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Abstract 
 

Spermatogenesis is a complex, continuous developmental process that involves the 

formation of highly differentiated haploid sperm from diploid spermatogonial stem 

cells. Deletion analysis has established that genes on the Y chromosome are essential 

for normal sperm production in humans, mice and Drosophila. In mice, deletions of 

the Y chromosome long arm (Yq) are associated with abnormal sperm head formation, 

reduced fertilising ability, up-regulation of spermatid-expressed sex-linked genes, and 

an offspring sex ratio distortion in favour of females. The severity of the testicular 

phenotypes correlates with the extent of the deletion, with mice lacking the Yq being 

sterile. It has been suggested that deficiency of a Yq-encoded multicopy genetic 

element (the ‘spermiogenesis factor’) is responsible for these phenotypes, and one 

potential candidate gene is Sly, a member of the Xlr superfamily. This family also 

includes Xmr, an X-linked multicopy gene found to be up-regulated (along with other 

X- and Y-encoded genes) in the Yq deletion models.  

 

To access the candidacy of Sly as the ‘spermiogenesis factor’, the expression of this 

gene was examined in the testis at the transcript and protein levels. Sly encodes a 

protein that is expressed in round and early elongating spermatids. SLY interacts with 

the acrosomal protein DKKL1, suggesting that SLY may be involved in the 

development or function of the acrosome, a structure that contains digestive enzymes 

required for fertilisation. 

 

Secondly, the role of Xmr in spermatogenesis was investigated. Xmr has been reported 

to encode a meiotic protein that localises to the transcriptionally silent sex body in 

pachytene spermatocytes. However, evidence is provided that this meiotic protein is 

not XMR, with the antibody used in previous studies unable to recognise XMR. 

Instead, Xmr is predominantly transcribed in spermatids were it encodes a cytoplasmic 

protein of unknown function.  

 

Next, the up-regulation of X- and Y-linked genes in spermatids from the Yq deletion 

mice was studied in detail. This up-regulation is due, at least in part, to increased gene 

transcription, and this is accompanied by changes to the epigenetic profile of the sex 

chromosome and centromeric heterochromatin in round spermatids. In addition, the 

protein levels of the up-regulated genes are also increased in the testis from Yq 
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deletion mice, and thus the testicular phenotypes exhibited by these mice may be the 

result of over-expression of one or more X- and Y-encoded proteins, rather than a 

direct effect of Yq-linked gene deficiency. 

 

Finally, mice transgenic for Sly were generated and characterised to determine if loss 

of this gene alone is responsible for the spermiogenic defects observed in mice with 

Yq deletions. Xmr transgenic mice were also produced to examine any potential 

regulatory interaction between Sly and Xmr and investigate if over-expression of Xmr 

contributes to the phenotypes exhibited by Yq deletion mice. 
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Introduction 

 

1.1 The mammalian sex chromosomes 

 

Genetic sex determination is very common and has evolved independently several 

times in different lineages including plants, birds, reptiles and mammals. The sex 

chromosomes (XY or ZW) differ phylogenetically and structurally between different 

taxa, but share many features due to the similar selective pressures shaping their 

evolution. For example, the hemizygous chromosome (i.e. the Y or W chromosome) 

tends to be small, heterochromatic and gene poor, while the homozygous 

chromosomes (the X or Z chromosomes) are similar in size and gene content to 

autosomes, although they have a propensity to cluster functionally similar genes 

(reviewed by Vallender and Lahn, 2005). The mammalian X and Y chromosomes are 

very different in size and gene content, but both chromosomes are enriched for genes 

involved in sexual differentiation and reproduction. 

 

The eutherian (placental mammal) X chromosome consists of approximately five 

percent of the haploid genome and encodes for functionally diverse proteins, although 

it is enriched in genes involved in cognitive function and male fertility. The eutherian 

X chromosome is conserved in structure, gene content and gene order, except for the 

mouse and rat X chromosomes which have been rearranged compared to the X of other 

mammals (Ohno, 1967; Ross et al., 2005; Waters et al., 2007). In contrast, the Y 

chromosome varies significantly between placental mammals in structure, 

heterochromatin content, size, gene content and its homology to the X chromosome. 

The rapid evolution of the eutherian Y chromosome has resulted in the preservation of 

few genes other than those critical for testis determination (i.e. the sex determining 

factor SRY) and male reproduction, and it has been lost in two species of mammals 

(Waters et al., 2007). The human Y chromosome is very small (about 60Mb, 1-2% of 

the haploid genome) and encodes for 27 distinct proteins, leading to the eutherian Y 

chromosome being described as a ‘genetic desert’ (Burgoyne, 1998a), and a 

‘functional wasteland’ (Quintana-Murci and Fellous, 2001). The mouse Y 

chromosome is larger but currently is only known to contain approximately 15 genes 

or gene families that are specialised for spermatogenesis and fertility. 
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1.1.1 Origin and evolution of the mammalian sex chromosomes 

 

Although cytogenetically very dissimilar, there is strong theoretical and experimental 

data suggesting that the mammalian X and Y chromosomes evolved from a single pair 

of autosomes after one chromosome (the proto-Y) acquired a sex determining allele 

(Charlesworth, 1991; Muller, 1914; Ohno, 1967). The autosomal origin of the sex 

chromosomes is demonstrated by the presence of ancient X-Y homologous gene pairs 

on the marsupial and placental sex chromosomes and the identical gene content of 

pseudoautosomal region (PAR) regions of the X and Y chromosomes within a species 

(reviewed by Graves, 2006). The sex chromosomes of birds and snakes also appear to 

have differentiated from an autosomal pair, and Ohno (1967) suggested that the 

variation in the size and gene content of W chromosomes between different families of 

snake represented stages in the divergence of the female limited W chromosome from 

the Z chromosome.  

 

The mammalian sex chromosomes formed within the last 300 million years, after the 

mammal, bird and reptile lineages diverged. Differentiation of the sex chromosomes is 

believed to have begun after the monotreme/therian split, when a single dominant testis 

determining allele arose by mutation of SOX3 to produce SRY. This formed the 

nascent or proto-Y chromosome bearing the SRY gene, and the proto-X chromosome 

containing the original SOX3 gene (Foster and Graves, 1994). Recombination between 

the proto-X and proto-Y chromosomes was suppressed around the sex-determining 

region and this resulted in the accumulation of sexually antagonistic male benefit 

genes surrounding the SRY locus. Suppression of recombination spread to encompass 

these genes, enlarging the male specific region of the Y chromosome (MSY), leading 

to further divergence of the sex chromosomes. Over time, continual linkage of male 

benefit genes to the Y chromosome gradually led to a step-wise loss of recombination 

along the entire Y chromosome except at the small PAR regions where the sex 

chromosomes pair and undergo recombination during meiosis. Deleterious mutations 

amassed on the Y chromosome because it was genetically isolated from the X 

chromosome, so corrupted sequences were not replaced by recombination. This led to 

the gradual decay of the Y chromosome as a result of ‘hitch-hiking’ of a degraded gene 

with a favourable mutation and random genetic drift; this is seen for the W 

chromosome in different snake families (Ohno, 1967). The evolution of the 

mammalian sex chromosomes is summarised in Figure 1.1.  
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Figure 1.1 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Differentiation of the mammalian sex chromosomes from an ancient 
pair of autosomes 
 
Sex chromosome differentiation began when the Y chromosome acquired the testis 
determining factor SRY. The Y chromosome then accumulated male-specific alleles, 
leading to suppression of recombination (represented by crosses) between the two 
chromosomes. This created a male specific region on the Y (MSY). Lack of 
recombination led to MSY degradation, leaving a small pseudoautosomal region 
(PAR) of shared homology between the X and Y chromosomes. Genes on the Y 
chromosome were lost except for male advantage genes such as those involved in 
spermatogenesis and fertility.  
 
This figure is taken from the review by Graves, 2006. 
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The eutherian sex chromosomes are thought to have further evolved by several cycles 

of gene addition and attrition as autosomal regions were added to the PAR of one sex 

chromosome and gradually degraded on the Y chromosome after the PAR boundaries 

moved (the addition-attrition model; Graves, 1995; Graves, 1998). The marsupial X 

chromosome contains genes found on the long arm and pericentric region of the human 

X chromosome, and thus is thought to represent the ancient X-conserved region (XCR) 

present on the original autosome before the proto-Y chromosome acquired the testis 

determining factor; these genes share homology to a region of the chicken 

chromosome 4p. However, the human X short arm contains several genes found on the 

X chromosome in other placental mammals but not in monotremes or marsupials, 

suggesting this X added region (XAR; Graves, 1995) was added after the 

marsupial/placental split but before the placental radiation. Genes within the XAR map 

to three autosomal clusters in marsupials and monotremes, suggesting there has been at 

least three autosomal translocation events onto the PAR during eutherian sex 

chromosome evolution (Ross et al., 2005; reviewed by Graves, 2006). These added 

regions were then subject to recombination suppression on the Y chromosome when 

the PAR boundary moved as a consequence of a chromosome rearrangement event 

such as an inversion, ultimately resulting in mutation and attrition of the added region.  

 

Evidence for the addition of autosomal regions to the PAR of the eutherian X 

chromosome comes from sequence comparisons between X-Y homologous genes in 

humans and mice (Lahn and Page, 1999; Ross et al., 2005; Sandstedt and Tucker, 

2004). Lahn and Page (1999) looked at 19 differentiated X-Y homologous genes on 

the human sex chromosomes, and found that the age of the different gene pairs 

correlated with the position of the gene on the X chromosome, with age decreasing 

from the distal tip of the long arm. Based on the degree of sequence divergence, these 

19 genes can be subdivided into at least four groups or evolutionary strata; this 

indicates that divergence of the human sex chromosomes was punctuated by at least 

four incidences of XY recombination suppression, probably caused by Y chromosome 

inversions that reduced the size of the PAR. The oldest two strata (strata 1 and strata 2) 

identified by Lahn and Page (1999) correspond to the XCR identified by Graves 

(1995), and includes the SOX3/SRY pair, providing evidence that sex chromosome 

differentiation began when these genes stopped recombining. Sandstedt and Tucker 

(2004) reported a similar finding for X-Y homologous genes in mice, although the 

murine sex chromosome lack genes in human strata 4, which are thought to have been 
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added by a translocation event in the primate lineage (Sandstedt and Tucker, 2004). 

Human X-Y gene pairs in strata 3 and 4 represent those added after the 

marsupial/placental split (the XAR of placental mammals) and recent re-evaluation of 

these strata suggests that these can be redefined into three strata on the X chromosome 

based on new sequencing data, each one representing an inversion event that prevented 

recombination between the X and Y homologues (Ross et al., 2005). Furthermore, 

sequence analysis of the human AMEL gene on the Y chromosome suggests that the 

PAR boundary between strata 3 and 4 may once have been within this gene, because 

X-Y sequence diversity is three times higher in the 5’ region of this gene than in the 3’ 

region (Iwase et al., 2003; Marais and Galtier, 2003). 

 
 
1.1.2 Accumulation of male benefit genes on the mammalian X chromosome 
 

Genes that assist male reproduction but are unfavourable to females are predicted to be 

driven off the mammalian X chromosome during evolution because this chromosome 

spends two-thirds of its time in females (Wu and Xu, 2003). Sexually antagonistic 

alleles are alleles of the same gene which enhance the reproductive success of one sex 

but are detrimental to the other sex. Fisher (1931) proposed that sexually antagonistic 

alleles that are beneficial to females have an increased probability of spreading through 

a population if they are X-linked than if they were on an autosome. Together, these 

processes are expected to result in a dearth of male benefit genes on the mammalian X 

chromosome. However, several studies have demonstrated that this is not the case; the 

mouse X chromosome is enriched for testis genes expressed before or after meiosis, 

and there is a three-fold increase in sex or reproduction related genes on the human X 

chromosomes compared to autosomes (Khil et al., 2004; Mueller et al., 2008; Saifi and 

Chandra, 1999; Wang et al., 2001).  

 

Wang and colleagues (Wang et al., 2001) suggested that the main evolutionary 

processes that account for the masculinisation of the mammalian X chromosome are 

meiotic drive and hemizygous exposure of male benefit genes. During evolution, the 

sex chromosomes are thought to be much more likely to accumulate genes that favour 

their own transmission (meiotic drivers) than autosomes, leading to an enrichment of 

genes involved in spermatogenesis and sperm function on the X chromosome. This 

hypothesis is supported by the finding that at least 273 genes (out of a total of 1,555 

genes) on the mouse X chromosome are expressed predominately or exclusively in 
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haploid male germ cells, where they are assumed to be involved in sperm development 

(Mueller et al., 2008). Furthermore, several of these X-encoded spermatid-expressed 

genes are over-expressed in males that have a distorted offspring sex ratio in favour of 

females (Ellis et al., 2005).  

 

Rice (1984) postulated that the X chromosome should evolve to carry a 

disproportionate number of male specific genes that function in male differentiation 

and fertility due to the hemizygous exposure of male-benefit alleles. If an X-linked 

gene acquires a recessive sexually antagonistic allele that bestows a male reproductive 

advantage, the effect of the mutation will be immediately beneficial in males. The 

mutation will rapidly reach fixation within a population even if the advantage to males 

is less than the cost to females because the effect will be masked in females (where it is 

detrimental) by the presence of a second X chromosome.  As the mutation increases in 

frequency, homozygous females will appear in the population and these will have 

reduced reproductive fitness due to the sexually antagonistic nature of the gene. There 

will then be strong selective pressure for the spread of new modifier alleles that 

mitigate the deleterious effect in females by restricting expression of the original gene 

to the testes. A similar process occurs when the original male-benefit mutation has no 

effect on female fitness. Over time this will lead to an accumulation of 

spermatogenesis genes on the mammalian X chromosome. However, sexually 

antagonistic male benefit alleles that arise on an autosome are unlikely to spread to 

fixation because the recessive effects are hidden and the disadvantage to females must 

be less than the advantage to males.  

 

Even X-linked genes not originally involved in reproduction are envisaged to evolve 

sex-related functions as a result of sex-specific selection (Graves, 2006; Hurst and 

Randerson, 1999). The predilection of the mammalian X chromosome to accrue 

reproduction-related genes could assist mammalian speciation by providing pre-mating 

and post-mating reproductive barriers, leading to Graves and colleagues to label the 

mammalian X chromosome ‘the engine of speciation’ (Graves et al., 2002). 

 

 

1.1.3 Attrition and functional specialisation of the Y-linked genes 

 

Genes on the mammalian Y chromosome appear to have three evolutionary fates: 
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inactivation and loss, functional preservation, or specialisation to a male specific 

function (see Figure 1.2.A; Lahn et al., 2001). It is clear that the majority of X-Y 

homologous genes present on the ancestral autosome, as well as those added 

subsequently by translocations to the PAR, have been mutated and deleted on the Y 

chromosome in placental mammals due to the lack of recombination on the MSY. Rice 

and Friberg (2008) suggested that the attrition of the Y chromosome slows down over 

time and may even stop. They argued that as the number of genes on the Y 

chromosomes falls, the efficiency of natural selection increases on the remaining genes 

(Rice and Friberg, 2008). An intermediate step in Y gene attrition may be restriction of 

expression to the testis, either at the transcription level (e.g. Zfy, Ube1y and Usp9y in 

mice: Brown et al., 1998; Mardon and Page, 1989; Odorisio et al., 1996) or at the level 

of translation (e.g. DDX3Y in humans: Ditton et al., 2004).   

 

After being limited to the male germ line, the Y-linked copy of an X-Y homologous 

gene pair may become amplified, as is the case for RBMY/Rbmy in humans and mice. 

Recently added species-specific Y-linked genes have also become amplified, such as 

Ssty in mice and DAZ in humans, suggesting that gene duplication is a common 

phenomenon during Y chromosome evolution. This may provide a mechanism to 

protect against harmful gene mutation – although one copy may become mutated, other 

intact copies remain that can carry out the function of the gene and act as further 

substrate for amplification (Lahn et al., 2001). The MSY regions of placental Y 

chromosomes are commonly enriched for repetitive DNA such as retroviral elements 

and these are thought to mediate frequent duplication of flanking genes (Eicher et al., 

1989; Eicher and Washburn, 1986; Fennelly et al., 1996; Foote et al., 1992; Lahn and 

Page, 1997; Lahn et al., 2001; Vollrath et al., 1992). The male specific region of the 

human Y chromosome contains eight large palindromes comprising approximately 

25% of the euchromatic region, and at least six of these palindromes contain testis-

expressed genes (Skaletsky et al., 2003). Multicopy genes within these palindromes 

have been shown to undergo gene conversion events (non-reciprocal transfer of DNA 

from one homologous locus to the other) by intra-chromosomal recombination 

between different copies located within a palindrome, maintaining an intra-

palindromic sequence identity of over 99.9% (Rozen et al., 2003; Skaletsky et al., 

2003). This gene conversion has been proposed to reduce the mutational load and thus 

functional decay of the human Y chromosome and it is possible that a similar 
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mechanism has evolved independently a number of times in different eutherian 

lineages (Gvozdev et al., 2005; Rozen et al., 2003; Skaletsky et al., 2003). 

 

Several X-Y homologous genes have been retained on the eutherian Y chromosome 

including ZFY, JARID1D, RBMY and SRY. For genes to have been preserved during 

mammalian evolution, they must have been selected for either because they have 

dosage critical functions or because they have acquired male-specific functions. In 

humans, ZFY and JARID1D are ubiquitously expressed and are thought to have been 

preserved because they have dosage-critical functions - their X-linked homologues are 

also ubiquitously expressed and escape somatic X-inactivation (Agulnik et al., 1994a; 

Agulnik et al., 1994b; Palmer et al., 1990b; Schneider-Gädicke et al., 1989). The 

mouse Eif2s3y gene has also been retained due to haploinsufficiency; loss of this gene 

in males can be compensated for by an extra copy of the Eif2s3x gene, suggesting that 

these two genes have redundant functions (Burgoyne and Mitchell, 2007; Mazeyrat et 

al., 2001). Although Eif2s3y is expressed in a wide range of tissues, haploinsufficiency 

of EIF2S only affects the male germline. In addition, the Y-linked copy of an X-Y 

gene pair may have evolved a specialised role in testis determination (e.g. SRY) or 

male fertility. For example, the Y-linked members of the RBM gene family have 

become testis-specific in humans and mice (Mahadevaiah et al., 1998), while the X-

encoded members are expressed in a wide variety of tissues. Moreover, these genes 

have been amplified on the Y chromosome in humans and mice, and are a candidate 

for the human AZFb azoospermia factor (Elliott and Cooke, 1997; Najmabadi et al., 

1996). 

 

The gene content of the Y chromosome varies between even closely related 

mammalian species due to different rates of gene attrition, and addition of different 

genes either directly to the MSY by transposition or via the PAR (Figure 1.2.B).  

Genes that are important in one species have been lost in others, possibly when their 

function was replaced by over-expression of the X homologue or by an autosomal 

retrogene. An example of this is the mouse Eif2s3y gene which is vital for type A 

spermatogonial proliferation – this gene has been lost in humans, perhaps when its 

function was replaced by the Eif2s3x-derived autosomal retrogene (Ehrmann et al., 

1998). Alternatively, homologous genes may have evolved separate roles in different 

mammalian species so are no longer functionally redundant. 
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Asexual degradation of the Y chromosome predicts that there will be a generalised loss 

of Y genes over time due to lack of recombination. Inconsistent with this idea is the 

vast enrichment of male benefit genes on the male-specific part of the Y chromosomes 

in different eutherian species, despite their divergent structure and gene content. Thus, 

during the eutherian radiation, the mammalian Y chromosome has become 

masculinised, and an extreme example of this is the functional specialisation of the 

mouse Y chromosome. Analysis of XO female mice indicates that the Y chromosome 

is dispensable for somatic development, in contrast to the situation in humans. 

Moreover, all MSY-encoded genes are expressed in the testis and examination of 

deletion variants suggests that the function of the mouse Y chromosome is restricted to 

testis-determination and spermatogenesis.   

 

One reason for the enrichment of male-advantage genes on the Y chromosome is the 

preservation of Y genes that have evolved specialised functions in male fertility. 

However, the placental Y chromosomes are also thought to have accumulated male 

benefit genes directly onto the MSY such as CDY and DAZ in humans, and some of 

these genes may be sexually antagonistic. Although there is no direct evidence of 

sexually antagonistic genes on the human Y chromosome, it has been noted that 

approximately 30% of females that carry Y chromosome material develop an ovary 

tumour known as a gonadoblastoma, and this has been suggested to be a manifestation 

of sexually antagonistic genes on the Y chromosome (Tsuchiya et al., 1995; Vallender 

and Lahn, 2005). Male benefit genes on the Y chromosome will immediately be 

expressed in males and so will be selected for. Moreover, they are restricted to males, 

and so any costs to female reproductive fitness will be avoided. Constant 

unidirectional selection will drive any Y-linked male benefit gene to fixation within a 

population more rapidly than for an autosomal or an X-linked gene, and genes 

involved in sperm development and function are especially likely to benefit from this 

(Vallender and Lahn, 2005). However, the effect of random genetic drift is expected to 

be greater for the Y chromosomes because the effective population size of the Y 

chromosomes is four fold smaller than that of the autosomes and three times smaller 

than the X chromosome.  In theory, small effective population size decreases the 

efficiency of selection and increases the role of genetic drift in the extinction and 

selection of alleles (Ohta, 2002; Vallender and Lahn, 2005).   

 

In conclusion, during their evolution, the sex chromosomes have become specialised 
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for functions involved in male fertility by a variety of selective processes. This has led 

to an enrichment of testis-expressed genes on the mouse X and Y chromosomes. 

 



Figure 1.2 The fate of genes on the mammalian Y chromosome 
 
This figure had been adapted from figures 4 and 5 from Graves, 2006. 
 
A) Addition, attrition and specialisation of Y-encoded genes during mammalian 

evolution.  
 
Genes become restricted to the male specific region of the Y chromosome by 
suppression of recombination between the X and Y chromosome during meiosis. 
During evolution, the majority of genes on the mammalian Y chromosome have 
become inactive (white) and were lost. However, some of the genes on the original 
proto-Y chromosome remain active (purple) or partially active (lilac), while a few 
genes acquire a male specific function in sex or spermatogenesis (dark blue). Many 
of the male specific genes become amplified (indicated by arrows) and amplified 
copies may be degraded. Some genes originate from autosomes by transposition or 
retrotransposition (yellow), and become restricted to the male germ line.  
 

B) Gene content of the Y chromosome in different mammals 
 

Schematics of the Y chromosome structure and content in different mammalian 
species (taken from Graves, 2006). The rapid and independent genetic erosion of 
the ancestral proto-Y chromosome accounts for the significant variation in the size 
and structure of the Y chromosome in placental mammals as well as the dissimilar 
gene content. Genes on the Y chromosome that are critical in one species (e.g. the 
mouse Eif2s3y gene) may have been lost or acquired a different function in another 
species. Genes that are located within the pseudoautosomal region (PAR) are 
indicated in purple, active MSY-encoded genes are denoted in blue. Pseudogenes 
are light blue, and deleted genes are grey. Orange denotes genes that have been 
transposed from an autosome.  
 
Note that sequence analysis indicates the spermatid-specific Ssty and Sly genes 
located on the mouse long arm did not originate directly by transposition from an 
autosome. Instead, these genes arose by transposition of an X-linked homologue 
(Sstx and Xlr/Xmr respectively) that was already restricted to spermatids. In both 
cases, the X-encoded progenitor gene is thought to have evolved from an ancestral 
gene (the Spin gene in the case of Sstx and Sycp3 in the case of Xlr/Xmr) expressed 
exclusively in the male and female germlines. 
 
 
The DAZ gene was not present on the ancestral Y chromosome but arose by 
retrotransposition of the autosomal DAZL gene in the primate linage 30-40 million 
years ago.  
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Figure 1.2 
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 1.2 Spermatogenesis 
 

Spermatogenesis is a term used to describe a series of complex, developmental 

processes that are involved in the formation of highly differentiated haploid sperm 

from diploid spermatogonial stem cells. It proceeds in clearly defined stages that can 

be divided into three phases of approximately equal length; spermatogonial 

proliferation (spermatogoniogenesis; Hilscher, 1981), meiosis, and spermiogenesis 

(sperm differentiation). In mammals, the sequence of spermatogenesis is well 

conserved (Delbridge and Graves, 1999; Russell et al., 1990) and takes place within 

the seminiferous tubules of the testes. Spermatogenesis is initiated at puberty and is a 

continuous process that ensures the constant production of sperm in reproductively 

active adult males. Timing of spermatogenesis is highly controlled, and takes 

approximately 35 days to complete in mice (Oakberg, 1956b).  

 

 

1.2.1 The testes 

 

Testis development is initiated by expression of Sry in the bi-potential gonad during 

embryogenesis, which triggers the steroidogenic supporting cell and germ cell lineages 

to commit to the male pathway. The establishment of the spermatogonial stem cell 

pool and the initiation of spermatogenesis occur after birth. The testes contains over 

ten different cells types within a fibrous capsule and can be divided into two 

physiological compartments, the interstitial compartment and the avascular 

seminiferous tubules (Bellve, 1993; Bellvé et al., 1977; Eddy, 2002; Guraya, 1980). 

The interstitial compartment is vascularised and contains steroidogenic Leydig cells, 

whose principal role is thought to be the synthesis and secretion of androgens, 

especially testosterone (Mendis-Handagama, 1997). The seminiferous epithelium is 

divided into the basal and adluminal compartments and consists of the non-dividing 

somatic Sertoli cells and germ cells undergoing spermatogenesis.  

 

Germ cell differentiation is dependent on complex paracrine interactions with Sertoli 

cells (Skinner et al., 1991), which are thought to stimulate germ cells by secreting 

regulatory molecules such as growth factors and proteases (Griswold, 1998). The 

Sertoli cells comprise approximately 25% of the seminiferous epithelium (Cavicchia 

and Dym, 1977) and are necessary for maintaining the tubule environment. The Sertoli 
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cell cytoplasm reaches towards the tubule lumen and is in intimate contact with 

proliferating and differentiating germ cells, providing nutritional and physical support 

for spermatogenesis (Griswold, 1998). The seminiferous tubules are surrounded by a 

limiting membrane which provides physical support and consists of collagen fibres, 

fibroblasts and contractile myoid cells that are thought to supply the motive power to 

propel the sperm through the testicular tubules into the epididymis (Guraya, 1980; 

Guraya, 1987; Maekawa et al., 1996)  

 

Figure 1.3 

 

 

 

 

 

 

 

 

Figure 1.3  A schematic diagram of the seminiferous tubule epithelium in mice 

As germ cells mature from spermatogonia to spermatids, they move from the basal 
lamina towards the lumen of the tubule. Elongating and condensing spermatids reside 
within crypts of the Sertoli cell and so may appear between other germ cell types. The 
Sertoli cell cytoplasm extends from the basal lamina to the lumen and makes contact 
with germ cells of all stages, as well as neighbouring Sertoli cells.  
 
 
Taken from Russell et al., 1990. 
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Figure 1.4 
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Figure 1.4  Murine Spermatogenesis 

Schematic representation of the stages of spermatogenesis, modified from Russell 
et al. (1990).  
 
The nuclei of different spermatogenic subtypes can be accurately identified using 
4’, 6-diamino-2-phenylindole (DAPI, shown in blue) and antibody markers (e.g. 
presence or absence of the synaptonemal complex protein SYCP3, shown in green) 



1.2.2 Spermatogonial proliferation 

 

Spermatogonial stem cells are immature germ cells that arise from primordial germ 

cells (PGCs). These stem cells divide to renew and to produce differentiating 

spermatogonia that in mice undergo nine to eleven mitotic divisions to form a large 

number of preleptotene spermatocytes. Preleptotene spermatocytes subsequently go 

through meiosis to generate the haploid cells (spermatids) that differentiate into mature 

sperm.  Primordial germ cells inhabit the epiblast of the gastrulating embryo and 

migrate back into the embryo from the extraembryonic mesoderm via the allantois, 

where they collect (reviewed by McLaren, 2001; McLaren, 2003). The PGCs move 

into the yolk sac and travel through the newly formed hindgut and up the dorsal 

mesentery into the genital ridge. They populate the genital ridge from 11dpc and there 

are approximately 2500 to 5000 PGCs in the gonad by 12dpc, when sexual 

differentiation is first apparent (Chiquoine, 1954; Tam and Snow, 1981; Wylie and 

Heasman, 1993). Once in the gonad, the PGCs grow and divide for approximately 

three days during gonadal differentiation before becoming arrested at G0/G1 phase of 

the cell cycle at about 15dpc.  

 

Spermatogenesis initiates shortly after birth within the basal compartment of the 

seminiferous tubule when mitogenic factors secreted by the Sertoli cells trigger 

arrested prespermatogonial stem cells to divide into undifferentiated Aisolated 

spermatogonia. These Aisolated spermatogonia act as stem cells and can undergo mitosis 

to form Apaired spermatogonia. Some Aisolated spermatogonia fail to transform into Apaired 

spermatogonia, and instead, undergo self renewal and migrate along the basement 

membrane to form a constant pool of spermatogonial stem cells which can start the 

cycle again. Apaired spermatogonia divide to form Aaligned spermatogonia; together these 

two cell types are known as proliferative spermatogonia and are thought to be able to 

self-renew. Aaligned spermatogonia divide and differentiate to form differentiating 

spermatogonia (type A1 spermatogonia, intermediate and type B spermatogonia). Type 

B spermatogonia go through a final mitotic division to produce preleptotene 

spermatocytes (Bellvé et al., 1977; Clermont and Perey, 1957). Spermatogonia reside 

next to the basal lamina of the tubule and are connected to other spermatogonia of the 

same sub-type by intercellular bridges that may allow movement of RNA and proteins 

between cells, leading to synchronous development of cells within a clone. 
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1.2.3 Meiosis 

 

Meiosis occurs in the adluminal compartment of the seminiferous epithelium and 

consists of DNA replication followed by two reduction divisions to form four haploid 

spermatids from each primary spermatocyte. Meiotic prophase I can be subdivided into 

five stages and commences when preleptotene spermatocytes replicate their DNA to 

form leptotene spermatocytes. During leptotene, the DNA is uncondensed and 

chromosomes consist of two sister chromatids joined at the centromere. In mice, the 

centromeres cluster to form several DNA dense regions of the nucleus and axial 

elements begin to develop between sister chromatids. Double-strand breaks (DSBs) are 

initiated in leptotene spermatocytes, and these DSBs are essential for normal pairing of 

homologous chromosomes. During zygotene, homologous chromosomes begin to align 

side by side (pairing) and then synapse, forming a synaptonemal complex (Parra et al., 

2003). The synaptonemal complex is a proteinaceous ‘zipper’ like-structure that 

consists of a central element (the axial element) and two lateral elements joined by 

transverse filaments. Synapsis of the autosomes is completed by the beginning of 

pachytene and the chromosomes thicken and condense. The X and Y chromosomes 

begin to pair via their homologous pseudoautosomal regions (PARs), and form a 

cytologically distinct sex body (Solari, 1974). Sex chromosome synapsis initially 

spreads beyond the PAR regions, but this regresses during pachytene so the X and Y 

chromosomes are unpaired along most of their length. 

 

In pachytene spermatocytes, homologous chromosomes undergo recombination, 

allowing the exchange of genetic material at sites known as chiasmata or 

recombination nodules (Carpenter, 1987). Meiotic recombination is initiated at 200-

400 sites throughout the genome in mammals but only 10% of these result in exchange 

of DNA (Baudat and de Massy, 2007). In mice, failure of synapsis or recombination 

causes complete pachytene arrest and infertility, as demonstrated by male mice with 

mutations in genes such as Dmc1, Msh5, Sycp1-3, and Syce2 (Bolcun-Filas et al., 

2007; de Vries et al., 2005; de Vries et al., 1999; Edelmann et al., 1999; Pittman et al., 

1998; Yang et al., 2006; Yoshida et al., 1998; Yuan et al., 2000). In diplotene 

spermatocytes, the synaptonemal complex disassembles, and homologous 

chromosomes start to separate except at the chiasmata where recombination took 

place. During diakinesis, the centromeres move away from each other, the nuclear 

envelope breaks down and the chromosomes align at the metaphase plate. Homologous 
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chromosomes separate at anaphase I and the cell divides meiotically to produce two 

secondary spermatocytes, each containing one chromosome from each pair. Meiotic 

prophase II is brief and sister chromatids are separated during the second meiotic 

division to form four genetically distinct haploid round spermatids that are connected 

by cytoplasmic bridges. 

 

 

1.2.4 Spermiogenesis  

 

The term spermiogenesis refers to the dramatic morphological differentiation of round 

spermatids into mature spermatozoa and has been described as ‘one of the most 

phenomenal cell transformations in the body’ (Russell et al., 1990). Spermatid 

remodelling is necessary for the production of functional motile spermatozoa (sperm) 

and consists of several simultaneous events including chromatin condensation, 

acrosome formation, and removal of the residual cytoplasm.  The sperm is organised 

into an anterior head structure which contains the DNA and proteins required for 

fertilisation, and a tail which is important for passage through the female reproductive 

tract. In mice, spermiogenesis is a regimented and synchronised process that can be 

divided into 16 stages based on the structure of the acrosome (Oakberg, 1956a; Russell 

et al., 1990; see figure 1.5). Once spermiogenesis is completed, the cytoplasmic 

bridges between cells are broken and the sperm are released into the tubule lumen 

(spermiation), where they are propelled to the epididymis in testicular fluid secreted by 

the Sertoli cells. The main events that occur during spermatid differentiation are 

described below. 

 

Flagellum formation  

Development of the flagellum is a continuous process which begins at the start of 

spermiogenesis and is not completed until spermiation occurs. It commences when one 

of the centrioles develops into the axoneme after they migrate to the spermatid cell 

surface, causing the protrusion of the spermatid plasma membrane from the cell. 

During spermiogenesis, the flagellum travels to the nucleus and is found opposite the 

acrosome, where the mid, principal, and end pieces are formed by the addition of 

accessory machinery. Cytoplasmic mitochondria are conscripted to the flagellum, 

where they provide energy for sperm motility. In mammals, outer dense fibres form in 

the mid and principal piece of the flagellum and a fibrous sheath surrounds the 
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flagellar axoneme. This sheath is thought to act as a scaffold for the localisation of 

signal transduction factors and energy-producing enzymes. The fibrous sheath may 

also function with the outer dense fibres to boost the driving force of the flagellum 

(Eddy et al., 2003). Sperm motility develops in the epididymis but vigorous movement 

only occurs in the female reproductive tract.   

 

Development of the acrosome 

Acrosome formation is a slow process that is similar in all mammals but the exact 

shape and content of the acrosome is specific to each species. At stage 2 of murine 

spermiogenesis, the Golgi produces small proacrosomal vesicles that contain a dense 

proacrosomal granule. These proacrosomal vesicles fuse to form a single acrosomal 

vesicle at spermatid stage 3 and this flattens as it makes contact with the nucleus at 

stage 4. The acrosomal granule remains dense and the developing acrosome increases 

in size as the Golgi body contributes more material to it. The Golgi moves away from 

the acrosome as the nucleus progressively elongates and the acrosome stops increasing 

in size but becomes uniformly dense. At stage 8, the spermatids orientate themselves 

so that the acrosome faces the basement membrane, initiating the acrosomic phase of 

development. Between stages 9 and 12, the spermatid nucleus becomes elongated and 

the cytoplasm is stretched along the flagellum, elongating the cell. The shape of the 

head and acrosome changes before sperm release, and the acrosome appears as an 

elongated crescent at spermatid stage 14. The nucleus narrows during stage 15 and the 

tip of the maturing sperm continues to develop into a sickle shape. 

 

Nuclear DNA condensation 

During spermiogenesis, the genome undergoes condensation and changes from a 

nucleosome based histone-rich chromatin structure to a predominantly protamine 

based chromatin structure. The pattern of DNA compaction varies between species, 

and together with the manchette (a cytoskeletal complex formed around the nucleus by 

microtubules), contributes to the species-specific shape of the sperm nucleus. DNA 

condensation reduces the volume of the sperm and acts with cytoplasmic elimination 

to streamline the sperm head, enabling efficient movement through the fluid 

environment of the female reproductive tract. In elongating spermatids, DNA 

condensation is initiated by a wave of histone acetylation (Hazzouri et al., 2000) which 

is followed by replacement of histones with the transition proteins, TP1 and TP2, at 

spermatid stage 12. This results in heterochromatinisation of the genome, silencing 
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transcription. These transition proteins are exchanged for protamines at spermatid 

stage 14 when further nuclear elongation occurs, ensuring tight packaging of the DNA 

(Meistrich 1989; Alfonso and Kistler, 1993). However, not all histones are replaced, 

with 10-15% of histones retained in the human sperm nucleus. These histones are 

enriched at imprinted loci, genes transcribed early in embryogenesis and 

heterochromatic regions (Gardiner-Garden et al., 1998; Rousseaux et al., 2005; Wykes 

and Krawetz, 2003). Telomeres and centromeres are enriched in H2B variants and 

histone H3 variant CENP-A respectively (Churikov et al., 2004; Gineitis et al., 2000; 

Palmer et al., 1990a; Wykes and Krawetz, 2003; Zalensky et al., 2002). Two recently 

identified histone variants participate in the formation of nucleoprotein structures 

specifically in the pericentric heterochromatic regions in mice  (Govin et al., 2007). 

 

Elimination of spermatid cytoplasm 

During the elongating steps of spermiogenesis, water is thought to be eliminated from 

the cytoplasm. The cytoplasm itself is discarded just before the mature sperm are 

released into the tubule lumen. The Sertoli cells phagocytose the cytoplasmic 

fragments and transport them to the base of the tubule. 
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Figure 1.5 
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Figure 1.5  The twelve stages of murine spermatogenesis 
 
Oakberg (1956b) divided spermatogenesis into twelve stages in the mouse (represented 
by vertical columns labelled with roman numerals). Each stage has a specific subset of 
germ cell types within a cross sectioned tubule segment that are at particular 
developmental time point. During spermatogenesis, germ cells divide and differentiate 
from immature spermatogonia (bottom row, left hand corner) into mature sperm (top 
row) before being released into the lumen of the seminiferous tubule at stage IX. Each 
spermatogenetic stage will occur in order in a given segment of the seminiferous 
epithelium (the spermatogenic cycle) before being initiated again. There are sixteen 
steps of spermiogenesis (dark blue) which are largely defined by the structure of the 
acrosome (Oakberg, 1956a). 
 
Modified from Russell et al., 1990. 

Meiotic prophase 1 Spermatogonial proliferation 

Meiotic prophase 1 M1,M2 

spermiogenesis 

Spermiogenesis continued 



1.3 Sex chromosome gene activity during spermatogenesis 
 
 
The transition from spermatogonium to mature sperm is accompanied by dramatic 

changes in X and Y gene transcription. During the spermatogonial divisions, the sex 

chromosomes are transcriptionally active, with almost all of the genes on the Y short 

arm (Yp) being transcribed. The Y chromosome plays an essential role during this 

proliferative period, and male mice lacking a segment of the Y short arm show 

complete spermatogonial arrest (Burgoyne et al., 1986). This is due to the absence of 

the Y-linked Eif2s3y gene which is required for proliferation of differentiating A 

spermatogonia (Mazeyrat et al., 2001). The X chromosome also has a major role in the 

pre-meiotic stages of spermatogenesis and is enriched for genes expressed in 

spermatogonia in both mice (Khil et al., 2004; Wang et al., 2001) and humans (Lercher 

et al., 2003; Saifi and Chandra, 1999). This is in agreement with the hypothesis that 

genes that are beneficial to males will accumulate on the X chromosome during 

evolution due the hemizygous nature of this chromosome in males (Fisher, 1931; Rice, 

1984). Wang and colleagues (Wang et al., 2001) reported that there is an 

approximately 15-fold enrichment of male germ cell-specific spermatogonially 

expressed genes on the mouse X chromosome. Further evidence that spermatogonial 

genes are over-represented on the mouse X chromosome comes from microarray 

analysis of Spo11-/- testes. Spermatogenesis in Spo11-/- mice arrests during meiosis at 

the mid pachytene stage and thus the testes are enriched for pre-meiotic cells including 

spermatogonia. Genes transcribed before the Spo11-/- block are significantly more 

dense on the X chromosome, as are genes expressed in juvenile mice up to 11 days old 

(Khil et al., 2004). Targeted inactivation of several spermatogonially expressed genes 

identified by Wang et al. (2001) has demonstrated that the majority of these cause 

meiotic defects (reviewed by Wang and Pan, 2007). One such gene is Nxf2, an X-

linked gene involved in nuclear mRNA export. This suggests that the X and Y 

chromosome may play an important role in regulation of meiosis as well as being 

necessary for the proliferative stage of spermatogenesis.  

 

Although active during the leptotene and zygotene stages of meiosis, the sex 

chromosomes are rapidly silenced at the zygotene-pachytene transition, when 

autosomal chromosome synapsis is complete. The X and Y chromosomes are 

compartmentalised into a specialised chromatin domain known as the sex body (Solari, 

1974; Turner, 2007). This phenomenon is called Meiotic Sex Chromosome 
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Inactivation (MSCI; McKee and Handel, 1993) and is a manifestation of MSUC 

(Meiotic Silencing of Unsynapsed Chromatin; Baarends et al., 2005; Schimenti, 2005; 

Turner et al., 2004). MSUC is a universal mechanism used to silence the chromatin 

associated with chromosome axes that remain unsynapsed during the pachytene stage 

of meiosis. MSCI is initiated when the tumour suppressor protein BRCA1 recruits the 

kinase ATR to the asynapsed axis of the X and Y chromosomes (Turner et al., 2004). 

ATR translocates from the axial elements to the chromatin loops, where it rapidly 

phosphorylates the histone H2A variant, H2AX, at serine-139 to form γH2AX 

(Fernandez-Capetillo et al., 2003), instigating heterochromatinisation of the sex 

chromosomes. The XY bivalent subsequently undergoes further chromatin 

modifications including dimethylation of histone H3, deacetylation of histones H3 and 

H4 (Khalil et al., 2004), H2A ubiquitylation (Baarends et al., 1999), widespread 

replacement of the histones H3.1 and H3.2 with the histone variant H3.3 (van der 

Heijden et al., 2007), and incorporation of specific histone variants such as 

macroH2A.1 (Hoyer-Fender et al., 2000).  

 

The transcriptional repression of the sex chromosomes during MSCI has been known 

about for decades (reviewed by McKee and Handel, 1993; Solari, 1974), although the 

extent of silencing has only recently become apparent (Namekawa et al., 2006; Turner 

et al., 2006; Turner et al., 2005; Wang et al., 2005a). Wang et al. (2005a) analysed the 

expression of fourteen X- and Y-linked genes in various spermatogenic subtypes by 

RT-PCR and found that all 14 genes were subject to MSCI regardless of the function 

of their encoded protein or location along the sex chromosome. A second group used 

microarray analysis on purified spermatogenic cells to investigate the extent of X 

chromosome silencing during MSCI. Almost all genes that were transcribed pre-

meiotically were suppressed or down-regulated in pachytene spermatocytes 

(Namekawa et al., 2006). RNA FISH using gene-specific probes indicates that 

silencing acts at the level of transcription, and is concurrent with the appearance of 

γH2AX on the XY bivalent at the zygotene-pachytene transition (Turner et al., 2005; 

Turner et al., 2006; Mueller et al., 2008). The sex body chromatin domain also 

excludes RNA splicing factors and the active form of RNA polymerase II, and is 

negative for Cot-1 signals, a marker of nascent transcription (Namekawa et al., 2006; 

Richler et al., 1994; Turner et al., 2006). Together, these studies demonstrate that 

MSCI globally silences virtually all X- and Y-linked genes during meiosis. In mice, 

there is evidence that MSCI is essential for normal meiotic progression; cells where the 
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X or Y chromosomes escape MSCI through synapsis (e.g. synapsis of the YY bivalent 

in XYY spermatocytes or non-homologous synapsis of the X chromosome in 

T(X:16)16H spermatocytes) are eliminated during mid-pachytene (Turner et al., 2006). 

This is considered to be a result of the toxic effect of inappropriate expression of one 

or more X- and Y- linked genes in pachytene spermatocytes.  

 

A number of X-linked genes encode proteins with essential housekeeping functions 

that may be required for meiosis. One way to overcome the long period of 

transcriptional silencing induced by MSCI is by stabilisation of either the transcript or 

the protein, a strategy that the Hprt gene appears to have adopted (Shannon and 

Handel, 1993). Another potential mechanism for the spermatocyte to cope with the 

silencing of a critical housekeeping gene is by having a ‘back-up’ copy located on an 

autosome. Studies revealed that the X chromosome has generated an approximately 

three-fold excess of retrogenes relative to autosomes in both mice and humans (Betran 

et al., 2004; Emerson et al., 2004; Wang, 2004). These retrogenes are located on 

autosomes, and many originate from widely expressed intron-containing house-

keeping genes; expression analysis has demonstrated that the retrogenes are 

transcribed specifically in the testis. Virtually all of these autosomal ‘back-ups’ begin 

to be transcribed at the beginning of meiosis and are widely believed to have evolved 

to compensate for their X-linked progenitors during MSCI – the compensation 

hypothesis (for details, see review by Wang, 2004). These retrogenes may then have 

evolved testis-specific functions under the influence of sexual selection. Some of the 

retrogenes (e.g. Pgk2) are ancient, and arose before the eutherian and marsupial 

divergence about 150 million years ago. Other retrogenes are specific to either the 

human or mice lineages, implying that the retrotransposition of genes from the X 

chromosome is an ongoing evolutionary process that actively drives the differentiation 

of the mammalian X chromosome (Emerson et al., 2004; Wang, 2004). Several of 

these autosomal retrogenes have been inactivated by mutation or gene-targeting 

approaches, and while some are crucial for spermatogenesis (e.g. Utp14b, Ant4; 

Bradley et al., 2004; Brower et al., 2007; Rohozinski and Bishop, 2004), others appear 

dispensable (e.g. Zfa; Banks et al., 2003). 

