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General introduction 

 

Once considered to be involved in multiple traits, later described as a degenerative chromosome of 

no scientific interest beyond sex determination, the human Y chromosome is nowadays implicated in 

gonadal sex reversal, Turner syndrome, graft rejection and, especially, spermatogenic failure 

(Skaletsky et al., 2003).  

The human Y chromosome stands out from all other human chromosomes as it is only 

present in males and is clonally, i.e. without any change, passed down from  father to son, apart from 

two regions that can pair and cross-over with the X chromosome, namely PAR1 and PAR2 (Figure 1). 

Due to this unique father-to-son transmission, the human Y chromosome was thought to be involved 

in nineteen traits, including hairy ears and scaly skins, at the beginning of the 20th century (Painter, 

1921). By the late 1950s, these ideas were discarded and the sole purpose of the Y chromosome was 

believed to be sex-determination (Stern, 1957). This assumption was primarily based upon the 

findings that individuals with a 45, X karyotype were females and individuals with a 47, XXY were 

males (Jacobs and Strong, 1959; Ford et al., 1959). Apart from a Sex-determining Region on the Y 

chromosome (SRY), the Y chromosome was considered to be a genetic wasteland. 

 In 1976 a landmark study described deletions of the long arm of the Y chromosome (Yq) in 

men that had azoospermia, i.e. men without sperm in their ejaculate (Tiepolo and Zuffardi, 1976). The 

researchers postulated that an azoospermia factor (AZF) had to be present on Yq. At that time, it was 

not possible to identify AZF or  to pinpoint it more precisely on Yq due to the limitations of the 

available research techniques.  

 

 

 
Figure 1. Schematic diagram of the human Y chromosome. The centromere (cen) separates the short arm (Yp) from the long 
arm (Yq). The Male specific part of the Y (MSY) is flanked by two pseudo-autosomal regions (PAR1 and PAR2) that still 
undergo pairing and exchange with the X-chromosome. The long arm (Yq) of the chromosome contains a large block of 
heterochromatin (het) that is known to vary in size between men. In blue, the euchromatic ampliconic sequences are indicated. 
The position and size of recurrent Y chromosome deletions are shown as black bars. The asterisk indicates the b2/b3 deletion 
that can only occur as an inverted variant of the AZFc region; the location of the deletion is therefore depicted here in relation to 
the reference sequence. 
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Almost two decades later, more advanced molecular research techniques such as Polymerase Chain 

Reaction (PCR) were used in the hunt for the illusive AZF-gene on the Y chromosome and the first 

gene thought to be AZF was identified: RNA Binding Motif on the Y (RBMY) (Ma et al., 1993). Later 

researchers could not confirm the presence of RBMY in the AZF region, but a novel gene, called 

Deleted in Azoospermia (DAZ), was identified instead in this region (Reijo et al., 1995). 

Since that discovery, the DAZ gene has been the subject of many studies. DAZ was originally 

thought to be located on Yq as a single copy gene, later to be present with copy numbers ranging 

between two and seven (Reijo et al., 1995; Yen et al., 1997; Glaser et al., 1997; Yen, 1998; Saxena et 

al., 2005), but finally determined to be normally present as a four copy gene family on the Y 

chromosome (Saxena et al., 2000; Kuroda-Kawaguchi et al., 2001; de Vries et al., 2002). These four 

genes are arranged in two clusters and within each cluster there are two copies in a head-to-head 

orientation. Within the DAZ family, there is intragenic variation of a 10.8 kb RNA recognition motive 

(RRM) which can vary in number between one and three and of a smaller 2.8 kb repeat. the DAZ 

repeat, that can vary in copy number and in signature (Yen et al., 1997; Skaletsky et al., 2003; 

Saxena et al., 2005). In 1996, it was reported that Yq contained three non-overlaping AZF regions 

that could be deleted in men with spermatogenic failure and which were termed AZFa, AZFb and 

AZFc respectively with the DAZ genes located in the AZFc region (Vogt et al., 1996).  

 In 2003, knowledge of the Y chromosome was propelled forward with the publication of the 

male-specific region of the Y chromosome (MSY) that was reported to contain 78 genes (Skaletsky et 

al., 2003). The MSY constitutes 95% of the Y chromosome and does not recombine with the X 

chromosome. The MSY is built up from heterochromatic and three types of euchromatic sequences: 

X-transposed, X-degenerate and ampliconic sequences. The X-transposed and X-degenerate 

sequences combined represent 55% of the euchromatic sequences and harbor nineteen MSY genes 

of which the majority is ubiquitously expressed. Their functions are so far largely unknown. The 

ampliconic sequences contain the remaining MSY genes, which are exclusively or predominantly 

expressed in the testis. These ampliconic sequences are arranged in direct and inverted repeats and 

in palindromes – large inverted repeats with very little intervening sequence. These structures evolved 

via intrachromosomal duplications and hampered for a long time Y-chromosomal mapping.  

 Ampliconic sequences of the Y chromosome are targets for ectotopic homologous 

recombinations and consequently can lead to Y chromosomes with inversions, deletions or 

duplications or to isodicentric Y chromosomes  (Repping et al., 2006; Lange et al., 2009) (Figure 2). 

To date, of all Y chromosome recombination events, interstitial deletions have been described most 

often. Seven of these deletions are recurrent: AZFa, P5/proximal-P1 (AZFb), P5/distal-P1 (AZFb+c), 

b2/b4 (AZFc), gr/gr, b2/b3 and b1/b3 deletions (Vogt et al., 1996; Sun et al., 2000; Kuroda-Kawaguchi 

et al., 2001; Repping et al., 2002; Repping et al., 2003; Fernandes et al., 2004) (Figure 1). These 

deletions were identified and characterized using several molecular techniques, i.e. karyotyping, 

sequence tagged site (STS) analysis, sequence nucleotide variance (SNV) analysis, Southern blot 

analysis and/or fluorescence in situ hybridization (FISH). Of these seven recurrent deletions, the 

AZFa, P5/proximal-P1 and P5/distal-P1 deletions result in azoospermia (Oates et al., 2002). The 

b2/b4 deletion is found in men with azoospermia and in men with severe oligozoospermia (Oates et 
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al., 2002). The gr/gr deletion is a risk factor for spermatogenic failure as it is found in men with azoo- 

or oligozoospermia but also, at a lower frequency, in men with normozoospermia  (Visser et al., 

2009).  The b2/b3 and b1/b3 deletions do not appear to affect spermatogenesis (Fernandes et al., 

2004; Repping et al., 2004). 

 Recently the large scale organizations of Y chromosomes from 47 different branches of the Y 

chromosome genealogical tree was studied (Repping et al., 2006). This study showed that 

rearrangements caused by homologous recombination are very common among Y chromosomes. 

Eighteen chromosomes with an AZFc structure other than the reference sequence were found. Of 

these eighteen chromosomes only nine had a genomic content other than the reference sequence. It 

was therefore hypothesised that this constraint in genomic content, shown by the relative 

underrepresentation of deletions and duplications compared to inversions, was due to selection. 

 

 

 

Figure 2. Schematic representations of homologous recombination events that can occur on the human Y chromosome: (A) the 
inversion and (B) deletion which are the result of intrachromosomal homologue recombination and the (C) duplication and 
deletion and (D) isodicentric and acentric Y chromosomes that are the result of interchromosomal recombination. 
 

 

Despite the vast amount of research on Y-chromosome aberrations, the clinical impact has 

been limited to the advice of informing patients diagnosed with azoo- or severe oligozoospermia 

about these aberrations, the option to screen for them and the implications of finding such an 

aberration for the patient and for his (male) offspring. However, most men with azoo- or 

oligozoospermia do not carry a known Y-chromosome aberration and thus the origin of their poor 

semen quality still remains unknown. This warrants further research into identifying more (genetic) 

causes of reduced semen quality, and for obvious reasons the Y chromosome is the ideal candidate 

chromosome for these investigations. Of even greater importance is the lack of direct treatment of 

male infertility. Currently, male infertility is circumvented by applying ICSI with ejaculated or surgically 

retrieved spermatozoa, which is burdensome for the female partner, has limited success and is costly. 
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Therefore it is expected that based on data of future (genetic) research, new treatments will be 

developed for a direct cure of male infertility. 

Before writing this thesis, known genetic causes of male infertility that originate from Y-

chromosome aberrations were limited to the above described deletions. We therefore aimed at 

identifying additional Y-chromosome aberrations that are causative in male infertility. In doing so we 

focused on discovering (partial) duplications of the AZFc region, deletions in the AZFc region that 

occurred via non-homologous  recombination, large scale inversions on the Y chromosome, pseudo 

iso-Y chromosomes, AZFc gene copy numbers and intragenic-repeat variation of DAZ. 
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Outline of the thesis 

 

Chapter 2 is a detailed review of the chromosomal make-up of the Y chromosome prior to the start of 

this thesis. In the review, reported recombination events on the Y chromosome, associated 

phenotypes and potential future research topics are discussed. 

 

Chapter 3 describes the intergenic variation of the DAZ gene in men from different Y haplotypes and 

men with partial AZFc deletions. We used Southern blot to map intergenic variability in 47 samples 

originating from different branches of the Y genealogical tree and in 51 samples carrying partial AZFc 

deletions. In addition, we investigated whether the intergenic variation in DAZ affects semen quality in 

men with partial AZFc deletions. 

 

Chapter 4 focuses on (partial) duplications of the AZFc region. We screened for these (partial) 

duplications in a cohort of 845 men with variable semen qualities and determined the copy numbers 

of DAZ, BPY2 and CDY1/CSPG4LY/GOLGA2LY via a novel qPCR method. Next we examined the 

effects of increased copy numbers of these genes on semen quality. In addition, we examined the 

origin of these duplications in relation to the Y-chromosome genealogical tree. 

 

Chapter 5 investigates the effect of gene copy number variation in men with (partial) deletions of 

AZFc. We screened for these (partial) deletions via STS PCR in a cohort of 840 men with variable 

semen qualities and subsequently determined the copy numbers of DAZ, BPY2 and 

CDY1/CSPG4LY/GOLGA2LY via qPCR. Next we examined the effects of individual copy numbers of 

these three genes on semen quality.  

 

Chapter 6 describes novel deletions of the proximal part of the AZFc region that do not occur via 

homologous recombination. We characterized these deletions using STS PCR, qPCR and Southern 

blot. We present a model via which these deletions can occur and examine their effect on semen 

quality. Furthermore, we examined their evolutionary age and occurrence over the Y genealogical 

tree. 

 

Chapter 7 reports on two different events that can occur via homologous recombination between two 

inverted repeats of which one copy is located on Yp and one on Yq. We present models via which 

these events can occur and screen our databases for such cases. We test if the identified cases 

match our models via FISH and STS PCR. 

 

Chapter 8 summarizes the results obtained, discusses the techniques used and suggests future 

research goals. 
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Summary of recent advances 

 

Once considered a genetic wasteland of no scientific interest beyond sex determination, the 

human Y chromosome has made a significant comeback the past decades and is currently implicated 

in multiple diseases, including spermatogenic failure — absent or very low levels of sperm production. 

The Y chromosome contains over one hundred testis-specific transcripts, and several deletions have 

been described that remove some of these transcripts thereby causing spermatogenic failure. 

Screening for such deletions in infertile men is now a standard part of clinical evaluation. Many other 

Y-chromosome structural variants, some of which affect gene copy number, have been reported 

recently, and future research will be necessary to address the phenotypic effect of these structural 

variants. 



The human Y chromosome: a masculine chromosome 
 

19 

Introduction 

 

The human Y chromosome stands out from all other chromosomes because it is male specific and is, 

apart from two regions that pair and cross over with the X chromosome during meiosis, clonally 

transferred from father to son. In the beginning of the twentieth century, as many as 19 traits, including 

hairy ears and scaly skin, were thought to be linked to the Y chromosome since they appeared to be 

passed down from father to son. By the late 1950s however, these studies were discredited and the 

sole function of the Y chromosome was considered to be male sex-determination; genetically, it was 

considered a wasteland (Stern, 1957). Research at the end of the last century however, has shown 

that the Y chromosome harbors genes implicated in gonadal sex reversal, Turner syndrome, graft 

rejection and, in particular, spermatogenic failure.  

The first clue to an association between the Y chromosome and spermatogenesis came in 

1976 from a study that described deletions of the Y chromosome long-arm (Yq) in azoospermic men, 

i.e. men with no spermatozoa in their ejaculate (Tiepolo and Zuffardi, 1976). The authors thus 

postulated then that an azoospermia factor (AZF) was present on Yq. With the use of molecular 

technology the first gene thought to be involved in spermatogenic failure - the DAZ gene - was 

described in 1995 (Reijo et al., 1995). Subsequently, in 1996, the long arm was shown to contain in 

fact three AZF regions, that were frequently deleted in men with spermatogenic failure (Vogt et al., 

1996). Currently, seven recurrent deletions of Yq have been described in detail: AZFa, P5/proximal-P1 

(previously termed AZFb), P5/distal-P1, AZFc, b1/b3, b2/b3 and gr/gr deletions (Fernandes et al., 

2002; Repping et al., 2002; Repping et al., 2003; Fernandes et al., 2004; Repping et al., 2004).  

The publication of the complete annotated sequence of the male specific region of the Y-

chromosome (MSY) in 2003 ushered in a new era of Y-chromosome genetics and provided a powerful 

tool for investigating the chromosome’s role in spermatogenic failure (Skaletsky et al., 2003). Here we 

focus on these recent developments and discuss future research opportunities. 

 

 

The MSY sequence 

The MSY constitutes 95 % of the Y chromosome (Figure 1). Since the MSY does not recombine with 

the X chromosome it is transmitted clonally from father to son. Two pseudoautosomal regions flanking 

the MSY undergo meiotic exchange with the X chromosome (PAR1 and PAR2). The MSY is a mosaic 

of heterochromatic sequences and three classes of euchromatic sequences: X-transposed, X-

degenerate and ampliconic sequences (Skaletsky et al., 2003). The ampliconic sequences, which 

represent 45% of the euchromatic MSY, are arranged in direct and inverted repeats, including eight 

major palindromes—inverted repeats with very little intervening sequence (Figure 1). The repetitive 

nature of these ampliconic sequences troubled mapping efforts in the past and hampered precise 

characterization of Y-chromosome deletions, since it was virtually impossible to organize the locations 

of multicopy Sequence Tagged Sites (STSs). For instance, because AZFc consists entirely of 

amplicons, its 1.5-Mb overlap with the P5/proximal-P1 deletion went undetected (Repping et al., 

2002). The ampliconic sequences contain 64 out of a total of 83 MSY genes. In keeping with the 
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spermatogenic failure phenotype of many Y chromosome deletions, nearly all of these ampliconic 

transcripts are expressed either predominately or exclusively in the testis (Table 1).  

