosome. 

So far, only one H4 isoform has been identified, whereas the H1 , H3, H2A, and H2B 

families are composed of many histone variants, which can replace the canonical hiscones, 

thereby altering nucleosome structure, stability, and, ultimately, DNA accessibility. Mam

malian histone variants are classified into rwo major groups: those enriched in somatic 

cells, which can further be divided into replication-dependent and repHcation-independ

ent histones; and another group consisting of testis-specific hiscones (reviewed in (Maze et 

al., 2014)). 

Nucleosomes are assembled with the aid of specific histone chaperone proteins. For ex

ample, canonical histone H3 (which refers to H3.1 and H3.2) is deposited onto DNA by 

the histone chaperone CAFl during DNA replication-dependent nucleosome assembly, 

while the histone variant H3.3 is deposited by the histone chaperones HIRA and ATRX

DAXX. complex: in a replication-independent manner. 

Chromatin structure can be altered by modification of either DNA or histones, or both, 

affecting the way they interact with each other, and resulting in conformational chang

es and increased accessibility of the DNA to other factors. These non-genetic alterations 

are tighdy regulated by rwo major modifications: chemical modifications of the histone 

proteins (histone modifications) and of specific cytosine residues of DNA (DNA methyl

ation). Together, these non-genetic alterations form the basis for the so-called epigenetic 

information, which can be heritable when cells divide or even across generations. 

Histone modifications act in diverse biological processes such as gene regulation, DNA 

repair, and chromosome condensation. Several distinct classes of histone-modifying en

zyme can modify histones at multiple sites. There are at least eight distinct types of chem

ical modifications found on histones (Tan et al., 20 11). Covalent attachment to histones 

can create binding sites for other proteins or change the physical properties of the nucle

osome. Combinations of different histone modifications are thought eo constitute a code, 

the so-called histone code. Histones can also direcdy be displaced by chromatin remod

eling complexes, thereby exposing underlying DNA sequences to polymerases and other 
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enzymes (Smith and Peterson, 2005). 

DNA methylation is a biochemical process where a methyl group is added to specific 

cytosine residues of DNA (5-mC), and it generally relates ro gene silencing. The addition 

of methyl groups to DNA is carried out by a family of enzymes called DNA methyltrans

ferases (DNMTs). De novo DNMTS set new marks, leading to epigenetic programming, 

and maintenance DNMTs copy the methylation marks on the newly synthesized DNA 

strand in replication, making the marks heritable. Equally important is DNA demethyla

tion, the removal of a methyl group, which is necessary for the epigenetic reprogramming 

of genes. Demethylation of DNA can either be passive or active, or a combination of 

boch. Passive DNA demethylation usually takes place during replication rounds, when 

methylation is not maintained by DNMT1 on the newly synthesized DNA strands. Active 

DNA demethylation mainly occurs by the removal of 5-methylcytosine via the sequential 

modification of cytosine bases that have been convened by ten-eleven translocation (TET) 

enzyme-mediated oxidation. The TET family of 5-mC hydroxylases includes TETl, 

TET2, and TET3. These proteins may promote DNA demethylation by converting 5-mC 

to 5-hydroxymethylcytosine (5-hmC), 5-hmC eo 5-formylcytosine (5-fC), and 5-fC to 

5-carboxylcytosine (5-caC) through hydroxylase activity. The oxidized forms of 5mC can 

then be passively diluted (Inoue et al., 2011; Inoue and Zhang, 2011). In addition, 5fC 

and 5caC can also be removed through the base excision repair pathway which is triggered 

by the enzyme thymidine DNA glycosylase (TDG) (He et al., 2011; Kohli and Zhang, 

2013). These processes collectively result in a hypomethylated scare. 

One of the best studied epigenetic processes that usually involves generation of specific 

DNA methylation is known as genomic imprinting. Although one might expect chat genes 

from both parents contribute equally to embryo development, this expectation is contra

vened by genomic imprinting, where a subset of genes exhibits monoallelic, parental-spe

cific expression. The imprinting marks that generate such an expression panern are estab

lished in either the male or female gerrnline, depending on the gene, they are heritable, 

and can be maintained after fertilization and through mitotic divisions. Parental genomic 

imprints can be erased only in the germline of the offspring, where new epigenetic marks 

are established depending on the sex of the offspring. Uniparental embryos, constructed to 

contain only maternal (gynogenetidparthenogenetic embryos) or paternal (androgenetic 

embryos) diploid genome complements, fail eo survive beyond mid-gestation (McGrath 

and Solter, 1984; Surani et al., 1984) as a consequence of misregulaced expression of im

printed genes. 



INTRODUCTION 

1.2.1 Meiotic sex chromosome inactivation 

Chromosomes and chromosomal regions that do not become synapsed during meiosis un

dergo transcriptional silencing, in therian mammals (Kelly andAramayo, 2007). In the case of 

the unsynapsed X and Y chromosomes ~~ing male meiosis (Figure 3A), this silencing mech

anism is called meiotic sex chromosome inactivation (MSC!) (Burgoyne et al., 2009; Monesi, 

1965). MSC! is the best-studied example of a more general epigenetic silencing mechanism 

that silences sequences without pairing partners, known as meiotic silencing of unsynapsed 

chromatin (MSUC) (Baarends et al., 2005; Turner et al., 2005). MSUC in mammals takes 

place in chromosomal regions that fail to synapse, for example in the case when certain au

tosomal translocations are present, or when there is (partial) aneuploidy of autosomes or sex 

chromosomes. The downstream consequences of MSUC, in particular in the female, are not 

clear, but in theory MSUC would be a potentially hazardous process, especially if crucial 

genes are switched off. Thus, while MSCI is solely and always occurring during male meiosis, 

MSUC takes place in meiosis of both sexes, but only in aberrant situations, when certain 

pairing problems arise. 

In contrast with male and female infertility or reduced fertility that is associated with the 

occurrence of MSUC, males have evolved mechanisms to tolerate sex chromosome silencing, 

and MSC! has in fact become absolutely essential for male meiosis. Spermarocytes are able 

to cope with the loss of X-chromosomal gene transcription due to evolutionary adaptations 

which include the testis-specific expression of retrotransposed autosomal copies of several 

essential X-linked genes (Wang, 2004). Mutations that illsrupr synaptic pairing of autosomes, 

and thereby induce massive MSUC, usually disrupt MSCL This is caused by the fact that, 

when chromosome pairing is affected in a global manner, the proteins that meruare MSC! 

are redistributed to many autosomal sites and fail eo accumulate eo a high enough density 

at the sex chromosomes, allowing significant escape from MSC!, leading to X and Y gene 

transcription (Homolka et al., 2007; Turner, 2007; Zamuruo et al., 2008). This then leads 

to illegirimare toxic expression of X- and Y-linked genes, and to a specific phenotype that is 

called pachytene arrest. Thus, if MSUC is acrivated and as a consequence MSC! fails, this 

invariably results in male-limited sterility. For example, when YY pairing was achieved in XYY 

spermatocyres, thus preventing inacrivarion of the Y, this caused arrest and subsequent loss 

of these spermarocytes, most probably because of inappropriate Y-linked gene transcription 

(Royo er al., 201 0; Turner er al., 2006). 

MSC! and MSUC seem eo be the result of a similar molecular cascade, which involves the 

persistence of meiotic DSBs, in combinarion with the recognition of unsynapsed regions by 

proteins such as HORMADl/2 (Wojrasz er al., 2009). This activates a DNA damage response 
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pathway which leads to accumulation of BRCA 1 on the unsynapsed axes, and interdependent 

recruitment of MDC 1 and the ATM and Rad3-related kinase, ATR, to the XY axes as well as 

to the surrounding chromatin (Ichijima er al., 2011; Scully er al., 1997; Turner er al., 2006). 

This cascade of events leads to the MDC 1-dependent widespread phosphorylation of the his

tone variant H2AX at serine-139 (yH2AX) (Figure 3B) (Ichijima er al., 2011; Mahadevaiah 

er al., 2001). The accumulation of yH2AX represents an important epigenetic signal for trig

gering MSCI (Turner er al., 2004), as both H2AX and MDC1 knockout mice fail to properly 

form XY bodies and to undergo MSCI, leading to male sterility (Fernandez-Capetillo et al., 

2003; Ichijima et al., 2011). A recent study has also shown that ATR is the main kinase phos

phorylating H2AX to initiate XY inactivation, since conditional Atr ablation causes meiotic 

arrest and defective H2AX phosphorylation (Royo et al., 2013). Remarkably, once H2AX 

phosphorylation and XY silencing are established early in pachytene, absence of ATR in later 

meiotic sub-stages does not affect meiotic silencing stability (Royo et al. , 20 13). 

Subsequent to the accumulation ofyH2AX, other chromosome-wide histone changes occur 

on the heterochromatic XY chromosome pair, the so-called XY body, including the substi

tution of the canonical histone H3 (Figure 3C) by the variant H 3.3 (Figure 3D) (van der 

Heijden et al., 2007) and enrichment of macroH2A (mH2A) (Hoyer-Fender et al., 2000). 

In addition, several repressive histone marks (e.g., H 3K9me3) become specifically enriched 

on the XY body in pachytene spermatocyres, whereas other histone modifications normally 

associated with transcriptional activity are depleted compared ro the surrounding autosomal 

chromatin (van der Heijden et al., 2007). Furthermore, the transcriptional silencing estab

lished on the XY body via MSCI, becomes visible as a region depleted of RNA polymerase 

II (Figure 3E) and Cot1 DNA by mid-pachytene. The Cot-1 DNA probe is used to perform 

RNA FISH and allows to visualize repetitive sequences in intronic and 3' untranslated regions 

which emerge, upon gene transcription, into pre-spliced RNA (Turner et al., 2005). It is not 

clear if similar epigenetic dynamics accompany MSUC in both spermatocyres and oocyres. 

While transcriptional inactivation during male meiosis in mouse is cytologically marked by a 

more dense DAPI staining of the DNA in the region encompassing unsynapsed chromatin, 

in female meiosis unsynapsed chromatin is not compartmentalized in a clearly condensed 

region. 

For man, establishment of MSCI has also been reported, although X-linked gene silencing 

appears to be less complete compared to chimpanzee (Mulugeta Achame et al., 201 Oa). This 

evidence is supported by immunocyrological studies that point to a variation in the distribu

tion of the RNA polymerase II and Cotl DNA signal on the human XY body (de Vries et al., 

2012). Moreover, the human sex chromosomes in !are pachytene spermatocyres, miss an overt 

heterochromatic signature as based on the histone modification profiles normally observed on 
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Figure 3: MSCI 

Representative images of spread pachytene 

spermatocyte nuclei immunostained for 

proteins of interest. On the left, the DNA 

is coumerstained with DAPI (white), the 

companmentalization and heterochromatic 

state of the sex chromosomes enclosed in the 

dashed white circle can be visually appreci

ated. On the right, double immunostaining 

with (A) anti-SYCP3 and ami-SYCPl, (B) 

anti-SYCP3 (red) and anti-yH2AX (green), 

(C) anti-SYCP3 (red) and anti-H3.1/2 

(green), (D) ami-SYCP3 (red) and anti-H3.3 

(green), (E) anti-SYCP3 (red) and anti-RNA 

polymerase II CTD repeat YSPTSPS (phos

pho 55) (green). 

(A) The X and Y chromosomes (dashed 

white circle) are largely unsynapsed (SYCPI 

accumulation is observed only in the PAR 

region), as shown in the enlarged areas and 

explanatory drawings on the right. (B) The 

XY body is undergoing MSC! and therefore 

accumulates yH2AX. (C) By the time MSC! 

is initiated, histone H3.1/2 are evicted from 

sex chromosome chromatin and replaced by 

H3.3 (D). (E) When rranscriptional reacti

vation occurs on autosomal chromatin in 

spermatocytes, the X and Y chromosomes 

(dashed white circle) are transcriptionally si

lenced by MSC!. Clear depletion of the phos

phorylated (active) form of RNA polymerase 

II can be observed on the XY chromatin, 

compared to the overall level in the nucleus. 

19 



CHAPTER 1 

the mouse )0{ body (de Vries et al., 2012). Taken together, these observations evidence some 

levels of relaxation of MSC! in human. 

In conuast to eutherian mammals, the marsupial X and Y chromosomes do not share a 

PAR, so that )0{ pairing during male meiosis occurs in the absence of complete SC formation 

between any region of the two sex chromosomes. In this case, the physical interaction be

tween the heteromorphic sex chromosomes is then assured by the formation of a dense plate 

which attaches the ends of X and Y chromosomes. MSCI has been shown to occur also in 

marsupials during spermatogenesis, by Cot-1 RNA FISH and semiquantitative reverse tran

scriptase-polymerase chain reaction (RT-PCR) (Hornecker et al. , 2007; Mahadevaiah et al. , 

2009; Namekawa et al., 2007). Levels of expression ofX-linked housekeeping genes decline in 

meiotic spermatocyres in the opossum Monodelphis domestica (a much investigated marsupial) 

similarly to the reduction in levels of expression observed in mouse (Namekawa et al., 2006). 

Also in opossum, this X-linked gene silencing coincides with an increase in the level of expres

sion of BRCAl and ATR, and the association of yH2AX with the X and Y chromosomes in 

early pachytene. This suggests that the mechanisms by which MSCI is achieved might be fairly 

well conserved in all therian mammals. 

1.2.2 Post-meiotic sex chromosome repression 

Once the long meiotic prophase has been completed, the first and second meiotic divisions 

occur in rapid succession, generating haploid round spermatids. In these cells, the silencing 

of the X and Y chromosomes established through MSCI in meiotic prophase partially persistS 

in a process known as post-meiotic sex chromosome repression (PSCR) (Namekawa et al. , 

2006). Through microarray studies focusing on X-linked genes, it has been found that 87% 

of 676 genes on the X chromosome remain suppressed post-meiotically in mouse (Namekawa 

et al., 2006). This was comparable with pachytene spermatocyres, where 92% of X-linked 

genes were repressed. Yet, a significant number of X-linked genes become post-meiotically 

reactivated. These include many multi-copy genes (Mueller et al., 2008), but also some sin

gle-copy X-linked genes have been found to be re-expressed (Hendriksen et al., 1995; Mu

lugeta Achame et al., 2010b). The specific reactivation of these single-copy genes might serve 

important functions during spermiogenesis (see below) and early embryonic development. 

In a haploid round spermatid, either the X or the Y chromosome can be visualized as a DA

Pl-dense domain located next to the chromocenter. The chromocenter is a cluster of consti

tutive heterochromatin, which typically includes the centromeric and pericenuomeric regions 

of chromosomes. The persistence of an overall repressive state on these chromosomes can be 

identified by means of histone modifications associated with a heterochromatic state, such as 

H3K9me3, which remain on the sex chromosomes post-meiotically (Khalil et al., 2004; van 
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der Heijden er al., 2007). The hisrone variant H2A.Z is also enriched at heterochromatin 

domains of postmeiotic haploid spermatids, including at the sex chromosomes (Greaves et al., 

2006), although its functional role during spermarogenesis remains unknown. 

PSCR is maintained also in human round spermatids (Mulugera Achame et al., 2010a; 

Sin et al., 2012), although the stringency of the transcriptional silencing imposed on X- and 

Y-linked genes compared to mouse is still under debate. In addition, the profiles of genes es

caping from posrmeiodc silencing are significantly divergent between human and mouse (Sin 

et al., 2012). This raises some quescions about the possible implications of these changes and 

the actual relevance of maintenance ofPSCR or escape from PSCR at the single-gene level. 

In opossum, PSCR shares features with eutherian PSCR (Hornecker et al., 2007; Nameka

wa et al. , 2007). As observed in mouse and man, sex chromosomes in opossum spermadds 

are depleted for Cot-1 , retain their DAPI-imense staining, and continue to be enriched for 

heterochromatic marks (Namekawa er al., 2007). These data provided strong support for the 

hypothesis that, just as in eutherians, the posrmeiotic X of opossum, and possibly also that of 

other marsupials, is rranscriptionally suppressed. 

1.3 Spermiogenesis 

Spermiogenesis, the final stage of spermatogenesis, is a unique process during which haploid 

round spermatids develop into testicular spermatozoa. Its successful completion, followed by 

maturation of spermatozoa in the epididymis (which includes a gain of the capacity for for

ward motility), is necessary for the generation of sperm with fertilizing capability. 

Fully developed testicular spermatozoa are formed by condensation of nuclear chromatin, 

elongation of the nucleus, formation of the acrosome, formation of a single and large flagel

lum and loss of residual cytoplasm. In addition to extensive morphological and cyroplasmic 

changes, the haploid round spermatids undergo extensive chromatin remodeling to develop 

into spermatozoa. 

1.3.1 The histone-to-protamine transition 

To reach the oocyte, the sperm must travel along both the male and female reproductive 

tracts. The sperm nucleus adopts an extreme stare of condensation, made possible via the 

replacement of canonical histone proteins (BOX2) by smaller and highly basic arginine-rich 

proteins, called protamines (Doenecke et al., 1997; Govin er al., 2004). This condensation 

enhances motility of the spermatozoon and protects its DNA content from damage. When 

round spermatid elongation commences, a wave of histone hyperacetylation most likely pro

vides an accessible environment for the final histone eviction and subsritudon with transition 

proteins (TPs) and subsequently proramines (Gaucher et al. , 2010). 
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The TPs are intermediate proteins between the histone-to-protamine transition. In mouse, 

there are two major TPs, TP1 and TP2, that first replace the majority of histones during 

spermatid elongation and the initiation of condensation. Single Tpl or Tp2 knockout mouse 

models are fertile (displaying only minor sperm abnormalities), and this indicates that these 

two proteins might perform complementary functions (Yu et al., 2000; Zhao et al., 2001). 

Indeed, mice lacking both TPs are sterile and show major problems in spermatid nuclear con

densation and genome imegrity (Zhao et al., 2004). 

The mouse genome encodes two protamines, PRM1 and PRM2, that replace the TPs as 

spermatid condensation proceeds. Attempts to generate single-gene knockouts failed, due 

to haploinsufficiency of either gene, resulting in severely aberrant spermatogenesis and male 

infertility (Cho et al., 2001). The link between abnormal protamine levels and infertility is in

triguing, because abnormal protamine expression has been associated with low sperm counts, 

decreased sperm motility and loss of normal morphology, diminished fertilization ability and 

increased sperm chromatin damage also in man (reviewed in (Oliva, 2006)). 

Protamine incorporation induces a conformational change in the packaging of the chroma

tin. The protamine bound DNA in sperm is approximately 6-20 folds more compact than a 

chromatin structure built from nucleosomes (Balhorn et al., 2000; Ward and Coffey, 199 1). 

Although the replacement of histones by protamines occurs in a genome-wide fashion, a 

certain fraction of histone-based nucleosomes remains associated with the sperm genome. 

The amoum of residual nucleosomes that are retained in mature sperm ranges from approx

imately 1% in the mouse (Balhorn et al., 1977) and 15% in human (Bench et al., 1996; 

Gatewood et al. , 1987) to over 50% in some marsupial species (Soon et al., 1997).Nucle

osomes retained in spermatozoa may influence development of early embryos and epigenetic 

inheritance (BOX2). Therefore, the genomic loci associated with retained nucleosomes in 

sperm are of great interest. Several studies examining histone retention in mouse and human 

sperm reported marked retention of nucleosomes in the promoter regions of genes implicated 

in early developmem (Erkek et al., 2013; Hammoud et al., 2009). Contrary to these previ

ous reports, very recencly, two independent groups provided evidence for the predominant 

retention of sperm nucleosomes at genome regions devoid of protein-coding sequences, gene 

deserts, in mouse, human, and bovine sperm (Carone et al. , 2014; Samans et al., 2014). An

other line of evidence suggesting that histone retention in sperm might primarily occur over 

repeat elements comes from immunostaining studies on mature mouse sperm, which revealed 

colocalization of histones with the repeat-rich sperm chromocem er (Govin et al., 2007; van 

der Heijden et al., 2006). Some of the discrepancies between studies on nucleosome retention 

in mouse spermatozoa migh t result from differences in the extent of micrococcal nuclease 

(MNase) digestion of the isolated sperm chromatin, and the debate about the localization 
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and significance of sperm-retained histones is still ongoing. Consensus on the genome-wide 

distribution of the nucleosomes retained in mammalian spermatozoa, including a compari

son of species from different orders, would provide an important basis for understanding the 

mechanisms of early development and epigenetic inheritance. 

1.4 Fertilization 

At fertilization, one oocyte and one spermatozoon fuse to give rise to the 1-cell zygote (Fig

ure 4A). Before reaching its final destination, there is still one major obstacle that the sperm 

cell must overcome: the zona pellucida (ZP), a relatively thick extracellular coat that sur

rounds the plasma membrane of mammalian eggs, with the perivitelline space in between 

the ZP and the plasma membrane. The ZP is laid down during the final stages of oogenesis 

when the non-growing oocytes enter their growth phase. As oocytes increase in diameter, the 

ZP increases in thickness. The mouse egg ZP is around 7 filll thick and consists of an exten

sive network of interconnected filaments of glycoproteins (Wassarman and Mortillo, 1991). 

Free-swimming spermatozoa must recognize the ZP and stably bind to it. Once bound, sper

matozoa are induced to undergo the acrosome reaction, which releases proteolytic enzymes, 

and together with tail movement this enables the sperm to traverse the ZP and reach the 

plasma membrane. Fusion of the cellular membranes constitutes the key fertilization event 

and allows the sperm nucleus, with the paternal genome, to enter the oocyte. 

A key event resulting from sperm-oocyte fusion is an increase in the level of Ca2• in the 

oocyte cytoplasm. This activates the oocyte, arrested at metaphase II, and triggers the resump

tion of the second meiotic division. Oocytes can also be activated artificially by mimicking 

the calcium oscillations induced during natural fertilization. In the mouse, strontium chloride 

(SrCl), which is able to induce repetitive calcium rises, is most commonly used as activating 

agent. Artificial activation can be used, for example, to obtain parthenogenetic mammalian 

embryos, with only a maternally inherited diploid genome. A diploid genomic constitution 

can be maintained in these embryos because extrusion of the second polar body is inhibited 

by exposing the oocytes to cytochalasin B during artificial activation. 

After the Ca2•-dependent activation triggers the metaphase II to anaphase transition, mei

osis is completed and a second polar body is extruded into the perivitelline space. At this 

point, the haploid parental genomes remain physically separated in the paternal and maternal 

pronuclei, and start undergoing structural and chemical changes. In particular, rapidly after 

entry into the ooplasm, the highly condensed chromatin of the sperm head becomes remod

eled into the decondensed chromatin of the male pronucleus. This remarkable morphologi

cal change depends on the replacement of the sperm-specific protamines by oocyte-supplied 

histones and the organization of the chromatin into nucleosomes, a process defined as the 
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protamine-to-histone transition (Figure 4A and B). This chromatin reorganization leads to an 

epigenetic asymmetry between the two parental genomes (see below). 

After this, the haploid genomes enclosed in the female and male pronuclei are replicated. 

Then, the membranes of the pronuclei are broken down, and the genomes organize into the 

first mitotic spindle of the zygote. The first mitotic division marks the progress from the zy

gote to the embryo. 

B d 

d 
9 
d 
9 
d 
9 

Fertilization Zygote 

Figure 4: Parental epigenetic asymmetry in the zygote 

H33 

H3K9me2/3 

H3K4me3 
H3K27me3 

SmC 

(A) Before penetration of the oocyte by the spermatozoa, the maternal chromosomes are aligned on the meta

phase II spindle (MII bump). Embryonic development scares with fertilization, when a single sperm cell pene

trates the plasma membrane of the oocyte and delivers ics haploid genome inco the oocyte. This evem triggers 

the oocyte to complete the second meiotic division, followed by the extrusion of the second polar body, and 

leads to the formation of a diploid cell, the zygote. In mice the paternal pronucleus is larger than the maternal 

one. During the progression of the cell cycle, the two pronuclei approach each other coward the cenrer of the 

oocyte. The subsequent mitotic division generates the 2-cell stage embryo. 
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1.4.1 The epigenetic asymmetry between maternal and paternal chromatin 

Within the first 3 hours after entry into the oocyte, the sperm chromatin undergoes exten

sive, active remodeling, while the maternal chromatin is relatively stable. Since paternal pro

tarnines are stripped off the DNA and replaced with oocyte-supplied histones, this contributes 

to an epigenetic asymmetry between the maternal and paternal chromatin, which comes in 

addition to an epigenetic asymmetry at the level of DNA methylation (described below). 

One major difference in chromatin composition between the two pronuclei arises from the 

obligatory incorporation of the H3.3 histone variants into the "naked" paternal DNA, since 

this is the only H3 variant that can be incorporated in a DNA replication-independent man

ner (Loppin et al., 2005; Torres-Padilla et al., 2006). The maternal pronucleus, on the other 

hand, is loaded mainly with canonical H3 histones, H3.1 and H3.2, and maintains the same 

chromatin state of the oocyte (Figure 4B) (van der Heijden et al., 2005). 

Before the onset of the first S phase, the parental pronuclei display also different histone 

modifications (Bunon and Torres-Padilla, 2010). Compared to maternal chromatin, the new

ly formed paternal chromatin contains hyperacetylated histones (Adenot et al., 1997; Santos 

et al., 2005). In terms of histone methylation, with the exception of mono-methylated histone 

H3K4, H3K9 and H4K20, no methylated histone residues have been detected in the paternal 

pronucleus, while the maternal pronucleus contains regions enriched for different histone 

methylation marks, similar to what can be observed in oocytes (van der Heijden er al., 2005). 

Following replication of DNA in the pronuclei and incorporation of replication-depend

ent histones in the zygotic genome, the asymmetry between the two parental genomes, in 

terms of histone variants and histone acetylation and methylation marks, mostly disappears. 

H3K9me2/3 marks represent an exception, as this modification continues to specifically dec

orate only the maternal genome after the firstS phase (Liu et al., 2004), up to the 8-cell stage 

(Figure 4B) (Puschendorf et al., 2008). 

On top of the epigenetic parental asymmetry at the level of chromatin composition, there 

is also a differential reprogramming of global DNA methylation between the paternally and 

maternally inherited genomes. In fact, the paternal genome undergoes a remarkable glob

al oxidation event converting 5mC to 5hmC through TET3-dependent activity (Gu et al., 

(B) Concurrent wirh sperm decondensation and formation of rhe paternal pronucleus, protamines are ex

changed for histones, resulting in nucleosomal chromatin. At this developmental time point, histone H3.3 

is preferentially deposited into rhe male pronucleus. H3.3 incorporation in rhe maternal genome is nor ob

served until the late pronuclear stage. Funhermore, rhe paternal genome is devoid of trimethylation marks. 

This asymmetry is completely lost at rhe 2-cell stage, except for H3K9me2/3 marks. The paternal DNA also 

shows a high level of cytosine hydroxymethylation and seems to undergo demethylation much faster than the 

maternal genome. 

25 



CHAPTER 1 

2011; Iqbal et al., 2011; Wossidlo et al., 2011). In contrast, che maternal genome does not 

acquire any significant amount of 5hmC (Figure 4B). This has led to the general view chat 

che paternal genome is actively demethylated, while che maternal genome undergoes gradual 

passive 5mC dilution over subsequent cleavage divisions and DNA replication in che absence 

of maintenance methylation (Rougier et al., 1998). In chis respect, it has been hypothesized 

chat the specific H3K9me2 enrichment on che maternal pronucleus may function to protect 

it from che active removal of 5mC marks, which occurs on the paternal pronucleus during 

the early phase of zygotic development (Nakamura et al., 2007; Nakarnura et al., 2012; Szabo 

and Pfeifer, 2012). 

New light has been shed by two independent recent works (Guo et al., 2014; Shen et al., 

2014) on che DNA demechylation dynamics in mouse zygotes. Both studies demonstrat

ed that, in the paternal genome, demethylation downstream of 5hmC occurs mostly by a 

5hrnC-replication-dependem pachway. Furthermore, boch maternal and paternal genomes 

seem to use a combination of active and passive (at the 5mC or 5hmC level) demethylation 

processes before the first mitotic division, although che extent ofTET3-dependent maternal 

DNA demethylarion is much less pronounced compared to that for paternal DNA (Guo et 

al., 2014; Shen et al., 2014). 

Some other striking differences in histone modifications between che male and female pro

nuclei can be observed on rhe heterochromatic domains containing pericenrric satellite DNA. 

Maternal pericentric regions exhibit classical constitutive heterochromatic marks, such as 

H3K9me3 and che associated HP 1j3, inherited from che oocyte (Probst and Almouzni, 20 11; 

Santos et al., 2005). These features are nor present on paternal pericentric regions, which are 

originally devoid of heterochromatic marks after fertilization. At the time of che first round of 

DNA replication, paternal pericentric regions acquire a form of facultative heterochromatin 

under rhe control of che Polycomb repressive complex 2 (PRC2) (Puschendorf et al., 2008). 

This complex has histone mechyltransferase acciviry and catalyzes H3K27me3 on paternal 

heterochromatin (Puschendorf et al. , 2008). Remarkably, chis parental asymmetry becomes 

abolished when che H3K9 mechylrransferase SUV39H2 is inactivated. In chis case, che ma

ternal heterochromatin becomes also coated by H3K27me3 marks, similarly to che paternal 

heterochromatin (Puschendorf et al., 2008). 
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BOX3. Pre-implantation embryo development 

During its development, the early embryo undergoes a series of cleavage divisions which 

produce increasing numbers of progressively smaller cells, known as blastomeres, without 

increasing the overall volume of the embryo, which remains enclosed by the ZP until 

hatching and implantation (Figure 5A). 

Soon after fertilization, the zygote is transcriptionally quiescent, and development is di

rected by maternally provided proteins and mRNAs present in the oocyte cytoplasm (Fig

ure 5B) (Wang et al., 2004). Subsequently, transcription of mRNA encoded by the zygotic 

genome begins around the time of the first cleavage division during a process known as 

zygotic genome activation (ZGA) (Schultz, 2002). ZGA takes place in two phases, in the 

mouse: an initial minor burst of zygotic uanscription begins before the first mitosis, fol

lowed by a second, larger burst at the two-cell stage, which is accompanied by degradation 

of maternal uanscripts (Figure 5B) (Aoki et al., 1997; Hamatani et al., 2004). 

Following two additional cleavages, the eight-cell embryo undergoes compaction through 

the development of intercellular adhesion and junctions, producing a tightly organized 

morula, where individual cells are no longer loosely attached to each other. When a morula 

has about 32 cells, some fluid starts to accumulate in the intercellular space between blas

tomeres forming a cavity, in the process of cavitation (Smith and McLaren, 1977), and the 

embryo is now called blastocyst. By this point, a first differentiation event segregates the 

outer trophectoderm (TE) from the pluripotent inner cell mass (I CM) (Figure 5B). 

The blasrocyst keeps expanding and growing in cell number, until by E4.5 it "hatches" 

from the zona pellucida, ready to implant into the uterine wall. At this time point, the 

blastocyst is composed of three distinct cell lineages. Only one of these lineages, the pluri

potent epiblast (EPI) , contributes to the embryo itself, while the other two lineages, the 

uophectoderm (TE) and the primitive endoderm (PE), become exua-embryonic tissues 

(Figure 5B). The TE is responsible for the implantation of the embryo into the uterus and 

will form the fetal part of the placenta. The PE becomes the parietal and visceral endoderm 

after implantation, which later contributes to the umbilical vesicle (formerly known as the 

yolk sac) (Gardner, 1983). 
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Zygote 2-cell 4-cell 8-cell 

B Mate mal mRNA 

Figure 5: Pre-implantation embryo development 
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(A) In pre-implantation mouse embryos, subsequent mitotic divisions (known as cleavages) generate blas

tomeres without increasing the total cytoplasmic volume of the embryo. After the 8-cell stage, cell adhesion 

increases and blastomeres flatten up on each other, a compaction process which results in a spherical cell 

aggregate known as the morula. Around the 16-cell to 32-cell stage of the morula, outer cells mature into an 

epithelium with tight junctions between cells, and start to pump fluid from the outside into the inside of the 

embryo. The fluid accumulates in the intercellular spaces, leading to the formation of a cavity of gradually 

increasing size. The embryo is now called a blastocyst. Clustered on one side of this cavity is the pluripotent 

inner cell mass (ICM) (pink colored cluster), and the epithelial outer cells form the trophectoderm (TE) (red 

colored cells). The mature blastocyst continues to pump fluid into the cavity, hatches from the zona pellucida 

and eventually makes contact with the uterus, which marks the start of implantation. Around the same time, 

the ICM has completed a second lineage divergence into the primitive endoderm (PE) (green cell layer) and 

the pluripotent epiblast (EPI) (which is surrounded by primitive endoderm and trophectoderm). Only cells 

of the EPI form the embryo proper, whereas the TE and the PE develop into extra-embryonic tissues, such as 

the placenta. 

(B) Representation of major events during preimplantation development that line up with the stages shown in 

(A). Maternal mRNA degradation, the minor and major phases of zygotic genome activation (ZGA), and the 

temporal onset of the first and second cell fate decisions. 
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1.5 Equalizing X-linked gene expression between sex chromosomes and 
autosomes in both sexes 

An intriguing consequence of having unequal sex chromosomes in males versus females is 

the dosage difference in X-linked genes between males and females. Because males have only 

one X, single-copy genes on this chromosome are present in single copy in XY cells, whereas 

two copies of these genes are present in female cells (XX). Female cells also have twice the 

number of multi-copy X-linked genes. 

It has always been expected chat appropriate dosage compensation of X-linked gene ex

pression between the sexes (Lyon, 1961), and relative to the aurosomes, would be critical 

for life {Nguyen and Oisteche, 2006). It is thought chat X-linked genes are upregulated to 

achieve a two-fold increase in their expression, which will equalize X-linked gene expression 

with chat of autosomal genes (Deng et al., 2011). In view of the imbalance in the number of 

X chromosomes between the sexes in mammals, this has led to the eo-evolution of a dosage 

compensation mechanism involving the transcriptional inactivation of one X chromosome in 

female cells, a phenomenon defined as X chromosome inactivation (XCI). 

In order for XCI to occur, the presence of the X-linked X inactivation center {Xic) is nec

essary. In particular, two genes producing noncoding RNAs and located in the Xic are the 

major players in this process: Xirtand Tsix. TheXistgene, or X-inacrive specific transcript, was 

discovered due to its specific expression from the inactive X chromosome in female cells. This 

RNA has the unique property to "coat" the chromosome from which it is produced, leading 

to transcriptional inactivation of the coated X, by the recruitment of various chromatin-mod

ifying proteins. Xist RNA is known to recruit the Polycomb repressive complexes 1 (PRC1) 

and 2 (PRC2), which then mediate enrichmenr of the entire inactive X with repressive histone 

modifications, such H2AK119ub and H3K27me3. 