 

Numerous X and Y-linked genes are known to undergo post meiotic reactivation in 

round spermatids (Hendriksen et al., 1995; Odorisio et al., 1996; Wang et al., 2005a) 

and de novo transcription of several genes has been reported (Clotman et al., 2000; 
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Ellis et al., 2005; Touré et al., 2005). In addition, BRCA and ATR dissociate from sex 

chromosomes before the first meiotic division (Mahadevaiah et al., 2001; Turner et al., 

2004) and these observations imply that MSCI occurs transiently and is restricted to 

meiosis.  However, in round spermatids, the X and Y chromosomes form a 

heterochromatic chromatin domain known as the PMSC (Post-Meiotic Sex Chromatin; 

Namekawa et al., 2006), which is located next to the centromeric heterochromatin. The 

PMSC is enriched for several histone modifications and variants associated with 

transcriptional inactivation, and Cot-1 RNA FISH suggests that the sex chromosomes 

remain undertranscribed in round spermatids (Greaves et al., 2006; Khalil et al., 2004; 

Namekawa et al., 2006; Turner et al., 2006).  

 

Microarray and real-time RT-PCR analysis of sex-linked genes estimates that around 

87% of X-linked genes remain repressed in round spermatids (Namekawa et al., 2006), 

a process known as Post-meiotic Sex Chromosome Repression (PSCR; Turner et al., 

2006). In contrast to the X chromosome, microarray analysis demonstrated that Y-

linked genes appear to reactivate in round spermatids, in agreement with RT-PCR data 

from Wang et al. (2005a). X-autosomal translocation studies indicate that PSCR is a 

downstream consequence of meiotic silencing (Turner et al., 2006). However, unlike 

MSCI, this post-meiotic repression is imperfect, with RNA FISH studies 

demonstrating that most X-linked genes show some level of transcription in a small 

proportion of spermatids (Turner et al., 2006; Mueller et al., 2008).  

 

MSCI and PSCR are thought to provide an evolutionary force that drives genes 

expressed in late spermatogenesis off the X chromosome (Wu and Xu, 2003), and 

testis-expressed genes are reported to be under-represented on the mouse X 

chromosome (Khil et al., 2004). In their analysis of Spo11-/- mice, Khil and colleagues 

(Khil et al., 2004) noticed that the X chromosome was strongly depleted in genes that 

are down-regulated in the testes of these mice. Furthermore, re-examination of 

previous microarray studies revealed that testis-expressed genes were 2.5 fold less 

dense on the X chromosome than expected based on random genomic distribution, 

with genes expressed at later stages of spermatogenesis being almost completely 

absent on the X chromosome. However, a recent study has found that approximately 

18% of the protein coding genes on the mouse X chromosome are expressed 

predominantly or exclusively in spermatids. These genes represent 33 gene families 

which correspond to approximately 273 genes and are located within palindromes or 
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ampliconic sequences. These multi-copy genes were previously overlooked by Khil 

and colleagues (Khil et al., 2004), who primarily analysed single copy X genes, 

explaining the conflicting findings of Khil et al. (2004) and Mueller et al. (2008). RNA 

FISH analysis demonstrated that there was a correlation between the X-encoded gene 

copy number, and its escape from PSCR, with the percentage of round spermatids 

expressing the gene increasing with increasing copy number (Mueller et al., 2008). In 

addition, re-analysis of microarray data from Namekawa et al. (2006) revealed that the 

level of expression achieved by multi-copy X-linked genes in round spermatids is 

similar to that of single-copy autosomal genes (Mueller et al., 2008). A similar finding 

has been reported for the spermatid-specific Yq-linked multicopy Ssty1 family based 

on northern blot analysis; there is as much transcription from two copies of the 

autosomal Tcp-1 gene as there is from the Ssty gene predicted to be present in over 200 

copies (Conway et al., 1994). Both papers suggest that gene amplification may 

compensate for the repressive effects initiated by MSCI and generate high levels of 

gene expression required to carry out important functions during spermiogenesis 

(Conway et al., 1994; Mueller et al., 2008).  

 

To conclude, the X and Y chromosomes are enriched for genes transcribed during the 

initial stages of spermatogenesis that are required for proliferation of spermatogonia 

and early meiosis. The asynapsed nature of the XY bivalent in pachytene 

spermatocytes causes these chromosomes to be transcriptionally silenced by MSCI. 

This is thought to have led to a depletion of meiotic and post-meiotic genes on the X 

chromosome, and several X-linked housekeeping genes have evolved autosomally 

located retrogenes that are expressed exclusively during meiosis. The majority of X-

encoded (and possibly Y-encoded) genes remain repressed during spermiogenesis, 

although a significant minority of sex-linked genes are transcribed in spermatids. Some 

of these may be indispensable for normal sperm development and differentiation. An 

overview of the mouse sex chromosome activity during spermatogenesis is shown in 

Figure 1.6. 
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Figure 1.6 
 

 
 
 
 
Figure 1.6  The transcriptional activity of the mouse sex chromosomes during 
spermatogenesis 
 
The X and Y chromosomes are hypertranscribed in germ cells during the 
spermatogonial divisions and remain transcriptionally active during leptotene and 
zygotene stages of meiosis when total nuclear transcription is low. Once the autosomes 
are fully synapsed at the zygotene/pachytene transition, BRCA1 and ATR are recruited 
to the unsynapsed regions of the X and Y axial elements. ATR then spreads to the 
chromatin associated with the unsynapsed axes where it phosphorylates the histone 
variant H2AX to form γH2AX, and MSCI takes place. After meiosis, repression of the 
X and Y chromosomes is maintained (post-meiotic sex chromosome repression, 
PSCR). The sex chromosomes form the post-meiotic sex chromatin (PMSC), a 
heterochromatic domain (represented by the light-turquoise structure) located next to 
the chromocentre (dark turquoise; contains centromeric heterochromatin) in round and 
elongating spermatids. PSCR is ‘leaky’ compared to MSCI, and several sex-linked 
genes show reactivation or de novo transcription in spermatids.  
Elong., elongated; sec., secondary. 
 

This figure was taken from a review by Turner (2007). 
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1.4 The structure of the mouse Y chromosome 

 

In mice, the Y chromosome is small (between 78Mb and 94.7Mb; Bergstrom et al., 

1998; Gregory et al., 2002), heterochromatic, and represents 1-2% of the haploid 

mouse genome (Figure 1.7). Although the role of the Y chromosome in sex 

determination has been known since 1959 (Welshons and Russell, 1959), it is only in 

the last 15 years that the view of the Y chromosome as a ‘genetic wasteland’ has been 

challenged. Excluding its role as the testis determinant, the mouse Y chromosome 

encodes a limited number of functions that appear to be restricted to spermatogenesis 

and male fertility, although the Y chromosome may promote embryonic growth during 

the preimplantation period (Burgoyne, 1993b). The pseudoautosomal region (PAR) is 

attached to the distal tip of the Y long arm and mediates pairing and crossing over with 

the homologous X PAR during meiosis to ensure normal segregation of the sex 

chromosomes at MI (Burgoyne, 1982). In the absence of PAR pairing and 

recombination, spermatocytes arrest at MI and are eliminated by apoptosis (Burgoyne 

et al., 1992) 

 

The male specific region of the Y chromosome (MSY) is structurally divided into a 

short arm (MSYp) and a highly repetitive long arm (MSYq), which comprises 

approximately 90% of the total MSY (see Figure 1.7; Burgoyne and Mitchell, 2007). 

The majority of functional Y-encoded genes reside on the short arm and almost all Yp 

genes have related sequences on the X and Y chromosomes of other eutherian 

mammals (Agulnik et al., 1994a; Delbridge et al., 1999; Lahn and Page, 1999; 

Mitchell et al., 1992; Murphy et al., 2001; Sandstedt and Tucker, 2004) Some of these 

MSYp genes are also found on the Y chromosome of marsupials (e.g. Rbmy, Smcy, 

Ube1y and Jarid1d) and are thus assumed to have been present on the original 

autosomes before they acquired the sex-determining function and differentiated into 

the mammalian sex chromosomes (Agulnik et al., 1999; Delbridge et al., 1999; Foster 

and Graves, 1994; Mitchell et al., 1992). Other genes (including Usp9y, Eif2s3y and 

Zfy) appear to be restricted to eutherian mammals and are thought to represent an 

autosomal translocation event that occurred after the marsupial-eutherian split but 

before the eutherian radiation.  One exception to this is the H2al2 gene, which evolved 

after the murine and rat lineages diverged (Ellis et al., 2005). H2al2 is intronless and 

may have arisen by a retrotransposition event; two mouse homologues have been 

identified, one X-linked and the other autosomal. All three genes are intronless and 
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expressed specifically in spermatids, but the origin and evolutionary relationships 

between these genes is unknown (Ellis et al., 2005; Govin et al., 2007). 

 

While the genes on the short arm are for the most part long-lasting inhabitants of the 

mammalian Y chromosome, genes on the MSYq appear to be restricted to the muridae, 

suggesting that they have arisen by recent retrotransposition and amplification events. 

The MSYq is comprised of highly repetitive sequences that are dispersed throughout 

the long arm and include two Y-specific retroviral elements estimated to be present in 

at least 300-500 copies, MuRVY (murine repeated virus Y-linked) and IAPE-Y 

(Eicher et al., 1989; Eicher and Washburn, 1978; Eicher and Washburn, 1986; 

Fennelly et al., 1996). Other sequences include the simple GATA repeat (Jones and 

Singh, 1981; Singh et al., 1994) and a large number of unidentified elements detected 

by an assortment of probes (Avner et al., 1987; Baron et al., 1986; Bergstrom et al., 

1997; Bishop et al., 1985; Harbers et al., 1990; Harbers et al., 1986; Lamar and 

Palmer, 1984; Nallaseth and Dewey, 1986; Navin et al., 1996; Nishioka, 1989; 

Nishioka and Lamothe, 1986; Prado et al., 1992) 

 

Interspersed between these repetitive sequences is the Ssty multicopy gene family 

thought to be present in over 250 copies. A recent microarray study has identified three 

more MSYq encoded multicopy genes predicted to be present in up to 120 copies each; 

all four MSYq encoded genes are expressed specifically in spermatids (Conway et al., 

1994; Ellis et al., 2007; Touré et al., 2005). These genes are organised into unit of 

about 500Kb (known as the Huge Repeat Array) that has been amplified as a block 

(Ellis et al., 2007). The human Y chromosome contains eight massive palindromes 

which are thought to undergo intra-chromosomal recombination events, maintaining 

homology between different copies of a gene (Rozen et al., 2003; Skaletsky et al., 

2003). It will be interesting to investigate if the repeats of the Huge Repeat Array on 

the murine MSYq are organised into amplicons or palindromes, which may also allow 

recombination between genes within these repeats.  
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Figure 1.7 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.7  The mouse sex chromosomes  
 
A schematic diagram of the male sex chromosome complement. The X chromosome is 
in blue and the Y chromosome in green. The short arm of the MSY chromosome 
contains the following genes: Ube1y, Jarid1d, Eif2s3y, Uty, Ddx3x, Usp9y, two copies 
of the Zfy gene (Zfy1 and Zfy2), the testis determining factor Sry, two copies of the 
histone variant H2al2 and approximately 50 copies of the Rbmy gene. The male 
specific part of long arm contains repetitive sequences including the retroviral element 
MuRVY, and multiple copies of the Sly, Asty, Orly and Ssty gene families. All mouse 
Y-encoded genes have homologues on the X chromosome except for Orly, which is a 
chimera of other Yq genes. The pseudoautosomal region (red) is located on the distal 
tip of the Yq and undergoes recombination with its X homologue (also red) during 
meiosis. 



1.5 Spermatogenic functions of genes on the mouse Y chromosome  

 

Effects of the mouse Y chromosome on the efficiency of spermatogenesis have been 

known for several decades. Studies by Krzanowska indicated that Y-linked factors 

play an important role in determining the shape of the sperm head and the incidence of 

sperm head abnormalities, which varies noticeably among inbred mice strains 

(Krzanowska, 1966; Krzanowska, 1969; Krzanowska, 1971; Krzanowska, 1976; 

Krzanowska, 1986). The F1 offspring of all types of crosses have a decrease in the 

proportion of abnormal sperm heads compared to the parental strains (Krzanowska, 

1976; Wyrobek, 1979). Furthermore, the percentage of abnormal sperm heads can be 

reduced significantly by introducing the Y chromosome from an inbred strain with a 

low level of abnormal heads onto a genetic background associated with a high number 

of abnormal sperm (Krzanowska, 1971; Krzanowska, 1976). Unfortunately, the 

identity of these Y linked factors is currently unknown. The lack of recombination 

along most of the Y chromosome has restricted the study of Y-encoded genes by the 

conventional methods of meiotic mapping and positional cloning. The localisation of 

Y-encoded genes has depended on a combination of in situ hybridisation to metaphase 

spreads, chromosome rearrangements and deletion mapping. To date, no mice have 

been produced that have a targeted mutation of a Y-encoded gene, although this 

approach has been successful in targeting Ddx3y and Eif2s3y in ES cells (Rohozinski 

et al., 2002). Instead, analysis of several naturally occurring deletions has been used to 

identify the functions of Y-linked genes. These deletion models include deletions of 

the short arm that are associated with failure of spermatogonial proliferation, and long 

arm deletions whose effect appears to be restricted to sperm development and function 

(Burgoyne, 1987; Burgoyne, 1993a; Burgoyne and Mitchell 2007; Eicher et al., 1983). 

 

 

1.5.1 Deletions of the Y chromosome short arm 

 

The Sxrb deletion 

The Sxrb deletion lacks the genetic information for H-Y antigen expression and 

spermatogonial proliferation. It arose by an unequal crossover involving Zfy2 and Zfy1 

in a mouse carrying two copies of the short arm derived Sxra factor (Sxra encompasses 

the MSYp from the telomere to the Rbmy cluster close to the centromeres; Burgoyne et 

al., 1986; Cattanach et al., 1971; McLaren et al., 1984; Sutcliffe and Burgoyne, 1989).  
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This unequal crossover produced a Zfy2/Zfy1 fusion gene with the loss of over 900Kb 

of DNA that lies between these two genes (Simpson and Page, 1991). The 

spermatogonial proliferation block in XSxrbO mice is rescued by an Eif2s3y transgene 

and spermatogenesis proceeds to the second meiotic division before arresting 

(Mazeyrat et al., 2001). If these Eif2s3y rescue mice are provided with a meiotic 

pairing partner, then spermatogenesis proceeds through meiosis to form haploid round 

spermatids. However, these spermatids fail to elongate or form the axoneme, 

indicating that one or more genes within the Sxrb deletion interval are required for 

spermatid differentiation (Burgoyne and Mitchell, 2007). Alternatively, this 

spermiogenic block may be due to Zfy haploinsufficiency.  

 

The Yd1 deletion 

This deletion arose by unequal crossing over within the Rbmy cluster in an XSxraY 

male and removes at least 3-4Mb of the Rbmy gene cluster (Capel et al., 1993; Laval et 

al., 1995; Mahadevaiah et al., 1998). XYd1 mice have a 10-fold reduction in the copy 

number of Rbmy and are sex reversed due to transcriptional silencing of the flanking 

Sry gene (Capel et al., 1993; Laval et al., 1995). XYd1 mice carrying a Sry transgene 

are fertile but produce an increased incidence of grossly abnormal sperm 

(Mahadevaiah et al., 1998). Rbmy mRNA is barely detectable in these mice by 

northern blot analysis, suggesting that reduced expression of this gene during 

spermiogenesis may be responsible for the sperm phenotype seen in the XYd1Sry mice. 

Surprisingly, replacement of RBMY in round spermatids using an Rbmy transgene was 

unable to rescue the XYd1Sry sperm head defects (Szot et al., 2003), and there is 

conflicting data on whether Rbmy is actually expressed in spermatids (Mahadevaiah et 

al., 1998; Szot et al., 2003). So far, no additional gene has been identified as a 

candidate for the sperm head abnormalities within the Yd1 deletion interval. 

Alternatively, the increase in sperm head defects in XYd1Sry mice may be caused by 

transcriptional repression of a gene outside this deletion interval. It has been suggested 

that the silencing of Sry in the XYd1 mice is due to Sry being brought close to the 

repressive effects of centromeric heterochromatin (Burgoyne and Mitchell, 2007). 

Since a copy of H2al2 maps between Sry and the Rbmy cluster, it may be similarly 

repressed and members of the H2al family have been implicated in the remodelling of 

the developing sperm head.  
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1.5.2 Deletions of the Y chromosome long arm 

 

Although the mouse Y chromosome long arm is highly repetitive and transcriptionally 

silent in all cells except spermatids, deletion analysis has demonstrated that it is 

indispensable for normal spermatogenesis. Four mice variants with deletions of the 

male specific part of the Y chromosome have been identified that have defective 

spermiogenesis; three of these arose by large interstitial deletions probably as a result 

of unequal crossing over between repeats, and the fourth deficiency lacks all Yq 

material as a result of chromosome rearrangement. Analysis of these mice indicates 

that the MSYq contains genetic elements that are required for normal development of 

the sperm head, epididymal maturation of sperm, sperm motility and fertilising 

capacity. 

 

The Ydel and YRIIIdel deletions 

Two deletions, Ydel and YRIIIdel, have been reported that remove approximately two-

thirds of the Y long arm and are associated with increased sperm head abnormalities, 

reduced fertility and defective sperm motility (Conway et al., 1994; Grzmil et al., 

2007; Moriwaki et al., 1988; Styrna et al., 2002; Styrna et al., 1991a; Styrna et al., 

2003; Styrna et al., 1991b; Styrna and Krzanowska, 1995; Ward and Burgoyne, 2006; 

Xian et al., 1992). The Ydel deletion arose in the B10.Br strain of mice and is 

associated with an approximately three-fold increase in the incidence of epididymal 

sperm with abnormally shaped sperm heads (Styrna et al., 2002; Styrna et al., 1991a; 

Styrna et al., 1991b). The majority of these sperm have flat acrosomal caps, which is 

never seen in mice without the deletion. Furthermore, there is a higher proportion of 

severely deformed sperm from the epididymis of Ydel mice, an effect also seen in F1 

hybrids (Styrna et al., 1991a; Styrna et al., 1991b). Analysis of the acrosome reveals 

that the acrosomal cap forms normally in round spermatids from Ydel mice, but they 

often lack the acrosomal granule and have little or no acrosomal material (Styrna et al., 

1991a). This suggests that formation of the acrosome cap is independent of the 

synthesis of acrosomal material, and that one or more factors on the MSYq are 

involved in this. Analysis of the forming acrosome demonstrated that elongating 

spermatids from Ydel mice frequently contain small, round vesicles which are not 

present in spermatids from normal males. The majority of these vesicles are retained in 

mature sperm, and may account for the flattened acrosomal caps in Ydel sperm 

(Siruntawineti et al., 2002; Styrna et al., 2003). In addition, Ydel sperm frequently have 
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a reduction in level, distribution and enzymatic activity of the acrosomal proteinase 

acrosin (Styrna et al., 1991a; Styrna et al., 2003). Although Ydel mice are fertile, there 

is a four-fold decrease in the fertilising rate of Ydel sperm by IVF compared to control 

males, possibly due to poor capacitation and reduced levels of acrosin (Xian et al., 

1992). Moreover, most matings are sterile in Ydel mice, and there is a reduced 

fertilising capacity of Ydel sperm that reach the eggs compared to males without the 

deletion (Styrna et al., 2002).  The Ydel mice also have a greater frequency of 

degenerated seminiferous tubules, increased numbers of epididymal sperm with the 

cytoplasmic droplet still attached indicative of delayed maturation, and decreased 

sperm velocity (Styrna et al., 2002; Grzmil et al., 2007). Ydel mice have an improved 

fertilising ability on the CBA genetic background but the percentage of epididymal 

sperm with a damaged or absent acrosome, and dead sperm is increased on this 

background compared to control males (Styrna et al., 2003).  

 

Cytogenetically, the YRIIIdel chromosome (also known as the 2/3MSYq-; Figure 

1.8.A) appears to be less than half its normal length and arose in a mouse carrying the 

YRIII chromosome. This deletion is associated with a 3.5 fold rise in the incidence of 

abnormal sperm heads on the inbred C57BL/10 and the random bred MF1 

backgrounds (Conway et al., 1994). Although the number of grossly abnormal sperm 

is increased in mice carrying the 2/3MSYq- deletion, the most common sperm 

abnormality is a flattening of the acrosomal cap similar to that seen in the Ydel mice 

(Conway et al., 1994). Furthermore, although males carrying the YRIIIdel chromosome 

are fertile, they have a slight distortion in their offspring sex ratio in favour of females, 

from 43% in XYRIII males to 54% in 2/3MSYq- males on the inbred C57BL/10 

background. This distortion is also observed on an MF1 background, with the 

percentage of male offspring falling from 51% in control males to 38% in 2/3MSYq- 

males; a similar sex ratio distortion is seen with IVF using sperm from the 2/3MSYq- 

males (Conway et al., 1994; Ward and Burgoyne, 2006).  However, the 2/3MSYq- 

deletion does not affect the production of Y-bearing gametes based on the transmission 

frequency of the 2/3MSYq- chromosome by intracytoplasmic sperm injection (ICSI; 

Ward and Burgoyne, 2006). ICSI involves the injection of sperm directly into the egg 

and so the progeny obtained reflects the frequency of X- and Y-bearing sperm in the 

epididymis. This indicates that the sex ratio distortion seen in the offspring of 

2/3MSYq- males by copulation and IVF is due to poorer fertilising ability of 

2/3MSYq- bearing sperm compared to their X counterparts (Ward and Burgoyne, 

 51



2006).  This reduction in 2/3MSYq-sperm quality is also observed in males with a 

mixture of XY and 2/3MSYq- sperm. These mosaic mice have a significant reduction 

in the transmission of the 2/3MSYq- chromosome to offspring even though both YRIII 

and 2/3MSYq- bearing sperm are present in the ejaculate (Burgoyne, 1998b). 

 

YTdym1qdel deletion 

The YTdym1qdel deletion removes approximately nine-tenths of the MSYq including all 

copies of the Ssty family (see below), but the distal PAR and short arm (aside from the 

deletion of Sry) remain intact (Figure 1.8.B). Males carrying this deletion are 

commonly referred to as 9/10MSYq- mice, and have normal sized testes but 

spermiation is delayed. Males carrying the 9/10MSYq- chromosome are virtually 

sterile and have significantly reduced sperm counts compared to controls, although 

these are still within the fertile range. All of the epididymal sperm produced by 

9/10MSYq- males are abnormal, and the majority (up to 92%) are classified as having 

severely deformed heads (Touré et al., 2004b).  When 9/10MSYq- sperm were injected 

by ICSI, the number of eggs reaching the two-cell stage was significantly reduced, 

from 84% in the control to 71% in the 9/10MSYq- mice, but the transmission of the 

9/10MSYq- chromosome was unaffected (Ward and Burgoyne, 2006). This indicates 

that infertility in the 9/10MSYq- is the result of an inability to fertilise the egg, 

probably caused by defective sperm morphology and reduced sperm motility (Ward 

and Burgoyne, 2006). 

 

XSxraY*x and XY*xSxra mice variants 

Total absence of the Y long arm occurs in mice with the XSxraY*x (Figure 1.8.C) and 

XY*xSxra genotypes, which are collectively called MSYq- mice. These mice have the 

Yp-derived Sxra factor attached to the PAR of either the X chromosome or the Y*x 

chromosome. The Y*x chromosome is composed of a pseudoautosomal region attached 

to an X centromere and acts as a paring partner for the X chromosome during meiosis, 

although XSxraY*x spermatocytes show reduced levels of sex chromosome synapsis 

(Burgoyne and Evans, 2000; Burgoyne et al., 1998; Burgoyne et al., 1992; Eicher et 

al., 1991). MSYq- males produce nearly normal levels of sperm and testis histology 

from these mice demonstrated that germ cells of all spermatogenic stages are present 

(Burgoyne et al., 1992). Analysis of sperm from the testes and vas deferens of MSYq- 

mice reveals that they have 100% grossly abnormal sperm heads. These mice are 

sterile, almost certainly due to defects in spermiogenesis that are reflected by the 
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distortion in the sperm head shape (Burgoyne et al., 1992). Sperm from MSYq- mice 

are more severely affected than 9/10MSYq- sperm (see above), potentially because 

MSYq- mice also have reduced expression of Rbmy as well as lacking the whole 

MSYq.  Alternatively, the less severe sperm abnormalities in 9/10MSYq- mice may be 

due to the retention of a MSYq-linked genetic element that has a role in controlling 

sperm head shape which is absent in the MSYq- mice. 



Figure 1.8 Schematic representations of the sex chromosome pair in the three 
MSYq deletion models 
 
The X chromosome and X chromosome derived segments are in blue, Y chromosome 
sequences are in green and the pseudoautosomal (PAR) segment is in red. 
 
A) A schematic of the sex chromosomes in the 2/3MSYq- mouse variant. 

Approximately two-thirds of the male specific region of the Y long arm has been 
deleted from the YRIII chromosome, removing copies of the Yq-encoded genes 
including Ssty and Sly. The Y chromosome PAR and short arm are unaffected by 
the deletion. 
 

B) Schematic diagram of the 9/10MSYq- model sex chromosome complement. The 
Sry gene on the Yp has been deleted in these mice and so 9/10MSYq- males carry 
an Sry transgene. Cytogenetically, this deletion variant has lost nine-tenths of the 
MSYq sequence, although the PAR is intact. All copies of Ssty, Asty and Orly are 
deleted, although a few copies of the Sly gene are thought to remain. 

 
C) The sex chromosome complement of the MSYq- mouse model. In this mouse, 

there is no Y chromosome long arm derived sequences. Instead, the Yp derived 
Sxra fragment is attached to the distal tip of the X chromosome PAR. This 
fragment contains all known Yp genes, although only seven of the 50 copies of 
Rbmy remain. The tiny Y*x chromosome is a highly deleted X chromosome 
containing the centromere and PAR regions. This provides a second PAR region, 
allowing the two sex chromosomes to pair and recombine during meiosis. 
XY*xSxra mice also lack all MSYq sequences and were produced by ICSI using 
sperm from XSxraY*x males which had undergone recombination between the 
PARs of the XSxra and Y*x chromosomes (Ward and Burgoyne, unpublished). 
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1.5.3 The Ssty gene family is a candidate for the Yq-linked spermiogenesis factor 

 

Analysis of mice with long arm deletions has indicated that this region contains one or 

more factors involved in sperm differentiation and function. The fact that mice with 

partial deletions of the MSYq have a less severe sperm phenotype than those with 

larger deletions suggests that this ‘spermiogenesis factor’ is present in multiple copies 

on the mouse Y long arm (Burgoyne et al., 1992). The Ssty gene family is estimated to 

be present in over 200 copies on the mouse Y chromosome long arm and represents at 

least two distinct subfamilies (Ssty1 and Ssty2: Bishop et al., 1985; Bishop and Hatat, 

1987; Conway et al., 1994; Prado et al., 1992). The Ssty1 and Ssty2 subfamilies share a 

high degree of similarity between their ORFs, but have different 5’ and 3’ untranslated 

regions and so they may be processed differently (Ellis et al., 2007; Touré et al., 

2004a). These genes are presumed to be derived from the related X-linked spermatid-

specific Sstx gene family (Mueller et al., 2008; Touré et al., 2004) which itself is 

believed to have originated by retrotransposition of the autosomal Spin gene. 

Orthologues of the mouse Spin gene are present in humans, fish, frogs and chickens 

(Itoh et al., 2001; Wang et al., 2005b; Wang et al., 2005c), and the protein encoded by 

the Spin gene localises to the metaphase spindle in mouse oocytes (Oh et al., 1998).  

 

Ssty1 and Ssty2 are expressed specifically in round spermatids (Conway et al., 1994), 

and Ssty2 appears to be the most abundant MSYq transcript (Burgoyne and Mitchell, 

2007). However, only a subset of Ssty1 transcripts are thought to be translated and no 

SSTY2 protein has been identified to date (Touré et al., 2004a). Although there is a 

two- to three-fold reduction in Ssty1/2 sequences in 2/3MSYq- mice (Conway et al., 

1994), there is no decrease in Ssty1 transcription and the protein level is increased by 

approximately two-fold (Touré et al., 2004b). The Ssty gene family is absent in 

9/10MSYq- and MSYq- males, indicating that there are no copies of this gene 

elsewhere in the mouse genome (Burgoyne et al., 1992; Touré et al., 2004b).  The 

function of Ssty1 and Ssty2 remains unknown, and no rescue of the sperm head defects 

is seen in MSYq- mice transgenic for Ssty1 or Ssty2, possibly because these transgenes 

were not translated (Burgoyne and Mitchell, 2007; Touré et al., 2004a).   
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1.5.4 Identification of three new multicopy Y long arm genes  

 

To identify additional candidate genes for the MSYq encoded ‘spermiogenesis factor’, 

the testis transcriptomes of 2/3MSYq-, 9/10MSYq- and MSYq- mice were analysed by 

microarray analysis (Touré et al., 2005) This study used a custom made testis cDNA 

library enriched for spermatogenic cell transcripts and was greatly facilitated by 

accumulating sequence data resulting from the Mouse Chromosome Y Mapping 

Project (Jessica E Alfoldi, Helen Skaletsky, Steve Rozen and David C Page at the 

Whitehead Institute for Biomedical Research, Cambridge, MA, USA, and the 

Washington University Genome Sequencing Centre, St. Louis, MO, USA). Three new 

spermatid-specific MSYq-encoded multicopy genes were identified; Sly, Asty and 

Orly, each of which is a contender for the ‘spermiogenesis factor’ (Ellis et al., 2007; 

Touré et al., 2005).  

 

Based on sequence analysis, there are approximately 65 copies of Sly present on the 

MSYq, although only 34 copies retain an open reading frame (Touré et al., 2005). The 

putative SLY protein is related to the chromatin associated nuclear proteins XLR and 

XMR, which are encoded by the related X-linked multicopy Xlr superfamily (Ellis et 

al., 2005; Touré et al., 2005). Sequence analysis indicates that Sly was created by the 

fusion of the 5’ region of the Xmr gene to the 3’ portion of the Xlr gene followed by an 

internal duplication of two Xmr-derived exons (Ellis et al., 2007). Sly is highly 

transcribed specifically in the testes, where it is present in spermatid stages 1 to 12 

(Touré et al., 2005). Furthermore, northern blot analysis demonstrated that Sly is 

down-regulated in the testes of 2/3MSYq- and 9/10MSYq- males in proportion to the 

deletion size, and is absent in MSYq- males. Touré et al. (2005) and Ellis et al. (2005) 

suggested that the putative SLY protein could be involved in chromatin remodelling, 

and deficiency of this protein may disturb chromatin organisation resulting in the 

abnormal sperm heads observed in the three MSYq deletion models (Ellis et al., 2005; 

Touré et al., 2005). 

 

Asty was identified through binding of its transcripts to the X-linked Astx gene on the 

microarray chip. Asty and Astx have an identical genomic organisation and share 

between 92-94% sequence identity across introns and exons. Sequence data suggests 

the Asty gene is present in over 120 copies on the MSYq, and these are absent in the 

9/10MSYq- and MSYq- mouse models (Touré et al., 2005). Asty transcription is 
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restricted to the testis, were it appears to be transcribed at very low levels in round 

spermatids. However, these transcripts are not thought to be translated as none of the 

copies of Asty have the open reading frame present in Astx. 

 

Unlike the other MSYq encoded genes, Orly does not have a multicopy X-linked 

homologue but is composed of sequences derived from other MSYq-encoded genes 

(Ellis et al., 2005; Touré et al., 2005). Orly has a functional promoter at either end and 

this allows bidirectional transcription of the gene to give a range of splice variants, 

none of which appear to encode a protein. Orly is a chimera of Ssty1, Asty and Sly and 

arose by exon shuffling before these genes became amplified on the MSYq (Ellis et al., 

2007). RT-PCR data indicates that both sense and antisense Orly transcripts are 

restricted to the testis where they are predominantly transcribed in spermatids (Ellis et 

al., 2007). 

 

 

1.6 The MSYq regulates transcript levels of several sex-linked genes during 

spermiogenesis 

 

In addition to identifying new genes, the microarray analysis of the three MSYq 

deletion models led to the identification of an unexpected function of the mouse Y 

chromosome in spermatogenesis. Fourteen spermatid-expressed X- and Yp-linked 

genes were found to be significantly up-regulated in the three MSYq- models (Ellis et 

al., 2005), signifying that the MSYq modulates the transcription of other genes 

expressed during spermiogenesis. This is similar to the regulatory role the Y 

chromosome appears to play in Drosophila melanogaster. Transcriptional analysis 

among different D. melanogaster lines that varied only in Y chromosome origin 

demonstrated that this chromosome mediates the expression of genes on other 

chromosomes, particularly those on the X chromosome. Moreover, most of these genes 

are more strongly expressed in males, and include those involved in spermatogenesis 

and temperature adaptation (Lemos et al., 2008).  

 

The majority of the X- and Yp-encoded genes affected by deletion of the mouse MSYq 

are present in multiple copies or are members of a multigene family. Almost all of the 

affected genes are transcribed exclusively in the testis during spermiogenesis and 

therefore these up-regulated genes may contribute to the sex ratio distortion and sperm 
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head abnormalities seen in the MSYq deletion models. Several of the up-regulated 

genes have autosomally located homologues that are expressed in the testes, but these 

showed no change in their mRNA levels in the three MSYq deletion models. This 

indicates that the transcriptional up-regulation affects only the sex chromosomes, in 

contrast to the genome wide effect of the D. melanogaster Y chromosome. Moreover, 

the up-regulation of the affected X- and Yp-linked genes was found to increase with 

the deletion size, implying that a multicopy gene on the MSYq represses transcription 

of specific sex-linked genes during spermiogenesis. 

 

One promising candidate for the MSYq-encoded transcriptional repressor is Sly, 

deficiency of which may affect sperm head shape indirectly by up-regulating the 

expression of a gene(s) involved in sperm head morphogenesis. Sly retains at least one 

transcribed copy in the 9/10MSYq- testes in contrast to the other three MSYq encoded 

genes and this could explain why the sperm head abnormality is less penetrant in the 

9/10MSYq- mice compared to the MSYq- mice that lack Sly (Ellis et al., 2007; Touré 

et al., 2005; Touré et al., 2004b).  The putative SLY protein contains a COR1 domain 

that is predicted to facilitate chromatin binding and this domain is also found in the 

synaptonemal complex protein SYCP3. Furthermore, the X-linked homologue of Sly 

encodes the spermatocyte protein XMR that locates to the sex body during MSCI and 

is hypothesised to be involved in gene silencing (Calenda et al., 1994; Escalier and 

Garchon, 2005; Escalier and Garchon, 2000). Ellis and colleagues (Ellis et al., 2005) 

predicted that the putative SLY protein binds to the X and Y chromosomes in 

spermatids, where it could regulate their chromatin conformation and expression in a 

way analogous to XMR during meiotic prophase.  

 

 

1.7 Intragenomic conflict between the X and Y chromosomes during 

spermatogenesis 

 

Intriguingly, two of the genes up-regulated in the MSYq deletions models are Xmr and 

the related X-linked gene AK015913, which are both related to Sly. This was surprising 

because Xmr was not thought to be expressed in spermatids, and it is unknown if these 

spermatid transcripts are translated (Ellis et al., 2005). The level of Xmr transcription 

increased in proportion to the decrease in Sly levels in the three MSYq deletion 

models, suggesting that there may be regulatory interactions between Sly and Xmr in 
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normal males (Ellis et al., 2005; Touré et al., 2005). Intragenomic conflict theories 

have envisaged the existence of such interactions between multicopy X- and Y-linked 

gene families, which may potentially lead to a distorted sex ratio when disturbed 

(Hurst, 1992; Partridge and Hurst, 1998). The sex chromosomes are predicted to 

accumulate and express genes that drive their own transmission (meiotic drivers or 

selfish genes), thus disturbing the 1:1 sex ratio, and this appears to be very common in 

species where females are the heterogametic sex, such as butterflies and moths (Burt 

and Trivers, 2006).  

 

In mammals, genomic conflict may arise between the sex chromosomes if the X 

chromosome acquires a meiotic driver that increases its transmission to offspring. The 

ratio of male to female offspring would then deviate from the evolutionary stable 1:1 

sex ratio, leading to the automatic selection of suppressor alleles that counteract this 

distortion. This suppression mechanism could involve the Y chromosome acquiring a 

gene or mutation that acts to rebalance the sex ratio. Duplication of the X-encoded 

distorter will once again unbalance the sex ratio, leading to a duplication of the Y-

linked suppressor. Over time, the ‘evolutionary arms race’ between the X-linked 

distorted and Y-linked suppressor genes will lead to massive amplification of both 

genes. Ellis et al. (2005) proposed that such intragenomic conflicts may underlie the 

massive amplification of all four MSYq-encoded genes. They went on to suggest that 

the extensive blocks of heterochromatin that are characteristic of the Y chromosome in 

various mammalian species including humans and mice may represent the ‘genomic 

scars left at the sight of past intragenomic battles’ (Ellis et al., 2007; Ellis et al., 2005). 

Although predicted to be common, the effects of mutations that distort transmission 

ratios are rarely observed because of the rapid fixation of meiotic drivers and 

suppressors that mask their effects. However, genomic conflict between distorter and 

suppressor genes is seen in crosses between different subspecies due to the 

unbalancing of these complexes in F1 hybrids. This leads to hybrid sterility and is 

observed in crosses of Mus musculus with Mus molossinus (Oka et al., 2004). 

Amplification of the distorter gene or deletion of the suppressor gene (e.g. in the 

2/3MSYq- mice) also exposes the consequence of intragenomic conflict between the 

sex chromosomes by distorting the sex ratio. 

 

One well characterised X-Y ‘genomic conflict’ phenomenon has been described in 

Drosophila melanogaster, between the X-linked Ste genes, and the Y-linked Su(Ste) 
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genes. The Su(Ste) gene arose from the Ste gene by the insertion of a transposon with 

an active promoter in the reverse orientation and is transcribed from both strands to 

produce dsRNA (Aravin et al., 2001; Belloni et al., 2002; Stapleton et al., 2001). The 

dsRNA targets the Ste transcripts for degradation by RNA interference (RNAi), 

regulating the level of Ste encoded protein (Aravin et al., 2001). Deletion of the 

majority of Su(Ste) tandem repeats localised in the Crystal locus on the Y chromosome 

(cry1Y chromosome) results in over-expression of Stellate in testes. This leads to a 

variety of meiotic phenotypes including the accumulation of crystalline aggregates of 

Stellate encoded protein in primary spermatocytes and sex ratio distortion in favour of 

females.   

 

Xmr and Sly may be involved in a similar intragenomic conflict in mice, either at the 

RNA or protein level, and this could explain the dramatic amplification of these genes 

on the sex chromosomes. Alternatively, Sly and Xmr may have evolved to reciprocally 

repress the expression of meiotic drivers by their effect on sex chromatin, thereby 

maintaining the one-to-one sex ratio (Ellis et al., 2005). Unlike the Ste/Su(Ste) model, 

the potential conflict between the mouse X and Y chromosomes does not affect the 

primary sex ratio in the MSYq deletion mice, since equal numbers of X and Y bearing 

sperm are being produced based on ICSI with sperm from 2/3MSYq- and 9/10MSYq- 

males (Ward and Burgoyne, 2006). Instead this conflict seems to increase the 

fertilising ability of X-bearing gametes compared to those carrying the deleted Y 

chromosome.  

 

 

1.8 Thesis Aim 

 

Ellis et al. (2005) proposed that Sly and Xmr may play an important role in 

spermiogenesis by regulating sex chromatin structure and gene expression in 

spermatids. Sly is therefore a contender for the multicopy Yq-encoded ‘spermiogenesis 

factor’, deficiency of which may lead to de-regulation of sex linked gene expression 

and abnormal head formation in the MSYq deletion models. Data from Ellis and 

colleagues (Ellis et al., 2005) also suggests that disturbances in the equilibrium 

between Sly and Xmr transcripts could underlie the offspring sex ratio distortion in 

2/3MSYq- males. The aim of this thesis is to investigate the role of the Sly and Xmr 

multicopy gene families in spermatogenesis and examine their potential contribution to 
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the testicular phenotypes observed in mice with deletions of the Y chromosome long 

arm. Firstly I will analyse the expression and function of Sly in spermiogenesis. I will 

then re-examine the transcription and translation of Xmr in the testis, paying specific 

attention to whether the spermatid transcripts identified by Ellis et al. (2005) encode a 

functional protein. The over-expression of X- and Y-linked spermatid expressed genes 

will be studied in more detail and finally, an Sly transgene will be introduced in the 

MSYq deletion mice to assess whether Sly is able to complement any of the 

phenotypes associated with these deletions.  
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Chapter 2 

 

Materials and Methods



Materials and Methods 
 

2.1    Mouse lines 

 

XY mice 

These mice have an RIII strain Y chromosome and are the appropriate controls for the 

2/3MSYq- and MSYq- mice models.  

 

2/3MSYq- mice 

These mice have an RIII strain Y chromosome with a deletion removing approximately 

two-thirds of the MSYq and were derived from a stock originating from the mice 

described by Conway et al, (1994). 

 

9/10MSYq- mice 

These mice have a 129 strain Y chromosome with a deletion removing approximately 

nine-tenths of MSYq and also a small deletion removing the testis determinant Sry 

from the short arm, which is complemented by an autosomally located Sry transgene. 

The mice used in this study were produced by Monika Ward (University of Hawaii) by 

ICSI of cryopreserved 9/10MSYq- sperm samples using B6D2F1 females as oocyte 

donors and CD-1 females as surrogate mothers as previously described (Ward and 

Burgoyne, 2006). 

 

MSYq- (XSxraY*x and XY*xSxra) mice 

These mice lack the entire Y-specific (non-PAR) gene content of MSYq, and the only 

Y-specific material is provided by the Y short arm derived factor Sxra. These mice also 

have a 7.5-fold reduction in copies of the Rbmy gene family located on the short arm 

adjacent to the centromere. The Y*x chromosome provides a second PAR, thus 

allowing fulfilment of the requirement for PAR synapsis. XSxraY*x males (Burgoyne 

et al., 1992) were produced by mating XY*X females (Burgoyne et al., 1998; Eicher et 

al., 1991) to XYSxra males (Cattanach, 1987; Cattanach et al., 1971). XY*xSxra mice 

were produced by Monika Ward by ICSI of sperm from XSxraY*x. 

 

D4/XEGFP mice 

D4/XEGFP mice (Hadjantonakis et al., 2001; Hadjantonakis et al., 1998) were 

obtained from Andras Nagy (Samuel Lunenfeld Research Institute). Hemizygous 
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EGFP transgenic XX females were bred with either XYRIII or 2/3MSYq- MF1 males to 

produce XY-GFP and 2/3MSYq-GFP mice, with non-transgenic littermates used as 

controls.  

 

2.1.1    Animal care 

Animals were kept on a 12 hour light-dark cycle, and food and water were provided at 

all times. All mice were produced on an MF1 random-bred background at the MRC 

National Institute for Medical Research. All methods were carried out in accordance 

with the Animals in Scientific Procedures Act 1986 and subject to local ethical review. 

Adult males were processed at the age of 2 to 3 months.  

 

2.1.2    Genotyping 

Tail pieces or ear pieces were digested overnight at 55°C in 100μL of tail lysis buffer 

(50mM KCL, 1.5mM MgCl2, 10mM Tris-HCL, 0.45% NP40, 0.45% Tween20; 

Sigma) and 2μL proteinase K (20mg/mL; Roche). Samples were boiled for 15min at 

95°C and centrifuged using a desktop centrifuge (Heraeus) at 13,200rpm for 5min at 

R/T. One microlitre was used per 25μL PCR reaction containing 5μL 5X PCR buffer 

(250mM Tris pH 9.0, 75mM ammonium sulphate, 35mM magnesium chloride, 

0.85mg/mL BSA, 0.25% NP40), 5μL 7.5mM dNTPs (GE Healthcare), 1μL 250μM 

forward primer, 1μL 250μM reverse primer and 0.5μL 5U/μL Taq polymerase 

(Thermo Scientific). The standard PCR cycling procedure was 95°C for 10min (1 

cycle), 95°C for 30sec, annealing temperature for 30sec, 72°C for 42sec (35 cycles), 

followed by 72°C for 10min (1 cycle). 

 

The primers used for genotyping are given in Table 2.1. 