 

 
 
Figure 1. Schematic diagram of the human Y chromosome. The centromere (Cen) separates the short arm (Yp) from the long 
arm (Yq). The Male specific part of the Y (MSY) is flanked by two pseudautosomal regions (PAR1 and PAR2) that undergone 
pairing and exchange with the X chromosome. The long arm (Yq) of the chromosome contains a large block of heterochromatin 
(Het) that is known to vary in size between men (Repping et al., 2006). Euchromatic ampliconic sequences are indicated in blue. 
The position and size of recurrent Y chromosome deletions are shown as black bars. The asterisk indicates the b2/b3 deletion 
that can only occur in an inverted variant of the AZFc region; the location of the deletion is therefore depicted here in relation to 
the reference sequence  
 

 

Classical deletions 

Four interstitial deletions were already discovered prior to the publication of the MSY sequence, 

namely AZFa, P5/proximal-P1, P5/distal-P1 and AZFc deletions (Vogt et al., 1996; Repping et al., 

2002). These four deletions share the same deletion mechanism: ectopic homologous recombination 

between amplicons.  

AZFa deletions result from homologous recombination between two viral HERV15 sequences 

that are for 94% identical (Kamp et al., 2000; Sun et al., 2000; Blanco et al., 2000). The P5/proximal-

P1 deletion is the result of  homologous recombination between the P5-palindrome and the proximal 

part of the P1-palindrome, while the P5/distal-P1 is the result of homologous recombination between 

the P5-palindrome and the distal arm of the P1-palindrome (Repping et al., 2002). Although all 

P5/proximal-P1 and P5/distal-P1 deletions have breakpoints in the P5- and P1-palindrome, not all are 

caused by homologous recombination. The center of P5 and two regions in the P1-palindrome, mini-

palindromes P1.1 and P1.2, seem to be deletion hotspots, perhaps due to secondary structure 

(Aradhya et al., 2001; Repping et al., 2002). The AZFc region consists almost entirely of amplicons, 

and homologous recombination between two of these amplicons (b2 and b4) causes the common 

“b2/b4” AZFc deletion (Kuroda-Kawaguchi et al., 2001). 

There seems to be a rough correlation between the incidence of each deletion and the size of 

the targets for homologous recombination. AZFc deletions, with recombination targets of ~229 kb 
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targets, are more common than P5/P1 deletions (~100 kb targets), which in turn are more common 

than AZFa deletions (~10 kb targets) (Kamp et al., 2000; Sun et al., 2000; Kuroda-Kawaguchi et al., 

2001). 

 

Table 1. Overview of all genes on the Y chromosome proven or hypothesized to encode proteins 
 
Class of sequence Gene Tissue  

expression 
Gene copy number variability References 
Reference 
sequence 

AZFa P5/prox. 
-P1 

P5/dist. 
-P1 

AZFc b1/b3 b2/b3 gr/gr Other   

X-transposed 
 

TGIF2LY Testis 1 - - - - - - - -  

PCDH11Y Fetal brain 
Brain 

1 - - - - - - - - 
 

             

X-degenerate 
 

AMELY Teeth 1 - - - - - - - -  

DDX3Y Ubiquitous 1 0 - - - - - - 2 Bosch et al. 2003 
Vogt et al. 1996 

PRKY Ubiquitous 1 - - - - - - - -  

SRY Testis 1 - - - - - - - -  

SMCY Ubiquitous 1 - 0 0 - - - - -
 

Vogt et al. 1996 

UTY Ubiquitous 1 - - - - - - - -  

ZFY Ubiquitous 1 - - - - - - - -  

TMSB4Y Ubiquitous 1 - - - - - - - -  

EIF1AY Ubiquitous 1 - 0 0 - - - - - Vogt et al. 1996 

RPS4Y1 Ubiquitous 1 - - - - - - - -  

TBL1Y Ubiquitous 1 - - - - - - - -  

RPS4Y2 Testis  
Prostate 

1 - 0 0 - - - - -
 Vogt et al. 1996 

NLGN4Y Fetal brain 
Brain 
Prostate 
Testis 

1 - - - - - - - - 

 

USP9Y Ubiquitous 1 0 - - - - - - 2 Bosch et al. 2003 
Sargent et al. 1999 
Vogt et al. 1996 

CYorf14 Ubiquitous 1 - 0 0 - - - - -
 

Vogt et al. 1996 

CYorf15A Ubiquitous 1 - 0 0 - - - - -
 

Vogt et al. 1996 

CYorf15B Ubiquitous 1 - 0 0 - - - - -
 

Vogt et al. 1996 

             

Ampliconic 
 

DAZ Testis 4 - 2 0 0 2 2 2 6,8,12
 Kuroda et al. 2001 

Reijo et al. 1995 
Repping et al. 2003 
Repping et al. 2006 
Vogt et al. 1996 
unpublished data 

GOLGA2LY Testis 2 - - 0 0 - 1 1 3,4,6
 Kuroda et al. 2001 

Repping et al. 2003 
Repping et al. 2006 
unpublished data 

HSFY Testis 2 - 0 0 - - - - -
 

Vogt et al. 1996 

PRY Testis 2 - 0 0 - 0 - - -
 

Kuroda et al. 2001 

RBMY Testis 6 - 0 0 - 4 - - -
 Repping et al. 2003 

Vogt et al. 1996 

TSPY Testis 35 - - - - - - - 23-64
 

Repping et al. 2006 

VCY Testis 2 - - - - - - - -  

XKRY Testis 2 - 1 1 - - - - -
 

Repping et al. 2002 

CDY1 Testis 2 - 1 1 0 - 1 1 3,4,6
 Kuroda et al. 2001 

Repping et al. 2003 
Repping et al. 2006 
unpublished data 

BPY2 Testis 3 - 2 0 0 2 1 2 4,5,6,9
 Kuroda et al. 2001 

Repping et al. 2003 
Repping et al. 2006 
unpublished data 

CDY2 Testis 2 - 1 1 - - - - -
 

Repping et al. 2002 

CSPG4LY Testis 2 - - 0 0 - 1 1 3,4,6
 Kuroda et al. 2001 

Repping et al. 2003 
Repping et al. 2006 
unpublished data 

Sequence class and tissue specificity are indicated. The copy number of each gene in the reference sequence as well as known 
variability in copy numbers (caused by deletions, duplications or a combination of both) with are shown. - = no variability 
described. 
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Although they appear to contribute negatively to the stability of the chromosome, amplicons on 

the Y chromosome may have an important function as well. These amplicons may maintain sequence 

integrity through Y-Y gene conversion, in which there is non-reciprocally transfer from one DNA duplex 

(in this case one copy of the amplicon) to another (Rozen et al., 2003). This may allow potential 

harmful mutations to be corrected in the absence of a meiotic pairing partner. 

 

 

Partial AZFc deletions 

Based on the mechanism of AZFa, P5/P1 and AZFc deletions, it was predicted that the AZFc region 

was prone for two additional deletions, one resulting from recombination between the amplicons b1 

and b3 and one resulting from recombination between amplicons g1-r1-r2 and g2-r3-r4 (Figure 2) 

(Yen, 2001). Indeed, both deletions, the b1/b3 deletion and the gr/gr deletion, were subsequently 

identified based upon this prediction, illustrating the usefulness of the MSY sequence (Repping et al., 

2003). 

The gr/gr deletion, sometimes referred to as DAZ1/DAZ2 deletion (Fernandes et al., 2002), is 

prevalent in the human population. The gr/gr deletion was shown to be present in multiple branches of 

a genealogical tree of Y chromosomes (i.e. a tree constructed on the basis of Y-chromosomal Single 

Nucleotide Polymorphisms (SNPs)), thereby confirming its recurrent nature. Strikingly, one branch — 

branch Db2, which occurs primarily in Japan (Underhill et al., 2000)) — contains only gr/gr deleted 

chromosomes indicating that the founder of this particular branch was most probably gr/gr deleted 

(Kuroki et al., 1999; Ewis et al., 2002; Repping et al., 2003). The gr/gr deletion removes 1.6 Mb of the 

AZFc region but does not remove an entire AZFc-gene family; instead it reduces the copy number of 

five such families (Tables 1 and 2). Interestingly, some men with gr/gr deletions have undergone 

subsequent duplications, again mediated through homologous recombination between amplicons, and 

which seem to restore gene copy number (Repping et al., 2003). 

In size, the b1/b3 deletion is similar to the gr/gr deletion (1.6 Mb), but it affects a more 

proximal part of AZFc (Figures 1 and 2). The b1/b3 deletion removes both PRY (PTPBL-related 

protein on Y) genes and reduces the copy numbers of several other genes (Tables 1 and 2). The 

prevalence of the b1/b3 deletion in the human population is low. 

More recently, another partial AZFc deletion, the b2/b3deletion (Repping et al., 2004) or 

DAZ3/DAZ4 deletion (Fernandes et al., 2004), was identified. In contrast to gr/gr and b1/b3 deletions 

that had been predicted based on sequence composition, the b2/b3 deletion cannot be explained by a 

single recombination event. Instead, it occurs on inverted variants of the AZFc region (Figure 2) 

(Repping et al., 2004). To date, all known b2/b3 deletions are present almost exclusively in branch N 

of the Y-chromosomal tree and all studied Y chromosomes of this branch appear to be b2/b3 deleted, 

indicating that the founder of branch N was probably b2/b3 deleted (Fernandes et al., 2004). The 

b2/b3 deletion reduces the copy number of five AZFc-gene families (Tables 1 and 2). Similar to gr/gr 

deletions, some men with b2/b3 deletions have undergone subsequent duplications (Figure 2) 

(Repping et al., 2004). 
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Figure 2. Schematic representation of three modes of homologous recombination on the Y chromosome resulting in different 
structural variants (adapted with permission from the study by (Repping et al., 2004). The arrows depict the organization of the 
constituent amplicons, which are color-coded; sequences with the same color are >99.9% identical.  Each form of homologous 
recombination is illustrated by fluorescence in situ hybridization (FISH) images with probes targeting the appropriate amplicons 
(red, green or yellow). The green and blue “bows” indicate the regions involved in the homologous recombination events. (A) 
The organization of amplicons in the reference AZFc sequence. The organization of amplicons after (B) an inversion between 
the inverted amplicons gr and rg (gr/rg inversion), (C) a subsequent deletion between amplicons b2 and b3 (b2/b3 deletion), and 
(d) a final duplication between the blue/gray amplicons. It must be noted that the b2/b3 deletion can also result from an 
inversion between amplicons b1 and b3 with a subsequent deletion between amplicons gr and gr (Repping et al., 2004).  
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Phenotypic effect of deletions 

Y-chromosomal deletions are associated with a range of spermatogenic failure phenotypes at varying 

penetrance (Table 2). Although their prevalence is low, all AZFa deletions described to date result in 

the complete absence of germ cells in the testis, also known as Sertoli cell-only syndrome (SCO) 

(Vogt et al., 1996; Sun et al., 1999; Sun et al., 2000; Hopps et al., 2003). The AZFa region contains 

only two testis-specific genes (i.e. Ubiquitin specific protease 9 Y (USP9Y) and Dead box protein 3 Y-

chromosomal (DDX3Y, formerly DBY)). One patient with a de novo point mutation in USP9Y and one 

patient with a deletion of USP9Y, did have sperm present in their testis but had extremely low sperm 

production (Sun et al., 1999; Sargent et al., 1999). Thus, both USP9Y and DDX3Y seem to be 

required for normal levels of spermatogenesis. 

P5/P1 deletions cause azoospermia and are present in ~2% of men with azoospermia (Vogt et 

al., 1996; Girardi et al., 1997; Brandell et al., 1998). In contrast to AZFa deletions, P5/P1 deletions do 

not always result in SCO but often lead to maturation arrest, i.e. a block during meiosis in the sperm 

production. Although there is a prime candidate gene for this region, namely RNA-binding motif protein 

on the Y (RBMY) (Elliott, 2000; Elliott, 2004), the deletion affects many other genes as well, and 

further research is required to elucidate their function and contribution to the spermatogenic failure 

phenotype (Vogt et al., 1996; Girardi et al., 1997; Brandell et al., 1998). 

Deletions between b2 and b4 in the AZFc region are clearly among the most common known 

molecular causes of spermatogenic failure in men (Vogt et al., 1996; Kuroda-Kawaguchi et al., 2001; 

Oates et al., 2002). Although the exact frequencies of AZFc deletions in infertile men varies between 

studies  — mainly owing to different inclusion criteria — it is estimated that they occur in ~6% of men 

with azoospermia and in ~5% of men with severe oligozoospermia ( i.e. men with a sperm count less 

than 5 million spermatozoa per ml (Kuroda-Kawaguchi et al., 2001); the lower level of normal sperm 

concentration is 20 million per ml). The prevalence of AZFc deletions in the general population is 

estimated at 1:4000 (Kuroda-Kawaguchi et al., 2001). AZFc deletions remove 13 genes from a total of 

five gene families (Tables 1 and 2). Although all AZFc deletions are essentially identical, men with 

AZFc deletions have variable phenotypes ranging from SCO to severe oligozoospermia. This variable 

phenotype likely results from other genetic or environmental factors that affect spermatogenesis.  

gr/gr deletions are found in ~3% of men with azoo- or oligozoospermia. The phenotype of men 

with gr/gr deletions varies even more than that of men with AZFc deletions — from azoospermia or 

oligozoospermia to normal sperm-counts. Despite this variation, several studies have demonstrated 

an association between gr/gr deletions and spermatogenic failure (Fernandes et al., 2002; Repping et 

al., 2003; Ferlin et al., 2005; Giachini et al., 2005; Lynch et al., 2005a; de et al., 2005a; de et al., 

2005b; Lynch et al., 2005b). Furthermore, Y-chromosomes from genealogical branch D2b, which 

uniformly carry a gr/gr deletion, are associated with lower sperm counts (Kuroki et al., 1999; Ewis et 

al., 2002; Repping et al., 2003).  In contrast to the previously described Y-chromosome deletions, 

which are causal in azoo- or oligozoospermia, gr/gr deletions are thus risk factors for spermatogenic 

failure. Again, genetic and environmental factors may explain the phenotypic variability of gr/gr 

deletions. Theoretically, subsequent duplications that restore gene copy number might restore 

spermatogenesis (Repping et al., 2003), although this hypothesis remains to be investigated. 
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Table 2. Summary of recurrent deletions on the MSY. 