Tsix ("Xisi' backwards) is Xisis antisense partner. The term "antisense" refers to the fact chat 

part of Tsix is complemenrary in sequence to Xirr, because the genes are partly overlapping 

but transcribed in opposite directions. There is an inverse relationship between Tsix and Xirt 

expression: when Tsix transcription is reduced on one X, Xist expression increases on chat same 

chromosome and then the Xist RNA mediates inactivation of the X chromosome in cis (Lee 

and Lu, 1999; Sado et al., 2001). In conrrast, overexpression of Tsix prevenrs an increase in 

Xist expression and blocks inactivation of chat same X (Luikenhuis et al., 2001; Stavropoulos 

et al., 2001). Expression of Tsix is thus required to ancagonizeXiston the future active X. 

In addition to these two non-coding and cis-acting genes, XCI is mediated also by X-linked 

XCI activators that act in a dose-dependent fashion to sense the number of X chromosomes 

presenr per diploid genome {Monkhorst et al., 2008). In particular, the X-encoded E3 ubiqui

tin ligase RNF12 is an important trans-acting XCI-activator Qonkers et al., 2009; Shin et al., 

29 



CHAPTER 1 

2010). RNF12 is responsible for the ubiquitinarion and proteasomal degradation of REX1, 

a pluripotency factor that, when present at the appropriate threshold concentration, inhibits 

Xist transcription, thereby blocking initiation of XCI (Gontan et al., 2012). 

In mouse preimplantation female embryos, the X chromosome of paternal origin always 

becomes specifically inactivated. Because of this parental bias, this type ofX-inactivation has 

been defined as imprinted XCI (iXCI). Studies on Xist expression, using RT-qPCR analysis, 

demonstrated that paternally imprinted Xist expression occurs from the 4-cell stage onwards 

in female preimplantation embryos (Kay et al., 1993). These results have been subsequently 

confirmed also by RNA-FISH analysis, which showed that Xist expression from the Xp is 

manifested as cis-accumulation of stable transcripts in cells of 8-cell stage female preimplan

tion embryos (Okamoto et al., 2004). 

Ar the blastocyst stage, the extra-embryonic tissues, including the primitive endoderm (PE) 

and the trophectoderm (TE), maintain the imprinted stare of Xp inactivation (Takagi and 

Sasaki, 1975). However, the epiblast lineage reactivates the Xp and undergoes a new round 

of XCI without a dominant parent-of-origin bias, rhus defined as random XCI (rXCI). The 

epiblast will give rise to the somatic cells of the developing embryo, where this pattern of 

randomly inactivated X chromosomes will be maintained rhroughour further cell divisions 

during embryogenesis. 

To investigate Xist function, two groups engineered large deletions, removing either the 

promoter and first exon of the Xist gene (Penny et al., 1996) or the majority of exon 1 through 

exon 5 (Marahrens et al., 1997). Xist deletions are always lethal when inherited from the father 

(Xp~st), but not when inherited from the mother. This parent of origin-specific lethality is 

due to the total lack of XCI in the extraembryonic tissues, indicating that Xist is required fo r 

imprinted silencing of the Xp (Marahrens et al., 1997). Since the Xm, which bears a function

al Xist allele, does not up regulate Xist to compensate for the lack of inactivation of the Xp, it 

appears that the imprinting mechanism cannot be overridden. Conversely, Tsix promoter de

letions have the opposite parent-of-origin effect. Tsix deletions are lethal only when inherited 

from the mother (Xmb. Tsix), owing to ectopic Xist expression and X inactivation of the Xm 

(as well as of the Xp) in most extraembtyonic cells (Lee, 2000; Sado et al., 200 1). As expected 

for genes with opposite effects on the same process, a paternally inherited Xist deletion can be 

rescued by maternal inheritance of a Tsix deleted allele (Sado et al., 2001). The defects associ

ated with either a paternal Xist or a maternal Tsix deletion are limited to the extraembryonic 

tissues, as XCI in the embryonic tissues in these genetically manipulated embryos can be ini

tiated on either X chromosome due to the random choice mechanism, meaning that the one 

X carrying an intact Xic will be inactivated in all cells. In such a situation, embryonic lethality 

is thus due to extraembryonic defects. 
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Although major progress has been made in our undemanding of Xist regula cion, very little is 

known about the nature or locacion of the imprint(s) that regulate iXCI. Theorecically, it can 

be proposed that the maternal X chromosome (Xm) is imprinted, by some mechanism (see 

below), to remain active, or that the paternal X chromosome (Xp) is imprinted to be inacti

vated (Lyon and Rastan, 1984). These possibilities are not mutually exclusive. 

Important mechanistic insights into iXCI in mice have come from studies on embryos show

ing uniparental disomy for the X (summarized in Table 1). In androgenetic embryos, where 

the X chromosomes are always of paternal origin (XpXp and XpY), Xist up-regulation has 

been shown for each Xp, regardless of the number of X chromosomes present in the embryos 

(Okamoto et al., 2000). In contrast, in gynogenetic and parthenogenetic embryos (XmXm), 

maternal Xist expression has never been reported until the 16-cell stage (Goto and Takagi, 

2000; Matsui et al., 2001 ; Nesterova et al., 2001). Furthermore, in gynogenetic embryos 

generated by fusion of haploid genomes from non-growing (ng) and fully grown (fg) oocyres, 

the X chromosome derived from ng oocytes is inactivated in the extra-embryonic lineages, 

whereas the fg X chromosome never undergoes imprinted XCI. This would be consistent with 

the acquisition of an epigenetic mark on Xm during oocyte growth (Tada et al. , 2000), which 

presumably acts to repress expression of Xist from Xm. 

Taken together, these studies indicate that early Xist expression is governed entirely by par

em of origin effects. Furthermore they suggest the presence of a strong imprint on the ma

ternal X chromosome to remain active early on during embryogenesis. However, in the field, 

the nature of the imprint of the Xci on the X.m is still controversial and does not seem to rely 

on DNA methylation as one would expect based on autosomal imprinted loci (Chiba et al., 

2008; Kaneda et al., 2004). Conditional deletion of both Dnmt3a and Dnmt3b in the female 

germline (which abolishes the methylation of imprinted loci) did not lead to Xist expression 

from the Xm in the progeny (Kaneda et al., 2004). Furthermore, an inactive X chromosome 

has been detected in parthenogenetic XmXm embryos at the morula stage (Nesterova et al., 

2001), indicating that the Xm imprint can be overridden at some point, only when the Xp is 

absent. Instability of the possible parental imprint of the Xic also during normal development 

is indicated by the fact that when cells of the epiblast differentiate and initiate X chromosome 

inactivation during postimplantation embryogenesis, they undergo random XCI. 

Only very recently, Fukuda et al. (2014) has provided evidence that the Xist promoter on 

the Xm is repressed by H3K9me3 enrichment (Fukuda et al., 2014). In order to facilitate the 

analysis ofXm-Xist expression, these authors used parthenogenetic embryos, thus possessing 

rwo X chromosomes of maternal origin. By ectopically expressing Kdm4b, which encodes a 

lysine demethylase enzyme, it was demonstrated that loss of H3K9me3 at the Xist promoter 

leads to precocious Xm-Xistactivation at the 4-cell stage (Fukuda et al., 2014). Furthermore, 
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a high H 3K9me3 level was detected in the Xm-Xist promoter region of 4-cell parthenogenetic 

embryos, by ChiP-qPCR (Fukuda et al., 2014). This enrichment was subsequently mark

edly reduced by the morula stage, which is consistent with the Xm-Xist derepression ob

served in parthenogenetic morulas by this stage (Nesrerova er al., 2001). Inhibition of histone 

deacetylase by trichostatin A (TSA) treatment, also activated Xm-Xist, indicating that there is 

also an histone acetylation-mediated Xm-Xist activation (Fukuda et al., 2014). This finding 

was nor specifically addressed by the authors, and it cannot be excluded that other repressive 

marks may regulate the Xm-Xist promoter, since the level ofXm-Xist expression reached in 

parthenogenetic blasrocysts injected with Kdm4b mRNA and/or treated with TSA was not 

as high as compared to normal female blasrocysts. Further studies aimed at deciphering Xist 

regulation during i.XCI will thus be very important. 

The possibility of a paternal imprint, which leads to the Xp being more prone to inacti

vation, is not definitely excluded. Studies on embryos with a XpO genotype demonstrated 

that the Xp is not irrevocably destined to become inactivated, allowing normal embryonic 

development ofXpO embryos, with an active X chromosome (Papaioa.Onou and West, 1981). 

Nevertheless, XpO embryos develop less well than XmO embryos and exhibit underdevelop

ment of the ectoplacental cone (Thornhill and Burgoyne, 1993). Thus, it is plausible that an 

Xp imprint leads to a tendency to inactivate Xp, regardless of X chromosome number, bur it 

seems that, ultimately, this signal can be overridden, so that development can proceed based 

on cells in which the Xp has remained active. 

Alternatively, it has also been proposed that the imprint leading to i.XCI of Xp may rely 

on the different chromatin states of the two parental genomes, that have been reported to 

exist during early embryogenesis, with the Xp being inherited in a pre-inacrivared state as a 

result of meiotic sex chromosome inactivation (MSCI) (Huynh and Lee, 2003). H owever, this 

hypothesis was contradicted when it was later shown that some paternal X-linked genes are 

active in two-cell stage female embryos and are then gradually inactivated during pre-implan

tation development (Okarnoto et al., 2005). Yet the existence of a rransgenerational epigenetic 

transmission from the paternal germline to the zygote through maintenance of pre-inactivated 

intergenic repeat regions on the Xp, which would subsequently predispose the Xp for i.XCI, 

cannot be excluded (Namekawa et al., 2010). Interestingly, in marsupials, XCI occurs for the 

Xp in all cells of the embryo (Sharman, 1971) . Although Xist is not found in this infraclass 

of mammals, a different and unrelated noncoding RNA, named Rsx (RNA-on-the-silent X), 

was recently identified in the opossum and reported to display Xist-like properties which 

would support its possible role in X-chromosome inactivation (Grant et al., 2012). Xist may 

have evolved from LNX3, a protein-coding gene with functions still extant, bur unrelated 

to dosage compensation, in marsupials (Duret et al., 2006). It will be interesting to see how 
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accumulation of Rsx RNA on the Xp in female embryos is regulated. Interestingly, transient 

reactivation of the Xp has also been reported to occur in early opossum embryos, suggesting 

that a carry-over effect ofPSCR, as an important mechanistic facror leading to iXCI ofXp, is 

unlikely also in the methatherian lineage (Mahadevaiah et al., 2009). 

Table 1: Xist expression in wild-type and uniparental embryos 

Genotype 
Xist expression Xist expression 

References 
at 4-cell stage at morula stage 

XMXP • • • • 
XMY Never Never 

XMXM Never • • or * Nesterova, 2001 • • 
xpxp • • * Okamoto, 2000 • • or • • 
XPY • • Okamoto, 2000 

xp • • Matsui, 2001 

• Xist expression 

• Xist repression 

Each dot represents 
Xist status/X chromosome 

* = not in all cells 
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AIMS AND OUTLINE OF THIS THESIS 

Mammalian sex chromosomes encounter quite many special challenges, travelling through 

the life cycle. 

The work presented in this thesis has focused on obtaining more insight in the biological 

relevance of the specific regulation of the sex chromosomes during the male and female life 

cycle. One central aspect that we focused on involves the possible functional link between 

PSCR and iXCI in pre-implantation mouse female embryos. To study the possible influence 

ofXp chromatin on iXCI, we made use of round spermatid injection into oocyres (ROSI). 

This technique is described from an historical, clinical and biological perspective in Chapter 2. 

Immature round spermatids have a chromatin organization which is vastly different from 

that of spermatozoa. In Chapter 3, through fertilization of mouse oocyres with round sperma

tids obtained from mice bearing an Xist deletion (Xpb.Xist), we aimed to verify if transmission 

of an Xp from round spermacids, silenced through PSCR, would allow iXCI establishment in 

the absence of a paternally inherited Xist gene. 

Another central topic of the present thesis concerns the regulation of the sex chromosomes 

during meiosis from an evolutionary perspective. In most studies, the mouse has been "the 

model" species to study sex chromosomal pairing behavior and transcriptional regulation dur

ing meiosis. However, previous observations indicate that MSC! and PSCR are less stringent 

and more variable in human compared to mouse. This prompted us to broaden our under

standing of these phenomena by studying XY pairing dynamics, MSCI, and PSCR in a more 

distant mammalian species, Canis fomiliaris, from the Carnivora order (Chapter 4). In this 

context we performed a comparative analysis of MSCI and PSCR between dog, human and 

mouse. 

Persistence of unsynapsed chromatin in meiotic cells leads to transcriptional silencing, but 

also triggers a chromosome-wide histone exchange ofH3.1/.2 by the variant H3.3. The pre

cise function of this extensive remodeling is not fully clear. In Chapter 5, we aimed to unravel 

the relevance and conservation of this remodeling event during male meiosis in different 

species, including two marsupials (representing the metatheria), and in female mouse meiosis 

when unsynapsed chromatin is present. 

In Chapter 6 we discuss the findings presented in the previous chapters and address possible 

further directions of the work presented in this thesis. 
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Round spermatid injection (ROSI) into oocytes: 

what can we learn from it? 





ROUND SPERMATID INJECTION (ROSI) 

The journey towards the development of ROSI 

The birth of Louise Brown, che world's first baby conceived by in vitro fertilization (IVF) in 

1978, made the headlines, and immediately led co a general public awareness of the poren

rialiry of assisted reproduction. Soon afterwards, chousands of infertile couples could benefic 

from IVF, and obtain children generated from cheir own gametes. IVF involves incubation 

of sperm and egg in a culture dish, and requires a proper concentration of moving sperm for 

fertilization to be successful. Therefore, males chat produced semen samples wich very few 

{motile) sperm could still nor conceive a child through IVF. Some years after che introduction 

of IVF, embryologists started co apply a technique called subwnal insemination (SUZI) in 

cases when sperm concentration was low, and IVF attempts had previously failed (Metka 

et al., 1985). By mechanically introducing a few sperm through che zona pellucida into che 

perivitelline space, chey were leaving it up co che sperm co complete che journey and fuse wich 

the oocyte membrane. Despite chis advancement, SUZI was still a highly inefficient technique 

for resolving cases of severe male infertiliry {Bertrand er al., 1996). 

In che early nineties, while performing SUZI in che Centre for Reproductive Medicine in 

Belgium, the embryologists Gianpiero Palermo and Andre van Sreirteghem accidentally in

jected a sperm direcdy into the ooplasm of rhe oocyte. Surprisingly, che fertilized egg not only 

survived che injection, bur also developed into a normal embryo. Once transferred back ro 

che mother's uterus, it resulted in a pregnancy with delivery of a healchy baby (Palermo er al., 

1992). Thus, more or less by serendipiry, a revolutionary treatment emerged, and only two 

years later intracytoplasmatic sperm injection (ICSI) was in clinical practice. 

However, for patients without sperm in che ejaculate {azoospermic), neither IVF nor ICSI 

could be attempted. Alchough azoospermic individuals do not have any spermatozoa in their 

ejaculate, chey might have {patchy) areas in cheir resres were spermatogenesis still occurs. If 

some marure sperm cells are detected in a testis biopsy, chose can be isolated by testicular 

sperm extraction (TESE) and ICSI can still be performed. However, in many cases only im

marure haploid germ cells can be detected in a testis biopsy of an azoospermic patient. To rest 

if it might be feasible co develop assisted reproduction techniques for this group of patients, 

injection of such "immature" haploid germ cells into oocytes was rested first in animal models. 

A round spermatid represents che earliest haploid male germ cell rype, and might become 

a functional male gamete if its nucleus is mechanically introduced inco an oocyte. Round 

spermatid injection (ROSI) was first attempted in 1993 by Ogura and colleagues, using che 

golden hamster and che mouse as model organisms {Ogura and Yanagimachi, 1993; Ogura 

er al., 1993). They reported chat the spermatid nuclei were able to duplicate their DNA and 

participate in syngamy with che female pronucleus when incorporated into oocytes eicher 
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by microsurgery or through electrofusion. Later on, the birth of four normal mice follow

ing ROSI showed that mouse round spermatids can support full-term embryo development 

(Ogura et al. , 1994). Moreover, some years later it was even shown that several subsequent 

generations of ROSI-derived mice did not display any overt abnormalities (Tarnashiro et al., 

1999). ROSI in other animals, including rabbit (Sofikitis et al., 1994) and rat (Hirabayashi 

et al., 2002), was also reported to result in the birth of normal offspring. Based upon these 

promising results it was anticipated that it was only a matter of time before its efficacy would 

have been proven also in human. 

The first successful injection of human oocytes with round spermatids from a man for whom 

the testis biopsy lacked more mature stages of germ cells, was reported by Vanderzwalmen 

el al. (1995). This led to the formation of a zygote which developed up to the 4-cell stage 

(Vanderzwalmen et al., 1995). This publication was rapidly followed by the first report of two 

successful childbirths resulting from injection of round spermatids into human oocytes (Te

sarik er al., 1995). After these first live births had been achieved using ROSI, only a few other 

centers were able to obtain successful pregnancies following ROSI (Antinori et al., 1997a; 

Antinori et al., 1997b; Vanderzwalmen et al., 1997). 

Meanwhile many other clinics experienced very low fertilization rates following ROSI 

(Levran et al., 2000; Vicdan et al., 2001; Yamanaka et al., 1997). In addition, attempts to 

perform ROSI using non-human primates were reported to be largely unsuccessful (Hewitson 

et al., 2000). Based on the frequent failure of achieving a pregnancy following ROSI, the use 

of round spermatids as substitute gametes in humans started to become very controversial. In 

fact, after the publication of Antinori's work, no pregnancies have been reported that resulted 

from the use of round spermatids from patients with a complete absence of elongated sperma

tids or spermatozoa from the preliminary ejaculate or from diagnostic testicular biopsies (Bal

aban et al., 2000; Benkhalifa et al., 2004; Khalili et al., 2002; Levran et al., 2000; Urman et 

al., 2002; Vicdan et al., 2001). In total, only about 12 children have been reported worldwide 

to have been born following ROSI, and since 2002, no clinical ROSI-derived pregnancies 

have been reported. Nowadays, IVF clinics worldwide have abandoned performing round 

spermatid injection. 

ROSI in mouse: what can we learn from it? 

If all a male gamete needs to achieve is the delivery of an intact, haploid genome to the 

oocyte, and to activate the oocyte to trigger meiotic resumption, this should also be possible 

upon artificial oocyte activation followed by injection of a round spermatid. However, the 

developmental failure reported to occur in many ROSI-derived embryos before and after 

implantation, not only in human but also in mouse, suggests that apparently more than the 
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DNA sequence is required for proper embryonic development (Ohta et al., 2009). This is not 

at all surprising, given the current knowledge on the intricate regulatory mechanisms that ac

company early embryonic development. Such regulation depends on many epigenetic signals, 

in order to constitute the correct chromatin struCture that orchestrates gene expression to be 

executed in a timely manner. Preimplantation embryo development is marked by dramatic 

and differential changes in the chromatin structure and epigenetic make-up of the paternal 

and maternal genomes. Furthermore, parental imprints, set during gametogenesis, need to be 

maintained during this very dynamic epigenetic regulation of the genome in the early em

bryo, to ensure correct gene expression later on. 

To shed light on the causes of the poor ROSI outcome, several groups have investigated 

some fundamental processes (summarized in Table 1) that, if rnisregulated, may cause the 

early embryonic developmental failure in ROSI-derived mouse embryos. These processes will 

now be discussed in the context of the major events that occur during mouse preimplanration 

development. 

Protamine-to-histone transition 

After fertilization of the egg by a mature spermatozoa, the paternal genome rapidly un

dergoes dramatic structural changes and acquires newly provided hypomethylated histones. 

However, as explained above, round spermarids are presented to the "maternal environment" 

with a chromatin constitution that is completely histone-based. 

In order ro verify if the his tones uansrnitted through ROSI would be removed or preserved 

in the zygote, H3K9me3 patterns, a histone modification that is always present in round 

spermarids but absent in mouse sperm-derived paternal pronuclei, have been analyzed in the 

paternal pronuclei ofROSI-derived zygotes. Using this marker, it was demonstrated that most 

of the hisrones present in the spermatid-derived paternal pronucleus were those that were 

originally carried by the spermatid (Kishigami et al., 2006; Polanski er al., 2008). In fact, it 

was found that H3K9me3 enrichment in paternal pericenuomeric regions persisted at least 

until the first mitotic division upon ROSI (Kishigami er al., 2006). In contrast, upon normal 

fertilization in the mouse, paternal pericentromeric heterochromatin lacks this posttransla

tional modification, and an alternative form of facultative heterochromatin is established by 

progressive acquisition ofH3K27me3 (Puschendorf et al., 2008). Thus, it appears that round 

spermatid-derived histones in the paternal pronucleus are not exchanged for maternal his

tones. 

It could be envisioned that the aberrant epigenetic signature on the paternal pericentromeric 

heterochromatin in early preimplantation ROSI-derived mouse embryos could be associated 

with an increased chance of mis-segregation errors and subsequent occurrence of embryonic 
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chromosomal abnormalities, which are generally considered ro be a major cause of che low 

survival rare ofROSI derived embryos (Yamagaca er al., 2009). By live-cell imaging, one study 

recorded an extremely high frequency (77.5%) of abnormal chromosome segregation (ACS) 

at che first mitosis in ROSI-generared mouse embryos (Yarnagara er al., 2009). To assess che 

capacity of implantation and pose-implantation development of ROSI-derived embryos dis

playing ACS ar che 2-cell stage, chose embryos were transferred ro rhe oviducrs of pseudopreg

nant females. Although embryos with ACS could implant and form deciduae, ar E7.5 there 

were no viable embryos and the deciduae were reabsorbed around E9.5, suggesting char em

bryos wich ACS underwent spontaneous miscarriage. The auchors provided evidence for che 

presence of DNA double strand breaks in che spermatid-derived genome of embryos display

ing ACS. However, they also reponed that che incidence of ACS depended strongly on che 

skill of the operaror char performed che ROSI (Yamagara er al., 2009). Due eo rhis apparent 

operaror-dependent variability, iris difficult eo draw a definite conclusion from this work. le is 

important eo noce that, in vivo, mouse round spermatids do not appear to have a significant 

number of DNA double strand breaks. It is only later, during spermatid elongation, when 

che hiscone-to-proramine transition commences, chat multiple DSBs are transiently formed 

(Marcon and Boissonneault, 2004). This could be related eo DNA uncoiling mediated by 

topoisomerases (Leduc er al. , 2008). Thus, if such spermatids are injected , chey might give rise 

to embryos wich increased levels of DSBs compared to those obtained wich spermatids chat 

are at an earlier step of differentiation, or mature sperm. Alternatively, or in addition, round 

spermatids may acquire damage during isolation and preparation for rnicroinjection. There is 

a need for research char can provide more insight in the link between spermatozoal or sperma

tidal histone content and the presence of DNA damage in rhe male pronucleus. 

Paternal DNA demethylation 

In mouse, active demechylation of che paternal genome, except for the imprinted regions, 

normally rakes place in the male pronucleus of the zygote soon after fertilization and various 

aberrant mechylation patterns at the 2-cell stage have been repon ed to be an indicator of early 

developmental failure (Shi and Haaf, 2002). Ir has been hypochesized chat paternal DNA 

demethylation could be linked eo, and helped, by che protamine-to-histone exchange, chat 

would render che paternal DNA accessible to putative demethylases, when the protamines 

are off and before che new histones are on che DNA (Haaf, 2006). If this is che case, the his

tone-associated DNA of round spermatids might be resistant to global demethylarion after 

ROSI. To assess chis, the DNA mechylation status of the paternal pronucleus has been as

sessed after ICSI and ROSI. In several srudies, ROSI-derived embryos were found to develop 

wich genome-wide, aberrant DNA mechylacion scares (Kishigami et al. , 2006; Polanski et al. , 
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2008). Using an anti-5-methyl-cytosine antibody, the paternal pronucleus of ROSI-derived 

zygotes was marked by a high overall DNA methylation level up to the first mitosis, whereas 

the paternal pronucleus derived from mature sperm normally was devoid of such a signal 

(Kishigami et al., 2006; Polanski et al., 2008). Hence, the presence of paternal histones in 

ROSI-derived paternal pronuclei may interfere with normal paternal DNA demethylation 

occurring in the zygote. In particular, the presence of certain histone modifications may be rel

evant in this context. Previous studies have shown an interaction between DNMTs and H3K9 

methyltransferases (Freitag and Selker, 2005; Geiman and Robertson, 2002). Furthermore, 

recent studies have shown that retention of a small amount ofH3K9me2-marked histones at 

imprinted loci in normal mature sperm plays a role in protecting these regions in the paternal 

genome from cytosine demethylation in normal mouse zygotes (Nakamura et al., 2012). 

Interestingly, time-lapse analysis of DNA methylation status in ROSI-derived zygotes was 

performed by microinjection of a synthetic RNA encoding enhanced green fluorescence pro

tein (EGFP) fused to the methyl-CpG-binding domain and nuclear localization signal of 

methyl-CpG binding protein 1 (MBD1). This experiment showed abnormal localization of 

methylated chromatin in the nucleoplasm of the male pronucleus upon ROSI (Yamazaki er 

al., 2007). These mislocalized dotted structures seem to correspond to the pericentromeric 

regions, which are highly H3K9me3-positive in round spermatid-derived pronuclei, and also 

failed to be recruited to their normal location near the nucleolus during pronuclear formation. 

After analysis of the fluorescence pattern at the pronuclear stage, each ROSI-derived embryo 

was allowed to develop to the 2-cell stage for further assessment. Less than 50o/o of the zygotes 

that initially contained mislocalized methylated dots in the male nucleoplasm reached the 

2-cell stage, while more than 70o/o ofROSI-derived zygotes with normal localization of meth

ylated DNA within the male pronucleus developed to the 2-cell stage (Yamazaki et al., 2007). 

Together, these results suggest that an abnormally high genome-wide methylation level of 

the paternal genome, in combination with aberrant localization of the methylated DNA, 

might interfere with the normal development ofROSI-derived embryos. 

Parental imprints 

Misregulation of parental imprints is generally known to have profound consequences 

for embryonic development (Schulz et al., 2010). Acquisition of the paternal methylation 

imprints occurs early during spermatogenesis, some imprints are already established at the 

spermatogonial stage and other loci undergo acquisition and loss of methylation marks in 

spermatocytes (Davis et al., 2000; Lucifero et al., 2004). To analyze whether round spermatids 

carry correct genomic imprinting marks, and if these imprints can be properly maintained af

ter ROSI, expression of 6 imprinted genes has been assessed in ROSI-derived mouse embryos 
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(Shamanski et al., 1999). In this study, all rested paternally (!g;/2, Snrpn, and Pegl) and ma

ternally expressed imprinted genes (Hl9, Igf2r, and Mash2) did not show any differences in 

mRNA expression levels in ROSI-derived embryos compared to controls. These results have 

been confirmed by another group (Miki et al., 2004). Together, these observations demon

strate that acquisition of imprinted DNA methylation patterns is complete by the round sper

matid stage and can be maintained upon performing ROSI. Thus, the generally poor outcome 

of ROSI is less likely to be a result of defects in expression of imprinted genes. 

Zygotic genome activation 

Following fertilization, proper initiation of zygotic genome activation (ZGA) by the 2-cell 

stage is essential for continued embryonic development. While mature spermatozoa are gen

erally considered to be transcriptionally inert, round spermatids emer the oocyte in a fully 

transcriptionally active state, which might interfere with the normal gene expression repro

gramming established during the ZGA Indeed it has been shown that fertilization with sperm 

derived from mice in which the histone-to-protamine transition is somewhat aberrant leads 

to altered gene expression (Ihara et al., 2014). If such an effect is already evident with mature 

sperm, that could have even more dramatic consequences in the case of using round sperma

tids. 

To study if ZGA occurred normally in ROSI-derived embryos compared to controls, ex

pression of two zygotic genes, Hsp 70.1 and Smcy, was analyzed at the 2-cell stage (Ziyyat and 

Lefevre, 2001). Significantly decreased levels of expression of Hsp70.1 were detected in RO

SI-derived 2-cell stage embryos, where Smcy had a normal expression profile. In another study, 

transcript analysis of 4 other zygotic genes was performed (Hayashi et al., 2003). Compared 

to controls, similar patterns of transcriptional activation were found for most of the genes 

analyzed: the translation initiation factor gene elF-lA (previously named e!F-4C), the histone 

deacetylase gene Hdac-1 and the murine endogenous retrovirus-like element ERV-L. Howev

er, ROSI-derived embryos expressed abnormally elevated levels of the retrovirus-like mobile 

element intracisternal A particle (lAP) from the 2-cell to the blastocyst stages (Hayashi et al., 

2003). The biological effects ofiAP expression on mouse embryo development are unknown 

and this result remains difficult to interpret. Taken together, although single gene expression 

analysis has been performed on a very limited number of zygotic genes, both these studies 

suggest some misregulation of ZGA. 

Through another experimental approach, ZGA was verified using 5-bromouridine-5' -triphos

phate (BrUTP) labeling of newly synthesized RNAs. In this study it was reported that more 

than 70% of the ROSI-derived 2-cell stage embryos exhibited a lower overall level of tran

scriptional activity compared to those generated with ICSI (Bui et al., 20 11). This indicates 
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that ZGA initiation might be delayed or incomplete in the majority of ROSI-derived em

bryos. Although BrUTP incorporation does not offer any qualitative information, this study 

also confirms the existence of some ZGA disturbances in ROSI-derived embryos. Follow up 

studies using genome-wide RNA sequencing approaches would certainly provide very useful 

data in order to better understand this particular aspect. For now, the link between the report

ed abnormal gene expression patterns and the low success rate after ROSI remains unclear and 

should be further investigated. 

Regulation of the early developmental gene expression pattern 

In contrast to the highly condensed mature sperm, injection of a round spermatid (espe

cially if cytoplasm is not removed) into an oocyte represents the massive arrival of mRNA 

from various genes, some of which might be deleterious to the development of the embryo if 

translated. In addition, continued transcription of genes that are involved in round spermatid 

development might occur. The ectopic expression of many proteins encoded by round sper

matid mRNAs, such as the protarnines, could interfere with normal cellular function. 

Expression of round spermatid specific genes in ROSI-derived embryos was analyzed by 

measurement of transcript levels for transition protein 1 (Tp1), protamine 1 (Prm1), protamine 

2 (Prm2), Gapds and ropporin (Ropn1), which are normally not present at any moment dur

ing embryonic development (Borghol et al., 2008; Hayashi et al., 2003; Ziyyat and Lefevre, 

2001). Furthermore, mRNA expression of Ube1Y, aY-linked gene that escapes the gener

al repression of X- and Y-linked gene transcription in spermatids (Hendriksen et al., 1995; 

Odorisio et al. , 1996), was also observed. In control embryos, Ube 1 Ywas not expressed before 

post-implantation development (Ziyyat and Lefevre, 2001). 

In general, all tested round spermatid-specific mRNAs were found to be expressed imme

diately following fenilization in ROSI-derived zygotes, bur became rapidly down-regulated 

by the 2-cell stage, with only some minor differences in their temporal expression pattern. 

These results led the authors to suggest that, in mouse, regulatory mechanisms are activated 

soon after ROSI to inhibit the inappropriate transcription of male post-meiotically expressed 

genes. Thus, transient misexpression of spermatidal genes following ROSI is not expected to 

have a major impact on the execution of the normal developmental gene expression program. 
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Table 1: Possible causes of the poor ROSI outcome 

Process analyzed Status References 

Parental imprints V (Miki et al. 2004; Shamanski et al. 1999) 

ZGA X (Bui et al., 201 1; Hayashi et al., 2003; Ziyyat and Lefevre, 2001) 

Repression of RS specific genes V* (Borghol et al., 2008; Hayashi et al., 2003; Ziyyat and Lefevre, 2001) 

Paternal DNA demethylation X (Kishigami et al., 2006; Polanski et al., 2008; Yamazaki et al., 2007) 

Paternal DNA epigenetic profile X (Kishigami et al., 2006; Polanski et al., 2008) 

Chromosome segregation X (Yamagata et al., 2009) 

*= initially misregulated 
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ROSI as a tool to study the consequences of marked variation in paternal chro
matin composition 

Analyses of molecular processes in ROSI-derived mouse embryos can help us eo obtain clin

ically relevant insight, applicable to sperm or spermatid selection in the application ofTESE 

in man, if we view the round spermatid as an extreme example of a gamete with incomplete 

removal of his tones. As described in Chapter I, during normal spermatogenesis, most but not 

all histones are replaced by protamines. The percentage of retained his tones is much lower in 

mouse compared eo man, and also much more variable in man. In the Netherlands, a quality 

standard consensus document for assisted reproduction using surgically obtained sperm has 

been published by the three associations involved in assisted reproduction (Dutch Societies 

for Gynaecology & Obstetrics, Urology, and Clinical Embryology (http://www.nvog.nl/Sites/ 

Files/ 00 0000 3 313 _Kwal i tei ts norm %20 I CSI o/o20chirurgisch o/o20verkregen o/o20zaadcel

leno/o2020 130702.pdf). That consensus documenr indicated that, when motile sperm cannot 

be retrieved, immotile sperm with normal morphology, or elongated spermatids may be used 

for ICSI. The use of round spermatids is not allowed. Elongated spermatids that are not ful

ly condensed, most likely still contain a higher relative proportion of nucleosome-packaged 

DNA compared to normal mature sperm (De Vries er al., 2012). There are no reports of stud

ies that investigated whether elongated spermatid injection (ELSI), compared to ICSI with 

mature and motile sperm, could be associated with more frequent aberrations in embryonic 

development, that might be attributed eo some form of epigenetic misregulation. 

Thus, It is clear that more fundamental research, aimed at deciphering what are the critical 

aspects of chromatin structure that are required to support normal embryo development is 

needed. 