Table 2.1 
 

Transgenic 
line PCR name Forward primer Reverse primer 

Annealing 

temperature

Product 

size 

Ylr BAC Sly 5' GTGTGGGTGGTGGTGGTAGTTCAT TTTCCTCCGTGTATGCCATTTATC 57°C 409bp 

Ylr BAC Sly middle CCTCTTTGTTTGCTGGCTTCGTC AGTGTGCATGTTTCCGTCCTT 57°C 396bp 

Ylr BAC Sly 3' TGTCCAAATGTAGTCAGA GGTCCCCAAGTTCATCA 50°C 445bp 

Ylr BAC pTARBAC zone A  AACGGCGCCCTCGGTATCAT AGTATCGGCATTTTCTTTTTG 57°C 519bp 

Ylr BAC pTARBAC zone B CGCAGCCGTGTAACCGAGCATAG AAAAAGAAAGGCCGCCAGACGACT 60°C 400bp 

Ylr BAC pTARBAC zone D CGCCTGGTTGCTACGCCTGAA TCGACCGATGCCCTTGAGAGC 60°C 353bp 

Ylr BAC 5' Asty GGTTGGGGACATTAAGCAGACT CAATAGACACAGGGAGAAGAGGAA 60°C 489bp 

Ylr BAC 3' Asty TCAGGTCATTTGGAAGAT CACCCTGAGCATTGTTAA 60°C 354bp 

        
mP1-Sly Sly-SV40 GGGGTATTAATTAAGAGAAGAATGGCTCTTAAGAAA GCAGTGCAGCTTTTTCCTTT 60°C 1Kb 

        
mP1-Slx Slx-SV40 GGGTTGGATCCTTAATTAAGAGAAAAATGTCTATAA GCAGTGCAGCTTTTTCCTTT 60°C 1Kb 

        
mP1-Slx cDNA Slx cDNA-SV40 GGGGTATTAATTAACAGGAATCTCTGCTGACAAC GCAGTGCAGCTTTTTCCTTT 60°C 1.2Kb 

      
  myogenin TTACTCCATCGTGGACAGCAT TGGGCTGGGTGTTAGTCTTAT 60°C 245bp 

 

Table 2.1 Primers used for genotyping of transgenic mice lines 
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2.2  RNA techniques 

 

2.2.1  Reverse Transcriptase - Polymerase Chain Reaction 

 

Total RNA extraction from testis 

Total testis RNA was extracted using TRIzol® (Invitrogen) in accordance to the 

manufacturer’s instructions. Adult testis samples were homogenised in 2mL TRIzol® 

using a 1mL syringe (BD Plastipak) and a 19G X 1.5’’ needle (Terumo). The 

homogenates were allowed to stand for 5min at R/T and 0.4mL of chloroform was 

added. Samples were mixed by inversion, left at R/T for 3 minutes before being 

centrifuged at 12,000g for 15min at 4°C using a benchtop centrifuge (Eppendorf 

5415R). The resulting aqueous supernantant was transferred to a fresh Eppendorf tube 

and RNA was precipitated by adding 1mL of isopropanol (Fisher Scientific). After 

mixing gently, samples were left at R/T for 10min and then centrifuged as described 

above. The resulting pellet was washed in 75% ethanol and centrifuged for 5min at 

7,500g at 4°C. Ethanol was removed and pellets were air-dried at R/T before being re-

dissolved in 50µl RNase-free water. The RNA was then quantified using the 

NanoDrop ND-1000 spectrophotometer (Labtek) and samples were stored at -80°C 

until use. 

 

DNAse treatment and reverse transcription of total RNA 

Three micrograms of total RNA were treated with 5 units RQ DNAse 1 (Promega) for 

1 hour at 37°C according to the manufacturer’s instructions. The enzyme was 

inactivated by heating to 95°C for 5 mins. RNA samples were then ethanol precipitated 

and eluted in RNase-free water.  

 

One microgram of DNAse-treated RNA was reverse transcribed with 1μL of oligo dT 

primers (Invitrogen) in a 20μL reaction using the Superscript II reverse transcriptase 

(150 U; Invitrogen) at 42°C for 1.5hours according to the manufacturer’s instructions. 

For negative RT control samples, RNAse-free water was added to the RNA sample 

instead of Superscript II reverse transcriptase. The reactions were stored at -20°C until 

use. 

 

PCR procedure 

PCRs were carried out using 1μL of cDNA derived as described in section 2.1.2 above 
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in 25μL reactions containing 5μL 5X PCR buffer (250mM Tris pH 9.0, 75mM 

ammonium sulphate, 35mM magnesium chloride, 0.85mg/mL BSA, 0.25% NP40), 

5μL 7.5mM dNTPs (GE Healthcare), 1μL 250μM forward primer, 1μL 250μM reverse 

primer and 0.5μL 5U/μL Taq polymerase (Thermo Scientific). The standard PCR 

cycling procedure was 95°C for 5min (1 cycle), 95°C for 30sec, annealing temperature 

for 30sec, 72°C for 30sec (35 cycles), followed by 72°C for 8min (1 cycle). 

 

The annealing temperature for each primer pair is given in Table 2.2. 

 

PCR products were run on a 2% agarose gel (Invitrogen) in Orange G loading buffer 

(Searle Diagnostic) and sized using the 200bp smart ladder (Eurogentec). 

 



Table 2.2 
 

Gene/primer 

pair Reference Forward primer Reverse primer 

Annealing 

temperature Product size 

    
Sly Ellis et al., 2005 CTGGAGATGACATTTATAAGACGC TCCTCCATGATGGCTCTTTC 60°C 405bp 

     

AB Calenda et al., 1994 CTTGAGAGACAACAATGGAAAAC AGTCTGAAGATGGGAAACTAGAAG 56°C Xlr=630bp, Xmr=427bp 

     

DC Calenda et al., 1994 ATTGAGGAGTTGAGCACGCAA TAACTTGCTGTTCACCACTTAACAAATT 56°C Xmr=421bp, AK015913=287bp 

     

DB Calenda et al., 1994 ATTGAGGAGTTGAGCACGCAA AGTCTGAAGATGGGAAACTAGAAG 56°C Xmr=813, AK015913=623bp 

     

Xmr Ellis et al., 2005 TTCAGATGAAGAAGAAGAGCAGG TCCATATCAAACTTCTGCTCACAC 60°C 372bp 

     

AK015913 Ellis et al., 2005 TTGGAGGACGCTCATTCTG ACGACTTGTTGTTGATCATCTCC 60°C 237bp 

     

Xlr Ellis et al., 2005 ATGGGAATGCTCCAGAATTG TGTTTGTTCGTTTTCAAAGTTG 60°C 244bp 

     

Hprt Melton et al., 1984 CCTGCTGGATTACATTAAAGCACTG GTCAAGGGCATATCCAACAACAAAC 60°C 352bp 

   
pACT2 Clontech CTATTCGATGATGAAGATACCCCACCAAACCC GTGAACTTGCGGGGTTTTTCAGTATCTACGA 68°C variable 

 

Table 2.2 Primers used for Reverse Transcriptase – Polymerase Chain Reaction (RT-PCR) 
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2.2.2  RNA FISH on surface spread spermatogenic cells 

 

The probes used for RNA and DNA FISH are given in Table 2.3  

 

Purification of BAC/fosmid probes 

Bacteria containing the BAC or fosmid were streaked onto LB plates containing 

12.5μg/mL chloramphenicol and grown overnight 37°C. A single colony was 

inoculated into 10mL LB medium containing 12.5μg/mL and grow overnight at 37°C. 

Bacteria was pelleted by centrifuging at 4,000rpm for 15min at 15°C and then 

resuspended in 300μL P1 solution (15mM Tris pH 8, 10mM EDTA, 100 μg/mL 

RNAse A) by vortexing. Three hundred microlitres of P2 solution (0.2M NaOH, 1% 

SDS), was added, gently shaken to mix and incubated at room temp for 5min. 300 μL 

P3 solution (3M potassium acetate, pH 5.5) was then added, mixed, incubated on ice 

for 5min and centrifuged at 13,000rpm for 10min at R/T. The supernatant (800μL) was 

transferred into a fresh Eppendorf tube, and 480μL (0.6vol) of ice-cold isopropanol 

was added before being mixed by inversion. The solution was then centrifuged at 

13,000rpm for 15min at R/T, and the supernatant discarded. The BAC DNA pellet was 

washed in 500μL 70% ethanol by inverting and centrifuge at 13,000rpm for 5min at 

R/T. The 70% ethanol was then removed from the pellet, and the pellet allowed to air 

dry before being resuspended in 60μL TE8 (10mM Tris-HCl, 1mM disodium EDTA, 

pH 8.0). The BAC DNA was then incubated with 1μL 10mg/mL RNAse A (Sigma) 

overnight at 37°C. After treatment with RNase A, the BAC DNA solution was 

supplemented to 400μL using TE8 and then the protein was removed by extraction in 

equal volume of phenol, phenol:chloroform:isoamyl alcohol and finally 

chloroform:isoamyl alcohol. In each case the solutions were mixed by inversion, 

centrifuged at 13,000rpm for 5min a R/T and the upper phase transferred to a new 

Eppendorf tube. The final volume of BAC DNA was estimated and precipitated using 

0.6 volumes ice-cold isopropanol followed immediately by centrifugation at 

13,000rpm for 15min at 4°C. The supernatant was discarded and the BAC DNA pellet 

was washed in 500μl 70% ethanol by inverting before being centrifuged at 13,000rpm 

for 5min at R/T. The 70% ethanol was aspirated, the BAC DNA pellet air dried and 

resuspended in 30μL TE8. DNA was stored at 4°C until ready for probe labelling. 
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Long-range PCR product preparation 

PCR primers were designed using the Primer3 algorithm with the following 

parameters: primer Tm [min = 68°C, opt = 70°C, max = 71°C], primer length [min = 

25bp, opt = 28bp, max = 31bp]. For each primer pair, a 50μL long range PCR reaction 

was performed using the KOD XL polymerase kit (Novagen) according to 

manufacturer’s instructions, with either 100ng genomic DNA or 50ng BAC DNA as 

template. The following conditions were used for PCR: 1 cycle of 95°C for 1min, 30 

cycles of 94°C for 30secs and 68°C for 10mins. The PCR products were 

electrophoresed through a 0.8% agarose gel and excised using a sterile blade. The long 

range PCR product was then gel purified using the PCR Gel Extraction kit (Qiagen) 

according to manufacturer’s instructions. The DNA concentration was quantified using 

the NanoDrop ND-1000 spectrophotometer (Labtek). 

 

Probe labelling 

1μg of BAC DNA or purified long range PCR product was labelled using the BioNick 

DNA Labeling System (Invitrogen) for biotin labelling or the DIG-Nick Translation 

Mix (Roche) for digoxigenin labelling according to manufacturer’s instructions. The 

reaction was stopped when the probe length reached 50-200bp. One-tenth of the 

reaction volume was combined with 3μL Cot1 DNA (1μg/μL; Invitrogen) and 1μL 

salmon sperm DNA (10mg/mL) before being precipitated by adding 100% ethanol and 

storing at -80°C for 10min. The DNA was pelleted by centrifuging at 13,000rpm for 

10min at 4°C. The supernatant was discarded and the pellet washed in 100μL 70% 

ethanol by inverting several times before being centrifuged at 13,000rpm for 5min at 

4°C. The 70% ethanol was aspirated, and the pellet air dried before being resuspended 

in 10μL deionised formamide (Sigma). Probes were stored at -20°C until use. 

 

RNA FISH  

A cell suspension was made from freshly harvested or frozen (stored at -80°C) testis 

material in ice-cold RPMI + L-glutamine using sterile scalpel blades. Sterile Superfrost 

slides (BDH) were placed on an ice cold, horizontal platform and two drops of cell 

suspension were added to each slide. Cells were permeabilised  by adding ice-cold 

CSK buffer (100mM NaCl, 300mM sucrose, 3mM MgCl2, 10mM PIPES, 0.5% Triton 

X-100, 1mM EGTA, 2mM Vanadyl Ribonucleoside) to the slide for 10min. The CSK 

solution was drained from the slide and cells fixed for 10min with ice-cold 4% 
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paraformaldehyde (PFA) diluted in tissue-culture grade PBS. After draining off the 

PFA solution, slides were rinsed in ice-cold PBS and transferred into ice-cold 70% 

ethanol. The slides were dehydrated through an ice-cold ethanol series (70%, 80%, 

95%, 100%, 3min each) followed by air drying. Biotin-labelled probes were denatured 

at 80°C for 10min. Following denaturation, 10μL 2X hybridization buffer (4XSSC, 

50% dextran sulphate, 2 mg/mL BSA, 2mM Vanadyl Ribonucleoside) was added to 

the probe and vortexed to mix. Probes were then prehybridised at 37°C for 30min. The 

prehybridised probe was added directly onto the slide, placed into a humid chamber 

and incubated overnight 37°C. Slides were washed at R/T on a shaker three times in 

stringency wash solution A (50% formamide, 1XSSC; pH 7.2-7.4) preheated to 42°C, 

and three times in stringency wash solution B (2XSSC, pH 7-7.2) preheated to 42°C, 

for 5min each wash. The slides were the rinsed briefly in stringency wash solution C 

(4XSSC, 0.1% Tween-20, pH 7; kept at R/T) before being drained, and placed 

horizontally in a humid chamber. Slides were blocked by adding 100μL blocking 

buffer (4XSSC, 4mg/mL BSA, 0.1 % Tween-20) to each slide, a coverslip applied and 

the slides incubated at 37°C for 30min. Afterwards, the coverslip was removed from 

the slide, the blocking buffer drained and 100μL of streptavidin AlexaFluor 555 

conjugate (Invitrogen) diluted 1:100 in detection buffer (4XSSC, 1mg/mL BSA, 0.1 % 

Tween-20) added to each slide before being incubated at 37°C for 30min. The 

coverslip was then removed and the slides washed three times in stringency wash 

solution C for 2min each, with shaking. Next, 100μL of biotinylated anti-streptavidin 

(Vector) diluted 1:100 in detection buffer was added to the slide, a coverslip applied 

followed by incubation at 37°C for 30min. After removing the coverslip, the slides 

were washed three times in stringency wash solution C at room temp for 2min, with 

shaking and 100μL diluted streptavidin AlexaFluor 555 conjugate added to each slide. 

Slides were incubated at 37°C for 30min before being washed three times in wash 

solution C for 2min each. Slides were then drained and mounted in Vectorshield 

mounting media with DAPI (Vector), ready to be observed. Slides were stored at -

20°C. 

 

Antibody staining after RNA FISH  

Coverslips were removed, and slides were washed in PBS twice for 10min each. Next, 

slides were re-fixed for 10min in 4% PFA, and washed once in PBS for 5min. Slides 

were then ready for immunostaining as described in section 2.3.3.  
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DNA FISH post-RNA FISH 

After removing the coverslips, the RNA FISH slides were washd two times in PBS at 

R/T for 10min each. Slides were then dehydrated in the following ethanol gradient; 

two washes in 70%, two washes in 90%, two washes in 100%, each wash for 3min.  

Slides were air dried and then denatured for 8min at 80°C in denaturation solution 

(70% deionised formamide: 30% 2xSSC). After quenching the slides in ice cold 70% 

EtOH for 4min, the ethanol gradient described above was repeated. DIG-labelled 

probes were denatured at 80°C for 10min before adding 10μL 2X hybridization buffer 

(as described above) to each probe. Probes were vortexed to mix and rehybridised at 

37°C for 30min. The prehybridised probes were added to the denatured, air dried slides 

and then incubated overnight at 37°C. Stringency washes were carried out as described 

for RNA FISH. After incubating slides in blocking buffer for 30min at 37°C, the 

coverslip was removed from the slide and the blocking buffer drained. Next, 100μL 

FITC-conjugated anti-digoxigenin (Chemicon) diluted 1:10 in detection buffer was 

added to each DNA FISH slide, a coverslip applied and the slides incubated a 37°C for 

60mins. The slides were washed after removing the coverslip three times in stringency 

wash solution C for 2min each before being drained and mounted in Vectashield 

mounting medium with DAPI. 

 

Chromosome painting post-RNA FISH 

Coverslips were removed from the RNA FISH slides, which were then washed once in 

PBS for 10min. Next, the slides were dehydrated, denatured, dehydrated again and air 

dried as described for DNA FISH. Cy3 or FITC StarFISH© mouse X or Y 

chromosome paint (Cambio) was incubated at 65°C for 10min followed by 

prehybridisation for 30min at 37°C according to the manufacturers’ instructions. 

Chromosome paint was added to the slide, a coverslip applied followed by an 

overnight incubation at 37°C. Following the overnight incubation, stringency washes 

were performed as described for RNA FISH before mounting the slides in Vectashield 

mounting medium with DAPI. 



Table 2.3 

 

Gene 

BAC/Fosmid 

identifier Source Long range FP Long range RP 

Product 

size Reference 

Xmr/Slx RP23-470D15 CHORI N/A N/A N/A Reynard et al., 2007 
Slxl1 RP24-170G23 CHORI TCATTCCCACCTCCTGAAAACTCCCTTA TTTGTGATCATTCAGGCATAGTGCCAAC 8088bp Mueller et al., 2008 
  RP24-170G23 CHORI TTCCTGAAGAAATCGTTGGAGATACACG TCCGTACAAAAGGACTATTTGCCACTCA 9038bp Mueller et al., 2008 
Satl1 RP24-209010 CHORI N/A N/A N/A N/A 
Vsig1 RP24-291J23 CHORI N/A N/A N/A N/A 
Ube1y B65 Research Genetics N/A N/A N/A N/A 
Uty CITB-246A22 Research Genetics N/A N/A N/A Turner et al., 2006 
Ott RP24-278F7 CHORI GGGTTCCTTTCTTCTTGATCTGTGTTTCC GTCATTCACATGGATTGCTTTTGTGCAT 8893bp Mueller et al., 2008 
Fmr1 G135P65476A4 CHORI CTGTCAGCAGGCAGCTTTTACATCCTGT CTTGTGCGTGGACAGCATTTTGAGAGTA 12225bp Mueller et al., 2008 
  G135P65476A4 CHORI ATGCCACCAAGTTCCCTACCTTCCAATA GTGACAAATATCTCCTCCAACCCCAACA 12797bp Mueller et al., 2008 
Ddx3x CITB-551M19 Research Genetics N/A N/A N/A Turner et al., 2006 
Grhpr RP24-460J15 CHORI N/A N/A N/A N/A 
Prkdc RP24-354G13 CHORI N/A N/A N/A N/A 
Brca1 BMq-359C01 Gene Services N/A N/A N/A N/A 
Atr RP24-3994J4 CHORI N/A N/A N/A N/A 
Adam3 RP24-103I8 CHORI N/A N/A N/A N/A 
Xiap   CHORI N/A N/A N/A N/A 
Sly RP24-402P5 CHORI  N/A N/A N/A N/A 

 

 

Table 2.3 BAC/Fosmid identifiers and long range PCR primer sequences used for gene-specific RNA FISH 
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2.2.3  Northern blot 

 

Sample Preparation 

RNA was extracted from testes as described in 2.2.1. Twenty micrograms of RNA was 

diluted in sample buffer (40mM morpholinopropanesulfonic acid (MOPS) pH 7.0, 

10mM sodium acetate, 1mM EDTA pH 8.0, 50% deionised formamide, 5.9% 

formaldehyde) and incubated at 65°C for 5min. 1μL of loading buffer (50% glycerol, 

1mM EDTA, 0.4% bromophenol blue) was added to each RNA sample just prior to 

loading. 

 

Electrophoresis of RNA samples and transfer to Hybond-N membrane. 

RNA samples were loaded onto a 1.4% formaldehyde/agarose gel (1.4% agarose, 

6.66% formaldehyde, 40mM MOPS pH 7.0, 10mM sodium acetate, 1mM EDTA). The 

RNA was then separated by electrophoresis at 80V for 4hrs in running buffer (40mM 

MOPS pH 7.0, 10mM sodium acetate, 1mM EDTA). After electrophoresis, the gel was 

rinsed three times in water, incubated in 50mM sodium hydroxide for 20min at R/T, 

rinsed in water three times and incubated twice in 20xSSC for 20min each. The RNA 

was then transferred to a Hybond-N membrane (Amersham) overnight in 20xSSC as 

previously described (Maniatis et al., 1982). The membrane was rinsed twice in 2xSSC 

for 5min each, allowed to air dry and then baked for 2hrs at 80°C. 

 

Probe hybridisation and detection 

The probes used for northern analysis were the Sly cDNA probe (Touré et al., 2005), 

and the Xmr, AK005922 and Mgclh probes previously used by Ellis et al, (2005). An 

actin probe that recognises α and β actin transcripts (Minty et al., 1981) served as a 

loading control. After baking, the membrane was incubated for 2hrs at 60°C in 

hybridisation buffer (6xSSC, 5x Denhardt’s solution, 0.1% SDS, 50mM sodium 

phosphate, 10μg/mL salmon sperm DNA). Next, 25ng of probe DNA was labelled 

with dATP α32P using the Prime-It II Random Primer labelling Kit (Stratagene) 

according to the manufacturers instructions, followed by probe denaturation at 95°C 

for 5min. The membrane was then incubated overnight at 60°C with the denatured 

probe in hybridisation buffer. After probe hybridisation, the membrane was rinsed 

three times with 2xSSC, 0.1% SDS at R/T and once at 57°C for 5min each. The 

membrane was then washed twice in 0.5xSSC, 0.1% SDS for 30min each at 57°C 

before being exposed to X-ray film (Kodak) at -80°C for 5hrs. Subsequently, the 
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membrane was exposed to a phosphorimager screen overnight at R/T to allow 

quantitation of hybridisation using ImageQuant software. For multiple hybridisations, 

the membrane was stripped for 1hr in stripping solution (50% deionised formamide, 

10mM sodium phosphate pH 6.8) at 60°C and then washed once in 2xSSC for 20min 

at R/T before being reprobed. 
 

 

2.3  Immunohistochemistry  

 
The preparation of material for immunohistochemistry is described below, and the 

antibodies used in this thesis are listed in table 2.4.  

 

2.3.1  Preparation of spermatogenic cells for immunostaining 

 

Testis squash procedure 

Squashes of spermatogenic cells were carried out according to the procedure of Page et 

al (1998). Freshly harvested testis material was placed in PBS. Following removal of 

the tunica albuginea, the seminiferous tubules were gently shaken in order to remove 

the adherent extratubular remnants. The tubules were then placed in fresh 2% 

formaldehyde (TAAB) in PBS containing 0.05% Triton X-100 at R/T for 10min. Small 

pieces of tubule were teased apart using forceps on ethanol-cleaned Superfrost slides. 

The resulting suspension was squashed by applying a 22 X 50mm coverslip over the 

slide and pressing down briefly. The slides were then immersed in liquid nitrogen, 

after which coverslips were removed and slides were washed three times in PBS for 

5min each. Immunostaining was then performed as described in section 2.3.3. 

 

Surface spread procedure 

Frozen testis material from three mice per genotype was placed in R/T RPMI medium 

with added L-glutamine and allowed to defrost. After defrosting, a single cell 

suspension was made for each genotype using sterile scalpel blades and the resulting 

suspension transferred to a 15mL round bottomed tube. The cells were fixed for 5min 

at R/T in fixation solution (2.6mM sucrose, 1.86% formaldehyde in PBS), and 

centrifuged at 1000rpm for 5min at R/T in an Eppendorf 5804 centrifuge. The fixative 

was removed and the cells resuspended in PBSA. Three drops of the cell suspension 

were added to Superfrost Plus slides (BHD) and allowed to air dry at R/T. The cells 
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were permeabilised by adding 0.5% Trition X-100 to the slides for 10min at R/T. The 

slides were then drained and washed once in PBS for 5min, before continuing with 

immunostaining staining protocol as described in section 2.3.3 

 

2.3.2  Preparation of testis sections for immunohistochemistry 

 

Preparation of testis cryosections 

Freshly dissected mouse testes were fixed in 4% PFA diluted in PBS overnight at R/T. 

Testes were then rinsed twice in PBS by inversion, placed in 30% sucrose solution at 

4°C and allowed to sink. Testes were then positioned in optimal cutting temperature 

(OCT) in Dispomoulds and frozen in place using dry ice. Frozen samples were stored 

at -80°C until ready for sectioning. Ten micrometre sections were cut with a Cryostat 

(Leica) and transferred onto Superfrost Plus slides (BDH). Slides were stored at -80°C 

until required. Slides were removed from -80°C and allowed to defrost at R/T before 

being rinsed twice in PBS, 0.1% Triton to remove the OCT. The sections were then 

fixed in 4% PFA for 2min at R/T and rinsed twice more in PBS, 0.1% triton. 

Immunostaining was then performed as described in section 2.3.3 

 

Preparation of paraffin-embedded testis sections 

After dissection, mouse testes were either fixed in 4% PFA overnight at R/T, or pre-

fixed in 4% PFA for 4hrs at R/T before being fixed in dilute Bouin’s solution (0.675% 

picric acid, 9.25% formaldehyde, 4.9% glacial acetic acid diluted in miliQ water) 

overnight at 4°C. Testes were then rinsed in 70% ethanol for 30min and then stored in 

fresh 70% ethanol overnight at 4°C. Next, the testes were dehydrated through an 

ethanol series (85%, 90%, 95% for 30min each and 3x30min in 100% ethanol). Testes 

were washed in 1:1 xylene:100% ethanol for 20min at R/T and then rinsed three times 

in xylene for 20min each. Before embedding the testes in paraffin wax, they were 

incubated in 1:1 xylene:paraffin wax at 60°C for 20min, in paraffin wax for 30min, 

and finally 1hr in paraffin wax at 60°C. Testes were embedded in paraffin wax and 

stored at 4°C until sectioning. 3μm sections were cut by a Cambridge Rotary Rocking 

microtome and mounted onto Superfrost slides. Slides were stored at 4°C until 

required. Slides were then heated to 60°C for 15min before being allowed to cool to 

R/T. Next, the sections were de-waxed by rinsing the slides twice in histoclear 

(National Diagnostics) for 5min each and once in 1:1 histoclear:100% ethanol. The 

slides were rehydrated through an ethanol series (two 5min washes in 100% ethanol 
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followed by one 5min wash in 95%, 80%, 70% and 50% ethanol) before being rinsed 

twice in PBS for 5min each. The slides were then boiled for 10min in 0.01M sodium 

citrate solution pH 6.0 using a microwave oven to retrieve antigens. After boiling, the 

slides were rinsed twice for 5min each in PBS before continuing the antibody staining 

protocol described in section 2.3.3. 

 

2.3.3  Antibody staining 

 

Primary and secondary antibodies used for immunostaining are listed in Table 2.4. 

Slides were incubated in PBT (PBS, 0.15% BSA, 0.1% Tween-20) for 1hr at R/T. 

Following draining of excess PBT, 100μL of the appropriate primary antibody diluted 

in PBT was added and a 22 X 64mm coverslip placed over the slide. Slides were then 

incubated in a humid chamber overnight at 37°C (or 4°C for cryosections). Following 

primary incubations, coverslips were removed and slides were washed three times in 

PBS for 5min each. Slides were drained and 100μL of the secondary antibody diluted 

in PBS was applied. After incubating at 37°C for 1hr in a humid chamber, slides were 

washed in PBS three times for 5min each. One drop of Vectorshield mounting media 

with DAPI was added and a coverslip added. Slides were kept in the dark at -20°C 

until viewing.   

 

2.3.4  Examination 

 

Immunostained slides were examined and digitally imaged on an Olympus IX70 

inverted microscope with a 100W Mercury arc lamp, using a 40X, 0.85 NA UPL APO 

dry objective for low power images or a 100X 1.35 U-PLAN-APO oil immersion 

objective for high power images. Each fluorochrome image was captured separately as 

a 12-bit source image using a computer-assisted (Deltavision) liquid-cooled CCD 

(Photometrics CH350L; Sensor: Kodak KAF1400, 1317x1035 pixels). A single 

multiband dichromic mirror was used to eliminate shifts between different filters. 

Captured images were processed using Adobe Photoshop CS2.  
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2.4  Gel electrophoresis and protein analysis 

 

The antibodies and their relevant concentration used for western blot analysis are listed 

in Table 2.4. 

 
2.4.1  Testis protein extraction prior to gel electrophoresis 

 

Testis protein lysates were obtained by homogenisation on dry ice and resuspended in 

Laemmli buffer (Sigma) at 10% w/v. Lysates were vortexed and denatured for 10min 

at 95°C. Samples were vortexed again and samples passed several times throught a 

small gauge needle to reduce viscosity caused by DNA and RNA. 

 

2.4.2  Sodium dodecyl sulphate - polyacrylamide gel electrophoresis (SDS-

PAGE) 

 

SDS-PAGE was performed using Min-PROTEAN II gel apparatus (Bio-Rad 

Laboratories, UK) with 1mL spacers.  Protein samples and protein standards (Bio-Rad 

low range or broad range molecular markers) were loaded onto the stacking gel (5.33% 

acrylamide, 0.125M Tris-HCL pH 6.8). The proteins were then separated through a 

12% acrylamide separating gel (12% acrylamide, 5% glycerol, 0.375M Tris-HCL pH 

8.8) by electrophoresis in running buffer (25mM Tris pH 8.3, 200mM glycine, 0.1% 

SDS) at 50mA until the desired separation of protein standards was achieved. 

 

2.4.3  Western blotting and detection of protein on membranes 

 

After protein samples were electrophoresed through an SDS-PAGE denaturing gel, the 

separated proteins were transferred to a Hybond C+ membrane (Amersham, UK)  

using the Mini Transfer Blot system (Bio-Rad, UK) at 100V for 1hr in transfer buffer 

(25mM Tris-HCL pH 8.3, 200mM glycine, 20% (v/v) ethanol). Membranes were 

blocked for 1hr at R/T in blocking solution (PBS, 5% Marvel milk powder, 0.1% v/v 

Tween20), then incubated with primary antibody diluted in blocking solution 

overnight at 4°C. Membranes were washed three times in PBSA, 0.1% Tween20 for 

10min each at R/T with agitation and then incubated at R/T for 45min with the 

corresponding secondary antibody coupled to peroxidise as described by the 
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manufacturer (Dako, Carpintaria, CA). After 3 washes (as above), the signal was 

revealed by chemiluminescence (SuperSignal, Pierce, Rockford, IL) and recorded on 

X-ray film. 

 

 

2.5      Immunoprecipitation 

 

2.5.1   Covalent coupling of antibody to protein A sepharose beads 

 

Protein A sepharose beads (50µl; GE Healthcare) were washed twice in binding buffer 

(PBS, 1% NP-40) and centrifuged at 2000rpm for 5min to remove ethanol. For 

antibody coupling, the beads were resuspended in 1mL of binding buffer with 5µg of 

antibody overnight at 4°C to allow the antibodies to bind. Beads were washed twice in 

0.2M sodium borate (pH 9.0) by centrifuging as described above. Beads were 

resuspended in 1mL of this buffer and solid dimethyl pimelimidate (DMP) was added 

to a concentration of 30mM. The mixture was rotated at R/T for 30min and the 

reaction was stopped by washing the beads in 0.2M ethanolamine (pH 8.0) by 

centrifugation as before. Beads were resuspended in 1mL of fresh 0.2M ethanolamine 

buffer and rotated for 2hrs at R/T. Beads were then washed twice in PBS by 

centrifugation at 2000rpm for 5min, and suspended in PBS, 0.5% NP40. Antibody 

coupled beads were stored in PBS, 0.5% NP40 at 4°C until use. 

 

2.5.2   Preparation of native testicular lysates for immunoprecipitation 

 

Testis material was homogenised on dry ice, placed in an Eppendorf tube and 10% w/v 

cell lysis buffer (300mM NaCL, 10mM Tris pH 7.4, 5mM EDTA, 1% Triton-100, 

0.2mM PMSF, 0.2mM sodium vanadate) was added. The testis material was 

resuspended by vortexing and then incubated at 4°C for 30min on an end-over-end 

rotor (Stuart Scientific). Samples were centrifuged at 13,000rpm for 15min at 4°C and 

the cell lysate supernatant collected. The lysates were then passed through a small 

gauge needle several times before being incubated with 50μL protein A sepharose 

beads for 3hrs at 4°C. Following the incubation, the lysates were centrifuged at 4°C for 

5min at 2000rpm and the supernatant transferred to a new tube. This supernatant (the 

cleared testis lysate) was stored at -80°C until use. 
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2.5.3   Preparation of denatured testicular lysates for immunopreciptitation 

 

Testis material was homogenised on dry ice and resuspended in 10% w/v denaturing 

lysis buffer (1% SDS, 10mM Tris pH 7.4, 1mM sodium vanadate) preheated to 95°C. 

Samples were boiled at 95°C for 5min before being allowed to cool to R/T. The lysates 

were then passed several times through a small gauge needle and centrifuged at 

13,000rpm for 15min at 4°C. Next, the denatured cell lysates were incubated with 

50μL protein A sepharose beads on an end-over-end rotor for 4hrs at 4°C before being 

centrifuged at 2000rpm for 5min at 4°C. The supernatant was transferred into a fresh 

Eppendorf tube and stored at -80°C until required. 

 

2.5.4  Immunoprecipitation using covalently-coupled antibodies  

 

Beads that had been coupled to antibodies as described in section 2.5.1 were washed 

once in 1mL PBS, 0.5% NP40 and incubated at 4°C overnight on an end-to-end rotor 

with 500μL of native or denatured testis protein lysates. The beads were then 

centrifuged at 2000rpm for 5min at 4°C and the supernatant removed. Beads were 

washed three times in PBS, 0.5% NP40 at 4°C. The beads were then resuspended in 

40μL of PBS, 0.5% NP40 and 20μL of 5x Laemmli sample buffer (Sigma). The beads 

were boiled for 5min at 100°C to elute the proteins before being centrifuged for 5min 

at 2000rpm. The protein supernatant was removed and visualised by SDS-PAGE and 

western blotting as described in section 2.4. 



Table 2.4 
 

         Primary antibodies 
 

Antibody Source 
Catalogue 
number 

Western blot 
dilution 

Immunostaining 
of testis section 

dilution 
Immunostaining of 
spread cells dilution 

rabbit anti-SLY SK97 Eurogentec N/A 1:5000 1:100 1:100 
rabbit anti-SLY SK98 Eurogentec N/A 1:5000 1:100 1:100 
rabbit anti-XMR69-81 Eurogentec N/A 1:2500 1:100 1:100 
rabbit anti-XMR96-106 Eurogentec N/A 1:2000 1:100 1:100 
rabbit anti-XMR1-93 Christer Hoog N/A 1:2000 1:100 N/A 
mouse anti-XLR HJ Garchon (Garchon and Davis, 1989) N/A 1:1000 1:100 N/A 
mouse anti-γH2AX Upstate  16-193 1:1000 1:200 1:100 
rabbit anti-γH2AX Upstate  07-164 N/A 1:100 N/A 
rabbit anti-SYCP3 Abcam ab15092 N/A N/A 1:100 
rabbit anti-PrBPδ R Cote (Norton et al., 2005) N/A 1:300 1:100 N/A 
goat anti-DKKL1 R and D systems AF1508 1:500 1:100 N/A 
rabbit anti TIP60 chromodomain John Lough (McAllister et al., 2002) N/A N/A 1:100 N/A 
mouse anti-Flag m5  Sigma F4042 10μg/mL N/A 1:100 
rat anti-CBX1 Prim Singh N/A N/A 1:200 1:200 
rabbit anti-H3K9me3 Upstate  07-442 N/A 1:300 1:300 
rabbit anti-H3K9me2 Upstate 07-212 N/A 1:100 1:100 
rabbit anti-H4K8Ac Upstate  06-760 N/A 1:100 N/A 
mouse anti-actin Sigma A5441 1:10,000 N/A N/A 

 

2.4 A list of antibodies used in this study 
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        Secondary antibodies  
 

Antibody Source 
Catalogue 
number 

Western blot 
dilution 

Immunostaining 
of testis section 

dilution 
Iimmunostaining of 
spread cells dilution 

Alexa 488 chicken anti-mouse IgG Molecular probes A-21200 N/A 1:500 1:500 
Alexa 488 chicken anti-rabbit IgG Molecular probes A-21441 N/A 1:500 1:500 
Alexa 488 goat anti-rat IgG Molecular probes A-11006 N/A 1:500 1:500 
Alexa 594 chicken anti-mouse IgG Molecular probes A-21201 N/A 1:500 1:500 
Alexa 594 chicken anti-rabbit IgG Molecular probes A-21442 N/A 1:500 1:500 
Alexa 568 donkey anti-goat IgG Molecular probes A-11057 N/A 1:500 1:500 
         
HRP-conjugated goat anti-mouse IgG Dakocytomation P0447 1:1000 N/A N/A 
HRP-conjugated goat anti-rabbit IgG Dakocytomation P0448 1:1000 N/A N/A 
HRP-conjugated rabbit anti-goat IgG Dakocytomation P0449 1:1000 N/A N/A 
HRP-conjugated rabbit anti-rat IgG Dakocytomation P0450 1:1000 N/A N/A 



2.6    Assessment of sperm morphology by silver staining 

 

2.6.1  Preparation of sperm samples 

 

The right epididymis was dissected from an adult male and separated into the caput 1 

and caput 2 regions. Four drops of PBS were added separately to caput 1 and caput 2 

and a cell suspension made using sterile scalpel blades. The cell suspension was 

pipetted up and down for two minutes to suspend the sperm and two drops of the cell 

suspension were added to sterile Superfrost slides. After spreading the cell suspension 

across the slide, the slides were left to air dry before being fixed for 5min in 3:1 

methanol:glacial acetic acid solution. The slides were then air dried and rinsed twice in 

0.4% Photo-Flo (Kodak) pH 8.3 for 5min each. The slides were air dried before 

proceeding with the silver staining protocol. 

 

 

2.6.2  Silver staining of epididymal sperm 

 

Two drops of developer solution (1% w/v gelatine in distilled water) were mixed with 

two drops of silver solution (50% w/v silver nitrate in distilled water) on a coverslip 

and the coverslip added to the slide. The slide was placed on a 60°C hotplate for 1min 

to 3min until it turned golden-brown. The slide was rinsed in distilled water and 

washed for 3min with several changes of water before being allowed to air dry. The 

slide was then mounted and viewed under 100X magnification using a light 

microscope (Olympus BH2).  

 

2.6.3 Scoring of sperm abnormalities 

 

For each genotype, sperm was analysed from 7 adult males. Slides were coded and 

randomised. One hundred sperm from the caput 1 and 100 sperm from the caput 2 

were analysed per mouse, and the sperm were classified as described previously 

(Mahadevaiah et al., 1998).  
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2.7 Generation of DNA constructs 

 
The plasmids used in this study are the pGBKT7 vector (Clontech; Appendix 1), the 

pCMV/SV Flag1 plasmid constructed by Y Kamachi (Kamachi et al., 1999; Appendix 

2), and the mP1 construct (Braun, 1990).  

 

2.7.1 Amplification of cDNA and incorporation of restriction sites using PCR 

 

Sly, Xmr and AK015913 cDNA sequences were amplified from XY adult testis cDNA 

by RT-PCR as described in section 2.2.1. PCR primer pairs used are listed in Table 2.5 

and were designed to incorporate a unique restriction endonuclease site at each end of 

the amplified sequence. A 6 base pair (bp) restriction endonuclease site was added at 

the 5’-end of the 5’-primer and the 3’-end of the 3’-primer with a 4bp-6bp flanking 

region to aid enzymatic restriction digests. 

 

For each construct, four 25μL PCR reactions were performed. Each reaction contained 

1μL Pfx50 DNA polymerase (Invitrogen), 2.5μL 10X Pfx50 PCR buffer (Invitrogen), 

5μL 7.5mM dNTPs (GE Healthcare), 1μL 250μM forward primer, 1μL 250μM reverse 

primer, 3.5μL 20mM magnesium sulphate, and 2μL cDNA template. The standard 

PCR cycling procedure was 95°C for 10min (1 cycle), 95°C for 30sec, annealing 

temperature for 40sec (see Table 2.5), 68°C for 1min (35 cycles), followed by 68°C for 

10min (1 cycle). 

 

2.7.2 Gel purification of PCR products 

 

PCR products were run on a 1% agarose gel made with 1X TAE to which a suitable 

volume of ethidium bromide had been added. The PCR product was excised from the 

gel using sterile scalpel blades and purified using the QIAquick Gel Extraction Kit 

(Qiagen) in accordance to the manufacturer’s instructions.  

 

2.7.3 Digestion of DNA with restriction endonucleases 

 

Purified PCR products and DNA vectors were digested with the appropriate restriction 

endonucleases using the supplied buffer (Roche, New England Biolabs) for 4hrs at 
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37°C. DNA digestion was confirmed by running a small sample of the digest product 

on a 1% agarose gel. Protein and salt contaminants were removed using the QIAquick 

Gel Extraction Kit (Qiagen), and the digested DNA eluted in 15µl of sterile double-

distilled water (ddH2O). DNA was quantified using the NanoDrop ND-1000 

spectrophotometer (Labtek). 

 

2.7.4 Ligation of insert into vector 

 

Isolated digested DNA fragments were ligated into prepared vector using the Rapid 

DNA Ligation Kit (Baker et al.) for 1hr at 16°C according to the manufacturer’s 

guidelines. 

 

2.7.5 Transformation of E. coli by plasmid DNA 

 

For each construct, 50µl of One Shot TOP10 chemically competent E. coli (Invitrogen) 

were transformed with DNA in accordance with the maufacturer’s instructions. 

Briefly, the TOP10 cells were thawed on ice and 1-4 µl of DNA solution was added. 

After incubating on ice for 15min, the cells were heat-shocked for 30sec at 42°C and 

placed on ice for 5min. 250µl of R/T SOC medium was added and the cells were 

incubated at 37°C for 1hr with agitation. 50µl of cells were plated onto pre-warmed 

Luria-Bertani (LB) agar plates containing the appropriate antibiotic (50µg/mL 

ampicillin for pCMV/SV Flag1 and mP1 constructs, 50µg/mL kanamycin for pGBKT7 

constructs). Bacterial plates were incubated overnight at 37°C. 

 

2.7.6 Colony selection following transformation 

 

Single bacterial colonies were picked with sterile 20µl pipette tips and used to 

inoculate 12µl of LB broth with the appropriate antibiotic. One microlitre of colony 

cell suspension was used as template in a 25µl PCR reaction (as described in section 

2.1.2) and amplified for 20 cycles using the primers listed in Table 2.5. PCR products 

were run on a 1% agarose gel and bacterial colonies with the correct sized insert were 

used to inoculate 3mL of LB broth containing the appropriate antibiotic.   
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2.7.7  Purification of plasmid DNA from E. coli 

 

After growing overnight at 37°C at 200rpm, 3mL of the resulting bacterial culture was 

pelleted by centrifugation at 6000rpm for 5min using a desktop centrifuge. The 

supernatant was removed by aspiration and the DNA isolated using the Nucleospin 

Plasmid Kit following the manufacturer’s protocol. DNA was eluted with 20-50µl of 

RNase/DNase free water and stored at -20°C.  

 

2.7.8  Long term storage of E. coli cultures 

 

250µl of sterile glycerol was added to an equal volume of bacterial culture and mixed 

by pipetting. Glycerol stocks were stored at -80°C. When required, glycerol stocks 

were thawed on ice and 8µl used to inoculate 3mL LB broth with the appropriate 

antibiotic. Bacterial cultures were then grown and the plasmid DNA extracted as 

described above.  

 

2.7.9  DNA sequencing and sequence analysis 

 

Sequencing was performed by Lark Technologies. Approximately 1µg of DNA was 

sent for sequencing with 30µM of the appropriate sequencing primer. DNA sequence 

analysis and alignments and translated protein sequence alignments were performed 

using the ClustalW sequence alignment algorithm (www.ebi.ac.uk/clustalw/). 

 

2.7.10 Preparation of DNA for microinjection 

 

mP1-Sly, mP1-Slx and mP1-Slx cDNA constructs were synthesised as described above. 

The constructs were linearised by digesting with NaeI and ApalI restriction 

endonucleases in 10x buffer I (New England Biolabs) at 37°C overnight. The digestion 

products were then run on a 0.8% TAE and the appropriate band extracted from the 

gel. After purifying the linear plasmid DNA using the QIAquick Gel Extraction Kit, 

the DNA was eluted in 30µl of elution buffer (Qiagen). Next, the plasmid DNA was 

quantified and diluted to 5ng/µl in RNase/DNase free water and stored at -20°C until 

required. Microinjection was performed by Sophie Woods. 



Table 5.4 
 

Construct Forward primer Reverse primer 
Annealing 

temperature 
Product 

size 
Restriction 

endonucleases 
   

Flag-Sly ATGGACGAATTCATGGCTCTTAAGAAATTGAAGGT ATGGACGCGGCCGCTTAGTTCTTGGTCCCCAAGTTCATC 60°C 696bp EcoRI+NotI 

Flag-Xmr ATGGAAGAATTCATGTCTATTAAGAAACTCTGGGTG ATGGAAGCGGCCGCTCATAATGTCTCTTCACCATCTA 60°C 668bp EcoRI+NotI 

Flag-AK015913 ATGGAAGGAATTCATGGCTCTTAAGAAACTGTGG 
ATGGAAGCGGCCGCTCATTTTCTCAATTCACCATCTACATCA
AAAAG 60°C 495bp EcoRI+NotI 

       

pGBKT7-Sly GGGGGGAATTCATGGCTCTTAAGAAATTGAAGG GGGGGGATCCTTCTTGGTCCCCAAGTTCAT 60°C 690bp EcoRI+ BamH1 

pGBKT7-XMR GGGGGGAATTCATGTCTATTAAGAAACTGTGGG GGGGGGGATCCTCATAATGTCTCTTCACCATCT 60°C 660bp EcoRI+BamHI 
pGBKT7-XMR 
N terminal GGGGGGAATTCATGTCTATTAAGAAACTGTGGG GGGGGGGATCCAAGGTCCAATTCTGAAGCATT 58°C 317bp EcoRI+BamHI 
pGBKT7-XMR 
COR1 GGGGGGAATTCATGGAAGTACAGAATCCAGTAA GGGGGGGATCCTCATAATGTCTCTTCACCATCT 58°C 320bp EcoRI+BamHI 
       

mP1-Sly GGGGTATTAATTAAGAGAAGAATGGCTCTTAAGAAATTG AAGATCGCATGCTTAGTTCTTGGTCCCCAAGTTCAT 60°C 680bp PacI+SphI 

mP1-Slx 
GGGTTGGATCCTTAATTAAGAGAAAAATGTCTATTAAGAAAC
TGTGGGT 

AAGGTTCCTTCACAAAGATCGCATGCTCATAATGTCTCTTCA
CCATCTAC 60°C 694bp PacI+SphI 

mP1-Slx cDNA GGGGTATTAATTAACAGGAATCTCTCTGACAAC AAGATCGCATGCGTTAGTGAATTTTTTATTAGGTTA 58°C 932bp PacI+SphI 
 

 

Table 2.5 Primers used for generating DNA constructs
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2.8  Yeast-two-hybrid analysis 

 

2.8.1 Generation of bait constructs  

 

The bait plasmids analysed in this thesis contain the following inserts: the full length 

Sly ORF (designated pGBKT7-Sly), Xmr ORF (pGBKT7-Xmr), the first 106 amino 

acids of XMR (pGBKT7-XMR N-terminal) and the COR1 domain of XMR 

(pGBKT7-XMR COR1). The bait plasmids were constructed by PCR amplification of 

the required DNA sequence using the primers listed in Table 2.4 followed by insertion 

of the BamHI-EcoRI PCR fragments into the pGBKT7 vector (Appendix 1) as 

described in section 2.7. Approximately 100ng of bait vector was transformed into the 

S. cerevisiae AH109 reporter strain (see section 2.8.2 for more details) according to the 

TRAFO protocol (http://home.cc.umanitoba.ca/~gietz/Quick.htmL: Gietz and Woods, 

2002) and positive transformants were selected by plating onto Synthetic Dropout 

(SD) agar plates lacking tryptophan. Positive clones where then tested for 

autoactivation of the reporter genes, toxicity and synthesis of the GAL4-DB-bait 

fusion proteins as described in the manufacturer’s protocol.  