Deletion Size 
(Mb) 

Number of  
genes affected 

Phenotypic effect Frequency 

Azoospermia Oligozoospermia 
AZFa  0.8 2 Azoospermia (SCO syndrome) <1% 0% 

P5/proximal-P1 
(AZFb)  

6.2 23 Azoospermia (SCO syndrome / maturation 
arrest) 

1% 0% 

P5/distal-P1  7.6 31 Azoospermia (SCO syndrome / maturation 
arrest) 

1% 0% 

AZFc (b2/b4)   3.5 13 Azoospermia / severe oligozoospermia 6% 5% 

gr/gr  1.6 6 Variable (risk factor for spermatogenic 
failure) 

3% 3% 

b1/b3 1.6 7 Unknown - - 

b2/b3  1.7 7 Unknown - - 

Note: SCO = Sertoli-cell-only syndrome, complete absence of germ cells in the testis. 

 

 

Besides being linked to spermatogenetic failure, gr/gr deletions have also recently been 

demonstrated to have a strong statistical association with testicular germ cell tumors (TGCTs) 

(Nathanson et al., 2005). Men with a gr/gr deletion appear to have a twofold increased risk of 

developing TGCTs. If additionally, there is a history of familial occurrence of TGCTs or if the TGCT is 

a seminoma, there is a threefold increased risk of developing TGCTs. It is well accepted that there is 

an association between male infertility and TGCT (Moller and Skakkebaek, 1996; Petersen et al., 

1998; Akre et al., 1999) and the search for common genetic causes such as the gr/gr deletion is 

clearly important. 

b1/b3 deletions and b2/b3 deletions outside of branch N are very rare, and thus it is not clear 

whether these deletions can affect spermatogenesis, though both deletions have been found in men 

with normal sperm counts (Repping et al., 2004; Ferlin et al., 2005; Hucklenbroich et al., 2005). Large 

scale studies involving thousands of well-defined samples would be necessary to assess whether 

these deletions confer any risk for spermatogenic failure. 

As indicated above, nearly all Y-chromosome deletions described to date affect multiple genes 

or gene families and display a variety of phenotypes ranging from azoospermia to normal 

spermatogenesis. Unfortunately, this hampers the determination of the precise function and 

importance of individual Y-chromosomal genes. Since no in vitro culture system is currently available 

for human spermatogenesis, animal studies will be necessary to address this question. A difficulty 

here, however, is that many of these genes are not present on the Y chromosomes of mice or rats. 

Because of their role in spermatogenic failure, Y-chromosome deletions are usually tested for 

in men with azoo- or severe oligozoospermia who wish to father children via assisted reproductive 

technology. Current practice is to screen for AZFa, P5/P1 and AZFc deletions, and some advocate 

screening for gr/gr deletions as well (Simoni et al., 1997; Simoni et al., 2004). The presence of an 

AZFa or P5/P1 deletion indicates an extremely low chance of finding sperm during a testicular sperm 

extraction (TESE) procedure (Oates et al., 2002). In contrast, AZFc-deleted men often have sperm in 

their testis and can thus often father children via intracytoplasmic sperm injection (ICSI), or, rarely, 

without medical assistance (Oates et al., 2002; Silber and Repping, 2002; Kuhnert et al., 2004).  

Couples in whom the man carries an AZFc deletion should receive genetic counseling prior to 
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TESE/ICSI, because any sons born via this procedure will inherit the deletion and suffer from 

azoospermia or severe oligozoospermia (Oates et al., 2002; Silber and Repping, 2002; Kuhnert et al., 

2004).  

 

 

Variation among human Y chromosomes 

Sequence family variants (SFVs (i.e. SNPs between different copies of the same gene)) are found 

among several multicopy genes on the Y chromosome, such as DAZ and CDY1. In fact, many studies 

have used these variants to search for deletions of particular DAZ gene copies. However, such studies 

must be interpreted with caution since Y-Y gene conversion, as mentioned earlier, can easily lead to 

the disappearance of an SFV that subsequently might be mistaken for a deletion. It remains to be 

investigated whether SFVs result in different functionality of Y-chromosomal genes.  

Intragenic repeat variation on the Y chromosome is present within the DAZ gene family. The 

DAZ gene family (Reijo et al., 1995), is normally present in four copies (Saxena et al., 2000), and is 

partly deleted in men with gr/gr, b1/b3 or b2/b3 deletions (Fernandes et al., 2002),(Repping et al., 

2004). DAZ genes contain both an RNA recognition motif (RRM) repeat and a DAZ repeat, which 

appears to be involved in protein interaction (Yen, 2004).RRMs have been shown to vary in number 

between one and three copies, while DAZ repeats have been shown to vary in copy number and 

signature (Saxena et al., 2000; Skaletsky et al., 2003; Lin et al., 2005). Whether this intragenic repeat 

variation leads to functional differences between different DAZ copies is currently unknown. Recently, 

one study has attempted to correlate DAZ gene variability with spermatogenic phenotype variabilities, 

but could not detect such a correlation (Lin et al., 2005). 

Besides these rather small differences between different Y chromosomes, the Y chromosome 

also harbors several large-scale structural polymorphisms that include inversions, deletions, 

duplications and repeat-length variation. A recent study has analyzed the frequency of such structural 

variants in the context of the genealogical tree (Repping et al., 2006). Out of 47 branches examined, 

29 displayed variant architectures. In contrast to the detailed knowledge on the phenotypic effect of 

some deletions, there is only limited data available on the phenotypic characteristics of other structural 

variants. Given the fact that these structural variants affect large DNA segments, and that some alter 

gene copy numbers, structural polymorphisms could be a major source of Y-chromosome-linked 

phenotypic variation. Interestingly, the aforementioned study showed only limited variation in gene 

copy number between structurally rearranged Y-chromosomes, indicating possible selective 

constraints (Repping et al., 2006). 

Two studies have tried to investigate the effects of duplication variants on spermatogenesis 

using quantitative polymerase chain reaction (qPCR) (Writzl et al., 2005a; Writzl et al., 2005b). Both 

studies did not find any P5/P1 duplications nor an excess of AZFc duplications in men with 

spermatogenic failure. Similarly, a study that found duplications of the AZFa region could not correlate 

these duplications with phenotypes as no phenotype data was available (Bosch and Jobling, 2003).  
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Conclusions 

Our understanding of the Y-chromosome has increased tremendously over the past decade especially 

with the completion of the MSY sequence. Several deletions on the Y-chromosome are known to 

affect spermatogenesis and thereby male fertility. Certain deletions such as the gr/gr deletion display 

variable spermatogenic phenotypes and future research should focus on this variability by studying 

subsequent duplications, variation in genes that remain after such deletions, as well as other Y-

chromosomal variants, autosomal variants and environmental factors. In addition, it is equally 

important to determine the effect of structural variation other than deletions, focusing especially on 

variants that affect the copy number of testis-specific genes. Having come from the status of a genetic 

wasteland, the Y chromosome is again alive and kicking at the beginning of the 21st century. 
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Abstract 

 

Four copies of the human deleted in azoospermia (DAZ) gene are located on the human Y 

chromosome, each containing one or more copies of an RNA Recognition motive (RRM) followed by a 

stretch of DAZ repeats that can vary in copy number and in signature. It has been suggested that 

these intragenic variations within DAZ can affect semen quality and thus could underlie the variation in 

spermatogenic phenotype in men who lack two copies of DAZ, the so called partial AZFc deletions. In 

the current study we set out to determine the intragenic variation of DAZ in 47 different Y haplotypes 

and in 50 men that carried partial AZFc deletions (38 gr/gr deletions and 12 b2/b3 deletions). We 

found that the DAZ Y repeat is the most variable structural element of DAZ, varying between zero and 

fourteen copies with a mutation rate of one in every 897 father-to-son transmissions of a Y 

chromosome. There was also considerable structural variation in the DAZ F(EX)n repeat, but limited 

variation of other DAZ repeats and the number of RNA recognition motives (RRMs). Although there 

were differences in DAZ repeat signatures between gr/gr and b2/b3 deleted chromosomes, there was 

no correlation between a specific DAZ repeat signature and a spermatogenic phenotype. Based on 

the high mutation rates of DAZ and the absence of a correlation with sperm counts in men with partial 

AZFc deletions, we conclude that intragenic variations of DAZ have limited functional consequences. 

Therefore, other genetic and/or environmental factors probably determine whether spermatogenic 

failure will occur in men with partial AZFc deletions or not. 
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Introduction 

 

In the Western world, 1 in 8 couples does not conceive within one year of unprotected intercourse (de 

Kretser et al. 1997). Of the couples that subsequently seek medical assistance for conception, the 

male partner is diagnosed in up to 55% of the cases with spermatogenic failure (De Kretser and Baker 

1999). Spermatogenic failure is currently defined as the presence of at least one semen parameter 

falling below the WHO cut-off criteria for normozoospermia (World Health Organization, 1999).  

The best known molecular causes of spermatogenic failure are interstitial deletions of the 

human Y chromosome (Noordam and Repping 2005). The region most frequently deleted is the 

azoospermia factor c (AZFc) region, a region which spans 3.5 megabases and is located on the long 

arm of the chromosome (Kuroda Kawaguchi et al. 2001). Men carrying Y chromosomes with an AZFc 

deletion (also known as a b2/b4 deletion) always have severe oligozoospermia, i.e. a sperm 

concentration below 5x106/ml, or azoospermia, i.e. a complete absence of sperm in the ejaculate. In 

addition to the deletion of the entire AZFc region, three recurrent partial deletions of the AZFc region 

have been described, namely the b1/b3, b2/b3 and gr/gr deletion (Fernandes et al., 2002; Repping et 

al., 2003; Fernandes et al., 2004; Repping et al., 2004). The gr/gr deletion is a risk factor for 

spermatogenic failure, while the b1/b3 and b2/b3 deletions have no effect on spermatogenesis 

(Kuroda-Kawaguchi et al., 2001; Repping et al., 2003; Visser et al., 2009).  

The best studied gene in the AZFc region is deleted in azoospermia (DAZ), which is essential for 

spermatogenesis(Reijo et al., 1995; Slee et al., 1999). The majority of human Y chromosomes contain 

four DAZ genes that are arranged in two clusters, with two DAZ genes each, located in a head to head 

orientation (Saxena et al 2000, Repping et al., 2006). All partial AZFc deletions remove two of the four 

copies of the DAZ genes. All DAZ genes contain one or more copies of an RNA Recognition motive 

(RRM) followed by a stretch of DAZ repeats that can vary in copy number and in their signature. 

These signatures are characterized by single nucleotide variants that distinguish nine different DAZ 

repeats from each other: DAZ repeat A, B, C, D, E, F, X, Y and Z (Reijo et al., 1995; Yen et al., 1997) 

(Fig. 1). Orginally, these DAZ repeat signatures were used to haplotype Y chromosomes by means of 

Southern blot analysis via the detection of various bands which represent distinct combinations of DAZ 

repeats (Lucotte and Ngo, 1985) (Table 1).  

 

 
Figure 1.  Schematic representation of a DAZ gene. A DAZ gene is build up by RNA recognition motifs (RRM) and DAZ 
repeats. A LINE element sub seeds the DAZ Y and Z repeats from the other DAZ repeats. Intragenic repeat variation can occur 
via deletions, duplications and point mutations all of which are illustrated in the figure. 
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Although it has been shown that intragenic repeat variation of the DAZ genes does exist, the extent of 

this variation in the world population has not been studied systematically (Lin et al., 2005; Huang et 

al., 2008). Intragenic repeat variation can easily occur in the DAZ genes via Y-Y gene conversions, 

inter-chromatid recombinations and gr/rg inversions (Rozen et al., 2003). Within AZFc, DAZ is the only 

gene that contains intragenic repeats and is likely to undergo recombination resulting in intragenic 

variability (Skaletsky et al. 2003). 

  

Table 1. TaqI restriction fragments, size and their corresponding DAZ repeats 

DAZ repeat  Size (kB) Band signature 
F(EX)5 19.6 A4 
F(EX)4 17.3 A3 
F(EX)3 14.8 A2 
F(EX)2 11 A1 
F(EX)1 10 B 
EXEF   7.9 C 
FE   7.1 D 
Z (without DAZ Y repeat in front in sequence)   5 F 
DE   4.8 G 
Z (with DAZ Y repeat in front in sequence)   4 H 
AC   3.1 I 
CD   2.1 M 
B   1.9 O 
C   1.3 Q 
Y   0.97 R 
Note: a specific band name does not stand for an identical DAZ repeat signature (e.g. band ‘C’ does not stand for DAZ ‘C’ 
repeat but rather for DAZ EXEF repeat).  
 

 

We and others have previously hypothesized that this intragenic repeat variation of DAZ may 

explain observed differences in semen quality between men with identical gr/gr deletions as well as 

differences in semen quality between men with gr/gr deletions and men with b2/b3 deletions (Repping 

et al. 2004, Lin et al. 2005).  

In the current study we first aimed to systematically catalogue the intragenic repeat variation 

of the DAZ genes using 47 chromosomes from distinct branches of the Y chromosome genealogical 

tree. Next, we determined the intragenic repeat variation of the DAZ genes in men with partial AZFc 

deletions and searched for an association between intragenic-repeat variation in DAZ and 

spermatogenic phenotype. 
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Materials and Methods: 

 

Y-diversity samples 

In this study, we included 47 DNA samples representing distinct branches from the Y-chromosome 

genealogical tree. Three samples contained partial AZFc deletions and five contained (partial) AZFc 

duplications (Figure 2À, B, C) (Repping et al. 2006). 

 

 

Samples with partial AZFc deletions  

We included DNA samples from 50 men carrying Y-chromosomes with a gr/gr (n=38) or a b2/b3 

deletion (n=12). Samples with secondary duplications leading to more than two DAZ copies were 

excluded from the analysis since duplications leading to four DAZ copies have recently been 

demonstrated to restore semen quality to normal levels (Noordam et al. 2011). All samples were 

collected either at the Center for Reproductive Medicine of the Academic Medical Center in 

Amsterdam, the Netherlands (n=26), or at the Whitehead Institute in Cambridge, USA (n=24). All men 

provided written informed consent and the study was approved by the local ethics committees.  

Semen analyses were performed in all men. Based upon the results of these analyses we 

categorized men as azoospermic, oligozoospermic (semen concentration >0 and < 20x106/ml) or 

normozoospermic (semen concentration >20x106/ml). 