Application of ROSI in mouse, followed by detailed analyses of the consequences for ge

nome integrity, epigenetic constitution, and gene expression patterns both in preimplantation 

embryos but also at later stages of development could help us eo unravel critical parameters 

for epigenetic sperm quality. Furthermore, since chromosome aneuploidy is one of the major 

causes for embryo loss in human embryology, and studies on human embryos are difficult eo 

perform due to ethical reasons, ir would be very important ro investigate this further by using 

mouse ROSI as a model for this phenomenon. 

Taken together, we feel that mouse ROSI could be a valuable research tool for evaluation of 

the importance of spermatozoal chromatin composition and properties in human ICSI, bur 

also eo be able eo provide deep insight in the biological relevance of the epigenetic confor

mation of the paternal genome for normal embryo development. In the future, this type of 

basic research may help to develop berrer tests for gamete quality in all assisted reproduction 

techniques aimed at overcoming male infertility. 
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Technical aspects of ROSI in our lab 

Although ROSI success rate is rather low also in mouse, ranging in different studies from 

efficiencies of 1.7% to 28.2% (Kimura and Yanagimachi, 1995; Ogura et al., 1994), it still 

represents a feasible approach. In our hands, normally around 1 Oo/o of the fertilized oocytes 

chat survive the injection will develop into normal embryos after transfer into pseudopreg

nant females. Microinjection of mouse oocyres is technically much more challenging than 

human oocyte microinjection. While conventional rnicroinjection into human oocytes is very 

successful, in mice this has been proven to be very difficult, mainly because the oolemma 

(the oocyte plasma membrane) of mouse oocytes is much more elastic compared to chat of 

human oocytes. Piezo-actuated micromanipulation appeared indispensable to pierce chrough 

che oolemma, to perform microinjections into mouse oocytes. By generating ultrasonic me

chanical pulses that travel longitudinally along the pipette and vibrate the tip of the injection 

needle, piezo-drilling permits more easy penetration of the zona pellucida and of the oolem

ma. Detailed protocols have been described to successfully execute piezo-accuated mouse ICSI 

(Yoshida and Perry, 2007). 

In our group, we adapted the published ICSI protocol (Yoshida and Perry, 2007) to perform 

ROSI (detailed protocol described in the Addendum to this Chapter 2). Mouse round sper

matids do not possess oocyte activation capaciry, so prior eo ROSI small batches of oocytes 

(10-15) have to be pre-activated for one hour by incubation in calcium-free medium supple

mented with 15 mM strontium chloride (SrCl). Mouse round spermatids can be easily iden

tified in a testicular cell suspension by their small size (about 10 flm in diameter) and round 

nucleus with a centrally located dense structure that contains the centromeric DNA (Ogura 

and Yanagimachi, 1993). Gentle pipetting using a 5 fliD injection needle can be applied to 

release the nuclei of the round spermatids and these can then be collected and directly used 

for microinjection (Figure lA). In our setup, the microscope is equipped with an XYclone 

laser system (Hamilton Thorne), that is used to create a hole in che zona pellucida (Figure 1 B). 

This is a very helpful tool because it allows one to penetrate che zona pellucida more quickly 

and easily than through piezo-drilling. Operating within very short time spans when working 

outside the environmentally conrrolled conditions of an incubator (5o/o C0
2 

in air, and con

stant temperature at 37"C) is particularly important to assure oocyte survival and improve the 

chance of normal further embryonic developmenr. Once che zona pellucida has been pierced, 

the injection needle, conraining the previously collected round spermatid nucleus, is intro

duced into the perivitelline space. At this point, the piezo-drill is used to penetrate che oocyte 

membrane as in performing mouse ICSI (Figure lC) (Yoshida and Perry, 2007). 

In Chapter 3 we made extensive use of this technique to study if che epigenetic and tran-
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scriptional status of a round spermatidal X chromosome, that carries heterochromatic marks as 

a consequence of MSCI, could affect imprinted X chromosome inactivation dynamics in early 

female mouse embryos. 

A 

B c 

Figure 1: Technical aspects ofROSI 

(A) Lefr: the 5f!m microinjecrion pipette is lowered into the testicular cell suspension. Two round spermarids are 

highlighted in the indicated areas (circle and square). Enlargement of the round spermatid in the squared box 

is shown in the top right corner. Middle: afrer rhe round spermatid has been drawn into the injection piperre 

followed by expelling in rhe medium, its nucleus separates from the cytoplasm, which remains loosely attached 

on rhe lefr side of rhe nucleus. Right: clean round spermatid nucleus obtained afrer repeated pi petting. (B) Top: 

oocyte held by holding pipette on rhe lefr side. In this case, the cortical bump over rhe chromosomes in anaphase 

11 (from which rhe second polar body will be extruded) is oriented at 6 o'clock position (on an irnaged clock face). 

White squared area shows rhe rughly degenerated first polar body and rhe target of rhe XY clone laser system on a 

portion of rhe zona pellucida. Bottom: laser-pierced zona pellucida. (C) Top left: rhe injection needle, containing 

rhe previously collected round spermatid nucleus (shown in the enlargement), is introduced into the perivitelline 

space through the gate created in the zona pellucida. Top right: the rip of the microinjection needle is advanced 

cowards rhe opposite side of the oocyte. Thls produces a deep invagination in rhe oocyte plasma membrane. Bot

tom lefr: the piezo-drill is used to penetrate the oocyte membrane which now visibly relaxes along the shafr of rhe 

needle. The round spermatid nucleus is quickly released into rhe cytoplasm. Bottom right: the needle is smoothly 

wirhdrawn from the oocyte and rhe oocyte is released from the holding pipette. Scale bar is 20 f!ID throughout. 
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ROSI protocol (adapted from Yoshida and Perry, 2007} 

Reagents 
• Mice of the strain B6D2F1, female C57BL/6 x male DBN2 F1 hybrid (supplier Harlan) 

• G-1 PLUS (Vitrolife) 

• G-MOPS PLUS (Viu olife) 

• MEM-a Complete (LIFE-TECHNOLOGIES/GIBCO cat. no. 22571) 

• Ca2•-free M16 (homemade) 

• Strontium Chloride (SrC1
2

) (Sigma Company) 

• Embryo-tested bovine testis hyaluronidase (Sigma, cat. no. H-4272) 

• Polyvinylpyrrolidone (PVP) (lrvine scientific, cat. no. 99219), dissolved in G-MOPS 

• Mineral oil (Sigma, cat. no. M8410-500ml) 

• Elemental mercury (HgO) (Sigma, cat. no. 215457-100G) 

• Human chorionic gonadotropin (hCG) (cat. no. REG NL 1249) and pregnant mare serum go
nadotropin (PMSG) (cat. no. REG NL 1396) (MSD Animal Health (Intervet)) 

Equipment 
• Forceps, watchmaker's #5, two pairs (Meekers Medical, cat. no. HB105) 

• Blunt ended curved fo rceps, two pairs (Meekers Medical, cat. no. HB210) 

• Glass capillaries (H arvard Apparatus, 1,5 OD x 1,17 ID x 150L, GC150T-10, pan. no. 30-0062) 

• Transfer needles obtained by pulled glass capillaries 

• Holding needles (MPH-SM-20, ORIGIO) 

• Microinjection needles (PIEZ0-5-20, ORIGIO) 

• The STRIPPER BP St:ainless Steel Slimline embryo-handling rnicropipetter (MXL3-STR-BP-
SW, ORIGIO) with silicone bulb (MXL3-BULB, ORIGIO) 

• Precision pipettes, such as the P200 Pipetman (Gilson, Inc.) 

• Stereomicroscope, SZH10 O lympus 

• H eated platform 

• Workstation comprising invetted microscope (Olympus LH50A) equipped with Eppendorf mi
cromanipulators (Cel!Tram Air and vario) and injectors (Narishige) 

• Piezo micromanipulator controller (PMAS-CT140; Prime Tech) 

• XYclone laser system (LWD 40x objective, Harnilron Thorne), which attaches to the turret of the 
inverted microscope just like a typical objective 

• Humidified C0
2 

(5% (v/v) in air) incubator (Sanyo MC0-17AIC) 

• Eppendorf tubes 

• Centered-well organ culture dishes (Falcon, cat. no. 353037, 60 x 15 mm style) 

• Easy grip tissue culture dishes (BD Falcon, cat. no. 353004, 60 x 15 mm style) 

• 1-ml syringe 

• 26 G needle 
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Reagent setup 

Supplemented MEM-a complete contains 44 ml MEM-a, 113 Ill Sodium-Lactate, 1 ml 

stock solution (0.006 g Sodium-Pyruvate, 0.25 g HEPES, 0,007 g L-Glutamin), 5 ml Fetal 

Calf Serum (FCS); pH is set at 7.2 with 1 N NaOH. Final solution is 0.22!-lm sterile-filtered. 

Freshly prepared the day before ROSI and stored at 4 oc_ 

Ca2•-free M16 10X stock (in -20 oC, 5rnUfalcon tube) contains 5.68 g NaCl, 0.356 g KC!, 

0.162 g KHl0
4

, 0.293 g S04.7H
2
0, 2.101 g NaHC0

3
, 4.35 ml Sodium lactate, 0 .036 g 

Sodium pyruvate, 1 g Glucose, 4 g BSA, 2 ml Phenol Red, up to 100 ml with sterile water. 

Ca2•-free M16 1X contains 5 ml Ca2•-free M16 10X stock + 45 ml H
2
0. 

PVP solution is obtained by dissolving it in 1 ml MOPS on a roller, at room temperature for 

at least one hour. Store in 0.2 ml aliquots at -20 oc (for up to months). The ' in-use' aliquot 

of PVP solution is useable for several weeks stored at 4 oc_ 

Embryo-tested bovine testes hyaluronidase (Sigma H3884) stock is prepared by dissolving 

30 mg of bovine testis hyaluronidase in water (to give 10 mg/ml). Store in 50 fll aliquots at 

-20°C. Use at a final concentration of 300 llg/ml by diluting it in supplemented MEM-a 

complete. 

PMSG and hCG for superovulation are prepared by dissolving PMSG and hCG separately 

at 50 IU/ml in 0.9% (w/v) NaCl solution. 0.22 1-1m-filter and store in 1 ml aliquots at -20°C 

for 1-2 months. 

Equipment setup 

Preparation of the microscope for micromanipulation 

A single holding pipette may be used for many sessions without changing it. At least one 

change of rnicroinjection needle is recommended per session. Mount the rnicroinjection nee

dle firmly on a piezo workstation and use the injector to apply positive pressure and advance 

the HgO front so that it approaches the needle tip. Lower the assembly into the mineral oil of 

the collection dish and examine it at 200x magnification. The HgO (rnicroinjection pipette) 

front should be static unless caused to move by the injector. Draw some mineral oil into the 

pipette, then move to a drop of the PVP solution and draw some into the pipette. 

Procedure overview of piezo-actuated round spermatid injection (ROSI) 

Preparation of oocytes 

To obtain relatively large numbers of oocyces (25-35/B602Fl), superovulate by serial intra-

58 



ROUND SPERMATID INJECTION (ROSI}- ADDENDUM 

peritoneal injection (26 G needle) of5 IU PMSG followed 48 h later by 5 IU hCG. Typically 

(with standard mouse room light/dark cycles), administer hormone injections at 5-6 pm. Fe

males of 8-10 weeks give good yields, but the optimum varies. 12-15 h post-hCG injection, 

sacrifice the mice (3-5 per experiment usually suffices), collect their oviducts and place them 

separately in supplemented MEM-o: complete drops (1 00 fll) in the cover of a culture dish. 

Working under the stereo microscope, hold the oviduct wall with one pair of forceps and tear 

the evidently swollen ampulla containing the oocyte-cumulus complex. Tease the oocyte-cu

mulus complex from the oviduct; it should emerge as a single mass. Discard the oviductal 

remnant and repeat the process for the remaining oviducts. 

Move the oocyte-cumulus masses by using a glass capillary attached to the hand pipette in a 

new centered-well dish containing supplemented MEM-o: complete with bovine testis hyalu

ronidase stock solution at a final concentration of 300 flg/ml. To allow the hyaluronidase to 

digest the intercellular matrix, oocytes can be pi petted repeatedly. Cumulus cells will fall away 

from the complexes, leaving the oocytes on a cumulus cell carpet. 

Remove oocytes with a transfer pipette and place them in a centered-well dish with fresh 

supplemented MEM-o: complete (without hyaluronidase). Wash the oocytes by pipetting 

repeatedly. 

Transfer the oocytes to a drop (1 0 fll) of pre-equilibrated G 1 culture medium under mineral 

oil in a culture dish (from now on called storage dish), washing three times to remove traces 

of supplemented MEM-o: complete. Place the srorage dish containing the oocytes in the in

cubator for at least 15 min until required. 

Oocytes activation 

I 0 0 0 0 
11 0 0 0 0 

111 0 0 0 0 
IV 0000 
V 0 0 0 0 
VI OOOO 
VII 0 0 0 0 

Activation dish setup is shown in Figure. 

Place one batch of oocytes (1 0-15) into the first row of the activation 

dish containing drops ofCa2•-free MI6 with 10 mM SrC1
2 

and leave 

for 60 minutes in the incubator. Keep activating a new batch of 10-15 

oocytes every 30 minutes, until the oocytes in the G 1 storage dish are 

finished. During oocyte activation, a testicular cell suspension may be 

prepared as follows. 

Preparation of testicular cell suspension 

Collect one testis from a male that is at least 8 weeks old and place it on a clean culture 

dish. Remove the tunica albuginea with fine forceps and then add 500 fll of G-MOPS. Mince 

gently the tissue in between blunt ended curved forceps. The solution becomes milky as the 

cells disperse. Transfer solution in an Eppendorf tube. Make 1:10 dilution in a new Eppendorf 

tube. 
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Microinjection dish setup 

The cover of a plastic dish is used as a microinjecrion chamber. A 

vertical row offour small drops (1 0 f1l each), of which the first two 

are supplemented MEM-o: complete (for oocytes), the subsequent 

drop is PVP in buffered MOPS, and the last is an aliquot of the 1:10 

diluted testicular cell suspension, is placed on the bottom of the dish 

and covered with mineral oil (as shown in Figure). 

With a transfer pipette, remove the first batch of activated oocytes 

(after completion of 60 minutes activation) from the activation dish and place them into the 

microinjection dish in the first droplet of supplemented MEM-a Complete. Then, move 

them to the second supplemented MEM-<:t complete drop and arrange them precisely in a 

vertical raw. Place the microinjection dish on the microscope stage. 

Round spermatid nuclei collection 

Mouse round spermatids can be easily identified in the last drop of 1:10 diluted testicular 

cell suspension by their small size (about 10 1-liil in diameter) and round nucleus with a cen

trally located dense suucrure that contains the centromeric DNA (Ogura and Yanagimachi, 

1993). Gentle pipetting was applied until the nuclei of the round spermatids lose all cyto

plasm and can then be collected, uansferred to the d ean PVP drop. 

Draw one or more RS nuclei into the microinjection pipette in the PVP drop. With experi

ence, multiple (5) nuclei can be accumulated within a pipette at intervals of around 100 flm; 

although only a single nucleus is subsequently injected per oocyte. Collecting multiple nuclei 

removes the need to return to the PVP droplet each time between injections. Working at 40x 

magnification, move the microscope stage so that the pipette is in the microinjection droplet 

(supplemented MEM-o: complete) containing 10-15 oocytes. 

Oocytes microinjection 

Lower the holding pipette into the microinjection droplet (supplemented MEM-a com

plete) containing the oocytes and position the holding and microinjection pipettes so that 

their tips are on either side (usually with the holding pipette on the left) of a selected oocyte 

(the first or last of the vertical raw). Use the microinjection needle to orientate the oocyte so 

that its MU plate is located straight up or down along the y-axis (12 o'clock or 6 o'clock). 

Either orientation minimizes the risk of damaging the MU plate during microinjection. Select 

an orientation that gives the largest space between the plasma membrane and the zona pellu

cida (perivitelline space) on the side of the microinjection pipette. 

At 40x XY clone laser objective, bring the oocyte plasma membrane into sharp focus. Use the 
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fine z-axis control to move the pipettes up or down so that their ends are in focus. 

Applying gentle suction within the holding pipette, push the oocyte against the holding 

pipette aperture with the microinjection pipette. Pushing causes the oocyte zona and plasma 

membrane to engage the holding piperre aperture and cover it, anchoring the oocyte and 

making it easier to inject. 

Move the most advanced RS nucleus so that it is 50- 100 flm from the pipette tip. Check the 

focus and Pierce the zona pellucida by laser applied pulse ()CYclone). 

The injection needle tip can now rapidly pass through the zona into the perivitelline space. 

Sustain positive pressure until the end-most RS nucleus is 10-50 flm from the tip and ensure 

that the plasma membrane is in sharp focus. 

Steadily advance the tip towards the opposite side of the oocyte, where it is being anchored 

by the holding piperre. Stop when the tip has advanced - 95% of the oocyte diameter. This 

produces a deep invagination in the (remarkably elastic) oocyte plasma membrane, which is 

now stretched around the microinjection needle. 

While maintaining zero net pressure (or a very small negative one) within the microinjection 

pipette, apply a single piezo pulse. Ensure that the oocyte plasma membrane visibly relaxes 

along the shaft of the needle. This is an indispensable indication that the membrane has been 

punctured. 

Deposit the RS nucleus in the cytoplasm with the application of small positive pressure in 

the microinjection pipette. Introduce the minimum amount of medium and do not suck 

cytoplasm into the pipette. 

As soon as the RS nucleus has been deposited, withdraw the needle smoothly from the oo

cyte. The membrane should return to its original position and seal. 

Release the injected oocyte by gently applying positive pressure within the holding pipette 

and proceed with the injection of the next oocyte. Once all oocytes have been injected, allow 

them at least 5 min to recover before being returned to the C0
2 

incubator. Fatal mechanical 

trauma to the oocyte during micromanipulation usually results in the onset oflysis within few 

minutes. Remove dead oocytes from the survivors during transfer to the G 1 culture dish, wash 

the oocytes 4 times in equilibrated G 1 culture medium to remove supplemented MEM-o. 

complete (HEPES is toxic at 3rC) before placing them in the C0
2 

incubator. For optimal 

development, limit the time the oocytes are out of the incubator; less than 40 minutes is a 

guideline. Oocytes can then further cultured in the same G 1 culture dish until the desired 

developmental stage is reached. 

Experienced workers inject 15- 20 oocytes sequentially, which takes 20-30 min. From oocyte 

collection to injection of the final sample, ROSI typically takes 3-6 h for 40- 100 oocytes. 
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CHAPTER3 

ABSTRACT 

Imprinted X chromosome inactivation (iXCI) is essential for development of mouse female 

embryos. In iXCI, rhe paternal X (Xp) chromosome is silenced through Xist RNA coating in 

cis. Paternal inheritance of an Xist deletion (Mist) is embryonic lerhal ro female embryos, due 

ro iXCI abolishment. Here, we show rhat fertilization by inrracytoplasmic injection of Mist 

round spermatids into mature oocytes allows survival of female embryos. This is not mediat

ed by Xist-independenr Xp silencing, but by a shift to inactivation of rhe maternal X (Xm). 

Intracytoplasmic injection of Mist mature spermatozoa did not result in such an effect. We 

suggest rhat rhe epigenetic state and/or the transcriptional activity of rhe X chromosome of 

round spermatids exerts a profound effect on rhe iXCI process in pre-implancation embryos. 
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INTRODUCTION 

In mice, the heterologous X and Y chromosomes undergo meiotic sex chromosome inac

tivation (MSC!) in the male germ line (reviewed by (Turner, 2007)). After meiosis, silenc

ing of X- and Y-linked genes is largely maintained during spermatid differentiation through 

post-meiotic sex chromatin repression (PSCR) (Namekawa et al., 2006). Noteworthy, anum

ber of X- and Y-linked genes, single and multi-copy, escape PSCR and become specifically 

reactivated (Hendriksen et al., 1995; Mulugeta Achame et al., 201 0; Namekawa et al., 2006). 

Subsequently, after fertilization, the X chromosome of paternal origin (Xp) will always be 

inactivated in female pre-implantation embryos. This event is defined as imprinted X chromo

some inactivation (iXCI) and depends on expression of the Xist noncoding RNA (Okamoto 

et al., 2004). During iXCI, Xist RNA spreads in cis on the Xp and forms an RNA cloud 

coating the entire chromosome. This triggers the recruitment of chromatin-modifying pro

tein complexes on the Xp, which in turn will establish repressive epigenetic marks on the Xp, 

rendering it transcriptionally inactive. At the blastocyst stage, while iXCI is stably maintained 

in extraembryonic tissues, the Xp becomes reactivated in the epiblast and a new round of 

inactivation starts without a parent-of-origin bias (random XCI) (Mak et al., 2004). 

A possible link between MSC! and iXCI has been previously proposed (Huynh and Lee, 

2003). This model suggests that iXCI could be a downstream consequence ofMSCI and that 

a pre-inactivated X-chromosome would thus be inherited directly from father to daughter in 

mice (pre-inactivation hypothesis). However, it was later shown that paternal X-linked genes 

are active at the 2-cell stage and are then gradually inactivated during pre-implanration devel

opment (Deng et al., 20 14; Namekawa et al., 201 0; Okamoto et al., 2005; Patrat et al., 2009). 

Furthermore, while MSC! takes place independently from Xist (Turner et al., 2002) , iXCI is 

completely abolished in the absence of a paternal Xist gene (Marahrens et al., 1997), indi

cating that de novo Xist-dependent silencing occurs in the pre-implantation embryo. Thus, 

inheritance of a paternal Xist deletion (Mist) precludes iXCI of the Xp, and therefore results 

in poor extra-embryonic tissue development. This leads to complete reabsorption of mutant 

female embryos by E12.5 (Mugford et al., 2012). In contrast, female embryos inheriting the 

mutated allele through the mother develop normally (Marahrens et al., 1997). 

To explain the parental bias towards Xp inactivation, it can be proposed that either the 

maternal X chromosome (Xm) carries an imprinting mark that prevents it from expressing 

Xist, or that the Xp is imprinted to be preferentially inactivated. Alternatively, both the ma

ternal and the paternal Xist alleles can carry an imprinting mark. While the presence of an 

imprinting mark on the Xm has already been demonstrated (Fukuda et al., 2014; Tada et al., 

2000), the existence and possible nature of an imprint leading to exclusive paternal Xist ex-
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pression remain elusive. Recently, ir has been proposed char iXCI occurs as a two-step process 

(Namekawa et al., 201 0). First, pre-inactivaced intergenic repeat regions on the Xp may carry 

uansgenerational epigenetic information from the paternal germline to the zygote, predis

posing the Xp for iXCI independently of Xist (Namekawa et al., 2010). This might rely on 

the inheritance of sperm-derived nucleosomes and their associated modifications. Second, 

subsequent establishment of genic silencing strictly depends on Xist expression from the pa

ternal allele (Namekawa et al., 2010). Alternatively, it has been suggested chat the preferential 

inactivation of the paternal X chromosome may simply rely on early and robust activation 

of the paternal Xist gene (Heard et al., 2004). This may be faci litated, upon fertilization, 

by the protamine-to-histone uansition, during which the highly condensed sperm DNA ac

quires newly deposited histones lacking most heterochromatic marks. The transcriptionally 

permissive chromatin signature deposited on the paternal pronucleus would then allow higher 

gene expression of paternal compared to the maternal genes, possibly including the Xist gene. 

Conclusive evidence for the contribution of either the repeat-based silencing established dur

ing spermatogenesis or the protamine-to-histone uansition, in the control of iXCI of Xp, is 

lacking. 

To rest if the chromatin rearrangement in spermatids impacts on iXCI, we made use of 

mouse round spermatids to fertilize oocytes. Contrary to the protamine-based chromatin 

structure of spermatozoa, round spermatids have an histone-packaged genome. Thus, when 

round spermatid are injected into a mouse oocyte (ROSI), the paternal genome already has 

a hisrone-based chromatin constitution, conuary to the protamine-packaged chromatin of 

spermatozoa. Hence, ROSI evades the protamine-to-histone replacement in the male pronu

cleus, which in normal fertilization leads to global de novo histone coverage of the paternal 

genome (Kishigarni et al., 2006), although this aspect remains to be specifically assessed at 

the single chromosome leveL Here, by using ROSI as an experimental tool, we have first 

established if the chromatin constitution of round spermatids is maintained at the single 

chromosome level in ROSI-derived zygotes. Next, we observed whether such an absence of 

genome wide paternal chromatin remodelling affected the timing of paternal Xist expression 

in ROSI-derived female zygotes, on a wild type background. 

In addition, we determined if the uanscriptionally repressed state and the heterochromatic 

marks already present on the X chromosome of round spermatids because of PSCR, might 

be sufficient to establish iXCI independently of Xist-mediated silencing. Using round sper

matids from male mice lacking a functional Xist gene (Xpt.Xist) for ROSI, we would expect 

to rescue the early embryonic lethality ofXpMist female embryos through Xist-independent 

Xp inactivation. 
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Our results show that paternal histones and their associated histone modification persist in 

ROSI-derived early pre-implantation embryos, as previously demonstrated (Kishigami et al. , 

2006). However, the lack of maternal histone incorporation inro the round spermatid- de

rived chromatin of the Xp does not misregulate the normal timing of paternal Xist expression 

on a wild type background. 

Using Xp~st male mice as round spermatids donors for ROSI, we prevented the female le

thality that is observed upon fertilization with mature Xp~st spermatozoa. Surprisingly, this 

was not mediated by Xist-independent Xp silencing, but by a shift to inactivation of the Xm. 

We speculate that the round spermatid-derived Xp expresses XCI trans activator(s) at higher 

levels compared to the spermatozoa-derived Xp, thus overcoming the refractory epigenetic 

signature that is associated with the maternal Xist gene. This allows proper dosage compensa

tion of X-linked genes through inactivation of the Xm instead of the Xp in extraembryonic 

cells ofXpMist female ROSI-derived embryos. 
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RESULTS AND DISCUSSION 

Histones and associated epigenetic modifications are transmitted from round 
spermatids to ROSJ-derived zygotes 

To analyze the histone modification patterns of round spermatid-derived paternal chromatin 

in early embryos, and in particular the epigenetic profile of the Xp, we arrested ROSI-derived 

mouse embryos at the pro-metaphase stage of the first and second cleavage divisions (Avo San

ros et al., 2011). This allows the visualization of epigenetic marks on individual chromosomes. 

As a control for staining specificity, zygotes obtained by intracytoplasmic sperm injection 

(ICSI), using epididymal spermarozoa, were subjected to the same experimental procedure. 

Resulting from the histone-to-protamine transition in spermatids, mouse epididymal sper

matozoa contain approximately only 1% of residual histones (Balhorn et al., 1977; van der 

Heijden et al., 2006). After sperm decondensation by heparin treatment and immunostaining 

for histone H3. 1/2 and centromeres (with anti-centromere antibody, ACA), limited hisrone 

retention associated with pericentromeric regions was visible (Figure 1 A, left panel), as pre

viously shown (van der Heijden et al., 2006). After fertilization, when the protamine-eo-his

tone transition has taken place, we did not detect any H3K9me3 at paternal prometaphase 

chromosomes ofiCSI-derived zygotes (Figure lA), while prometaphase chromosomes of ma

ternal origin were strongly enriched for H3K9me3 at pericentromeric regions and displayed 

moderate H3K9me3 levels along the chromosome arms. These results are in accordance with 

results from previous studies on in vivo fertilized embryos, that showed epigenetic asymmetry 

between maternally and paternally inherited chromatin up to the third cleavage division (Ar

ney et al., 2002; Puschendorf et al., 2008; San cos et al., 2005; van der Heijden et al., 2005). 

In round spermatids, the X and Y chromosomes, as well as the constitutive pericentric 

heterochromatin clustered in the chromocenter, are enriched for H3K9me3 (Figure lB, 

left panel), in accordance with previously published data (van der Heijden et al., 2007). In 

ROSI-derived zygotes at the first cleavage division, we detected persistence of H3K9me3 at 

the DAPI-dense heterochromatic chromosome ends of paternal origin and on the entire Xp 

(Figure lB). This epigenetic profile mirrors exactly the H3K9me3 pattern observed in round 

spermatids. ROSI-derived 2-cell stage female embryos that were arrested at the pro-metaphase 

of the second cleavage division displayed maintenance of a high enrichment for H3K9me3 

in particular on one of the two X chromosomes (Figure l C). We verified by Xist DNA FISH 

that the highly H 3K9me3 enriched chromosomes in both blastomeres from one 2-cell stage 

embryo were indeed X chromosomes as expected {Figure l C, right panel and enlargements). 

O ne blastomere (the lower one, in Figure lC) showed DNA FISH staining also on the Xm, 

confirming that the embryo was indeed female. Some leakage ofH3K9me3 staining remained 
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visible as background fluorescence, even after DNA FISH has been performed. 

These data confirm previous observations that a substantial fraction of modified histones 

which are present on round spermatid chromatin are maintained in the early pre-implanration 

embryo generated by ROSI (Kishigami er al., 2006). Here we have observed that this concerns 

in particular the X chromosome, where the H3K9me3 chromatin signature covers the entire 

chromosome, in contrast to the histones that are incorporated along the X chromatin upon 

normal fertilization, that are devoid ofH3K9me3. 

Normal establishment of iXCI in ROSI-derived female zygotes 

We then aimed to investigate if absent or limited remodeling of round spermatid-derived pa

ternal chromatin, and the heterochromatic epigenetic signature of the X chromosome specifi

cally, might affect the timing of Xist expression in ROSI-derived female zygotes, and interfere 

with iXCI establishment. In ROSI-derived female embryos, Xist expression starred normally 

at the 4-cell stage (Figure lD), followed by Xist spreading at the 8-cell stage (Figure l E), sim

ilarly eo what has been described for in vivo fertilized control embryos (Okamoto and Heard, 

2006). This suggests that the protamine-to-histone transition does nor play a major role in 

the activation of the paternal Xist gene. In addition, the enrichment of H3K9me3 along the 

X chromosome does not appear to interfere with Xist transcription. It therefore seems more 

likely that another type of imprint, or a different mechanism, controls preferential Xist expres

sion from Xp. 
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..... Figure 1. Chromatin remodeling and Xist expression in ROSI-derived embryos 

A) Left pand: Representative image of a decondensed nucleus of a mature mouse spermatozoon stained with 

H3.1/2 (in green) and anti-centromere antibody (ACA) (in red), to illustrate the limited presence ofhistones 

in association with pericentromeric chromatin in mature mouse sperm, as shown previously by others (van 

der Heijden et al., 2006). 

Right pands: immunolocalization of H3K9me3 (green) in chromosome spreads of prometaphase-arrested zy

gotes obtained by ICSI (as represented in the drawing). The condensed chromosomes of paternal and maternal 

origin are cutouts from the whole zygote images (paternal chromosome set on top; maternal below). DNA is 

counterstained with DAPI (blue). 

B) Left panel: representative nucleus of a round spermatid immunostained for H3K9me3 (green) to illustrate 

the enrichment of H3K9me3 on the chomocenter (encircled) and adjacent sex chromosome (arrowhead) as 

described previously (van der Heijden et al., 2007). 

Right pands: immunolocalization of H3K9me3 (green) in chromosome spreads of prometaphase-arrested 

zygotes obtained by ROSI (as represented in the drawing, n=20 zygotes). The condensed chromosomes of 

paternal and maternal origin are cutouts from the whole zygote images (paternal chromosome set on top; 

maternal below). The X chromosome is indicated by a white dashed square box. 

C) Immunofluorescence analysis for H3K9me3 (green) on chromosome spreads of a representative promet

aphase-arrested 2-cell stage embryo obtained by ROSI (as indicated by the drawing on the left, n=2). Each 

blastomere from the same embryo is cutout into separate images (1st blastomere on top; 2nd blastomere 

bdow). The X chromosome is indicated by a white dashed square box. Xist DNA FISH (right panel) was 

performed on the same chromosome spreads represented on the left. Square boxes on the right are blowups of 

each corresponding boxed area containing one X chromosome (lsr blastomere) or two X chromosomes (2nd 

blastomere). 

D) Representative Xist RNA FISH on a ROSI-derived 4-cell stage embryo on the left (n=5), and a 4-cdl stage 

embryo derived by in vivo fertilization (n=4). Dashed red square boxes are blowu ps of each corresponding 

boxed area. 

E) Representative Xist RNA FISH on a ROSI-derived 8-cell stage embryo on the left (n= 5), and an 8-cell 

stage embryo derived by in vivo fertilization. Dashed red square boxes are blowups of each corresponding 

boxed area. 
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Transmission of XpllXist through round spermatids rescues female embryonic 
lethality 

Female embryos inheriting an Xist deletion on the paternal X chromosome can no longer be 

recovered by E12, because lack of iXCI ofXp leads to embryonic lethality (Marahrens et al., 

1997). We tested if transmission of an Xp carrying the Xist deletion through ROSI instead of 

fertilization with mature sperm, might rescue the embryonic lethal phenotype. This experi

ment was based on the hypothesis that inheritance of a Xp that had already been transcrip

tionally inactivated during meiosis, and carries a pre-established heterochromatic signature, 

might provide sufficient dosage compensation in extraembryonic tissues in the absence of 

Xist, and thereby would allow female embryo survival. We performed ROSI with Xpll.Xist 

spermatids obtained from a c57bl6 Mist mouse line, generated by Csankovszki ( Csankovszki 

et al., 1999). In control experiments, we performed ICSI with Xpll.Xist mature sperm from 

the same mouse line. At E15, we obtained 17 pups after ROSI and 11 after ICSI (Tableland 

Supplemental Table 1). This was approximately 1 Oo/o of the number of 2-cell stage embryos 

that were transferred to pseudopregnant females, for both techniques. The sex of the embryos 

was determined by visual inspection of the isolated gonads and confirmed by PCR for UbeX 

and UbeY (data not shown). The ICSI experiments yielded only males, as expected. In con

trast, 5 out of the 17 E15 embryos generated by ROSI were female (p<0.05, chi square test) . 

Table 1: Experimental outcomes 

ICSI (E15) ROSI (E15) ROSI (PO) 

N of independent experiments 4 4 2 

N of 2·cell embryos transferred 104 163 64 

N of pups 11 17 7 

Males 11 12 5 

Females 0 4 2 

XC females 0 1 0 

We genotyped all ROSI-derived female embryos, and found both a wt and deleted Xist allele 

in embryonic and extraembryonic tissues of 4 of the female embryos, while one embryo was 

an XO female which had lost the mutated paternal X chromosome (Figure 2A) . Next, we 

analysed the X chromosome to autosome (X:A) ratio for all embryos using quantitative PCR 

on genomic DNA, and observed the expected 1:1 ratio for the four XX embryos, placentas 

and isolated gonads (Figure 2B). 