 

2.8.2 Library screening 

 

The Matchmaker Two-Hybrid System 3 (Clontech) was used to screen a 

pretransformed mouse adult testis Matchmaker cDNA library. The library was 

pretransformed into S. cerevisiae host stain Y187 and the construct expressing the bait 

was transformed into the reporter strain AH109, which contains three reporters – HIS3, 

ADE2 and MELI – under control of the distinct GAL4 upstream activating sequences 

and TATA boxes. The pretransformed library was screened according to the 

manufactures’ instructions. Briefly, a single colony carrying the pGBKT7-bait plasmid 

in the AH109 stain was used to inoculate 5mL of SD medium lacking tryptophan (SD/-

Trp), and the culture grown for at 30°C for 8hrs at 175rpm. 1mL of this preculture was 

then added to 50mL of SD/-Trp media and grown overnight at 30°C at 250rpm until 

the OD600 reached 0.8. The overnight culture was centrifuged at 1,000g for 5min, the 

supernatant discarded and the pellet resuspended in 5mL of SD/-Trp medium. A frozen 

aliquot of the library was thawed at R/T and added to a flask containing 45mL of 2X 

YPD medium (20g/l yeast extract, 40g/l bacto-peptone, 20g/l dextrose) supplemented 

with with 50µg/mL kanamycin.  The 5mL culture containing the bait was then added 
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to the flask, and the resulting culture grown at 30°C for 20-24hrs at 40rpm until 

diploids were present (determined by examination under a light microscope). Next, the 

yeast were pelleted by centrifugation at 1000rpm for 10min and resuspended in 10mL 

of 0.5x YPD medium (5g/l yeast extract, 10g/l bacto-peptone, 5g/l dextrose). 200μL 

aliquots were plated onto 14cm diameter plates containing SD –Trp/-Leu/-His agar and 

incubated for 5 days at 30°C. Cells were also plated on SD –Trp, SD –Leu and SD –

Trp/-Leu plates to calculate the number of library clones screened and mating 

efficiency.  

 

Colonies growing on SD –Trp/-Leu/-His plates after 5 days were picked and restreaked 

three times onto SD -Trp/-Leu/-His agar plates to obtain clones with only one library 

vector. These colonies were then picked and streaked onto SD –Trp/-Leu/-His/-Ade 

agar containing 5-Bromo-4-chloro-3-indolyl α-D-galactopyranoside (X-α-Gal; 

glycosynth) and grown for 8 days at 30°C to check for expression of all three reporter 

genes. Colonies that were Ade+, His+ and Mel+ were considered positive interactors. 

 

2.8.3 Isolation and sequencing of library plasmids. 

 

Single Ade+, His+, Mel+ colonies were used to inoculate 10mL of SD –Leu/-His/Ade 

medium and grown overnight at 30°C and 200rpm. The cells were pelleted by 

centrifuging at 3000rpm for 6min in a Centra MP4 centrifuge (International Equipment 

Company). The pellet was resuspended in 250μL P1 lysis buffer (Qiagen) and 

purification of plasmid DNA was performed using the Qiagen plamid miniprep kit 

(Qiagen) following the manufacturer’s instructions, with an additional lysis step of 

adding 5μL of 10mg/mL zymolase to buffer P1, incubating at 37°C for 1hr at 250rpm 

and vortexing vigorously for 5 min. Plasmid DNA was eluted in 20μL elution buffer 

(Qiagen) and quantified. The library insert was amplified using 1μL of plasmid DNA 

as a template and the pACT2 MATCHMAKER 5’ and 3’ AD LD-Insert Screening 

Amplifiers (Clontech; Table 2.2) used as primers in a 25μL PCR reaction as described 

in section 2.1.2. The PCR conditions used were 94°C for 8min (1 cycle), 94°C for 

30sec, 68°C for 3min (28cycles) and 68°C for 10min (1 cycle). PCR products were 

electrophoresed on a 1% TAE/agarose gel and extracted as described in section 2.7.2. 

Approximately 2μg of purified plasmid DNA or 300ng of PCR product was sent for 

sequencing as described in section 2.7.9.  

 



2.9  Commonly used buffers and solutions 

 
PBS (Phosphate buffered saline) 

1% (w/v) NaCl, 0.025% (w/v) KCl, 0.14% (w/v) Na2HPO4, 0.025% (w/v) KH2PO4. 

The pH was adjusted to 7.4 with concentrated HCl. 

 

2X LaemmLi’s buffer without β mercaptoethanol 

4% (w/v) SDS, 20% (w/v) glycerol, 0.12M Tris, 1mM DTT pH 8, containing a trace of 

bromophenol blue. 

 

Luria-Bertani (LB) medium 

1% (w/v) Tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl. The pH was adjusted to 

7.0 with 5N NaOH.  

 

LB agar 

LB medium containing 2% (w/v) Bacto agar. 

 

SDS-PAGE running buffer 

25mM Tris base, 192mM glycine, 0.1% SDS. 

 

Western blot transfer buffer 

30mM Tris base, 240mM glycine, 20% ethanol. 

 

50X TAE 

242g Tris base, 57.1 mL glacial  acetic acid, 18.6g EDTA made up to 1L with ddH2O. 

For 1X TAE, dilute in ddH2O. 

 

SOC medium 

20g Bacto Tryptone, 5g Bacto Yeast Extract, 10mM NaCl, 2.5mM Kcl, 10mM MgCl2, 

10mM MgSO4, 20mM glucose. 

 

20X SSC 

3M NaCl, 300mM trisodium citrate in distilled H2O. Adjust pH to 7-7.2 with 1M HCl 

and sterilise by autoclaving. 
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Analysis of the expression and function of Sly in the testis 
 

3.1 Introduction 

 

Partial deletion or absence of the mouse Y chromosome long arm (Yq) is associated 

with up-regulation of X- and Yp-linked genes expressed during spermiogenesis, sex 

ratio distortion and impaired fertility (Burgoyne et al., 1992; Conway et al., 1994; Ellis 

et al., 2005; Grzmil et al., 2007; Styrna et al., 2003; Touré et al., 2004b; Ward and 

Burgoyne, 2006; Xian et al., 1992) Mice with MSYq deletions also have sperm head 

abnormalities, the severity of which correlates with the extent of the deletion, 

indicating that a multicopy gene is responsible (Burgoyne et al., 1992; Conway et al., 

1994; Styrna et al., 1991a; Styrna et al., 2003; Touré et al., 2004b). Recently, 

microarray analysis of these MSYq deletion models identified a new multicopy Yq 

gene, Sly, deletion of which may be responsible for one or more of these phenotypes. 

This chapter describes the characterisation of Sly in the testis.  

 

Sly (Sycp3-like Y-linked) is a MSYq-linked gene present in at least 65 copies (given 

the incompleteness of the Yq sequencing, there may be more copies), and is closely 

related to the X-linked multicopy Xlr gene family named after the founding member 

Xlr (Touré et al., 2005). Xlr encodes a 30kDa nuclear protein that is expressed in 

lymphoid cells (Siegel et al., 1987), foetal thymocytes during the rearrangement of the 

T-cell receptor genes (Escalier et al., 1999) and oocytes during meiotic prophase 

(Escalier et al., 2002).  Southern blot analysis detected multiple Xlr related sequences 

on the X and Y chromosomes but it was concluded that these mostly represented non-

transcribed pseudogenes (Garchon et al., 1989). However, another X-linked member 

was subsequently identified that was expressed in the testis during meiosis and named 

Xmr (Calenda et al., 1994); since then transcription of numerous family members has 

been described (Bergsagel et al., 1994; Davies et al., 2005; Ellis et al., 2005; Touré et 

al., 2005).  

 

Recent bioinformatics analysis suggests that Sly is a chimeric gene, and was created by 

the fusion of the 3’ region of Xlr and 5’ region of Xmr together with an internal 

duplication of two Xmr-derived exons (Ellis et al., 2007). The putative SLY protein 

(along with other XLR family members) contains a COR1 domain, which is also found 
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in the synaptonemal complex protein SYCP3, from which these genes are thought to 

have evolved (Touré et al., 2005). Sequence analysis showed that 34 of the 65 Sly loci 

have retained protein coding potential and that the putative SLY protein is most similar 

to XMR, a meiosis-specific protein that localises to the sex body in pachytene 

spermatocytes (but see Chapter 4). The COR1 domain of the predicted SLY protein 

shares 79% identity to that of XLR (Touré et al., 2005); XLR co-localises with SATB1 

in foetal thymocytes, a protein that binds to particular AT rich sequences at the base of 

chromatin loops and is proposed to regulate the expression of many genes (Dickinson 

et al., 1992; Escalier et al., 1999). Thus, it has been predicted that the putative SLY 

protein will associate to chromatin loops (Touré et al., 2005) and may regulate sex 

chromosome chromatin conformation and expression during spermiogenesis (Ellis et 

al., 2005). 

 

Northern blot analysis of multiple mouse tissues revealed that Sly mRNA is restricted 

to the testis (Touré et al., 2005), where it is present from 20dpp, suggesting Sly is 

transcribed in late meiotic or post-meiotic cell types. This observation was confirmed 

by in situ hybridisation, which demonstrated that Sly expression is restricted to 

spermatids, with high mRNA levels in stage 1-7 spermatids, and lower levels of 

transcripts in stage 8-12 spermatids (Touré et al., 2005). Transcription of Sly is 

decreased in the three MSYq deletion models in proportion to the extent of the deletion 

and no Sly band is detectable by RT-PCR in the MSYq- model lacking the Y 

chromosome long arm, indicating that no copies of Sly reside elsewhere in the genome 

(Touré et al., 2005).  

 

Of the four multicopy Yq-linked genes so far identified, Touré et al. (2005) and Ellis et 

al. (2005) have suggested that Sly deficiency is the most likely cause for the sperm 

head abnormalities and gene up-regulation seen in the MSYq- models for several 

reasons. Firstly, one or more copies of Sly are transcribed in the 9/10MSYq- testis 

(unlike Asty or Ssty), which potentially explains the less severe sperm head 

abnormalities seen in these mice compared to MSYq- mice which lack all copies of 

Sly. Secondly, Sly is the most strongly transcribed of all known MSYq genes. Thirdly, 

it is predicted to encode a chromatin-associated protein which may localise to the sex 

chromosome in spermatids in a way analogous to that of its X-linked relative, XMR, 

during pachytene. SLY may thus regulate sex chromosome transcription and 

chromatin conformation, and Sly deficiency could affect sperm head shape by 
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disturbing chromatin organisation within the spermatid nucleus. Although the 

transcription of Sly is reduced or absent in the MSYq deletion models, there is an up-

regulation of the related X-linked genes, Xmr and AK015913 in spermatids, the 

increase in transcription correlating with the decrease in Sly transcription. All three 

genes are highly amplified and these observations suggest that there is an intragenomic 

conflict between the X- and Y-encoded copies of this gene family during 

spermiogenesis, a theory known as the Sly/Xmr conflict hypothesis (Ellis et al., 2005). 

Ellis and colleagues (Ellis et al., 2005) went on to proposed that the sex ratio distortion 

seen in the offspring of 2/3MSYq- males is due to an underlying post-meiotic X-

versus-Y intragenomic conflict that has been uncovered by the reduction in MSYq 

encoded transcripts resulting from the deletion. Sly and Xmr may be important players 

in this conflict, perhaps due to their putative antagonistic effects on sex chromatin and 

gene transcription (Ellis et al., 2005).  

 

In order to determine if loss of Sly contributes to any of the phenotypes seen in mice 

lacking the Y chromosome long arm, the expression of Sly at the transcript and protein 

level was analysed in the testis. 
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3.2 Results 

 

3.2.1 Transcriptional analysis of Sly during spermatogenesis 

 

Northern blot and in situ hybridisation analysis by Touré et al. (2005) indicates that 

transcription of Sly occurs specifically after meiosis in round spermatids. However, 

neither technique is sensitive enough to detect low level transcription of Sly which may 

be occurring prior to this point. To address this issue, the expression of Sly was 

investigated by performing RT-PCR analysis on testis samples taken during the first 

spermatogenic wave using Sly-specific primers designed by Ellis et al. (2005).  In 

prepubertal mice, the first wave of spermatogenesis is a synchronised process whereby 

progressively more mature spermatogenic cell types populate the seminiferous tubules 

at defined time points after birth. This allows the correlation of gene expression with 

the appearance of a specific cell type. Sly mRNA was weakly detectable at 18.5dpp, 

which corresponds to the meiosis-spermiogenesis transition, with transcription 

increasing by 21.5dpp and remaining high thereafter (Figure 3.1.A). This suggests that 

predominant Sly expression occurred from 21.5dpp, when spermatids are present, in 

agreement with previous data (Touré et al., 2005). 

 

Northern blot, in situ hybridisation and RT-PCR analysis all detect mature transcripts, 

and thus it is feasible that Sly transcription may initiate prior to 18.5dpp, but that the 

transcripts are not processed until this time. To precisely determine which 

spermatogenic cell types actively transcribe Sly, RNA FISH was performed using a 

Sly-containing BAC as a probe. This probe detects nascent Sly transcripts in the 

nucleus before they are processed and exported to the cytoplasm. Sly-specific RNA 

FISH signals were seen in round spermatid nuclei (Figure 3.1.B.i). Approximately one 

half (49.5%, 1199/2422) of round spermatids analysed had RNA FISH signals and 

these were multiple in nature, as expected from the multicopy nature of Sly. Sly RNA 

was not detected in meiotic cells (n=143; Figure 3.1.B.ii) or spermatogonia (0/112). To 

verify that the RNA FISH signals originated from the Sly gene, DNA FISH was 

performed using the same probe; RNA and DNA FISH signals co-localised in round 

spermatids, confirming these transcripts originated from the Sly gene. Y chromosome 

paint also showed 100% concordance with the presence of the RNA FISH signal, 

confirming that the signal originates from the Y chromosome (Figure 3.1.C). These 
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data suggest that Sly is transcribed predominantly or exclusively in round spermatid 

nuclei, agreeing with previous data (Ellis et al.,2005; Touré et al., 2005).  

 



Figure 3.1  Transcriptional analysis of Sly 

 
A) RT-PCR analysis of testis RNA samples taken at time points during the first 

spermatogenic wave using Sly specific primers from Ellis et al. (2005), which are 
designed to sequences within exon 7. The band corresponding to Sly mRNA is 
present from 18.5dpp. 

 
B) Detection of Sly nascent transcripts by RNA FISH on  
 
 (i)   a Y-bearing round spermatid nucleus  
 (ii)  a pachytene spermatocyte  
 
 Far left panel; DAPI (blue) staining of the cell nuclei.  
 Left panel; Sly RNA FISH (red). The pachytene spermatocyte is also stained for 

the meiosis-specific synaptonemal complex protein SYCP3 (green).  
 Right panel; Sly DNA FISH (green).  
 Far Right panel; overlay of Sly RNA and DNA FISH signals. The nucleus is 

stained with DAPI (blue) 
 
C) Y chromosome painting of a round spermatid nucleus expressing Sly.  
 Far left panel; spermatid nucleus stained with DAPI. The arrow points to the 

DAPI-dense Y chromosome domain, which is adjacent to the chromocentre.  
 Left panel; Sly RNA FISH signal (red).  
 Right panel; Y chromosome paint (green).  
 Far right panel; overlay of Sly RNA FISH and Y chromosome paint signals 
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3.2.2 Design and characterisation of anti-SLY antibodies 

 

Of the 65 copies of Sly identified based on predicted DNA sequence, 34 have retained 

protein coding potential, suggesting that the Sly mRNA is translated to produce a 

functional protein related to three chromatin-associated proteins, XLR, XMR (but see 

chapter 4) and SYCP3. To investigate the expression and localisation of the putative 

SLY protein, antibodies were raised against the putative SLY protein. A ClustalW 

alignment of XLR, XMR and SYCP3 with the predicted SLY amino acid sequence 

(Figure 3.2) identified a 14 amino acid SLY-specific peptide which was used to 

generate two SLY antibodies (the SK97 and SK98 antibodies) To determine if these 

antibodies could detect the putative SLY protein, COS7 cells were transiently 

transfected with the Sly ORF fused to a FLAG tag. Both antibodies were able to detect 

the fusion protein by immunofluorescence (Figures 3.3.A), indicating that they are able 

to detect the protein encoded by the Sly gene. 
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Figure 3.2 
 
 
 
 
SLY      ----MALKKLKVIPKEGYLLLLDFDDEDDDIKVSEEALSEVKSPAFDKNENISPQAEADE 56 
XMR      ----MSIKKLWVIPKDGYLLLLDYDSDEE----EEQAHSEVKRPAFGKHENMPPHVEADE 52 
XLR      --------------------MENWDLSSD-------EMQDGNAPELDVIEEHNPVTRDDE 33 
SYCP3    MLRGCGDSDSSPEPLSKHLKMVPGGRKHSG-KSGKPPLVDQPKKAFDFEKDDKDLSGSEE 59 
                             :   . . .          :     :.  ::       :* 
 
SLY      DMGDEVDSMLDKSEVNNPAIGKDENISPQVKGDEDMGHEVGSMLDKSGDDIYKTLHIKRK 116 
XMR      DIRDEQDSMLDKSGEN---VSFSEEWQRFARSVETP-MENWNLL--SGEQQVRN-ASELD 105 
XLR      NAN-------------------PEEVVGDTRS------PVQNILGKFEGDINKRLHIKRK 68 
SYCP3    DVADEKAPVIDKHGKK-----RSAGIIEDVGG------EVQNMLEKFGADINKALLAKRK 108 
         :                            . .         .:*     :  :    : . 
 
SLY      WMETYVKESFKGSNQKLERFCKTNERERKNINNKFCEQYITTFQKSDMDVQKFNEEKEKS 176 
XMR      LMEVQNPVTHDDGNANPEEVVGDT---RKKINNKLCEQ------KFDMDIQKFNEEQEKS 156 
XLR      RMETYIKDSFKDSNVKLEQLWKTNKQERKKINNKFCEQYITTFQKFDMDVQKFNEEQEKS 128 
SYCP3    RIEMYTKASFKASNQKIEQIWKTQQEEIQKLNNEYSQQFMNVLQQWELDIQKFEEQGEKL 168 
          :*     :.. .* : *..        :::**: .:*      : ::*:***:*: **  
 
SLY      VNSCQKEQQALKLSKCSQNQTLEAVKEMHEKSMEVLMNLGTKN----------------- 219 
XMR      VNNYQKEQQALKLSECSQSPTMEAIEDMHEKSMEGLMNMETNNYDMLFDVDGEETL---- 212 
XLR      VNNYQKEQQALKLSKCSQSQTLEAIKDMHENYMEGLMNLETNNYNMLFDVDGELRKEMSV 188 
SYCP3    SNLFRQQQKIFQQSRIVQSQRMFAMKQIHEQFIKSLEDVEKNNDNLFTGTQSELKKEMAM 228 
          *  :::*: :: *.  *.  : *::::**: :: * :: .:*                  
 
SLY      -------------------------- 
XMR      -------------------------- 
XLR      FKKDLMKHTLKYSSSFPSSD------ 208 
SYCP3    LQKKVMMETQQQEMANVRKSLQSMLF 254 
 
 

Figure 3.2  A ClustalW alignment of the putative SLY protein with XLR,             
XMR and SYCP3 amino acid sequences 
 
The 14 amino acid SLY specific peptide PAIGKDENISPQVK (highlighted in red) 
was used to immunise two rabbits, producing two SLY antibodies, SK97 and SK98.  
The COR1 domain of SLY is in blue font. 



Figure 3.3  Transfection of COS7 cells with a Sly-Flag fusion construct 
 
A) Immunofluorescence staining of Sly-Flag transfected cells with 

i) anti-FLAG antibody  
ii) anti-SLY SK97 antibody and  
iii) anti-SLY SK98 antibody (bottom row).  
 

B) Immunofluorescence staining of non-transfected COS-7 cells with 
i) anti-SLY SK97 antibody 
ii) anti-SLY SK98 antibody 

 
Left panel; nuclei of COS7 cells stained with DAPI.  
Middle panel; antibody staining (red).  
Right panel; overlay of DAPI and antibody staining. 
 
All three antibodies detect the SLY-FLAG fusion protein, which localises to both the 
nucleus and cytoplasm of transfected cells.  
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3.2.3 Expression of SLY in the testis 

 

Northern blot analysis of multiple tissues detected Sly transcription only in the testis 

(Touré et al., 2005), and so the putative SLY protein is expected to be testis-specific. 

Western blot analysis of kidney and testis samples with the two antibodies detected a 

testis-specific protein of approximately 40kDa (Figure 3.4.A). This protein was not 

detected by the pre-immune serum (Figure 3.4.A) or after pre-absorption of the 

antibody with the peptide to which it was raised (Figure 3.4.B). Immunoprecipitation 

with both antibodies followed by detection with the SLY SK97 antibody confirmed 

that both antibodies detected the same 40kDa protein (Figure 3.4.C).   

 

If this 40kDa protein is encoded by the Sly gene, it should be reduced or absent when 

copies of Sly are deleted in the three MSYq deletion models. These models lack 

varying lengths of the Y chromosome long arm but produce near-normal levels of 

sperm. Western analysis showed a clear decrease in the 40kDa protein in the 

2/3MSYq- testis, suggesting that it is encoded by a multicopy gene on the Y long arm 

(Figure 3.4.D).  The protein was undetectable in the 9/10MSYq- or MSYq- samples 

(Figure 3.4.D), but a faint 40kDa protein band was detected in MSYq- mice carrying 

an Sly transgene, confirming that this protein is SLY. Quantification of protein levels 

with Image J software suggests that there is a 75% decrease in SLY levels in the 

2/3MSYq- testes compared to controls. 

 

 

3.2.4 Analysis of SLY expression during spermatogenesis. 

 

To identify which spermatogenic cells express SLY, western blot analysis was 

performed on testes harvested at different ages during the first wave of 

spermatogenesis. SLY was first detected at low levels at 21.5dpp, and reached adult 

levels by 28.5dpp, suggesting the protein is restricted to spermatids (Figure 3.5.A). 

The timing of SLY expression was further refined by analysis of daily time points 

between 18.5dpp and 22.5dpp which confirmed that SLY was present from 21.5dpp 

(Figure 3.5.B). 

 

To verify that SLY is expressed exclusively in spermatids, immunostaining of adult 

testis cryosections was performed using both SLY antibodies. No staining was seen 
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with the pre-immune serum (Figure 3.6.A) or after the antibody had been preincubated 

with the peptide to which it had been raised (Figure 3.6.B). SLY staining was seen in 

most tubules and appeared to be limited to spermatids (Figures 3.6.C). No co-

localisation was seen between SLY and γH2AX, a protein present in the nucleus of 

leptotene and zygotene cells, and the sex body domain of pachytene cells 

(Mahadevaiah et al., 2001), confirming that SLY was not present during meiotic 

prophase (Figure 3.6.D and 3.6.E). These data indicate that SLY is a spermatid-

specific protein, in agreement with the transcriptional data. 

 

Closer analysis of SLY immunostaining indicated that SLY was not nuclear as 

expected but was present in the cytoplasm (Figure 3.7.A). As it was possible that 

epitope masking may have prevented detection of nuclear SLY protein, western blot 

analysis of cytoplasmic and nuclear testis fractions from adult testis was performed. 

The 40kDa band corresponding to SLY was present in the cytoplasmic and whole 

testis fractions but not the nuclear fraction (Figure 3.7.B). Analysis of the SLY amino 

acid sequence showed that it lacked a nuclear localisation signal (NLS), due to 

mutation of the ancestral NLS found in XLR, potentially explaining why SLY is 

cytoplasmic and not nuclear as expected. The protein is also predicted to be 

cytoplasmic by the PSORT II bioinformatics program 

(http://psort.nibb.ac.jp/form2.html). Together these data indicate that SLY is 

predominantly if not exclusively cytoplasmic.  



Figure 3.4  Western blot analysis of SLY in the testis 
 
A) Western blot of kidney and testis protein lysates from an 8 week old male mouse. 

Membranes were probed with either the pre-immune serum for anti-SLY antibody 
SK97 (far left panel), purified anti-SLY SK97 antibody (left panel), the pre-
immune serum for anti-SLY SK98 antibody (right panel) or purified anti-SLY 
SK98 antibody (far right panel). Anti-SLY SK97 and anti-SLY SK98 antibodies 
both detect a testis-specific protein of approximately 40kDa (arrowed) that is 
presumed to be SLY. 

 
 
B) Analysis of testis and kidney lysates incubated with the following: 

i) purified anti-SLY SK98 antibody 
ii) purified anti-SLY SK98 antibody that was pre-incubated for 4hrs with the 

peptide to which it was raised  
iii) purified anti-SLY SK98 antibody that was pre-incubated for 4hrs with the non-

specific ATR peptide. 
 
The 40kDa testis specific band is not detected by the anti-SLY SK98 antibody after 
pre-absorption with the peptide to which it was raised, but is present after pre-
absorption of the antibody with a non-SLY peptide. 
 

C)  Immunoprecipitation of SLY from the testis followed by western blot with the anti-
SLY SK97 antibody.  

 
The 40kDa protein (arrowed) is present in the imput lysate (lane 1), and is 
immunoprecipitated with both anti-SLY antibodies (lanes 3 and 4), but is not 
immunoprecipitated by the pre-immune serum (lane 2). 
 

D) Analysis of testis protein lysates from XY, 2/3MSYq-, 9/10MSYq-, MSYq- and 
MSYq- Sly hemizygous transgenic males. Blots were probed with the anti-SLY 
SK97 antibody (top row), the anti-SLY SK98 antibody (middle row) and an anti-
actin antibody as a loading control. 
 
The 40kDa protein (arrowed) detected by the anti-SLY antibodies is reduced in the 
2/3MSYq- sample (lane 2) and absent in the 9/10MSYq- and MSYq- samples 
(lanes 3 and 4). The protein is faintly detected in MSYq- sample carrying an Sly 
transgene (lane 5; see chapter 6), confirming that the protein is SLY. 
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Figure 3.5  SLY expression during the first spermatogenic wave 

 
Western blot analysis of XY testis samples from 
A)  7.5dpp to adult males  
B)  18.5dpp to 28.5dpp 
The anti-SLY SK97 (top row) and anti-SLY SK98 (bottom row) antibodies detect a   
band corresponding to SLY (arrowed) from 21.5dpp 
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Figure 3.6  SLY localisation in the adult testis 
 
Antibody staining of testis cryosections with; 
 
A) anti-SLY SK97 pre-immune serum (red)  
B) anti-SLY SK97 antibody preincubated with the peptide to which it was raised (red)  
C) anti-SLY SK97 antibody (red) 
D) anti-SLY SK97 antibody (red) and anti-γH2AX antibody (green) 
E) anti-SLY SK98 antibody (red) and anti-γH2AX antibody (green) 

 
Left panel; DAPI staining of cell nuclei (blue).  
Middle panel; SLY (red)  
Right panel; overlay of DAPI, SLY and γH2AX. 
 
Figures A-C are 20X magnification and D-E are 100X magnification. The anti-γH2AX 
antibody stains the whole nucleus of leptotene and zygotene spermatocytes and the sex 
body domain of pachytene spermatocytes. Anti-SLY staining is seen in round 
spermatids 
 
Note 
The anti-rabbit secondary antibody (red) detects a non-specific signal in the interstitial 
cells (seen in A and B). The anti-mouse secondary antibody (green) also stains the 
basal lamina of the seminiferous tubules. 
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Figure 3.7  Cellular localisation of SLY 
 
A) Antibody staining of XY adult testis cryosections with the anti-SLY SK97 

antibody under X40 magnification (upper row) and X100 magnification (lower 
row). Left panel; DAPI staining of cell nuclei (blue). Middle panel; anti-SLY SK97 
antibody (red). Right panel; overlay of SLY and DAPI.  
SLY staining is seen in the cytoplasm of spermatids. 

 
B) Western blot analysis of cytoplasmic and nuclear fractions from adult testis with 

the anti-SLY SK97 and anti-SLY SK98 antibodies.  SLY is present in the 
cytoplasmic but not nuclear fraction. A whole testis sample (overloaded relative to 
the nuclear and cytoplasmic fractions) is included a positive control. The anti-
γH2AX antibody (lower panel) is a nuclear control; no γH2AX band is seen in the 
cytoplasmic fraction, indicating that there is no nuclear contamination of the 
cytoplasm. 
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3.2.5  Yeast-two-hybrid analysis of SLY 

 

To investigate the function of SLY during spermiogenesis, potential interacting 

proteins were identified. A yeast-two-hybrid analysis was carried out using a pre-

transformed S. cerevisiae mouse testis cDNA library as prey. Initial control 

experiments indicated that SLY was not toxic to the yeast, and was unable to activate 

the MEL1 reporter gene, allowing the library to be screened. The bait and prey yeast 

were mated and plated out on the highest stringency medium with X-α-gal (QDO/ X-α-

gal) to select for colonies strongly expressing the reporter genes. Approximately 1.5 

x108 library clones were screened and positive colonies were re-streaked to confirm 

the phenotype. The library plasmids responsible for activation of the reporter genes 

were isolated and 85 clones were sent for sequencing. These prey plasmids represented 

23 proteins that could potentially interact with SLY (see Table 3.1). They were retested 

to determine if they generated genuine interactions with SLY. False positives (where 

the prey plasmid can activate the reporter genes in the absence of the SLY bait) were 

identified by transforming the prey plasmids into AH109 yeast containing the 

pGBKT7-SLY or pGBKT7 vector alone. For 14 of the proteins identified in the 

screen, the SLY bait plasmid was necessary to activate the reporter genes, indicating 

that these proteins were able to interact with SLY, at least in a two-hybrid assay (Table 

3.2). As the testis library screened in the yeast-two-hybrid analysis contained cDNA 

expressed in all germ cell subtypes as well as testicular somatic cells, it is possible that 

the proteins encoded by these cDNAs may not be present in the same cell as SLY. 

Microarray analysis and literature searches indicated that 10 of the genes identified by 

the yeast-two-hybrid analysis were transcribed in spermatocytes or spermatids, and 

thus encode a protein that is potentially present in spermatids (Table 3.2). 

 

3.2.6 Confirmation of SLY interactions 

 

The majority of the genes identified in the yeast-two-hybrid screen have not been 

previously characterised in the testis, and some are predicted genes, so very few 

antibodies are available for co-immunoprecipitation studies. However, antibodies 

against three potential interacting proteins are available. Immunohistochemistry on 

adult testis sections with antibodies against HIV-1 tat interactive protein (TIP60, a 

histone acetyltransferase), Dickkopf-like 1 (DKKL1, also known as SOGGY1) and 

Prenyl binding protein delta (PrBP/δ, encoded by the Pde6d gene) verified that these 

 113



 114

proteins are present in spermatids. PrBP/δ is present in the nucleus and cytoplasm of 

spermatocytes and spermatids (Figure 3.8.B), and DKKL1 localises to the cytoplasm 

of spermatids (Figure 3.8.C), the same cellular compartment as SLY. However, TIP60 

is a nuclear protein (Figure 3.8.D) and therefore may not interact with SLY in the 

testis. 

 

To confirm if DKKL1 and PrBP/δ interact with SLY in vivo, co-immunoprecitation 

experiments were performed. Adult testis extracts were incubated with either the two 

anti-SLY antibodies or pre-immune serum and analysed by SDS-PAGE and western 

blot. As expected, SLY was precipitated with both SLY antibodies but not the pre-

immune serum, and was only detected in the input sample after longer exposure of the 

membrane (Figure 3.9). DKKL1 was co-immunoprecipitated with both SLY 

antibodies, but was not present in the pre-immune serum control, verifying that 

DKKL1 and SLY interact in spermatids. Although PrBP/δ co-immunoprecipitated 

with SLY, it was also present in the pre-immune control sample, indicating that this 

interaction is not specific to SLY. 



Table 3.1  
Gene  

accession 
number name 

no of 
clones 

Sin3B NM_009188.2| transcriptional regulator, SIN3B (yeast) (Sin3b),  18 
Cops5 NM_013715.1| COPs5 AKA Jab1, CSN5 17 
RanBPM NM_019930.1| Ranbp9 7 
PEST PCNP NM_001024622.2| PEST proteolytic signal containing nuclear protein Pcnp 6 
Ubc XM_001479835 Ubiquitin C like protein 4 
4933400C05RIK NM_177801.3| 4933400C05RIK ?? 4 
Atp1B3 NM_007502.2 ATPase, Na+/K+ transporting, beta 3 polypeptide Atp1b3 4 
DKKL1 NM_015789.2| Dickkopf-like 1 (Dkkl1)  3 
Yod1 NM_178691.3| YOD1 OTU deubiquitinating enzyme 1 homologue (Yod1), mRNA 2 
D130059P03RIK NM_177185.3| Mus musculus RIKEN cDNA D130059P03 gene (D130059P03Rik), mRNA 2 
1110019N10RIK NM_026753.2| RIKEN cDNA 1110019N10 gene (1110019N10Rik),  1 
Appbp2 NM_025825.3| amyloid beta precursor protein (cytoplasmic tail) binding protein 2 (Appbp2) 1 
D930010J01RIK NM_134147.3| RIKEN cDNA D930010J01 gene (D930010J01Rik 1 
DnaJb4 NM_025926 DnaJ (HSP40) homologue subfamily B, member 4 1 
Gnl3 NM_153547.3| guanine nucleotide binding protein-like 3 (nucleolar) (Gnl3 1 
IK cytokine NM_011879.1| Mus musculus IK cytokine (Ik), mRNA 1 
Irak1 NM_008363.2|  interleukin-1 receptor-associated kinase 1 (Irak1),  1 
Itgb3bp NM_026348.3| integrin beta 3 binding protein (beta3-endonexin Itgb3bp 1 
Pde6d NM_008801.2| phosphodiesterase 6D, cGMP-specific, rod, delta (Pde6d), mRNA 1 
Setd2 NM_001081340.1| SET domain containing 2 (Setd2 1 
Ssty 2 NM_001025241.2| similar to spermiogenesis specific transcript on the Y 2 (LOC434960), mRNA  1 
Tip60 NM_178637.1| HIV-1 tat interactive protein, homolog (human) (Htatip) 1 
Ube2m NM_145578.1| ubiquitin-conjugating enzyme E2M (UBC12 homolog, yeast) (Ube2m), mRNA 1 
Chromosome 10 N/A N/A 2 
chromosome 18 N/A N/A 2 
chromosome 11 N/A N/A 1 

 
Table 3.1 A full list of clones identified in the Sly yeast-two-hybrid screen
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Table 3.2 
 

Gene  

genuine 
interaction 
with SLY? testis expression 

Antibody 
available? 

Sin3B no N/A N/A 
Cops5 no N/A N/A 
Ubc no N/A N/A 
Atp1B3 no N/A N/A 
D130059P03RIK no N/A N/A 
1110019N10RIK no N/A N/A 
DnaJb4 no N/A N/A 
Gnl3 no N/A N/A 
IK cytokine no N/A N/A 
    
RanBPM yes spermatocytes, spermatids yes 
PEST PCNP yes spermatogonia, spermatocytes yes 
4933400C05RIK yes no information no 
DKKL1 yes spermatocytes, spermatids commercial 
Yod1 yes spermatogonia, spermatocytes no 
Appbp2 yes germ cells no 
D930010J01RIK yes spermatocytes, spermatids no 
Irak1 yes spermatogonia no 
Itgb3bp yes spermatocytes, spermatids no 
Pde6d yes spermatocytes, spermatids yes 
Setd2 yes no information no 
Ssty 2 yes spermatids yes 
Tip60 yes spermatocytes, spermatids yes 
Ube2m yes spermatocytes, spermatids no 

 
Table 3.2    A list of genes whose encoded proteins interact with SLY in yeast,  
and their testis expression pattern based on microarray data
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Figure 3.8  Localisation of PrBP/δ, DKKL1 and TIP60 in the testis 
 
Immunofluorescence staining of adult XY testis sections with  
 
A) anti-SLY SK97 antibody (red) and anti-γH2AX antibody (green) 
B) anti-PrBP/δ antibody (red) and anti-γH2AX antibody (green) 
C) anti-DKKL1 antibody (red) and anti-γH2AX antibody (green) 
D) anti-TIP60 antibody (red) and anti-γH2AX antibody (green) 
 
The nuclei of cells are stained with DAPI (blue). 
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Figure 3.9  Co-Immunoprecipitation of PrBP/δ and DKKL1 with SLY. 
 
Protein lysates from adult XY testis (imput; lane 1) were immunoprecipitated with the 
anti-SLY SK97 and SK98 pre-immune serum antibody (lane 2), the anti-SLY SK97 
antibody (lane 3) and the anti-SLY SK98 antibody (lane 4). Samples were analysed by 
western blot with the anti-SLY SK97 antibody, anti-PrBP/δ antibody and anti-DKKL1 
antibody. SLY (arrowed) was immunoprecipitated with both anti-SLY antibodies but 
not with the pre-immune serum. DKKL1 (bottom panel, arrowed) was co-
immunoprecipitated with SLY only (lanes 3 and 4) but PrBP/δ (middle panel, arrowed) 
was present in all three immunoprecipitation samples. 
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3.3 Discussion 

 
In this chapter, I have examined the expression and function of Sly, a multicopy 

MSYq-encoded gene that may be responsible for one or more of the phenotypes 

observed in MSYq deletion mutants. Transcription analysis validated previous reports 

that Sly is expressed primarily in spermatids (Ellis et al., 2005; Touré et al., 2005). In 

accordance with the transcriptional data, SLY protein was found in the testis from 

21.5dpp. However, SLY localised to the cytoplasm of spermatids; this is unexpected as 

SLY belongs to the XLR family of nuclear proteins and had been predicted to localise 

to the sex chromosome domain of round spermatids (Ellis et al., 2005; Touré et al., 

2005). The ancestor of Sly may have been nuclear, but prior to amplification of the 

gene, the nuclear localisation signal of SLY was lost due to mutation. To gain insight 

into the function of SLY, a testis cDNA library was screened by yeast-two-hybrid 

analysis to identify proteins that interact with SLY. One protein isolated in the screen 

was the acrosomal protein DKKL1 (SOGGY1), and this interaction was verified in 

vivo by co-immunoprecipitation. 

 

Identification of the interaction between SLY and the acrosomal protein DKKL1 

suggests a possible function for SLY in acrosome formation or function. The acrosome 

is a crescent-shaped structure composed of several compartments that develops over 

the anterior half of the sperm head. It contains proteases and hydrolases (including 

hyaluronidase and acrosin) that are exocytotically released enabling the sperm to 

penetrate the zona pellucida of the egg upon fertilisation. Although the structure of the 

acrosome is well characterised, the mechanisms involved in the assembly and function 

of the acrosome remain obscure. DKKL1 is a 34kDa protein that is related to the 

Dickkopf gene family of secreted antagonists of WNT signal transduction and has been 

shown to localise to the acrosome (Kohn et al., 2005). Dkkl1 is transcribed at low 

levels in several tissues, but in adult mice it is detected at high levels only in testis, 

where it is restricted to spermatocytes and round spermatids (Kaneko and 

DePamphilis, 2000; Kohn et al., 2005). DKKL1 protein localises to the developing 

acrosome in spermatids, and the acrosome of mature sperm. Unlike related proteins, 

DKKL1 is not secreted but is N-glycosylated, and glycosylation is thought to be 

necessary for proper trafficking of proteins through the Golgi complex to the 

developing acrosome during spermiogenesis (Kohn et al., 2005; Tulsiani, 2003; 
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Wassarman et al., 2004; Yoshinaga and Toshimori, 2003). The function of DKKL1 in 

spermatids is unknown but several possibilities have been suggested. Firstly, it has 

been proposed that DKKL1 may not be active in mature sperm but could facilitate 

formation of the acrosome during spermiogenesis. Another suggestion is that DKKL1 

suppresses motility in developing spermatids, thus preventing their premature 

spermiation; it should be noted that spermiation in the 9/10MSYq- and MSYq- mice is 

delayed (Touré et al., 2004b). Thirdly, DKKL1 may play a role in guiding the mature 

sperm through either the seminiferous tubules, epididymis or during fertilisation (Kohn 

et al., 2005). 

 

Abnormal acrosome development, structure and enzymatic content have been reported 

in mice with MSYq deletions, and this is thought to contribute to the increased 

incidence of abnormal epididymal sperm in these mice. Acrosomal defects in B10.BR-

Ydel mice include the lack of the pro-acrosomal granule in round spermatids, distortion 

of the acrosome shape, decreased levels of the acrosomal protease acrosin, and 

increased numbers of epididymal sperm with damaged or absent acrosomes 

(Siruntawineti et al., 2002; Styrna et al., 1991a; Styrna et al., 2003). Together, these 

data suggest there is an MSYq-encoded gene involved in controlling acrosome 

development during spermiogenesis, and Sly is a very good candidate for the 

‘acrosomal factor’ in light of the interaction between DKKL1 and SLY. Nonetheless, 

further analysis is required to determine if SLY is involved in acrosome formation or 

maturation. Firstly, other acrosomal proteins such as Sp56 (an acrosomal matrix 

protein involved in egg recognition; Kim et al., 2001; Kim and Gerton, 2003) should 

be analysed by co-immunoprecipitation to see if they interact with SLY. In addition, 

the localisation of acrosomal proteins should also be examined in our three MSYq 

deletion models and in mice carrying an Sly transgene (see chapter 6). SLY is not 

detectable in condensing spermatids by immunofluorescence based studies, suggesting 

that the putative acrosomal function of SLY may be restricted to the initial stages of 

acrosome development. However, it is possible that condensation of the spermatid 

head causes masking of the SLY epitope at latter stages of spermiogenesis and western 

blot analysis should be performed on epididymal sperm to see if SLY is present in 

mature sperm. 

 

SLY shows uniform localisation to the cytoplasm of spermatids, and so it is feasible 

that SLY has other functions besides its potential role in the acrosome. Verification of 
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other proteins identified in the yeast-two-hybrid screen is ongoing and may eventually 

lead to a better understanding of the role of SLY in spermiogenesis. Although several 

proteins were isolated in the yeast-two hybrid screen, it is possible that some of the 

proteins that interact with SLY in the testis were not identified. One reason for this 

may be because not all genes expressed in the testis were represented in the mouse 

testis cDNA library that was screened. Alternatively, the SLY-GAL4 DNA binding 

domain fusion protein may fold differently from SLY, and so proteins that can interact 

with the native SLY in vivo are unable to interact with this fusion protein.  

 

Intriguingly, western blot analysis demonstrates that the SLY protein migrates at 

approximately 40kDa on an SDS-PAGE gel, rather than 25.6kDa, the predicted size of 

the protein based on amino acid sequence. Protein conformation can affect migration 

through the gel, and both XLR and XMR have a higher molecular weight than 

predicted based on amino acid sequence. Alternatively, SLY could be post-

transcriptionally modified in spermatids. For instance, SLY may be phosphorylated 

and in silico analysis of the amino acid sequence using the NetPhos 2.0 

(http://www.cbs.dtu.dk/services/NetPhos/) and Scan Prosite 

(http://www.expasy.ch/tools/scanprosite/) bioinformatics programs reveals several 

motifs that may be recognised by kinases such as Casein kinase 2 (CK2). However, no 

difference in the size of SLY was seen after treatment with lambda phosphatase, which 

removes phosphate groups from proteins. Other potential modifications include 

prenylation, suggested by the interaction of SLY with the prenyl-binding protein 

PrBP/δ, which interacts with other prenyl binding proteins such as GRK1 and GRK7 

(Zhang et al., 2004). However, SLY does not contain a C terminal CaaX motif found 

in most prenylated proteins. Instead, SLY could be N-glycosylated; this modification 

is common in acrosomal proteins and may be needed for intracellular trafficking of 

proteins to the acrosome from the Golgi. Treatment of testicular lysates with a 

glycosidase such as Peptide:N-glycosidase-F (PNGaseF) would confirm if SLY is N-

glycosylated.  

 

In light of the finding that SLY is predominantly, if not exclusively cytoplasmic rather 

than nuclear, it is unlikely that this protein is directly involved in the increased 

transcription of X- and Yp-linked genes seen in the MSYq- models, as predicted 

previously (Ellis et al., 2005; Touré et al., 2005). However, this can not be ruled out at 

the present time. It is also improbable that SLY interacts with the mRNA of these 
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genes as it does not contain any motifs usually found in RNA binding proteins. It 

remains possible that SLY has a role in cytoplasmic RNA processing, but there is no 

evidence to support this.  
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Chapter 4 

 

Investigation of the role of Xmr 

during spermatogenesis 



Investigation of the role of Xmr during spermatogenesis 
 

 4.1 Introduction 

 

Results from the previous chapter demonstrated that SLY localises to the cytoplasm of 

spermatids, where it has an unknown function. It is thus unlikely to be directly 

responsible for the transcriptional up-regulation of X- and Yp-linked genes that occurs 

when Sly is deleted in the MSYq deletion models.  However, a candidate gene for this 

role is Xmr, the multicopy X-linked homologue of Sly, which has been reported to 

encode a testis-specific chromatin-associated protein. In this chapter, the expression 

and function of Xmr during spermiogenesis is explored. 