From each patient, DNA was isolated from lymphocytes of venous blood or lymphoblast cell 

lines using a salting out procedure (Miller et al., 1988). Agarose plugs containing 10 µg of DNA for low 

pulsed field gel electrophoresis (PFGE) were generated from lymphocytes or cell lines according to 

manufacturer’s protocol (Bio-Rad laboratories).  

 

 

Southern hybridization probes generation and labelling 

For the determination of the number of RRMs, the signature of the DAZ repeats and the number of the 

DAZ Y-repeats we generated three different probes: probe sY581, p49f and DAZ-Y. Probes sY581 

and p49f were generated as previously described (Saxena et al. 2000, Ngo et al. 1986). Probe DAZ-Y 

was generated by PCR using a 1kB region 5’ of the LINE insert which is present in all DAZ genes. The 

PCR conditions to generate the DAZ-Y probe were: 15 minutes at 95 °C, followed by 50 cycles of 1 

minute at 95 °C, 20 seconds at 58 °C and 1.5 minute s at 72 °C, and finally 5 minutes at 72 °C, 

followed by a cool down to 10 °C. The PCR mix consi sted of 150 µM dNTPs, 1µM primerset, PCR 

Buffer (1.5 mM MgCl2, 50 mM KCl, 10 mM Tris-HCl, 0.1% Triton-X, pH=8.8), 0.1 µl Taq polymerase (5 

u/µl) and 1 µl genomic DNA (50 ng/µl). The total volume was 25 µl. The primerset was as follows: FW: 

ATGAAGCTACCCCACCCTCT RV: ATCACACCACTGCACTTCCA. The probes were labelled with 

dCTP-α-32P using a Megaprime labelling kit according to manufacturer’s protocol (Amersham, UK).  
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Southern blotting 

Using 60 units of the restriction enzymes DraIII, BamHI or TaqI, we digested overnight at 37 °C ( DraIII 

and BamHI) or 65 °C ( TaqI), 10 µg of DNA from agarose plugs (for DraIII and BamHI digestion) or 

from salted out DNA (for DraIII, BamHI and TaqI digestion). Next morning 10 additional units were 

added and the samples were left for an additional hour at 37 or 65 °C. DNA samples that were 

digested with TaqI were separated on a 0.5% agarose / 0.5 x TBE gel. DNA samples that were 

digested with DraIII or BamHI were separated via PFGE on a 1.5% agarose / 0.5 x TBE gel. After 

electrophoresis, the gel was depurinated in 0.25 M HCl for 20 min followed by  denaturation in 0.5 M 

NaOH/1.5 M NaCl for 40 min and transferred overnight on a Hybond XL nylon membrane (Amersham, 

Bioscience, UK) using the denaturation buffer. We used probe sY581 for the detection of RRMs, probe 

p49f2 for the detection of DAZ repeats and probe DAZ-Y for the DAZ Y repeats. 

Membranes with TaqI digested samples were hybridized with p49f2 using Church and Gilbert 

hybridisation buffer overnight at 42 ºC. Next morning these membranes were washed for 2 x 15 min in 

2x SSC, 0.1% SDS and 1 x 15 min in 0.5x SSC, 0.1% SDS at room temperature (RT). Membranes 

with DraIII digested samples were hybridized with sY581 using Church and Gilbert hybridisation buffer 

overnight at 47 ºC. Next morning these membranes were washed for 2 x 15 min in 2x SSC / 0.1% 

SDS at 52 ºC and 2 x 15 min in 0.5x SSC / 0.1% SDS at 52 ºC. Membranes with BamHI digested 

samples were hybridized with Y-repeats using Church and Gilbert hybridisation buffer overnight at 65 

ºC. Next morning these membranes were washed for 2 x 15 min in 2x SSC / 0.1% SDS at 65 ºC and 2 

x 15 min in 0.5x SSC / 0.1% SDS at 65 ºC. The membranes with hybridized probes were exposed to a 

hyperfilm (Amersham, UK) for 48 hours in a developing cassette and stored at -80 ºC.  

 

 

Determination of the number of RRMs, signature of DAZ repeats and number of DAZ Y-repeats 

The number of RRMs was determined by dividing the size of the detected RRM band by 10.8kb (the 

size of a single RRM). The signatures of the DAZ repeats were determined using the information of 

unique TaqI restriction fragment sizes (see Table 1). The number of DAZ Y repeats was determined 

by subtracting 14.5kb from the size of the detected bands and subsequently dividing the remaining 

size by 2.4kb (the size of a single DAZ Y repeat). 

 

 

Statistical analysis 

Calculation of mutation rates was performed using Sankoff's algorithm as described previously 

(Repping et al. 2006).  

 To determine whether azoospermia, oligozoospermia or normozoospermia, was correlated 

with the number of RRMs or with the DAZ F(EX)n repeats in men with gr/gr deletions and in men with 

b2/b3 deletions we used two-sided Fisher exact tests. To determine whether the number of DAZ Y 

repeats was correlated with spermatogenic phenotype in men with gr/gr deletions and in men with 

b2/b3 deletions we used a two-sided Mann-Whitney test. 
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To determine whether the numbers of RRMs or the DAZ F(EX)n repeat were different in men 

with gr/gr deletions from men with b2/b3 deletions we used two-sided Fisher exacts test. To determine 

if the number of DAZ Y repeats was different in men with gr/gr deletions from men with b2/b3 deletions 

we used a two-sided Mann-Whitney test. 

For all tests, a p-value <0.05 was considered statistically significant. Analysis was carried out 

using the statistical package SPSS for Windows 17.0. 
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Results 

 

Systematic catalogue of intragenic repeat variation in DAZ 

Forty-four out of 47 chromosomes contained DAZ genes with one, two or three RRM copies, while two 

only had DAZ genes with two or three RRM copies and one only had DAZ genes with one or two 

copies of RRM (Figure 2A). These latter three chromosomes all contained partial AZFc deletions and 

were spread out over several branches of the Y chromosome genealogical tree.  

The DAZ F(EX)n repeat varied between one and five copies (Figure 2B). Most chromosomes 

contained DAZ genes with two or three different DAZ F(EX)n repeats, while some chromosomes 

contained three or more different DAZ F(EX)n repeats.  

DAZ B, C, DE, Y and Z repeats, were present in all branches of the Y chromosome 

genealogical tree while the presence of the DAZ FE repeat was limited to branch H-R2xR1a. We 

identified the absence of the DAZ AC repeat in five unrelated branches, and the presence of the DAZ 

EXEF repeat in three related (R1xR1a) branches and one unrelated branch (J2e).  

There was extensive variation in the copy number of the DAZ Y repeat, i.e. between zero and 

fourteen copies. Forty-four out of the 47 chromosomes contained DAZ genes with three distinct DAZ Y 

repeat copy numbers higher than zero copies, while three, all containing partial AZFc deletions, had 

two distinct DAZ Y repeat copy numbers higher than zero copies (Fig 2C). Taking into account the 

known generation span of the Y chromosome genealogical tree of 52,000 generations, we found a 

mutation rate of DAZ Y repeat copy number of 1.1x10-3 per Y chromosome transmission, or one 

change in DAZ repeat Y lengths every 897 father-to-son transmissions of a Y chromosome.  

 

 

Intragenic-repeat variation of DAZ in men with partial AZFc deletions 

We found that the majority of the b2/b3-deleted (10/12) and gr/gr-deleted (27/38) Y chromosomes 

contained DAZ genes with one or two copies of RRM (Table 2). 

The screen for the variability of DAZ repeats showed that the DAZ F(EX)n repeat varied in the gr/gr 

deleted chromosomes between one and four copies, and in the b2/b3 deleted samples between one 

and three copies  (Table 3) . 

The average number of identified DAZ Y repeats per Y chromosome varied between 3 and 8 

for the gr/gr deleted samples and between 3 and 7 for the b2/b3 deleted samples with medians of 5 

and 6 Y-repeats respectively (Table 4).  

The variation in the number of RRMs was not different between men with a gr/gr deletion and 

men with a b2/b3 deletion (Table 5A). The same was true for the presence of DAZ F(EX)1, F(EX)3 or 

F(EX)4 (Table 5B). In contrast, the DAZ F(EX)2 repeat was significantly more present in men with a 

b2/b3 deletion than in men with a gr/gr deletion (5/12 versus 5/38, p<0.046) (Table 5B). In addition, 

the average number of DAZ Y repeats was higher in men with a b2/b3 deletion than in men with a 

gr/gr deletion, although this difference was not statistically significant (6 versus 5.0, p=0.17) (Table 

5C). 
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Effect of intragenic-repeat variation of DAZ genes on spermatogenic phenotype 

Despite the differences observed between gr/gr and b2/b3 deleted chromosomes, we found no 

correlation between the number of RRMs, the DAZ F(EX)n repeat and the DAZ Y repeat and any 

spermatogenic phenotype in men with gr/gr deletions and in men with b2/b3 deletions (Table 2, 3, 4).  

 

Table 2. Type of RRMs identified in men carrying gr/gr or b2/b3 deletions and comparison of the numbers found in 
azoospermia and oligozoospermia versus normozoospermia 
 
Deletion type Phenotype and  

number of men 
Type of RRM present 
 

 

    1,1 1,2 2,3  
gr/gr azoo           (13) 1  8  4   
  oligo           (11) 0 7 4   
  normal        (14) 0 11 3  
p-value versus  
normozoospermia azoo 

 
0.48 0.42 0.68 

 

 oligo  1 0.66 0.66  
b2/b3 azoo             (3) 0 3  0  
  oligo             (1) 0 1  0  
  normal     (8) 0 6 2  
p-value versus  
normozoospermia azoo 

 
1 1 1 

 

 oligo  1 1 1  

 

 

Table 3. Type of DAZ F(EX)n repeat identified in men carrying gr/gr or b2/b3 deletions and comparison of the numbers 
found in azoospermia and oligozoospermia versus normozoospermia 
 
Deletion type Phenotype and 

number of men DAZ F(EX)n repeat 
 

    F(EX)1 F(EX)1 + F(EX)2 F(EX)1 + F(EX)3 F(EX)1 + F(EX)4  
gr/gr azoo  (13) 7 0 3 3  
  oligo  (11) 4 3 4 0  
  normal  (14) 5 2 6 1  
p-value versus  
normozoospermia azoo 

 
0.45 0.48 0.42 0.33 

 

 oligo  1 0.62 1 1  
b2/b3 azoo   (3) 2 0 1 0  
  oligo  (1) 0 1 0 0  
  normal  (8) 3 4 1 0  
p-value versus  
normozoospermia azoo 

 
0.55 0.24 1 1 

 

 oligo  1 1 1 1  

 

 

Table 4. Median number of average DAZ Y repeats identified in men carrying gr/gr or b2/b3 deletions and comparison 
of the numbers found in azoospermia and oligozoospermia versus normozoospermia 
 
Deletion type 
  

Phenotype and 
number of men 

Median DAZ 
Y repeat 

Range  

gr/gr azoo  (13) 5  3 - 6  
  oligo  (11) 5  3 - 8  
  normal  (14) 5 3 - 8  
p-value versus  
normozoospermia azoo 

 
0.94  

 

 oligo  0.73   
b2/b3 azoo   (3) 6  4 - 6  
  oligo  (1) 7    
  normal  (8) 5 3 - 6  
p-value versus  
normozoospermia azoo 

 
0.92  

 

 oligo  0.22   
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Table 5. Comparison of identified variations of (A) RRM, (B) DAZ F(EX)n repeat and (C) the median of the (average) 
DAZ repeat Y of gr/gr deletions versus b2/b3 deletions 
 
A 

   RRM   
  1,1 1,2 2,3  

number present in gr/gr deletion 1 26 11  
number present in b2/b3 deletion 0 10 2  
p-value gr/gr versus b2/b3 deletions 1 0.47 0.48  

 

 

B 
  DAZ F(EX)n repeat   
  F(EX)1 F(EX)1 + F(EX)2 F(EX)1 + F(EX)3 F(EX)1 + F(EX)4  
number present in gr/gr deletion 16 5 13 4  
number present in b2/b3 deletion 5 5 2 0  
p-value gr/gr versus b2/b3 deletions 1 0.046 0.30 0.56  
 
 
 
C 
 DAZ Y repeat Range  
median present in gr/gr deletion 5 3 - 8  
median present in b2/b3 deletion 6 3 - 7  
p-value gr/gr versus b2/b3 deletions 0.17  

 

A 
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B 
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C 

 
Figure 2. Presence of specific RRM fragments (A), DAZ repeats (B) and number of DAZ Y repeats (C) in the 47 branches of the 
Y chromosomal haplotype tree. a samples carrying partial AZFc deletions, b samples carrying (partial) AZFc duplications. 
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Discussion  

 

Our systematic catalogue of intragenic repeat variation in DAZ of 47 different Y chromosomes 

revealed no variation in DAZ B, C, CD, DE, and Z repeats, limited variation in the RRM region, limited 

variation in the DAZ AC, FE, EXEF repeats, but extensive variation in the DAZ F(EX)n repeat and in 

the copy number of the DAZ Y repeat. Of the latter two, the most variable repeat was the DAZ Y 

repeat for which we observed a minimum mutation rate of one in every 897 father-to-son 

transmissions of a Y chromosome. We found that the DAZ F(EX)2 repeat complex was significantly 

more present in men with a b2/b3 deletion than in men with a gr/gr deletion. Men with a b2/b3 deletion 

also had a higher number of DAZ Y repeats than men with a gr/gr deletion, albeit not statistically 

significant. We did not find any difference in the variation of the number of RRMs, DAZ F(EX)1, F(EX)3 

and F(EX)4 repeat complex between men with a gr/gr deletion and men with a b2/b3 deletion. None of 

the observed intragenic variations of RRM, the DAZ F(EX)n repeat and the DAZ Y repeat were 

correlated with any spermatogenic phenoptype in men with a gr/gr or a b2/b3 deletion.  

An important strength of our study is that we were able to study 47 chromosomes from distinct 

branches of the Y chromosome genealogical tree. This allowed for the detection of more structural 

variants of DAZ than other studies that had samples from only a few branches of the genealogical tree 

(Lucotte et al., 1985; Lin et al., 2005). A limitation of our study is that our analysis was not able to 

identify all potential polymorphisms of the DAZ repeats and thus some polymorphisms might have 

remained undetected. In addition, we were also unable to determine the precise makeup of each 

complete DAZ gene, i.e. the precise combination of RRMs and DAZ repeats within one specific DAZ 

gene. This would require the analysis of fragments larger than 100 kb, which is currently technically 

unfeasible. Therefore, we cannot exclude the possibility that certain combinations of DAZ repeats and 

RRM repeats affect semen quality.    