We then verified if ROSI-derived Xpll.Xist female embryos might develop to term. To this 
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end, we collected pups on the morning after birth (PO) . We obtained 7 live born pups (10% 

survival of 2-cell embryos that were transferred), of which 5 were males and 2 were females, as 

shown in Table!. Sex was confirmed by PCR for UbeX and UbeY(data not shown). The two 

Xp.6.Xist females were comparable in size and body weight to the male siblings (Figure 2C) . 

Genotyping for the mutated and wild type Xist allele confirmed heterozygosity of the females 

(Figure 2C). 
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Figure 2. ROSI rescues female-specific lethality of a paternally inherited Xist deletion (Xpt.Xist) 

A) Representative El5 Xpt.Xist ROSI-derived female embryo (E) and attached placenta (P). Genotypes on 

DNA isolated from embryo and placenta of 4 ROSI-derivedXpL'.Xist El5 female embryos and one ROSI-de

rived XO embryo are shown on the right. Genorype was determined by the presence of a PCR product for 

the wr Xist allele ( 431 bp band) and deleted allele (5 13 bp band) . Water negative control and 1 00 bp marker 

were also loaded. B) qPCR on genomic DNA isolated from E15 embryos, placentas and gonads for Xist 

(chromosome X) and Rexl (chromosome 8) . X chromosome to autosome ()U A) ratio was determined for each 

individual tissue in 4 control females. Results were averaged and the ratio was arbitrarily set to I. The XJ A ratio 

was determined for each individual tissue in 4 control males in 4 Xpll.Xist ROSI-derived female embryos, and 

ratios for each tissue were averaged and normalized ro I. Results for each individual tissue are shown as dots. 

C) Image of 5 newborn pups with normal appearance derived with ROSI using Xp6.Xist round spermatids 

(2 females on the left and 3 males on the right). Genorypes for the wr and deleted Xist alleles are shown eo 

the right. As expected, both females were hererozygotes, while the males only had the wr Xist allele inherited 

from the mother. 
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ROSI with XpllXist allows initiation of XCI on the maternal X chromosome 

The exceptional survival ofXp~t female embryos might be explained by maintenance of 

the meiotically pre-inactivated state of the round spermatid-derived Xp, as we initially hy

pothesized. However, it cannot be excluded that survival of the embryos might be explained 

by XCI of the (wild type) X chromosome of maternal origin, replacing iXCI ofXp. In order 

to distinguish between these different possibilities, we analyzedXistexpression levels by qPCR 

in E15 control male and female placentas and in the three ROSI-derived Xp.6.Xist female pla

centas for which RNA samples were available. As expected, male placentas showed very low 

Xistexpression, which most probably reflects expression from a very small amount of maternal 

decidua contamination (Figure 3A). Conversely, Xist expression was very high in wild type 

female placentas, in accordance with maintenance of stable iXCI ofXp in this tissue, required 

for proper extraembyonic tissue development. Surprisingly, Xist RNA levels of ROSI-derived 

Xp~st female placentas were comparable to those of wild type female placentas. Since the 

Xist gene has been deleted from the paternal allele, this expression can only be explained by 

robust transcription occurring from the wild type maternal X chromosome. This indicates 

that a switch from Xp inactivation to Xm inactivation has occurred in the Xp.6.Xist female 

embryos that were obtained by ROSI. 

To assess if Xist transcription from Xm was occurring homogeneously throughout the ex

traembryonic tissues, we then checked Xistexpression by RNA FISH on E15 placenta sections 

obtained from one ROSI-derived Xp~st female (Figure 3B). By using the Reichert's mem

brane as reference for the embryonic side of the placenta, we verified that Xist clouds formed 

on the whole population of labyrinth cells of embryonic origin. 

The onset of Xm inactivation in the Xp.6.Xist female embryos was analysed through qRT

PCR analysis of Xist expression on RNA isolated from morulas obtained from pluggings with 

wild type and Xp.6.Xist males, and from morulas generated by ROSI with Xp.6.Xist round 

spermatids. We determined the sex of the embryos by presence or absence of the Y-specifi.c 

transcript, Eif2s3y. As expected, Xist was expressed at very high levels in wild type female 

morulas, but absent from males. In comrast, none of the in vivo fertilized Xp.6.Xist male 

and female morulas showed any Xist expression above background (n= 11 females, from two 

independent experiments, 5 are shown in Figure 3C). Interestingly, Xist levels were variable 

in ROSI-derived Xp.6.Xist female morulas, and only one out of 11 analysed female embryos 

did not display any Xist expression (Figure 3C) . This variabiliry is consistent with the fact that 

we did not rescue all Xp~t females by performing ROSI, but only approximately half of 

them. This estimation is based on an expected equal chance to obtain either a male or female 

embryo, where in our ROSI experiments with Xp~st spermatids 4 out of 17 total E15 pups, 
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Figure 3. XmXpMU' female survival is mediated by a shift to inactivation of the maternal X (Xm) 

A) AverageXistgene expression levels± s.d. on RNA isolated from El5 placentas of3 control males (light blue 

bars), 3 control females (pink bars) and 3 ROSI-derived XpLI.Xist females (red bars) . The data were normalized 

eo Actin. 

B) Representative image of the Xist RNA FISH (in green) on cryosections from a E 15 ROSI-derived Xp~t 

female placenta (n=2). From the phase contrast image on top (right) , the Reichert's membrane on the embry

onic side of the placenta can be visualized (marked by asterisk). DNA is counterstained with DAPI. 

C) Dot plot showing Xist (black) and Eif2s3y (red) mRNA expression levels for RNA isolated from individual 

in vivo fertilized wr and Xp.6Xist male (blue) and female (pink) mouse morulas, and from ROSI-derived 

XpMist male and female morulas. Expression levels were normalized to Actin. Grey lines indicate the average 

values, n values are indicated below the graph. 
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and 2 out of 7 total live born pups were female. 

Previous reports have shown that also in diploid parthenogenetic embryos the Xm starts to 

express Xist around the morula stage (Kay et al., 1994; Nesterova et al., 2001). It was then 

suggested that this could occur simply because the repressive imprint on the Xm Xist allele, 

preventing its expression, was not retained throughout pre-implantation development. The 

present experiments indicate that the situation is more complicated. If removal of the repres

sive imprint on the Xist promoter of the Xm, would play per se a prominent role in allowing 

Xm inactivation, Xist expression from Xm should occur in the in vivo fertilized Xpll.Xist 

female embryos with similar dynamics as observed for parthenogenetic embryos. However, 

this is not what happens, since Xist expression was not observed in any of the XpLl.Xist female 

morulas obtained by natural mating (Figure 3C). 

In the model in Figure 4, we propose that when iXCI is initiated in embryos carrying an Xp 

and an Xm, the Xp is more responsive to XCI trans activator(s) than the Xm. This differential 

response is most likely related to an imprint of the Xist promoter on the Xm, which prevents 

Xistexpression, and which is absent from the promoter on Xp (Fukuda et al., 2014). In other 

words, the threshold for activation of Xist expression by XCI trans activator(s} is intrinsically 

higher for Xm than for Xp. In a wild type embryo, transcription of the XCI activator(s) would 

reach the threshold for Xist expression from the Xp in all blastomeres by the 4-cell stage, but 

virtually never reach the threshold for activation of Xist expression from Xm. To explain Xist 

expression from the Xm in ROSI-derived Xpll.Xist female morulas, we propose that the XCI 

activator(s) are expressed at higher levels from the Xp derived from a round spermatid com

pared to the Xp delivered by mature spermatozoa. Therefore there would be a higher chance 

that a threshold for activation of Xist expression from Xm, by X-linked XCI trans activators, 

will be reached, compared to the normal situation, when a sperm-derived Xp chromosome is 

present (Figure 4). While transcriptional suppression is maintained for most Xp genes during 

PSCR, some X-linked genes are known to escape and become specifically reactivated. One of 

these reactivated genes is RNF12, which is a known XCI trans activator Qonkers er al. , 2009). 

Hence, the X-linked Rnfl2 gene represents a good candidate to be expressed at higher levels 

from the Xp derived from a round spermatid, and to act as XCI trans activator on the Xm. 

However, we do not exclude that other and multipleX-linked factors are involved. In addi

tion, changes in autosomal gene expression in ROSI-derived embryos compared to normally 

fertilized or ICSI-derived embryos also may contribute to inactivation of the Xm. However, 

such a contribution of autosomal genes is expected to play a minor role, because we did not 

observe Xist expression from the Xm in wild type ROSI-derived male embryos (n=5). 
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Taken cogether, the present experiments have demonstrated that injection of round sper

matids into oocytes allows activation of Xist transcription from the Xm in preimplantation 

mouse embryos in the absence of a paternal Xist gene. Our data point eo critical differences in 

epigenetic aspects of control ofX-linked gene expression in round spermatids versus mature 

spermatozoa. 