 

Xmr (Xlr-related, meiosis regulated), together with related loci encoding similar testis-

expressed transcripts such as AK015913, form a subgroup of the complex Xlr 

superfamily of genes. The Xlr superfamily has been reported to contain approximately 

50-75 genes which are located on the proximal half of the mouse X chromosome, and 

the mouse Y chromosome (now know to be Sly) in regions that show little or no 

conservation between mice and humans (Garchon et al., 1989). The Xlr genes, along 

with the autosomally encoded Sycp3 gene and the putative FAM9 proteins encoded by 

the human X chromosome, all contain a conserved COR1 domain (Touré et al., 2005). 

Sequence comparison of the mammalian COR1 proteins indicates that Sycp3 is the 

ancestral gene, and that this gene came onto the X chromosome before the divergence 

of the mouse and human lineages. Once on the X chromosome, the Sycp3-derived gene 

was duplicated several times to give multiple copies which then evolved rapidly and 

independently.  

 

In mouse, the X-linked members of this Xlr superfamily can be divided into five 

distinct groups based on sequence analysis, the closely related Xlr (Xlr1) and Xmr 

(Xlr2) subfamilies, which encode acidic proteins, and the more distantly related Xlr3, 

Xlr4 and Xlr5 subfamilies, which encode relatively basic proteins. Orthologues of the 

Xlr, Xlr3, Xlr4 and Xlr5 genes have been found in the rat, but the Xmr subgroup is only 

found in the mouse lineage, suggesting that it evolved from the closely related Xlr 

genes after these lineages split. A testis expressed chimeric Xlr-Xmr sequence then 

translocated onto the Y chromosome to form the spermatid-specific Sly gene and this 
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new X-Y homologous family became massively amplified on both the X and Y 

chromosomes, possibly as a result of genomic conflict between sex linked meiotic 

drivers and suppressors (Ellis et al., 2007; Touré et al., 2005).  

 

Although the precise function of the COR1 domain-containing proteins remains 

unknown, the expression and localisation of SYCP3 and XLR has been characterised 

in detail in the mouse. Sycp3 encodes a structural component of the meiosis-specific 

synaptonemal complex, and contains a nucleotide binding motif A that is not found in 

the other COR1 proteins (Dobson et al., 1994; Lammers et al., 1994). Xlr is expressed 

in lymphocytes and foetal thymocytes and encodes a 30kDa acidic nuclear protein 

(Escalier et al., 1999; Garchon and Davis, 1989; Siegel et al., 1987). 

Immunofluorescence-based studies of thymus cells have shown that XLR co-localises 

with SATB1, a protein that binds to AT-rich DNA sequences associated with the 

nuclear matrix, where it appears to orchestrate the temporal and spatial expression of 

genes during T-cell development (Alvarez et al., 2000; Dickinson et al., 1992; Escalier 

et al., 1999). Although XLR is not thought to be expressed in the testis or adult ovary, 

it is present in the foetal ovary during meiotic prophase I (Escalier et al., 2002).  

 

Staining of foetal ovary cryosections showed that XLR localises to the whole nucleus 

except the nucleoli of oocytes at leptotene, and increases at the leptotene-zygotene 

transition. The strongest XLR staining is seen in pachytene oocytes, where XLR 

concentrates on the condensed chromosomes. XLR staining fades at diplotene before 

disappearing in dictyate oocytes. Analysis of XYTdym1 oocytes found that the protein 

recognised by the anti-XLR antibody coats the axis and surrounding chromatin of the 

asynapsed X chromosome from early pachytene (Turner, 2000). Furthermore,  analysis 

of oocytes from females heterozygous for the autosomal translocation T(2;5)72H 

demonstrates that XLR accumulates on the axes of asynapsed autosomes, suggesting 

that it localises to the X chromosome in XYTdym1 oocytes in response to asynapsis 

(Turner, 2000).  

 

Currently nothing is known about the proteins encoded by the Xlr3, Xlr4 and Xlr5 

subgroups, although the Xlr3a and Xlr3b genes are transcribed in multiple tissues 

including the testis, lymphoid cells, and brain, where they are imprinted (Bergsagel et 

al., 1994; Davies et al., 2005; Raefski and O'Neill, 2005). The Xlr4 genes are also 

expressed in lymphocytes and various subregions of the brain, where Xlr4b and Xlr4c 
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are imprinted in a complex tissue and stage specific pattern that is independent of 

somatic X chromosome inactivation (Raefski and O'Neill, 2005). 

 

Xmr was originally identified by northern blot using a full length Xlr cDNA probe that 

hybridised to an abundant testis-specific transcript of 1kb (Calenda et al., 1994). 

Through screening of a testis cDNA library, an 812bp transcript was identified which 

shared extensive homology to Xlr over the latter two thirds of the transcript. This 

transcript encoded a putative 212 amino acid protein that contained an N-terminal 

acidic stretch of 45 amino acids, suggestive of a role in transcriptional activation, and a 

C terminal coiled-coil domain indicative of the ability to dimerise (Calenda et al., 

1994; Gill and Ptashne, 1987; Ma and Ptashne, 1987). Northern analysis of RNA from 

the first spermatogenic wave detected transcripts from 3 weeks postpartum, suggesting 

that Xmr was expressed in spermatids. However, low level transcription of Xmr was 

detected by RT-PCR from 6dpp, two to three days before meiosis begins.  

 

Calenda et al. (1994) then assayed for XMR protein expression in the testis using an 

antibody raised against the related full length XLR protein (they believed Xlr was not 

expressed in the testis). Immunostaining was seen exclusively in the basal meiotic 

compartment where it was restricted to the nuclei of primary spermatocytes, in a 

pattern reminiscent of XLR localisation in primary oocytes. This immunostaining 

(putatively XMR) was first detected at low levels throughout the nucleus during 

preleptotene and increased in intensity until zygotene when meiotic recombination is 

initiated (Mahadevaiah et al., 2001).  At zygotene, the putative XMR protein began to 

preferentially localise to the asynapsed X and Y chromosomes as the sex chromosomes 

undergo the chromatin changes that result in the formation of the transcriptionally 

silent sex body (Handel, 2004; Solari, 1974). In early pachytene, the whole nucleus 

staining became fainter but ‘XMR’ accumulated on the XY body until staining was 

only seen on the sex chromosomes by mid-late pachytene, where it was enriched on 

the chromosome axes (Escalier et al., 2002). When the nucleolus becomes associated 

with the XY body in mid pachytene spermatocytes, ‘XMR’ concentrated on the 

nucleolus granular component, and to a lesser extent, on the fibrillo-granular 

component of the nucleolus (Escalier and Garchon, 2005). During diplotene, ‘XMR’ 

staining decreased and became diffuse throughout the nucleus, eventually becoming 

preferentially enriched around centromeric heterochromatin at MI (Turner, 2000). 

‘XMR’ was also found to associate with the chromatin of asynapsed autosomal axes in 
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pachytene spermatocytes carrying the reciprocal T[X:16]16H translocation, indicating 

that ‘XMR’ localisation to the sex chromosomes in pachytene is a response to 

asynapsis (Escalier and Garchon, 2005; Escalier and Garchon, 2000). Immunostaining 

of human testis sections with the same mouse monoclonal anti-XLR antibody detected 

a protein in the nuclei of type B spermatogonia and primary spermatocytes despite no 

Xlr or Xmr related sequence being identified by Southern or northern blot analysis.  

However, this protein did not localise to the sex chromosomes (Allenet et al., 1995). 

As both Xmr and Xlr encode nuclear proteins that are expressed at times of genome 

rearrangement, it has been suggested that they could play important roles in ‘genomic 

metabolism’ (Calenda et al., 1994; Escalier et al., 1999).  The localisation of ‘XMR’ to 

the autosomes in early prophase followed by progressive accumulation on the sex body 

led to speculation that it may be involved in chromosome condensation (Escalier et al., 

1999). XMR shares distant homology to the Saccharomyces cerevisiae MER2 protein,  

which is essential for formation of meiotic DNA double-strand breaks (Li et al., 2006), 

and an alternative hypothesis is that XMR may serve a role in meiotic recombination 

(Escalier et al., 1999). A recombination-related role is supported by the fact that XLR 

is highly expressed just prior to T-cell rearrangement (Escalier et al., 1999). In 

addition, XMR shares significant amino acid homology with the synaptonemal 

complex protein SYCP3, and male mice that are homozygous for a null mutation of 

Sycp3 are sterile due to massive apoptotic cell death during meiosis (Yuan et al., 

2000). Proteins involved in recombination and DNA repair (e.g. RAD51 and RPA) are 

mis-localised in SYCP3 deficient spermatocytes, as are other synaptonemal complex 

proteins such as SYCP1. In the absence of SYCP3, the synaptonemal complex does 

not form and chromosomes fail to synapse during meiosis. SYCP3 mutations are also 

associated with azoospermia in humans (Miyamoto et al., 2003). Nevertheless, the 

precise functions of XMR and other XLR superfamily members remain unknown and 

are a matter of debate.  

 

Recent microarray analysis of testes from mice with MSYq deficiencies identified the 

multicopy Y-encoded Sly gene (characterised in the previous chapter) which shares 

substantial nucleotide and amino acid similarity with Xmr. In a linked microarray 

study, Ellis et al. (2005) made the intriguing finding that the deletion of the mouse 

MSYq leads to up-regulation of multiple spermatid-expressed X- and Yp-encoded 

transcripts. The authors concluded that in normal males, the X and Y chromosomes are 
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specifically repressed in spermatids and that the gene complement of MSYq has a role 

in maintaining this repressed state. The up-regulated genes included Xmr and the 

related transcript AK015913, and unexpectedly, RNA in situ hybridisation revealed 

that Xmr was expressed in round and early elongating spermatids but was undetectable 

in meiotic cells. Furthermore, Xmr transcripts appeared between 15dpp and 23dpp by 

real-time PCR, consistent with spermatid-derived expression (Ellis et al., 2005).  

 

SLY and XMR contain a COR1 chromatin binding domain, and these observations led 

Ellis and colleagues (Ellis et al., 2005) to propose that both proteins may have a role in 

control of chromatin conformation and gene expression of the sex chromosomes 

during spermiogenesis. The amplified copy number and inverse transcription levels of 

Xmr and Sly seen in the MSYq deletion models have been used to support the idea that 

there is an intragenomic conflict between the X- and Y-linked members of this gene 

family. This Sly/Xmr conflict hypothesis states that one or more of the up-regulated X-

linked genes in the MSYq deletion models are responsible for the sex ratio distortion 

seen in the offspring of 2/3MSYq- males, and Xmr and Sly act as opposing regulators 

of this gene via their antagonistic affect on sex chromatin. 

 

The data collected in the previous chapter about the cellular localisation and potential 

function of SLY does not support this hypothesis. However, given the evidence from 

the RNA in situ hybridisation that Xmr is highly transcribed in spermatids together 

with prior evidence that it encodes a nuclear protein (at least during meiotic prophase), 

it is feasible that Xmr may play an important role in transcriptional regulation during 

spermiogenesis. Ellis et al. (2005) suggested that the persistence of sex chromosome 

silencing established in pachytene by MSCI is modulated by Xmr and other Xlr family 

members. It should be noted several copies of Xmr map to a region of the X 

chromosome that is associated with sperm head abnormalities similar to those seen in 

9/10MSYq- males (Oka et al., 2004). In order to determine what role, if any, Xmr 

plays during spermiogenesis, this chapter re-analyses the expression of Xmr in mouse 

testis in detail. Particular attention is paid to establishing if the abundant Xmr 

transcripts present in spermatids are translated.  
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4.2 Results 

4.2.1 Transcriptional analysis of Xmr 

Northern blot and in situ hybridisation data indicate that Xmr is expressed after 

meiosis, in round spermatids (Calenda et al., 1994; Touré et al., 2005). However, the 

more sensitive technique of RT-PCR detected transcripts from 6dpp, suggesting that 

transcription of Xmr occurs before meiosis (Calenda et al., 1994), and analysis of 

embryonic gonads using the same primers amplified Xmr mRNA from 14.5dpc 

(Turner, 2000). In an attempt to resolve the conflicting transcriptional data for Xmr, 

RT-PCR analysis using multiple primer sets was carried out on testes harvested at 

different ages during the first spermatogenic wave. The positions of the primers used 

for RT-PCR analysis are given in Figure 4.1.A.  

A faint Xmr product was seen from 7.5dpp using primer pairs A/B, which also strongly 

detected Xlr at all ages assayed (Figure 4.1.B.i), although an earlier study indicated 

that Xlr was not expressed in the testis (Escalier et al., 2002). Primer pair D/C designed 

by Calenda et al. (1994) detected a faint Xmr band from 7.5dpp consistent with their 

findings; however a clear increase in Xmr transcripts was seen from 18.5dpp when the 

meiosis-spermiogenesis transition occurs (Figure 4.1.B.ii). Primer pairs A/B and D/C 

may also detect related Xmr transcripts such as AK015913, and to separately assess 

Xmr and AK015913 transcription, RT-PCR was then carried out using primer pair D/B 

(Calenda et al., 1994), which gives distinct product sizes for these two genes. 

AK015913 was weakly detected by these primers from 21.5dpp, and a faint Xmr 

product was detected at 18.5dpp, but expression was predominantly from 21.5dpp 

(Figure 4.1.B.iii). Direct sequencing confirmed the identity of these products. 

However, multiple bands were amplified using primers D/B which may derive from 

other Xmr related sequences in addition to Xmr and AK015913, so RT-PCR was 

repeated using primers specific to Xmr or AK015913 sequences (Ellis et al., 2005). RT-

PCR using Xmr-specific primers gave a product from 21.5dpp, suggesting that 

expression is restricted to spermatids (Figure 4.1.B.iv). RT-PCR for AK015913 gave a 

product from 18.5dpp, corresponding to the spermatocyte-spermatid transition (Figure 

4.1.B.v). Primers specific to Xlr designed by Ellis et al. (2005) amplified a product at 

all ages (Figure 4.1.B.vi), confirming the results seen using primer pair A/B. 

To confirm that Xmr was transcribed in spermatids, RNA FISH was used to examine 
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the expression of Xmr in different spermatogenic cell types. Xmr RNA FISH signals 

were observed exclusively in round spermatids (Figure 4.2.A.i). Approximately 42% 

(472/1120) of all round spermatids examined were positive for an Xmr RNA signal, 

and many had multiple signals. This is consistent with Xmr being a multicopy gene 

with several Xmr clusters on the X chromosome. X chromosome paint verified that the 

Xmr RNA FISH signals were restricted to X-bearing round spermatids and originated 

from the X chromosome chromatin domain (Figure 4.2.B, arrowed), which appears as 

a characteristic DAPI-dense body located next to chromocentre (Turner et al., 2006).  

Despite detailed examination, Xmr-specific RNA signals were not detected in meiotic 

cells (n=147, figure 4.2.A.ii) or spermatogonia (n=45). To exclude the possibility that 

chromatin accessibility problems influenced the ability to detect Xmr RNA in these 

cell types, DNA FISH was subsequently carried out with the same probe, which gave 

clear FISH signals. The RNA and DNA FISH signals co-localised in round spermatids, 

confirming that these X-encoded transcripts originated from the Xmr gene. 

Finally, I re-examined the raw data sets from several microarray studies carried out on 

either purified spermatogenic cells (Namekawa et al., 2006; figure 4.3.A) or on 

samples taken at time points during the first spermatogenic wave (Ellis et al., 2004; 

Schultz et al., 2003; Shima et al., 2004; figures 4.3.B, 4.3.C and 4.3.D respectively). In 

all four studies, Xmr transcript levels only increased above background values in 

purified round spermatids or at time points when spermatids are present in the 

germinal epithelium. Together, these results show that Xmr is predominantly 

transcribed in round spermatids, with a little transcription occurring prior to this. 



Figure 4.1  RT-PCR analysis of Xmr, Xlr and AK015913 

 
A) Schematic diagram of Xmr (blue), AK015913 (green) and Xlr (purple) gene 

structures. Rectangles denote exons, and introns are shown by a line (introns are 
not to scale). For AK015913 and Xlr, homology to Xmr is represented by filled 
areas. The position of RT-PCR primers used to assay transcription are indicated by 
arrows.  

 
B) RT-PCR on testis RNA samples taken at time points during the first spermatogenic 

wave using primers A-D from Calenda et al. (1994) and primers specific to Xmr, 
AK015913 or Xlr designed by Ellis et al. (2005). The blank lanes are for the 
corresponding –RT samples. For primer pairs AB, DC, and DB, the PCR products 
corresponding to Xmr, AK015913 and Xlr are indicated by arrows. The sizes of the 
PCR products are indicated below; 

 
i) primer pair AB  

Xlr   630bp (upper band) 
                                        Xmr   427bp (lower band) 
 
ii) primer pair DC  

Xmr   421bp (upper band) 
                                        AK015913 287bp (lower band) 
 
iii) primer pair DB  

Xmr  813bp (upper band) 
                                        AK015913  623bp (lower band). 
 
iv) Xmr    372bp 
 
v) AK015913    237bp 

 
vi) Xlr     244bp (arrowed)
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Figure 4.2  Xmr RNA FISH on spermatogenic cells 

 
A)  RNA FISH for Xmr nascent transcripts on  
 

(i) an X-bearing round spermatid nucleus and  
(ii) a pachytene spermatocyte nucleus.  

 
Xmr transcripts originate from the DAPI-dense sex chromosome (arrowed) in 
round spermatids but are not present in meiotic cells. 
 
Far left panel; nuclei stained with DAPI (blue).  
Left panel; Xmr RNA FISH (red). The pachytene spermatocyte is also stained for 
phosphorylated H2AX (γH2AX, green), which localises to the sex body domain. 
Right panel; Xmr DNA FISH signal (green).  
Far right panel; overlay of Xmr RNA and DNA FISH signals. The nuclei are 
stained with DAPI (blue) 

 
B)  An Xmr-expressing round spermatid nuclei with X chromosome paint. 

Far left panel; spermatid nucleus stained with DAPI (blue). The arrow points to the 
DAPI-dense sex chromosome next to the chromocentre 
Left panel; Xmr RNA FISH (red).  
Right panel; X chromosome paint (green).  
Far right panel; overlay of Xmr RNA FISH and X chromosome paint signals. 
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Figure 4.3  Graphical representation of Xmr transcript levels in the mouse testis   
assayed by microarray studies 
 
Graphs representing Xmr transcript levels from microarray analysis of testis RNA by 
 
A) Namekawa et al. (2006) on purified spermatogenic cells 
B) Ellis et al. (2004) on samples harvested from prepubertal mice at different time 

points during the first spermatogenic wave  
C) Schultz et al. (2003) from time points during the first spermatogenic wave 
D) Shima et al. (2004) from the first spermatogenic wave. 
 
Xmr transcript levels only increase above background values in purified round 
spermatids (Namekawa et al., 2006; graph A), or at time points after round spermatids 
appear in the germinal epithelium (Ellis et al., 2004; Schultz et al., 2003; Shima et al., 
2004; graphs B, C and D) 

 
136



 
137

Figure 4.3 
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4.2.2 Design and characterisation of XMR-specific antibodies 

Previous immunofluorescence-based studies using an antibody raised to the related 

XLR protein indicated that XMR is a meiotic protein which localises to the nuclei of 

primary spermatocytes, where it becomes concentrated within the sex body domain 

during pachytene (Calenda et al., 1994; Escalier and Garchon, 2000). This is difficult 

to reconcile with the above findings that Xmr and AK015913 transcription is largely 

confined to spermatids. I therefore decided to re-analyse the expression and cellular 

localisation of XMR using antibodies designed to be specific to XMR. Three 

antibodies were synthesised, one against the first 93 amino acids of XMR (XMR1-93) 

and the others against two XMR-specific peptides (XMR69-81, XMR96-106) identified by 

a ClustalW alignment of XMR and related proteins (Figure 4.4). To determine if these 

antibodies are specific to XMR, COS-7 and HEK293 cells were transiently transfected 

with either the Xmr or AK015913 ORFs. Although very few cells were transfected, 

immunostaining (Figure 4.5.A) and western blot analysis (figure 4.5.B) indicated that 

the anti-XMR69-81 and anti-XMR1-93 antibodies were able to detect both proteins, 

whereas the anti-XMR96-106 antibody only detected the XMR protein, demonstrating 

that it is specific for XMR.  
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Figure 4.4 
 
 
 

 56 
AK015913    MALKKLWAIPKDGYLLLLDYD-DE------------------------------DDDINF 29 
XLY         ---MENWDLSSD---EMQDGNAPE-------------------------------LDVIE 23 
SLY         MALKKLKVIPKEGYLLLLDFDDEDDDIKVSEEALSEVKSPAFDKNENISPQAEADEDMGD 60 
            : : :   :..:  : : * :  :  : :       :    :     :        *:   
 

XMR         MSIKKLWVIPKDGYLLLLDYDSDEE----EEQAHSEVKRPAFGKHENMPPHVEADEDIRD

XMR         EQDSMLDKSGEN-------VSFSEEWQ---RFARSVETPMENWNLLSGEQQVRNASELDL 106 
AK015913    LED---AHSEEN-------VSFSEEWQ---RFASSVETPIENRNLLSGEQQDGNASKLDL 76 
XLR         EHN-PVTRDDEN-------ANPEEVVG---DTRSPVQNILGK---FEGDINKRLHIKRKR 69 
SLY         EVDSMLDKSEVNNPAIGKDENISPQVKGDEDMGHEVGSMLDK---SGDDIYKTLHIKRKW 117 
             :  : :.  *   :    . .            * . : :     .:       : .  
 
XMR         MEVQNPVTHDDGNANPEEVVG---DTRKKINNKLCEQ------KFDMDIQKFNEEQEKSV 157 
AK015913    MEEQNPVTHDDENEIPEEIVG---DTREMINNKSCEQYKTTFQKFDMDVQNFNEQQEKSV 133 
XLR         METYIKDSFKDSNVKLEQLWKTNKQERKKINNKFCEQYITTFQKFDMDVQKFNEEQEKSV 129 
SLY         METYVKESFKGSNQKLERFCKTNERERKNINNKFCEQYITTFQKSDMDVQKFNEEKEKSV 177 
            **     :... *   *..       *: **** ***    : * ***:*:***::**** 
 
XMR         NNYQKEQQALKLSECSQSPTMEAIEDMHEKSMEGLMNMETNNYDMLFDVDGEETL----- 212 
AK015913    ---------------------------------GLMNLETNNSDMLFDVDGELRK----- 155 
XLR         NNYQKEQQALKLSKCSQSQTLEAIKDMHENYMEGLMNLETNNYNMLFDVDGELRKEMSVF 189 
SLY         NSCQKEQQALKLSKCSQNQTLEAVKEMHEKSMEVLMNLGTKN------------------ 219 
                       : :        :  :  :    :  ***: *:*                   
 
XMR         ------------------- 
AK015913    ------------------- 
XLR         KKDLMKHTLKYSSSFPSSD 208 
SLY         ------------------- 

 
 
 
 
Figure 4.4  A ClustalW alignment of XMR, AK015913, XLR and SLY amino acid 
sequences 
 
The anti-XMR69-81 antibody was raised against the XMR-specific peptide 
VSFSEEWQRFARS (highlighted in red).  
 
The anti-XMR96-106 antibody was raised against the QQDGNASKLDL peptide 
(highlighted in yellow).  
 
The first 93 amino acids of XMR (underlined) were used to generate the anti-XMR1-93 

antibody.  
 

The N-terminal domain of XMR (amino acids 1-106) is in blue font and the XMR 
COR1 (amino acids 107-212) domain is in green font.  



Figure 4.5  Transfection of COS7 and HEK 293 cells with the Xmr and AK015913 
ORFS 
 
A) Immunofluorescence staining of COS7 cells transiently transfected with the Xmr 

ORF (top row), AK015913 ORF (middle row) or mock transfected (bottom row). 
Cells were stained using the anti-XMR69-81 antibody (far left panel), the anti-
XMR96-106 antibody (left panel), the anti-XMR1-93 antibody (right panel) or an 
antibody raised to the related XLR protein (far right panel). 

 
B) Western blot analysis of HEK 293 cells transfected with the Xmr ORF (lane 1), 

mock transfected cells (lane 2) and AK015913 ORF transfected cells (lane 3). Blots 
were detected with the anti-XMR69-81 (far left panel), anti-XMR96-106 (left panel), 
anti-XMR1-93 (right panel) or anti-XLR (far right panel) antibodies. The top arrow 
indicates the AK015913 protein (in lane 3) and the bottom arrow points to the 
XMR protein (present in lane 1). 

 
The anti-XMR69-81 and anti-XMR1-93 antibodies detect both XMR and AK015913 
proteins, whereas the anti-XMR96-106 antibody is specific to XMR. Despite previous 
reports (Calenda et al., 1994), the anti-XLR antibody is unable to detect XMR or the 
related AK015913 protein in vitro. 
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4.2.3 Expression of XMR in the testis 

Microarray analysis and northern blot data (Calenda et al., 1994) indicate that Xmr is 

expressed specifically in the testis, and western blot analysis of multiple tissues 

detected a 35kDa testis-specific band with all three XMR antibodies (figure 4.6.A). 

This protein was not detected by the pre-immune serum or after pre-absorption of the 

antibody with an excess of the peptide to which it was raised (Appendix 4). The 35kDa 

protein was detected by all three antibodies after immunoprecipitation with the XMR-

specific anti- XMR96-106 antibody, confirming that these antibodies detect the same 

protein (Figure 4.6.B) 

To confirm that this protein corresponds to XMR, western blot analysis of testis from 

MSYq- mice was performed. These mice have increased transcription of Xmr and 

AK015913 (Ellis et al., 2005); as expected, all three antibodies detected an increase in 

intensity of the 35kDa protein in MSYq- samples compared to wild type samples 

(Figure 4.6.C). This confirms that the 35KDa protein seen by western blot analysis is 

XMR. This is the first time that the up-regulation of mRNA from X- and Yp-linked 

genes observed in the MSYq deletion models has been shown to result in an increase 

of the corresponding protein. 

 

4.2.4 Analysis of XMR expression during spermatogenesis 

To determine which spermatogenic cell types express the XMR protein, western blot 

analysis was performed on testis protein samples from the first spermatogenic wave. 

XMR was detected at low levels from 21.5dpp, reaching adult levels by 28.5dpp with 

no protein detectable at 18.5dpp or earlier (figure 4.7.A). Western analysis of daily 

time points between 18.5dpp to 22.5dpp further refined the timing of expression, 

confirming that XMR was first present at 21.5dpp (figure 4.7.B). This is consistent 

with spermatid-specific expression and the absence of XMR prior to 21.5dpp confirms 

that XMR is not a meiotic protein as previously published (Calenda et al., 1994; 

Escalier et al., 2000; Escalier et al., 2002; Escalier et al., 2005). It is not clear if 

AK015913 is translated, as no testis-specific protein of the predicted size was detected. 

However, if AK015913 is translated, it must have the same pattern of expression as 

XMR. 

To confirm that XMR is spermatid-specific, immunostaining of testis sections was 
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performed using all three anti-XMR antibodies. Staining was observed exclusively in 

round spermatids in some but not all tubules (Figure 4.8.A). To identify which tubule 

stages expressed XMR, sections were co-stained with either the anti-XMR69-81, anti-

XMR96-106 or anti-XMR1-93  antibody together with an antibody against γH2AX, which 

labels the nucleus of leptotene and zygotene cells, and the sex body domain in the 

nucleus of pachytene cells (Mahadevaiah et al., 2001).  XMR staining was seen at high 

levels in spermatid stages 2 to 9 and at low levels in stage 10-11 spermatids. No co-

localisation of XMR and γH2AX was seen (Figure 4.8.A), confirming that the XMR 

antibodies do not cross react with the meiotic protein detected by the anti-XLR 

antibody of Calenda et al. (1994). Furthermore, dual labelling of XMR, together with 

the anti-XLR antibody used by Calenda et al. (1994), gave mutually exclusive staining 

patterns (Figure 4.8.B). As expected, there is co-localisation of the XLR and γH2AX 

staining patterns in the pachytene sex body, confirming that the anti-XLR antibody 

detects a meiotic protein (Figure 4.8.C).  

Surprisingly, all three XMR antibodies labelled the spermatid cytoplasm (Figure 

4.9.A), and not the nucleus as expected based on published data on the Xlr 

superfamily. In order to see whether epitope masking may have prevented detection of 

any nuclear XMR protein, cytoplasmic and nuclear fractions from adult testis were 

analysed by western blot. The 35kDa XMR protein was present in whole testis and 

cytoplasmic fractions but not the nuclear fraction (Figure 4.9.B). Together, these data 

indicate that XMR is predominantly, if not exclusively a cytoplasmic protein expressed 

only in spermatids. 



Figure 4.6  Western blot analysis of XMR expression in the testis 
 

A) Examination of brain, kidney and testis protein lysates from an adult XY male 
mouse. Blots were probed with the anti-XMR69-81 antibody (far left panel), the anti-
XMR96-106 antibody (left panel), the anti-XMR1-93 antibody (right panel) or an 
antibody raised against the related XLR protein (far right panel). A testis-specific 
protein of approximately 35kDa (arrowed) is detected by all three anti-XMR 
antibodies, but not the anti-XLR antibody. 

 
B) Immunoprecipitation of XY testis lysates with the anti-XMR96-106 antibody under 

native (left panel) and denatured (right panel) conditions. XMR is present as a 
doublet in the whole testis lysate (the input, lane 1) and is immunoprecipitated by 
the anti-XMR96-106  antibody (lane 3) but not by the pre-immune serum antibody 
(lane 2). Membranes were detected with the anti-XMR69-81 (far left panel), the anti-
XMR96-106 (left panel), anti-XMR1-93 (right panel) or anti-XLR (far right panel) 
antibodies. All three anti-XMR antibodies are able to detect the XMR protein 
precipitated by the anti-XMR96-106 antibody, but the anti-XLR antibody cannot. 

 
C) Analysis of XY (lane 1) and MSYq- (lane 2) protein lysates from adult testis. Blots 

were probed with the anti-XMR and anti-XLR antibodies (upper panel) and an 
anti-actin antibody as a loading control (bottom panel). The MSYq- samples have 
an increase in XMR levels relative to the XY control and this is detected with the 
three anti-XMR antibodies but not the anti-XLR antibody. 
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Figure 4.7  XMR expression during spermatogenesis 
 
Western blot of XY testis samples taken at time points during the first spermatogenic 
wave from  
 
A)  7.5dpp to adult   
B)  18.5dpp to 28.5dpp 
  
Membranes were probed with the anti-XMR69-81 antibody (top panel), the anti-XMR96-

106 antibody (middle panel) and the anti-XMR1-93 antibody (bottom panel). All three 
antibodies detect XMR from 21.5dpp. 
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Figure 4.8  Immunostaining of XY adult testis sections 
 
Immunofluorescence staining of adult testis sections with; 
 
A) anti-XMR69-81 (red) and anti-γH2AX (green) antibodies. 

The anti-γH2AX antibody stains the nucleus of meiotic cells. XMR and γH2AX do 
not co-localise, indicating that XMR is not present in meiotic cells 

 
B) anti-XMR69-81 (red) and anti-XLR (green) antibodies. 

The proteins detected by the anti-XMR and anti-XLR antibodies show mutually 
exclusive expression patterns 

 
C) anti-γH2AX (red) and anti-XLR (green) antibodies. 

XLR and γH2AX co-localise, confirming that the anti-XLR antibody detects a 
meiotic epitope. 
 

 
The cell nuclei are stained with DAPI (blue).
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Figure 4.9  Cytoplasmic localisation of XMR in spermatids 
 
A) XMR staining of XY testis sections under 100X magnification reveals that XMR is 

restricted to spermatids and appears to be cytoplasmic. Sections were stained with 
the anti-XMR69-81 antibody (top panel; red), the anti-XMR96-106 antibody (middle 
panel; red) and anti-XMR 1-93 antibody (bottom panel; red). DNA is stained with 
DAPI (blue) 

 
B) Western blot analysis of cytoplasmic and nuclear fractions from adult XY testis 

using the three XMR antibodies and the XLR antibody, with the γH2AX antibody 
as a nuclear control. XMR is present in the cytoplasmic fraction, whereas the 
testicular protein recognised by the anti-XLR antibody is nuclear. A whole testis 
sample (overloaded relative to the nuclear and cytoplasmic fractions) is included 
for each as a positive control. 
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4.2.5 The anti-XLR antibody does not detect XMR 

The co-staining experiments described above demonstrate that the mouse monoclonal 

anti-XLR antibody previously used fails to detect the spermatid XMR protein. 

Formally speaking, this may have been due to the masking of the XMR/AK015913 

epitope recognised by the anti-XLR antibody in testis sections. I therefore decided to 

characterise this antibody in greater detail. The XLR antibody was unable to detect the 

XMR or AK015913 proteins in transfected cells by either immunostaining or western 

blot (figures 4.5.A, 4.5.B). Although a protein of approximately the same size as XMR 

was detected in the testis on a multi-tissue western blot, closer analysis revealed that it 

was too small to be XMR and was also present in the brain (figure 4.6.A).  

Furthermore, the anti-XLR antibody was unable to detect a difference in the band 

intensity on western blots between control testis and MSYq- testis, although the latter 

is known to have a marked increase in XMR protein (figure 4.6.C). Finally, the anti-

XLR antibody was unable to detect the XMR protein immunoprecipitated with the 

XMR96-106 antibody, which was detected by all three anti-XMR antibodies (Figure 

4.6.B). However, the anti-XLR antibody detected a nuclear protein on a western blot of 

nuclear and cytoplasmic testis fractions (figure 4.9.B), consistent with previous data 

(Calenda et al., 1994); this protein is probably the same protein as that detected on  

testis sections using the same antibody. In conclusion, these data suggest that the anti-

XLR antibody cannot detect XMR, and therefore the meiotic epitope detected by 

Calenda et al. (1994) results from cross reaction of the anti-XLR antibody with another 

unidentified protein(s). 

 

4.2.6 XMR yeast-two-hybrid analysis 

To identify the function of XMR in spermiogenesis, I performed a yeast-two-hybrid 

analysis using the full length XMR ORF cloned into the pGBKT7 vector as bait and a 

pre-transformed testis cDNA library as prey. In initial control experiments, the AH109 

strain of S. cerevisiae was transformed with either the pGBKT7-XMR plasmid or the 

control pGBKT7 plasmid and grown on selective medium. Yeast colonies containing 

the pGBKT7-XMR plasmid were significantly smaller than those containing either the 

empty pGBKT7 or pGBKT7-SLY plasmids, indicating that the XMR is toxic to the 

yeast. The pGBKT7-XMR colonies also turned blue in the presence of X-α-gal, 
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indicating that XMR has transcriptional activation activity and is able to express the 

reporter genes without interacting with another protein, ruling out the possibility of 

screening the library with the complete XMR ORF. 

 To determine which part of the XMR protein was responsible for the toxicity and 

transcriptional activity,  the XMR ORF was expressed in two separate segments that 

specify either the acidic N-terminal domain (amino acids 1-106) or the C-terminal 

coiled-coil COR1 domain (amino acids 107-212).  These domains were separately 

expressed from the pGBKT7 plasmid in the AH109 strain of S. cerevisiae (Figure 

4.10). The results are summarised in Figure 4.11. Activation of the MEL1 reporter 

gene, assayed by the ability of the colony to turn blue in the presence of the 

chromatogenic substrate X-α-Gal, occurred with pGBKT7-XMR COR1, and to a lesser 

extent, pGBKT7-XMR N-terminal containing yeast, indicating that both domains 

possess transcriptional activation ability (Figure 4.10.B, C). However, yeast colonies 

containing the pGBKT7-XMR plasmid (Figure 4.10.D) were a more intense blue 

colour than either the pGBKT7-XMR N-terminal or pGBKT7-XMR COR1 colonies, 

suggesting that these two domains act in an additive manner in the full length protein. 

The pGBKT7-XMR N-terminal plasmid had no effect on initial colony growth, but 

after 5 days, the pGBKT7-XMR N-terminal colonies (Figure 4.10.B) were slightly 

smaller than the control pGBKT7 colonies (Figure 4.10.A), suggesting that the N-

terminal domain of XMR may be slightly toxic to the yeast.  The pGBKT7-XMR 

COR1 colonies (Figure 4.10.C) were also significantly smaller than the pGBKT7 

colonies, but were approximately the same size as those containing with the full length 

XMR (Figure 4.10.D). These results indicate that the COR1 domain of XMR is 

responsible for most, if not all of the toxicity caused by this protein in yeast. 



Figure 4.10  Photographs of XMR-containing S. cerevisiae colonies 

 
S. cerevisiae of the AH109 stain were transformed with pGBKT7 plasmids containing 
the GAL4 DNA binding domain and grown on selective media in the presence of X-α-
gal for 5 days. Activation of the MEL1 reporter gene causes the colonies turn blue in 
the presence of X-α-gal. Photographs are at 1X magnification 
 
A) Photograph of yeast containing the pGBKT7 plasmid alone. The colonies show 

normal growth and are white in colour (the MEL1 gene is not activated). 
 
B) Photograph of yeast containing the pGBKT7-XMR N-terminal plasmid. The DNA 

encoding the first 106 amino acids of XMR is fused to the GAL4 DNA BD, 
forming a fusion protein. The colonies are slightly smaller than those containing 
the pGBKT7 plasmid alone. The colonies are pale blue, indicating that the MEL1 
reporter gene has been activated by the fusion protein. 

 
C) A photograph of yeast containing the pGBKT7-XMR COR1 plasmid. The colonies 

are smaller than the pGBKT7 control. The DNA BD-XMR COR1 fusion protein 
causes strong activation of the MEL1 reporter gene indicated by the colony colour. 

 
D) A photograph of yeast colonies containing the pGBKT7-XMR plasmid. The full 

length XMR protein is fused to the DNA BD of GAL4. The colonies are 2-3X 
smaller than those containing the control pGBKT7 plasmid, indicating the fusion 
protein causes growth retardation. The colonies are also dark blue, implying that 
the fusion protein also causes very strong activation of the MEL1 reporter gene. 
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GAL4 DB             XMR COR1

GAL4 DB          XMR N-terminal

Figure 4.11  
 
A)  
 
  
 
 
 
                                             
 

 

 

 

 

 
 
 
Figure 4.11  Transformation of S. cervisiae with different Xmr constructs 
 
A) Schematic representation of the fusion proteins encoded by the different pGBKT7 

constructs. The GAL4 DNA binding domain is in yellow, the XMR N-terminal 
domain is in pale blue and the XMR COR1 domain is in dark blue. 

 
B)  A summary of the S. cerevisiae colony growth and colour after transformation with 

the pGBKT7, pGBKT7-XMR N-terminal, pGBKT7-XMR COR1 and pGBKT7-
XMR  constructs. 

 

 

 

construct 
colony 

size  colony growth 
colony 
colour 

Activation of 
MEL1 

reporter gene? 

pGBKT7 

pGBKT7-XMR  
N-terminal 

pGBKT7-XMR 

pGBKT7-COR1 

B) 

GAL4 DB          XMR N-terminal          XMR COR1

pGBKT7 2-3mm normal white no 

pGBKT7-XMR 
N-terminal 

1.5-
2.5mm slight retardation pale blue yes 

pGBKT7-XMR 
COR1 1-1.5mm 

slow, 2-3X smaller 
than control blue yes 

pGBKT7-XMR 1-1.5mm 
slow, 2-3X smaller 

than control dark blue yes 



4.3 Discussion 

 

In this chapter, I have used RT-PCR and RNA FISH to further substantiate the 

growing evidence that the multicopy Xmr gene is predominantly transcribed in 

spermatids. Western blot and immunostaining analysis was carried out using 

antibodies raised specifically to XMR and this demonstrated that XMR it is a 

cytoplasmic protein present in stage 2–11 spermatids. These findings are inconsistent 

with previous studies that used an antibody raised to the related XLR, and concluded 

that XMR is a nuclear protein expressed during meiosis (Calenda et al., 1994; Escalier 

and Garchon, 2005; Escalier and Garchon, 2000). To explain this discrepancy, I have 

also demonstrated that this anti-XLR antibody is unable to recognize either XMR or 

the related protein AK015913. In light of these findings, the name Xmr (Xlr-related, 

meiosis regulated) is misleading, and the gene has been renamed Slx (Sycp3-like, X-

linked) to reflect its homology to the Y-encoded multi-copy Sly (Reynard et al., 2007). 

AK015913 is now named Slxl1 (Slx-like 1). 

 

The identity of the protein recognized by the monoclonal anti-XLR antibody is at 

present unknown. A candidate for this protein is XLR, although previous data suggests 

that the Xlr gene is not transcribed in the testis (Escalier and Garchon, 2005; Escalier 

and Garchon, 2000). However, I detected Xlr mRNA in the testis by RT-PCR, and this 

is substantiated by microarray studies (Namekawa et al., 2006; Shima et al., 2004) and 

data from Turner (2000), which detected Xlr mRNA in the testis from 11.5dpc. The 

anti-XLR antibody also recognizes an ovarian meiotic protein reported to be XLR 

(Escalier et al., 2002). The staining pattern observed in oocytes is reminiscent of the 

testicular expression pattern observed with the same antibody, with XLR localising to 

the whole nucleus of leptotene and zygotene oocytes, before reaching its highest levels 

in pachytene oocytes. In both the XY testis and XYTdym1 ovary, the protein(s) 

recognised by the anti-XLR antibody localise to sex chromosomes during pachytene 

(Calenda et al., 1994; Turner, 2000) and this protein(s) also accumulates on the axes of 

asynapsed autosomes in oocytes and spermatocytes (Escalier and Garchon, 2005; 

Escalier and Garchon, 2000; Turner, 2000). It is feasible that the anti-XLR antibody 

detects two different meiotic proteins which are expressed in a sex specific manner, as 

concluded by Escalier et al. (2002). However, a more parsimonious explanation for the 

identical staining pattern observed in oocytes and spermatocytes’ using the anti-XLR 

antibody is that this antibody detects the same protein in male and female meiosis. The 
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observations that Xlr is transcribed in the testis as well as the foetal ovary, together 

with the knowledge that the antibody was raised against the full length XLR protein, 

suggest that the meiotic protein is XLR. One way to test this hypothesis is by raising 

an antibody to a peptide sequence specific to XLR and observing if this antibody 

detects the same meiotic protein as the full length anti-XLR antibody. Alternatively, to 

examine if the staining pattern detected by the anti-XLR antibody is altered in meiotic 

cells that have reduced or absent XLR, RNAi could be used to decrease Xlr expression 

levels in germ cells. This approach would also help to elucidate the potential function 

of XLR during mouse meiosis. 

 

Another possibility is that the anti-XLR antibody recognises a different member of the 

Xlr-superfamily in meiotic cells. RT-PCR and microarray studies show that Xlr3, Xlr4, 

and Xlr5 subfamily members are transcribed in spermatogenic cells, and for Xlr3 this 

has been confirmed by Northern blot analysis (Lammers et al., 1994). Transcription of 

all three subfamilies begins before MSCI takes place (Namekawa et al., 2006; Schultz 

et al., 2003; Shima et al., 2004). A transcriptional study of ovary development by 

microarray analysis indicates that the Xlr3, Xlr4, and Xlr5 genes are also transcribed 

during meiosis in females (Small et al., 2005), and could therefore account for the 

appearance of the protein detected by the anti-XLR antibody. The putative XLR3, 

XLR4, and XLR5 proteins all contain classical nuclear localization signal motifs 

(Hicks and Raikhel, 1995; Hicks et al., 1995), and are predicted to be nuclear using 

Psort II bioinformatics program (http://psort.nibb.ac.jp/form2.html). The protein 

recognised by the anti-XLR antibody is enriched axes of the X and Y during pachytene 

and the putative XLR4 protein was identified in a yeast-two-hybrid screen as a 

potential interactor of SYCE2, a synaptonemal complex central element protein (Y. 

Costa, personal communication). Transfection of cells with the Xlr3, Xlr4 and Xlr5 

ORFs tagged with a reporter gene could be used to see if the fusion protein is 

recognised by the anti-XLR antibody. However, this approach would not help to 

establish the identity of the meiotic protein detected by the antibody, but rather 

demonstrate if the antibody can recognise other Xlr superfamily proteins besides XLR. 

Alternatively, transgenic mice carrying tagged versions of these genes could be 

generated to examine if their encoded proteins have the same expression pattern as the 

protein detected by the anti-XLR antibody. Finally, it is conceivable that the anti-XLR 

antibody cross-reacts with an unrelated meiotic protein. 
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The SLX protein contains a COR1 domain, which is hypothesized to facilitate 

chromatin binding, and so the cytoplasmic localisation of SLX in spermatids is 

surprising. Transformation of S. cervisiae with the Slx ORF demonstrates that SLX has 

transcriptional activation activity when the protein localises to the nucleus. Further 

analysis in yeast found that the COR1 and N-terminal domains of SLX both contain 

transcriptional activity (assayed by the ability to activate the MEL1 reporter gene, 

which turns the yeast colony blue in the presence of X-α-gal), although the majority of 

this activity in the full length protein is due to the COR1 domain.  SLX was also found 

to be toxic to yeast, with colonies containing the plasmids encoding SLX being smaller 

than those transformed with the control plasmid. This toxicity may be related to the 

transcriptional activity of SLX in yeast, with SLX potentially affecting the 

transcription of genes involved in cell cycle progression or apoptosis. SLX could also 

be toxic in mammalian cells when present in cells that do not normally express it, and 

this may explain the small number of SLX-containing cells when HEK 293 and COS7 

cells are transfected with the Slx ORF. It should be noted that SLX localises to the 

nucleus in both cell types, where it may affect transcription, potentially leading to cell 

death when high levels of SLX are present.  

 

The cellular location of SLX in the testis can be explained by loss of the putative 

nuclear localization signal motif KRKR found in the COR1 domain of XLR and 

SYCP3, and by the lack of other identifiable nuclear localization signal motifs. It 

remains conceivable that in spermatids, a small proportion of SLX protein is present in 

the nucleus where it is involved in transcriptional regulation during spermiogenesis, 

with chromatin binding facilitated by the COR1 domain. However, western blot 

analysis and immunofluorescence studies found no evidence to support this idea. It is 

more likely that SLX has developed a new role in the cytoplasm of spermatids. One 

possibility is that SLX is involved in mRNA metabolism, with the COR1 domain 

evolving to allow binding to cytoplasmic RNAs rather than chromatin. If this is found 

to be the case, Slx may still play a role in the up-regulation of spermatid expressed sex 

linked genes seen in the MSYq deletion models. 