 The limited variation in the RRM region and the extensive variation in the number of DAZ Y 

repeats are in line with previously published results, although we did not detect DAZ genes that 

contain four RRMs (Lin et al. 2005). The mutation rate that we determined for the DAZ Y repeat is 

nearly three times higher than the mutation rate of a multicopy gene which is located on the short arm 

of the Y chromosome, namely TSPY (Repping et al., 2006; Nickkholgh et al., 2010). Another example 

of the polymorphic nature of the DAZ repeat is the presence of the DAZ AC repeat in five unrelated 

branches. Similarly, the DAZ EXEF repeat also occurred in four branches of which two  were 

unrelated. These data together suggest a high mutation rate within the DAZ repeats. 

If the intragenic variability in DAZ cannot explain the differences in spermatogenic phenotype 

between men with identical partial AZFc deletions, what other explanation might there be? Intragenic 

variation in one of the other genes in the AZFc region could be an explanation, but sequence variation 

in BPY2 and CDY1 seems limited (Kuroda Kawaguchi et al. 2001). Variation in gene copy number of 

the latter two genes can also not explain the different spermatogenic phenotypes as such copy 

number variation is not observed in men with partial AZFc deletions. Alternatively, other – yet to be 

identified – genetic elements in the AZFc region  could be the causal factor. In this light it is interesting 

to note that recent experiments in Drosophila have indicated that variability in apparently non-coding 
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Y-sequence can affect the expression of hundreds of autosomal genes (Lemos et al. 2008). Finally, a 

variable contribution of one or more additional genetic or environmental risk factors could result in low 

semen quality in men with partial AZFc deletions. Given the enormous number of genes expressed in 

the human testis, the assumption that the spermatogenic phenotype would be the cumulative result of 

multiple risk factors is plausible.  

 In conclusion, we found extensive intragenic repeat variation in the DAZ genes, especially in 

the DAZ F(EX)n repeats and the DAZ Y repeat. This variation did not correlate with the spermatogenic 

phenotype in men with partial AZFc deletions. Future research should attempt to elucidate whether 

other genetic and/or environmental factors determine spermatogenic failure in men with partial AZFc 

deletions . 
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Abstract 

 

The azoospermia factor c (AZFc) region in the human Y chromosome consists almost entirely of 

amplicons and contains five genes that are potentially involved in spermatogenesis, namely deleted in 

azoospermia (DAZ), basic protein Y2 (BPY2), chromo domain on Y (CDY1), golgi autoantigen golgin 

subfamily a2 like Y (GOLGA2LY) and chondroitin sulfate proteoglycan 4 like Y (CSPG4LY). The 

organization of the AZFc region varies between men as a result of deletions, duplications and 

inversions. However, variation in gene copy number is limited indicating possible selective constraints. 

(partial) AZFc deletions, that reduce the copy number of AZFc genes, result in absent or reduced 

sperm production, but it is unknown whether increases in AZFc gene copy number also affect 

spermatogenesis. We determined AZFc gene copy numbers in a consecutively included cohort of 845 

men with variable sperm counts. We found 811 (96%) men with four DAZ genes, 25 (3%) men with six 

DAZ genes and nine (1%) men with eight DAZ genes.  Compared to men with four DAZ genes, men 

with eight DAZ genes had significantly lower total motile sperm counts (2x106 vs 50x106; p<0.017). 

Men with six DAZ copies or men with an increase in BPY2, CDY1, GOLGA2LY, CSPG4LY gene copy 

number did not suffer from reduced semen quality. It seems therefore that AZFc gene copy number 

variation is restrained throughout evolution by limited reproductive success of men with too few or too 

many DAZ genes.  
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Introduction 

 

Nearly the entire AZFc region of the human Y chromosome consists of repetitive or ampliconic 

sequences (Skaletsky et al., 2003) (Figure 1A). These amplicons are substrates for inter- and 

intrachromosomal homologous recombination events that can result in deletions, duplications and 

inversions leading to variations in AZFc structure between Y chromosomes (Kuroda-Kawaguchi et al., 

2001; Fernandes et al., 2002; Repping et al., 2002; Repping et al., 2003; Fernandes et al., 2004; 

Repping et al., 2004; Repping et al., 2006).  

A survey among 47 branches of the Y chromosome genealogical tree showed that such 

variations in structure are very common among Y chromosomes (Repping et al., 2006). However, 

deletions and duplications of (part of) AZFc are less common than inversions and consequently 

variation in AZFc gene copy number is limited. 

The AZFc region contains five multicopy genes which are proven or likely to, encode proteins, 

i.e. deleted in azoospermia (DAZ), basic protein Y2 (BPY2), chromo domain on Y (CDY1), Golgi 

autoantigen golgin subfamily a2 like Y (GOLGA2LY) and Chondroitin sulfate proteoglycan 4 like Y 

(CSPG4LY), that are all located within amplicons and are specifically expressed in testis (Slee et al., 

1999; Kuroda-Kawaguchi et al., 2001; Caron et al., 2003). Whereas DAZ and BPY2 are located within 

different amplicons, CDY1, GOLGA2LY and CSPGLY are located within the same amplicon (Figure 

1B).  Deletions of (part of) AZFc can lead to absent or reduced sperm production (Kuroda-Kawaguchi 

et al., 2001; Fernandes et al., 2002; Repping et al., 2003; Fernandes et al., 2004; Repping et al., 

2004), but the precise prevalence and phenotypic effect of (partial) AZFc duplications are unclear 

(Writzl et al., 2005; Lin et al., 2007; Giachini et al., 2008). We hypothesized that the 

underrepresentation of (partial) AZFc duplications in the 47 branches of the Y chromosome may be 

due to a phenotypic effect similar to the effect of (partial) deletions of AZFc, i.e. a reduced semen 

quality. This reduced semen quality would then automatically lead to a low prevalence of (partial) 

AZFc duplications in the general population. 

 

 
Figure 1. The AZFc region. (A) Schematic representation of the AZFc region. (B) Locations of the multicopy genes DAZ, BPY2 
and CDY1/GOLGA2LY/CSPG4LY (C) Low resolution STSs used in screening for partial AZFc deletions. (D) Location of the 
qPCR probes used to determine copy number of AZFc genes. 
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We set out to identify all (partial) duplications of AZFc in a cohort of 845 consecutively 

included male partners of subfertile couples unselected for semen quality. We then determined the 

effect of an increase in copy number of DAZ, BPY2 or CDY1/GOLGA2LY/CSPG4LY on semen quality 

as expressed by total motile sperm count.  
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Material and Methods:  

 

Men studied  

We consecutively included all male partners of subfertile couples who presented at the Academic 

Medical Centre from January 2000 until July 2006 in this study. All men were included prior to semen 

analysis to avoid a possible selection bias based on semen quality. This study was approved by the 

local medical ethics committee and written informed consent was obtained from all men. We excluded 

men with known causes of infertility, i.e. surgery on the vasa deferentia, orchitis, bilateral 

cryptorchidism, bilateral orchidectomy or prior radio- or chemotherapy. Men were also excluded if the 

fertility workup identified retrograde ejaculation, obstructive azoospermia, a classical Y-chromosome 

deletion (AZFa, P5/proximal-P1, P5/distal-P1, AZFc, b1/b3, b2/b3 or gr/gr) and/or numerical or 

structural chromosome abnormalities.  

For each man, a minimum of two semen analyses was performed according to WHO 

guidelines as part of standard patient care, and retrospectively linked to each included man (World 

Health Organization, 1992). From each patient genomic DNA was extracted from a venous blood 

sample. The quality of the extracted DNA was tested and samples were excluded if either the 280:260 

ratio was below 1.8 or the 260:230 ratio below 2.0. 

 

 

qPCR  

We performed real-time quantitative PCR (qPCR) using a Universal probe system (Exicon probes, 

Roche diagnostics, Mannheim, Germany) and a primer set that amplifies a segment of the genes of 

interest to determine its copy number. Suppl. Table 1 lists the primer sets and probe combinations 

used for the three qPCR assays. 

The PCR conditions were 15 minutes at 95 °C, follow ed by 50 cycles of 1 minute at 95 °C, 20 

seconds at 55 °C and 20 seconds at 72 °C, and final ly 20 seconds at 40 °C. The total volume for each 

PCR mix was 20 µl. A PCR mix consisted of 10 µl ABsolute QPCR Capillary Mix (Abgene), 1 µl 

primerset (10mM), 0.2 µl Universal probe, 8.8 µl genomic DNA (50 ng/µl). Samples were run on a 

Roche Lightcycler 2.0 system (Roche Diagnostics, Mannheim, Germany). 

We used as reference samples, samples with known copy number variations of the genes of 

interest on the basis of fluorescence in situ hybridization in each experiment (Figure 2). All reference 

samples were tested in duplo. All test samples were tested in single and aberrant results, i.e. gene 

copy numbers other than the reference gene copy numbers, were repeated in at least two separate 

experiments before conclusions regarding their aberrance were drawn. We excluded runs that showed 

an efficiency below 1.95 or above 2.05, an error rate >0.05, or a standard deviation >0.1 between 

reference replicas.  

We first targeted the DAZ gene as each (partial) duplication of the AZFc region caused by 

homologous recombination will affect DAZ gene copy numbers (see Suppl. Note).   
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Figure 2. qPCR assay to determine DAZ gene copy numbers. (A) Representative result from qPCR to determine DAZ gene  
copy numbers showing a sample with two (green line), four (black line) and eight (purple line) DAZ genes. (B) Corresponding  
results for FISH using a CY3(red)-labeled probe for a DAZ cluster. Each DAZ cluster contains two DAZ genes. 
 

 

FISH  

Fluorescence in situ hybridisation (FISH) to determine the copy number of DAZ genes was performed 

using probe 18E8 as described previously (Repping et al., 2003).  

 

 

Haplotype analysis  

All men with (partial) AZFc duplications were haplotyped using the Y-linked polymorphisms as 

previously described (Repping et al., 2006). 

 

 

Statistical analysis  

We compared the total motile sperm count (TMC) of men with increased copy numbers of DAZ, BPY2 

and CDY1/GOLGA2LY/CSPG4LY to the TMC of men with the reference copy number of the gene of 

interest. In all analyses we used the average of all available semen analyses from each patient.  

As the TMC was not normally distributed, we performed non parametric testing. We tested for 

association of reduced semen quality and gene copy numbers using a one-sided Kruskal-Wallis test. 

We then performed Mann-Whitney tests as post hoc testing.  

A p-value <0.05 was considered statistically significant. Analysis was carried out using the 

statistical package SPSS for Windows 17.0. 
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Results: 

 

qPCR 

qPCR data are summarized in Table 1. Eight-hundred-eleven out of 845 (96%) Y chromosomes had 

four DAZ genes, while 25 (3%) Y chromosomes carried six DAZ genes and nine (1%) carried eight 

DAZ genes. The 25 Y chromosomes that carried six DAZ genes could be subclassified into at least 

four categories. In nineteen chromosomes there were four BPY2 genes and three 

CDY1/GOLGA2LY/CSPG4LY genes. Based on the reference sequence of the human Y chromosome, 

these copy numbers are consistent with a gr/gr duplication (Figure 3A, B). The nine chromosomes 

with eight DAZ gene copies, could be subclassified into at least four categories of which the 

constitution of six BPY2 gene copies and four CDY1/GOLGA2LY/CSPG4LY gene copies was most 

common (3/9). This constitution is consistent with a b2/b4 duplication (Figure 3C, D).  

 

Table 1. Gene copy numbers of men with (partial) AFZc duplications  

ID DAZ BPY2 CDY1 Possible AZFc 
rearrangement number* 

reference sequence 4 3 2 1 
AMC0489  6 3 2 Unknown 
01.0204.3 6 4 2 3 
AMC0564  6 4 2 3 
01.0191.3 6 4 3 9** 
01.6073.3 6 4 3 9 
01.6199.3 6 4 3 9 
01.9023.3 6 4 3 9 
AMC0379 6 4 3 9 
AMC0401 6 4 3 9 
AMC0402 6 4 3 9 
AMC0517  6 4 3 9 
AMC0556 6 4 3 9 
AMC0566  6 4 3 9 
AMC0576 6 4 3 9 
AMC0580 6 4 3 9 
AMC0585 6 4 3 9 
AMC0592 6 4 3 9 
AMC0791 6 4 3 9 
AMC0875 6 4 3 9 
AMC0902 6 4 3 9 
AMC0933 6 4 3 9 
01.3003.3 6 4 3 9 
01.2020.3 6 5 3 21,30,36,44 
AMC0422  6 5 3 21,30,36,44 
AMC0645 6 5 3 21,30,36,44 
01.0187.3 8 4 2 167, 289 
AMC0957 8 4 2 167, 289 
01.0178.3 8 4 3 Unknown 
AMC0308  8 4 3 Unknown 
AMC0715 8 4 3 Unknown 
AMC0446  8 5 2 57 
01.6056.3 8 6 4 6*** 
AMC1040 8 6 4 6 
AMC0891 8 6 4 6 
Note: unknown= not possible to predict in one, two, three, or four-step homologous recombination events that can occur in the 
AZFc region. 
*precise structures can be found in Suppl. Note and in Repping et al 2006; **6= gr/gr duplication (Figure 3A, B); 
***9= b2/b4 duplication (Figure 3C, D) 
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Figure 3. Schematic representations of (partial) AZFc duplications. (A) Organization of the AFZc region prior to a gr/gr 
duplication. The green arch high-lights the amplicons that are involved in the homologous recombination. (B) Model of the 
homologous recombination that results in a gr/gr duplicated chromosome. (C) Organization of the AFZc region prior to a b2/b4 
duplication. The blue arch high-lights the amplicons that are involved in the homologous recombination. (D) Model of  
the homologous recombination that results in a b2/b4 duplicated chromosome. 
 

 

FISH 

FISH results using a DAZ specific probe on the first 115 men of the cohort all matched qPCR results 

(Suppl. Table 2). 