3 B threshold for Xm 
ro 
> :e 
ro 
.!., 
t:: 
g 

-
ROSI-derived ~ Xp6.Xist 

-- ~ vivo/ICSI-der~d ~ Xp:::ist 

~~~~~~~------------------------======~ 

Time 
Morula 

0 
Figure 4. Model ofXCI initiation in pre-implantation embryos 

CV 
u 
c 
"' .s:::. 
u 

Depicted are the different thresholds for Xist expression from Xm and for Xp (black horizontal lines). Com

bined expression of gene(s) encoding X-linked XCI trans activator(s) from both Xp and Xm in female pre-im

plantaion embryos throughout their development is represented as green line (for wt), yellow dashed line (for 

ICSI-derived or in vivo fertilized Xp6.Xist) and red dashed line (for ROSI-derived Xp6.Xist). 
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MATERIALS AND METHODS 

Animals 

B6D2F1 mice (C57BL/6 x DBN2) were used as oocyte donors. We used B10CBA females 

that were mated with vasecromized males as pseudopregnant surrogates for transfer ofiCSI

and ROSI-derived two-cell stage embryos. C57Bl6 mice carrying an Xist deletion (t:.Xist) 

were those originally generated by Csankovszki and colleagues (Csankovszki et al., 1999). 

Control wild type C56Bl6 males were also used as spermatid and spermatozoa donors. All 

animal experiments were approved by the local animal experiments committee DEC Consult 

and animals were maintained under the supervision of the Animal Welfare Officer. To obtain 

embryos from in vivo fertilized oocytes, superovulated B602Fl females were mated with wild 

type or Mist males and zygotes were retrieved from the oviduct and cultured for different 

applications. 

Oocyte collection 

Mature oocytes were collected from the oviducts of 6- to 16-wk-old B6D2F1 female mice 

(Harlan) that had been induced to superovulate with 5 IU pregnant mare's serum gonadro

topin (PMSG; lntervet), followed by 5 IU human chorionic gonadotropin (hCG; Intervet) 

48 h later. Oocytes were collected from oviducrs approximately 16 h after hCG injection and 

treated with 80 IU mJ·I hyaluronidase (Sigma) until the cumulus cells dispersed. The oocytes 

were then placed in G 1 medium (Vitrolife), covered with mineral oil, and stored at 37°C (5o/o 

C0
2
:95o/o air). Before injection, oocytes were placed into Ca2•-free M 16 containing 10 mM 

SrC12 for 60 min. 

Round spermatid preparation 

To collecr round spermatids, seminiferous tubules of the testes from male mice were gently 

minced using two blunt ended curved forceps, and single cells were suspended in G-MOPS 

PLUS medium (Virrolife). 

Microinsemination with round spermatids 

ROSI was carried out as described in the Addendum to Chapter 2. 

Microinsemination with mature spermatozoa (ICSI) 

ICSI was carried out as described previously (Yoshida and Perry, 2007). 

Embryo culture and transfer 

Injected oocytes were cultured for 24-30 h in G-1 PLUS medium until the two-cell stage. 

Thereafter, 10-15 two-cell embryos were transferred to each oviduct of surrogate females on 

day l of pseudopregnancy. Alternatively, embryos were cultured up to the 4-cell, 8-cell, or 
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morula stage in G-1 PLUS medium and further processed for different applications as de

scribed below. 

Chromosome spread preparations 

Zygotes or two-cell embryos were incubated with colcemid (1.5 flg/ml) to arrest cells at 

prometaphase until pronuclei had disappeared. To obtain chromosome spreads, after zona 

pellucida removal with Acidic Tyrode's Solution (Sigma), arrested zygotes were incubated in 

hyposolution (25 o/o v/v FCS, 0.5 o/o w/v sodium citrate) for 5 min and subsequently trans

ferred to a drop of fixative (1 o/o v/v paraformaldehyde, 0.2% v/v Triton X-100, 0.1 mM dith

iothreitol, pH 9.2) on a glass slide. After horizontal drying for 1 h, the slides were washed with 

0.08 o/o Photo-Flo (Kodak) and air dried. All slides were stored at -20 oc until further use. 

Decondensation of mouse caput sperm 

Decondensation of mouse caput sperm was performed as described previously (van der Hei

jden et al., 2006). 

Preparation of spread spermatid nuclei 

Nuclei of wild type mouse spermatogenic cells were spread as previously described (Peters 

et al., 1997). 

Immunofluorescence 

For immunofluorescence stainings, slides containing zygote or embryos chromosome 

spreads, decondensed sperm, or spread spermatid nuclei, were rinsed in phosphate-buffered 

saline PBS-T (PBS, 0.01 o/o v/vTween-20) and locked with blocking solution (PBS-T, 2% w/v 

bovine serum albumin (BSA fraction V), 5% v/v normal goat serum) for 30 minutes and in

cubated with primary antibodies at 4oC overnight. The following antibodies were used in this 

study: rabbit polyclonal a.:,aainst H3K9me3 (1:200, Abeam), mouse monoclonal anti H3.1/2 

(1 :1000, gift from dr. P. de Boer, for validation see (van der Heijden et al., 2007)) and human 

centromere autoantigen (ACA, 1:1000, Fitzgerald Industries, 90C-CS1058). After washing 

with PBS-T, chromosome spreads were incubated with the appropriate secondary antibodies 

for 1 hour, washed with PBS-T and mounted with ProLon Gold mounting solution for DNA 

counterstaining. Images were obtained using a LSM700 confocal laser scanning microscope 

(Zeiss) and processed with Fiji and Adobe Photoshop CS3 software. 

RNA/DNA FISH 

?re-implantation embryos were treated with acid Tyrode's solution (Sigma) to remove the 

zona pellucida. Method and probe for Xist RNA-FISH have been described (Barakat and 

Gribnau, 2014; Jonkers et al. , 2008). For DNA FISH, chromosome spreads of prometaphase 

arrested embryos were denatured in 80% v/v formamide for 1 minute before the same Xist 
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probe used for RNA FISH was applied on the slide. Detection was performed as for RNA 

FISH. 

Placenta cryosections 

Placentas were removed at £15. The tissues were snap frozen and stored at -so•c until use. 

For RNA FISH, 14 flm-thick frozen sections were made from frozen tissues on a cryostat and 

mounted on glass slides. Sections were briefly air-dried, extracted with 0.5% Triton X-100 in 

phosphate-buffered saline (PBS) on ice, fixed in 4% formaldehyde, 5% acetic acid for 18 min 

at room temperature, washed 3 times in PBS for 5 min each, dehydrated in 70-100% ethanol 

series and air-dried. 

Genotyping PCR for Xist deletion 

The primer pairs used to assess the genotype of the mice for the presence or absence of the 

Xist deletion have been previously described (Gribnau et al., 2005). 

qRT-PCR analysis 

For quantitative RT - PCR (RT -qPCR) of single embryos, the Taqman• Cells-to-Ct Kit (Ap

plied Biosystems) was used according to the manufacturer's protocoL All samples were analyz

ed in triplicate in a 10 fll final reaction volume using the BioRad CFX 384 Real-time System. 

The reaction mixture contained SYBR Green PCR Master Mix (Applied Biosystems), primers 

(either Actin, Xist, or Eif2s3y) and 2.5 f!l of cDNA. The following primers were used: Xist for 

GGATCCTGCTTGAACTACTGC and rev CAGGCAATCCTTCTTCTTGAG (Chureau 

et al., 2011), Actin for AACCCTAAGGCCAACCGTGAAAAG and rev CATGGCTGGG

GTGTTGAAGGTCTC, Eif2s3y for CCAGGGACCAAAGGAAACTT and rev TAGCCT

GGCTTTCTTTCACC (Vernet et al., 2014). 

For copy number qPCR on genomic 0:\IA, primers were designed for the X chromosome 

on the Tsix promoter region (for CCGAGATATCCACGCATCTT and rev AGCTGGC

TATCACGCTCTTC) and for chromosome 12 on the Rexl allele (for GGTGCAAGAA

GAAGCTGAGG and rev GTTTCGAGCTCTCCGTGAAG). 

After an initial hold at 94•c for 2 minutes, reaction mixtures underwent 40 cycles of 30s at 

94•c, 30s at 6o•c, and 30s at n •c. Resulrs were expressed as Cycle threshold (Ct) values. 

Gene expression levels were normalized over Actin gene expression, according to the 2-ll.CT 

method (Livak and Schmittgen, 2001). In order to be able to use a relative quantification 

approach to compare expression levels we ensured that the primer pairs have similar amplifi

cation efficiencies (E = 100 ± 10%). 
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Supplemental Table 1: Individual experimental outcome 

ICSI (E1 5) Males Females XOfemales 

Outcome experiment 1 2 0 0 

Outcome experiment 2 3 0 0 

Outcome experiment 3 1 0 . 0 

Outcome experiment 4 5 0 0 

ROSI (E15) 

Outcome experiment 1 1 0 1 

Outcome experiment 2 5 1 0 

Outcome experiment 3 1 1 0 

Outcome experiment 4 5 2 0 

ROSI(PO) 

Outcome experiment 1 2 0 0 

Outcome experiment 2 3 2 0 
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CHAPTER4 

ABSTRACT 

In mouse male meiotic prophase, autosomes can stably associate through homologous syn

apsis, while the largely heterologous sex chromosomes synapse only in the short pseudoauto

somal region (PAR). Homology recognition is aided by formation and repair of hundreds of 

programmed DNA double-strand breaks (DSBs). OSBs persist along the non-homologous 

arms of the sex chromosomes. Asynapsis and persistent DSBs then trigger transcriptional si

lencing through meiotic sex chromosome inactivation (MSCI). This inactive state is partially 

maintained in post-meiotic cells (posrmeiotic sex chromatin repression, PSCR). For the hu

man, establishment of MSCI and PSCR have also been reported, bur X-linked gene silencing 

appears to be more variable compared to mouse. To gain more insight into the regulation and 

significance ofMSCI and PSCR, we have performed a global analysis ofXY pairing dynamics, 

DSB repair, MSCI and PSCR in the dog, for which complete high coverage genome sequenc

ing has recently become available, allowing a thorough comparative analyses. 

In addition to PAR synapsis, we observed extensive self-synapsis of the heterologous part of 

the dog X chromosome, and rapid loss of known markers of DSB repair and MSCL Sequenc

ing of RNA from purified spermatocytes and spermatids revealed establishment ofMSCI, but 

the self-synapsing region of the X displayed higher X-linked gene expression compared to the 

unsynapsed area in spermatocyres, and was post-meiotically reactivated. In contrast, genes in 

the PAR (which are generally believed to escape MSCI) were expressed at very low levels in 

both spermatocytes and spermatids. O ur comparative analyses was used to identifY conserved 

X-linked genes that escape MSCI completely, or are specifically re-activated in human, mouse 

and dog spermatids. 

Overall, our data indicate that MSCI is incomplete in the dog. This may be partially ex

plained by transient extensive self-synapsis of the X chromosome, in association with rapid 

meiotic DSB repair. In addition, our comparative analysis identifies novel candidate male 

fertility genes. 
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INTRODUCTION 

In male placental mammals, the X and Y chromosomes share homology only in the pseu

doautosomal regions (PAR). PAR length varies greatly among species, ranging from only 700 

kb in mouse (Perry et al., 2001), to 2.7 Mb in human (Ross et al., 2005) and 6.6 Mb in dog 

(Li et al. , 2013; Young et al., 2008). In the mouse, all chromosomes are acrocentric, and the 

PAR localizes ar the tip of the long q-arm of the sex chromosomes. The human meracenrric 

X and Y chromosome have rwo PARs, one on each end of the sex chromosomes. However, 

usually only PAR1, on the end of the p arm of the sex chromosomes, engages in meiotic re

combination. The total length of the dog Y is only approximately 20 Mb, and rhe single dog 

PAR is located on the p arm of the sex chromosomes (Li er al., 2013). In contrast, the human 

and mouse Y chromosome are much longer, 60 and 95 Mb, respectively. The X chromosome 

is highly conserved in evolution, and measures 156, 171, and 124Mb in human, mouse, and 

dog, respectively. The presence of a heterologous chromosome pair in males poses a challenge 

ro the process of meiosis during spermatogenesis, and has specific consequences for the tran

scriptional activity of these chromosomes during spermatogenesis, as explained below. Here 

we have focused on the regulation of the sex chromosomes during male meiotic prophase in 

the dog, because of irs long PAR, and some peculiar features of XY pairing during meiotic 

prophase, described in derail in this manuscript. 

In the first meiotic division, homologous chromosomes need to segregate faithfully, to gen

erate rwo daughter cells with a complete haploid ser of chromosomes. This requires a lengthy 

prophase during which each chromosome pairs, and exchanges genetic information with its 

homologous partner. This process involves the formation of approximately 250 meiotic DNA 

double-strand breaks (DSBs) (Moens er al., 2002) by the rransesterase SPOil (Keeney er 

al., 1999; Mahadevaiah et al., 2001) at so-called hotspors (Smagulova et al., 2011) distribut

ed throughout the genome. Subsequently, repair of these DSBs occurs via a meiosis-specific 

adaptation of the somatic homologous recombination (HR) repair process. HR in meiotic 

prophase cells is thought ro prefer the use of the intact DNA from the homologous chromo

some as a template for repair, whereas the sister chromatid is the favored repair template in 

somatic G2 cells (Schwacha and Kleckner, 1997). This preference for the homologous chro

mosome in meiosis is known as the inrerhomolog bias (Bolcun-Filas and Schimenti, 2012). 

Based on this bias, the meiosis-specific HR repair mechanism helps chromosome pairing and 

allows complete homologous synapsis through the formation of the synaptonemal complex 

(SC) (Yang and Wang, 2009). It also ensures formation of at least one crossover for each 

chromosome pair, which is required for faithful segregation of homologous chromosomes 

and the sex chromosomes during the first meiotic metaphase to anaphase transition. All these 
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events can be traced via immunocytochemical localization of key players in the HR repair 

process and markers of se formation. RAD51 and OMel are recombinases that form foci 

in response co the formation of DSBs by SP011 , and each focus is thought co correspond 

co a DSB site (earofiglio et al. , 2013; eole et al., 2012; Moens et al., 1997; Moens et al., 

2002). se formation reaches completion as DSB repair proceeds and the initial formation of 

the axial elements, that form first along each chromosomal axis, can be followed by staining 

for its components, such as SYeP2, SYeP3 (Lammers et al., 1994; Offenberg et al., 1998), 

and the HORMAD proteins (Wojtasz et al. , 2009). Subsequently, formation of the central or 

transverse elements, that provide the "glue" between the homologous chromosomes as they 

synapse, can be followed by staining for components of the transverse filaments and central 

element such as SYCP1 (Meuwissen et al., 1992) and TEX12 (Hamer et al., 2006). 

Stable XX synapsis in mouse and man is observed only for the tips of these chromosomes 

that contain the PAR (Solari, 1974). Detailed electron microscopic evaluation of the XX pair 

in mouse spermacocytes has revealed that the synapsis between X and Y is dynamic, whereby 

the region that displays synapsis varies between 0.2 and 3 J.lm. When synapsis is maximal, 

approximately 90% of they-chromosomal axis is synapsed (Solari, 1970; Tres, 1977). The 

unsynapsed configuration of the heterologous X and Y chromosomal axes is detected through

out meiotic prophase. Sex chromosomes are thus faced with a particular challenge in repairing 

meiotic DSBs in the non-PARs. Asynapsis and persistence of unrepaired DSBs lead co global 

transcriptional repression, a process called meiotic sex chromosome inactivation (MSei) (re

viewed in (Turner, 2007); (earofiglio et al., 2013). On the other hand, PARs, where synapsis 

and repair can proceed normally, are generally thought co escape from MSei (McKee and 

Handel, 1993), but so far this has not been analysed. 

In mouse, inactive XY chromatin forms a distinct nuclear domain, the so-called XY body, 

which usually resides ac the periphery of the nucleus and can be cytologically distinguished by 

its 4',6-diamidino-2-phenylindole (DAPI)-intense appearance (Monesi, 1965). XX body for

mation has been observed in a variety of different mammals (Ansari er al., 1993; Echeverria er 

al., 2003; Franco et al., 2007; Libbus, 1985; Moses, 1977; Namekawa et al., 2007; Sciurano et 

al., 2012; Solari and Pigozzi, 1994; Villagomez, 1993). Transcriptional suppression ofXand Y 

has been reported eo persist in pose-meiotic spermatids in mouse and human, and is referred 

co as pose-meiotic sex chromatin repression (PSeR) (Namekawa et al., 2006; Turner et al., 

2006) . PSeR, despite being a direct consequence of MSei, appears to be less stringent, since 

a significant number of X-linked genes are post-meiotically reactivated (multi-copy genes on 

both sex chromosomes (Mueller et al., 2008), and ~ 13% co 20% of single copy genes on the 

X (MulugetaAchame et al., 2010b; Namekawa et al., 2006). Transcripcomic studies ofMSei 

and PSeR have so far been performed only in mouse and human, using rnicroarray analyses 
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of RNA purified from different germ cell types (Mulugeta Achame et al., 2010b; Namekawa 

et al., 2006; Sin et al., 20 12), or whole testes (Mulugera Achame et al. , 201 Oa). More recently, 

also RNA sequencing approaches have been used to analyse global and sex chromosome tran

scriptional regulation during spermatogenesis in the mouse (Lesch er al., 2013; Soumillon er 

al. , 2013). MSCI appears to be a specialization of a more general process, Meiotic Silencing 

ofUnsynapsed Chromatin (MSUC), that silences chromatin that remains unsynapsed during 

male and female meiotic prophase in mammals (Baarends et al., 2005; Turner et al., 2005). 

Although MSUC shares several epigenetic characteristics with MSCI, these phenomena seem 

to lead to opposite end results: MSCI must successfully be installed in order for spermarocytes 

to progress through the meiotic prophase (Royo er al., 2010), whereas occurrence of MSUC 

could be detrimental to the cell (Burgoyne et al. , 2009). Whether MSUC and MSCI are 

equally effective is nor known, since no global analyses of mRNA expression from regions 

that are subject to MSUC are available. Based on immunocytochemical analyses, it appears 

that some components of the shared MSCI/MSUC machinery are limiting, and when MSUC 

is activated in spermatocyres, this reduces the effectiveness of MSCI (Homolka er al., 2007) . 

Meiotic and posr-meioric X chromosome silencing was reponed ro be similarly effective for 

mouse and man (Sin et al., 2012). However, when we analyzed publicly available microarray 

data from human testes, the results indicated that MSCI and PSCR might be less complete in 

human compared to mouse (Mulugera Achame et al., 2010a), and this notion was supported 

by immunocytological observations rhar indicated that MSCI was less stringently controlled 

in human compared to mouse (de Vries er al., 2012). Furthermore, the profiles ofX-Iinked 

genes escaping from PSCR diverge significantly between humans and mice (Sin et al., 2012). 

Thus, detailed analysis of MSCI and PSCR in other mammalian species might help in un

derstanding common and relevant features of these processes and identify new important 

candidate X-linked fertility genes. 

Our group is interested in studying the functional links between sex chromosome pairing, 

DSB repair, and transcriptional silencing in several species (Mulugera Achame et al., 201 Oa; 

Schoenmakers et al., 2009; Schoenmakers et al., 2010), including dog (Canisfomiliaris). The 

lasr common ancestor of mouse, human and the domestic dog lived around 64-65 million 

years ago (O'Leary er al., 2013). The diploid genome of the dog consists of38 autosomal pairs 

and the sex chromosomal pair (Lindblad-Toh et al., 2005). Previously, the general pattern of 

meiotic recombination during dog meiotic prophase has been studied through staining for the 

mismatch repair protein MLH1 , which also marks crossover sires in spermatocyres of mouse 

and man (Basheva er al., 2008). 

Here, we first provide a derailed description of the assembly and disassembly of the syn

apronemal complex during canine spermatOgenesis. We show that the dog X chromosome 
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displays extensive self-synapsis during mid pachytene, contributing to a more rapid meiotic 

DSB repair along the self-synapsed part of the X chromosome and to early loss of MSCI 

marks. These observations, together with the availability of complete high coverage genome 

sequencing for this species, prompted us ro study MSCI and PSCR more in detail by RNA 

sequencing. We show that X self-synapsis is associated with a partial escape from MSCI. In 

contrast to what has been previously suggested (McKee and Handel, 1993), the PAR, at least 

in dog, has very low transcriptional activity in both spermatocytes and spermatids. In addi

tion, our comparative analysis among dog, mouse and human of post-meiotically down- and 

up-regulated genes, provides new potential targets in the search for candidate X-linked male 

fertility genes. 

RESULTS 

Extensive X self-synapsis in dog mid pachytene spermatocytes 

The progression of meiotic prophase and synapsis in canine spermatocytes was studied by 

immunostaining for SYCP3 (lateral elements) and SYCPl (transverse filaments) . 

At leptotene (1.7% ± 0.6 of the spread nuclei of spermatocytes; n=3 (lOO nuclei analysed 

per dog sample)), short fragments of SYCP3 appear throughout the nucleus, rapidly followed 

by rhe appearance of fragments of SYCPl, that eo-localize with SYCP3, but are initially 

fewer in number (Figure lA). In zygotene (8% ± 4.6 of the spread nuclei of spermatocytes; 

n=3 (l 00 nuclei analysed per dog sampl~)), longer stretches of SYCP3 and SYCP l fragments 

are present, in agreement with the known progression of synapsis between the homologous 

chromosomes. However, the SYCP3 pattern appears a bit more dotted compared to what can 

be observed in mouse zygotene spermatocytes. In pachytene (85% ± 3.6 of the spread nuclei 

of spermarocytes; n=3 (lOO nuclei analysed per dog sample)), SC assembly is complete on all 

autosomes, and SYCP3 and SYCP l completely eo-localize, indicating full synapsis. Diplotene 

nuclei were very rare (5.3% ± 1.5 of the spread nuclei of spermatocytes; n=3 (lOO nuclei an

alysed per dog sample)), indicating that this stage lasts only very short in the dog (in mouse 

we observed that 23% of spermatocyte nuclei were at diplotene, n= l 00). Again, SYCP3 is ob

served in a dotted pattern, whereas mouse diplotene spermatocytes still contain linear SYCP3 

staining along the chromosomal axes at this stage. The XY pair could be easily detected in the 

majority of pachytene nuclei, due ro the absence ofSYCP l along most of the X chromosomal 

axis detected by SYCP3 (Figure 1), bur no distinct nuclear domain encompassing the XY 

body was observed in the DAPI staining. The chromosomal axis of the Y chromosome was 

very short, and frequently appeared to synapse almost completely with the X. In addition, 

large stretches of SYCP l , much longer than what might have been expected from XY synapsis, 
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Figure 1 - Extensive X chromosome self-synapsis in dog pachytene spennatocytes 

Overview of the dog male meiotic prophase and the progression of synapsis berween the XY pair. The left panel 

shows DAPI staining of the different spermatocyte nuclei, the substages are indicated on the left. To the right 

of the DAPI images, images of the corresponding nuclei stained for the synaptonemal complex proteins SYCPl 

(green) and SYCP3 (red) are shown, followed by the merge (n = lOO nuclei analyz.ed in at least 3 different dog 

samples). TheXY pair in pachytene and diplotene nuclei is encircled. Bar represents 10 )..lm. 
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were sometimes observed (Figure 1, lower pachytene nucleus) . 

To study the dynamics of XY association during meiotic prophase in more detail, we first 

identified the different XY configurations, and their temporal appearance. To this end we 

made use of the fact that XY body formation is followed by a replacement of histone vari

ants H3.1 and H3.2 by H 3.3, as has been described for the mouse (van der Heijden et al., 

2007), allowing a distinction between early and mid-to-late pachytene spermatocytes. Using 

a monoclonal antibody that specifically recognizes H3.1 and H 3.2, we observed depletion of 

the H3.1 /2 antigens from at least part of the XY body from mid pachytene onwards (Figure 

2A). Costaining with the marker of the central element TEX12, and the centromere marker 

CREST, revealed that a short synapsed patch can be observed on the XY pair in early pachy

tene, before histone removal, that localizes near theY cenrromere (the dog X and Y chromo

somes are metacentric, but since the Y axis is so short, the PAR always appears close to the 

Y centromere), indicating synapsis between X and Y Subsequently, when H3.1 removal oc

curs in early-to-mid pachytene and mid pachytene spermatocytes, a longer stretch ofTEX12 

staining is observed on the XY pair (Figure 2A). This extensive synapsis is transient, and was 

usually observed in the area between the PAR and the X chromosome cenrromere (p-arm). 

Finally, in late pachytene, the TEX12 signal becomes resrricted again to the area close to theY 

centromere. At these final stages, the X-chromosomal axis stained by SYCP3 becomes thick

ened (Figure 2B). When we quantified the extent of synapsis along the X chromosome in 100 

pachytene nuclei, 27 displayed no synapsis, 44 had little synapsis (either restricted to the PAR 

or similar to the middle panel of Figure 2C), extensive synapsis up to the X centromere was 

observed in 21 nuclei, and even more extreme synapsis, including part of the Xq region in 

8 nuclei. To understand if the extensive synapsis occurs between X and Y or represents some 

form of X self-synapsis, we used Structured Illumination Microscopy (SIM) which reaches a 

resolution of 120 (green channel)-1 30 nm (red channel), on samples immunostained with 

SYCP3 and SYCP1 (Figure 3A). This showed a short stretch of synapsis between X and Y, 

encompassing approximately half of the Y chromosomal axis, in early pachytene nuclei. At 

mid pachytene, additional synapsis was observed along two short stretches where part of the X 

chromosomal forms a looped structure. Thus, this configuration may represent heterologous 

self-synapsis of the X. In addition, some nuclei showed a split SYCP3 signal along most of 

the X chromosome that also showed a stretch ofSYCP1 in between, indicating that in these 

nuclei, possible synapsis between sister chromatids of the X chromosome could occur. To 

verify whether these SYCP1 stretches represented true synapsis, we also stained for TEX12, a 

component of the central element, and HORMAD1, a marker of unsynapsed axes, which is 

known to be removed upon synapsis in mouse spermatocytes (Wojtasz et al., 2009). Figure 

3B shows that, indeed also in dog spermatocytes, HORMADl signals are frequently reduced 
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when TEX12 is present. In addition, CREST antibody was used to verify the locations of the 

X and Y centromeres, and showed that the X centromere localizes at the tip of the loop that 

appears to display some form of heterologous synapsis. 

A Early pachytene Mid pachytene Late pachytene 

B 

Figure 2 - Progressive remodeling of the XY body during meiotic prophase in dog spermatocytes 

A) Pachytene spermatocyte spread nuclei stained for DAPI (blue), H3.1/2 (white, artificial color chosen to repre

sent the infrared signal), CREST (red) and TEX12 (green). Single immunostainings are shown in grayscale. The 

different substages are indicated on top. 

B) Pachytene spermatocyte spread nucleus stained for DAPI (blue), H3.1 /2 (red), SYCP3 (green). Single immu

nostainings are shown in grayscale. 

99 



CHAPTER4 

A 

8 

sv~o: 

, ... -. ~ ... ' " 

' ' -I , · I 

r: r 
\ • I ,' 

\. ~ " ... 
... -- ..... -
. ' ' 

• I • 1 

~ I~_/' \ 

'\ . ' 
' ' ' -;._·_: ... - .. 

... .. -- ) - ' ' . ' ' 
: • 1 

• - \ ....... ~ .. , J 

'--

.. -- ... 
' ' 

' ' I 1 ,. ' 

' ' . 
\ •. I ' ,: 

' ... , -.. __ ... , 

, ' 
' ' 

- ' I 
' . ' 
' ' ._ ..... ":. ... - ... . 

-... . -

.- .. ... 
' ' 
' I 

' ' ' ' ' ' - -

\, R = 
... -- ... 

' ' 
' ' 
' ' 
' ' 
' ' ' ... - - .. , , . 

' ' 
' - ' 

' I 
' ' ' . ' '--

r Y 

x'( 

-~--~ =. ~ ·~-i -· •• I .. 
··~ .. :::;:::==-~;::::::c;:i!E:s:::E:: =a::: .... 

• §~~ I:: ·1 
~ 

... ~:::cn;::::~::n =:!::;:a::;; -

Figure 3 - Transient X self-synapsis during pachytene in dog spermatocytes 

A) Subregions of spermatocyte spread nuclei containing the X and Y at different substages of pachytene in<u

cated on the left are shown at high resolution (Structured Illumination Microscopy (SIM)) to resolve the later

al elements of the synaptonemal complex immunostained for SYCP3 (white/green). The nuclei are costained 

for SYCP1 to identify regions of synapsis. To the right, drawings showing in white the X-specific and the 

Y-specific regions, in light blue PAR homologous synapsis and in red X chromosome heterologous self-synap

sis. Bar represents 1 llffi. 

B) As in A, bur these nuclei were stained with antibodies against TEX12 (marker of synapsis), HORMAD 1/2 

(specifically localizes on unsynapsed axes) and CREST (to mark the centromeres) as indicated. Scale bar rep

resents 1 f-Ull- To the right, drawings showing in white the X-specific and theY-specific region (in light blue 

PAR homologous synapsis, in red X chromosome heterologous self-synapsis, and in orange the centromere 

locations) and intensity plots ofTEX12 (in red) and HORMAD 1/2 (in gray) signals along the synaptonemal 

complex between the X and Y chromosomes. Inrensities are measured scarring from the PAR region and pro

ceeding cowards the telomeric region of the X axis. 
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. DNA double strand break repair appears to be completed during maximal 
self-synapsis along the X chromosome axis 

Due to the largely heterologous state of the mouse X and Y chromosomes, DSB repair 

on these sex chromosomes is delayed in regions outside the PAR (reviewed in (Inagaki et 

al., 2010). To visualize the dynamics of DNA double strand break formation and repair on 

the dog XY, we first analysed the presence of the homologous recombination repair protein 

RAD51, and the well-known marker of DSBs and the XY body, yH2AX (Mahadevaiah et 

al., 2001)(Figure 4A). yH2AX represents the phosphorylated form ofH2AX. 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 (Rogakou et al., 1999). During meiotic prophase 

in mouse, ATM phosphorylates H2AX at meiotic DSBs (Bellani et al., 2005; Mahadevaiah 

et al., 2001; Rogakou et al., 1999). Later, ATR is responsible for the formation ofyH2AX on 

the XY body (Bellani et al., 2005; Royo et al., 2013). 

At leptotene, we observed many RAD51 foci, indicative for the presence ofDSBs through

out the nucleus, and yH2AX displayed a focal staining pattern colocalising with the RAD51 

foci. The number of foci decreased during zygotene. In early pachytene nuclei (which rep

resent 40.7% of the total number of pachytene nuclei (92/226 nuclei)), only a few foci re

mained present on the synapsed axes of autosomes, whereas the X chromosome still carried 

many bright RAD51 foci associated with intense ·rH2AX staining of the XY body chroma

tin (Figure 4A). In mid pachytene nuclei (50.9% of the total number of pachytene nuclei), 

yH2AX still covered most of the XY axes, bur RAD51 foci had disappeared from the sex 

chromosomes. Quadruple staining ofRAD51 , SYCP3, SYCP1, and yH2AX confirmed the 

notion that RAD51 disappears before yH2AX, and also showed that RAD51 has disappeared 

when maximal synapsis is reached (Figure 4B). Finally, neither RAD51 foci nor yH2AX were 

observed on the XY body of lace pachytene nuclei (8.4% of the total number of pachytene 

nuclei), and in none of the few diplotene nuclei that were found. In cells where both yH2AX 

and RAD51 were absent from the XY body, the SYCP3 axes of the XY pair usually had a 

thickened appearance, and these were defined as lace pachytenes. We verified the absence 

of yH2AX from such late pachytene nuclei using immunofluorescent staining of dog testis 

sections. For the spermatogenic cycle of the dog, 8 different cellular associations have been 

described (schematically depicted in Figure 5A, (Foote et al. , 1972)), with lace pachytene and 

diplotene spermatocytes appearing at Stages VI and VII. Indeed, we observed a few yH2AX 

negative nuclei with one intense axis staining for SYCP3 at Stage VI, and more such nuclei 

were observed at Stage VII (Figure 5B). 
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Figure 4 - DSBs repair dynamics 

A) Spermatocyte spread nuclei stained for yH2AX (blue), RAD51 (red) and SYCP3(green). Single stainings are 

shown in greyscale. Percentages indicate the fraction of pachytene nuclei observed as shown. Scale bar represents 

10 J..lffi. B) Spermatocyte spread nuclei stained for yH2AX (blue), RAD51(green), SYCPl(green), and SYCP3 

(only shown in the enlargement, in grayscale). Close-ups show a magnification of the XY body, the top image 

shows SYCP3 staining (grayscale) in the area, for which the merge ofSYCP l, RAD51 and yH2AX is shown below. 
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Figure 5 - Loss of yH2AX from the XY body in pachytene spennatocytes becomes evident at Stage VI 

of the spermatogenic cycle in the dog 

A) Schematic drawing of the different srages of the spermatogenic cycle of the dog (adapted from (RusseU et al., 

1990)). 

B) lmmunosraining of cryosections of dog testes for yH2AX (green) and SYCP3 (red), and also stained with 

DAPI (blue). Srages were identified based on Russell et al. (1990) (Russdl et al., 1990). Loss ofyH2AX and the 

thickened SYCP3 axes representative oflate pachytene becomes evident at Stage VI. Single imrnunostainings are 

shown in grayscale. Magnifications are shown in the bottom pands, and some cells and the XX body are outlined 

for reference. 
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Markers of MSCI on the XV body of dog pachytene spermatocytes 

In addition to being the earliest known marker of the mouse "XY body, yH2AX is required 

for the initiation of MSC! in mouse spermarocytes (Fernandez-Capetillo et al., 2003). The 

canine "XY pair is highly enriched for yH2AX in early-to-mid pachytene, but loses this mark 

before exit from pachytene. We wondered if this early depletion of y H2AX from the XY body 

could be associated with premature release from MSC!. Therefore, we investigated the locali

zation pattern of additional markers of mammalian MSC!. 

First, we analysed the presence of RNA polymerase II, using two different antibodies, one 

targeting all RNA polymerase II, and one that targets only the form that is phosphorylated 

at serine 2 in the heptapeptide repeats in the C-terrninal domain (CTD repeat) of the large 

subunit in association with transcription elongation (reviewed in (Hsin and Manley, 2012)). 

The overall level of RNA polymerase II was quite low in dog pachytene nuclei, but nonetheless 

the "XY-pair frequently appeared depleted of RNA polymerase II as compared to the rest of 

the nucleus (Figure 6A), indicating a lack of transcriptional activity. In accordance with this 

observation, we also observed reduced staining for phosphorylated RNA polymerase II in the 

region containing the "XY body in the majority of pachytene nuclei (57%, n=101) (Figure 

6B, C). However, surprisingly, this antibody showed an intense dotted signal adjacent to the 

SYPC3-stained X chromosomal axis also in a large fraction of the pachytene nuclei (41 %). 

When we quantified the occurrence of this phenomenon, relative to the presence of a yH2AX 

signal on the "XX body and the overall depletion of phosphorylated RNA polymerase II from 

the "XY body, it became evident that the presence or absence of the dotted signal was variable 

in relation to the other markers (Figure 6C). In order to provide additional evidence for over

all transcriptional silencing of the "XY body, at least in part of the pachytene nuclei, we per

formed an RNA-FISH experiment to detect nascent transcripts containing repeat DNA. This 

method has also been used to verify MSCI and MSUC in the mouse (Namekawa et al., 2006; 

Turner et al., 2005). Figure 7 indeed shows reduced hybridization of Cotl DNA in the area 

of the chromatin that encompasses the "XY body in comparison to the rest of the chromatin 

in two pachytene nuclei (Figure 7). However, also this depletion was not always evident (not 

shown) Next, we analysed the localisation of two different histone modifications; H3 lysine 

4 dimethylation (H3K4me2), known to be associated with active or potentiated chromatin, 

and H3lysine 9 trimethylation (H3K9me3) as a marker of inactive chromatin. In mouse sper

matocytes, both these modifications are enriched on the "XY body in late prophase nuclei (late 

pachytene-diplotene) and persist on the sex chromosomes in round spermatids (Khalil et al. , 

2004; van der Heijden et al., 2007). Methylation ofH3K9 is thought to function to maintain 

repression of the sex chromosomes in post-meiotic cells, in the absence of yH2AX (Cocquet 
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B 

Figure 6 - Different patterns of RNA polymerase II 

localization on the XY body of dog pachytene sper

matocytes 

A) Pachytene spermatocyte spread nuclei stained foryH2AX 

(blue), RNA polymerase ll (RNApolii, red), and SYCP3 

(green), single RNA polymerase ll immunostainings are 

shown in gray scale. The lower panel represents a late pachy

tene spermatocyte in which yH2AX is already lost from part 

of the X chromosome and RNApolii is not clearly depleted 

from the XY body. 

B) Pachytene spermatocyte spread nuclei stained for yH2AX (blue), phosphorylated RNA polymerase II 

(RNApolii, red), and SYCP3 (green), single RNA polymerase II immunostainings are shown in gray scale. 

The lower panel represents a late pachytene spermatocyte in which yH2AX is already lost from part of the X 

chromosome. RNA polymerase II depletion from the XY body is evident in the nucleus shown in the middle. 

In addition, foci of phosphorylated RNA polymerase II staining are specifically observed in the XY body of 

the middle and the bottom nucleus. 

C) Quantification of the percentages of pachytene nuclei (n:lOl) with RNA polymerase II foci in the XY 

body, relative to the overall depletion of this mark from the (rest of) the XY body, and to the enrichment of 

yH2AX in the XY body. Nuclei were immunostained as shown in panel B. 
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Figure 7 - Reduced transcriptional activity in the XY body of dog pachytene spennatocytes 

Images of Cotl RNA FISH combined with an immunostaining for yH2AX on spermatocyte nuclei. High 

yH2AX signals (covering the XY body) correspond to low Cot! signals, indicating little transcriptional activ

ity. Magnifications of the left and right XY body are shown below each image. 

et al. , 2009). In contrast, the increase in H3K4 methylation in mouse diplotene spermato

cytes may concribute to reactivation of a subgroup of X- or Y-linked genes in round sperma

tids (Baarends et al., 2007). In dog spermatocytes, the overall level ofH3K4me2 was low in 

pachytene nuclei. In parallel with depletion of H3. 1 from the XY body chromatin, depletion 

of H3K4me2 from XY body chromatin was observed. In diplotene nuclei and round sperma

tids, H3K4me2 remained excluded from the area of the nucleus that lacks H3.1 , which covers 

either the X or theY chromosome (Figure SA and 8B). We performed a similar analysis for 

H3K9me3, and observed a general enrichment of this modification in the cencromeric regions 

of all chromosomes including the XY pair. Only in late pachytene, enrichment ofH3K9me3 

on the XY body appeared to spread a bit more, and included at least half of the XY body 

chromatin, but this enrichment was no longer observed at diplotene (Figure 8C). In round 

spermatids, enrichment of H3K9me3 was highly variable in the area lacking H3.1 (Figure 

80, compare left nucleus to right nucleus). 

mRNA sequencing reveals MSCI and PSCR in the dog 

To directly compare X chromosomal and autosomal RNA expression levels in both spermat

ocytes and spermatids, we isolated total RNA from cell preparations enriched in either sper

matocytes (79.3% pure, Additional file 1, Table 51) or spermatids (84.4% pure, Additional 

file 1, Table Sl ) from testes of 3 dogs and performed RNA sequencing analysis. Afrer removal 

of genes for which mRNA was absent in 5 or more samples we detected 91 o/o of the genes 

presently annotated as coding genes in the dog genome (38 aurosomes and the X chromo

some; the male specific region of the dog Y chromosome sequence was recently reported (Li 

et al. , 2013), but has not been annotated). Next, we generated boxplots of the gene expression 
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Figure 8- Dynamics ofH3K4me2 and H3K9me3 on the XY body in dog spermatocytes 

A) Pachytene spermatocyte spread nuclei stained for DAPI (blue), H3.1/2 (red), H3K4me2 (white, artificial 

col or chosen to represent the infrared signal) and SYCP3 (green). Single immunostainings are shown in grayscale. 

Subsequent substages indicated on the lefr are shown from top to borrom in the different panels. 

B) Spermatid spread nuclei stained for DAPI (blue), H3.1/2 (red), and H3K4me2 (white, artificial color chosen 

to represent the infrared signal). Single immunostainings are shown in grayscale. 

C) Pachytene spermatocyte spread nuclei stained for DAPI (blue), H3.1/2 (red), H3K9me3 (white, artificial 

color chosen to represent the infrared signal) and SYCP3 (green). Single immunostainings are shown in grayscale. 

Subsequent subsrages indicated on the lefr are shown from top to bottom in the different panels. 

D ) Representative spermatid spread nuclei stained for DAPI (blue), H 3.1/2 (red), and H3K9me3 (white, artificial 

color chosen to represent the infrared signal). Single immunostainings are shown in grayscale. 
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(log2 FPKM, Fragments Per Kilobase of transcript per Million fragments mapped) and ob

served that the expression levels for the X chromosome were significantly lower compared to 

autosomes both in spermatocytes (p-value < 1 o-1~) and spermatids (p-value < 1 o·5), indicating 

that both MSC! and PSCR impact on the activity of the X chromosome (Figure 9A, lefr). To 

be able ro compare the degree ofMSCI and PSCR between dog and mouse, we also generated 

similar boxplors for mouse spermatocytes and spermatids, using the recently published RNA 

sequencing dataset , using purified spermatocyte and round spermatid cell fractions of similar 

purity to our samples (Additional file 1, Tables 52 and 53) (Soumillon et al., 2013) (Figure 

9A, middle). It was found that gene expression from the X compared to the autosomes was 

reduced more clearly in mouse spermatocytes (p-value <10"15 ) . In addition, although PSCR 

was apparent (p-value < 1 0·7), a significant overall post-meiotic up regulation ofX-linked gene 

expression was observed in mouse (p-value < 10"15 ), but not in dog spermatids. For the hu

man, only results from microarray analyses are available (Sin et al., 2012), and we generated 

boxplocs of these datasets. The results indicate that X-linked gene expression in human sper

matogenesis follows a pattern with measurable MSCI (p-value < 10-<'), but X-linked gene 

expression in round spermatids was even higher than autosomal expression (p-value < 0.01) 

(Figure 9A, right). 

.... Figure 9 - Gene expression in mouse, dog, and human spermatocytes and round spermatids 

A) Left and middle: boxplots showing median, 25, and 75 percentile values of the mRNA levels represented 

as log2(FPKM+2) values obtained from RNA sequencing, of genes on chromosomes 1,3, and X in dog and 

mouse (using the dataset published by(Soumillon et al., 2013) spermatocytes (spc) and round spermatids (st). 

Genes that were expressed below the 25 percentile values of the whole genome average in both spermarocyces 

and spermatids were excluded from this analysis. 

Right: boxplot showing median, 25, and 75 percentile values of the mRNA levels represented as log2 (expres

sion value). The values were obtained from published microarray hybridization data using mRNA isolated 

from human spermatocytes and spermatids (Sin et al., 2012), and shown here for chromosomes 1,3, and 

X. Genes with very low expression (gene expression value below 100, Aflirnetrix probesets with mean signal 

intensities lower than lOO) in both spermatocytes and spermatids were excluded from this analysis. Asterisks 

indicate significant diiference in gene expression between autosomes and the X chromosome for spermatocytes 

and spermatids. Plus indicates significantly higher X-linked than autosomal gene expression in spermatids. 

Horizontal red lines indicate significant difference in X-linked gene expression between spermatocytes and 

spermatids. 

B) Overview of differentially expressed genes along chromosome 1 and chromosome X, comparing expression 

in spermatocytes and round spermatids from the dog. Genes that are significantly up-regulated in round 

spermatids compared to spermatocytes (differentially expressed genes; DEG) are indicated as + 1bars, and 

significantly down-regulated genes are represented as -1 bars along chromosome X and along chromosome 1. 

In addition, the log2 value of the FPKM values +2 of all genes along the chromosomes in spermatocytes and 

round spermatids are shown. Gene density along the chromosomes can be inferred from the density of the 

bar representing locations of Ensembl annotated genes along the chromosome shown at the bottom. For the 

X chromosome, the approximate location of the ?AR border is indicated by a light blue line, and centromere 

location is indicated by a dashed gray line. 
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Reactivation of single copy X-linked genes in dog round spermatids, but also 
post-meiotic downregulation of a subset of X-linked genes 

Next we identified differentially expressed genes between spermarocyres and spermatids us

ing two different approaches (Cuffiinks (Cuffdiff) and edgeR (see Materials and Methods). 

Both approaches yielded h ighly comparable sets of genes (Additional File 1, Table 54: 70-95 

o/o identity of significantly up- and down-regulated aurosomal and X-linked genes for the two 

methods), and a more derailed investigation was performed using the Cuffiinks analysis results. 

For X-linked genes with a more than 1.5 fold change in gene expression, we observed that 207 

genes were significantly up-regulated in spermatids compared to spermarocyres, and 123 were 

down-regulated (Table 1). Previously, we have shown that a large group of single-copy genes 

can escape from PSCR in mouse spermatids (Mulugera Achame et al., 2010b), contrary to 

the hypothesis that pose-meiotic expression ofX-linked genes would require multiple copies 

of a gene to overcome the repressive marks (Mueller et al., 2008). Of the up-regulated genes, 

the only known multi-copy genes we could identify that were differentially expressed from 

the X chromosome were members of the MAGEA and MAGEB gene families, that are also 

multi-copy in mouse and man. However, the majority of these genes was down-regulated in 

spermatids compared to spermarocyres. In addition, 32 differentially expressed dog X-linked 

genes are homologous to multi-copy X-linked genes identified in mouse and human by Mu

eller et al. (Mueller et al., 2013), but very few of these genes are clearly multi-copy (>2 copies) 

in dog, and 14 are down-regulated in spermatids compared to spermarocyres (Additional fi le 

1, Table S5). 

Table 1 - Comparison of the number of d.i.Herentially expressed genes in mouse and dog spermat

ocytes and spennatids 

# genes >1.5 Down Up # X-
analysed fold (%)* (%)* linked 

change genes 
(%)* (%)* 

Mouse 23100 8565 4305 4260 1016 
(37) (19) (18) (4.4) 

Dog 19475 8851 4219 4632 768 
(45) (22) (24) (3.9) 

Common 13492 2650 1340 1310 475 
(20) (10) (10) (3.5) 

Down: down-regulated in spermatids compared to spermatocytes 

Up: up-regulated in spermatids compared t o spermat ocytes 

*percentage relative to the #genes analysed 

110 

>1.5 Down Up X 
fold X(%)* (%)* 
chang 
e X 

__{Of~* 

399 57 342 
(1.7) (0.25) (1.5) 

330 123 207 
(1.7) (0,63) (1.1) 
100 9 91 
(0.74) (0.066) (0.67) 
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Next we compared the above-mentioned RNA sequencing data recently deposited for 

mouse spermatocytes and spermatids (Soumillon er al., 2013), to our dog dataset. Signifi

cantly differentially expressed genes were identified using the same method for both species. 

Table 1 shows the results that were obtained. From this, it is clear that there are more X-linked 

genes rhat become up-regulated in spermatids in mouse compared to dog. Conversely, fewer 

X-linked genes are specifically post-meiotically down-regulated in mouse compared to dog. 