 

Ellis et al. (2005) have reported that mice with deletions of the MSYq up-regulate a 

number of X- and Yp-linked transcripts, including Slx. Our present results are 

important because they are the first to show that, at least for Slx, the increase in 

transcription seen in MSYq- mice leads to a corresponding increase in protein levels. 
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Aside from an increase in sperm head defects seen in MSYq deletion mice models, the 

fertile 2/3MSYq- mice generate offspring with a distorted sex ratio in favour of 

females (Conway et al., 1994). Ellis and colleagues (Ellis et al., 2005) proposed that 

this is because of an underlying post-meiotic X-versus-Y intragenomic conflict that 

has been uncovered by the reduction of MSYq-encoded transcripts resulting from the 

deletion. It has further been suggested that Slx and Sly may be important players in this 

genomic conflict (Ellis et al., 2005; Touré et al., 2005), perhaps due to the predicted 

mutually antagonistic action of SLY and SLX on the transcriptionally repressed X and 

Y chromatin domains of spermatids (Greaves et al., 2006; Namekawa et al., 2006; 

Turner et al., 2006). However, the findings of chapters 3 and 4 of this thesis indicate 

that SLX and SLY do not localize to the nucleus, so any potential genomic conflict 

between these two proteins is unlikely to occur by effects on sex chromatin. It is more 

likely that any potential interaction between Slx and Sly is mediated at the post-

transcriptional level, perhaps in a manner similar to that described for the multicopy 

sex-linked Ste/Su(Ste) genes in Drosophila (Aravin et al., 2001; Belloni et al., 2002). 

Alternatively, the reduction of other MSYq-encoded transcripts such as Ssty may be 

responsible for the distorted sex ratio in offspring of the 2/3MSYq males. The up-

regulation of X- and Yp-linked genes in the MSYq deletion models is investigated 

further in the next chapter. 

 

To conclude, in this chapter I have reanalysed the expression of Slx (previously Xmr) 

during spermatogenesis at the RNA and protein level. I have discovered that SLX is 

expressed in a different cell type and cellular compartment than previously published 

(Calenda et al., 1994; Escalier and Garchon, 2005; Escalier and Garchon, 2000). 

However, I was unable to identify the role of this protein during spermiogenesis. Due 

to the toxicity and effects of SLX on S. cervisiae transcription, a yeast-two-hybrid 

screen could not be performed to identify proteins that interact with SLX. It will be 

interesting to see if the proteins found to interact with SLY (for example DKKL1, see 

chapter 3) also interact with SLX. However, I think this is unlikely due to the 

divergence in protein sequence between SLX and SLY and the observation that unlike 

SLX, SLY does not have transcriptional effects nor is it not toxic to S. cervisiae. I 

believe that Slx transgenic analysis remains the best approach to elucidate the specific 

role of this gene in spermiogenesis and this is the topic of chapter 6. 
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marks in spermatids from  

mice with MSYq deletions 



Examination of sex chromosome transcription and epigenetic marks 

in spermatids from mice with MSYq deletions 

 

5.1 Introduction 

 
The results of chapters 3 and 4 demonstrated that SLY and SLX are cytoplasmic 

proteins, and are thus unlikely to have a direct role in regulating spermatid chromatin 

conformation and gene expression, as previously hypothesised (Ellis et al., 2005; 

Touré et al., 2005). It has been assumed that the rise in X- and Yp-linked transcripts 

observed in mice with MSYq deletions result from the de-repression of these genes in 

spermatids.  However, it is feasible that this up-regulation is a post-transcriptional 

effect, and may be due to disturbances in mRNA processing or stability.  The aim of 

this chapter is to investigate if the increase in X- and Yp-derived transcripts observed 

in the three MSYq deletion models is the result of a chromatin mediated effect or a 

post-transcriptional effect. If the latter is found to be the case, Sly and Slx remain 

potential candidate genes for this phenotype in the MSYq deletion models. 

 

Incomplete synapsis of the mammalian X and Y chromosomes during male meiotic 

prophase triggers the formation of the transcriptionally silent heterochromatic XY or 

sex body domain, a process known as meiotic sex chromosome inactivation (MSCI). 

The silencing of the sex chromosomes in MSCI is accompanied by exclusion of the 

active form of RNA polymerase II (Pol-II) and changes in epigenetic marks from those 

associated with active chromatin to those associated with transcriptional inactivation 

(Khil et al., 2004; Namekawa et al., 2006). For a long time, MSCI was assumed to be 

transient, the sex chromosomes being transcriptionally reactivated at the end of meiotic 

prophase as proteins associated with silencing were lost. However, recently it was 

shown that a substantial degree of sex chromosome silencing persists through the 

meiotic divisions into spermatids (Namekawa et al., 2006; Namekawa et al., 2007; 

Turner et al., 2006). This phenomenon is termed post-meiotic sex chromosome 

repression (PSCR; Turner et al., 2006) and microarray studies on purified mouse 

spermatogenic cells indicate that up to 87% of X-linked genes remain transcriptionally 

suppressed in round spermatids (Namekawa et al., 2006). Unlike MSCI, PSCR is 

incomplete, and a number of genes display some level of post-meiotic reactivation 

(Mueller et al., 2008; Namekawa et al., 2006). There is also de novo transcription of 
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several sex linked genes that are expressed specifically in spermatids (e.g. Mgclh, 

Slxl1; Ellis et al., 2005). 

 

In the spermatid nucleus, the sex chromosome is adjacent to the chromocentre and 

assembles into a DAPI-dense heterochromatic structure known as the post-meiotic sex 

chromatin (PMSC; Namekawa et al., 2006). This domain is depleted of Cot1 RNA (a 

marker of nascent transcription) and RNA polymerase II (Namekawa et al., 2006; 

Turner et al., 2006). The epigenetic status of the spermatid PMSC has been well 

characterised and includes a number of histone modifications and heterochromatin-

associated proteins present on the meiotic sex body, including CBX1 (previously 

known as HP1β) and dimethylated Histone H3k9 (Baarends et al., 2007; Greaves et al., 

2006; Khalil et al., 2004; Namekawa et al., 2006; Turner et al., 2006). However, the X 

and Y chromosomes are continually remodelled during the transition between meiosis 

and spermiogenesis, and histone modifications associated with transcriptionally active 

chromatin (e.g. H4K8 acetylation and H3K4 dimethylation) are also enriched on the 

PMSC in round spermatids (Baarends et al., 2007; Greaves et al., 2006; Khalil and 

Driscoll, 2006). These epigenetic changes could explain why PSCR is less complete 

than MSCI, and may reflect a need to retain expression of some X- and Y-encoded 

genes that are essential for spermiogenesis. 

 

Deletions of the MSYq are associated with problems in sperm development and 

function in mice. A number of downstream transcriptional effects secondary to MSYq 

deficiency were identified by microarray analysis of testes from the 2/3MSYq-, 

9/10MSYq- and MSYq- mice models (Ellis et al., 2005). Twenty five spermatid-

expressed genes showed at least a 1.5 fold transcriptional change in the MSYq- 

samples relative to the XY control. Only two of these genes were down-regulated, 

suggesting that the main effect of the MSYq on testis transcription is the repression of 

a set of downstream genes. Real-Time RT-PCR analysis confirmed that 15 of the 23 

genes were up-regulated, and also identified five additional genes that showed a 

significant rise in transcript levels in the MSYq-testis compared to the XY control 

(Table 5.1). For the most highly up-regulated genes, in-situ hybridisation confirmed 

that these genes were expressed predominantly or specifically in spermatids in normal 

mice. Additionally, the expression pattern of the up-regulated genes was unaltered in 

the 9/10MSYq- and MSYq- testes. This indicates that elevated spermatid transcript 
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levels were responsible for the up-regulation rather than additional ectopic gene 

expression in other cell types.  

 

Of the fifteen genes confirmed as up-regulated by real time PCR and microarray 

analysis, fourteen of these map to either the X or Y chromosome and include Slx and 

Slxl1 (see Table 5.1 for a full list up-regulated  genes). Many of the genes identified in 

the array are members of highly homologous gene families, and Ellis and colleagues 

(Ellis et al., 2005) demonstrated that while X- and Yp-encoded genes were 

significantly up-regulated in the MSYq deletion models, their autosomal homologues 

were not. The authors concluded that loss of MSYq-encoded transcripts is associated 

with a de-repression of specific sex-linked genes in spermatids. They went on to 

predict that SLX and SLY play a role in the persistence of sex chromosome silencing 

in spermatids by modulating their chromatin conformation. Furthermore, Ellis et al. 

(2005) suggested that the up-regulation of spermatid transcription in the MSYq 

deletion models was potentially due to SLY deficiency. It was also speculated that the 

up-regulated genes may contribute to the spermiogenic phenotypes in mice with 

MSYq deletions, with the two most highly affected genes, AK005922 and Mgclh, 

being good candidates.  

 

It is possible that the initiation or maintenance of PSCR is defective in the three MSYq 

deletion models. However, any failure of PSCR would be expected to lead to increased 

transcription of all spermatid-expressed sex-linked genes. This does not appear to be 

the case, since a moderate increase in transcript levels was only observed for a small 

number of X- and Yp-encoded genes. Ellis et al. (2005) suggested that the multicopy 

nature of the up-regulated genes and their location within ampliconic and palindromic 

regions may permit them to self-synapse during pachytene. This would allow them to 

escape recognition as unsynapsed chromatin, and so the genes would not be subject to 

MSCI or PSCR, allowing their expression in spermatids. Although there is no evidence 

to support the idea that palindromic regions undergo intrachromosomal synapsis 

during MSCI in mice, Namekawa et al. (2006) did notice that genes expressed in 

spermatids tend to cluster into specific regions on the X chromosome. They suggested 

that there are domain-specific features that allow escape from post-meiotic silencing. It 

is possible that the X and Y genes that are up-regulated in the MSYq deletion models 

are located within these domains. Furthermore, deletions of the MSYq could lead to 
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localised disruption of the chromatin structure that is restricted to these domains, 

resulting in increased transcription of genes residing within these regions. 

 

It is presumed that the up-regulation in the three MSYq deletion models is the result of 

increased transcription of the affected genes. However, it is possible that the effect 

may be due to post-transcriptional changes in the processing of these transcripts. 

During the late stages of spermiogenesis, chromatin compaction occurs in the nucleus 

and this leads to inhibition of gene transcription. As a result of this, mRNA storage and 

translational regulation are very important in controlling protein production in 

spermatids and spermatozoa. Many post-meiotic transcripts are subject to translational 

repression, with transcripts being stored in the spermatid cytoplasm for 4-5 days before 

being translated (reviewed by Kleene, 2003). In the MSYq deletion models, translation 

of some X- and Y-linked transcripts may be delayed due to changes in RNA 

processing, causing these mRNAs to accumulate and appear up-regulated by 

microarray analysis. Such translational delays would be expected to cause a decrease 

in the level of the proteins encoded by these genes. This may explain why the sperm 

head abnormalities in the MSYq deletion models are similar to those observed in mice 

and humans that have reduced or absent levels of MGCL1, a protein encoded by the 

autosomal homologue of the up-regulated X-linked Mgclh gene (Kimura et al., 2003; 

Kleiman et al., 2003; Maekawa et al., 2004). Unfortunately this theory does not 

explain why the effect is limited to a small number of sex-linked transcripts, with the 

levels of related autosomal transcripts being unchanged. One explanation for this may 

be that the affected transcripts share a common motif not present in their autosomal 

homologues. Alternatively, the autosomal genes may not be expressed in spermatids, 

and this is known to be the case for Mgcl1. 

 

In this chapter, the X- and Y-linked gene up-regulation exhibited by the MSYq 

deletion mice is investigated to see if it is a chromatin-mediated effect. While SLX and 

SLY are unlikely to be directly involved in a chromatin-mediated effect, these proteins 

could act post transcriptionally to regulate mRNA levels. 
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Table 5.1  
 
 

Name 

Ellis et al., 
2005 
identifier 

Up-
regulated by 
microarray 

Up-
regulated 

by RT-
PCR chromosome  

copy 
number 

Xmr/Slx NM_009529 yes yes X A2 25* 
Slxl1 AK015913 yes yes X 14* 

Ube1y NM_011667 no yes 
1 and 2 

Y A1 pseudogenes 
Ube1x NM_009457 no yes X 1 
  XM_358268 no yes Y  4 
H2al1 AK005922 yes yes X A1.1 14* 
Ckt1/Cypt2 XM_142014 no yes X D ? 
Ckt1r1/Cypt3 NM_173367 no yes X F3 ? 
  AK005630 yes yes X 3* 
  AK005817 yes yes X C3 2* 
  XM_141928 yes yes X ? 
Mgclh AB055854 yes yes X A1.1 21* 
  AK015451 yes yes X 1? 
Vsig1 AK006251 yes yes X F1 1? 
  AA183442 yes yes X A1.1 ? 
SatL1 AK015086 yes yes X E1 ? 
Tgifx1 NM_153109 yes yes X E1 2 
Grhpr NM_080289 yes yes 4 B2 ? 
Gm362 XM_141720 yes yes X ? 
  AK006152 yes yes? Y ? 

 
 

 

Table 5.1  Genes reported by Ellis et al.  (2005) to show a minimum 1.5-fold 
increase in testis mRNA levels in 9/10MSYq- or MSYq- mice  
 
Fifteen genes were identified by microarray analysis and confirmed as up-regulated by 
real-time RT-PCR. Five additional genes were identified by real-time RT-PCR 
analysis alone. Genes highlighted in the same colour (e.g. Slx, Slxl1) belong to the 
same gene family. The chromosomal location of each gene is given, as is the gene 
copy number when known. 
 
* gene copy number estimated by Mueller et al., 2008 
? unknown gene copy number, presumed to have only one copy. 
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5.2 Results 

 
5.2.1 Up-regulation of X- and Yp-linked genes in the MSYq deletion models is due 

to an increase in nascent transcription 

 

In the MSYq deletion models, Ellis et al. (2005) used microarray studies, northern blot 

and real-time RT-PCR analysis to detect an increase in the transcript levels of a small 

proportion of X- and Yp-linked genes. All three techniques assay the level of mature 

RNAs, and so it is unknown if the up-regulation of transcripts observed in the three 

MSYq deletion models is a consequence of an increase in gene transcription or if this 

is a post-transcriptional effect. In order to address whether there is increased 

transcription, I used gene-specific RNA FISH. This also allows the monitoring of 

nascent transcription specifically in spermatids, the cell type of interest. 

 

Gene-specific RNA FISH was performed on spermatogenic cells from XY, 2/3MSYq- 

and MSYq- mice. For each gene, RNA FISH was replicated three times using three 

different mice for each genotype, and the presence of an RNA FISH signal was 

examined in approximately 100 round spermatids per mouse. Although RNA FISH 

signals are not normally used to quantitate the levels of gene expression in individual 

cells, this approach can be employed to identify if there is an increase in the frequency 

of round spermatids expressing a specific gene. Four X-linked genes (Slx, Slxl1, Vsig1, 

and Satl1) were chosen for investigation, along with the Yp-linked Ube1y gene and the 

autosomal Grhpr gene; all six genes were identified as up-regulated in the initial 

microarray and confirmed to be significantly up-regulated in either the 9/10MSYq- or 

MSYq- models by RT-PCR analysis (Ellis et al., 2005). Consistent with previous data 

(Ellis et al., 2005), Slx, Slx1l, Vsig1 and Ube1y RNA FISH signals were observed in a 

higher proportion of round spermatids from MSYq- mice compared to the XY control 

mice (Tables 5.2, 5.3, Graphs 5.1 A-D); in each this was found to be statistically 

significant at P<0.05 using the ANOVA test. The most dramatic difference was seen 

for Vsig1, with the number of RNA FISH positive spermatids increasing more than 

two-fold, from an average of 16.5% in XY mice to 38.2% in MSYq- mice. Trends of 

increased RNA FISH signal intensity and the number of signals per cell were also 

observed in the MSYq- spermatids compared to both XY controls and 2/3MSYq- 

spermatids. This was most noticeable for Slx and Slxl1 (Figure 5.1.A and 5.1.B). For 
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the autosomal Grhpr gene, no significant difference was observed between the 

genotypes in the percentage of spermatids with an RNA FISH signal (Tables 5.2, 5.3, 

Graphs 5.1.E). Satl1 signals were not observed by RNA FISH, possibly due to rapid 

processing of nascent transcripts.  

 

In addition to the up-regulated genes assayed above, RNA FISH was performed for 

eight control spermatid-expressed genes that showed no difference in testis transcript 

levels between normal and MSYq deletion mice by microarray analysis (Ellis et al., 

2005). These were the X-linked Ott, Fmr1 and Ddx3x genes, the Y-linked Uty gene 

and four autosomal genes, Brca1, Atr, Adam3 and Prkdc. The non-spermatid expressed 

X-linked Xiap gene was included as another control; this gene is active in 

spermatogonia before being silenced by MSCI in pachytene spermatocytes and 

remains silent in spermatids (Mueller et al., 2008; Namekawa et al., 2006). 

Unexpectedly, the sex-linked Ott, Fmr1, Ddx3x and Uty genes were all expressed in a 

significantly higher percentage of spermatids from the MSYq- males than the XY 

controls (P<0.05; Tables 5.2, and 5.3, Graphs 5.1.F-I). There was no significant 

difference between genotypes with respect to the percentage of spermatids with RNA 

FISH signals for the autosomally located Brca1, Atr, Adam3 and Prkdc genes (Table 

5.2, Graphs 5.1.I-K). As in XY controls, Xiap was silent in spermatids from the 

MSYq- mice (Tables 5.2, and 5.3).  

 

In conclusion, all six X-linked and both Y-linked spermatid expressed genes assayed 

by the presence of an RNA FISH signal were found to be transcribed in a significantly 

higher percentage of round spermatids from MSYq- mice compared to the XY control 

mice. No statistically significant difference was seen between the genotypes for any of 

the five autosomal genes assayed, including Grhpr; this gene was previously reported 

to be significantly up-regulated in MSYq- mice by microarray and qRT-PCR studies 

(Ellis et al., 2005). Taken together, these data indicate that the up-regulation of X- and 

Y-linked genes detected in the MSYq deletion mice is due, at least in part, to an 

increase in spermatid transcription of these genes. This may be a consequence of a 

global disruption in the maintenance of sex chromosome gene silencing post-meiosis. 
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Table 5.2 
 
 
 

Gene chromosome 
% of expressing round 

spermatids 
significant at 

95% CI? 
fold 

change 
     XY  2/3MSYq- MSYq-      
Slx X 40.3 43.0 50.3 yes, P=0.005733 1.3 
Slxl1 X 34.6 40.0 48.0 yes, P=0.020062 1.4 
Vsig1 X 16.5 26.3 38.2 yes, P=0.011006 2.3 
Ott X 19.7 23.2 28.8 yes, P=0.044671 1.5 
Fmr1 X 9.3 11.4 22.5 yes, P=0.000252 2.4 
Ddx3x X 18.5 23.0 34.7 yes, P=0.010805 1.9 
Ube1y Y 35.0 37.8 48.8 yes, P=0.002228 1.4 
Uty Y 15.1 16.8 27.0 yes, P=0.033384 1.8 
Grhpr 4 57.3 59.0 56.2 no, P=0.891192 1.0 
Adam3 8 5.7 3.6 4.6 no, P=0.952326 0.8 
Atr 9 9.5 9.3 16.0 no, P=0.099294 1.7 
Brca1 11 70.2 70.4 74.5 no, P=0.264541 1.0 
Prkdc 16 28.0 29.1 26.5 no, P=0.802551 0.9 
Xiap X 0.0 0.0 0.0 N/A   

 
 

 
Table 5.2  A list of genes analysed by gene-specific RNA FISH in round 
spermatids from XY, 2/3MSYq- and MSYq- males 
 
 
For each genotype, three different males were analysed for the presence of an RNA 
FISH signal, with approximately 100 round spermatids counted per male. Spermatids 
with an RNA FISH signal were considered to be expressing the gene. For each gene, 
the mean percentage of spermatids with an RNA FISH signal is given for the three 
genotypes.  
 
A one way analysis of variance (ANOVA) test (after angular transformation of 
percentages) was used to determine if the results were statistically significant. The 
probability that there is no difference between the XY and MSYq- genotypes in the 
number of spermatids expressing a particular gene is indicated. The fold change in the 
number of spermatids with an RNA FISH signal is given, and is calculated as the 
MSYq-/XY ratio. For sex-linked genes, the proportion of round spermatids expressing 
a particular gene increases with the MSYq deletion size, although this is not 
statistically significant between the XY and 2/3MSYq- genotypes. 
 
It should be noted that for sex-linked genes, only half of the spermatids carry the gene 
and so the maximum number of spermatids that can express each gene is 50%. For 
autosomal genes, all spermatids have a copy of the gene and so these genes can be 
expressed in up to 100% of spermatids. The chromosomal location of the genes is 
indicated. 



Table 5.3  Number of spermatids with RNA FISH signals 
 
The table shows the raw RNA FISH values. For each gene, RNA FISH was performed 
on surface-spread spermatogenic cells from XY, 2/3MSYq- and MSYq- testis material, 
and replicated three times. Values are given as the number of spermatids with an RNA 
FISH signal over the total number of spermatids counted. Within each replicate, the 
RNA FISH was performed under the same conditions using a probe labelled at the 
same time and so the values are comparable.  
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Table 5.3 
 

Gene replicate XY 2/3MSYq- MSYq- 
Slx replicate 1 39/101 40/103 50/100 
 replicate 2 66/156 48/106 57/112 
 replicate 3 40/100 45/100 50/100 
         
Slxl1 replicate 1 37/101 45/106 69/135 
 replicate 2 35/116 42/112 48/115 
 replicate 3 37/100 40/100 51/100 
         
Vsig1 replicate 1 13/102 17/101 35/104 
 replicate 2 19/101 32/102 42/100 
 replicate 3 18/101 31/101 39/100 
         
Ott replicate 1 21/101 23/100 30/106 
 replicate 2 19/102 22/102 24/103 
 replicate 3 20/101 25/100 35/101 
         
Fmr1 replicate 1 8/101 13/105 21/101 
 replicate 2 11/101 11/100 21/101 
 replicate 3 9/100 11/101 53/206 
         
Ddx3x replicate 1 16/102 17/100 32/105 
 replicate 2 20/100 27/103 38/100 
 replicate 3 20/101 26/101 36/101 
         
Ube1y replicate 1 33/105 39/100 47/101 
 replicate 2 37/101 35/102 51/102 
 replicate 3 37/100 40/100 50/100 
         
Uty replicate 1 9/101 13/101 27/107 
 replicate 2 17/100 18/101 29/101 
 replicate 3 20/103 23/100 27/100 
         
Grhpr replicate 1 61/101 N/A 52/100 
 replicate 2 58/101 66/100 65/102 
 replicate 3 54/100 52/100 54/102 
         
Adam3 replicate 1 10/100 5/102 9/102 
 replicate 2 0/101 0/100 0/100 
 replicate 3 7/103 6/100 5/101 
         
Atr replicate 1 8/100 6/100 12/100 
 replicate 2 12/103 13/100 21/100 
 replicate 3 9/101 9/101 15/100 
         
Brca1 replicate 1 72/103 71/100 73/100 
 replicate 2 71/102 72/101 82/102 
 replicate 3 71/100 71/103 70/100 
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Gene replicate XY 2/3MSYq- MSYq- 
Prkdc replicate 1 31/100 33/100 31/100 
  replicate 2 27/100 27/103 N/A 
  replicate 3 26/100 28/100 27/100 
          
Xiap replicate 1 0/101 0/100 0/100 
  replicate 2 0/100 0/103 0/103 
  replicate 3 0/102 0/103 0/102 

 
  



Chart 5.1  Graphical representations of the RNA FISH data 
 
For each gene, the mean percentages of spermatids positive for an RNA FISH signal 
were plotted per genotype. It should be noted that the maximum number of spermatids 
that can express a sex-linked gene is approximately 50% due to the haploid nature of 
these cells. The graphs are for the following genes. 
 
A) Slx 
B) Slxl1 
C) Vsig1 
D) Ube1y 
E) Grhpr 
F) Ott 
G) Fmr1 
H) Ddx3x 
I) Uty 
J) Brca1 
K) Atr 
L) Adam3 
M) Prkdc 
 
The percentages of expressing spermatids were transformed into angles and the 
transformed data were analysed by a one way analysis of variance (ANOVA) test 
using the NCSS statistical package.  
 
* The number of spermatids with an RNA FISH signal is significantly (P<0.05) 
increased in spermatids from MSYq- mice compared to XY mice 
 
** The number of spermatids with an RNA FISH signal is significantly increased in 
spermatids from MSYq- mice compared to XY and 2/3MSYq- mice. 
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Figure 5.1  Gene-specific RNA FISH for Slx and Slxl1  
 
RNA FISH on round spermatids from XY (top panel), 2/3MSYq- (middle panel) and 
MSYq- (bottom panel) mice for: 
 
(A) Slx  
(B) Slxl1  
 
The number of RNA signals per spermatid appears to be increased in the two MSYq- 
models compared to the XY control.  
 
Left panel; round spermatid nucleus stained with DAPI (blue).  
Middle panel; RNA FISH signal (red).  
Right panel; merge 
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5.2.2 The epigenetic profile of the spermatid sex chromosomes is altered in the 

MSYq- mice 

 

In spermatids, the sex chromosomes form a facultative heterochromatic structure next 

to the chromocentre (the centromeric heterochromatin domain) and are enriched for a 

number of histone post-translational modifications and histone variants associated with 

both active and inactive chromatin (Baarends et al., 2007; Greaves et al., 2006; Khalil 

et al., 2004; Namekawa et al., 2006; Turner et al., 2006). These epigenetic marks are 

thought to play an important role in maintaining the transcriptional repression of X and 

Y chromosomes during spermiogenesis (Greaves et al; 2006; Namekawa et al., 2006; 

Turner et al., 2006). It is conceivable that the disruption in PSCR observed in the 

MSYq deletion models may be accompanied by changes in the conformation and 

epigenetic profile of the sex chromosomes. To explore this possibility, histone H3 

methylation, histone H4 acetylation and the localisation of the heterochromatin-

associated protein CBX1 was examined in spermatids from XY and MSYq- mice. The 

results are shown in Figures 5.2 to 5.6 and summarised in Table 5.4. 

 

To determine if the sex chromosomes in spermatids from MSYq- mice still form a 

heterochromatic structure, spermatids from XY and MSYq- mice were stained with 

DAPI. In XY mice, 71.6% (514/718) of round spermatids had a cytologically visible 

DAPI-dense structure located next to the chromocentre and chromosome painting 

confirmed that this structure corresponded to either the X or the Y chromosome. In 

spermatids from MSYq- mice, the sex chromosome chromatin domain was still 

discernable in 37.3% (265/710) of round spermatids. Chromosome painting revealed 

that the DAPI-dense sex chromosome domain is only present in X-bearing round 

spermatids from MSYq- mice, indicating that the Y*xSxra and Y*x chromosomes are 

not detected using DAPI. Taken together these results imply, at least with respect to 

the X chromosome, that the increased transcription in these spermatids is not 

associated with de-heterochromatinisation.  

 

H3K9me2 

Dimethylation of histone H3 at lysine 9 (H3K9me2) is a marker of transcriptionally silent 

chromatin. On surface-spread testicular cells, three patterns of H3K9me2 localisation 

were identified in round spermatids from normal males; sex chromosome and 

chromocentre staining (Figure 5.2.Ai, upper panel), sex chromosome staining only 
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(Figure 5.2.Aii, upper panel) and diffuse nuclear staining (Figure 5.2.Aiii, upper 

panel). These three staining patterns were also observed in round spermatids from 

MSYq- mutant mice (lower panels in Figure 5.2.Ai, 5.2.Aii and 5.2.Aiii). A fourth 

staining pattern was observed in some MSYq- spermatids that lacked a visible sex 

chromosome under DAPI, with H3K9me2 restricted to the chromocentre; these are 

presumptively Y*xSxra-bearing spermatids. In XY males, H3K9me2 was enriched on the 

cytologically visible X or Y chromosome in 66.6% (211/317) of round spermatids 

(Figure 5.2.B). H3K9me2 localisation to the sex chromosome domain was observed in 

27.9% (88/316) of round spermatids from MSYq- mice, and these were confirmed as 

being X-bearing spermatids. Visually, the level of H3K9me2 enrichment on the sex 

chromosomes in spermatids from XY males was comparable to that on the X 

chromosome of MSYq- spermatids. There was, however, a statistically significant 

reduction in the number of round spermatids with H3K9me2 chromocentre staining, from 

57.1% (181/317) in XY spermatids to 39.6% (125/316) in MSYq- spermatids 

(P<0.005, Chi2 test).  

 

H3K9me3 

Trimethylation of H3K9 is associated with constitutive heterochromatin and is enriched 

on the pericentric regions of mouse chromosomes. In round spermatids, H3K9me3 has 

one of two patterns; it either stains the chromocentre only (Figure 5.3.Ai) or is 

enriched on the sex chromosome and chromocentre (Figure 5.3.Aii). On surface-spread 

testis cells, localisation of H3K9me3 to the X or Y chromosome was seen in 77.3% 

(157/203) of round spermatids from XY mice (Figure 5.3.B, top panel), and 41.6% 

(84/202) of round spermatids from MSYq- mice. In MSYq- mice, sex chromosome 

enrichment of H3K9me3 was only observed in X-bearing round spermatids (Figure 

5.3.B, bottom panel). Although the chromocentre was brightly stained for H3K9me3 in 

XY and MSYq- spermatids (Figure 5.3.Ai), the intensity of H3K9me3 sex chromosome 

staining was much fainter in MSYq- spermatids than in spermatids from normal males 

(Figure 5.3.Aii). 

 

The localisation of H3K9me3 during spermiogenesis was further studied by 

immunofluorescence staining of XY and MSYq- testis sections. In stage XII 

seminiferous tubules from XY males, H3K9me3 was observed in the whole nucleus of 

late zygotene spermatocytes and on the sex chromosomes of dividing MI and MII cells 

(Figure 5.4.A, upper panel; sex chromosome is indicated by an arrow). In MSYq- cells 
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undergoing the meiotic divisions, H3K9me3 was also enriched on the sex chromosome; 

in addition, it was enriched on the centromeric heterochromatin (Figure 5.4.A, lower 

panel, starred). The localisation of H3K9me3 remained unchanged in zygotene 

spermatocytes and elongating spermatids from stage XII tubules.  

 

In stage I tubules from XY mice, faint chromocentre H3K9me3 staining was observed in 

round spermatids, with robust staining of the DAPI-dense sex chromosome (Figure 

5.4.B, upper panel). However, in MSYq- round spermatids from stage I tubules, 

H3K9me3 staining of the cytologically distinct sex chromosome is much weaker than 

that detected in XY spermatids, with staining of the chromocentre (clustered 

centromeric heterochromatin) being prominent (Figure 5.4.B, lower panel).  The 

weaker sex chromosome staining is similar to the decrease in H3K9me3 sex chromosome 

staining seen in round spermatids prepared by surface spreads. The chromocentre of 

spermatids from MSYq- tubules at other stages was also more strongly stained with 

H3K9me3 than the chromocentres of XY spermatids; this can be clearly seen by 

comparing the chromocentre staining to that of the pachytene sex body in stage II-V 

tubules (Figure 5.4.C).  

 

Together, these data point to a decrease in H3K9me3 enrichment on the sex chromosome 

domain in round spermatids from MSYq- mice compared to XY mice, together with 

increased enrichment of H3K9me3 on the centromeric heterochromatin in M1 cells from 

MSYq- mice. 

 

CBX1 

The heterochromatin-associated protein CBX1 (also called M31 and HP1β) is recruited 

by methylation of H3K9 (Lachner et al., 2001), and has been considered a marker of 

inactive chromatin. CBX1 is present on the centromeric heterochromatin and sex 

chromosomes in secondary spermatocytes and spermatids until histones are replaced 

by transition proteins at spermatid stage 11 (Greaves et al., 2006; Namekawa et al., 

2006). On surface spread spermatogenic cells, CBX1 was present on the chromocentre 

of all round spermatids analysed from XY (n=374) and MSYq- mice (n=377). In XY 

mice, CBX1 was enriched on the DAPI-dense X or Y chromosome in 82.1% (307/374) 

of round spermatids (Figure 5.5.B). In round spermatids from MSYq- mice, CBX1 

localised to the sex chromosome domain in 49.1% (185/377) of spermatids examined 

(Figure 5.5.B, lower panel); chromosome painting confirmed that these were the X-
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bearing spermatids (100%, 35/35). CBX1 staining was much fainter on the 

cytologically distinct sex chromosome in MSYq- spermatids than in XY spermatids, 

although there was no change in the intensity of chromocentre staining (compare upper 

and lower panels in Figure 5.5.B).  

 

H4K8Ac 

Acetylation of histone H4 on lysine 8 (H4K8Ac) is found in active regions of the 

genome in somatic cells and is observed on the sex chromosome of round spermatids, 

where it has been hypothesised to play a role in transcriptional activation of the X 

(Khalil et al., 2004). In stage I tubules from XY males, H4K8Ac is found in the nuclei of 

round spermatids, were it is enriched on the cytologically visible sex chromosome 

chromatin domain (arrowed) but excluded from the chromocentre (Figure 5.6.A, upper 

panel, arrowed). Staining is also seen in the condensing nuclei of stage 13 elongating 

spermatids in the same tubule (Figure 5.6.A, upper panel, starred). In contrast, there is 

little or no enrichment of H4K8Ac on the cytologically visible sex chromosome of stage 

1 round spermatids from MSYq- mice (Figure 5.6.A, lower panel, arrowed). In the 

MSYq- testis, H4K8Ac is still present in stage 13 elongating spermatids, but appears to 

be polarised towards one end of the nucleus (Figure 5.6.A, lower panel, starred); this 

may be due to the abnormal head morphology exhibited by these spermatids. The loss 

of H4K8Ac enrichment on the sex chromosome in MSYq- round spermatids is seen 

more clearly in tubule stages II-IV (Figure 5.6.B, 5.6.C), although no difference in the 

intensity of the pachytene sex body staining is observed. 



Figure 5.2  Dimethylation of Histone H3K9 in round spermatids from XY and 
MSYq- male mice 
 
Surface spread spermatogenic cells from XY (top row) and MSYq- males (bottom 
row) were stained with DAPI (blue) and immunostained with H3K9me2 (red). 
 
A)  Three patterns of H3K9me2 localisation were seen in round spermatid nuclei; 
 

i) Enrichment of H3K9me2 on the sex chromosome (arrowed) and chromocentre 
ii) H3K9me2 localisation to the sex chromosome only 
iii) Faint, diffuse nuclear H3K9me2 

 
 
B) Chromosome painting on round spermatids with H3K9me2 enriched on the sex 

chromosome. In spermatids from XY males (upper row), H3K9me2 is present on the 
sex chromosome in both X- and Y-bearing round spermatids (n=30) but is only 
enriched on the X chromosome (bottom row, n=20) in round spermatids from 
MSYq- males. 

 
Left panel; DAPI 
Middle panel; H3K9me2 and DAPI  
Right panel; Y chromosome (green, top row) or X chromosome (green, bottom 
row) paint and DAPI   
  

H3K9me2 enrichment on the spermatid sex chromosome is unaffected in MSYq- mice 
but there is a significant reduction in the number of spermatids with H3K9me2 
localisation to the chromocentre in these mice compared to the XY control. 
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Figure 5.3  Immunostaining of round spermatid nuclei for trimethylated H3K9 

 
 
A) The nuclei are stained with DAPI (blue) and an anti-H3K9me3 antibody (red). The 

percentage of round spermatids with each staining pattern is given in the right hand 
panel. 

 
i) Enrichment of H3K9me3 on the chromocentre in round spermatids from XY (top 

row) and MSYq- (bottom row) males. 
ii) Localisation of H3K9me3 to the sex chromosome (arrowed) and chromocentre in 

XY (top row) and MSYq- (bottom row) round spermatids. There is a decrease 
in H3K9me3 enrichment on the sex chromosome of MSYq- spermatids compared 
to the XY control. 

 

B) Chromosome painting on round spermatids with sex chromosome H3K9me3 
enrichment. In spermatids from XY males (upper row), H3K9me3 is present on the 
sex chromosome in both X- and Y-bearing round spermatids (n=44) but is only 
enriched on the X chromosome (bottom row, n=39) in round spermatids from 
MSYq- males. 
 
Left panel; DAPI (blue) 
Middle panel; H3K9me3 (red) and DAPI (blue) 
Right panel; Y chromosome (green, top row) or X chromosome (green, bottom 
row) paint and DAPI (blue)  
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Figure 5.4  Localisation of H3K9me3 in the seminiferous tubules of XY and MSYq- 
testes 
 
The testis sections are co-stained with H3K9me3 (red) and γH2AX (green), and the cell 
nuclei are stained with DAPI (blue). Tubules were staged according to Russell et al., 
1990 (see Figure 1.5), using γH2AX to identify the different stages of meiotic cells. 
 
A) Stage XII tubules from XY (top row) and MSYq- (bottom row) testis sections. 

H3K9me3 localises to the whole nucleus of zygotene spermatocytes and is enriched 
on the forming sex body (stained with γH2AX). The sex chromosome (arrowed 
and inset) is enriched in H3K9me3 in cells undergoing the meiotic divisions in XY 
and MSYq- males, but H3K9me3 also localises to the centromeric heterochromatin in 
MSYq- tubules (starred, inset).  

 
B) Stage I seminiferous tubules from XY (top row) and MSYq- (bottom row) males. 

H3K9me3 is enriched on the sex chromosome in XY spermatids (top row inset) and 
is faint on the chromocentre. However, in MSYq- spermatids, H3K9me3 is reduced 
on the sex chromosome but appears increased on the chromocentre (bottom row 
inset). There is no difference in H3K9me3 localisation in pachytene spermatocytes 
between the genotypes, and H3K9me3 is not present in stage 13 spermatids. 

 
C) Stage II-V tubules from XY (top row) and MSYq- (bottom row) testis sections. 

H3K9me3 continues to be enriched on the sex chromosome in XY spermatids at these 
stages and only the edge of chromocentre is stained, appearing as a ‘halo’ (see 
inset). However, in MSYq- spermatids, H3K9me3 localises to the whole 
chromocentre but is dramatically reduced on the sex chromosome (see inset). 

 
NB. Tubule stages II to V are not distinguishable from each other using DAPI and 
γH2AX staining, and so are grouped together. No difference in H3K9me3 localisation is 
seen between these stages. 
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Figure 5.5  Localisation of the heterochromatin-associated protein CBX1 in 
round spermatids 
 
Spermatid nuclei are stained with DAPI (blue, left panel) and CBX1 (green, middle 
panel). The percentage of round spermatids exhibiting each staining pattern is given in 
the right hand panel, where the DAPI and CBX1 signals are merged. 
 
A) Localisation of CBX1 to the chromocentre in spermatids from XY (top row) and 

MSYq- (bottom row) males. No difference in chromocentre staining is seen 
between the two genotypes. 

 
B) Enrichment of CBX1 on the sex chromosome and chromocentre of XY (top row) 

and MSYq- (bottom row) spermatids. The sex chromosome is visible as a DAPI 
dense structure (arrowed) next to the chromocentre.  The level of CBX1 is 
decreased on the sex chromosome of round spermatids from MSYq- males 
compared to the XY control. 
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Figure 5.6  Histone H4K8 acetylation  
 
H4K8Ac (red) and γH2AX (green) immunostaining of seminiferous tubules from XY 
and MSYq- testis sections. The cell nuclei are counterstained with DAPI (blue). 
Tubules were staged according to Russell et al. (1990; see Figure 1.5) based on the 
γH2AX staining pattern in meiotic cells and the nuclei morphology seen with DAPI. 

 
A) Stage I tubules from XY (top row) and MSYq- (bottom row) males. In stage 1 

spermatids from XY males, H4K8Ac is present throughout the nucleus excluding the 
chromocentre and is enriched on the sex chromosome (arrowed). In stage 1 MSYq- 
spermatids, H4K8Ac is still present in the nucleus but shows little or no enrichment 
on the DAPI-dense sex chromosome (arrowed). H4K8Ac is also present in stage 13 
spermatids, but appears to be polarised towards one end of the nucleus in MSYq- 
spermatids. 
 

B) and C) Stage II-V tubules from XY (top row) and MSYq- (bottom row) testis 
sections. H4K8Ac enrichment on the sex chromosome (arrowed) is increased in 
stage 2-5 XY spermatids compared to stage 1 spermatids, with H4K8Ac staining 
being as intense as the pachytene sex body (identified by γH2AX staining). H4K8Ac 
enrichment on the sex chromosome (arrowed) of stage 2-5 spermatids from MSYq- 
mice remains dramatically reduced or absent, although pachytene sex body staining 
appears normal. 
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Table 5.4 
 

 
 

  
spermatid 

staining pattern XY MSYq- comments 

DAPI 
visible sex 
chromosome 71.59%     (514/718) 37.32%     (265/710) - the Y*xSxra  chromosome not is visible under DAPI 

          

H3K9me2 sex chromosome 66.56%     (211/317) 27.85%     (88/316) - H3K9me2 only seen on X chromosome in MSYq- spermatids 
  chromocentre 57.1%       (181/317) 39.56%     (125/316) - reduced  number of spermatids with H3K9me2   
  no staining 23.03%     (73/317) 51.27%     (162/316)   enrichment on chromocentre in MSYq- mice 
          

CBX1 
sex chromosome 
and chromocentre 82.09%      (307/374) 49.07%      (185/377) - CBX1 reduced on X chromosome in MSYq- spermatids 

  chromocentre only 17.91%      (67/374) 50.93%      (192/377)   
          

H3K9me3 
sex chromosome 
and chromocentre 77.34%     (157/203) 41.58%     (84/202) - H3K9me3 reduced on X chromosome in MSYq- spermatids 

  chromocentre only 22.66%     (46/203) 58.42%     (118/202) - H3K9me3 increased on chromocentre in MSYq- spermatids? 
 
 

Table 5.4  A summary of the epigenetic marks enriched on the sex chromosome and chromocentre in round spermatids 
from XY and MSYq- males 

 
For each genotype, testis material from three different individuals was used to make a single cell suspension. 
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5.2.3 The testis protein levels of up-regulated sex-linked genes are increased in the 

MSYq deletion models 

 

To determine if the transcriptional up-regulation of sex-linked genes observed in the 

MSYq deletion mutants leads to a corresponding increase in the encoded proteins, 

western blot analysis was performed for SLX using testis protein samples from 

2/3MSYq-, 9/10MSYq- and MSYq- mice. SLX levels were increased in all three 

MSYq deletion models (Figure 5.7.A). Protein quantification revealed there is 

approximately 2.5-fold increase in SLX levels in the 2/3MSYq- testes compared to the 

XY controls (Figure 5.7.B, 5.7.C), even though there is less than a 1.5 fold up-

regulation of Slx transcripts (Ellis et al., 2005). Immunostaining of 2/3MSYq-, 

9/10MSYq- and MSYq- testis sections revealed no change in the distribution and sub-

cellular localisation of SLX, with staining restricted to the cytoplasm of round and 

early elongating spermatids (Figure 5.8). However, staining of spermatids was much 

stronger in seminiferous tubules from 2/3MSYq-, 9/10MSYq- and MSYq- mice 

compared to the XY control (Figure 5.8.A). Thus the increased amount of SLX in the 

testis of the three MSYq deletion models does not lead to additional ectopic expression 

of SLX in other spermatogenic cell types, but results in elevated protein levels in the 

cells that normally express it.   

 

Since PSCR is a downstream consequence of MSUC during pachytene (Turner et al., 

2006), any spermatid-expressed gene inserted on the X chromosome should also be 

up-regulated in the MSYq deletion models. To test this, an X-linked reporter transgene 

was analysed in these mice. The D4/XEGFP transgenic line has 22-24 copies of a 

ubiquitous EGFP transgene inserted on the distal part of the mouse X chromosome 

(Hadjantonakis et al., 2001; Hadjantonakis et al., 1998). This transgene is active in the 

early stages of spermatogenesis during the mitotic divisions, with the protein localising 

to the cytoplasm of spermatogonia. The EGFP transgene is inactivated during MSCI 

and the protein is absent in meiotic cells and round spermatids. Reactivation of the 

transgene occurs post-meiotically, and the GFP protein is present in the cytoplasm of 

elongating spermatids, although levels are lower than in spermatogonia (see Figure 

5.10.B, top panel). Western blot analysis of XY and 2/3MSYq- males carrying this 

transgene demonstrated that there is an approximately 2.1-fold rise in whole testis GFP 

levels in 2/3MSYq- males compared to XY controls (Figure 5.9). Immunofluorescence 

staining of testis sections from XY and 2/3MSYq- males carrying the transgene 

 195



 196

revealed that the pattern of GFP localisation is unaffected in the 2/3MSYq- testis. 

However, the level of GFP appears to be increased in elongating spermatids from 

2/3MSYq- mice, although the spermatogonial GFP levels are the same between the 

XY and 2/3MSYq- testes (Figure 5.10.A, 5.10.B). This demonstrates that the X-linked 

EGFP transgene is also affected by the sex chromosome transcriptional de-repression 

in the MSYq deletion models. Examination of seminiferous tubule squashes from 

transgenic XY and MSYq- males showed that GFP is cytoplasmic in elongating 

spermatids from both genotypes, and there is no premature expression of the GFP 

protein in round spermatids from MSYq- mice (Figure 5.9.C). Together, the western 

blot and immunofluorescence data imply that the elongating spermatids of transgenic 

2/3MSYq- mice have a greater than 2.1 fold increase in GFP levels compared to 

transgenic XY controls.  