 

 

Haplotype analysis  

Using haplotype specific markers, the 34 Y chromosomes with (partial) AZFc duplications could be 

divided over fourteen branches of the Y chromosome genealogical tree (Figure 4). 
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Figure 4. Y chromosome genealogical tree displaying the location of the Y chromosomes with (partial) AZFc duplications. 
Markers that define the sub-branches are shown (Jobling and Tyler-Smith, 2003). Nomenclature is according to reference 
(Jobling and Tyler-Smith, 2003). 
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Phenotypic effect of (partial) AZFc duplications  

An increase in DAZ gene copy number was associated with reduced TMC (p<0.047), while increases 

in BPY2 or CDY1/GOLGA2LY/CSPG4LY gene copy number were not associated with reduced TMC 

(p=0.214, and p=0.254, respectively). Subsequent analysis showed that men with six DAZ genes did 

not have a significantly reduced TMC as compared to men with four DAZ genes (45x106 vs 50x106, 

p=0.281), while men with eight DAZ genes had a 25-fold reduction in TMC (2x106 vs 50x106, p<0.017) 

(Figure 5, Table 2). 

 

 
Figure 5. Effect of DAZ gene copy number on total motile sperm count. Data are presented as median with 25th and 75th 
percentile. 
 

 

Table 2. Semen parameters men with different DAZ gene copy numbers 

DAZ gene copy number Number of men Total motile sperm count (x106) p-value 
(vs 4xDAZ) 

Median 25th-percentile 75th-percentile 
4 811 50.4 6.7 115.2 - 
6 25 44.7 0.4 161.0 .281 
8 9 2.3 0.3 63.8 .017 

Note: the semen characteristics for each individual man with 8 DAZ genes are shown in Suppl.Table. 2. 
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Discussion: 

 

In the current study we identified 25 (3%) men with six DAZ genes and nine (1%) men with eight DAZ 

genes in a consecutively included cohort of 845 men unselected for semen quality. As compared to 

men with the reference copy number of four DAZ genes, men with six DAZ genes did not have a lower 

total motile sperm count, but men with eight DAZ genes showed a 25-fold reduction in total motile 

sperm count (2x106 vs 50x106; p<0.017). In contrast, variation in BPY2 or 

CDY1/GOLGA2LY/CSPG4LY gene copy number was not significantly associated with a reduced 

TMC. 

Our study has several strengths. First, we used a novel qPCR method that was highly specific 

due to unique combinations of primers and probes. This novel method allowed us to identify various 

(partial) duplications of the AZFc using DNA extracted from blood samples. The fact that we were able 

to confirm a set of 115 qPCR results by FISH proves the reliability and usefulness of this new method. 

Second, our large cohort of unselected consecutively included men allowed us to compare semen 

quality of men with different copy numbers of DAZ, BPY2 or CDY1/GOLGA2LY/CSPG4LY without any 

selection bias. Such a cohort based approach is methodologically more powerful in detecting 

associations than a case-control design (Visser et al., 2009).  

The observed reduction in TMC in men with eight DAZ gene copies resembles the previously 

described reduced semen quality in men with decreased DAZ gene copy numbers (Visser et al., 

2009). Unfortunately, with the small number of men with eight DAZ genes identified in this study (n=9), 

it is impossible to determine whether the reduction in TMC associated with an increase in DAZ gene 

copies is of the same magnitude as the reduction in TMC associated with a decrease in DAZ gene 

copies. Nevertheless, our data indicate that variation in AZFc gene copy number is limited due to 

reduced reproductive fitness of men with too many or too few DAZ genes. Future studies are 

necessary to confirm or refute our findings and to further examine the prevalence of Y chromosomes 

with six and eight DAZ genes as well as the degree of variability in semen quality in men with these 

DAZ gene copy numbers. 

 The men carrying Y chromosomes with (partial) duplicated AZFc regions originated from 14 

distinct haplotype branches. For all these branches, Y chromosomes with normal AZFc structures 

have previously been reported (Repping et al., 2006). Thus, no branch of the Y-chromosome 

genealogical tree uniformly contains Y chromosomes with (partial) AZFc duplications. However, it 

must be noted that chromosomes that initially contained duplicated AZFc regions but reverted back to 

the reference sequence via a deletion, are indistinguishable from chromosomes that have not 

undergone any deletion or duplication of the AZFc region at all (see Suppl. Note). In contrast, (partial) 

AZFc deletions permanently mark the chromosome with the absence of a sequence tagged site 

(STS), even if this chromosome undergoes a subsequent duplication that restores gene copy 

numbers. 

In light of the absence of meiotic recombination on the Y chromosome since its divergence 

from the X chromosome 166 million years ago (Warren et al., 2008; Veyrunes et al., 2008) and the 

subsequent massive gene loss on the Y chromosome, the human Y chromosome is often portrayed 
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as a decaying chromosome (Stern, 1957; Visser et al., 2009). Indeed, modern day Y chromosomes 

show significant structural variability suggesting rapid and continuous structural rearrangements. On 

the other hand, critical regions of the Y chromosome, such as the AZFc region, have apparently 

remained relatively stable over millions of years. Our current results together with previous described 

reduced semen quality in men with (partial) AZFc deletions suggest that this stability is due to a direct 

relationship with sperm production and hence reproductive fitness: Y chromosomes with mutations 

leading to severe reduction or expansion of the AZFc region are rapidly removed from the population 

due to their limited reproductive success. 
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Supplementary info 

 

Supplementary Table 1. Characteristics of the 115 men tested by FISH and qPCR  

qPCR results FISH results Number of men  
4 4 111  
6 6 4  

qPCR and FISH results of the 115 men that were tested with both methods to determine the reliability of the novel qPCR 
method. Both methods had identical results. 
 

 

Supplementary Table 2. Semen parameters men with different DAZ gene copy numbers 

Gene copy number Number of men Total motile sperm count 25-percentile 75-percentile p-value vs 4xDAZ 
4 811 50.42 6.68 115.24 - 
6 25 44.72 0.42 161.02 .281 
8 9 2.31 0.35 63.81 .017 

Note: Total motile sperm count (TMC) data are presented as median with 25th and 75th percentile. 
 

 

Supplementary Table 3. Primer pairs and universal probe # used for qPCR 

Primer 
set 

Target 
gene 

Number of copies 
normally present 

Forward primer sequence Reverse primer sequence Universal 
Probe # 

red DAZ 4 GTAGGGTCTGCCTCTGGTTTT GCAAAACATTTCTGTTTCTCTTCA 5 
green BPY2 3 AGCTGCAGTATGGGGAACAT CCCTAACTGCTCCAGCAAAG 33 
yellow CDY1 2 CCTTTTCATTAGCCCACACG CCCTGCGATTGGACTAGGT 34 
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Abstract 

 

The Azoospermia factor c (AZFc) region harbors multi-copy genes that are expressed in testis. 

Deletions of the AZFc region lead to reduced copy numbers of these genes. Four (partial) AZFc 

deletions have been described of which the b2/b4 and gr/gr deletion affect semen quality. In most 

studies, (partial) AZFc deletions are identified and characterized using plus/minus sequence site tag 

(STS) PCR. However, secondary duplications increase gene copy number without re-introducing the 

STS boundary marker. Consequently, the actual copy number of AZFc genes cannot be determined 

via STS PCR. In the current study, we first set out to determine by quantitative real-time PCR (qPCR) 

the actual copy number of all AZFc genes in men with (partial) AZFc deletions based on STS PCR. 

We then analyzed whether reduced gene copy numbers of each AZFc gene family was associated 

with a reduced total motile sperm count (TMC), regardless of the type of deletion. We screened 840 

men and identified 31 unrelated men with (partial) deletions of AZFc based on STS PCR. Of these 31 

men, six men (19%) had one or more secondary duplications. For all AZFc genes we found an 

association between a reduction in copy number of each individual AZFc gene and a reduced TMC. In 

gr/gr deleted men, restoration of reduced gene copy numbers restored their TMC to normal values. 

Our findings suggest that the gene content of the AZFc region has been preserved throughout 

evolution through a dosage effect of the AZFc genes on total motile sperm count safeguarding male 

fertility. 
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Introduction 

 

The azoospermia factor c (AZFc) region of the human Y chromosome has been studied intensely ever 

since deletions of this region were found to occur frequently among men with azoo- or 

oligozoospermia (Vogt et al., 1996). Currently, four recurrent (partial) deletions of the AZFc region 

have been described, namely b2/b4, gr/gr, b2/b3, and b1/3 deletions (Kuroda-Kawaguchi et al., 2001; 

Fernandes et al., 2002; Repping et al., 2003; Fernandes et al., 2004; Repping et al., 2004; Visser et 

al., 2009) (Figure 1). These deletions are all caused by homologous recombination between 

amplicons, i.e. large nearly identical repeats, which are abundantly present in the AZFc region. 

The AZFc region contains five multicopy genes which are proven or likely to, encode proteins 

namely deleted in azoosperma (DAZ), basic protein Y2 (BPY2), chromo domain on Y (CDY1), Golgi 

autoantigen, golgin subfamily a2 like Y (GOLGA2LY), and Chondroitin sulfate proteoglycan 4 like Y  

(CSPG4LY) (Reijo et al., 1995; Skaletsky et al., 2003; Caron et al., 2003). These genes are all 

expressed exclusively or predominantly in the testis and are therefore thought to play a role in 

spermatogenesis (Skaletsky et al., 2003). (partial) AZFc deletions reduce the copy number of several 

AZFc genes (Figure 1), but result in different gene copy number patterns (Table 1). Although they all 

reduce the copy number of testis-specific AZFc genes, not every deletion affects semen quality. The 

b2/b4 deletion results in azoo- or severe oligozoospermia, whereas the gr/gr deletion acts as a risk 

factor for this phenotype (Oates et al., 2002; Visser et al., 2009). Conversely, both b2/b3 and b1/b3 

deletions have not been reported to affect semen quality. 

 

Table 1. Effect of (partial) AZFc deletions on gene copy number of genes that are located within the AZFc region 

Genes Reference 
sequence 

b2/b4 
deletion 

gr/gr 
deletion 

b1/b3 
deletion 

b2/b3 
deletion 

 

BPY2 3 0 2 2 1  
DAZ 4 0 2 2 2  
CDY1 2 0 1 2 1  
CSPG4LY 2 0 1 2 1  
GOLGA2LY 2 0 1 2 1  
Total 13 0 7 8 6  

 

 

 The method used to detect and classify (partial) deletions of the AZFc region is sequence 

tagged site (STS) PCR (Repping et al., 2003; Simoni et al., 2004; Repping et al., 2004). This method 

identifies deletions by the absence of one or more boundary markers, i.e. markers that overlap unique 

boundaries between two neighboring amplicons that are present within the AZFc region (Figure 1B, 

Table 2).The absence of a specific boundary marker is interpreted as the absence of one or more 

amplicons with associated sets of genes, based on the assumed homologous recombination event 

that generated the deletion. However, a partial deletion of the AZFc region can be followed by one or 

more secondary duplication(s) of remaining amplicons that can restore gene copy number back to (or 

even above) the reference gene copy number (Repping et al., 2004). Such duplications do not re-

introduce the previously deleted boundary marker and are thus indistinguishable from deleted/non-

duplicated chromosomes by STS PCR. 
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Table 2.  Markers used to identify (partial) AZFc deletions 

Markers Reference 
sequence 

b2/b4 
deletion 

gr/gr 
deletion 

b1/b3 
deletion 

b2/b3 
deletion 

sY142 + + + + + 
sY1197 + + + - + 
sY1191 + - + - - 
sY1291 + - - - + 
sY1206 + - + + + 
sY1201 + + + + + 

 

 

Due to the variable effect of (partial) AZFc deletions on gene copy numbers and the inability 

of STS PCR to detected chromosomes with secondary duplications, we took a different approach to 

investigate the effect of (partial) AZFc deletions on total motile sperm count (TMC). Rather than 

categorizing men based on their STS pattern we determined the actual copy numbers of DAZ, BPY2, 

CDY1, CSPG4LY, and GOLGA2LY using quantitative real-time PCR (qPCR) in men carrying (partial) 

AZFc deletions as indicated by the absence and presence of STSs in a cohort of 840 men that were 

part of a subfertile couple unselected for sperm count. Next, we investigated whether the reduced 

copy number of individual AZFc genes was associated with reduced TMC. We additionally addressed 

the question whether secondary duplications after a deletion restored TMC. 

 

 
 

Figure 1. (partial) AZFc deletions. (A) Schematic representation of amplicons after an inversion of the AZFc region (ref 6). (B) 
The location of low resolution STSs and qPCR probes used in screening for partial AZFc deletions. (C) (partial) AZFc deletions 
are shown as bars: black indicates that the specific region is present, white indicates the deletion of a region and grey indicates 
regions of uncertain presence. * the b1/b3 deletion seems non-contiguous but this is due to the fact that it occurs on a non-
inverted variant of the AZFc region. 
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Materials and Methods 

 

Samples 

Our cohort consisted of 840 consecutively included male partners of subfertile couples, who 

presented at the Center for Reproductive Medicine of the Academic Medical Center from January 

2000 until July 2006 and from whom written informed consent was obtained. This cohort has been 

used in previous studies from our group (Westerveld et al., 2008a; Westerveld et al., 2008b; Visser et 

al., 2009). 

We excluded men with known causes of spermatogenic failure, namely, hyperprolactinemia, 

hypogonadotrophic hypogonadism, previous chemo- or radiotherapy, bilateral cryptorchidism, surgery 

of the vas deferens, orchitis, and bilateral orchidectomy. Men were also excluded if the fertility workup 

identified retrograde ejaculation, obstructive azoospermia, numerical or structural chromosome 

abnormalities, or an AZFa, P5/proximal-P1, P5/distal-P1 deletion or an isolated non-recurrent partial 

AZFc deletion caused by non-homologous recombination (Hucklenbroich et al., 2005). In addition we 

excluded men with primary (partial) AZFc duplications, i.e. duplications in the absence of an STS 

deletion. 

For each man, a minimum of two semen analysis were performed according to WHO 

guidelines as part of standard patient care, and retrospectively linked to each included man. Total 

motile sperm count (TMC) was calculated by multiplying semen volume with sperm concentration and 

the percentage of progressively motile spermatozoa. From each patient genomic DNA was extracted 

from a venous blood sample. The quality of the extracted DNA was tested and samples were 

excluded if either the 280:260 ratio was below 1.8 or the 260:230 ratio below 2.0. 

 

 

STS deletion screening 

All included men were screened for (partial) deletions in the AZFc region using plus/minus PCR for 

the following STS markers: sY142, sY1191, sY1197, sY1201, sY1206 and sY1291 as described 

previously (Repping et al., 2003). 