Almost half of the X-linked genes that are up-regulated in spermatids in the dog share this 

expression pattern with the mouse. In contrast, less than 1 Oo/o of the down-regulated genes are 

shared between mouse and dog. 

Differential regulation of gene expression along the p and q arms of the dog X 
chromosome 

To study whether certain regions of the dog X chromosome (in relation to the observed 

heterologous self-synapsis) are more likely to be up- or down-regulated in round spermatids 

we plotted the density of differentially expressed genes and their corresponding expression 

level (log2 FPKM) along the X chromosome and chromosome 1 (these two chromosomes are 

similar in size and gene content in dog) (Figure 9B). For the X chromosome, a higher number 

of up-regulated genes appears to be located on the p arm (containing the PAR) as compared to 

the q arm. Reciprocally, the q arm of the X chromosome contains a relatively high number of 

down-regulated genes. For chromosome 1, some areas are also more enriched for either up- or 

down-regulated genes, but here it appears to correlate better with gene density and the overall 

gene expression activity in those areas. A similar pattern to that found for chromosome 1 was 

observed for chromosomes 3 and 5 (data nor shown). 

To further investigate whether changes in gene expression between spermatids and spermat

ocytes vary along the X chromosome, we plotted the walking average of gene expression along 

chromosomes X and 1. The expression pattern of genes along chromosome 1 is not globally 

different between spermatocytes and spermatids (Figure lOA). In contrast, the expression of 

genes along the X chromosome is globally up-regulated in spermatids compared to spermato

cytes (Figure lOB). However, we observed variability in the degree of upregulation depending 

on the position of genes on the chromosome. Upregularion is much more pronounced along 

the p arm of the X chromosome, compared to the q arm (Figure 1 OB). We then looked ar the 

expression level of genes along the X chromosome in mouse, and observed a much more clear 

upregularion in round spermatids, compared to what we observed for the dog (Figure lOB). 

Along chromosome 1, rhe patterns of gene expression were similar in mouse and dog. To 

visualize the differential regulation of the p and q arms of the X chromosome in the dog more 

clearly, we generated separate boxplots of gene expression from the two arms in spermatocytes 
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and round spermatids, and compared the outcome to boxplots obtained for aurosomes of the 

dog (Figure lOC). All dog and mouse autosomes, and also the mouse X chromosome, are 

acrocentric. Therefore, in this evaluation we inuoduced an arbitrary split of left (a) and right 

(b) parts of chromosomes 1, 3, and X. As expected, we observed that expression from the dog 

p and q arm of the X is significantly reduced compared to the split aurosomes in spermato

cytes (p-value Xp < 0.05, Xq < 10·1) (Figure lOC). However, the expression from the p-arm 

was higher than the expression from the q arm (p-value <0.05). More importantly, in round 

spermatids, the gene expression from the p arm of the dog X even reaches a level that is not 

different from autosomal gene expression, whereas the q arm remains repressed (p-value < 1 O· 
3) (Figure lOC). In the mouse, no differences in gene expression between the arbitrarily split 

arms of the chromosomes, including the X, were observed (Figure lOC). In accordance with 

the results presented in Figure 9, partial reactivation is observed for both (arbitrarily chosen) 

parts of the X chromosome. 

Low gene expression levels in the dog PAR 

The dog has an exceptionally large PAR containing 34 annotated genes (Lindblad-Toh et al., 

2005), and it was expected that this region would escape from MSCI since it is capable to fully 

engage in homologous synapsis and meiotic recombination. However, we found a relatively 

low average level of mRNA expression in this region (Additional file 1, Table S6) in both 

spermatocytes and spermatids. The value is more than 10-fold lower than the overall genome 

average, and also more than two-fold lower than the average of the whole X chromosome in 

spermatocytes. Thus, it appears that the dog PAR is even more repressed in spermatocytes 

compared to the rest of the X chromosome, and shows very little re-expression in spermatids. 

Interestingly, one gene, named SLC25A6 (ANC2), was found to be highly expressed in dog 

spermatocytes (normalized FPKM= 47.19 in spermatocytes and 18.11 in spermatids), and 

thus appears to escape from MSCI. SLC25A6 encodes an adenine nucleotide carrier (AN C), 

an ADP/ATP carrier that uansports ADP into mitochondria and ATP out of mitochondria. 

SLC25A6 is a member of a family of four proteins that also includes SLC25A4 (ANC1), 

SLC25A5 (ANC3) and SLC25A31 (ANC4). Of these, only the gene encoding SLC25A5 is 

also X-linked. The expression levels of these genes in spermatocytes and spermatids of mouse, 

dog and man are shown in Additional file 1, Table S7. It is clear that both the autosomal SL

C25A31 gene and the X-linked SLC25A6 gene are the main ANCP variants that are expressed 

in spermatocyres in dog. SLC25A6 has not been conserved in the mouse genome, and the 

autosomal SLC25A31 variant is highly expressed in spermatocytes. In man, SLC25A31 is also 

the main expressed gene, and the two X-linked variants SLC25A5 and SLC25A6 are expressed 

at levels comparable to the median for expressed genes calculated for the genome in both sper

matocyres and round spermatids, indicating that they may be transcribed and escape MSCI. 
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Pathway analysis of X-linked genes with common post-meiotic regulation 
between mouse, dog and man 

To investigate if genes that are up-regulated in spermatids in both mouse and dog belong 

to a conserved pathway that is essential during this stage, a pathway analysis was performed 

using the 91 commonly up-regulated genes in sperrnatids. The top 5 of significantly enriched 

Molecular and Cellular Functions are: Cell Morphology; DNA Replication, Recombination, 

and Repair; Cell Signaling; Post-Translational; and Protein Synthesis (Additional @e 1, Table 

58). Finally, we compared the X-linked up- and down-regulated genes between dog, mouse, 

and human (Figure 100), and identified 21 genes that are up-regulated in spermatids of 

all three species (Additional file 1, Table 59). For 8 of these genes, mouse knockout models 

have been described; two are embryonic-lethal, precluding direct analyses of the function of 

the gene in spermatogenesis, three displayed no clear reproductive defect, and three models 

displayed defects in post-meiotic spermatid differentiation. For the X-linked genes that were 

expressed at lower levels in spermatids compared to spermarocyres, very few were conserved 

between two species, and only two were common to mouse, dog, and man (ATP6AP 1 and 

PGRMCJ) (Figure 100). 
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~ Figure 10 - Partial conservation of MSC! and PSCR among mouse, dog, and man 

A) Walking average of gene expression along chromosome 1 in spermatocytes and round spermatids from dog 

and mouse. 

B) Walking average of gene expression along chromosome X in spermatocyres and round spermatids from dog and 

mouse. PARs are indicated in blue. Centromere positions are shown in dashed gray boxes. 

C) Boxplot showing median, 25, and 75 percentile of gene expression in the p arm (Xp) and q arm (Xq) of the dog 

X in spermatocytes and round spermatids compared to boxplors of arbitrarily split autosomes of dog and mouse X 

chromosomes and autosomes. Asterisks indicate significant dllference in gene expression berween split autosomes 

and the X chromosome arms. Plus indicates significant difference berween split autosomes and the q arm of the X 

only. Horizontal red lines indicate significant difference in X-linked gene expression berween chromosome arms. 

D) Venn diagram showing the number of commonly up-regulated (lefr) and down-regulated (right) X-linked 

genes in round spermatids compared to spermatocyres in dog, mouse and human. Genes commonly up-regulated 

or down-regulared in all three species are listed in bold. Down-regulated genes common only to dog and human, 

not to mouse, are listed with regular charaCters. Borders of the areas including listed genes are marked in blue. 
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DISCUSSION 

Here, we performed a detailed analysis of the dynamics ofXY chromosome pairing during 

meiotic prophase in dog, in relation to the progression of meiotic DSB repair, and regulation 

of gene expression. 

The dog X chromosome has two special characteristics that make this analysis particularly 

relevant. First, it displays transient but extensive self-synapsis during pachytene, as revealed by 

our immunocytochemical analyses, and second it has an exceptionally long PAR, as compared 

to mouse and human. We studied both these properties in relation to the dynamics of meiotic 

DSB repair and the MSCI/PSCR process. 

Transient self-synapsis correlates with progression of HR repair on the X chro
mosome and loss of yH2AX 

In general, lack of synapsis is associated with persistence of markers ofDSB repair (Moens et 

al., 1997). For the mouse XY pair, this might be attributed to the lack of homology between X 

and Y, in combination with the effect of an inrerhomolog bias, which would inhibit use of the 

sister chromatid as a template for HR repair. The accomplishment of extensive heterologous 

synapsis along the dog X during a brief period in midpachytene was associated with concom

itant loss of markers of ongoing DSB repair. Loss of yH2AX occurred first in the area that 

included both the PAR and the self-synapsed regions, occurring either heterologous in looped 

regions of the X chromosome, or between sister chromatids, indicating that HR repair may 

occur faster in this area compared to the rest of the X chromosome. This finding also nicely 

correlates with the fact that we observed loss ofHORMAD association with the self-synapsed 

regions, and HORMAD activity has been clearly linked to ATR activation and subsequent 

yH2AX formation in the mouse (Daniel et al., 2011 ; Wojtasz et al., 2012) . The fact chat all 

yH2AX enrichment on the X is lost prior to the end of pachytene may also indicate that mei

otic HR repair on the X is complete before the end of pachytene, and thus may occur overall 

more rapidly in dog compared to mouse. Although meiotic HR repair is thought to preferen

tially involve the use of an intact repair template from the homologous chromosome, this is 

not possible for regions that localize ourside the PAR on the sex chromosome. In the mouse, 

it has been suggested that some DSBs may be repaired by non-homologous end-joining at 

the end of meiotic prophase, when components of this machinery are re-expressed (Ahmed et 

al. , 2010). However, it is perhaps more likely chat the sister chromatid is eventually used as a 

repair template on the sex chromosomes, because the DSB ends have been resected, and this 

may channel repair towards homologous recombination. 
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MSCI occurs in dog spermatocytes, but may be incomplete or transient in 
some regions 

Persistence of meiotic DSBs and asynapsis are detected by the machinery that induces MSCI 

in the mouse (Baarends et al., 2005; Carofiglio et al., 2013; Turner er al., 2005; Woj tasz et al., 

2012). We observed transient extensive self-synapsis of the X and associated loss of yH2AX 

from synapsed regions in dog pachytene spermacocyres. In addition, although H3K4me2 

remains depleted from the X and Y chromosomes in diplotene nuclei, H 3K9me3 enrichment 

on the sex chromosomes was only transiently observed, and nor evident in late spermaro

cyres and post-meiotic cells. Also, in late pachytene and diplotene spermatocyres, RNApolii 

depletion was less clear compared to the earlier pachytene nuclei, and phosphorylated RNA 

polymerase was highly enriched in a focal manner along selected regions of the X chromo

some in subfracrion of the pachytene nuclei, apparently independent of synapsis. This con

trasts with what has been observed in mouse, where the depletion of RNApolii on the XY 

body compared to aucosomes is most evident in late pachytene and diplotene, mainly because 

overall transcription on autosomes increases (Page er al., 2012). Based on these observations, 

we investigated if MSCI and/or PSCR might be incomplete, or transient in the dog, using a 

whole genome approach. 

Using RNA sequencing, we observed that MSCI occurs also in the dog. When we ana

lysed global regulation of gene expression along the dog X chromosome in spermarocyres and 

round spermatids, we observed that MSCI is less clearly established along the p arm of the X 

chromosome, compared ro the q arm. In addition, the overall level of gene expression derived 

from the p arm of the X chromosome was similar to that of aurosomal genes in round sperma

rids, whereas for the q arm post-meiotic reactivation of the X-linked genes was limited or even 

absent. It is interesting ro note that the X self-synapsis is most frequently observed along the 

p arm of the X chromosome, and synapsis of the tip of the q arm was almost never observed. 

Thus, it might be suggested that the (heterologous) synapsis facilitates nor only DSB repair, 

bur also helps to (re)activare gene expression on the X chromosome. Still, there are also regions 

in the q arm of the X chromosome that appear to have a relatively high expression level in both 

spermarocyres and round spermatids. Intriguingly, the very region for which we would expect 

a clear correlation between synapsis and lack of MSCI, the PAR, was expressed at very low 

levels in both spermarocyres and spermatids. We expected that the PAR would behave like au

rosomes regarding repair and synapsis, and escape from MSCI, bur it appears eo be subject to 

its own unknown specific regularory control mechanism. Thus, although there is some degree 

of correlation between X self-synapsis and reduced MSCI, other, yet unknown aspects of sex 

chromosome regulation may differ between dog and mouse and influence MSCL 
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MSCI escapees 

Little is known about X-linked genes that may escape from MSC! in mouse, except for a re

port on escape of miRNA genes and the noncoding Tsx transcript in spermatocytes (Anguera 

et al., 2011; Song et al., 2009). 

Since MSCI is less complete in dog (and possibly also in man (de Vries et al., 20 12; Muluge

ta Achame et al., 2010a), and observations in this manuscript), it might be expected that true 

escapees of MSCI could exist in these species. In dog, 46 of the X-linked genes that are more 

than 1.5-fold down-regulated in spermatids have an FPKM value >4 in spermatocytes, which 

is higher than the median FPKM value of all genes that were analysed in spermatocyces, and 

thus indicates ongoing transcription. 

X-linked genes that are specifically expressed in spermatocytes and become down-regulated 

in spermatids in more than one species are expected to possibly exert a relevant function 

during meiosis. Mouse and dog have 9 common X-linked genes that are expressed at a level 

more than 1.5-fold lower in spermatids compared to spermatocytes. Two of these, ATP6AP 11 

Atp6apl and PGRMCJ/Pgrmcl are also more than 1.5 fold down-regulated in human sper

matids, based on the microarray data. Nothing is known about the putative expression or role 

of these proteins in spermatocytes. 

Interestingly, of the 8 X-linked genes that are down-regulated both in dog and human round 

spermatids, 5 have been shown to be expressed in human spermatocytes and thus may repre

sent true escapees ofMSCI: FMRJNB, CTAGJA (von Kopylow et al. , 2010), MAGEA (Chen 

et al., 2011), RHOXFJ(Song et al. , 2013), and TKTLJ (Rolland et al., 2013). Out of these, 

FMRINB, CTAG1A and MAGEA9B are cancer/testis antigens. RHOXF1 is a homeobox 

protein and TKTLl is a transketolase involved in the pentose-phosphate pathway. These 5 

genes are thus of special interest as candidate X-linked genes that may perform an important 

function during meiotic prophase in human spermatogenesis. 

The gene encoding the ADP/ATP carrier SLC25A6 is another interesting putative MS

CI-escapee, and localizes w the PAR in dog and man. ANC proteins are of vital importance 

for the metabolism of the cell, and pachytene spermatocytes likely require a high rate of ATP 

synthesis (Brower et al., 2009; Nakada et al. , 2006). 

PSCR may not reflect an active repressive process 

From our whole genome analysis of mRNA expression in dog spermatocytes and spermatids, 

it is dear that most X-linked genes that are significantly up-regulated in spermatids compared 

to spermatocytes are single-copy genes. We propose that persistence of the inactivation of 

X-linked genes in dog and perhaps human spermatids is not primarily due to a post-meiotic 

repressive mechanism operating during this stage, but rather represents a carry-over ofMSCI. 
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This is supported by the observed lack of repressive histone marks, as well as by the absence 

of a DAPI dense area on the sex chromosomes of spermatids, one of the markers of PSCR in 

mouse. This new extensive analysis of MSCI and PSCR in the dog again supports the notion 

chat X-linked gene activation occurs frequencly for single-copy genes in spermacids, and is not 

globally inhibited. It should also be considered chat alleviation ofMSCI in round spermatids 

does not have eo autOmatically lead eo re-expression of all X-linked genes chat were previously 

active in spermatogonia. For some of these genes, their produces may not be required for, or 

would be detrimental eo spermatid development. Therefore, they will not be specifically (re) 

activated in round spermatids. 

Identification of putative X-linked male fertility genes 

The pathway analysis of X-linked genes chat are significancly up-regulated in spermarids both 

in mouse and dog, revealed that most of these genes are involved in shaping the sperm cell 

and maintaining genome integrity. These are important processes char require (re)activation 

of a specific subset of X-linked genes. In addition, it is worth mentioning chat a relatively high 

number of reactivated genes are involved in the regulation of posttranslational modifications 

and of protein synthesis and degradation (in particular the ubiquitin pathway). The addition 

of the dog as a new species eo the dataset of gene expression in spermatocyces and spermatids 

allows identification of X-linked genes that show pose-meiotic induction of gene expression 

in mouse, human and dog, thus providing more evidence for an important function in sper

matogenesis. For some of these genes, knockout mice have been generated. Several of these 

mutant animals were shown to be fertile, indicating chat even conserved expression does not 

necessarily indicate that the gene is absolutely required for fertility, at lease in the mouse. It 

should be kept in mind chat spermatOgenesis is much more efficient in mouse compared to 

man, yielding a much higher number of mature spermatozoa per gram testis weight per time 

unit, and a small selective advantage of expression of an X-linked gene in mouse spermatids 

may translate into an essential function in man. Therefore, all genes listed in Additional file 1, 

Table 59, as well as the conserved possible MSCI escapees described above should be consid

ered candidate human fertility genes. 

CONCLUSIONS 

Our results provide novel insights in the regulation and significance of sex chromosome gene 

expression during spermacogenesis in mammals. We show that transient but extensive heter

ologous self-synapsis of the X chromosome is associated with rapid DSB repair and reduced 

MSCI. On the other hand, the genes chat are localized in the pseudoautosomal region are 

moscly cranscriptionally inactive in both spermacocytes and spermatids, despite the normal 
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progression of synapsis in this region. We hypothesize chat the PAR is controlled by its own 

specific regulatory mechanism but chat specific genes in this region that exert a meiotic or 

post-meiotic function can be active. Furthermore, based on conserved expression patterns 

in mouse, human, and dog spermatocytcs and/or spermatids, we identified genes chat may 

function in spermarocytes (escapees) or round spermatids (reactivated genes), and should be 

considered as potential X-linked male fertility factors. 

METHODS 

Sample collection and germ cell isolation 

Testes used in this study were collected from specialized veterinary clinics immediately after 

dog castration surgery was performed. For RNA sequencing analysis, testes were obtained 

from two Chihuahuas, here named dog 4 and dog 6 (respectively 9 and 16 months old), and 

from one German Shepherd, referred eo as dog 5 ( 4 years old). Spermarocytes and round sper

matids were purified on the same day of samples collection by using collagenase and trypsin 

treatment, followed by sedimentation at unit gravity (StaPut procedure) (Grootegoed et al., 

1986). 

Analyses of cell purity in the isolated germ cell fractions 

Purined germ cells were fixed in Bouins' fixative on glass slides and stained with eosin and 

hematoxylin using standard histological methods. Purity was estimated by cellular morpholo

gy (percemages are shown in Additional file 1, TableS 1). In addition, we compared the RNA

seq transcript levels of five genes specifically expressed in spermatids (three protamine genes 

[PRMJ, PRM2, and PRM3] and two transition protein genes [TNPJ and TNP2]) and 3 genes 

that are specifically induced in spermatocytes (SYCP ], 2, and 3), between the spermatid and 

spermatocyte samples, and between the dog and (published) mouse samples (Tables S8 and 

59). From this, it is clear chat the fold changes in gene expression are similar in the mouse and 

dog samples, indicating comparable purities. This is also consistent with the reported purities 

of these mouse spermatocyte and round spermatid fractions (approximately 70 and 90%, 

repectivcly, based on morphological assessment (Soumillon et al. , 2013)). Since the sperma

tid-specmc mRNAs are not expressed in spermatocytes, the average log2 of the fold-change 

(FC) of 3.6 of increased expression in the spermatid fraction, indicates a contamination of 

around 8% of spermatid mRNA in the spermatocyte mRNA preparations. This is consistent 

with the results of the morphological assessment. For contamination of spermatocytes in the 

spermatid fraction, no such calculation can be made, since RNA transcription of genes chat 

are important in spermarocytes may continue to some extent in round spermatids. 
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Antibodies 

For primary antibodies, we used: mouse monoclonal antibodies anti-phosphorylated H2AX 

(Upstate), anri-RNA polymerase II (Abeam), anti-Ser2 phosphoylated RNA Polymerase 

li (H5) (Abeam) anti H3.1/2 (gift from dr. P. de Boer); rabbit polyclonal antibodies an

ti-RAD51(Essers et al., 2002), anti-SYCP3 and anti-SYCP1 (gift from dr. C. Heyting), an

ti-HORMAD1 (gift from dr. A. T6th), anti-H3K4me2, anti-H3K9me3; goat anti-SYCP3 

(R&D System); guinea pig anti-TEX12 (gift from dr. C. Hoog); human anti-centromere 

antibodies (CREST) (Fitzgerald Industries). For secondary antibodies, we used a goat an

ti-rabbit IgG alexa 405/488/546/633, goat anti-mouse alexa IgG 350/488/546/633, donkey 

anti-goat IgG alexa 488/5 55, goat-anti human IgG 555, goat anti-guinea pig IgG 488/546 

(Molecular Probes). 

Meiotic spread nuclei preparations and immunocytochemistry 

Testis tissues were processed to obtain spread nuclei for immunocytochemistry as described 

in (Peters et al., 1997). Spread nuclei of spermatocytes were stained with antibodies men

tioned above. Before incubation with antibodies, slides were washed in phosphate buffered 

saline (PBS, 3x10 min), and non-specific sites were blocked with 0. 5% w/v BSA and 0.5% 

w/v milk powder in PBS. Primary antibodies were diluted in 1 Oo/o w/v BSA in PBS, and 

incubations were overnight at room temperature in a humid chamber. Subsequently, slides 

were washed (3x 10 m in) in PBS, blocked in 1 Oo/o v/v normal goat serum (Sigrna) in blocking 

buffer (supernatant of 5% w/v milk powder in PBS centrifuged at 14,000 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 (3x 10 min) in PBS (in the dark) 

and embedded in Prolong Gold with or without DAPI (Invitrogen) . 

I m aging 

Fluorescent images were observed using a fluorescence microscope (Axioplan 2; Carl Zeiss) 

equipped with a digital camera (Coolsnap-Pro; Photometries). Fluorescent images were taken 

under identical conditions for all slides, and images were analyzed using the Image] (Fiji) 

software (Rasband, WS., Image], U.S. National lnstirutes of Health, Bethesda, Maryland, 

USA [hrrp://rsb.info.nih.gov/ij/]). Confocal imaging was performed on a Zeiss LSM700 mi

croscope (Carl Zeiss, Jena): we used a 63x oil immersion objective lens (N.A. 1.4), pinhole 

1AU. DAPI was excited at 405 nm and imaged with a short pass filter (SP) 490 nm; Alexa 488 

was excited at 490 nm and imaged SP 555 nm; Alexa 546 was excited at 555 nm and imaged 

SP 640 nm; Alexa 633 was excited at 639 nm and for the imaging no filter was required. 

SIM analysis was performed using a Nikon N-SIM super-resolution microscope system and 
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NIS-Elements 2 image processing software. 

RNA fluorescent in situ hybridization (FISH) 

We carried out Cot-1 RNA FISH using a previously described method (Turner et al., 2005). 

Dog Cot-1 DNA was prepared from dog genomic DNA by shearing, denaturing, and rean

nealing under conditions that enrich for repetitive sequences (Zwick er al., 1997). 

RNA sequencing 

Total RNA was extracted from (pure) spermatocyte and spermatid fractions using the Tri

zol RNA isolation protocol. Quality of extracted RNA was verified using Bioanalyzer 2100 

(Agilent technologies), all samples had RIN values above 8.5. RNA sequencing Library was 

prepared using Illumina TruSeq RNA version 1 according to the manufacturer's protocol 

starting with 1 J..Lg of total RNA. RNA sequencing was performed on Illumina HiSeq2000 for 

single read 36 bp. Sequence reads were aligned to the dog genome (Canis fomiliaris,NCBI, 

build3. 1) using Tophar (version Tophar-1.4.0). Transcripts were assembled and expression 

values (FPKM) were generated using Cuffiinks (version Cuffiinks-2. 1.1). Data was further 

processed to calculate gene expression per chromosome using R and Excel. First, genes with 

low data and FPKM less than 0 in more than 5 samples out of 6 were removed. To remove low 

expressed genes, we first calculated the 25 percentile of all samples, and removed genes with 

FPKM below the 25 percentile in spermamcytes. 

Differential expression was performed using Cuffiinks (Cuffdiff) (Trapnell et al., 2010) and 

edgeR (Robinson er al., 201 0). For Cuffdiff, Cuffiinks-assembled transcripts were first merged 

using Cuffmerge, and differentially expressed genes were identified using Cuffdiff. Cuffdiff re

sults were further processed using cummeRbund. For edgeR, reads per gene were first counted 

using HTSeq [http: / /www-huber.embl.de/users/anders/HTSeq/] and differential expression 

was assessed between the two groups, each with three replicates. Pathway analysis (enrichment 

analysis) was performed using IPA (Ingenuity• Systems, www.ingenuity.com). Statistical anal

ysis (Wilcoxon rank sum test) was performed using R software. 
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Table 51: Analyses of dog germ cell purity 

Spermatocyte$ Spermatids Cytoplasm Others Spennatids Spermatocytes Cytoplasm Others 
Dog4 86 16 2 3 140 2 17 6 
DogS 95 18 4 9 101 1 u 8 
Oog6 94 9 1 7 116 1 15 4 
Tot. 265 79.3" 43 (12.9%) 7(2.1%) 19 (5.7%) 357 (84.4" 4 0.9% 44 (10.4%) 18 (4.3%) 

Table 52: Relative expression levels of spermatocyte genes in mouse and dog spennatids 

Spermatocyte gene Dog log2 fold change Mouse log2 fo ld change 
spt/spc spt/spc 

Sycp1/SYCP1 -0.46 ·0.42 

Sycp2/SYCP2 ·2.88 ·1.38 

Sycp3/SYCP3 ·1.07 ·1.11 

Average ·1 .47 -().97 

Table S3: Relative expression levels of spennatid genes in mouse and dog spennatids 

Spermatid gene Dog log2 fold change Mouse log2 fold change 
spt/spc spt/spc 

Tnpl/TNP1 3.76 3.54 
Tnp2/TNP2 4.02 3.51 
Prm1/PRM1 n.a. 3.51 
Prm2/PRM2 3.86 3.80 
Prm3/PRM3 2.75 3.18 
Average 3.60 3.51 

Table 54: Comparison between Cuffiinks and edgeR results 

# #in #sign and #in #sign and #in #sign and #in #sign and # in 
diff. common >1.5 fold common >1.5 fold common >1.5 fold common >1.5 fold common 
expressed (%) up (%) down (%) up X (%) down X (%) 

l2enes 
Cuffi inks 9679 8661 89 4632 4323 94 4220 4094 97 207 197 95 126 116 92 
edgeR 9904 8661 87 4828 4323 (90} 4919 4094 83 224 197 88 160 116 73 

Table SS: Differentially expressed dog X-linked genes homologous to mouse and for human multicopy genes 

Down in spermatids Up in spermatids 
DDX268 CDL4A6 
MAGE81 GLRA2 
MAGE84 GLRA4 
MAGED1 H28FWT 
MAOB MAGEBlO 
NGFRAP1 MAGEBS 
RA89A MAOA 
SHROOM2 M/02 
SLC9A6 PHKA2 
SSX5 PRPS2 
TCEAL4 RA898 
ZNF182 SCMU 
ZNF185 SCML2 
ZNF28DC SPA CAS 

TGIF2LX 
ZCCHC12 
ZNF711 
ZNF81 

Table 56: Average FPKM values of gene expression in dog 

SPERMATOCYTE$ 
SPERMATIDS 
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Table S7: Expression of SLC2SA variants in spermatocytes and spermatids of mouse man and dog 

DOG RNA-seq l MOUSE RNA-seq] MAN microarra 
gene chr spc spt chr spc spt chr spc spt 

(FPKMl I [FPKM) I [FPKM) (FPKMl 
SLC25A4 16 5.77 2.06 8 6.18 2.81 4 26.44 13.83 
SLC25A5 X 4.08 1.77 X 8.50 2.38 X 159.86 297.73 
SLC25A6 X(PAR) 47.19 18.11 . X( PAR) 113.95 163.43 
SLC25A31 19 34.76 20.54 3 34.10 16.26 4 265.19 75.93 

Table SS: Molecular and cellular functions associated with X~linked genes upregulated in spermatids of dog and mouse 

.i!re..Q3=4J1E~2;J@]Jf41i;Ri.JM,8GJV,U:SP9X.c~f6;Z~TExlf;TAFtl.,._,_::::::l~'"'l 
4.02E-03-1.99E-02 PH£X,OPHN1,0FD1,MAOA 

1 
441 MO:::-::: 
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Table 59: X- linked genes upregula ted in spermatids of mouse, human, and d og 

Gene Mouse lmockout 

AKAP14 

AKAP4 immotile sperm (Mikl et al., 2002) 

CDKl6 malformed sperm, reduced motility (Mikolcevlc et al., 2012) 

Structural OFD1 embryonic lethal (Ferrante et al, 2006) Mutations In the human ortholog are 
components associated with Oral-facial-digital type I (OFDI; MIM 311200) syndrome and 

Simpson·Golabi·Behmel syndrome type 2 

CYLC1 

ASBlZ 

Ublquitin CUL48 embryonic lethal, epiblast-specific knockout Is viable, reproduction not analysed 
pathway fllu et al., 20121 

UBAl 

DUSPZ1 
Mitochondrial 

enzymes MAOA fertile, aggressive behaviour (Cases et al., 1995) 

TAF1 
Transcription 

regulation TAF7L reduced sperm numbers and quality, fertile (Cheng et al .. 2007) 

IQSECZ human mutations cause nonsyndromic intellectual disability (Shoubridge et al., 
2010) 

TBClDZS 

CDKLS neurodevelopmental disorder, fertile (Wang et al .. 2012) 

CXORFZ7 

GSPTl 

TEX13A 

PPEFl fertile, no clear phenotype (Ramulu et al., 2001) 

RJBC1 

TEXZB 

Molecular function 

A·klnase-anchoring protein 

A-kinase-anchoring protein 

Cyclln dependent kinase 

Centrosome assodated proteins, Involved in Cilia 
fom>atlon (D'Angelo et al., 2012). Removal through 
autophagy is essential for proper cilia function 
(Tang et al. 2013) 
Cycllcln, basic protein, structural component of 
cytoskeleton 

The ankyrin repeat and SOCS box (ASB) fam ily, 
forms E3 complex with Cu15-Rbx2 
Component ofE3 ligase complex 

Ublquitln-activating enzyme 

Mitochondrial membrane phosphatase (Rardin et al., 
2008) 
Monoamine oxidase A degrades serotonin and 
norepinephrine. Mitochondrial enzyme 
Largest subunlt ofTFII D, transcriptional regulation 

Regulation of transcription program together with 
TAF1 
Guanine nucleotide exchange factor for the ADP-
ribosylation factor family of small GTPases, involved 
In membrane traffick In• and actin dvnamlcs 
l!ab GTPase·activating protein Involved in 
autophai!V (Pooovic et al. 20121 
Cyclln-dependent kinase-like 

Huntingtin Interacting protein with histone fold 
_[_Marino·Ramirez et al., 2006} 
Polypeptide release factor (translation termination) 
(Le Goff et al. 2002) 
Testis-specific gene possibly Involved in m RNA 
processing (Nguyen et al. 2011) 
Calcium binding phosphatase 

The RIB43A domain with coiled coils 1 (RIBC1) gene 
with unknown function 
Testis-specific single ex on gene of unknown function 
(Hanna et al., 19971 

Putative function in 
spermatogenesis 
Ciliary beat frequency 
(Kultgen et al .. 2002) 
Fibrous sheet formation 

Annulus formation 

Component of sperm head 
cytoskeleton ( He ss et al., 
1993) 
Ubiquitylation (Kohrokl et al., I 
2oos1 
Ublquitylation I 
Ubiquitylation 

' 

0 
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CHAPTERS 

ABSTRACT 

Among eutherian mammals, meiotic sex chromosome inactivation (MSCI) leads to forma

tion of the )(Y body in male meiotic prophase, in pachytene spermatocyres. MSCI is related 

to an even more widely conserved mechanism for meiotic silencing of unsynapsed chromatin 

(MSUC), which shuts down transcription in chromosome regions that fail eo form a synap

tonemal complex with a homologous partner and remain unsynapsed. MSUC can occur in 

both male and female meiotic prophase. MSCI and MSUC in mouse and human spermat

ocyres are associated with an exceptional chromosome wide remodelling of nucleosomes, by 

exchange ofH3.1 and H3.2 by the H3.3 variant. Here, we show that this nucleosome remod

elling occurs only in meiotic spermacocyres, not in oocyres. It requires formation of yH2AX, 

but occurs independent of histone ubiquitination by the E3 Ligase RNF8. The meiotic ex

change of histone variants in spermatocytes, during the formation of the sex body by MSCI, 

was found to be conserved among eutherian mammals, and also occurs in the mecatherian 

Monodelphis domesticus (opossum), but not in the metatherian Macropus rufogrisus (Ben

net's wallaby). This suggests that the MSCI-associaced nucleosome remodelling, involving 

exchange of histone variants, evolved before the split berween metatherians and eutherians. 
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INTRODUCTION 

Spermatogenesis in mammals is associated with major chromatin reorganization events. 

Next to the exchange ofhistones, by transition proteins first, and subsequently by protamines, 

during chromatin compaction in late spermatogenesis, histone variants have a prominent role 

in the strictly organised differentiation and maturation events that take place at earlier steps of 

spermatogenesis (Kimmins and Sassone-Corsi, 2005). It is well known that testis-specific or 

testis-enriched histone variants are expressed at specific steps to partially replace the canonical 

his tones (reviewed by (Rathke et al., 20 14)). However, the precise function of most of these 

variants has not yet been determined, although it was recently established char TH2B, which 

replaces more than 75% of canonical H2B in pachytene spermatocyres, in the prophase of the 

first meiotic division, is important for correct regulation of the histone-to-protamine transi

tion that occurs later, in haploid spermatids (Montellier et al., 2013). It is thought that, by 

changing the physical structure of nucleosomes, TH2B may facilitate nucleosome disassembly 

later on. Replacement of canonical H2A and H2B involves exchange of H2NH2B heterod

imers without disruption of the nucleosome core particle. On the other hand, exchange of 

H3 and/or H4 leads to complete dissolution of nucleosomes. Three H3 variants are known to 

be expressed in both somatic and testicular cells of rat and mouse: H3.1 and H3.2, that are 

both incorporated during S phase, and H 3.3 which is incorporated when nucleosome eviction 

has occurred in other phases of the cell cycle (Tagami et al., 2004). In addition, testis-specific 

TH3 is known to replace parr of the other H3 variants during the initial phase of spermato

genesis, in mitotic spermatogonia, and remains present in the developing germ cells thereafter 

(Troscle-Weige et al. , 1984). 

Here we have investigated the extensive chromosome-wide exchange of H3.1 and H3.2 by 

the variant H3.3 (also termed nucleosome exchange or renewal) in the chromatin of the sex 

chromosomes in spermatocytes (van der Heijden et al., 2007) . This chromatin remodelling 

process has been shown to occur concomitantly to initiation of meiotic sex chromosome inac

tivation (MSCI) in spermatocyres of mouse and man (de Vries et al., 20 12; van der Heijden et 

al. , 2007). MSCI is a consequence of the special properties of the)('{ chromosome pair. D ur

ing meiotic prophase, all chromosomes need to associate with their homologous partner and 

exchange genetic information via homologous recombination. The sex chromosomes share 

homology only in a relatively short pseudoautosomal region (PAR). Thus, actual chromo

some pairing and stable association is limited to this region, and the synaptonemal complex, 

a protein structure that connects paired chromosomal axes, is completely formed only in the 

PAR Thus, most of the X and Y chromosomal arms remain unsynapsed, when all autosomes 

achieve full synapsis. This can be visualized by immunostaining for SYCP3, a protein that lo-
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calizes to the axial elements of the synaptonemal complex. When the autosomes are synapsed, 

only one SYCP3 stretch can be observed between the two homologous chromosomes, while 

separate SYCP3 stretches are detected on the heterologous X and Y chromosomes, respective

ly. The unsynapsed )('{chromatin is sequestered in the nuclear periphery, and MSCI initiates, 

forming the)('{ body, when the autosomes engage in a transcriptional burst (Monesi, 1965). 

MSCI depends on the accumulation of a phosphorylated form of the H2A variant H2AX, 

termed yH2AX (Fernandez-Capetillo et al., 2003). In mouse, yH2AX decorates the XY body 

from early pachytene up to the first meiotic metaphase (Mahadevaiah et al. , 2001). 

MSCI is thought to be a specialization of a more general mechanism, named meiotic si

lencing of unsynapsed chromatin (MSUC). When autosomal chromosomes fail to synapse, 

for example in case of a translocation, yH2AX accumulates and MSUC is initiated (Baarends 

et al., 2005; Turner et al., 2005). MSUC has been reported to occur in both spermatocytes 

and oocyres. The initiation of both MSCI and MSUC depends on meiosis-specific proteins 

(HORMADs) that recognize unsynapsed axes, most likely in combination with the presence 

of unrepaired meiotic DNA double strand breaks (DSBs) (Carofiglio et al., 2013; Daniel 

et al., 2011; Turner et al., 2006). These DSBs are induced throughout the genome early 

in meiotic prophase, and are required for initiation of meiotic homologous recombination, 

and also help in the establishment of homologous chromosome interactions (Baudat et al., 

2000; Mahadevaiah et al. , 2001; Romanienko and Camerini-Otero, 2000). Activation of the 

kinase ATR along chromatin associated with unsynapsed chromosomal axes, acting together 

with the checkpoint protein MDCI, then mediates accumulation ofyH2AX (lchijima et al., 

2011; Royo et al., 2013; Turner et al., 2004). IfMSCI fails, spermatocytes arrest and enter 

an apoptotic pathway due to illegitimate toxic expression of X- and Y-encoded genes (Royo 

et al., 2010) . This pathway functions as a "pachytene checkpoint", as follows: when overall 

chromosome pairing and/or DSB repair are affected, the proteins that mediate MSCI are re

distributed to many autosomal sites and fail to accumulate to a high enough density at the sex 

chromosomes, leading to incomplete silencing of X and Y gene transcription, which then kills 

the cells. In spermatocytes, MSUC is also associated with exchange ofH3.112 by nucleosomes 

containing the H3.3 histone variant (van der Heijden et al., 2007). The temporal overlap 

between MSUC/MSCI and this nucleosome renewal suggests a causal link between these 

events. However, it is not clear whether this is the case. In addition, there is a tight connection 

between the repair of meiotic DSBs, nucleosome exchange, and both MSCI and MSUC. 

Here, we aimed to obtain more information about the possible mechanism ofH3.1/2 evic

tion, and its biological relevance. We made use of Spo 11, H2ax and M del knockout mouse 

models to determine the prerequisites for nucleosome exchange. In addition we used a com

parative approach, between sexes and between species, to study the evolutionary conservation 
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of this mechanism, to assess its possible biological relevance. We show that yH2AX is essential 

but not sufficient for nucleosome exchange, since no H3.1/2 eviction is observed in MSUC 

regions that also accumulate yH2AX in oocyres, and SpoJJ·'· spermatocyres. Absence of this 

chromatin remodelling process in female MSUC suggests a sex-specific difference in response 

to unsynapsed chromatin. Furthermore, we observed XY body associated nucleosome ex

change among 5 different eutherian mammals tested (each representing a different mam

malian order), which indicates a functional conservation. However, among the marsupials, 

we observed XY body associated nucleosome exchange in opossum (Monodelphis domestic-us), 

but not in Bennet's wallaby (Macropus rufogrisus). The Macropus lineage diverged from the 

Monodelphis lineage, approximately 70 million years ago (O'Leary et al., 2013). Thus it ap

pears that the nucleosome exchange on the XY body chromatin may have evolved prior to the 

eutherian-metatherian split, some 165 million years ago (O'Leary et al., 2013) and was not 

maintained in the Macropus lineage. 
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RESULTS 

Histone eviction depends on yH2AX formation 

H3.1/2 exchange for H3.3 is initiated in early-to-midpachytene spermatocyres in mouse, 

and thus appears to be a relatively early event in the MSCI pathway (van der Heijden et al., 

2007). The earliest known marker ofMSCI is yH2AX, and the phosphorylation ofH2AX has 

been shown to be essential for MSCI (Royo et al., 2013). To assess the role ofyH2AX forma

tion in H3.112 eviction we used two mouse models: the H2ax knockout (Fernandez-Capetillo 

et al., 2003) and the Mdcl knockout (Lou et al. , 2006). In H2ax knockout males, autosomal 

chromosome pairing and meiotic recombination are normally initiated and completed, but 

the X and Y chromosomes remain frequently asynapsed and fail to undergo MSCI (Fernan

dez-Capetillo et al., 2003). As a consequence, there is an arrest of spermatogenesis at mid

pachytene, when the spermatocyres enter an apoptotic pathway. Mediator of DNA damage 

checkpoint 1 (MDCl) interacts with yH2AX and is required for complete activation of the 

H2AX phosporylating cascade, leading to robust spreading of yH2AX in the chromatin sur

rounding DNA damage in somatic cells, and in the XY body in spermarocyres (Ichijima et al., 

2011; Lou et al. , 2006). In Mdcl knockourspermatocyres, yH2AX formation on theXY body 

is restricted to very limited regions on the chromosomal axes, and MSCI is also not achieved 

(Ichijima et al., 2011). Thus, Mdcl knockour spermatocyres arrest at midpachytene, as H2ax 

knockour spermatocyres. When we analysed H3.112 staining in wild rype, H2ax knockout, 

and Mdcl knockout pachytene spermarocyres, we observed a complete lack of H3.1/2 evic

tion in the two knockout models (n=100 nuclei; two animals analyzed per genorype). Re

modelling was not apparent even in the most advanced pachytene nuclei present in the cell 

preparations, as assessed by staining for the midpachytene marker HIT (Figure lA-C). In 

pachytene spermatocyres from H2ax heterozygous mice we observed somewhat reduced ac

cumulation of yH2AX on the XY body, but the pattern and extent of H3.1/2 eviction were 

indistinguishable from wild rype controls (data not shown). 

A histone-modifying event that follows shortly after yH2AX accumulation on the XY body 

is histone ubiquitination by the E3 ubiquitin ligase RNF8 {Lu et al., 2010). RNF8-depend

ent ubiqui tination of histones has been implicated in the genome-wide removal of histones 

prior to the incorporation of transition proteins and protamines during nuclear condensation 

in posrmeiotic spermatids {Lu et al. , 201 0). In addition, in somatic cells, ubiquitination of 

histones by RNF8 occurs in association with chromatin remodelling events that accompany 

repair of DSBs (Luijsterburg et al., 20 12). We sought to investigate whether histone ubiquit

ination was also responsible for the chromatin-wide nucleosome exchange at the XY body. In 

spermatocyres that were isolated from Rnj8 knockout testes, in which histone ubiquitination 
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Figure 1: H3.112 eviction from XY body chromatin depends on the accumulation of yH2AX in 

this region 

Representative spread nuclei of (A) wild rype, (B) H2ax, and (C) M del knockout mouse spermarocytes stained 

with antibodies targeting Hl T (green), H3.1/2 (white) and SYCP3 (red). The DNA was counrerstained with 

DAPI (blue). (D) Spread nuclei of Rrf8 knockout mouse spermatocytes stained with antibodies targeting 

SYCP3 and yH2AX (green), H3.1/2 (white). The DNA was counrerstained with DAPI (blue). Spoll·'·spread 

nuclei were immunostained for HIT (green), H3.1/2 (white) (E) and SYCP3 (red) and (F) yH2AX (green), 

H3.1/2 (white) and SYCP3 (red). The DNA was countemained with DAPI (blue). 
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is abolished (Lu et al., 2010), we observed normal H3. 1/2 eviction (n= 100 nuclei; two ani

mals analyzed) (Figure lD). 

Since the nucleosome exchange appears ro depend on yH2AX accumulation, and dam

age-induced DSBs and associated yH2AX formation also rrigger nucleosome exchange in so

matic cells (van Attikum and Gasser, 2005), we wondered ifH3.1/2 eviction would also occur 

in spermatocytes of SPO !!-deficient mice, where no meiotic DSBs are formed, but where a 

single yH2AX domain is encompassing part of the asynapsed chromatin in most nuclei. This 

domain is referred to as a pseudo XY body, because it is generally not associated with the sex 

chromosomes. In mice that lack SPOil activity, either through complete knockout (SpoJJ·1·) 

(Baudat et al., 2000; Romanienko and Camerini-Otero, 2000) or by point mutation of the 

catalytic site (SpoJJ#.li)(Carofiglio et al., 2013), homologous chromosome pairing is severely 

disrupted and the pseudo XY body covers part of the asynapsed chromatin in association with 

a few endogenous DSBs (Carofiglio et al., 2013). Also in these mutant mice, the spermato

cytes enter an apoptotic pathway at pachytene. We thus assessed progression of spermarocytes 

through pachytene by H 1 t staining. In Spo JJ·'· spermarocytes displaying the H 1 t signal, we 

sometimes observed one or two areas, in few nuclei, with a low level of H3.1/2 staining 

(Figure l E). However, such areas never colocalized to the pseudo XY body, identified by the 

yH2AX domain in Spoil·'- spermatocytes (Figure lF) (n=lOO nuclei). Although we cannot 

exclude that SPOil-deficient spermatocytes are lost before H3.1/2 eviction in the pseudo XY 

body can occur, this indicates that accumulation of yH 2AX by itself may not be enough ro 

trigger the exrreme H3.1/2 eviction that is observed in the XY body. 

Histone eviction is a male-specific MSUC-induced event 

In males, H3.1/2 eviction occurs not only on the XY body, but also in association with 

MSUC, that is activated when a pairing problem is generated by the presence of chromosome 

translocations (van der Heijden et al., 2007). In oocytes, MSUC is activated in 10-15o/o of 

wild type oocytes, due to de novo induction of DNA damage, and in XO or XY oocytes, in 

which single sex chromosomes are frequently observed in association with markers of MSUC 

(Baarends et al., 2005; Carofiglio et al., 2013; Kouznetsova et al., 2009; Turner et al., 2005). 

It appears that oocytes with extensive accumulation ofyH2AX at pseudo XY bodies (this term 

is also used for oocytes, even if a Y chromosome is absent; a pseudo XY body can involve 

exclusively autosomal and X chromosomal chromatin regions) are destined to enter an ap

optotic pathway (Malki et al ., 2014). Surprisingly, when we analysed H3.1/2 localisation in 

XO El9.5 oocytes, we observed no H3.1/2 depletion in the areas that accumulated yH2AX 

(n=20, one animal analyzed) (Figure 2). This indicates that in mouse, nucleosome remodel

ling in association with MSUC is male-specific, and confirms that the nucleosome exchange 

is not directly triggered by the accumulation of yH2AX as observed in SpoJJ-1- spermatocytes. 
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Figure 2: No H3.112 removal in XO El9.5 oocytes 