 



Figure 5.7 Quantification of SLX levels in the testis of XY, 2/3MSYq-, 9/10MSYq- 
and MSYq- mice 
 
A) Western blot analysis of whole testis protein lysates from XY, 2/3MSYq, 

9/10MSYq- and MSYq- males. Membranes were probed with two of the anti- 
XMR/SLX antibodies characterised in Chapter 4, and then reprobed for actin as a 
loading control. 
 

B) Western blot analysis of whole testis SLX levels in three XY and three 2/3MSYq- 
males. After probing with the anti-XMR69-81 and anti-XMR96-106 antibodies, the 
membranes were reprobed with an antibody against actin.  

 
C) Quantification of SLX levels in the testes of XY and 2/3MSYq- males. The films 

from B) were scanned and the levels SLX quantified using the Image J computer 
program, with actin as a loading control. The ratio of SLX to actin was calculated 
for each lane and the XY sample was given an arbitrary value of 1. A T-test was 
performed, and the difference in testis SLX levels between XY and 2/3MSYq- 
males was found to be statistically significant. 
 
*   P= < 0.01 
** P= < 0.05 
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Figure 5.8  SLX localisation in the testis of the three MSYq deletion models 
 
Testis sections were immunostained with anti-XMR/SLX69-81 antibody (green) and 
DAPI (blue). 
 
A) SLX staining of seminiferous tubules from XY (top row), 2/3MSYq- (upper 

middle row), 9/10MSYq- (lower middle row) and MSYq- (bottom row) testes 
sections. The expression pattern is identical in all four genotypes, with SLX 
restricted to round and early elongating spermatids, although staining is stronger in 
the three MSYq deletion models compared to the XY control. 

 
B) Seminiferous tubules from 2/3MSYq- (top row), 9/10MSYq- (middle row) and 

MSYq- (bottom row) testes stained for SLX. The subcellular localisation of SLX is 
unaffected in the three MSYq- models, and shows the same uniform staining of the 
spermatid cytoplasm as observed in XY spermatids (see Figure 4.9.A). 

 

 199



 200



Figure 5.9  Quantification of whole testis GFP levels in XY and 2/3MSYq- males 
carrying the X-linked EGFP transgene 
 
A) Western blot analysis of whole testis protein samples from four transgenic XY 

mice and four transgenic 2/3MSYq- mice. The membrane was probed with an anti-
GFP antibody (top panel) and reprobed with an anti-actin antibody (bottom panel) 
as a loading control. 

 
B) Quantification of GFP levels from the western blot in A) using ImageJ software. 

The level of GFP is represented as a ratio to the actin loading control. 
 

 
C) Mean relative GFP levels in the transgenic XY and 2/3MSYq- testes analysed by 

western blot in A) and quantified in B). The level of GFP in the XY testes is given 
an arbitrary value of one. A Student T test was performed and the difference in 
testis GFP levels between the two genotypes was statistically significant 
(P=<0.025).
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Figure 5.10  GFP localisation in XY, 2/3MSYq- and MSYq- spermatogenic cells 
carrying an X-linked EGFP reporter transgene 
 
Immunostaining of transgenic XY (top row) and 2/3MSYq- (bottom row) testis 
sections with an anti-GFP antibody (green) and DAPI (blue) under  
 
A) 20X magnification and 
 
B) 40X magnification.  

 
The GFP reporter gene is active in spermatogonia and leptotene spermatocytes 
(arrow head) located next to the basal lamina, and the protein is expressed at high 
levels in the cytoplasm of these cells. The gene is inactivated during MSCI and is 
reactivated during spermiogenesis. GFP localises to the cytoplasm of elongating 
and condensing spermatids (starred) in the adluminal compartment of the tubule. In 
the MSYq- sections, there is an increase in GFP levels in the spermatid cytoplasm, 
and the Sertoli cell cytoplasm also appears to be GFP positive (arrowed). 
 

C) GFP immunostaining of seminiferous tubule squashes from XY (top row) and 
MSYq- (bottom row) males carrying the EGFP transgene. In both genotypes, GFP 
localises to the cytoplasm of condensing spermatids (starred) and spermatogonia. 
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5.3 Discussion 
 

The aim of this chapter was to identify if the up-regulation of a small number of X- 

and Yp-encoded transcripts in mice with deletions of the MSYq was a chromatin-

mediated effect. To summarise, I have used RNA FISH to investigate the method of 

up-regulation of X and Y transcripts observed in round spermatids from males with 

deletions of the Y chromosome long arm. My findings show that this is primarily a 

consequence of increased gene transcription, although an additional post-

transcriptional effect can not be ruled out. Furthermore, I have found that the 

epigenetic status of round spermatids is altered in MSYq- mice compared to the XY 

control, with a decreased enrichment of CBX1, H3K9me3 and H4K8Ac on the sex 

chromosomes, and reduced H3K9me2 on the chromocentre. Western blot analysis and 

immunocytochemistry has demonstrated that the spermatid protein levels of the up-

regulated genes are also increased in the MSYq deletion mutant models, although their 

localisation pattern is unaffected.  

 

For all eight sex-linked genes assayed by RNA FISH, there was a significant increase 

in the percentage of round spermatids with an RNA signal in cells from MSYq- mice 

compared to XY mice. It is unknown if this represents an increase in the proportion of 

spermatids that transcribe a particular gene in the MSYq- testis compared to the XY 

testis, or if the percentage of spermatids expressing a gene is unchanged, but there is an 

increase in the number of round spermatids expressing the gene above the threshold for 

detection by RNA FISH. Nevertheless, these data suggest that there is an increase in 

gene transcription that specifically affects spermatid-expressed X- and Y-linked genes 

independent of gene copy number or expression profile. In the light of this data, it is 

feasible that all X- and Y-linked genes expressed in spermatids are de-repressed in the 

MSYq- testis due to a breakdown in the post-meiotic maintenance of sex chromosome 

repression in these mice.     

 

Previously, only fourteen X- and Y-linked spermatid-expressed genes were identified 

as up-regulated in the three MSYq deletion models based on microarray analysis (Ellis 

et al., 2005). This list excludes four genes (Ddx3x, Ott, Fmr1 and Uty) now found to be 

up-regulated by RNA FISH. There are two potential reasons why these genes were 

missed in the initial microarray screen. Firstly, the testis cDNA library used for the 

microarray analysis was subtracted for transcripts expressed in testicular somatic cells. 
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Thus, genes that are transcribed in Sertoli cells as well as germ cells (e.g. Fmr1, 

unpublished observation) would have been systematically excluded. Secondly, by 

using whole testis RNA, the microarray analysis of the three MSYq deletion models 

was biased towards genes which were either spermatid-specific (e.g. Satl1, Mgclh) or 

those expressed at high levels in spermatids (Ube1y and Ube1x). Genes that are 

expressed at high levels prior to MSCI, such as Ddx3x and Uty, were missed in this 

screen, and even multicopy genes that show a substantial degree of reactivation in 

spermatids were not identified (e.g. Ott; Mueller et al., 2008). This is because these 

genes are required to have a much higher increase in spermatid transcription for the 

whole testis transcript levels to rise by at least 1.5-fold, the value chosen to filter data. 

Thus, inherent biases in interpretation of the data led to a failure in identifying all 

genes whose spermatid transcript levels are up-regulated in these mice.  

 

To identify all sex-linked genes that are up-regulated in the MSYq deletion models, the 

microarray analysis could be repeated on purified spermatids using an array with a 

more extensive gene coverage. This approach was used to examine the effect of MSCI 

on X chromosome gene transcription in spermatocytes and spermatids from wild-type 

mice, and led to the identification of 101 X-linked genes that are expressed in 

spermatids (Namekawa et al., 2006). However, re-examination of the raw microarray 

values, together with gene-specific RNA FISH, indicates that the number of X-linked 

genes expressed in spermatids has been underestimated and may be much higher than 

previously predicted (Mueller et al., 2008). Assuming the defect in post-meiotic 

silencing in MSYq deletion mice affects the entire X and Y chromosome, this data 

implies that the de-repression of sex-linked genes may involve hundreds of genes.  

 

A similar transcriptional de-repression of the X chromosome has been reported in 

spermatids from mice lacking the ubiquitin-conjugating enzyme HR6B; up-regulated 

genes include Ube1x, which also has increased mRNA levels in the MSYq deletion 

mice (Baarends et al 2007; Ellis et al., 2005). HR6B is expressed at high levels in the 

testis, especially in spermatids during the period when complex chromatin 

modifications occur (Koken et al., 1996). Hr6b knockout mice are phenotypically 

normal, but male mice lacking HR6B are sterile and have a pronounced overall 

regression of spermatogenesis (Roest et al., 1996).  Analysis revealed that over 90% of 

the sperm from these mice are malformed and show a range of morphological 

abnormalities. At least 70% of the sperm have defective heads, and these are 
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morphologically very similar to those seen in the 9/10MSYq- and MSYq- mice. Hr6b 

knockout spermatocytes have an increase in the transcriptionally active histone 

modification H3K4me2 on the X and Y chromosomes in diplotene cells, and this persists 

on the sex chromosome in round spermatids (Baarends et al., 2007). In addition, 

analysis of the facultative heterochromatin marker H3K9me2 revealed that this 

modification was reduced on the chromocentre of Hr6b -/- spermatids (Baarends et al., 

2007) and H3K9me2 is also reduced on the chromocentre in round spermatids from 

MSYq- mice. The de-repression of the sex chromosomes, loss of H3K9me2 from the 

chromocentre and the similar sperm head defects observed in the MSYq- and Hr6b 

knockout spermatids suggest that the PSCR defect observed in these mice is similar. 

Together, these findings imply that the ubiquitin-conjugating enzyme HR6B and a 

genetic element located on the Y long arm are required for PSCR to occur normally.  

 

Further analysis of the epigenetic profile of the spermatid sex chromosomes revealed 

that there was a reduction or loss of both active (H4K8Ac) and inactive (H3K9me3 and 

CBX1) histone modifications and histone-associated proteins in the MSYq- mice 

compared to XY mice. Together, the changes in the epigenetic marks on the sex 

chromosomes in MSYq- spermatids may result in an altered chromatin conformation 

that allows higher levels of gene transcription. In MSYq- mice, changes in H3K9me3 

localisation were seen as early as MI, with enrichment of H3K9me3 on the centromeric 

heterochromatin as well as the sex chromosome in the dividing MSYq- cells. Further 

examination of CBX1 and H3K9me2 is needed to determine if the localisation of these 

proteins are disturbed in cells undergoing the meiotic divisions and secondary 

spermatocytes from the MSYq- mice. CBX1, H3K9me2 and H3K9me3 begin to localise to 

the sex chromosomes between pachytene and diplotene, and this is thought to reflect 

the transition from MSCI to PSCR (Kim et al., 2007b).  It is possible that the de-

repression of the sex chromosomes occurs prior to spermiogenesis in the MSYq- mice. 

It will be necessary to examine the expression of sex-linked genes in late pachytene, 

diplotene and secondary spermatocytes, to see if there is premature reactivation of 

genes in the MSYq- mice. However, meiotic cells where the sex chromosomes escape 

MSCI (e.g. XYY spermatocytes that form a YY bivalent; Turner et al., 2006) are 

removed during pachytene, so it is possible that any cells with early MSCI/PSCR 

failure will be eliminated.  
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Acetylation of histone H4K8 and H4K12 on the round spermatid sex chromosome has 

been proposed to assist the replacement of H2A and macroH2A with H2A.Z after 

MSCI (Greaves et al., 2006). Moreover, H2A.Z enrichment on the sex chromosomes 

has been suggested to maintain their repression in round spermatids by facilitating 

compaction of the chromatin (Greaves et al., 2006). It is thus possible that the 

reduction or loss of H4K8Ac on the sex chromosomes in round spermatids from MSYq- 

mice is associated with decreased levels of H2A.Z and this may underlie the up-

regulation of sex-linked genes observed in spermatids from MSYq deletion mice. 

Histone H4 acetylation may also play a role in the replacement of histones with 

transition proteins during the later stages of spermiogenesis (Greaves et al., 2006).  

The nuclear localisation of H4K8Ac in stage 13 spermatids is altered in spermatids from 

MSYq- mice compared to XY mice, and this suggests that epigenetic marks present in 

the nucleus of elongating and condensing spermatids are also affected in MSYq- mice. 

The localisation of transition protein 2 (TP2) is disturbed in Hr6b-/- spermatids (Roest 

et al., 1996) and in light of the similar changes to the epigenetic profile of Hr6b-/- and 

MSYq- round spermatids, it is conceivable that spermatids from MSYq- mice also 

have mis-localised TP2. Further analysis of the three MSYq deletion models will be 

necessary to determine if the replacement of histones with transition proteins and 

protamines is disrupted in these mice. Such disruptions could affect the compaction of 

the nucleus in elongating and condensing spermatids, resulting in the grossly abnormal 

sperm head defects reported in epididymal sperm from 9/10MSYq- and MSYq- mice.  

 

Analysis of Slx and an X-linked EGFP reporter gene revealed that the transcriptional 

up-regulation of X- and Yp-encoded genes leads to increased levels of the 

corresponding proteins.  No difference in the cell type of expression or sub-cellular 

localisation was seen for either SLX or GFP. Furthermore, the rise in GFP protein 

levels provides evidence that the up-regulation of sex-linked genes in the MSYq 

deletion models is independent of gene sequence and is not restricted to genes 

necessary for spermiogenesis. Assuming that all up-regulated genes show a resultant 

increase in spermatid protein levels, the spermiogenic defects seen in the three MSYq 

deletion mutants may be due to the over-expression of one or more X- and Y-encoded 

proteins, rather than a direct effect of deletion of a MSYq-encoded gene. Ellis et al. 

(2005) suggested that Mgclh and AK005922 were potential candidates for the sperm 

head defects in the MSYq deletion models because these genes showed the largest 

increase in mRNA levels. Mgclh is the spermatid-specific X-linked homologue of the 
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ubiquitously expressed Mgcl1 gene. Mgcl1 -/- mice are sterile and have defects in 

chromatin condensation and acrosome formation (Kimura et al., 2003), and so it is 

probable that Mgclh has a role in sperm head development (Ellis et al., 2005). 

AK005922 encodes the histone variant H2AL1, a component of a novel nucleosome-

like structure that specifically organises pericentric heterochromatin in condensing 

spermatids (Govin et al., 2007). H2AL1 and the related H2AL2 protein are first 

detected in round spermatids, and their levels increase during spermiogenesis as 

spermatids condense (Govin et al., 2007). Over-expression of H2AL1/2 in round 

spermatids from the three MSYq deletion mutants may lead to premature packaging of 

the pericentric heterochromatin into the nucleosome-like structures, which usually 

does not take place until the spermatids are condensing. This could alter gene 

transcription from pericentromeric regions as well as disrupt the chromatin 

conformation, leading to malformed sperm heads. 

 

In 2/3MSYq- males, the rise in testis SLX levels relative to XY males is approximately 

1.7-fold higher than the reported increase in Slx transcript levels. This suggests that 

genes which are only slightly up-regulated at the mRNA level may nevertheless show 

a large increase in the corresponding protein levels in the MSYq deletion mice. As a 

consequence of this, it is impossible to predict which genes are most likely to show the 

largest change in protein levels in the three MSYq deletion models. Furthermore, it is 

possible that genes such as Fmr1 that are transcribed at low levels and not normally 

translated in spermatids could be transcribed at sufficiently high levels to be translated 

in spermatids from the MSYq deletion mice. Therefore, the testicular phenotypes 

associated with deletions of the mouse MSYq may be the result of a combination of 

deficiency of MSYq-encoded proteins, over-expression of spermatids-expressed 

proteins and the presence of sex chromosome-encoded proteins not normally translated 

in spermatids. If this is the case, identification of the individual genes responsible for 

the sex ratio distortion and sperm head defects in the MSYq deletion mutants may 

prove difficult. However, identifying which Y gene deficiency triggers these 

phenotypes through transgenic or knock-down strategies should be more 

straightforward, although it will be difficult to determine the mechanism involved. 

 

If the Hr6b knockout mice do have the same PSCR defect as the MSYq- mice, then 

Hr6b-/- mice are also expected to have changes in protein levels of X-encoded genes. 

In addition, although Baarends et al. (2007) only analysed the expression of X-linked 
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genes, it is probable that the Y-linked genes (including those on the MSYq) are de-

repressed in Hr6b knockout spermatids too. Studies investigating the expression of X- 

and Y-encoded proteins should be carried out in Hr6b knockout spermatids, and 

analysis of proteins encoded by the MSYq (e.g. SLY, SSTY1) will be of particular 

interest. It is possible that one of the genes on the MSYq is required to ensure that 

shedding of condensing spermatids occurs in stage VIII tubules in normal males. Over-

expression of this protein may lead to premature shedding of round and elongating 

spermatids, observed in the Hr6b -/- testes (Roest et al., 1996). Conversely, lack of this 

protein could be responsible for the delayed shedding of mature sperm reported in the 

9/10MSYq- and MSYq- mice (Touré et al., 2004b; P Burgoyne and D Escalier, 

unpublished data). 

 

In conclusion, this chapter has shown that the up-regulation of X- and Yp-linked 

transcripts in spermatids from the three MSYq deletion models is the result of 

increased transcription of these genes, potentially mediated by changes in the 

epigenetic status of the sex chromosomes in round spermatids. However, an additional 

post-transcriptional effect can not be discounted and so altered levels of SLX and SLY 

may still contribute towards the up-regulation of sex-linked genes in the MSYq 

deletion models. Transgenic analysis of Slx and Sly is presented in the next chapter. 
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Chapter 6 

 

Generation and characterisation  

of Sly and Slx transgenic mice 

 



Generation and characterisation of Sly and Slx transgenic mice 
 

6.1 Introduction 

 

Expression analysis of Sly and Slx (chapters 3 and 4) has shown that these genes are 

transcribed in post-meiotic germ cells of the testis and encode proteins that localise to 

the spermatid cytoplasm in a stage-specific manner. However, the function of Sly and 

Slx in spermiogenesis remains elusive, although analyses of mice with deletions of the 

MSYq imply these genes may play a role in sperm maturation and development. Sly is 

reduced or absent in spermatids from the three MSYq deletion models and conversely, 

these mice also have increased transcription and translation of Slx (and other sex-

linked genes). This has lead to the prediction that there are regulatory interactions 

between Sly and Slx, disturbances of which may contribute to the phenotypes observed 

in the MSYq deletion models (Ellis et al., 2005; Touré et al., 2005). An interaction 

between Sly and Slx may potentially be mediated by double-stranded RNA in a manner 

analogous to that observed between the X-linked Ste gene and its Y-linked homologue 

Su(Ste) in Drosophila (Aravin et al., 2001). One way to identify the putative 

interactions between these two genes is to analyse the transcription and translation of 

Slx when Sly expression is abolished and vice-versa.  Given the multicopy nature of Sly 

and Slx, the most straightforward method to accomplish this is by RNAi-mediated 

knock-down rather than abrogating their function by conventional gene targeting 

approaches involving homologous recombination. 

  

The functions of Y-encoded genes have primarily been inferred from analysis of mice 

carrying naturally occurring deletions, together with the identification of candidate 

genes mapping to these regions. Defining the genetic basis for the phenotypes 

associated with various Y chromosome deletions has been held back by the lack of 

success in producing mice with targeted mutations in specific Y-linked genes. Instead, 

the approach of transgenic rescue has been used, and the first mouse Y chromosome 

gene to be successfully introduced as a transgene was the testis-determining gene Sry 

(Koopman et al., 1991). In this study, a 14Kb genomic DNA fragment encoding the 

Sry locus was sufficient to induce testis formation and male development when 

introduced into an XX female mouse embryo. Since then, transgenes for other single 

copy and multicopy Y-linked genes have been reintroduced into various deletion 
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mutants, and this led to the identification of Eif2s3y as the Y-encoded spermatogonial 

proliferation factor (Mazeyrat et al., 2001). Over-expression of Sly and Slx can be 

investigated by introducing these genes as transgenes and this may help to illuminate 

the roles they play in spermiogenesis. Sly transgenic mice can also be used to 

determine whether loss of this Yq gene alone is responsible for the defective 

spermiogenesis observed in mice with MSYq deletions.  

 

This chapter describes the generation and characterisation of mice carrying a Sly or Slx 

transgene. These transgenic mice will be used to analyse the potential interaction 

between Sly and Slx and to determine if deregulation of these genes contributes to the 

defective sperm maturation and function observed in the three MSYq deletion mouse 

models. 
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6.2 Results 

 

6.2.1 Generation of Sly BAC transgenic lines 

 

To investigate whether deletion of Sly is responsible for the X/Y gene up-regulation, 

sex ratio distortion and sperm head defects seen in MSYq deletion models, Sly 

transgenic mice were made. As the Sly promoter sequence has not been characterised, 

a BAC transgenic approach was used. The sequenced Y chromosomal BAC clone 

RP24-402P5 contains a copy of the Sly gene that has retained an ORF and is thus 

expected to be transcribed and translated. This BAC also contains 74Kb of DNA 

upstream of the Sly transcription start site and 20Kb downstream of the Sly gene, 

increasing the likelihood that it contains all the promoter and enhancer elements 

necessary to drive spermatid-specific expression of Sly. Nineteen transgenic lines that 

contained the BAC vector were produced by pronuclear injection of caesium-chloride 

purified BAC DNA. To identify which of the nineteen BAC lines contained the Sly 

insert, extensive PCR analysis was performed on transgenic females (males have an 

endogenous copy of the BAC insert and so cannot be used to characterise the 

transgene). The structure of the RP24-402P5 BAC used to generate transgenics is 

shown in Figure 6.1 and the positions of the PCR primers used for genotyping are 

indicated by arrows. Only two of the lines, Ylr 8 and Ylr 12, contained the complete 

Sly gene along with sequences upstream of the transcription start site.  
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Figure 6.1  A schematic diagram of the Sly-containing RP24-402P5 BAC  
 
The RP24-402P5 BAC contains 120Kb of mouse MSYq genomic DNA inserted into a 
13.5Kb pTARBAC vector. The genomic insert contains a copy of the Asty gene 
(green) and the Sly gene (pink), as well as the surrounding DNA sequences. 
 
Nineteen transgenic founders were made by pronuclear injection of the BAC and 
female carriers of the transgene were analysed by PCR. The positions of the primers 
used for genotyping are indicated by the blue and black arrows. Two transgenic lines, 
Ylr 8 and Ylr 12, contained the complete insert. 
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6.2.2 Expression analysis of Ylr 8 and Ylr 12 Sly BAC transgenic lines 

 

To determine if the Sly transgenes were expressed, RT-PCR was performed using Sly-

specific primers on testis RNA samples from MSYq- mice hemizygous for the Ylr 8 or 

Ylr 12 transgene. These mice lack all endogenous copies of Sly (Touré et al., 2005), 

and so a band corresponding to the Sly transcript will only be present if the transgene is 

transcribed. The Sly specific band was seen in MSYq- Ylr 8 (Figure 6.2.A, lanes 3, 6 

and 7) and MSYq- Ylr 12 (Figure 6.2.A, lane 2) transgenic samples, but was not 

present in the non-transgenic MSYq- controls (Figure 6.2.A, lanes 1, 4 and 5). This 

confirms that both transgenic lines are transcribing the transgene.  

 

When on a fertile XY or 2/3MSYq- background, the transgenic males from both lines 

transmit the transgene to female and male offspring, indicating that the Sly transgene 

has integrated on an autosome. To identify which spermatogenic cells express the 

transgenic Sly gene, RNA FISH was performed on testis material from 2/3MSYq- 

mice hemizygous for either Ylr 8 and Ylr 12 transgene. Expression of Sly from the Y 

chromosome was clearly observed in round spermatids but no transgenic signal could 

be identified. Potentially, this may be due to masking of the transgenic signal by the 

high levels of endogenous Sly signals and so RNA FISH was repeated on hemizygous 

transgenic MSYq- mice. For transgenic line Ylr 8, Sly RNA FISH signals were 

detected only in round spermatids, suggesting that the transgene is expressed in a 

pattern identical to the endogenous Sly genes (Figure 6.2.B). These RNA FISH signals 

were located away from the DAPI dense sex chromosome, consistent with integration 

of the transgene into an autosome. No Sly RNA signals were observed in 

spermatogenic cells from MSYq- Ylr 12 tg/+ males, although RT-PCR analysis 

indicated that this transgene was transcribed. 

 

To investigate if the Ylr 8 and Ylr 12 transgene-encoded Sly transcripts are translated, 

western blot analysis of whole testis samples from hemizygous transgenic MSYq- 

males was performed. As expected, the 40kDa band corresponding to SLY was 

observed in both the XY and 2/3MSYq- control samples (Figure 6.2.C, lanes 1 and 2). 

A faint SLY band was present in the Ylr 8 tg/+ MSYq- sample (Figure 6.2.C, lane 3), 

demonstrating that the Sly transgene is translated at low levels within this transgenic 

line. SLY was not detected in the MSYq- Ylr 12 tg/+ or MSYq- samples (Figure 6.2.C, 
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lanes 4 and 5). This suggests that the Ylr 12 transgenic line is not translated or that the 

transgene is translated at levels undetectable by western blot analysis.   



Figure 6.2  Expression analyses of the Ylr 8 and Ylr 12 transgenic lines 

 
A) RT-PCR analysis of whole testis cDNA from transgenic and non-transgenic   

MSYq- mice using primers specific to Sly designed by Ellis et al.(2005). Primers 
that amplify Hprt transcripts were used as a loading control. An XY cDNA sample 
(lane 8) was included as a control for the Sly primers. 
 
Sly is not amplified from MSYq- samples (lanes 1, 4, and 5), confirming that these 
mice lack endogenous Sly transcription. A band corresponding to Sly was detected 
in transgenic MSYq- samples carrying the Ylr 8 transgene (lanes 3, 6, and 7) and 
Ylr 12 transgene (lane 2), indicating that these transgenic lines express the Sly 
transgene. 

 
B) Gene-specific RNA FISH on a surface spread spermatid nucleus from a MSYq- Ylr 

8 hemizygous testis lacking all endogenous copies of Sly.  
 
Sly-specific RNA FISH (red) signals were only seen in round spermatid nuclei, 
confirming that the Ylr 8 transgene is expressed in a pattern identical to the 
endogenous multicopy Sly loci. DNA FISH (green) confirmed that the RNA FISH 
signal originated from the Ylr 8 transgene. The spermatid nucleus is stained with 
DAPI (blue). 

 
C) Western blot analysis of testis samples from MSYq- males carrying the Ylr 8 and 

Ylr 12 transgenes. Blots were probed with the SLY-specific antibodies i) SK97 and 
ii) SK98 characterised in chapter 3.   
 
A band corresponding to SLY (arrowed) was seen in the Ylr 8 hemizygous MSYq- 
sample as well as the XY and 2/3MSYq- control samples. No SLY is detected in 
the MSYq- Ylr 12 transgenic sample, or the non-transgenic MSYq- control. This 
suggests that the Ylr 12 transgenic line does not translate the transgene. 
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6.2.3 Northern blot analysis of the Ylr 8 transgenic line 

 

To examine if Sly was transcribed at high levels from the Ylr 8 transgene, northern blot 

analysis was carried out on whole testis RNA from 2/3MSYq- males hemizygous for 

the Ylr 8 transgene with non-transgenic littermates as controls. There was no 

significant difference in Sly transcript levels between transgenic and control samples, 

indicating that the transgene is expressed at low levels (Figure 6.3.A and Figure 

6.4.A). To see if there were any changes in X-linked gene expression in the Ylr 8 

transgenic males, the northern blot membrane was re-probed for Slx, AK005922 and 

Mgclh, the three most highly up-regulated X-linked genes in MSYq deletion models 

(Ellis et al., 2005). The mRNA levels of these genes did not differ significantly 

between control and transgenic mice (Figures 6.3.B-D and 6.4.B-D). 

 

 

6.2.4 Analysis of the sperm head abnormalities in 2/3MSYq- mice with or without 

the Ylr 8 transgene  

 

To explore the possibility that low levels of transgenic Sly expression may ameliorate 

the sperm defects observed in the 2/3MSYq- deletion mice, sperm head analysis was 

performed in males from the Ylr 8 transgenic line. Sperm smears from the caput 1 and 

caput 2 of the epididymis of seven transgenic and seven non-transgenic littermates 

were silver-stained and scored as ‘normal’, ‘slightly abnormal’ and ‘grossly abnormal’ 

using the chart in Figure 6.5.A. No difference was seen between the two genotypes in 

the percentage of abnormal sperm (Figure 6.5.B, 6.5.C), implying that the Ylr 8 

transgene is unable to rescue the sperm head defects in the 2/3MSYq- mice. 
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Figure 6.3  Northern blot analysis of 2/3MSYq- males hemizygous for the Ylr 8 
transgene 
 
Whole testis RNA was extracted from two transgenic and two non-transgenic 
2/3MSYq- Ylr line 8 males and run on a Northern blot. The membrane was incubated 
with probes to the following genes; 
A) Sly 
B) Slx 
C) AK005922 (encodes the H2AL1 protein) 
D) Mgclh 
E) α and β actin 
 
There is no significant increase in the Sly transcript levels between transgenic and non-
transgenic littermates, indicating that the Ylr 8 transgene is transcribed at low levels. 
No difference is seen between the two genotypes in Slx, AK005922 and Mgclh 
transcript levels, the three X-linked genes that are most highly up-regulated in the 
MSYq- models based on microarray analysis (Ellis et al., 2005). A probe against α and 
β actin was used as a loading control. 
 
 



Figure 6.4   Quantification of RNA levels from the northern blot analysis of Ylr 
line 8 
 
The northern blot membranes from Figure 6.3 were exposed to a phosphoimager 
screen overnight and the RNA levels of the following genes were quantified using the 
ImageQuant computer program and normalised against actin. 
 
A) Sly  
B) Slx 
C) AK005922  
D) Mgclh  
 
The error bars represent the standard error in transcript levels between individuals of 
the same genotype.  
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Figure 6.5  Sperm head abnormalities in 2/3MSYq- males with or without the Ylr 
8 transgene 
 
Epididymal sperm smears from the caput 1 and caput 2 of seven Ylr 8 hemizygous 
transgenic males and seven non-transgenic litter mates were silver-stained. The slides 
were coded and randomised and one hundred sperm from each mouse were examined 
by Maria Szot and classified as described by Mahadevaiah et al. (1998). 
 
A) Diagram of the standard categories used in classifying abnormal sperm heads.  

 
B) Graphical representation of the frequency of normal, slightly abnormal and grossly 

abnormal sperm from the caput 1 of transgenic and non-transgene males 
 
C) Graphical representation of the sperm head abnormality profiles of sperm from the 

caput 2 of each genotype. 
 
The error bars in B) and C) represent the standard error between males within each 
genotype. 
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6.2.5 Generation of mP1-Sly transgenic mice 

 

The results above indicate that the Ylr 8 Sly-containing BAC transgenic line failed to 

reduce the frequency of sperm head defects seen in the three MSYq deletion models. 

However, this may be due to the low expression level of the transgene rather than the 

inability of Sly to rescue this phenotype. In an attempt to make Sly transgenic mice that 

transcribe and translate the transgene at high levels, the mouse protamine 1 (mP1) 

promoter was used. This promoter is known to drive transgene expression in round 

spermatids (Peschon et al., 1987) and has previously been used to drive transcription 

of the multicopy Rbmy (Szot et al., 2003) and Ssty1 (Touré et al., 2004) Y-linked 

genes. There are several Sly mRNA sequences that have different 5’UTR and 3’UTR 

sequences and it is unknown which of these transcripts are translated. The majority of 

Sly transcripts have the same ORF, and so this was cloned into a construct containing 

the mP1 promoter and an SV40 polyA sequence to ensure efficient polyadenylation of 

the transcript.  

 

Pronuclear injection of the mP1-Sly construct produced two transgenic founders, Sly 

13 and Sly 14, both of which transmit the transgene to male and female offspring.  

PCR genotyping revealed that transgenic lines Sly 13 and Sly 14 contained the 

complete Sly-SV40 polyA fusion gene, and so are expected to be transcribed. 

Preliminary western blot analysis was carried out on transgenic and non-transgenic XY 

testis samples from Sly line 13. There was a slight increase in the level of SLY in testis 

of mP1-Sly tg/+ males compared to non-transgenic littermates (Figure 6.6), suggesting 

that the transgene may be translated. Further transcriptional and translational analysis 

will be carried out to confirm this, and these transgenic mice are currently being bred 

onto the 2/3MSYq- background. 



Figure 6.6  Analysis of whole testis SLY levels in mP1-Sly line 13 
 
 
A) Western blot analysis of whole testis lysates from XY male littermates with or 

without the mP1-Sly transgene. Membranes were incubated with the SLY-specific 
SK97 (upper panel) and SK98 (lower panel) antibodies before being re-probed 
with an anti-actin antibody as a loading control. 
 

B) Graphical representation of SLY levels in the four samples used for western blot 
analysis. The films used in A) were scanned and the protein band quantified using 
ImageJ software. SLY levels are given as a ratio to the actin loading control. 

 
C) Mean SLY levels in transgenic and non-transgenic XY testes based on the western 

blot in A). The error bars represent the standard error between males of the same 
genotype. There is an increase in SLY levels in males carrying the mP1-Sly 
transgene compared to non-transgenic controls, and this is statistically significant 
(P=<0.05; Student T test). 
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6.2.6 Generation and characterisation of mP1-Slx transgenic lines  

 

To investigate if over-expression of Slx contributes to any of the phenotypes observed 

in the three MSYq deletion models, transgenic mice were made. The Sly transgenic 

data presented above indicates that the high levels of transgene expression required for 

SLX over-expression studies may not be obtained using the BAC transgenic approach. 

To generate high levels of Slx transgene expression, transgenic mice were produced by 

driving the Slx ORF under the mP1. Ten transgenic founders (mP1-Slx lines 3 to 12) 

were produced by pronuclear injection, and PCR analysis confirmed that all ten 

founders contained the entire Slx-SV40 polyA fusion gene. Nine of the founders 

transmitted the transgene to their male and female offspring.  

 

To ascertain whether the mP1-Slx transgene was transcribed, RT-PCR analysis was 

performed for six of the transgenic lines on whole testis RNA samples from XY 

hemizygous transgenic males together with non-transgenic littermates. The PCR 

primers used were designed to be specific to the transcript produced by the transgene 

and amplified a band of approximately 1Kb. The Slx-SV40 polyA RT-PCR product 

was detected in all six transgenic lines (Figures 6.7.A to 6.12.A), indicating that these 

lines transcribe the transgene. No band was observed in RNA samples from non-

transgenic littermates, verifying that the PCR primers are unable to amplify 

endogenous Slx transcripts. 

 

To establish if the mP1-Slx encoded transcripts are translated in the testis of transgenic 

males, western blot analyses were performed for all six transcribing lines. No 

difference in whole testis SLX levels was seen between transgenic and non-transgenic 

males for any of the mP1-Slx transgenic lines (Figures 6.7.B, C to 6.12.B, C).  

 



Figure 6.7  Expression analysis of mP1-Slx line 4 

 
A) RT-PCR analysis on whole testis RNA from transgenic and non-transgenic males 

using primers specific to the mP1-Slx transgene. A band representing the Slx-SV40 
polyA fusion transcript is present in samples carry the mP1-Slx transgene, 
demonstrating that this transgene is expressed. No band is seen in –RT samples, 
indicating that there is no DNA contamination of these samples. 
 

B) Western blot analysis of whole testis SLX levels in XY males with or without the 
mP1-Slx transgene. Membranes were probed with two of the anti-SLX antibodies 
(anti-XMR69-81 and anti-XMR96-106) characterised in chapter 4 and then re-probed 
for actin as a loading control. 

 
 

C) Quantification of SLX levels in the testis of mP1-Slx line 4 males hemizygous for 
the transgene with non-transgenic littermates as a control. The western blots from 
B) were scanned and the level of SLX was quantified as a ratio to actin using the 
ImageJ computer program. Error bars represent the standard deviation in SLX 
levels between individuals of the same genotype (n=2). 
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Figure 6.8  RT-PCR and western blot analysis of mP1-Slx line 5  
 
A) RT-PCR analysis using primers that specifically amplify the Slx-SV40 polyA 

fusion transcript encoded by the mP1-Slx transgene. A 1Kb band corresponding to 
this transcript is present in samples from hemizygous transgenic males, indicating 
that the mP1-Slx transgene is transcribed. 
 

B) Western blot analysis of whole testis SLX levels in transgenic and non-transgenic 
mice. After being incubated with the anti-SLX antibodies, membranes were re-
probed with an antibody against actin as a loading control. 

 
 
C) Quantification of SLX levels relative to actin in XY males with or without the 

mP1-Slx transgene based on the western blot films in B). Error bars represent the 
standard error in SLX levels between males of the same genotype. 
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Figure 6.9  Expression analysis of mP1-Slx line 7 
 
A) RT-PCR analysis of XY testis cDNA samples from males with and without the 

mP1-Slx transgene using primers that specifically amplify the transcript encoded 
by the transgene. 

 
B) Western blot analysis of testis SLX levels in transgenic and non-transgenic males 

from mP1-Slx line 7 
 
C) Quantification of testis SLX levels in males carrying the mP1-Slx transgene using 

non-transgenic littermates as a control. Error bars represent the standard error in 
SLX levels between males of the same genotype. 
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Figure 6.10  RT-PCR and western blot analysis of mP1-Slx line 8 
 
A) RT-PCR analysis on whole testis RNA from transgenic and non-transgenic males 

using primers specific to the mP1-Slx transgene. A band representing the Slx-SV40 
polyA fusion transcript is present in samples carry the mP1-Slx transgene, 
demonstrating that this transgene is expressed. No band is seen in –RT samples, 
indicating that there is no DNA contamination of these samples 
 

B) Western blot analysis of whole testis SLX levels in XY males with or without the 
mP1-Slx transgene. Membranes were probed with two of the anti-SLX antibodies 
(anti-XMR69-81 and anti-XMR96-106) characterised in chapter 4 and then re-probed 
for actin as a loading control. 

 
 

C) Quantification of SLX levels in the testis of mP1-Slx line 4 males hemizygous for 
the transgene with non-transgenic littermates as a control. The western blots from 
B) were scanned and the level of SLX was quantified as a ratio to actin using the 
ImageJ computer program. Error bars represent the standard deviation in SLX 
levels between individuals of the same genotype. 
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Figure 6.11  Expression analysis of mP1-Slx line 10 
 
A) RT-PCR analysis using primers that specifically amplify the Slx-SV40 polyA 

fusion transcript encoded by the mP1-Slx transgene. A 1Kb band corresponding to 
this transcript is present in samples from hemizygous transgenic males, indicating 
that the mP1-Slx transgene is transcribed. 
 

B) Western blot analysis of whole testis SLX levels in transgenic and non-transgenic 
mice. After being incubated with the anti-SLX antibodies, membranes were re-
probed for actin as a loading control. 

 
 
C) Quantification of SLX levels relative to actin in XY males with or without the 

mP1-Slx transgene based on the western blot films in B). Error bars represent the 
standard error in SLX levels between males of the same genotype. 
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Figure 6.12 RT-PCR and western blot analysis of mP1-Slx line 11 
 
A) RT-PCR analysis of XY testis cDNA samples from males with and without the 

mP1-Slx transgene using primers that specifically amplify the transcript encoded 
by the transgene. 
 

B) Western blot analysis of testis SLX levels in transgenic and non-transgenic males 
from mP1-Slx line 7 
 

C) Quantification of testis SLX levels in males carrying the mP1-Slx transgene using 
non-transgenic littermates as a control. Error bars represent the standard error in 
SLX levels between males of the same genotype. 

 240



A) 
 
 
 
 
 
 
 
 
 
 
 
B) 
 
 
 
 
 
 
 
 
C) 

6.12 

whole testis SLX levels in mP1-Slx  line 11

0

0.5

1

1.5

2

2.5

non-tg mP1-Slx tg/+
testis genotype

ra
tio

 o
f S

L
X

 to
 a

ct
in

non-tg
mP1-Slx tg/+

 
241



6.2.7 Generation of mP1-Slx cDNA transgenic mice 

 

The western blot data presented above for the mP1-Slx transgenic lines suggest that 

although the mP1-Slx transgene is transcribed, it is not translated. This transgene 

contains the Slx ORF and so it is possible that sequences within the 5’UTR and 3’UTR 

of Slx are required for efficient translation in spermatids. I thus decided to make 

transgenic mice using the Slx cDNA sequence that includes these untranslated regions. 

However, there are several Slx transcript variants that all encode the same ORF but 

have different 5’UTR and 3’UTR sequences and it is unknown if all of these 

alternative transcripts are translated. I elected to use the official Slx transcript 

(accession number NM_009529), which contains the longest 3’UTR and 5’UTR and 

this was cloned into a construct containing the mP1 promoter and an SV40 poly A 

sequence. This plasmid was used for pronuclear injection and produced four transgenic 

founders. PCR analysis demonstrated that all four founders contain the full length 

transgenic Slx cDNA-SV40 polyA fusion sequence, although they appear to have 

different copy numbers of the transgene. These mice are currently being bred and 

transgenic offspring will be analysed. 
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6.3 Discussion 

 

In this chapter, I have described the generation and characterisation of Sly and Slx 

transgenic mice. Sly transgenic mice were originally made by pronuclear injection 

using a Y chromosome BAC that contains a copy of this gene. Two transmitting 

transgenic founders with the complete Sly gene were produced. RT-PCR data revealed 

that the transgene is transcribed in both transgenic lines, although only one line 

produces low levels of transgenic SLY protein. No amelioration of the sperm head 

defects were observed in 2/3MSYq- mice carrying the BAC transgene, possibly due to 

low levels of transgene expression. Next, a construct was produced containing the Sly 

ORF driven by the spermatid-specific mouse protamine 1 (mP1) promoter and used to 

make two transgenic lines. Preliminary western blot analysis for one of the mP1-Sly 

lines suggests that the transgene is transcribed and translated. The mP1 promoter was 

also used to generate transgenic mice containing the Slx ORF, but although the six 

mP1-Slx lines analysed transcribed the transgene, no increase in testis SLX levels were 

seen. New Slx transgenics were made using the full length official Slx cDNA sequence 

driven by the mP1 promoter and these lines are currently being bred.    
 

Northern blot analysis of Sly-containing BAC transgenic Ylr 8 line showed that the 

level of Sly mRNA in the testes of hemizygous transgenic males did not differ 

significantly from non-transgenic littermates. This suggests that the Sly transgene is 

expressed at very low levels. It is possible that the transgene is present in only one or 

two copies and is therefore unable to drive expression of Sly equal to endogenous 

levels. However, this explanation does not coincide with recent observations by 

Mueller et al. (2008). They reported that the degree of post-meiotic repression of X-

linked genes is dependent on the gene copy number, and suggested that X-linked gene 

amplification may have evolved to compensate for post-meiotic repression of the sex 

chromosomes. This idea could also explain the highly amplified nature of MSYq-

linked genes, all of which are expressed specifically in spermatids. Assuming this 

theory is correct, once an X- or Y-linked gene is located on an autosome away from 

the repressive chromatin environment affecting the sex chromosomes, it is predicted to 

be expressed at high levels. Thus a single copy of the Sly containing Ylr 8 transgene 

would be expected to be sufficient to drive high levels of Sly transcription now that the 

gene has been removed from the Y chromosome. This is not the case for the Ylr 8 

transgenic line. 
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One explanation for the low level of transgenic Sly expression in the Ylr 8 line is that 

the transgene may present in multiple copies as a concatameric array. In transgenic 

plants, Drosophila melanogaster and mammals, it has been reported that as the copy 

number of a transgene increases, there is a decline in the expression of the transgene, a 

phenomenon known as repeat-induced gene silencing. DNA methylation and 

chromatin compaction of a transgenic locus is enhanced as the transgene copy number 

increases, resulting in heterochromatinisation (Garrick et al., 1998). Thus, although the 

Sly transgene is located away from the repressive effects of the Y chromosomes in the 

Ylr 8 line, it may still be suppressed, resulting in low expression of the transgene. An 

alternative explanation is that the Sly locus contained within the RP24-402P5 BAC 

used to make transgenics lacks some of the enhancer elements needed to drive high 

levels of expression. It is also plausible that the endogenous copies of Sly are all 

transcribed at different levels, possibly due to differences within their promoter 

sequences. The Sly copy used to make transgenics may normally be expressed at low 

levels in the testis as a result of an inefficient promoter. Therefore, autosomal 

integration of this Sly locus may have no effect on the level of transcription of this 

gene.    

 

To determine if Sly is able to complement one or more of the MSYq deletion 

phenotypes, it is necessary for normal levels of SLY to be restored in these mice. As 

Sly is present in approximately 65 copies, low copy number BAC transgenic lines may 

never be able to express the transgene at sufficiently high levels. The mouse protamine 

1 (mP1) promoter drives transgene expression specifically in round spermatids 

(Peschon et al., 1987). This promoter has been used to make transgenic mice 

expressing near-endogenous levels of Rbmy, a gene on the mouse Y chromosome short 

arm present in approximately fifty copies (Szot et al., 2003). Two mP1-Sly transgenic 

mice lines were generated, and preliminary results indicate that one of these lines may 

be transcribing and translating the transgene. Both transgenic lines are currently being 

bred onto the 2/3MSYq- background and will be analysed to see if the transgene is 

transcribed and translated. If this is found to be the case, and the SLY protein levels 

reach those observed in an XY testis, it will be very interesting to see if 9/10MSYq- 

and MSYq- mice carrying the transgene are fertile or if the offspring sex ratio 

distortion is corrected in transgenic 2/3MSYq- mice. The sperm from transgenic mice 

will be examined in detail to determine if the Sly transgene is able to rescue the sperm 
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head defects observed in the three MSYq deletion models. Analysis of the X and Y-

linked gene transcription in round spermatids from MSYq- mice with and without the 

mP1-Sly transgene will reveal if Sly plays a role in the PSCR defects seen in the 

MSYq- mice. These transgenic mice could also be used for over-expression studies 

and to identify any regulatory interaction between Sly and Slx. 