 

 

Real-time quantitative PCR 

We performed real-time quantitative PCR (qPCR) using a Universal probe system (Exicon probes, 

Roche diagnostics, Mannheim, Germany) and a primer set that amplifies a segment of the genes of 

interest to determine its copy number. Suppl. Table 1 lists the primer sets and probe combinations 

used for the three qPCR assays. The PCR conditions were 15 minutes at 95 °C, followed by 50 

cycles of 1 minute at 95 °C, 20 seconds at 55 °C an d 20 seconds at 72 °C, and finally 20 seconds at 

40 °C. The total volume for each PCR mix was 20 µl.  A PCR mix consisted of 10 µl ABsolute QPCR 
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Capillary Mix (Abgene), 1 µl primerset (10mM), 0.2 µl Universal probe, 8.8 µl genomic DNA (50 ng/µl). 

Samples were run on a Roche Lightcycler 2.0 system (Roche Diagnostics, Mannheim, Germany). 

We used as reference samples, samples with known copy number variations of the genes of 

interest on the basis of fluorescence in situ hybridization (FISH) in each experiment (Repping et al., 

2006). All reference samples were tested in duplo. All test samples were tested in single and aberrant 

results, i.e. gene copy numbers other than the reference gene copy number, were repeated in at least 

two separate experiments before conclusions regarding their aberrance were drawn. We excluded 

qPCR runs that showed an efficiency below 1.95 or above 2.05, an error rate >0.05, or a standard 

deviation >0.1 between reference replicas.  

 

 

Statistical analysis 

In all analyses we used the average of at least two semen analyses from each man. As the TMC is 

not normally distributed, we performed non parametric testing. We compared within the consecutively 

included cohort the TMC of men with the four (partial) AZFc deletions to the TMC of men without a 

deletion in the AZFc region and tested for an association between gene copy numbers of each 

individual gene and reduced TMC using a one-sided Kruskal-Wallis test and performed Mann-Whitney 

tests as post hoc testing. We also compared the TMC of men with deletions with subsequent 

duplications to the TMC of men with the reference sequence via a two-sided Kruskall-Wallis test. We 

then again performed Mann-Whitney tests as post hoc testing. To determine whether duplications 

occurred more frequent in gr/gr deleted men compared to men with other partial AZFc deletions, we 

performed a two-sided Fisher exact test. 

A p-value <0.05 was considered statistically significant. Analysis was carried out using the 

statistical package SPSS for Windows 17.0. 
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Results 

 

STS deletions 

The cohort of 840 men had a mean age of 36.5 ± 6.3 years (mean ± SD) and a median total motile 

sperm count of 49.9x106 (25th and 75th percentile, 6.0x106 - 112.3x106). Of these 840 men, 31 men 

(3.7%) had a deletion of one or more STS markers. More precisely, we identified four men with the 

absence of sY1191, sY1206 and sY1291 (b2/b4 deletions), 22 with the absence of sY1291 only (gr/gr 

deletions), four men with the absence of sY1191 only (b2/b3 deletions) and a single man with the 

absence of sY1191, sY1197 and sY1291 (b1/b3 deletion) (Table 3). 

 

Table 3.  STS results 

Deletion type Number of men 
Undeleted 809 
b2/b4 deletion 4 
gr/gr deletion 22 
b1/b3 deletion 1 
b2/b3 deletion 4 

 

 

Real-time quantitative PCR 

We performed qPCR on the 31 men with deletions of one or more STSs. The gene copy numbers of 

the men with the STS-deletions are shown in Table 4. Among the 22 men with gr/gr deletions we 

identified six men with secondary duplications (27%). In contrast, we did not find any secondary 

duplications among the nine Y chromosomes with other deletions. Although secondary duplications 

only occurred in gr/gr deleted men, the frequency of duplications in gr/gr deleted patients was not 

significantly higher than the frequency of duplications in b2/b3 and b1/b3 deleted patients (6/22 vs 

0/5, p=0.555).  

 

 

Phenotypic effect of AZFc gene copy number reduction 

Copy number reduction of DAZ, BPY2, and CDY1/CSPG4LY/GOLGA2LY  were all significantly 

associated with reduced TMC. For DAZ, men with zero and two DAZ gene copies had significant 

lower TMCs as compared to men with four DAZ gene copies, i.e. the reference copy number (Figure 

2a). For BPY2, men with zero or two, but not men with one, BPY2 gene copies had significant lower 

TMCs than men with the reference copy number of three (Figure 2b). Compared to the reference copy 

number of two for CDY1/CSPG4LY/GOLGA2LY, men with zero or one copy of these three genes had 

significant lower TMCs (Figure 2c).  

 
 

 



Chapter five 
 

70 

Table 4.  Data of men with (partial) AFZc deletions  

ID TMC (x106) STS marker missing DAZ BPY2 CDY1/GOLGA2LY/CSP4GLY 
01.0181.3                                                                                                                    0 sY1191     2 1 1 
AMC0734                                                                                                                      44.5 sY1191 2 1 1 
AMC1004                                                                                                             102.06 sY1191 2 1 1 
AMC0995                                                                                        159.68 sY1191 2 1 1 
01.0213.3                                                                 0 sy1191,sY1291,sY1206      0 0 0 
01.0229.3                            0 sy1191,sY1291,sY1206 0 0 0 
AMC0366                                                                                                                            0 sy1191,sY1291,sY1206 0 0 0 
AMC0875 0 sy1191,sY1291,sY1206 0 0 0 
AMC0816                                                                                                                      85.33 sY1197,sY1191,sY1291     2 2 2 
01.0139.3                                                                                                                    0 sY1291 2 2 1 
01.0141.3                                                                                                                    0 sY1291 2 2 1 
AMC0387                                                                                                                  0 sY1291 2 2 1 
AMC0439                                                                                                  0 sY1291 2 2 1 
AMC1026                                                                                  0 sY1291 2 2 1 
AMC1064                                                                  1.16 sY1291 2 2 1 
01.9008.3                                             5.91 sY1291 2 2 1 
01.2004.3                         7.96 sY1291 2 2 1 
AMC0817       13.31 sY1291 2 2 1 
AMC0528                                                                                                                      19.61 sY1291 2 2 1 
AMC0826                                                                                                                      20.33 sY1291 2 2 1 
AMC1057                                                                                                                      21.55 sY1291 2 2 1 
AMC0524                                                                                                                      75.1 sY1291 2 2 1 
AMC0530                                                                                                                      82.35 sY1291 2 2 1 
AMC0802                                                                                                                      106.12 sY1291 2 2 1 
AMC0655                                                                                                                      106.19 sY1291 2 2 1 
AMC0785                                                                                                      0.15 sY1291 4 4 2 
AMC0569                                                                                   37.63 sY1291 4 4 2 
AMC0372                                                               58.61 sY1291 4 4 2 
AMC1016                                           86.08 sY1291 4 4 2 
AMC1044                       73.19 sY1291 6 6 3 
AMC0889   1.21 sY1291 8 8 4 

 

 

Phenotypic effect of restoration of AZFc gene copy numbers 

The 22 men that were initially identified and classified as gr/gr deleted based on STS PCR were next 

sub-classified as gr/gr deletions without secondary duplications or gr/gr deletions with one or more 

secondary duplications according to their qPCR results respectively (Table 4). When comparing the 

TMC of these men to the TMC of men with no (partial) deletions of AZFc, men with gr/gr deletions 

without any duplication, had significant lower TMC than men with no (partial) deletions of AZFc 

(10.63x106 vs 50.14x106 p<0.01, Figure 3). In contrast, men with Y chromosomes that underwent a 

gr/gr deletion subsequently followed by one or more duplications did not have significantly lower 

TMCs as compared to men with undeleted Y chromosomes. The single man with six copies of DAZ, 

six copies of BPY2 and three copies of CDY1/CSPG4KY/GOLGA2Y had a higher TMC compared to 

men with undeleted Y chromosomes, albeit not significant. In contrast, the single man with eight 

copies of DAZ, eight copies of BPY2 and four copies of CDY1/CSPG4LY/GOLGA2LY had a very low 

TMC but again not significantly different from men with undeleted Y chromosomes (Figure 3). 
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Figure 2.  Effect of (A) DAZ, (B) BPY2 and (C) CDY1/ CSPG4LY /GOLGA2LY gene copy number on total motile sperm count. 
The data are presented as median with 25th and 75th percentiles.   
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Figure 3.  The effect of the gr/gr deletions, sub classified based on the number of AZFc genes, on total motile sperm count. In 
comparison to men with the reference sequence copy number (normal), only men with a gr/gr deletion without any duplication 
have a significantly reduced TMC. Data are presented as median with 25th and 75th percentile.  
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Discussion 

 

In this study we have shown that a reduction in copy number of each AZFc gene is correlated with 

reduced TMC and that men with a secondary duplication that restored the gene copy number had 

normal TMCs. More precisely, we found that the deletion of any complete gene family as well as the 

deletion of one gene copy of CDY1/CSPG4LY/GOLGA2LY, two copies of DAZ or one copy of BPY2 

was associated with significantly reduced TMC. In addition, we found that the TMC of men whose Y 

chromosomes had undergone one or more secondary duplications after a gr/gr deletion was not 

different from the TMC of undeleted men.  

The association between the copy number of individual AZFc gene families and the TMC may 

be due to a reduction in the number of genes itself or to simultaneous reduction in gene copy number 

of one (or more) other AZFc genes. The copy number of the DAZ gene is affected by each 

homologous recombination that occurs within the AZFc region and reduction of 

CDY1/CSPG4LY/GOLGA2LY always affects the gene copy number of BPY2 (Figure 1).Therefore, we 

cannot exclude that the observed effects on TMC by the analysis performed at the individual gene 

level are due to a simultaneous reduction in gene copy number of one (or more) other AZFc genes. 

Unfortunately, to date no men have been identified carrying chromosomes in which only a single 

AZFc gene family is affected and thus the effect of each of the individual gene families on TMC 

cannot be examined. Such chromosomes are also unlikely to occur as they cannot be generated via 

homologous recombination between amplicons.  

We also observed that men with one copy of BPY2 (n=4) had apparently higher TMC than 

men with two copies of BPY2 (n=17), while both groups of men had identical DAZ and 

CDY1/CSPG4LY/GOLGA2LY copy numbers. One possible explanation for the observed difference in 

TMC could be a difference in the genomic structure of the genes that remain after the deletion. In this 

light it is important to note that Y-chromosomes with one copy of BPY2 are the result of a b2/b3 

deletion, while Y-chromosomes with two BPY2 copies are the result of gr/gr deletions. While the gr/gr 

deletion removes the proximal cluster of two DAZ genes, the b2/b3 deletion removes the distal DAZ 

gene cluster (Repping et al., 2003; Repping et al., 2004). It is well established that the structure of the 

DAZ genes can vary between different copies within one man as well as between DAZ copies of 

different men (Saxena et al., 2000; Jobling and Tyler-Smith, 2003). Thus men with gr/gr deletions 

could retain DAZ genes with a different structure than men with b2/b3 deletions. Whether variation in 

DAZ gene structure truly affects total motile sperm count is currently unknown.   

We found secondary duplications only in gr/gr deleted men and not in b1/b3 or b2/b3 deleted 

men. It has been postulated that the size and number of regions that act as substrates for 

homologous recombination are factors that determine the rate of the recombination to occur (Eichler, 

2001). Whereas for the b1/b3 deletions only a 92 kb region homologous in P1 and P5, can act as a 

substrate for homologous recombination, for both the gr/gr deleted and b2/b3 deleted chromosomes 

the substrates for recombination are the same 92 kb region plus the 229 kb region of the blue 

amplicons b2 and b4 (Figure 1, Table 5) (Repping et al., 2002). Although number and size of the 

substrates for homologous recombination for gr/gr and b2/b3 deleted chromosomes are identical, we 
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observed secondary duplications in 27% of gr/gr deleted chromosomes (6/22) and in none of the four 

b2/b3 deleted chromosomes (0/4). Even though the numbers are too low to draw firm conclusions, 

this observation is interesting from an evolutionary point of view as  gr/gr deletions are the only partial 

AZFc deletions associated with spermatogenic failure (Noordam and Repping, 2006). Thus, if 

duplications restore TMC, gr/gr deleted chromosomes with secondary duplications would have an 

evolutionary benefit. Indeed, we observed that gr/gr deleted men with one (n=4) or two (n=1) 

secondary duplication(s) had a similar TMC as undeleted men suggesting a positive effect of 

restoration of gene copy number on TMC and hence reproductive fitness. The observation of a single 

gr/gr deleted man carrying eight DAZ genes with a lower TMC than men with four DAZ genes seems 

to contradict this finding, but is in fact in line with our recent finding that men with primary AZFc 

duplications, i.e. duplications not preceded by any deletion, resulting in Y-chromosomes with eight 

DAZ genes on their Y chromosomes have a severely diminished TMC (unpublished data). 

 

Table 5.  Targets for duplications of (partial) AZFc deletions 

Deletion type Targets for duplication in AZFc Target size (kB) Sequence identity (%) 
AZFc - -  
gr/gr homologous region in  P1 and P5* 92 99.99 

b2 and b4 229 99.99 
b2/b3 homologous region in  P1 and P5* 92 99.99 

b2 and b4 229 99.99 
b1/b3 homologous region in  P1 and P5* 92 99.99 

* see reference Repping et al., 2003 for details of this region 

 

 

 In conclusion, we have shown that a reduction in copy number of each AZFc gene is 

correlated with a reduction in total motile sperm count. In addition, we found that restoration of these 

reduced gene copy numbers via a secondary duplication can restore total motile sperm count to 

normal levels. These findings suggest that the gene content of the AZFc region has been preserved 

throughout evolution through a dosage effect of the AZFc genes on total motile sperm count and as a 

consequence on male reproductive fitness. 
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Supplementary info 

 

Supplementary Table 1. Primer pairs and universal probe numbers used for qPCR 

Primer set Target gene Forward primer sequence Reverse primer sequence Universal 
Probe # 

Red DAZ GTAGGGTCTGCCTCTGGTTTT GCAAAACATTTCTGTTTCTCTTCA 5 
Green BPY2 AGCTGCAGTATGGGGAACAT CCCTAACTGCTCCAGCAAAG 33 
Yellow CDY1 

(CSPG4LY/ 
GOLGA2LY) 

CCTTTTCATTAGCCCACACG CCCTGCGATTGGACTAGGT 34 
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Abstract  

 

The male-specific region of the human Y chromosome (MSY) contains multiple testis-specific genes. 

