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ChapterChapter 1 

Thee Y chromosome stands out from all other chromosomes because it is unique 

too males, does not undergo meiotic recombination with a sister chromosome for the 

majorityy of its length and therefore is transmitted clonally, i.e. without change, to the 

nextt generation. In the beginning of the past century, a total of seventeen traits 

includingg hairy ears and scally skin, were assigned to the Y chromosome based on their 

father-to-sonn transmission. By the 1950s however, all these pedigree-based studies 

weree discarded and the Y chromosome was considered to be important for one function 

only;; sex determination1. This was primarily based on the observations that humans 

withh a 45,X karyotype are female and humans with a 47,XXY karyotype are male2,3. The 

Sex-determiningg Region on the Y chromosome (SRY) was thought to represent the only 

functionall part of the chromosome. Research throughout the past decade however, has 

establishedd that the Y chromosome is far from a genetic wasteland and in fact contains 

manyy genes with roles in Turner Syndrome features, graft rejection, gonadoblastoma, 

andd most importantly male infertility {see Appendix)4. Thus, the Y chromosome 

apparentlyy does not only determine masculinity, but is also essential for the most 

prominentt feature of masculinity: spermatogenesis. 

Thee first hint of a role of the Y chromosome in spermatogenesis came in 1976 

fromm a study that showed that some men with azoospermia had a deletion of the entire 

longg arm of the Y chromosome5. It was postulated that the Y chromosome contained, 

besidess SRY, a so-called Azoospermia Factor (AZF). Cytogenetic techniques that were 

availablee at that time were unable to characterize these aberrations further than the 

light-microscopicc level. With the upcoming of molecular techniques such as Polymerase 

Chainn Reaction (PCR) at the end of the 1980s however, the genetics of spermatogenic 

failuree could be studied in much greater detail. As a result, two genes were identified on 

thee long arm of the Y chromosome that were both thought to represent the AZF-gene: 

thee Y chromosome RNA Recognition Motif gene (YRRM, now called RNA Binding Motif on 

thethe Y or RBMY) and the Deleted in Azoospermia gene (DAZf'1. In 1996 however, it was 

foundd that in fact there were three non-overlapping regions on the Y chromosome 

frequentlyy deleted in men with spermatogenic failure, which were named AZFa, AZFb 

andd AZFc (Figure i ) 8 . Since then, many independent studies have shown that deletions 

off one or more of these regions are indeed a common molecular cause of spermatogenic 

failure9"14.. In fact, screening for these deletions in men with spermatogenic failure is 

nowadayss considered standard care in many centers prior to starting ICSI treatment. 

Suchh deletion screening enables counseling of affected couples with regard to the 

potentiall effects for their offspring and allows the couples to decide whether or not they 

wantt to pursuit ICSI-treatment15-16. 
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Malee Specific region of the Y (MSY)-

Yp p C C 
AZFa AZFa AZFbAZFb AZFc 

Figuree 1. Schematic diagram of the human Y chromosome. The chromosome is divided into a 
shortt arm (Yp) and a long arm (Yq) separated by a centromere (cen). On the long arm the three 
regionss involved in spermatogenic failure are indicated: Azoospermia Factor a, b and c (AZFa, b 
andd c). The distal part of the long arm also contains a large segment of heterochromatin (het) 
thatt varies in length between different individuals. The part of the chromosome that does not 
recombinee with the X chromosome during meiosis is called the Male-Specific region of the Y 
chromosomee (MSY). Flanking the MSY there are two segments that still undergo meiotic 
recombinationn with the X chromosome: Pseudo Autosomal Region 1 and 2 (PAR 1 and 2). 

Thee AZFa region has been fully sequenced and characterized17"19. I t contains only 

twoo functional genes, Ubiquitin Specific Protease 9 Y (USP9Y) and Dead Box Y (DBY), 

andd the total length of the deleted region is 800 kb. Thus far, all deletions described 

havee arisen de novo, i.e. they were not present in the fathers of /4ZFa-deleted men. The 

frequencyy of this deletion among men with spermatogenic failure is low, < 1 % 8 . The 

phenotypicc effect of the deletion is complete absence of germ cells in the testis, so-

calledd Sertoli-cell-only syndrome8,19. This phenotype seems to be the result of the 

removall of both genes, since disruption of USP9Y only leads to oligozoospermia20. 

Thee AZFb region has not been fully explored although approximately 2% of men 

withh spermatogenic failure have a deletion involving this region8,21,22. The prime 

candidatee gene for this region is RBMY, although it is unknown which other genes are 

locatedd in this region and what the size of the deletion is. Furthermore, the precise 

phenotypicc effect of AZFb deletions also remains undetermined. 