 

In the previous chapter, it was shown that SLX levels are significantly increased in 

spermatids from mice with deletions of the MSYq. It is therefore plausible that over-

expression of SLX contributes to one or more of the phenotypes seen in these mice 

including offspring sex ratio distortion, defective PSCR and increased numbers of 

abnormal sperm. To investigate this possibility, mP1-Slx transgenic mice were made 

and all six transgenic lines analysed were transcribed. However, none of the lines had 

an increase in testis SLX levels in mice carrying the mP1-Slx transgene compared to 

non-transgenic littermates by western blot analysis. This could be due to low levels of 

mP1-Slx transgene expression transgene and northern blot analysis could be employed 

to verify this idea. However, the mP1 promoter is a strong promoter and so is expected 

to drive high levels of transgene expression. While it is possible that the DNA 

surrounding the transgenic locus represses transcription of the mP1-Slx transgene, it is 

unlikely that the transgene has integrated into repressive regions of the genome in all 

six transgenic lines. Furthermore, the copy number of the transgene is expected to 

differ between each line and this should result in variation in the level of transgene 

expression.   

 

The lack of SLX up-regulation in mP1-Slx transgenic mice could be accounted for if 

the Slx-SV40 polyA fusion transcript encoded by this transgene is not translated.  The 

mP1-Slx transgene only contains the Slx ORF and so does not contain the 3’ and 5’ 

untranslated regions found in the full length Slx transcript.. The untranslated regions of 

many mRNAs, including the mouse protamine 1 transcript, are important for temporal 

control of protein translation (Braun, 1990; Braun et al., 1989). The 3’UTR and 5’UTR 

may contain binding sites for regulatory proteins and miRNAs (reviewed by Derrigo et 

al., 2000), and are known to influence sub-cellular protein localisation (Braun et al., 

1989). The untranslated sequences in the Slx mRNA could therefore contain elements 

that are essential for translation, and so new mP1-Slx cDNA transgenics were made 

using the mP1 promoter to drive transcription of the full length Slx cDNA sequence 

rather than the ORF. These lines are currently breeding and will hopefully transcribe 
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and translate the Slx cDNA transgene. However, the expression levels of these new 

mP1-Slx cDNA transgenic lines may be insufficient to illuminate the effect that SLX 

over-expression has on spermiogenesis. In light of the multicopy nature of Slx, RNAi-

mediated knockdown may be the best approach to elucidate the specific function of 

this gene in spermatid development and function. 

 

In conclusion, examination of mice transgenic for either Sly or Slx has so far failed to 

uncover the role of these genes in mouse spermiogenesis. New transgenic lines have 

been made using constructs that are expected to drive expression of the transgenes at 

levels equal to those observed for the endogenous Sly and Slx genes. The mP1-Sly and 

mP1-Slx cDNA transgenic lines may prove invaluable in ascertaining the function of 

these genes during sperm develop and identifying whether they contribute to the 

phenotypes observed in the three MSYq deletion mouse models.  
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Chapter 7 

 

General discussion and future 

directions 

 

 



General discussion and future directions 
 

Analysis of germ cells in an XO/XYY mosaic mouse provided the first indication that 

the mouse Y chromosome has a role in spermatogenesis (Evans et al., 1969). Deletions 

of the MSYq are associated with an increased incidence of sperm head defects, 

abnormal sperm motility, offspring sex ratio distortion and reduced or absent fertilising 

ability (Burgoyne et al., 1992; Conway et al., 1994; Grzmil et al., 2007; Styrna et al., 

2002; Styrna et al., 1991a; Styrna et al., 2003; Styrna et al., 1991b; Styrna and 

Krzanowska, 1995; Touré et al., 2004b; Xian et al., 1992). Furthermore, the MSYq 

appears to regulate the expression of a small number of X- and Yp-linked genes during 

spermiogenesis; these genes are up-regulated in spermatids from mice with MSYq 

deletions in proportion to the deletion size (Ellis et al., 2005). The correlation between 

the extent of the MSYq deletion and the severity of the testicular phenotypes exhibited 

by mice with these deletions led Burgoyne et al. (1992) to suggest that a multicopy 

‘spermiogenesis factor’ on the MSYq may be responsible. However, the identity of 

this factor is currently unknown. 

 

Touré et al. (2005) and Ellis et al. (2005) proposed that one promising candidate for 

the ‘spermiogenesis factor’ is Sly, a newly identified multicopy Yq-encoded gene. The 

putative SLY protein shares a substantial degree of homology to the XLR superfamily 

of nuclear proteins, all of which contain a conserved COR1 domain implicated in 

chromatin binding (Bergsagel et al., 1994; Calenda et al., 1994; Ellis et al., 2005; 

Lammers et al., 1994; Touré et al., 2005). Ellis and colleagues (Ellis et al., 2005) 

proposed that the putative SLY plays a key function in sperm development by binding 

to the sex chromosomes in spermatids, potentially regulating their gene expression and 

chromatin conformation. Based on this hypothesis, it was suggested that the increased 

prevalence of abnormal spermatozoa and offspring sex ratio distortion in the MSYq 

deletion models may be a consequence of Sly deficiency triggering the up-regulation of 

sex-linked genes involved in sperm head development and meiotic drive. The primary 

objective of the studies carried out in this thesis was to explore the role of Sly and its 

X-linked homologue (Xmr/Slx) in spermatogenesis, and to determine to what extent 

these genes contribute to the phenotypes associated with MSYq deletions.   
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7.1 Sly encodes a spermatid cytoplasmic protein and is implicated in 

acrosome development and function 

 

In agreement with previous studies (Ellis et al., 2005; Touré et al., 2005), analysis of 

nascent Sly transcripts confirmed that this gene is transcribed exclusively in the testis 

during spermiogenesis in virtually all Y-bearing round spermatids. The expression and 

function of the SLY protein was also characterised in detail in chapter 3. Inconsistent 

with the predicted chromatin-associated role of this protein (Ellis et al., 2005; Touré et 

al., 2005), SLY localised to the spermatid cytoplasm, potentially due to a mutation of 

the NLS motif present in the related XLR and SYCP3 proteins. These results indicate 

that SLY is unlikely to directly regulate the chromatin conformation and gene 

expression of the X and Y chromosomes in spermatids as hypothesised (Ellis et al., 

2005), although this cannot be completely ruled out based on the present data. To gain 

insight into the function of SLY in spermiogenesis, a yeast-two-hybrid screen was 

performed and this identified several potential interacting proteins, including the 

acrosomal protein DKKL1, the histone acetyltransferase TIP60 and the chromatoid 

body protein RanBMP (Kohn et al., 2005; McAllister et al., 2002; Shibata et al., 2004).  

 

Co-immunoprecipitation confirmed the interaction between SLY and DKKL1, 

advocating a role for SLY in development or function of the acrosome. The acrosome 

is a cap-like structure that forms over the head of the sperm and contains enzymes such 

as acrosin, a trypsin-like protease, that are essential for digesting the zona pellucida at 

fertilisation (reviewed by Geraci and Giudice, 2006). Although the acrosome has not 

been examined in spermatids from our 2/3MYSq-, 9/10MSYq- and MSYq- models, 

numerous acrosomal defects have been reported in sperm from B10.BR-Ydel mice that 

lack approximately two-thirds of the MSYq (Siruntawineti et al., 2002; Styrna et al., 

1991a; Styrna et al., 2003). The Ydel mice have an increase in the percentage of sperm 

with abnormal heads, the most common defect being a flattening of the sperm head not 

observed in normal mice; this flattening has been ascribed to the abnormal formation 

of the acrosome during spermiogenesis. Electron microscopy revealed that the 

acrosomal vesicle in some round spermatids from Ydel mice does not contain pro-

acrosomal granules, although the acrosomal cap forms normally (Styrna et al., 1991a). 

The shape of the acrosomal vesicle is also distorted in some spermatids, leading to an 

invagination into the nucleus (Styrna et al., 2003). Small, round vesicles form in the 
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acrosome of Ydel elongating spermatids beginning at tubule stage IX, and these are 

retained in condensing spermatids undergoing spermiation (Siruntawineti et al., 2002). 

In addition, the proportion of spermatids with vesicles is similar to the frequency of 

sperm with flat heads, leading to the suggestion that these vesicles are responsible for 

the flattened acrosome in Ydel mice (Siruntawineti et al., 2002). Analysis of epididymal 

sperm demonstrated that Ydel mice have an increased incidence of sperm with damaged 

or absent acrosomes and a decrease in the proportion of live sperm (Styrna et al., 2003; 

Styrna and Krzanowska, 1995). Furthermore, sperm from Ydel mice have decreased 

levels and activity of acrosin (Styrna et al., 1991a). This is thought to contribute to the 

reduced in vitro fertilising ability of Ydel mice (Xian et al., 1992).  

 

The aberrant acrosome formation and content observed in the Ydel sperm led Styrna 

and colleagues (Styrna et al., 1991a; Styrna et al., 1991b) to conclude that a MSYq-

linked factor is involved in controlling acrosomal development by co-ordinating the 

various synthetic and morphological processes involved. Examination of the acrosome 

in 2/3MSYq-, 9/10MSYq- and MSYq- spermatids is expected to substantiate the 

conclusion that a MSYq gene is necessary for normal acrosome formation. The 

interaction between SLY and DKKL1 is a compelling piece of evidence for Sly being 

the acrosomal factor, and this could be confirmed by expressing endogenous levels of 

Sly from a transgene in the MSYq deletion models. It has been hypothesised that 

DKKL1 plays a role in facilitating acrosome formation, preventing premature 

spermiation or guiding the mature sperm to the oocyte (Kohn et al., 2005), and defects 

in these processes have been reported in the MSYq deletion models  (Siruntawineti et 

al., 2002; Styrna et al., 2002; Styrna et al., 1991a; Styrna et al., 2003; Styrna et al., 

1991b; Styrna and Krzanowska, 1995; Touré et al., 2004b; Ward et al., 2006; Xian et 

al., 1992). One area of future research will be to investigate if the localisation and 

activity of DKKL1 and other acrosomal proteins are altered in the three MSYq 

deletion models, in order to establish the underlying cause of the acrosomal defects 

associated with deletion of the MSYq. 

 

Besides its prospective role in the acrosome, SLY may be involved in other 

spermiogenic processes. Although cytoplasmic, SLY could indirectly repress 

transcription of the X- and Yp-encoded genes during spermiogenesis through its 

potential interaction with the histone acetyltransferase TIP60; this is discussed in more 

detail below in section 7.6.  
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7.2 Slx is transcribed in spermatids and encodes a cytoplasmic protein 

 

The results of chapter 3 imply that SLY is not a chromatin-associated nuclear protein, 

and so it is improbable that SLY directly regulates the chromatin conformation and 

transcription of the sex chromosomes during spermiogenesis as previously 

hypothesised (Ellis et al., 2005). However, another candidate gene for the up-

regulation of X- and Y-encoded genes in the three MSYq deletion models is Slx 

(previously Xmr), the multicopy X-linked homologue of Sly. Slx was reported to 

encode a testis-specific nuclear protein that localises to the transcriptionally silent sex 

body domain in pachytene spermatocytes (Calenda et al., 1994; Escalier and Garchon 

2005; Escalier and Garchon 2000).  Further analysis of Slx suggested that this gene is 

also transcribed in round and early elongating spermatids (Ellis et al., 2005). In chapter 

4, I re-examined the transcription and translation of Slx during spermatogenesis to 

ascertain if the protein encoded by this gene is involved in regulating sex-linked gene 

expression during spermiogenesis.  

 

My findings, as well as data from published microarray studies, substantiated reports 

from Ellis et al. (2005) that Slx is transcribed predominantly in spermatids with little or 

no evidence of transcription during meiosis. Consistent with the transcriptional data, 

protein analysis using three antibodies designed specifically to SLX revealed that this 

protein is undetectable in meiotic cells. Instead, SLX is expressed in spermatids from 

stages 2 to 11, where it localises to the cytoplasmic compartment. To explain the 

contradictory SLX expression patterns reported in previous studies by the Garchon 

group (Calenda et al., 1994; Escalier and Garchon, 2005; Escalier and Garchon, 2000) 

and those described in chapter 4, I demonstrated that the anti-XLR antibody used in the 

earlier studies is unable to detect SLX. The identity of the sex-body protein recognised 

by the anti-XLR antibody is currently unknown, although XLR is a very good 

candidate based on its expression pattern in oocytes during female meiosis (Escalier et 

al., 2002) and my findings that the gene encoding this protein is transcribed in the 

testis.   

 

The cytoplasmic localisation of SLX can be explained by loss of the NLS motif 

present in XLR due to changes in the intron/exon boundaries between Slx and Xlr 

(Ellis et al., 2007). Nevertheless, my analysis of S. cerevisiae transformed with a Slx-

containing plasmid reveals that the protein encoded by Slx has transcriptional activator 
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activity when present in the nucleus. This raises the possibility that SLX is involved in 

controlling gene activity during spermiogenesis, although this idea is not supported by 

the results of chapter 4. It is feasible that SLX is present in the spermatid nucleus at a 

level undetectable by conventional techniques. Alternatively, SLX may re-localise to 

the nucleus in response to a specific physiological stimuli such as heat shock. In either 

case, SLX localisation to the nucleus would require chaperone proteins to transport it 

into the nucleus due to loss of the NLS. In addition, if SLX is involved in 

transcriptional regulation, it is expected to form complexes with other chromatin-

associated proteins such as transcription factors and chromatin modifiers. 

Unfortunately, identification of SLX interacting proteins was not possible by a yeast 

two-hybrid-screen, and the role of SLX in spermiogenesis is unknown at present. 

Examination of mice that are deficient for, or over-express Slx will help to uncover the 

function of SLX; future studies should concentrate on analysing the downstream 

transcriptional changes in these mice, paying particular attention to the transcription of 

genes located on the sex chromosomes. 

 

 

7.3. PSCR and the epigenetic profile of the sex chromosomes are disturbed 

in round spermatids from the MSYq deletion models 

   

Ellis and colleagues (Ellis et al., 2005) presumed that the increased mRNA levels of 

specific sex-linked genes in MSYq deletion models was a consequence of increased 

transcription of these genes, possibly due to defects in PSCR. However, less than 1% 

of the genes encoded by the X and Y chromosomes were reported to be differentially 

expressed in the three MSYq deletion models. This suggests that the up-regulation is 

restricted to a small group of predominantly spermatid-expressed genes. In chapter 5, 

RNA FISH was used to examine if the up-regulated mRNA levels of these X- and Yp-

encoded genes resulted from increased gene transcription. For all spermatid-expressed 

X- and Yp-encoded genes assayed, the percentage of round spermatids transcribing the 

gene (evidenced by an RNA FISH signal) was significantly increased in MSYq- males 

compared to XY controls. This up-regulation was independent of gene copy number, 

expression pattern, and sub-chromosomal location, but was restricted to sex-linked 

genes in agreement with previous data (Ellis et al., 2005). Together, the RNA FISH 

studies imply that the increased sex-linked transcript levels in the three MSYq deletion 
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models is a consequence of a universal reduction in spermatid sex chromosome 

repression that affects all spermatid-expressed sex-linked genes. However, an 

additional post-transcriptional effect cannot be dismissed. Analysis of Slx and an X-

linked reporter gene revealed that up-regulation of these genes is associated with 

increased protein levels, and thus over-expression of X- and Yp-encoded proteins may 

contribute to or be the cause of the defective sperm heads exhibited by the MSYq 

deletion models. 

 

The epigenetic profile of round spermatids from MSYq- males were also investigated 

in chapter 5, and a number of changes were observed. These include reduced 

enrichment of the heterochromatin-associated histone modification H3K9me3 and 

heterochromatin protein CBX1 on the sex chromosome chromatin domain, and 

decreased levels of the ‘active’ histone modification H4K8Ac on the sex chromosome. 

Alterations to the histone code may occur prior to spermiogenesis, as indicated by the 

unusual enrichment of H3K9me3 on the pericentric heterochromatin of MI cells in the 

MSYq- testis. Thus, future research should concentrate on determining exactly when 

the transcriptional up-regulation and changes to the epigenetic character of the sex 

chromosomes first occur in the testes of MSYq- mice. In addition, the replacement of 

histones with transition proteins and protamines should also be analysed in MSYq- 

spermatids, to examine whether defects in chromatin condensation may be responsible 

for the grossly abnormal morphology of 9/10MSYq- and MSYq- sperm. 

 

A similar up-regulation X-encoded transcripts has been reported in spermatids from 

mice lacking the ubiquitin-conjugating enzyme HR6B (Baarends et al., 2007). One of 

the affected genes is Ube1x, and this gene is also up-regulated in the MSYq- testis 

(Ellis et al., 2005).  Baarends et al. (2007) suggested that the increased transcription of 

X-linked genes in Hr6b-/- spermatids is a consequence of defective PSCR, although it 

is not known if Y-encoded genes are also up-regulated. The heterochromatin-

associated histone modification H3K9me2 is absent on the chromocentre of Hr6b-/- 

spermatids (Baarends et al., 2007); this modification is also absent on the 

chromocentre in a significantly higher proportion of MSYq- spermatids than XY 

spermatids. Furthermore, the two models are alike in that the enrichment of H3K9me2 on 

the sex chromosome is unaffected (Baarends et al., 2007).  The phenotypes of MSYq- 

and Hr6b-/- spermatids are very similar with respect to X-linked gene transcription and 

altered epigenetic marks on sex chromosomes, and suggest that PSCR is also defective 
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in spermatids from MSYq- mice. 

 

The cause-effect relationship between the altered sex chromosome histone code and 

the reduced efficiency of PSCR in Hr6b-/- spermatids and MSYq- spermatids has not 

yet been explored. The increased sex-linked gene transcription in the MSYq- 

spermatids may be the result of altered sex chromosome chromatin conformation 

caused by changes in their epigenetic profile; this could allow the transcriptional 

machinery increased chromatin access. For example, over-expression of the S. pombe 

Epe1 protein reduces the levels of H3K9me2 at heterochromatic domains, increasing 

transcription from these regions (Zofall and Grewal, 2006). Alternatively, increased 

transcription of the sex chromosomes during spermiogenesis may lead to the 

replacement of facultative heterochromatin markers such as H3K9me3 with ‘active’ 

modifications and proteins. Nevertheless, the correlation between defective PSCR and 

changes in the epigenetic profile of the sex chromosomes in MSYq- spermatids 

suggest an unidentified MSYq-linked factor is required for establishment and 

maintenance of PSCR in normal spermatids. Moreover, the similarities between the 

altered PSCR, epigenetic profile and sperm-head phenotypes of spermatids deficient 

for HR6B and those with MSYq deletions, indicate that Hr6b and the putative MSYq 

encoded factor may be components of the same genetic pathway involved in 

controlling PSCR. Hypotheses that could explain the underlying molecular basis of 

PSCR and the role played by a Y-linked ‘PSCR’ factor are presented in section 7.6. 

 

 

7.4 Identifying the function of Sly and Slx in spermiogenesis by transgenic 

analysis 

 

The experiments described in chapters 3-5 failed to identify the role of Sly and Slx in 

spermiogenesis, although deletion analysis and a yeast-two-hybrid screen suggest that 

Sly may be involved in acrosome formation and/or function. In an attempt to determine 

if Sly deficiency is the underlying genetic cause of the testicular phenotypes associated 

with MSYq deletions, this gene was re-introduced into the 2/3MSYq- and MSYq- 

backgrounds. No amelioration of the sperm head abnormalities or defective PSCR was 

observed in males carrying an Sly BAC transgene compared to non-transgenic 

controls. However, this may be due to very low levels of transgene expression rather 
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than failure of Sly to rescue these phenotypes. In order to achieve near-endogenous 

levels of Sly expression, new Sly transgenic lines were created using the spermatid-

specific mouse protamine 1 (mP1) promoter. Preliminary data suggests that at least 

one of the mP1-Sly transgenic lines is expressing the transgene at high levels. Should 

this be the case, this line will prove invaluable for confirming the potential role of Sly 

as a regulator of acrosome formation, as discussed above. The mP1-Sly transgenic 

mice will also be useful in determining whether Sly deficiency is a factor in other 

MSYq deletion phenotypes such as sex-ratio distortion. In addition, by allowing the 

effect of Sly over-expression on Slx transcription and translation to be investigated in 

vivo, mP1-Sly transgenic mice may expose the alleged regulatory relationship between 

Sly and Slx predicted by Ellis et al. (2005). 

 

Deletion of the MSYq is associated with over-expression of SLX and this may 

contribute to one or more testicular phenotypes reported in the three MSYq deletion 

models. Chapter 6 also described the production and expression of mP1-Slx transgenic 

lines which were made to investigate this possibility. Although all mP1-Slx transgenic 

lines analysed were transcribed, there was no obvious difference in testis SLX levels 

between transgenic and non-transgenic mice, suggesting that the transgene is not 

translated or is translated at undetectable levels. New Slx transgenic lines were made 

that contained the 3’ and 5’ untranslated regions that may be required for efficient 

translation, and these mP1-Slx cDNA mice are currently being bred. If the mP1-Slx 

cDNA transgenic lines are not expressed at high levels, RNAi-mediated knock down 

of Slx may be the only way to elucidate the role of this gene during spermiogenesis in 

normal and MSYq deletion mice. 

 

 

7.5 Does the MSYq encode a suppressor of meiotic drive? 

 

A meiotic driver is a genetic element (an allele, gene or chromosome variant) that 

increases its own transmission to the next generation at the expense of gametes that do 

not carry the element. Meiotic driver systems have been described in a wide variety of 

organisms including fungi, insects, plants and mammals (reviewed by Lyttle, 1991), 

and are located on autosomes (e.g. the t-complex in mice; Lyon, 2000) and sex 

chromosomes (e.g. the Dox gene in D. simulans; Tao et al., 2007a). Mathematical 

 255



models suggest that the sex chromosomes are more likely to evolve and maintain 

meiotic drivers than autosomes (Hurst and Pomiankowski, 1991). This is because the 

sex chromosomes are genetically isolated from each other and so mutations biasing the 

sex ratio (sex ratio distorters or SRDs) can accumulate on these chromosomes as long 

as the biased transmission of the mutations outweighs their deleterious effects on 

fitness. X-linked meiotic drive has been reported in at least twelve species of 

Drosophila (Montchamp-Moreau, 2006) and appears to be more frequent than Y-

linked meiotic drive, although this has been reported in the fruitfly C. capitata and the 

mosquito A. aegypti (Owusu-Daaku et al., 2007; Shahjahan et al., 2006).  

 

As well as causing a deviation in the sex ratio, known SRDs reduce the overall male 

reproductive fitness because they reduce the number of functional sperm. Accordingly, 

there is strong selection for sex-linked or autosomal genes that suppress the deleterious 

effects of the distorter (Carvalho et al., 1997; Hamilton, 1967; Hurst, 1992; 

Montchamp-Moreau, 2006). However, if the suppressor gene acts in a dose-dependent 

fashion, then duplication of the driver element will alter sex ratio again causing an 

increased selective pressure for duplication of the suppressor gene. This may lead to a 

massive amplification of both elements and represents a dynamic intragenomic conflict 

or genetic ‘arms race’ between the distorter and suppressor (Hurst, 1992; Hurst, 1996). 

The effects of the sex ratio meiotic drive system are transient on an evolutionary time 

scale due to the rapid spread of suppressors within a population, and thus biased sex 

ratios are rarely observed in naturally occurring populations (Montchamp-Moreau, 

2006; Tao et al., 2007b).  However, new sex ratio distorters may evolve that are 

unaffected by existing suppressor elements, allowing sex ratio meiotic drive to 

continue ad infinitum. Such intragenomic conflict can change the architecture of the 

sex chromosomes to such a degree that geographically restricted populations may 

become reproductively isolated leading to speciation; this could account for the 

accelerated rate of evolution among meiotic and post-meiotic genes. The silencing of 

the mammalian sex chromosomes in the male germ line by MSCI and PSCR has been 

proposed to act as a genomic defence mechanism against sex ratio distorters by 

silencing these genes during and after meiosis, thus maintaining a normal sex ratio 

(Ellis et al., 2005; Montchamp-Moreau, 2006; Tao et al., 2007b; Turner et al., 2006).   

 

The sex ratio distortion in offspring of 2/3MSYq- males is thought to be a consequence 

of a disruption in the equilibrium between an X-linked meiotic driver and a suppressor 
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gene located on the Yq. Several observations support this hypothesis, and these are 

described below. Firstly, there is markedly reduced transmission of the 2/3MSYq- 

chromosome in mice that produce Y and 2/3MSYq- gametes, despite abundant sperm 

containing the 2/3MSYq- chromosome being present in the epididymis (Burgoyne, 

1998b). This implies that the 2/3MSYq- bearing sperm are out-competed by Y-bearing 

sperm, and this may be a consequence of meiotic drive; sperm competition studies in 

Drosophila have demonstrated that males with a driving X chromosome are at a 

disadvantage relative to males without a driving X chromosome (Taylor and Jaenike, 

2002). Secondly, epididymal fluid from B10.BR control males is believed to contain a 

substance that has an inhibitory effect on the fertilising ability of sperm from B10.BR-

Ydel males, which have a deletion of the MSYq (Xian et al., 1992). This is reminiscent 

of a study into the meiotic drive system of the stalk-eyed fly, Cyrtodiopsis whitei, 

which found that sperm from meiotic drive males may be incapacitated by seminal 

fluid from non-drive males (Fry and Wilkinson, 2004). Furthermore, the hybrid 

breakdown in male offspring of M. m. domesticus x M. m. molossinus intraspecific 

crosses is the result of incompatibility between X-linked gene(s) with autosomal 

and/or Y-linked gene(s); Haldane’s rule (Haldane, 1922) suggests that the sterility of 

the heterogametic sex in the F1 generation of an interspecies cross may be caused by 

unbalancing of divergent meiotic drivers and suppressors. Together with the highly 

amplified nature of some spermatid-expressed X- and Yq-linked genes, these data 

suggest that there may be ongoing intragenomic conflict between the murine X and Y 

chromosomes which is revealed in mice with Yq deletions. 

 

Two genetically characterised sex ratio meiotic drive systems are the Dox/Nmy 

distorter/suppressor complex in D. simulans (Tao et al., 2007a; Tao et al., 2007b) and 

the Stellate/Supressor of Stellate (Ste/Su(Ste)) system in D. melanogaster (Hurst, 1992; 

Hurst, 1996). Unbalancing of the Dox and Ste X-linked distorter genes from their 

suppressor results in a shortage of, or reduced fertilising ability of Y-bearing sperm by 

an unknown mechanism (Aravin et al., 2001; Tao et al., 2007a). In both cases, the 

suppressor gene has evolved by retrotransposition of the X-linked distorter gene 

(Balakireva et al., 1992; Tao et al., 2007b) and suppression appears to be mediated by 

a classical post-transcriptional RNAi mechanism. This has been convincingly 

demonstrated for Ste/Su(Ste), where suppression requires components of the RNAi 

pathway including aubergine, and spindle-E, and involves the production of rasiRNAs 

(Aravin et al., 2004; Aravin et al., 2001; Nishida et al., 2007; Stapleton et al., 2001). 
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How X-linked meiotic drivers preferentially disrupt the development or function of Y-

bearing sperm is currently unknown, although one possibility is that Y-bearing sperm 

are intrinsically more susceptible to the effects of the driver. For example, the sex ratio 

distortion in male flies carrying the Dox driver is attributed to defects in nuclear 

condensation in Y-bearing sperm. In this species, the Y chromosome is 

heterochromatic and larger than the X chromosome, so sperm containing the Y 

chromosome are more severely affected by problems with heterochromatin 

condensation compared to X-bearing sperm (Tao et al., 2007a). Alternatively, there 

could be unequal sharing of the meiotic driver or downstream products between X- and 

Y-bearing sperm, leading to defective maturation of Y-bearing spermatids. 

 

Assuming a similar RNAi mediated mechanism is responsible for the putative X-

linked meiotic drive system in mice, there are three multicopy MSYq-encoded 

candidate suppressor genes (Ssty, Asty and Sly) that arose by retrotransposition of their 

X-linked homologue. In addition, the multicopy Orly gene contains sequences derived 

from Ssty, Asty and Sly and so also shares homology with their X-linked progenitors 

(Ellis et al., 2007; Touré et al., 2005; Tour é et al., 2004). However, Ssty and Sly have 

retained their ORFs and encode for functional proteins unlike the Nmy and Su(Ste) 

suppressor genes in Drosophila. This suggests that any suppression of X-linked drivers 

by Ssty and Sly may be mediated at protein rather than RNA level, possibly by 

competition between the distorter and suppressor for interacting proteins. In contrast, 

any conflict between Asty and its X-encoded homologue Astx would almost certainly 

be mediated by an RNAi mechanism; Asty has lost the ORF found in Astx, although 

these genes share 92-94% nucleotide identity over introns and exons. The highly 

amplified copy number of Asty suggests that this gene has been selected for, despite 

not coding for a protein, indicating that Asty may act at the RNA level. 

  

The underlying cause of the female-biased sex ratio observed in the offspring of 

2/3MSYq- males may not represent the uncovering of an intragenomic conflict 

between an X-linked distorter element and a Yq-linked suppressor per se. Instead, the 

transcription of an X-linked distorter gene may be indirectly up-regulated in 

spermatids from the MSYq deletion models as a consequence of defective PSCR. 

Unless the suppressor of the X-linked meiotic driver is also sex-linked and thus up-

regulated, the equilibrium between the driver and suppressor is disturbed. Mild over-

expression of an X-linked distorter is expected to lead to sex ratio distortion as 
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observed in 2/3MSYq- mice if the distorter is usually suppressed in a dosage-

dependent manner. Furthermore, gross over-expression of the X-linked distorter may 

be the cause of sterility in the 9/10MSYq- and MSYq- mice, as unrepressed drivers 

(e.g. Stellate in D. melanogaster) can lead to sterility rather than drive.  

 

The D. simulans X chromosome is known to contain several distorter genes that act 

together to produce meiotic drive (reviewed by Montchamp-Moreau, 2006), and this 

could also be the case with the mouse X chromosome. Multiple X-linked distorter 

genes are expected to be targeted for suppression by a variety of autosomal and Y-

linked elements. Polymorphisms in the expression levels of X-linked distorters, and 

their Y-linked and autosomally-encoded suppressor genes may underlie the variation 

in the proportion of sperm abnormalities, the shape of the sperm head and the offspring 

sex ratio in different laboratory mice strains. Several testis-transcribed genes are 

differentially expressed between different mice species and subspecies including X-

linked Slx gene (Voolstra et al., 2007; R Scarvetta and D Tautz, personal 

communication). Furthermore, mice carrying the YRIII chromosome differ in the 

proportion of abnormal sperm and offspring sex ratio depending on the genetic 

background, with both phenotypes more severely affected on inbred backgrounds 

(Conway et al., 1994). This implies that Y-linked elements interact with X-linked and 

autosomal genes whose expression varies between mice strains, and these operate 

together to control sperm head development and the sex ratio.   

 

 

7. 6 Does the Y chromosome have a role in regulating PSCR? 

 

The heterochromatic structure and transcriptional repression of the sex chromosomes 

in spermatids is a downstream consequence of MSCI (Turner et al., 2006). In addition, 

PSCR is not specific to the sex chromosomes; unpaired autosomal regions subject to 

MSUC in spermatocytes continue to be repressed in spermatids and become enriched 

in histone modifications associated with inactive chromatin (Turner et al., 2006). The 

transition from MSCI to PSCR has not been clearly defined, and may represent a 

continual process. However, although the molecular basis for MSCI is known and 

involves BRCA1, ATR and γH2AX (reviewed by Turner, 2007), these proteins are not 

maintained on the sex chromosomes in spermatids and the mechanism underlying 
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PSCR is currently unknown. The defective transcriptional repression and disturbed 

epigenetic profiles of the spermatid sex chromosomes in the MSYq- mice suggest that 

one or more genetic factors on the MSYq are required for normal PSCR to occur. 

Identifying the putative MSYq-encoded ‘PSCR factor’ will be an exciting area of 

future research that will help to elucidate the molecular basis for PSCR and may have 

wider implications for epigenetic gene regulation and sex chromosome evolution.  

 

There are several ways in which a gene on the MSYq could regulate PSCR. Firstly this 

factor may act at the protein level and two candidate genes are Ssty1 and Sly, both of 

which are known to encode spermatid proteins.  Ssty1 is a member of the Spin/Ssty 

gene family and encodes a protein that shares homology with SPIN, a protein that 

localises to the metaphase spindle in mouse oocytes (Oh et al., 1998; Touré et al., 

2004a). However, the function and mode of action of SSTY1 and SPIN have not been 

identified, nor has the cellular localisation of SSTY1 (Oh et al., 1998; Touré et al., 

2004a). It is conceivable that SSTY1 is a nuclear protein involved in controlling sex 

chromosome gene expression during spermiogenesis, although structural prediction 

programs have not identified any chromatin or DNA binding domains within the SSTY 

protein (Touré et al., 2004a).  

 

Expression analysis of SLY indicates that this protein is cytoplasmic and thus unlikely 

to directly regulate sex chromosome gene expression and epigenetic modifications in 

spermatids. However, one of the proteins found to interact with SLY in a yeast-two-

hybrid screen is the tumour suppressor histone acetyltransferase TIP60 (Gorrini et al., 

2007). The TIP60 complex is involved in chromatin remodelling including 

dephosphorylation of nucleosomal γH2AX (Jha et al., 2008), exchange of 

phosphorylated H2AV for unmodified H2AV in regions of DNA damage (Kusch et al., 

2004; reviewed by Morrison and Shen, 2005), and chromatin incorporation of the 

histone variant H2AZ (Auger et al., 2008). TIP60 can interact with a variety of 

transcription factors and chromatin remodelling complexes to regulate gene 

transcription by repressing or stimulating activity of specific promoters (Ai et al., 

2007; DeRan et al., 2008; Liu et al., 2007a). TIP60 can also affect transcription 

through altering the local chromatin conformation and the TIP60 complex has been 

shown to promote the generation of silent heterochromatin in Drosophila (Qi et al., 

2006). In addition, several proteins are acetylated by TIP60 leading to activation (e.g. 

ATM; Sun et al., 2007) or suppression (e.g. Notch IC; Kim et al., 2007a) of target 
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proteins. SLY may bind to TIP60 in the cytoplasm, although antibody staining 

suggests that the majority of TIP60 is found in the nucleus (see Figure 3.8.D). In 

MSYq- spermatids, absence of SLY could alter the activity or cellular localisation of 

TIP60, potentially explaining the defective PSCR and reduction/loss of histone H4K8 

acetylation on the sex chromosomes.  

 

Rather than act at the protein level, the MSYq may encode a non-coding RNA 

(ncRNA) that can regulate PSCR and the histone modifications associated with the 

spermatid sex chromosomes. Non-coding RNAs that coat the X chromosome have 

been described in mammals (e.g. the Xist RNA that mediates female X inactivation; 

reviewed by Masui and Heard, 2006) and Drosophila (the roX transcripts involved in 

male dosage compensation; reviewed by Deng and Meller, 2006). These ncRNAs alter 

the chromatin conformation and gene expression of the X chromosome to cause 

chromosome wide transcriptional silencing or transcriptional up-regulation 

respectively. It is thus feasible that a ncRNA could localise to the sex chromosome in 

spermatids and mediate PSCR in a manner analogous to the Xist RNA in imprinted and 

random X-inactivation. This non-coding RNA may be derived from the MSYq, or an 

MSYq-encoded genetic element could regulate the localisation of the ncRNA to the X 

and Y chromosomes in spermatids. Nevertheless, in both scenarios, the consequence of 

MSYq deletions would be loss of this non-coding transcript from the sex 

chromosomes, leading to the defective PSCR and altered histone marks observed in 

the MSYq deletion models. 

 

 The Xist transcript is a multifunctional RNA that coats the X chromosome in cis to 

induce the dynamic genomic reorganisation and transcriptional inactivation of over 

one thousand X-linked genes (Brown et al., 1992; Clemson et al., 1996; Masui and 

Heard, 2006). After the future inactive X (Xi) chromosome is coated with Xist, RNA 

PolII and its associated transcription factors are rapidly excluded from the Xi, although 

this is not sufficient to induce gene silencing (Chaumeil et al., 2006). This is followed 

by loss of active euchromatic histone marks such as H3K9 and H4 acetylation and H3K4 

methylation (Boggs et al., 1996; Chaumeil et al., 2006; Chaumeil et al., 2002; 

Jeppesen and Turner, 1993; Keohane et al., 1996). The Xi then becomes enriched with 

markers of facultative heterochromatin such as H3K9me2 (Boggs et al., 2002; Heard et 

al., 2001; Mermoud et al., 2002; Peters et al., 2002), H3K27me3 (Plath et al., 2003; 

Rougeulle et al., 2004; Silva et al., 2003) and macroH2A. These epigenetic marks 
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allow stable inheritance of the inactive state during cellular division and 

differentiation, although they are not sufficient for the silencing function of Xist 

(Masui and Heard, 2006). Several polycomb group proteins accumulate on the Xi after 

it is coated by Xist RNA and studies of mice with mutations of different polycomb 

group proteins suggest these proteins may be involved in the maintenance of X 

inactivation (de Napoles et al., 2004; Mak et al., 2002; Plath et al., 2004; Silva et al., 

2003). Many of the epigenetic marks associated with the sex chromosome chromatin 

domain in spermatids are similar to those on the Xi in female somatic cells, including 

H3K9me2, H3K27me3, H2AK119 ubiquitination and macroH2A (Baarends et al., 2007; 

Greaves et al., 2006; Namekawa et al., 2006; Turner et al., 2006). Thus, although 

MSCI and PSCR are independent of Xist (Turner et al., 2002; J Lee unpublished data), 

PSCR may utilise the same downstream protein machinery as female X inactivation to 

trigger facultative heterochromatin formation and transcriptional repression, including 

Polycomb chromatin remodeling complexes.  

 

It has been suggested that the spread of silencing along the Xi is mediated by 

‘spreading stations’ such as L1 elements (Lyon, 1998; Lyon, 2006); these stations 

could also be involved in PSCR. The differences in gene reactivation following MSCI 

may potentially be explained if the efficiency of gene repression correlates with the 

distance of a gene from a ‘spreading centre’, with genes further away being transcribed 

in a higher proportion of spermatids. For single copy X-linked genes, it will be 

interesting to see if there is a link between escape from somatic X-inactivation and the 

level of expression in spermatids. Four genes known to show low or no reactivation in 

post-meiotic germ cells are Zfx, Fmr1, Xiap and Scml2 (Mueller et al., 2008), and these 

are all subject to somatic X inactivation. Further research is needed to establish if 

genes that escape X inactivation (e.g. Jarid1c and Eif2s3x) also evade PSCR.   

 

Non-coding RNAs can also actively regulate eukaryotic mRNA transcription by 

interacting with and affecting the function of the transcriptional machinery by a wide 

variety of different mechanisms (reviewed by Goodrich and Kugel, 2006). Non-coding 

RNAs act in trans by targeting transcriptional activators or repressors, general 

transcription factors, and even RNA PolII. In mammals, ncRNAs have been described 

that control gene expression by; (1) acting as transcriptional co-activators (e.g. the 

SRA RNA; Lanz et al., 1999; Lanz et al., 2002), (2) regulating the oligomerisation and 

activity of transcriptional activators (e.g. the human HSR1 ncRNA; Shamovsky et al., 
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2006), (3) controlling the intracellualar localisation of an activator (e.g. NRON 

ncRNA; Willingham et al., 2005) and (4) changing the properties of a transcriptional 

repressor (e.g. the NRSE 20bp dsRNA; Kuwabara et al., 2004). Accordingly, ncRNAs 

originating from the MSYq could regulate PSCR by similar mechanisms. A transcript 

originating from the SINE family of retrotransopons has been reported to bind to the 

RNA POLII and repress transcription from specific genes (Allen et al., 2004; Espinoza 

et al., 2004), and so ncRNAs could originate from repetitive transposable elements on 

the MSYq, as well as the multi-copy Ssty, Sly, Asty and Orly genes.  

 

The de-repression of the sex chromosomes and their altered histone code in spermatids 

from the MSYq deletion models may not be due to deletion of a particular genetic 

element encoded by this chromosome region. Instead, the MSYq mediated effect on 

PSCR could be due to the heterochromatic nature of this chromosome. Several 

transcription factors have been described that concentrate at heterochromatic regions 

of the genome, potentially negatively regulating the activity of these factors (Brown et 

al., 1997; Cobb et al., 2000; Francastel et al., 2001; Jolly et al., 2002; Liu et al., 2007b; 

Piwien Pilipuk et al., 2003; Platero et al., 1998; Shestakova et al., 2004; Tang and 

Lane, 1999). For example, the C/EBPα transcription factor binds to the 

transcriptionally inactive mouse major α-satellite repeat in the pericentrimeric 

heterochromatin, reducing its transcriptional activity. When C/EBPα is prevented from 

binding to α-satellite repeats, the concentration of this protein in non-heterochromatic 

regions of the nucleus is increased. This produces an elevation in the binding of 

C/EBPα to promotor regions, leading to increased transcription of target genes (Liu et 

al., 2007b).  In light of these studies, it is tempting to hypothesize that the 

heterochromatic MSYq may sequester proteins such as transcription factors or 

chromatin regulators required for transcription of genes located within 

heterochromatin. Deletion of the MSYq would increase the availability of these 

limiting proteins at other heterochromatic regions (e.g. the X and Yp chromosomes), 

consequently causing increased transcription of genes within these areas. This could 

also explain why the altered localisation of H3K9me3 in the MSYq- testis appears to 

precede spermiogenesis despite transcription of MSYq-encoded genes being restricted 

to spermatids. 
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7.7. Summary 

 

In conclusion, in this thesis I have characterised the expression and function of the 

multi-copy Sly gene during spermiogenesis. My data indicates that SLY is the MSYq-

encoded ‘acrosomal factor’ suggested by others to be responsible for controlling the 

formation and protein content of the acrosome during spermiogenesis (Styrna et al., 

1991a; Styrna et al., 1991b). I have also re-analysed the expression of the related 

multicopy X-linked gene Slx (previously Xmr) and convincingly demonstrate that the 

protein encoded by this gene predominantly or specifically localises to the cytoplasm 

of spermatids (Reynard et al., 2007), rather than the sex body of spermatocytes as 

previously reported (Calenda et al., 1994; Escalier and Garchon, 2005; Escalier and 

Garchon, 2000). Furthermore, I have examined the up-regulation of X- and Yp-linked 

genes in the MSYq deletion models in detail. My findings suggest that there is a defect 

in PSCR in spermatids from these mice, which leads to a chromosome-wide increase 

in transcription of spermatid-expressed genes. Associated with this, there is a reduction 

in the enrichment of repressive histone marks on the sex chromosome chromatin 

domain in round spermatids from MSYq- mice compared to XY controls. Protein 

analysis revealed that the up-regulated spermatid-expressed genes also have increased 

protein levels, although the cellular expression pattern is unchanged. Together, these 

data strongly imply that the MSYq is required for normal repression of post-

meiotically expressed sex-linked genes, and that the testis phenotypes exhibited by the 

MSYq deletion models may result from a combination of MSYq-encoded gene 

deficiency and over-expression of other X- and Yp-linked transcripts in spermatids. 

The various functions of the MSYq during spermiogenesis may be elucidated in the 

future by examination of mice transgenic for Sly and Slx, together with more detailed 

analysis of sperm development in the three MSYq deletion models. 
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Appendix 1 
 
 
pGBKT7 DNA Binding Domain plasmid (Clontech) 
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origin 
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CMV
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pCMV/SV-Flag1 

 
 
 
 
 
 
 
 
 

Appendix 2 
 
 
pCMV/SV-Flag 1 vector (Y.Kamachi) 

 
 
 

 
 
 
 
 
 
 
 
 
 
Multiple Cloning site sequence  
 
  HindIII 
AAGCTTCCACC ATG GAC TAC AAG GAC GAC GAT GAC AAG 
 
  BamHI       EcoRI        SacI               SalI        HindIII        NotI/EagI 
GGA TCC
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 GAA TTC GAG CTC CGT CGA CAA GCT TGC GGC CGC 
 
       XhoI                             XbaI          ApaI 
ACT CGA GCA TGC ATC TAG AGG GCC CTA 
 
Restriction endonuclease sites are underlined, with the enzyme that recognises the 
sequence listed above the site in bold. The FLAG sequence is highlighted in yellow. 
The FLAG amino acid sequence is below; 
 
MDYKDDDDKGSEFELRRQACGRTRACI 



Appendix 3 
 
 
pACT2 Activation domain plasmid  (Clontech) 
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Appendix 4 

 
Appendix 4  Characterisation of the anti-XMR69-81 and anti-XMR96-106 antibodies 

A) Western blot analysis of kidney and testis protein lysates from an adult male 
mouse. Membranes were either probed with the pre-immune serum for the anti-
XMR69-81 antibody (far left), purified anti-XMR69-81 antibody (left), the anti-
XMR69-81 antibody after preimcubation with the peptide to which it was raised for 
4hrs (right), and purified anti-XMR69-81 antibody after preabsorbtion with the non-
specific ATR peptide (far right). 

 
B) Analysis of kidney and testis protein lysates after incubating with the pre-immune 

serum for the anti-XMR96-106 antibody (far left), the purified anti-XMR96-106 

antibody (left), the anti-XMR96-106 antibody after 4hrs of pre-absorbtion with the 
peptide to which it was raised (right) and the purified anti-XMR96-106 antibody 
after preincubation with the non-specific ATR peptide for 4hrs (far right).  

 
Both anti-XMR antibodies detect a testis-specifc 34kDa band (arrowed) that is not 
detected by the respective pre-immune serums. Detection of the 34kDa band is reduced 
or absent after preincubation with the peptide to which they were raised but not when 
the anti-XMR antibodies are pre-incubated with a non-specific peptide. 
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