Spread nuclei isolated from XO El9.5 ovaries were stained with antibodies targeting yH2AX (green), H 3. 1/2 

(white) and SYCP3 (red). The DNA was stained with DAPI (blue). 

A 

f(t( 

B 

~ 

c 

) 

D 

.;J:.. 

E 

i 
F 

_If 

G 

....... 

Figure 3: H3.112 exchange is associated with 

MSC! in eutherian mammals, but is variable in 

pachytene spennatocytes of metatherians 

Spread pachytene nuclei from cat (A), h orse (B), Egyp

tian fruit bat (C), springbok (D), rabbit (E), Bennet's 

wallaby (F) and opossum (G) stained with antibodies 

targeting eitheryH2AX (left) or H 3. 1/2 (right, green) in 

combination with SYCP3 (red). 
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XV associated histone 3.1/.2 eviction is conserved among eutherian mammals, 
and occurs also in the metatherian infraclass, in Monodelphis domesticus but 
not in Macropus rufogriseus. 

Previously, it has been established that nucleosome exchange on the XY body is conserved 

between mouse and man, with a bit more variability in the degree of remodelling in human 

samples (de Vries et al., 2012) . We analysed nucleosome exchange in relation to yH2AX accu

mulation, chromosome pairing and XY body formation in five eutherian mammals (four from 

the Laurasiatheria superorder: cat (order Carnivora), horse (order Perissodactyla), Egyptian 

fruit bat (order Chiroptera), and springbok (order Artiodactyla); and one from the Euarchon

roglires superorder: rabbit (order Lagomorpha). We first assessed ifyH2AX accumulated on 

the XY pair in pachytene spermatocytes, and this was clearly observed in all the species (n= 1 00 

nuclei analyzed) (Figure 3A-E). In addition, we observed H3.112 eviction from the XY body 

in all investigated eutherians. 

Next, we wished to investigate whether nucleosome exchange was also conserved in two 

marsupial species. An important difference in sex chromosome organisation between eutheri

ans and metatherians is the lack of a pseudoautosomal region in the latter, precluding meiotic 

crossover formation on the XY chromosome pair in males. Instead, the X and Y are connected 

by a dense plate, which is built from cohesins and synapronemal complex proteins, and re

mains associated with the sex chromosomes until the first methaphase-ro-anaphase transition 

(Page er al., 2006). We assessed H3.1/2 distribution in all the substages of meiotic prophase 

in testis samples of a Bennet's wallaby (Macropus rufog;riseus, 2n=16) and a grey short-tailed 

opossum (Monodelphis domestica 2n=18). Surprisingly, no H3.112 eviction was observed in 

Benner's wallaby spermatocytes, whereas a clear H3.1 /2 eviction was observed in the XY body 

of pachytene and diplotene spermarocyres of the opossum (n= lOO nuclei) (Figure 3F, G). 

Based on this differential XY body associated chromatin structure in the two metatherian spe

cies, we performed a further comparative analyses to assess if the lack ofH3.1/2 eviction in the 

XY body of spermatocyres from the Bennet's wallaby was correlated to additional differences 

with the XY body of the opossum. The accumulation pattern of yH2AX and the appearance 

and disappearance of the DSB marker RAD51 (Figure 4) appeared to occur in a similar 

manner in both species. MSCI has previously been described for the opossum (Franco et al., 

2007; Namekawa et al., 2007), and was shown to be associated with H3K9me3 accumulation 

and lack of RNA polymerase II on the XY body. To verify MSCI in the opossum we used 

an antibody that recognizes the phosphorylated (active) form of RNA polymerase II only, 

and this staining showed a clear depletion of this form of RNA polymerase II from the XY 

body in pachytene spermatocyres (Figure 5A, right). Our analyses of opossum spermatocyres 

largely confirmed previous observations (Namekawa et al., 2007). In the Bennet's wallaby, 
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although phosphorylated RNA polymerase II was enriched on the part of the XY body that 

contained the dense plate, it was clearly depleted from the larger loops of the synaptonemal 

complex protein, SYCP3 (Figure 5A, left). Furthermore, the XY body region appears to have a 

denser DAPI staining throughout pachytene and later stages of meiotic prophase (diplotene), 

similar to what was observed for the opossum. Accumulation of the heterochromatin marker 

H3K9me3 at the XY body progressively increased, starting first on the larger SYCP3 loops, 

but finally covering the whole XY region, including the dense plate, that is marked by exten

sive SYCP3 accumulation (Figure 5B). 
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Figure 4: Progression of histone H3./2 eviction, DSB repair and XY body formation in wallaby 

and opossum 

Spread spermatocyte nuclei from Bennet's wallaby and oposswn stained with antibodies targeting H3.1/2 

(green) (A), yH2AX (green) (B) or RAD51 (green) (C) in combination with SYCP3 (red). The DNA was 

stained with DAPI (white). 
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Figure 5: H3K9me3 and RNA pol ll localization in wallaby and opossum spermatocytes 

Spread spermatocyte nuclei from Bennet's wallaby and opossum stained with antibodies targeting (A) phospho

rylated RNA poUII (green) in combination with SYCP3 (red). (B) H3K9me3 (green) and SYCP3 (red) staining. 

The DNA was stained with DAPI (white) . 
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DISCUSSION 

MSUC associated H3.1/2 eviction constitutes a male-specific response to accu
mulation of yH2AX 

MSUC in mammals is thought to be a general phenomenon, occurring in oocytes as well 

as in spermatocytes (Baarends et al., 2005; Turner et al., 2005). In oocytes, the presence of 

one or two asynapsed axes (in wild type, XO, or XY oocytes) or formation of a pseudo XY 

body (in SPO 11-deficient oocytes) is associated with accumulation of DSB repair and DNA 

damage response markers such as RAD51, BRCA1, ATR, RAD18, ubiquitinated histones, 

and yH2AX (Baarends et al., 2005; Carofiglio et al., 2013; Kouznetsova et al., 2009; Turn

er et al., 2005). In addition, we and others have shown global reduction of transcriptional 

activity in MSUC areas, as investigated through immunolocalization of RNA polymerase 

II or Cot-1 RNA FISH (Baarends et al., 2005; Carofiglio et al., 2013; Turner et al., 2005). 

However, several differences in the MSUC response between males and females have been 

described (Carofiglio et al., 2013; Taketo and Naumova, 2013), and it has been stated that 

no evidence for transcriptional silencing of unsynapsed chromosomes in oocytes could be 

obtained (Takero and Naumova, 2013). One obvious difference between the MSUC response 

in spermatocytes and oocytes concerns its duration. In male mice, pachytene and diplotene 

comprise a period of approximately 210 hours, whereas in oocytes only around 60 hours 

pass between entry into pachytene and the diplotene arrest (Bakken and McClanahan, 1978; 

Oakberg, 1956). MSC! in spermatocytes is not clearly detectable in the first 50 hours after 

entry into pachytene, because the overall transcriptional activity is very low during this period 

(Page et al., 2012). Clear depletion of active RNA polymerase II from the XY body in mouse 

starts ro become evident in midpachyrene nuclei. Once MSCI is established, there is at least 

150 hours of spermatocyte development during which MSC! is maintained. In oocytes, there 

also seems to be a relatively low overall level of gene transcription in early-midpachytene oo

cytes that are present at E15 and El6 (Page et al. , 2012), leaving relatively little time for firm 

establishment of silencing on unsynapsed chromatin. However, some markers of MSC! that 

accumulate concomitantly with and following H3.1/2 eviction in spermatocyres, such as his

tone ubiquitination and the presence of the postreplication repair protein RAD18, also mark 

MSUC regions in pachytene oocytes isolated from E18.5 ovaries (Baarends et al., 2005). This 

indicates that the developmental progression of the MSUC response in oocytes does proceed 

up to the moment when H3.1/2 is exchanged for the H3.3 variant in males. Therefore, we 

conclude that MSUC-associated nucleosome exchange is a male-specific process. It requires 

accumulation of yH2AX, as evidenced by the lack of H3.112 eviction in H2ax·'-and MdcJ·'· 

spermatocytes. However, a yet unknown downstream factor is required to trigger the eviction, 
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since also no nucleosome exchange was observed in Spol ]-1- spermatocytes that do accumulate 

yH2AX in the transcriptionally silenced pseudo XY body. 

Nucleosome exchange is widely conserved among mammals 

The observed conservation of nucleosome exchange in association with MSCI, among mam

mals including the opossum, indicates that this process may have evolved before the split 

berween the eutherian and metatherian infraclasses, some 165 million years ago. That would 

then also imply that nucleosome exchange on the XY body was lost in the lineage represented 

by Bennet's wallaby. This species is a representative of the Diprodotontia order of marsupials 

that split some 70 million years ago from rhe Didelphimorpia order to which the opossum 

belongs (O'Leary et al_, 2013). 

Concluding remarks 

Here we have shown that the global nucleosome exchange that occurs at the XY body and 

other unsynapsed chromatin regions in mouse spermatocytes is a male-specific process that 

requires formation of yH2AX. This modification by itself is not enough to trigger the exten

sive remodelling, given the fact that remodelling does not occur in MSUC regions marked 

by yH2AX accumulation that are present in SPO 11-deficient spermatocytes and XO oocytes

Still, it is tempting to speculate that the nucleosome exchange process at the XY body is 

mechanistically related to remodelling that accompanies DSB repair in somatic cells. It might 

be suggested that the extreme yH2AX accumulation at the XY body and in MSUC regions in 

mouse spermatocytes that carry certain translocation chromosomes reflects an extreme DNA 

damage response, resulting in the complete exchange of nucleosomes in the unsynapsed re

gions_ This extreme response may only occur in males, because the time frame during which 

MSUC can establish and maintain itself is much longer in spermatocytes compared to the 

duration of the MSUC response in oocytes. Wallaby spermatocytes, because of the absence of 

MSCI associated nucleosome removal, may serve as a tool to dissect the molecular mechanism 

by which nucleosome exchange is achieved. 
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MATERIALS AND METHODS 

Animals 

Mice: 

All mouse and opossum experiments were approved by the local animal experiments com

mittee. Mice were killed and testes were collected and snap frozen in liquid nitrogen from 2 

wt, 2 H2ax-/-, 2 H2AX+/-, 2 Mdc-/-, and 3 Rnf8-/- mice (6-9 weeks old). From adult opos

sum testes were collected and rapidly frozen. Spread nuclei were prepared as described below. 

Adult Spoil-/- mouse testes were collected and directly spread as described below. 

Other mammalian species: 

All testes were collected as remnant material following natural death, or castration of the an

imal as ordered by the owner. Testes were collected from adult Egyptian fruit bat after death, 

and adult springbok testes were collected following castration. All testes were rapidly frozen 

and meiotic spread nuclei were prepared as described below. 

Adult horse, cat, and rabbit testes, as well as testes from a 16 month old Bennet's walla

by were collected following castration and immediately processed for meiotic spread nuclei 

preparation as described below. 

Meiotic spread nuclei preparation 

Fresh testis samples where mechanically disrupted to generate single cell suspensions and 

meiotic spread nuclei were prepared as described by Peters et al. (Peters et al., 1997). Frozen 

testis material was placed in a drop of phosphate buffered saline (PBS), and the thawed mate

rial was also mechanically disrupted, and for each slide, 10 11-l of cell suspension was directly 

mixed with 20 11-l 100 mM sucrose and spread on a slide covered with ample fixative (1 o/o 

paraformaldehyde in 1 mM sodium borate solution pH9.2 and 0.15% Triton X-100). Subse

quent drying and washing of slides was performed as described for fresh material. Slides were 

stored at -80C. 

Immunocytochemistry 

Slides were briefly thawed at room temperature and washed in in PBS (3xl0 min), and 

non-specific sites were blocked with 0.5% w/v BSA and 0.5% w/v milk powder in PBS. 

Primary antibodies were diluted in 1 Oo/o w/v BSA in PBS, and incubations were performed 

overnight at room temperature in a humid chamber. 

For primary antibodies, we used: mouse monodonal antibodies anti-phosphorylated H2AX 
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(Upstate), anti-RNA polymerase II CTD repeat YSPTSPS (phospho 52) (Abeam), anti 

H3.112 (gift from dr. P. de Boer); rabbit polyclonal antibodies anti-RAD51 (Essers et al., 

2002), anti-SYCP3 (gift from dr. C. Heyting), anti-H3K9me3 (Abeam); guinea pig anti-Hlt 

(gift from dr. M.A. Handel). For secondary antibodies, we used a goat anti-rabbit IgG alexa 

488/546, goat anti-mouse alexa IgG 488/546/633, goat anti-guinea pig IgG 488/546 (Mo

lecular Probes). 

Subsequently, slides were washed (3xl0 min) in PBS, blocked in lOo/o v/v normal goat se

rum (Sigma) in blocking buffer (supernatant of 5% w/v milk powder in PBS centrifuged at 

14,000 rpm for 10 min), and incubated with secondary antibodies in 1 Oo/o normal goat serum 

in blocking buffer at room temperature for 2 hours. Finally, slides were washed (3x10 rnin) 

in PBS (in the dark) and embedded in Prolong Gold with or without DAPI (invitrogen). In 

cases where two rabbit antibodies needed to be combined, first a single first and second anti

body staining was performed followed by a second procedure targeting the other antigen, and 

an anti-rabbit labeled by a different fluorophore. Fluorescent observation of slides obtained 

through this procedure rhus provide information about the localisation of the protein that was 

detected in the fi rst round of staining in one channel, and both proteins in the other chan

nel. Fluorescent images were observed by using a fluorescence microscope (Axioplan 2; Cad 

Zeiss) equipped with a digital camera (Coolsnap-Pro; Photometries). Alternatively, Confocal 

imaging was performed on a Zeiss LSM700 microscope (Car! Zeiss, Jena): we used a 63x oil 

immersion objective lens (N.A. 1.4), pinhole 1AU. DAPI was excited at 405 nm and imaged 

with a short pass filter (SP) 490 nm; Alexa 488 was excited at 490 nm and imaged SP 555 

nm; Alexa 546 was excited at 555 nm and imaged SP 640 nm; Alexa 633 was excited at 639 

nm and for the imaging no filter was required. 
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General discussion 





GENERAL DISCUSSION 

Through the life cycle of mammalian species, the sex chromosomes are subject to very spe

cific transcriptional regulation events at different time points and in a sex-specific manner 

(as represented in Figure lA). In particular, also from an epigenetic point of view, it is quite 

remarkable that only the X and Y chromosomes, unlike any of the other chromosomes, be

come entirely silenced in the male germ line, by a process named meiotic sex chromosome 

inactivation (MSCI) . In addition, in the somatic cells of female embryos, the X chromosome 

is specifically targeted in a process termed X chromosome inactivation (XCI) (Figure lA). 

Cells that are immortalized and grown in culture, can survive with an aberrant copy num

ber of any chromosome (Stepanenko and Kavsan, 2012). However, cells in the developing 

embryo are very sensitive to gene dosage, and an extra copy or the lack of a single autosome 

usually leads to very early embryonic death. Proper paternal and maternal genomic imprint

ing is also required for early development. Together, this indicates that embryonic cells are 

very sensitive to changes in gene expression levels, and this is most likely the reason why the 

XCI dosage compensation mechanism, ro equalize X-linked gene expression, between the sex 

chromosomes and the autosomes, and between males and females, has evolved. 

For a few genes, functional alleles or homologs still exist on both the human X and Y chro

mosomes. In the recombining pseudoaurosomal regions these are real alleles, but on the 

non-recombining male-specific region of the Y chromosome (MSY) these are the so-called 

X-degenerate genes, which are functional homologs of the respective X-linked genes. All these 

genes escape X-inactivation in female cells and are most likely very dosage-sensitive (reviewed 

by (Berletch et al., 2011; Disteche et al., 2002)). The importance of such X- and Y-linked 

genes is illustrated by the fact that human XO embryos, in which these genes are present as a 

single allele, have a poor survival rate (Ashworth et al., 1991). 

Compared to XCI, the complete inactivation of both sex chromosomes in male meiotic 

prophase by the MSCI mechanism is even more asronishing, since many important house

keeping genes reside on the X chromosome. As described in the Inrroduction, testis-specific 

expression of retroposed aurosomal copies of such genes provides at least a partial escape from 

the detrimental effects of global X chromosome inactivation in spermarocytes (Khil et al., 

2005). It is clear that MSCI did not evolve as a dosage compensation mechanism, but devel

oped as a consequence of a different driving force, related ro the origin of heterologous sex 

chromosomes. Thus, it is not surprising that the molecular mechanisms that operate either to 

achieve silencing of the X and Y chromosomes during male meiosis, or to mediate inactivation 

of one of the two X chromosomes in female embryos, are very different from each other (as 

represented in Figure lB). In mouse, XCI is mediated by genes that reside in the X-inacti

vation center, and whose activation depends on the X-ro-aurosome ratio, leading to tran

scription of the long non coding RNA Xist, which coats the future inactive chromosome and 
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recruits epigenetic modifiers that establish a silenced chromatin structure. In contrast, MSCI 

is initiated in response to activation of components of the DNA damage response pathway 

(DDR) and meiosis-specific proteins which localize to the unsynapsed XY axes. Although the 

exact sequence of events that leads to global inactivation of X and Y is not known, ATR-me

diated phosphorylation of the H2AX histone variant has been proven to be an essential mark 

of the sex body (Fernandez-Capetillo et al. , 2003). MSCI does not require Xist (Turner et al., 

2002), and so far, there is no evidence for a role of other noncoding RN As in this mechanism. 

Both XCI and MSCI have been reported to occur in all mammals that were investigated. 

However, the dynamics of sex chromosome regulation appear to vary considerably between 

different mammalian species. For example, imprinted XCI (iXCI) of the paternal X chromo

some has been observed in female pre-implantation embryos and extra-embryonic tissues of 

mouse, but doesn't seem to occur in human (Migeon et al., 2002). Moreover, the Xist gene is 

conserved within the eutherian lineage, but a different non coding RNA that can also mediate 

X chromosome silencing has evolved independently in metatherians (Grant et al., 2012). 

Also MSCI displays some variation between mouse and human, and there is only limited 

overlap in the identity of the genes that escape post-meiotic sex chromatin repression (PSCR) 

and become specilically reactivated after meiosis in mouse and human (Sin et al., 2012). To 

understand the relevance of differem aspects of MSCI and XCI, it is of pivotal importance to 

study these mechanisms in differem mammalian species, from an evolutionary perspective. 

This might also allow us to identify the unifying properties of MSCI and PSCR mechanisms 

in different species, which would then help us to unravel the driving forces for evolvement of 

MSC I. 

In this thesis, we investigated the cycles of X chromosome activity and inactivity in its jour

ney from the male developing gerrnline, through meiosis, to the gamete and into the early fe

male embryo, in different mammalian species. The following discussion will focus on the im

plications of our findings for some central questions that have arisen during the course of the 

work described in this thesis. We will start ar the moment when the X chromosome undergoes 

a round of inactivation together with theY chromosome, in meiotic prophase spermatocyres. 
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Figure 1: Regulation of sex chromosomes through the mammalian life cycle 

GENERAL DISCUSSION 

(A) Through the life cycle of mammalian species, the sex chromosomes are subject to specific transcriptional 

regulation at different developmental time pointS and in a sex-specific manner. During meiosis, while in the 

female germline both X chromosomes are active, in the male germline, the non-homologous regions of the X 

and Y chromosomes undergo meiotic sex chromosome inactivation (MSC!). After fertilization, female embry

os inactivate one of the two inherited X chromosomes to achieve balanced dosage of X-linked genes. In the 

embryo proper, either the paternal (Xp) or the maternal (Xm) X chromosome can be inactivated. Because of 

this randomness, and clonal inheritance of the inactivated X chromosome when cells divide, female embryos 

are natural mosaics of cells expressing genes from one or the other X chromosome (graphically represented as 

a chessboard pattern of pink and yellow areas in the female body). The inactive X chromosome is maintained 

throughout the life of a female. Only in the cell lineage that gives rise to the primordial germ cells (PGCs), the 

inactive X chromosome is reactivated. The presence of two active X chromosomes may be required for oogene

sis and also may ensure transmission of an equally active Xm and the Xp ro the zygote. PGCs in both male and 

female embryos migrate to the genital ridges (here represented as black bean-shaped structures), where meiosis 

takes place and a new cycle of sex chromosome inactivation begins. 

(B) Silencing of the sex chromosomes by MSC! depends on accumulation of DNA damage response (DDR) 

proteins and phosphorylation of the h istone variant H2AX (yH2AX) (represented as red circle encompassing 

the X and Y chromatin). O n the other hand, X chromosome inactivation (XCI) starts with the expression 

of the Xist long non-coding RNA (red wave line) from the future inactive X chromosome. When in an em

bryonic cell the Xp becomes inactivated, as represented in the pink boxed area on the left, this is going to be 

transmitted clonally in the pink patches of the female embryo represented in (A) . The inactive Xm, represented 

in the yellow boxed area on me right, will be transmitted clonally in the yellow patches of the female embryo 

represented in (A) . 
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6.1 Does synapsis allow escape of MSCI in mammals? 

The X and Y chromosomes undergo MSCI together, but their regulation in meiotic prophase 

still seems to be somewhat different. When meiotic prophase is initiated, and SPO 11 induces 

hundreds of meiotic DSBs in the genome, the X chromosome displays DSBs along its entire 

length, while only a single prominent RAD51 focus, marking a site of DSB repair, can be 

observed on the tip of theY chromosome, most likely residing in the pseudoautosomal region 

(Page et al., 2012). Then, as meiotic prophase initiates, the overall level of transcription ge

nome-wide becomes low, and only by midpachytene reactivation of transcription is observed 

on autosomes, when also RNA polymerase II becomes enriched on the autosomes. At that 

time, the XY body is subjected to MSCI and shows clear depletion of RNA polymerase 11. The 

sex chromosomes remain largely unsynapsed during the meiotic prophase. In early pachytene, 

the X and Y in mouse and man achieve a quite advanced degree of synapsis, which includes 

almost 90% of the Y chromosomal axis (Solari, 1970; Tres, 1977). Clearly this must involve 

for the greater part heterologous synapsis, which is very unstable, and occurs only transiencly. 

Subsequently, XY synapsis is limited to the chromosomal tips during the rest of pachytene. 

The unsynapsed parts of the X and Y chromosomes trigger MSC! (Turner et al., 2006), so 

it might be suggested that, i f heterologous synapsis is achieved, removal ofHORMADs, the 

proteins that specifically localize to asynapsed axes, from these regions would allow escape 

from MSC!. Since heterologous XY synapsis is only rarely observed in mouse and man, and 

occurs only when overall transcription is still low early in meiotic prophase, this precludes any 

analyses of the link between synapsis and MSCI escape. In the dog, the pseudoautosomal re

gion (PAR) is much larger than that of human and mouse, and we anticipated that this might 

be associated with stable homologous synapsis of the X and Y PARs throughout the meiotic 

prophase, and that genes within the PAR would escape from MSC!. However, as described in 

Chapter 4 , this does not appear to be the case. Rather, the dog PAR is characterized by a very 

low overall transcriptional activiry in both spermatocytes and round spermatids. Interestingly, 

the additional self-synapsis we observed in dog spermatocytes concerns only the X chromo

some, and correlated to a higher overall transcriptional activity of the Xp-arm compared to 

the Xq-arm, as observed from the RNA sequencing data. This might suggest that XY synapsis 

reduces the efficiency of MSCI, but we cannot exclude that MSCI is less complete in dog 

compared to mouse due to other, unknown differences between these species. Also in human, 

MSCI appears to be less stringent compared to mouse. A link between synapsis and escape 

from silencing appears to be more clear on autosomes that fail ro complete synapsis and are 

thus subjected to the more general mechanism of meiotic silencing of unsynapsed chromatin 

(MSUC). Previously we have shown that when autosomes with translocations achieve stable 
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heterologous synapsis in males, this is invariably associated wirh lack of markers of MSUC, 

and conversely, failure of synapsis leads ro MSUC and preferenriallocalization of the unsyn

apsed chromatin in rhe viciniry of the XY body (Baarends et al., 2005). 

In marsupials, rhe X and Y chromosomes do not have PARs and do not display any synapsis, 

but they are connected by rhe dense plate. In addition, alrhough rhe sex chromosomes do nor 

form a crossover sire, meiotic DSB repair sites can be observed on the sex chromosomes in 

early pachytene. Microscopically, markers of MSC! are clearly presenr, bur RT-PCR analysis 

of mRNA expression of selected X-linked genes in isolated spermarocyres and spermatids 

showed that, for most of the analyzed genes, reduced expression became apparenr only in 

rhe spermatid mRNA sample, whereas rhese genes showed reduced mRNA levels in borh 

spermatocyte and spermatid mRNA samples of the mouse (Hornecker et al., 2007). This may 

indicate incomplete MSC! in the marsupial, but a more global analyses of mRNA expression 

from autosomes and sex chromosomes in purified samples of developing marsupial germ cells 

would be required to provide more insight in rhis matter. 

6.2 Some considerations on MSCI and MSUC 

In male meiotic prophase, MSC! and MSUC can occur within one and the same nucleus, 

but rhe fact rhat they share mechanistic components rhen results in a reduction of rhe efficien

cy of MSCI, when MSUC is also occurring. Yet, it appears likely rhar MSCI has evolved inro a 

more efficient mechanism compared ro MSUC, and might be triggered by specific properties 

of rhe sex chromosomes, in addition ro rhe combined response ro asynapsis and persistence 

of DSBs. In particular, in rhe mouse, rhe existence of a pachytene checkpoint, which senses 

aberrant chromosomal composition (and rhus aberrant synapsis) and leads to apoptotic elim

ination of rhe respective cells, may have advanced evolution of changes rhat favor robust and 

complete transcriptional silencing of the sex chromosomes in rhis species. It remains to be es

tablished if MSC! has evolved in a similar, hyporhetical, way also in orher mammalian species, 

and if rhe pachytene checkpoint in rhese species functions as strictly as in mouse. 

In oocyres, MSCI does not occur, but others and we have previously observed accumulation 

of known MSUC/MSCI markers on unsynapsed chromosomes in pachytene oocyres iso

lated from mouse embryonic ovaries. Unlike MSCI in spermatocytes, which allows meiotic 

progression, MSUC in spermarocyres and oocyres marks an unwanted event (failure of com

pletion of synapsis and/or meiotic DSB repair), and in rhe ovary this results in depletion of 

such cells from rhe ovarian pool (Malki et al., 2014). Although MSUC areas in spermarocyres 

and oocytes share some chromatin marks, it is clear from data presented in the literature and 

rhe findings in rhis thesis, rhat mechanistically MSUC in spermatocyres and oocyres differ 

ro some extenr. In particular, as described in Chapter 5, nucleosome renewal appears ro be a 

male-specific adaptation ofMSUC inro MSC!. 
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6.3 Is nucleosome exchange essential for MSCI? 

Chromatin remodeling normally occurs locally within a nucleus, in relation to gene tran

scription or DNA repair events, in many cell rypes of different vertebrate and invertebrate spe

cies. The chromosome-wide H3.112 depletion and incorporation ofH3.3 observed at the XY 

body and regions ofMSUC during male meiosis, has not been described in any other context 

in mammalian cells. It might be suggested, that the XY body-associated nucleosome exchange 

represents an extreme form of a rype of nucleosome exchange that can occur locally on auto

somes in somatic cells. However, it is unlikely that it is related to the very limited nucleosome 

eviction that generally occurs in conjunction with transcriptional activation (Wirbelauer et 

al., 2005), since this nucleosome exchange at the XY body initiates concomitant with estab

lishment of MSC!. Based on the tight link between MSCI and meiotic DSB repair, it might 

be suggested that the XY body-associated nucleosome exchange is related to nucleosome ex

change that occurs during DSB repair in somatic cells (van Attikum and Gasser, 2005a; Yang 

et al., 2013). One way to obtain more insight into the relevance of this phenomenon during 

MSCI, would be to analyze, in mutant mouse models, if absence of H3.3 would affect nu

cleosome exchange at the XY body, and then also would impair MSC!. The mouse genome 

contains the H3j3a and H3j3b genes which encode two H3.3 variants. Knockouts of either 

H3j3a or H3j3b are sublethal (Bush et al., 2013; Couldrey et al., 1999). An H3j3a hypomor

phic mutant has been generated by a gene trap insertion, and both male and female surviving 

mutants were reported to show reduced fertility (Couldrey et al., 1999). When the male 

reproductive tract was analyzed more specifically, no obvious differences in the testes were 

noticed and sperm numbers appeared normal. It might be that depletion for H3.3A in the 

paternal genome accounts for developmental problems only later, in the developing embryo. 

The exact cause for the reduced fertility in this mutant is not well established. Furthermore, 

H3j3a transcripts are expressed throughout the spermatogenic epithelium (spermatogonia, 

spermatocytes, and spermatids) at low levels, whereas H3j3b is most highly expressed specif

ically in spermatocytes (Bramlage et al., 1997). This might suggest that depletion for H3.3B 

would possibly cause problems already in spermatogenesis. This was indeed reported in a 

recent detailed analyses of the infertility phenorype in H3f3b·'· males, where testis size of the 

mutant mice was significantly smaller compared to controls, and sperm concentration was 

also 2-fold lower than in control samples. Surprisingly, gene expression microarray analysis 

revealed only relatively modest effect of H3.3B depletion on overall gene expression levels, 

and MSCI failure was not detected (Yuen et al., 2014). In spermatocytes of H3j3b knockout 

males, overall H3.3 levels were reduced, but the dynamics ofXY body-associated remodeling 

were not investigated in this study (Yuen er al., 2014). 
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A possible functional redundancy becween the H3.3 variants encoded by the H3j3a and 

H3j3b genes may allow normal H3.1/2 nucleosome exchange by H3.3 in the single H3j3 

gene knockout models. To dissect this further, a conditional double knockout mouse model 

for H3j3a and H3j3b might help us to investigate the role of extensive nucleosome replace

ment at the XY body and provide a definitive answer on a possible link to MSCI. 

Alternatively, or in addition, determining which ATP-dependent chromatin remodeling 

complex is functional in the chromatin make-over of the sex chromosomes during meiosis 

would be particularly interesting. To this end, the high degree of evolutionary conservation 

ofH3.1/2 eviction during XY body formation (described in Chapter 5) can be used to select 

candidate remodelers that may be involved in this process. We would expect the responsible 

remodeler to accumulate in a timely manner in all species that replace H3.1/2 by H3.3 on the 

sex chromosomes. Furthermore, since a known function ofyH2AX in DSB repair is to attract 

chromatin remodelers (reviewed by (van Attikurn and Gasser, 2005b)), we speculated that 

an analogous role for yH2AX during MSCI would be probable. Thus yH2AX accumulation 

in the XY body might be functionally connected to the recruitment of a specific chromatin 

remodeler and to the induction of nucleosome replacement (as suggested in Chapter 5), al

though nucleosome replacement may or may not be needed for proper establishment of XY 

silencing. 

There are four families of ATP-dependent chromatin remodeling complexes that are known 

to be able to mediate nucleosome removal and exchange, and thus could act together with a 

chaperone in the XY body-associated chromatin remodeling process: the NuRD/Mi-2/CHD 

family, the IN080 (inositol requiring 80) family, the ISWI (imitation-SWI) family, and the 

SWI/SNF (switching defective/sucrose non-fermenting) family (reviewed in (Lusser and Ka

donaga, 2003)). 

Regarding the NuRD/Mi-2/CHD complex, it has been previously shown that in mouse the 

CHD3/CHD4 components of this complex specifically accumulate on the sex chromosomal 

PARs starting in leprotene nuclei, and later spread to the XY body chromatin in midpachyt

ene (Bergs et al., 2014), which would correspond to the time frame of remodeling. 

With respect to the SWI/SNF complex, immunolocalization patterns of key components 

of both SMARCA4 (BRGl) and SMARCA2 (BRM) (mutually exclusiveATPase subunits of 

the SWI/SNF complex) in spermatocytes of mouse indicate that these cwo remodelers are not 

likely to accumulate at the XY body at the time when remodeling is initiated {Wang et al., 

20 12) . However, previous work has shown that although BRG 1 is depleted from the XY body, 

the SWI/SNF core subunit SNF5/INI1 is enriched (Costa et al., 2006). Therefore, the SWI/ 

SNF complex might still be involved, and analysis of Brm knockout spermatocytes might 

provide more insight in this matter. 
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At present, no data about the immunolocali7-ation patterns of key components of the IN080 

complex and of the SMARCA5 (SNF2H) (ISWI complex), in spermatocytes of mouse, are 

available. 

After assessing which of these chromatin remodelers would be the best candidates to per

form the XY nucleosome remodelling, the remodeler specifically involved in H3.1/2 eviction 

should nor show any specific enrichment on the XY body of Bennet's wallaby spermatocytes, 

nor on the pseudo XY bodies in XO E19.5 mouse oocytes, because, as described in Chapter 

5, we did not detect any nucleosome eviction in these cells. Mouse knockout models of most 

chromatin remodelers are embryonically lethal, and conditional deletion of the candidate 

remodeler in the mouse germ line would be extremely helpful to study this further. 

6.4 Basic aspects of PSCR from an evolutionary perspective 

From the ROSI experiment described in Chapter 3, we learned that perhaps it is not the 

inactive status of the Xp in post-meiotic cells that is relevant to the next generation, but rather 

the post-meiotic re-expression of certain X-linked genes that might have to be transmitted 

in an active state to the zygote. Although ROSI does not represent the natural situation, sex

linked genes that are active in round spermatids may be at least in parr protected from the 

histone-to-protamine transition. This would allow to maintain an "epigenetic memory" on 

genes exerting an important role during early embryonic development (Erkek et al., 20 13; 

Hammoud et al., 2009). 

Immunocytochemical or histochemical enrichment of specific histone marks in certain 

chromatin domains, doesn't necessarily give a representative image of what is really happening 

at the single gene level in those domains. Furthermore, despite what can be seen as a global 

transcriptional inactivation process at the immunocytochemical level on the post-meiotic X 

and Y chromosomes, the majority of X- and Y-linked multi-copy genes (Mueller et al., 2008) 

and a significant number of single-copy genes are reactivated during the post-meiotic phase in 

mouse (Hendriksen et al., 1995; Mulugera Achame et al., 2010), showing that PSCR is not 

as strict as MSCI. Based on these findings, it might be suggested that PSCR is not mediated 

by an active process, and that genes which encode products required for development of the 

haploid spermatids (spermiogenesis) or for early embryonic development can be normally re

activated. Furthermore, it remains to be established whether PSCR is a general phenomenon 

among mammals. To this end, the derailed analysis of the canine species (described in Chapter 

4) provides additional valuable information. As also observed for human compared to mouse, 

PSCR is less stringent in dog compared to mouse. Identification of common genes that are 

reactivated in all these species can point ro a specific role for these genes during spermiogenesis 

or early embryonic development. 
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6.5 PSCR and iXCI: does any transgerational epigenetic effect play a role? 

A longstanding question in the XCI field concerns the mechanism by which iXCI, the bi

ased imprinted inactivation of the X chromosome of paternal origin (Xp), is achieved in 

mouse pre-implantation female embryos. While it appears more and more clear, that the Xist 

promoter region of the X chromosome of maternal origin (Xm) is imprinted to remain tran

scriptionally repressed (Fukuda et al., 2014), the contribution of epigenetic marks eventually 

carried by the Xp to iXCI initiation has not been definitely assessed. 

In Chapter 3, we investigated whether transmission of a round spermatidal paternal X chro

mosome, that already carries some heterochromatic marks and is largely transcriptionally re

pressed because ofPSCR, by round spermatid injection (ROSI) into mouse oocyres, would be 

sufficient to establish iXCI. Using round spermatids from male mice lacking a functional Xist 

gene (Xpt.Xist) for ROSI, we ruled out the possibility that Xist could take part into establish

ing an inactive status on the Xp during iXCI. After natural mating, XpMist female embryos 

die early during embryonic development, because of lack of iXCI in their extraembryonic 

tissues. Hence, if the Xp transmitted by a round spermatid would already be sufficiently 

silenced, we were expecting to rescue the female embryonic lethaliry caused by lack of a func

tional paternal Xist allele. 

As reported in Chapter 3 , by performing ROSI, we could obtain for the first time live 

born female pups carrying an Xpb.Xist. In this experiment, the observation that, instead of 

achieving Xist-independent Xp inactivation, Xm was inactivated via Xist expression was really 

surprising. 

Based upon these results, it cannot be excluded that initially the Xp is partially inactive in 

early female embryos, but such an initial silencing would not be efficient enough or may be 

maintained only transiently. In this scenario, limited X-linked gene expression from Xp would 

allow some female embryos to reach the morula stage in "better shape", when the Xm loses the 

repressive imprint on the Xist promoter region and can eventually become inactivated (Fuku

da et al., 2014). Moreover, as described in Chapter 3, we propose that active transcription of 

genes encoding XCI-activators from the ROSI-derived Xp might also help to overcome the 

maternal imprint, and stimulate Xist expression from Xm. 

To assess X-linked gene expression levels from the Xp compared to Xm in ROSI-derived 

female embryos, we made use of an Xpb.Xist mouse line on Castaneus (Cast) genetic back

ground. The C57Bl6 (B6) and Cast mouse strains are highly polymorphic, and can thus 

be used to facilitate studies aimed at examining allele specific gene expression levels. In our 

experimental serting, oocyte donors had a B6/DBA2 genetic background, while the round 

spermatid donors were Cast. 
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Although we performed all ROSI experiments with Cast XpL1Xist round spermatids fol

lowing the same procedure applied for those with XpL1Xist on B6 genetic background (as de

scribed in the Addendum to Chapter 2), we could not rescue the XpL1Xist female embryonic 

lethality (Table 1). These results precluded any further analysis. We suggest that strain spe

cific differences in gene expression levels could be responsible for these controversial results. 

X-linked XCI trans-activators might not reach an adequate and properly timed threshold for 

Xm inactivation, on a Cast genetic background for the round spermatid donor. 

Based on immunocytological studies, the maintenance of a partially inactive state of the 
Table 1: ROSI experimental outcomes 

ROSI Cast (El 5) ROSI 86 (E15) 

N of independent experiments 3 4 

N of 2-cell embryos transferred 112 163 

N of pups 12 17 

Males 12 12 

Females 0 4 

XOfemales 0 1 

Xp in ROSI-derived embryos might be a plausible possibility. The X and Y chromosomes in 

round spermatids are largely depleted for histone H3.1/2, as a consequence of the extensive 

chromatin remodeling that has taken place during MSCI establishment (Figure 3C of Chap

ter 1). In ROSI-derived zygotes arrested at the pro-metaphase of the first mitotic division (as 

described in Chapter 3), we observed that the H3.1/2 replication-dependent histone variants 

are not incorporated into the X chromosome, even after DNA replication (Figure 2A). This 

might indicate that the Xp is late-replicating and that the replication dependent H3.ll2 are 

most probably not incorporated at high enough levels, leaving H3.3 as the main histone vari

ant present. Similarly, the late-replicating pericenrromeric regions of mouse pre-implanration 

embryos are enriched for H3.3 during the S phase (Santenard et al., 2010). 

By using an antibody that recognizes the H3.3 specific modification of 531 when H3.3 is 

phosphorylated at mitosis (H3.3S31ph), it appears that H3.3 is indeed abundantly present 

on the Xp of ROSI-derived female zygotes at the fi rst mitotic division (Figure 2B). Through 

which mechanism the enrichment for the histone variant H3.3 would influence the Xp at the 

transcriptional level, and how long the asymmetry for this variant is maintained compared 

to rest of the paternal genome, are some aspects that would be interesting to investigate in 

further experiments. 
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Figure 2: Chromatin remodeling in ROSI-derived embryos 

Chromosome spreads of prometaphase-arrested zygotes obtained by ROSI. 

GENERAL DISCUSSION 

(A) The condensed chromosomes of paternal and maternal origin are curours from the whole zygote image 

(paternal chromosome set on top; maternal below). Immunolocalization of H3.112 (red) merged to DAPI 

staining (blue) shows depletion for H3.1/2 on the entire X chromosome (delimited by white dashed square 

box). Paternal and maternal pericentromeric regions are also depleted for H3.1/2. On the right, staining for 

H3K9me3 (green) confirms that the chromosome depleted for H3.1/2 is indeed the X chromosome (as de

scribed in Chapter 3). 

(B) Only the condensed chromosomes of paternal origin are shown. At amino acid position 31, the histone 

variant H3.3 contains a serine residue (S) instead of the alanine (A) contained in H3.1/2. During mitosis, 

H3.3S31 becomes phosphorylated (H3.3S31 ph). Staining for H3.3S31 ph (green) is enriched along the entire 

X chromosome (delimited by white dashed square box) depleted for H3.1/2 (red) compared to autosomes. 

(C) Only the condensed chromosomes of paternal origin are shown. DNA methylation levels visualized by 

immunostaining for 5mC (red) are higher on one paternal chromosome (delimited by white dashed square 

box). The same chromosome (supposedly the X) is depleted for 5hmC (green). 
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ROSI-derived embryos represent a very interesting model, also to investigate the role of the 

specific paternal DNA hydroxymethylation that takes place in mouse zygotes. 1his global oxi

dation of 5-methylcytosines (5-mC) to 5-hydroxymethylcytosines (5-hmC) occurs selectively 

in the paternal pronucleus before the first cell division. Recent work has shown that the mater

nal genome is protected from this remodelling step by an interaction between a modified his

tone, H3K9me2, and the oocyte-derived factor Stella (PGC7). Based upon this, we thought 

that something similar might also happen for ROSI embryos, in view of the observation that 

round spermatids have not only a high H3K9me3 level on the pericentromeric area and the 

sex chromosomes (as shown in Chapter 3), but also high H3K9me2 levels (Namekawa et al., 

2006). If H3K9me3 is maintained in early zygotes, as shown in Chapter 3, the same might 

happen for H3K9me2. Hence, we checked methylcytosine and hydroxymethylcytosine levels 

in ROSI-derived zygotes. We found low levels ofhydroxymethylation on the Xp in ROSI-de

rived zygotes (Figure 2C). This would point to the possibility that some specific regions in 

the paternal DNA derived from a round spermatid would be protected from being hydrox

ymethylated by a mechanism similar to that which is protecting the maternal genome from 

being demerhylated. In the model proposed in Figure 3, the presence ofH3K9me2 on the Xp 

of ROSI-derived zygotes, protects the entire Xp from TET3-mediated conversion to 5hmC, 

while normal levels of 5hmC are detected on paternal autosomes (Figure 3B). 

Through what type of mechanism DNA methylation levels would influence Xp at the tran

scriptional level is not exactly clear. It has been suggested that DNA hydroxymethylation on 

specific gene enhancers or promoters, could have a role in activating gene expression Gin er 

al., 2011; Song et al., 2011). If such a function would be relevant also for activating gene 

expression from the paternal genome in mouse zygotes, X-linked gene expression in RO

SI-derived embryos might be affected by the absence of 5hmC at specific genomic locations. 

In this respect, in further scudies it would be particularly interesting to apply genome-wide 

RNA sequencing analysis and compare the gene expression profiles of ROSI-derived embryos 

to those ofiCSI-derived embryos. This could certainly provide additional valuable informa

tion and help us also to understand more precisely how the transcriptional regulation of the 

paternal genome in Xpt.Xist ROSI-derived female embryos might allow to achieve stable Xm 

inactivation in the extra-embryonic tissues (as described in Chapter 3). 

Additionally, it is important to note that, although it has not been specifically addressed 

in this thesis work, the Y chromosome from a round spermatid in ROSI-derived male em

bryos displays epigenetic features similar to the X chromosome. The application of such 

genome-wide RNA sequencing analysis might also provide some interesting insight into 

Y-linked gene expression regulation in ROSI-derived embryos compared to controls. 
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GENERAL DISCUSSION 

The joint or separate journeys of the X and Y chromosomes through the life cycle of mam

mals have profound consequences for the regulation of both. Here, we focused on the X 

chromosome, which travels through both the male and female life cycle. Our findings have 

not only shed light on the peculiar aspects of the regulation of this sex chromosome, but may 

also be relevant to our general understanding of epigenetic regulation, in particular during 

spermatogenesis and in early embryonic development. 