Thee AZFc region has been the best studied region since its deletion is the most 

commonn known molecular cause of spermatogenic failure. The frequency of deletions 

involvingg the AZFc region is approximately 5-10% depending on the criteria of the 

studiedd patients; the deletion is more frequent in men with azoospermia than in 

oligozoospermicc men8,10 ,23. Recently, the complete sequence of this region has been 

published23.. The AZFc region is 3.5 Mb in size and harbors members of eight gene 

familiess and a total of 21 genes, including four copies of the previously identified DAZ 

genes.. Research from our department had shown before that these four DAZ genes are 

arrangedd in two clusters that both contain two genes in head-to-head orientation24. The 

structuree of the AZFc region is complex and contains many large repetitive units, called 

amplicons.. In contrast to deletions of AZFa or AZFb, deletions of AZFc result in a 
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variablee phenotype ranging from Sertoli-cell-only syndrome to oligozoospermia8,10. As a 

consequence,, both natural transmission, albeit at very low frequency, and transmission 

viaa intra-cytoplasmic sperm injection (ICSI) of this deletion have been reported10,25"27. 

Becausee the deletion removes many genes and no deletions have been described that 

removee only one gene or one gene family, the contribution of the individual genes in the 

regionn to spermatogenic failure is unclear. 

Besidess the classical AZFa, AZFb and AZFc deletions, we and others have 

recentlyy found that there are also infertile men with a deletion that affects only part of 

thee AZFc region, a so-called partial AZFc deletion28"30. In a former thesis from our 

department,, we have shown with the use of Fluorescence In Situ Hybridization (FISH), 

thatt in some infertile men only two of the four DAZ genes are present29. Subsequently, 

thee same phenomenon has been found by others with the use of so-called PCR digest 

assays30.. Although it is clear from these studies that some men are missing two copies 

off DAZ, it is unclear what other genes are affected by this partial AZFc deletion. In fact, 

thiss deletion could encompass several different deletions of AZFc that all remove two 

DAZDAZ genes but have different effects on other genes in the AZFc region. Thus, further 

experimentss are needed to determine which genes are affected by partial AZFc 

deletions.. Furthermore, because the AZFc region contains a large number of repetitive 

units,, a novel method needs to be developed that allows precise determination of the 

numberr of repetitive units or genes and their organization. 

Thee phenotypic effect of men with partial AZFc deletions seems to be 

spermatogenicc failure. Work from our department has previously suggested that this 

effectt on spermatogenesis might in fact be less severe than the phenotypic effect of a 

deletionn of the entire AZFc region29-31. Nevertheless, association studies of sufficient size 

betweenn partial AZFc deletions and spermatogenic failure are currently still lacking. 

Thee mechanism through which deletions on the Y chromosome arise seems to be 

universal:: homologous recombination between direct repeats. Direct repeats are 

stretchess of sequence that are nearly identical and in the same orientation. 

Recombinationn between these direct repeats results in the elimination of all intervening 

sequencee thus giving rise to a deletion. This phenomenon has been described for both 

thee AZFa and AZFc region. Two 10 kb repeats consisting of integrated retroviral 

sequencess flank AZFa and homologous recombination between these repeats causes the 

AZFaAZFa deletion17"19. The AZFc region is constructed entirely of repeats (amplicons), and 

deletionn of this region is caused by homologous recombination between the 229 kb 

ampliconss b2 and b4 (Figure 2)23. Interestingly, the size of the repeats that give rise to 

thee deletion seems to correlate with the frequency by which these deletions are found in 

menn with spermatogenic failure: < 1 % for AZFa and 5-10% for AZFc17'19,23, Whether the 
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Figuree 2. I l lustrat ion showing the organization of amplicons in the AZFc region and the 
generationn of a deletion of AZFc via homologous recombination between direct repeats. A, The 
ampliconicc complex of AZFc is shown to scale. Each amplicon is shown as a colored arrow; the 
directionn of each arrow indicates the orientation of each amplicon while the color indicates which 
ampliconss are identical in sequence. The blue bow indicates the two amplicons involved in 
generatingg the AZFc delet ion. B, Model of homologous recombination generating the AZFc 
deletion.. The blue shaded box highlights the recombination targets, amplicons b2 and b4. C, 
Organizationn of amplicons in an ^ZFc-deleted chromosome. 

de le t i onn m e c h a n i s m o f h o m o l o g o u s r e c o m b i n a t i o n b e t w e e n d i rec t repea ts is a lso 

i nvo lvedd in de le t i ons of AZFb o r par t ia l de le t ions of AZFc r e m a i n s u n d e t e r m i n e d . 

Withh the recent availability of the fully annotated sequence of the Male Specific 

regionn of the Y chromosome (MSY), Y-chromosome research has entered a new era (see 

Appendix)4.. The MSY is the segment of the Y chromosome that does not recombine with 

thee X chromosome and constitutes 95% of the entire chromosome. Flanking the MSY, 

theree are two segments that still undergo frequent meiotic recombination with the X 

chromosomee called Pseudo Autosomal Regions 1 and 2 or PARI and PAR2 (Figure 1). 

Thee analysis of the MSY sequence reveals that there are a total of 156 transcription 

unitss located on the MSY. Of these, 135 are located in ampliconic sequences and nearly 

alll are expressed exclusively or predominantly in the testis (see Appendix)4. The 

availabilityy of the sequence allows the design of robust, locus specific Sequence Tagged 

Sitess (STSs) that can be used to study Y-chromosome deletions in greater detail than 
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heretoforee possible. Similarly, probes for FISH can be designed in such a way that the 

structuree of repetitive regions affected by deletions can be determined more precisely. 

Althoughh the MSY sequence was determined for one man's Y chromosome only, 

theree exist many small non-coding differences between different Y chromosomes. These 

differencess have occurred once in evolution and because of the Y chromosome's clonal 

transmission,, have been inherited by all male descendents from the man in which the 

initiall difference occurred (Figure 3). These differences, mostly Single Nucleotide 

Polymorphisms,, have therefore been used extensively by molecular anthropologists to 

studyy the origin of modern day humans and their migration pattern over the world32. 

Basedd on these differences, a genealogical tree of Y chromosomes has been constructed 

withh each branch of the tree representing a specific subset of Y chromosomes (Y 

haplotype;; Figure 3)32"34. Collectively, these Y haplotypes represent the great majority 

off Y chromosomes throughout the world. 

33 I 
A B C D EE abCDE abcDE aBCdE aBCde 

generations generations 

CH>C C E ^ e e 

B ^ b b D * d d 

A^-a a 

A B C D E E 

Figuree 3. Schematic diagram il lustrating the principle of a genealogical tree of Y chromosomes. 
Thee ancestral chromosome is shown below and contains five polymorphic markers (A,B,C,D,E). 
Fivee different chromosomes have evolved f rom this chromosome over several generations (top of 
f igure).. Throughout evolution, changes in the polymorphic markers have occurred in several 
branchess of the tree (for instance A -> a in the second branch and E -> e in the fifth branch). All 
malee descendants from men that have encountered such a change will inherit this change 
becausee of the Y chromosome's clonal transmission. 
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Thiss genealogical tree can be used to study genetic variation on the Y 

chromosomee systematically by examining representative samples from each Y 

haplotype.. Determining genetic variation is in fact one of the main goals of the Human 

Genomee Project, since such variation is likely to underlie differences in disease 

susceptability35.. Since the Y chromosome is prone to genomic rearrangements through 

homologouss recombination, such variation could be found in copy number and 

organizationn of amplicons, also known as genomic architecture. Whether variation in 

genomicc architecture occurs between different Y haplotypes is currently unknown. 

Inn summary, before writing of this thesis, questions remained on the size, gene 

content,, deletion mechanism and phenotypic effect of deletions affecting AZFb or part of 

AZFc.AZFc. Furthermore, there was a need for novel methods to investigate these deletions 

moree thoroughly and a need for a comprehensive overview of the diversity in genomic 

architecturee on the Y chromosome. 
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Aimm of the thesis 

Thee MSY sequence (see Appendix) forms the basis of the studies presented in this 

thesis.. Each chapter makes use of the sequence to answer the following questions: 

 Can we use the SpermHALO-FISH technique to examine deletions of part of AZFc 

andd how does this technique relate to other detection techniques such as 

conventionall FISH and PCR digest assays? 

 What is the size, gene content and deletion mechanism for deletions involving the 

AZFbAZFb region? 

 Can we detect and characterize partial AZFc deletions and what is their effect on 

spermatogenesis? spermatogenesis? 

 What is the degree of variation in genomic architecture on the MSY in men with 

differentt Y-haplotypes? 
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Outlinee of the thesis 

ChapterChapter 2 presents the use of a novel FISH method (SpermHALO-FISH) in 

determiningg DAZ gene copy number in both normospermic and oligozoospermic men. 

Thee results from this method are compared to the results form PCR digest assays and 

conventionall FISH techniques. 

ChapterChapter 3 describes the molecular characterization of deletions involving the AZFb 

region.. Proximal and distal breakpoints are determined, deletion junctions are 

sequenced,, and the deletion mechanism is established. Deletion size, affected genes 

andd phenotypic effects are described and a new nomenclature is presented. 

ChapterChapter 4 focuses on two deletions of part of AZFc that were predicted to occur on 

thee basis of homologous recombination between direct repeats. The effect of these 

deletionss on gene families within the AZFc region is examined. The role of these 

deletionss in spermatogenic failure is assessed through an association study and the origin 

off the deletions is determined by examining their occurrence over the Y genealogical 

tree. . 

ChapterChapter 5 reports on a deletion of part of AZFc that was not predicted on the basis of 

aa single homologous recombination event. A model for the mechanism via which this 

deletionn arises is presented and the location of this deletion with respect to the Y 

genealogicall tree is examined. The role of this deletion in spermatogenic failure is 

discussed. . 

ChapterChapter 6 investigates the genomic architecture of the Y chromosome long arm in 

menn with different Y haplotypes. The presence of deletions, duplications and inversions 

inn the regions known to affect spermatogenesis is examined with the use of multi-color 

FISH,, Results are analyzed in the context of Y-chromosome evolution. 

ChapterChapter 7 summarizes the obtained results and gives suggestions for clinical 

implicationss and further scientific research. 

Thee Appendix presents the analysis of the sequence of the Male Specific Region of 

thee Y chromosome. 
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