~~~ Nucleosome - Tet3 

* H3K9me2 I PGC7 

T SmC 

T ShmC 

Figure 3: Schematic view of paternal and maternal genomes soon after in vivo fertilization or ROSI 

Paternal and maternal pronuclei are indicated with light blue and light pink colors, respectively. 

(A) In an In vivo fertilized zygote, PGC7 binds H3K9me2 in the maternal pronucleus, regulating chromatin 

organization to interfere with TET3 accessibiliry. The paternal pronucleus is devoid for H3K9me2, thus TET3 

can convert 5mC into 5-hydroxymethylcytosine (5hmC). 

(B) In a ROSI-derived female zygote, PGC7 binds H 3K9me2 in the maternal pronucleus, regulating chroma

tin organization to interfere with TET3 accessibiliry. In the paternal pronucleus, the X chromosome, contrary 

to the autosomes, is also enriched for H3K9me2, so that the Xp is protected from TET3-dependent 5mC 

conversion into 5-hydroxymethylcyrosine (5hmC). 
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SUMMARY 

SUMMARY 

In mammals, individuals having two X chromosomes (XX) are female, while individuals 

having one X and one Y chromosome (XY) are male. This inequality in sex chromosome con

stitution, with marked differences in genetic composition and overall structure of the X and Y 

chromosomes, has evolved in associatio~ with the evolution of sex specific regulatory mecha

nisms. During male meiotic prophase, the X and Y chromosomes are faced with pairing prob

lems, due to their largely heterologous nature. As a consequence, they are subjected to tran

scriptional repression by meiotic sex chromosome inactivation (MSCI), and this is associated 

with chromosome-wide replacement of nucleosomes. Post-meiotically, the repressed state is 

largely maintained through post-meiotic sex chromosome repression (PSCR). Following fer

tilization, the presence of a single X chromosome in male embryos and two X chromosomes 

in female embryos requires dosage compensation, to balance X-to-autosomal gene expression 

and to prevent an imbalance in X-linked gene expression between the sexes. To establish this 

balance, one of the two X chromosomes in female embryos is inactivated through a process 

described as X chromosome inactivation (XCI). The non-coding RNA transcribed from the 

X-linked regulatory Xist gene is responsible for XCI initiation. 

In mouse, there are two developmental waves of XCI. The first wave takes place in pre-im

plantation embryos and is defined as imprinted XCI (iXCI), where it is always the X chromo

some of paternal origin that becomes inactivated. The second wave occurs only in the cells of 

the epiblast, which will give rise to the embryo proper. Here, the Xp becomes reactivated and 

random XCI of either one of the two X chromosomes is established de novo. Once an X chro

mosome is turned off in an epiblast cell, its inactive state will be stably maintained upon cell 

division. However, the inactive X chromosome will later be reactivated in female germ cells, 

before the onset of meiosis, which may play an essential role in oogenesis and also may preset 

the maternal X chromosomes to be passed on to the next generation in a transcriptionally 

active state. Currently available evidence suggests that the paternal X is reactivated in female 

embryos upon zygotic genome activation (ZGA) at the two-cell stage, bur the possibility that 

some specific marks related to MSCI and PSCR persist on the Xp and may have a transgen

erational effect on iXCI cannot be definitely excluded. Correct regulation of the epigenetic 

constitution of the X chromosome in gametogenesis and embryogenesis is essential for fertil

ity and overall survival of the embryo, respectively. Studies on the molecular basis and evolu

tionary conservation of the mechanisms that underlay the epigenetics of the X chromosome, 

during its journey through the male and female germ lines and in consecutive generations, can 

provide new insight in key aspects of epigenetic transgenerational inheritance. In this thesis 

we have focused on X chromosome regulation in the male germ line and in relation to early 
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embryonic development. We have investigated evolutionary conservation of aspects of MSC! 

during spermatogenesis, and examined effects of an aberrant epigenetic constitution of the 

paternally inherited genome on iXCL 

First, the general theoretical concepts addressed in this thesis are described and explained in 

Chapter L Furthermore, in Chapter 2 we have reviewed how the vastly different chromatin 

organization of immature round spermatids compared to that of spermatozoa impacts on the 

epigenetic regulation of the paternally inherited chromatin and other aspects of embryonic 

development. We report that the use of round spermatid injection (ROSI) into mouse oocytes 

results in embryos which develop normally. Some misregulation of embryonic ZGA, paternal 

DNA demethylation, and heterochromatin marks was observed, bur major epigenetic abnor

malities were absent. Hence, we proposed that ROSI can be used as an experimental cool ro 

investigate the consequences of inheritance of an irregular paternal epigenetic constitution. 

In Chapter 3 we have used ROSI in mouse, ro investigate if bypassing the histone-eo-pro

tamine and protamine-eo-histone transitions affects iXCL First, we have analysed if hetero

chromatic marks that are present in round spermarids are maintained in pre-implanration 

embryos. In in vivo fertilized mouse zygotes, only maternal constitutive heterochromatin is 

marked by cri-methylated histone H3 lysine 9 (H3K9me3), whereas sperm DNA acquires 

newly deposited hisrones, lacking most heterochromatic marks. ROSI-derived zygotes and 

2-cell embryos showed H3K9me3 also at paternal pericenrromeric regions and on the pater

nal X (Xp) and Y chromosomes. This result shows that the epigenetic stare of the sex chromo

somes of round spermarids can be carried-over and maintained in the early embryo. Next, we 

investigated the riming of Xist expression in ROSI embryos. We observed normal Xist RNA 

clouds in 4-cell stage female ROSI embryos, and absence of such clouds from the male ROSI 

embryos, indicating that the histone/protamine/histone transitions are not required for acti

vation of the paternal Xist gene. 

We have then investigated whether injection of round spermatids with a pre-inactivared Xp 

(inactivated by MSC! and PSCR) might help eo establish inactivation of Xp, in the absence 

of a paternal Xist gene (Mist). In in vivo fertilized female embryos, paternal inheritance of 

an JGst deletion (!:,.JUst) abolishes iXCI, and leads to complete reabsorption of mutant female 

embryos. By performing ROSI with round spermatids obtained from LlXist mice we could 

prevent this lethaliry, meaning that the Xpnxist female embryos achieved X-dosage compen

sation successfully. ICSI did nor prevent lethaliry ofXmXp=" female embryos. We observed 

that the ROSI-mediared rescue occurred because XCI was established through JGst-mediated 

inactivation of the X chromosome of maternal origin. Although the molecular mechanism 

through which this can be achieved by ROSI remains ro be specifically addressed, this work 

provides more insight in the general biological relevance of paternally inherited his cone mod-
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ifications for gene expression regulation in the early embryo. 

The work presented in this thesis has also focused on studying the possible variation in 

the regulation and pairing behavior of the heterologous sex chromosomes among different 

mammalian species. In Chapter 4 we have described the regulation and pairing behavior of 

the )\'{ pair during spermatOgenesis in the domestic dog (Canis fomiliaris). We have observed 

that, in contrast tO the mouse )\'{ pair, the canine X and Y chromosomes manage tO synapse 

extensively. Moreover, meiotic synapsis partially extends tO the X chromosome singularly, 

most likely involving either heterologous self-synapsis or synapsis between sister chromatids. 

Although extensive synapsis persists only transiencly, it leads to rapid loss of known markers of 

DNA double strand break repair (DSB repair) and MSCI. By performing sequencing analysis 

of RNA isolated from purified spermatocytes and spermatids, we determined that MSCI is 

properly established in dog spermatocytes. However, the region of the X that showed self-syn

apsis displayed higher levels of X-linked gene expression compared to the unsynapsed area, 

and was more prone to post-meiotic reactivation. We conclude that MSC! and PSCR are 

incomplete in the dog. In addition, through comparative analysis of dog, mouse, and human 

post-meiotically down- and up-regulated genes, we have identified new candidate X-linked 

genes potentially relevant for male fertility. 

In mouse spermatocytes, persistence of unsynapsed chromatin in meiotic cells leads to tran

scriptional silencing (by MSCI), but also triggers a chromosome-wide histone exchange of 

H3.11.2 by the variant H3.3 for both the X and Y chromosomes. In Chapter 5, we aimed 

to unravel the relevance and conservation of this remodeling event on unsynapsed chromatin 

during male meiosis in different species, including two marsupials (representing the merathe

ria), and in female mouse meiosis. We have demonstrated that histone exchange ofH3.11.2 by 

the variant H3.3 is a male-specific event, which is conserved among all investigated eutherian 

mammals. Furthermore, MSCI-associated nucleosome remodeling, involving the above-de

scribed exchange of histone variants, was found also in Monodelphis domesticus (opossum), 

one of the two examined marsupial species, indicating that this remodelling may have evolved 

before the split between metatherians and eutherians. Absence of this histone-based remod

eling in the meratherian Macropus rufogrisus (Bennet's wallaby) may serve as a tool to dissect 

the molecular mechanism by which nucleosome exchange is achieved. 

To conclude, in Chapter 6 , we have discussed our results in light of the current knowledge 

concerning the initiation of MSCI, the evolutionary conservation of meiotic silencing and the 

possible transgenerational effects ofPSCR Finally, we propose future experimental approach

es directed in particular towards understanding the relation between chromatin structure of 

the paternally inherited genome and early embryo development, including the regulation of 

X chromosome silencing. 

175 



ADDENDUM 

176 



SAMENVATTING 

SAMENVATTING 

In zoogdieren bepalen de geslachtschromosomen het geslacht. Naast 22 paar autosomen dra

gen vrouwen twee X chromosomen in bun lichaamscellen, terwijl bij mannen een X en een 

Y chromosoom sarnen de set van 46 chromosomen bij de mens completeren. Deze ongelijk

heid in chromosoomsamenstelling, met grote verschillen in de lengte, strucruur en genetische 

samenstelling van de X en Y d1romosomen, heeft zich in de evolutie geleidelijk ontwikkeld in 

samenhang met het ontstaan van specifieke regulatiemechanismen. Een duidelijk voorbeeld van 

een dergelijk mechanisme is te vinden in de meiose, het proces waarbij in een reductiedeling de 

homologe chromosomen worden gescheiden om een haplolde geslachtscel te vormen uit een 

diplo!de voorlopercel. Meiose is noodzakelijk voor de vorming van wwel eicellen als spermacel

len. Echter, de grote verschillen tussen de X en Y chromosomen in voorlopercellen van de sper

matowa geven een probleem bij de chromosoomparing. Chromosoomparing is noodzakelijk in 

de voorbereiding op de meiotische reductiedeling, die wordt gevolgd door de tweede meiotische 

deling. Alle aurosomen paren over de gehele lengre van de assen van de chromosomen, terwijl 

de X en Y chromosomen slechts voor een klein gedeelte overeenkomen en stabiel kunnen paren. 

Dit heeft als consequentie dat transcriptie van praktisch alle genen op het XY chromosomenpaar 

wordt onderdrukt door een mechanisme dat "meiotic sex chromosome inactivation" (MSCI) wordt 

genoemd. In samenhang met deze transcriptionele repressie, worden alle nucleosomen die het 

DNA van de X en Y chomosomen inpakken vervangen door nucleosomen met een iets andere 

samenstelling. Na de voltooiing van de meiotische delingen blijft de transcriptie van de meeste 

X- of Y-chromosoom-gebonden genen onderdrukt door "postmeiotic sex chromosome repression" 

(PSCR). Na de bevruchting bevat het menselijke embryo naast 44 aurosomen een X en een Y 

chromosoom (mannelijke embryo's) of twee X chromosomen (vrouwelijke embryo's), afhanke

lijk van de aanwezigheid van een X of een Y chromosoom in de bevruchtende spermacel. Om 

voor deze ongelijkheid russen de seksen te compenseren is er een mechanisme beschikbaar dat 

zorgdraagt voor de juiste balans in expressie van genen die gecodeerd worden door het X chro

mosoom ten opzichte van genen op de andere chromosomen (autosomen), en in mannelijke 

embryo's ten opzichte van vrouwelijke embryo's. Dit mechanisme houdt onder andere in dat in 

vrouwelijke embryo's een van de twee X chromosomen wordt uitgeschakeld. Dit wordt X chro

mosoom inactivatie (XCI) genoemd. Deze inactivatie is afhankelijk van de functie van een lang 

RNA molecuul, dat niet codeert voor een eiwit, en dat wordt afgeschreven van het Xist gen op 

het verder inactieve X chromosoom. Het Xist RNA bindt aan het X chromosoom waarvan het is 

afgeschreven en dit is essentieel voor de totstandkoming van XCI. 

Bij het onderzoek beschreven in dit proefschrift hebben wij ons gericht op enkele verschillende 

zoogdieren, met de muis als de meest naaste verwant van de mens. In de muis zijn er twee rondes 

van XCI tijdens de embryonale ontwikkeling. De eerste ronde vindt plaats in pre-irnplantatie 
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embryo's en wordt gedefinieerd als imprinted XCI (iXCI), omdat tijdens dit proces altijd het X 

chromosoom dat van vader afkomstig is (de paternale X; Xp) wordt ge1nactiveerd. De tweede 

ronde van XCI wordt alleen ge"initieerd in cellen van de epiblast, die het daadwerkelijke embryo 

gaan vormen. Eerst wordt dan Xp gereactiveerd, waarna op willekeurige wijze het X chromosoom 

afkomstig van vader of moeder wordt geinactiveerd. Zodra een van de rwee X chromosomen in 

een bepaalde epiblastcel is geinactiveerd wordt dit een stabiele situatie; in de dochtercellen die na 

opeenvolgende delingen uit deze eel ontstaan zal clan alrijd dezelfde X inactief zijn. Alleen in de 

vrouwelijke gerrninale cellen, die zich later tot oocyt zullen ontwikkelen in het ovarium, wordt 

de inactieve X weer gereactiveerd, en dat is mogelijk noodzakelijk voor een correct verloop van 

de oogenese, het proces van eicelvorming dat plaatsvindt tijdens de embryonale onrwikkeling. 

Daarnaast wrgt deze reactivatie er mogelijk voor dat de rijpe eicel in het latere volwassen !even, 

tijdens de reproductieve periode, altijd een actiefX chromosoom (de latere maternale X (Xm) in 

het embryo) zal bevatten. De Xp wordt waarschijnlijk gereactiveerd wanneer het hele diplo"ide 

genoom van de zygote actief wordt in het twee-cellig stadium bij de muis. Het is echter niet 

uitgesloten dat bepaalde epigenetische markeringen aanwezig zijn op Xp, die het gevolg zijn van 

MSCI en PSCR en die een transgenerationeel effect op iXCI wuden kunnen hebben. Correcte 

epigenetische regulatie van het X chromosoom tijdens de garnetogenese en embryogenese is van 

essentieel belang voor respectievelijk vruchtbaarheid (van vrouwen en mannen) en de overleving 

van embryo's. 

Het onderzoek naar de moleculaire basis en evolutionaire conservering van de mechanismen die 

ten grondslag liggen aan de epigenetica van het X chromosoom tijdens zijn reis via de mannelijke 

en vrouwelijke germinale routes en in zich opeenvolgende generaties kan nieuw inzicht verschaf

fen in belangrijke aspecten van epigenetische transgenerationele overerving. In dit proefschrift 

hebben we ons gericht op de regulatie van het X chromosoom tijdens de spermatogenese en in 

relatie met iXCI in het vroege embryo. We hebben de evolutionaire conservering van aspecten 

van MSCI tijdens de spermatogenese onderzocht en effecten van een afWijkende epigenetische 

structuur van het paternale genoom op iXCI bescudeerd. 

In Hoofdstuk 1 beschrijven we de algemene theoretische achtergrond van de onderwerpen 

die in dit proefschrift aan de orde komen. Daarnaast hebben we in Hoofdstuk 2 een meer 

gedetailleerd overzicht gegeven van de grote verschillen in chromatinestructuur tussen onrijpe 

spermatiden en rijpe zaadcellen. Vervolgens wordt hier uitgelegd hoe de epigenetische regulatie 

van het paternale genoom en de vroege embryonale onrwikkeling kunnen worden beinvloed na 

bevruchting met een onrijpe zaadcel. De globale ontwikkeling van een muizenembryo blijkt 

normaal te verlopen na bevruchting door injectie van een ronde spermatide (haplo"ide voorloper

cel van de rijpe spermacel) in een oocyt (ROSI). Er is echter wel gerapporreerd dat een aantal 

processen, zoals de activatie van het genoom van de zygote, de demethylering van het paternale 

DNA, en bepaalde kernmerken van de chromatinestructuur afwijkend zijn na ROSI. Toch lijdt 

dit niet tot belangrijke epigenetische afwijkingen in het embryo of nageslacht. De in de literatuur 
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gerapporreerde bevindingen en de toepasbaarheid van ROSI bij de muis zijn voor ons reden om 

ROSI voor te stellen als bruikbaar model om de gevolgen van epigenetische afwijkingen in het 

paternale genoom en chromatine op embryo-onrwikkeling re onderzoeken. 

In Hoofdstuk 3 hebben we ROSI toegepast bij de muis om te onderzoeken of het omzeilen 

van de histon-naar-protamine en proramine-naar-histon transities (die normaal gesproken re

spectievelijk in de laarsre stadia van de spermatogenese en direct na de bevruchting plaatsvinden) 

een effect heeft op iXCI. Als eerste hebben we onderzocht of de histonmarkeringen van het het

erochromarine in ronde spermatiden persisteren in pre-implantatie embryo's. Na normale in vivo 

bevruchting bevat alleen het maternale constitutieve heterochromatine (zoals het pericemromere 

heterochromatine) nucleosomen waarvan het histon H3 een trimethylering op lysine 9 bevat 

(H3K9me3) . Het paternale DNA wordt ingepakt door maternale histonen die niet of nauwelijks 

gemodificeerd zijn. In zygoren en 2-cellige embryo's die waren ontstaan na ROSI vonden we 

echter we! H3K9me3 op her paternale pericemromere heterochromatine, en op de gehele Xp 

of het Y chromosoom. Dit resultaat toont aan dar de epigenetische markeringen die aanwezig 

zijn in ronde spermatiden overgedragen kunnen worden naar het embryo en daarin enige tijd 

aanwezig blijven. Vervolgens hebben we de timing van iXCI in ROSI-embryo's onderzocht. We 

detecreerden een normaal wolk-vormigXist RNA signaal in 4-cellige vrouwelijke ROSI-embryo's 

en een dergelijk RNA signaal was afwezig in de mannelijke ROSI-embryo's. Dit resultaar toont 

aan dat de histon-protamine-histon transities niet noodzakelijk zijn voor een correcte timing van 

activatie van paternale Xist RNA expressie. 

Vervolgens hebben we onderzocht of injectie van ronde spermatiden met een X chromosoom 

(dat in feite pre-inactief is vanwege de effecten van MSC! en PSCR) kan bijdragen aan de tot

standkoming van inactivatie van Xp, rond het moment van de embryonale ontwikkeling waar 

bij normale bevruchting (ofbij toepassing van ICSI) iXC I zou optreden, wanneer dit X chromo

soom een deletie heeft waardoor het Xist gen is verwijderd (LlXist). Normaal gesproken, wanneer 

een LlXist Xp aanwezig is in een in vivo bevrucht muizenembryo, zal iXCI niet kunnen worden 

ge·initieerd en zal het embryo warden geresorbeerd. Dit was ook het geval in onze experimenten 

wanneer ICSI werd uitgevoerd met LlXist sperma. Echrer, door ROSI uit re voeren met ronde 

spermatiden van een LlXist muis, konden we letaliteit van de vrouwelijke embryo's voorkomen, 

war bewijst dat mer behulp van ROSI er roch X-dosis-compensarie kon worden bewerksrelligd 

in deze mutante embryo's. We hebben vastgesteld dat de dosis-compensatie het resultaat was 

van activatie van het intacte maternale Xist gen, resulterend in inactivatie van Xm in plaats van 

Xp. Alhoewel we de precieze moleculaire basis van de capaciteit van deze ROSI embryos met 

een LlXist Xp om het maternale Xist gen te activeren nog niet hebben kunnen ontrafelen, toont 

dit onderzoek we! aan dat overerving van afwijkende histonmodificaties geassocieerd met het 

paternale genoom een belangrijk effect kan hebben op regulatie van genexpressie tijdens de em

bryo-ontwikkeling. 

In dit proefschrift hebben we ons ook gericht op de mogelijke variatie in de regulatie en par-
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ing van de hererologe geslachtschromosomen cussen verschillende diersoorren. In Hoofdsruk 

4 wordt de XY paring en regulatie tijdens de spermatogenese bij de hond beschreven (Canis 

familiaris). We hebben waargenomen dat, in vergelijking met wat bekend was voor muizen X en 

Y chromosomen, het XY paar in hondenspermatocyten over een veel grotere lengte aan elkaar 

geritst Lijkt re zijn, door her synapronemale complex. Oit is een eiwitcomplex dat de verbind

ing tussen de assen van gepaarde chromosomen tot stand brengr in een proces dar synapsis 

genoemd wordt. Nadere beschouwing gaf aan dar de synapsis voor een deel niet het XY paar 

maar het X chromosoom zelf berrof, mogelijk via hererologe zelf-synapsis of synapsis russen de 

zusrerchromatiden. Deze uirgebreide synapsis is rijdelijk van aard, maar is wel geassocieerd mer 

een sneller verlies van eiwitten van de geslachtschromosomen die her meiose-specifieke DNA 

dubbelstrengsbreukherstelproces en MSCI kenmerken, in vergelijking mer een langzarner ver

loop van deze gebeunenissen in muizenspermatocyren. We hebben de nucleoridevolgorde van 

alle mRNAs bepaald die gelsoleerd waren uit gezuiverde spermarocyren en spermatiden celpop

ulaties van de hond en we konden uir deze informatie vaststellen dar MSCI ook plaatsvindt in 

hondenspermatocyren. Het was wel opvallend dat de genen die gelokaliseerd zijn in de gebieden 

op het X chromosoom die tijdelijke meiotische synapsis vertoonden gerniddeld actiever waren in 

de spermatocyten, vergeleken met de genen in andere delen van het X chromosoom. Bovendien 

waren meer van die genen, uit de synapsis-gebieden, duidelijker gereactiveerd in spermatiden. 

Hieruit concluderen we dat MSCI en PSCR incompleet zijn in de hond. We hebben ook nog een 

vergelijking gemaakt russen mRNA expressie gegevens van muis, mens en hond, voor genen op 

her X chromosoom die in spermatiden hoger of lager rot expressie komen dan in spermatocyten, 

en hieruit genen geselecteerd die mogelijk van belang zijn voor mannelijke fertiliteit bij de mens. 

In spermatocyten van de muis leidt de afwezigheid van synapsis in grote delen van het XY paar 

niet alleen rot MSCI, maar ook rot een volledige vervanging van alle nucleosomen met histonen 

van het type H3.1/2 door nucleosomen met de H 3.3 variant op de geslachtschromosomen. In 

Hoofdsruk 5 hebben we beschreven hoe wij wilden onderzoeken war de biologische relevantie 

is van dit mechanisme, en in hoeverre dit is geconserveerd in de evolutie. Hiervoor hebben we 

het a1 dan niet optreden van deze uitwisseling van nucleosomen op de (grotendeels) ongepaarde 

geslachtschromosomen onderzocht in spermatocyten van verschillende placentaire zoogdieren 

en rwee buideldieren, en tevens in oocyren met slechts een X chromosoom van een speciale XO 

muis. Het bleek dat de nucleosoomuirwisseling op de geslachrschromosomen een spermaro

genese-specifiek proces is dar sterk geconserveerd is in de evolurie, en waarschijnlijk is onrstaan 

in een gemeenschappelijke voorouder van zowel de buideldieren als de placentaire zoogdieren. 

In spermarocyren van de wallabie (Macropus rufogrisus), een van de twee onderzochre buideld

iersoorren, vonden we geen vervanging van de nucleosomen op de X en Y chromosomen. In 

roekomstig onderzoek kan dit gegeven mogelijk gebruikr worden om tot een betere selectie re 

komen van kandidaateiwitten die betrokken w uden kunnen zijn bij het bewerkstelligen van de 

nucleosoomuitwisseling. 
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In her concluderende Hoofdstuk 6 bediscussieren we onze resulraren in her llchr van de hui

dige kennis becreffende de initiatie van MSC!, de evolutionaire conservering van dit proces en 

de mogelijke transgenerationele effecten van PSCR. Tot slot worden suggesties gegeven voor 

toekomstig onderzoek gericht op het begrijpen van de relatie tussen de chromatinestructuur van 

het paternaal overgeerfde genoom en de vroege embryo-ontwikkeling, inclusief de regulatie van 

het uitschakelen van her X chromosoom in vrouwelijke embryo's. 
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