Most deletions in the MSY lead to inadequate or absent sperm production. Nearly all deletions occur 

via homologous recombination between amplicons. Previously, we identified two P5/distal-P1 

deletions that did not arise via homologous recombination but most likely via non-homologous 

recombination (NHR) between palindromes. In the current study, we set out to identify deletions in the 

azoospermia factor c (AZFc) region caused by NHR between palindromes. We screened 1,237 men 

using plus/minus and quantitative real-time PCR, fluorescence in-situ hybridization and Southern blot 

analyses for deletions caused by NHR. These 1,237 men originated from two series: one series of 

237 men with azoo- or severe oligozoospermia and 148 with normozoospermia and one series of 852 

consecutively included men of subfertile couples unselected for sperm count. We identified eight 

unrelated men with deletions caused by NHR. These deletions could be categorized into four classes 

termed P3a, P3b, P3c and P3d. The P3a and P3b deletions were found in single instances while the 

P3c and P3d deletion were found in three men. Men with a P3c deletion had a higher total sperm 

count than men without a deletion (median 378.8 x 106 versus 153.9 x 106, p=0.040). We did not find 

an association of the other P3 deletions with altered sperm counts. We have found a novel subclass 

of partial AZFc deletions that results from NHR. One deletion, the P3c deletion, might be associated 

with increased sperm count.  
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Introduction 

 

The male-specific region of the human Y chromosome (MSY) constitutes 95% of the Y chromosome, 

does not recombine with the X chromosome and is transmitted clonally from father to son. Nearly half 

of the euchromatic MSY consists of ampliconic (repetitive) sequences that contain 135 out of the 156 

MSY-transcription units. Almost all of these multicopy genes are expressed either predominately or 

exclusively in the testis (Skaletsky et al., 2003). 

Not surprisingly, Y-chromosomal deletions that remove some of these testis-specific genes 

negatively affect sperm production (Reijo et al., 1995; Vogt et al., 1996; Repping et al., 2002; Repping 

et al., 2003). Azoospermia factor c (AZFc) deletions remove thirteen genes of five gene families and 

are found in 10-15% of men with either azoospermia, i.e. the complete absence of sperm from the 

ejaculate, or oligozoospermia defined by the World Health Organization (WHO) criteria for normal 

spermatogenesis as a sperm count <20x106/ml or a total sperm count <40x106 (World Health 

Organization, 1992; Noordam and Repping, 2006). This makes the AZFc deletion the most common 

molecular cause of azoo- or oligozoospermia (Kuroda-Kawaguchi et al., 2001). 

In addition to the deletion that removes the entire AZFc region, three recurrent partial AZFc 

deletions have been described, i.e. the gr/gr, b1/b3, and b2/b3 deletions. The gr/gr deletion is a 

significant risk factor for spermatogenic failure, while the b1/b3 and b2/b3 deletions do not seem to 

affect sperm production (Repping et al., 2003; Fernandes et al., 2004; Repping et al., 2004). 

All known recurrent deletions occurred via homologous recombination between ampliconic 

sequences, except for two P5/distal-P1 deletions that occurred via non homologous recombination 

and had proximal and distal breakpoints inside palindromes (Repping et al., 2002). As palindromes 

are inherently unstable, the extensive palindromic structure of the human Y-chromosome could make 

it prone to deletions via non-homologous recombination (NHR). NHR does not require identical target 

sequences but instead results in ligation of two DNA break ends via non-homologous end joining or 

microhomology-mediated end joining (Moore and Haber, 1996; McVey and Lee, 2008). The AZFc 

region in particular might be susceptible to DNA breaks and hence NHR since it is constructed almost 

entirely of three palindromes, namely P1, P2 and P3.  

The aim of our current study was to search for novel deletions in the AZFc region caused by 

NHR and –if present– to determine their effect on semen quality. 
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Materials and Methods: 

 

Samples 

We included a total of 1,237 men originating from two series.  

The first series consisted of 237 men with either azoo- or severe oligozoospermia, i.e. a total 

sperm count <10x106, and 148 men with normozoospermia according to WHO criteria, that was used 

in a previous study by our group  (World Health Organization, 1992; Repping et al., 2003). Written 

informed consent was obtained from all men.  

The second series consisted of 852 consecutively included male partners of subfertile couples 

unselected for sperm count, who presented at the Center for Reproductive Medicine of the Academic 

Medical Center from January 2000 until July 2006, and from whom written informed consent was 

obtained.  

In both series, all men had a normal phenotype but they were excluded if they had known 

causes of spermatogenic failure, namely, hyperprolactinemia, hypogonadotrophic hypogonadism, 

previous chemo- or radiotherapy, bilateral cryptorchidism, surgery of the vas deferens, orchitis and 

bilateral orchidectomy. Men were also excluded if the fertility workup identified retrograde ejaculation, 

obstructive azoospermia, an AZFa, P5/proximal-P1, P5/distal-P1, AZFc or gr/gr deletion, or numerical 

or structural chromosome abnormalities. 

A minimum of two semen analyses were performed as part of the fertility workup for each 

patient according to WHO guidelines. From each patient genomic DNA was extracted from a venous 

blood sample. Lymphoblastoid cell lines were generated using Epstein-Barr virus transformation 

(Fukushima et al., 1992). 

 

 

Low resolution STS deletion screening 

All men were screened for (partial) deletions in the AZFc region using plus/minus PCR for the 

following low-resolution sequence tagged site (STSs): sY142, sY1191, sY1197, sY1201, sY1206 and 

sY1291, as described previously (Repping et al., 2003; Repping et al., 2004). 

 

 

Breakpoint localization strategy 

To precisely localize the breakpoint regions in men with novel deletions that could be the result of 

NHR, we used combinations of the following methods: (1) high-resolution proximal breakpoint 

mapping using plus/minus PCR assays; (2) low resolution distal breakpoint mapping using Southern 

blot (3) amplicon copy number and AZFc structure determination using fluorescence in-situ 

hybridization (FISH); (4) high-resolution mapping of the breakpoints using quantitative real-time PCR 

(qPCR); (5) amplification of the breakpoint sequence by PCR. 

 Owing to the highly repetitive nature of the AZFc region, not all methods were applicable for 

each deletion. For instance, some regions in amplicons are so identical that it was impossible to 
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design amplicon arm specific primers and therefore high resolution breakpoint mapping was 

impossible for deletions that were located within these regions. We used the following methods for 

each patient: for AMC0019 and AMC0443 we used methods 1, 3, and 4; for AMC0049, AMC0131 and 

AMC0687 we used methods 1, 4, and 5; for AMC0049 and AMC0131 we also used method 3; for 

AMC0078, AMC0371 and AMC0556 we used methods 1 and 2. 

 

(1) High resolution deletion screening 

We used published and specifically designed plus/minus PCR assays to narrow down the  

deletion breakpoints in men with novel deletions. PCR primers are provided in Supplementary Table 

Ia and Ib. 

 

(2) Low resolution distal breakpoint mapping using Southern blot 

First we digested 10 µg of DNA samples overnight using 60 Units of the restriction enzymes 

DraIII, BamHI or EcoRV. Next morning 10 additional Units were added and the samples were 

incubated for an additional 2 hours. Samples were then separated via pulse field gel electrophoresis 

on a 1.5%, 0.5 x Tris-borate- EDTA  gel. After electrophoresis, the gel was depurinated in 0.25 N HCl 

for 20 min followed by a denaturation in 0.5 M NaOH, 1.5 M NaCl for 40 min and transferred overnight 

to a Hybond XL nylon membrane using the denaturation buffer. The probes were labelled using a 

Megaprime labelling kit according to manufacturer’s protocol (Amersham). All membranes were 

hybridized with sY1617, using Church and Gilbert hybridisation buffer, overnight at 52 ºC. Next 

morning these membranes were washed for 2 x 15 min in 2x standard saline citrate (SSC), 0.1% 

sodium dodecyl sulphate (SDS) and 1 x 15 min in 2x SSC, 0.1% SDS at 65 ºC. The membranes were 

exposed to a radiation sensitive film (Xomat AR, Kodak) and stored at -80 ºC. Films were developed 

after a 24 hour exposure. 

 

(3) FISH 

FISH was performed as previously described to determine the copy number and organization 

of the AZFc amplicons using previously described probes (Repping et al., 2003) that target the red 

(63C9,18E8), green (336F2), yellow (79J10), grey (366J6), blue (221K04) amplicons and newly 

designed probes that target the green (17920/1) and turquoise (15457/8) amplicons of the AZFc 

region (Supplementary Table II). 

 

(4) Real-time quantitative PCR 

 We performed qPCR using a Universal probe system (Exicon probes, Roche diagnostics, 

Mannheim, Germany) and a primer set that amplifies a segment of the amplicon of interest to localize 

the breakpoint in repetitive regions. Supplementary Table III lists all primer sets and probe 

combinations used for the qPCR assays.  

The PCR cycling conditions were 15 minutes at 95 °C , followed by 50 cycles of 1 minute at 95 

°C, 20 seconds at 55 °C and 20 seconds at 72 °C, an d finally 20 seconds at 40 °C. The total volume 
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for each PCR mix was 20 µl. The PCR mixes consisted of 10 µl ABsolute QPCR Capillary Mix 

(Abgene), 1 µl primerset (10mM), 0.2 µl Universal probe, 8.8 µl genomic DNA (50 ng/µl). Samples 

were run on a Roche Lightcycler 2.0 system (Roche Diagnostics, Mannheim, Germany). 

All samples were tested in duplicate in two separate experiments. Samples with known 

variations of the ampliconic regions of interest, on the basis of FISH, were used as a reference in 

each experiment. 

 

(5) Amplification and sequencing of deletion junctions 

 Breakpoint amplification was performed using the forward primer from the primer set closest 

to the proximal breakpoint and the reverse primer from the primer set closest to the distal breakpoint. 

The resulting PCR products were sequenced using the same primers, a Big Dye Terminator kit and 

an ABI 3700 automated sequencer (Applied Biosystems). 

 

 

Y-chromosome haplotyping 

We haplotyped Y chromosomes using the Y-linked polymorphisms DYS257, M2, M9, M21, M26, M44, 

M75, M82, M89, M96, M132, M170, M174, M201, M215, M227, M253, P2, P109, P110, P177, P259, 

p12f2, SRY10831 and YAP (Karafet et al., 2008). 

 

 

Microsatellite analysis 

We performed microsatellite analysis using the markers DYS385, DYS389I, DYS389II, DYS390 and 

Y-GATA-C4, as previously described (Kayser et al., 1997). 

 

 

Statistical analysis 

In the consecutively included 852 men we compared the semen quality of men with deletions to the 

semen quality of the men without a deletion in the AZFc region. In all analyses we used the average 

of all available data for semen from each patient.  

Semen quality was compared using T-tests for parameters for which we confirmed normal distribution, 

namely volume, motility and morphology, and Mann-Whitney tests for semen parameters that were 

not normally distributed, i.e. concentration, total sperm count and total motile count.  

A p-value <0.05 was considered statistically significant. Analysis was carried out using the Statistical 

Package for the Social Sciences  for Windows 13.0. 
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Results: 

 

Baseline characteristics 

Mean age and semen quality of the 237 men with either azoo- or severe oligozoospermia, the 148 

men with normozoospermia and the consecutively included cohort of 852 men are shown in Table 1.  

 

Table 1. Baseline characteristics of the two series of men in study of deletions in the azoospermia factor c (AZFc)  
region of the Y chromosome. 

 First series Second series 
Parameter  Azoo- or severe oligozoospermia 

(n=237) 
Normozoospermia 
(n=148) 

 
(n=852) 

Age (years) 35.5 ± 6.6 35.0 ± 6.0 36.5 ± 6.3 

Semen quality    
Volume (ml) 3.6 ± 1.7 3.8 ± 1.4 3.4 ± 1.5 
Concentration (x106/ml)  2.0 (0.4-7.0) 80.9 (49.9-124.0) 52.0 (16.5-89.9) 
Motility (% grade a) 12 ± 9 41 ± 10 30 ± 17 
Morphology (% normal) 16 ± 12 46 ± 11 34 ± 17 
TC (x106) 8.2 

(1.1-19.7) 
293.0 
(178.3-411.2) 

159.0 
(44.5-288.1) 

TMC (x106) 0.5 (0.1-2.8) 120.8 (61.7-184.8) 51.0 (6.7-117.5) 
Data are presented as mean ± SD or as median with 25th and 75th percentile.  
TC: total sperm count, TMC: total motile sperm count  
 

 

Low-resolution breakpoint mapping 

We identified five men, namely AMC0019, AMC0049, AMC0131, AMC0443 and AMC0687, with a 

deletion of STS markers sY1191 and sY1197 and three men,  AMC0078, AMC0371 and AMC0556, 

with a deletion of STS marker sY1197. These STS patterns cannot be explained by homologous 

recombination between amplicons. 

 

 

High resolution breakpoint mapping  

In one man (AMC0443) the proximal deletion breakpoint was located between sY1259 and sY1294 

just proximal to the P3 palindrome, within the RBMY array (Figure 1, Supplementary Table 1a). In 

another man (AMC0019) the proximal breakpoint was located between sY1160 and sY1259, within 

the b1 amplicon. For three men (AMC0049, AMC0131 and AMC0687) the proximal breakpoint region 

was located in a 100 bp region in the proximal turquoise amplicon t1. For the remaining three men 

(AMC0078, AMC0371 and AMC0556) the proximal breakpoint region was located in a 300 bp region 

between sY1617 and sY1618.  

Since all deletions encompassed the P3 palindrome but had four distinct proximal deletion 

breakpoints, we termed these deletions P3a (AMC0443), P3b (AMC0019), P3c (AMC0049, AMC0131 

and AMC0687) and P3d (AMC00078, AMC0371 and AMC0556) deletions. 
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Figure 1. The P3a, P3b, P3c and P3d deletions in the azoospermia factor c (AZFc) region of the human Y chomosome. (A) 
Schematic representation of amplicons and palindromes after a gr/rg inversion of the AZFc region (Repping et al. 2003). (B) 
Low resolution sequence tagged sites used in screening for partial AZFc deletions. (C) Location of the fluorescence in-situ 
hybridization (FISH) probes used to determine copy number and organization of AZFc amplicons. (D) P3a deletion, (E) P3b 
deletion, (F) P3c deletions, (G) P3d deletions and (H) other (partial) AZFc deletions are shown as bars: black indicates that the 
specific region is present, white indicates the deletion of a region and grey indicates regions of uncertain presence. 

 

 

Amplicon copy number and AZFc structure determination 

Using one-color FISH, we found that the two men with the P3a and P3b deletions both had a deletion 

of one red, one green, two blue and two turquoise amplicons (Table 2). The two men with the P3c 

deletion of whom cells were available for FISH analysis were missing two red, one blue and one 

turquoise amplicon. In addition, both men were missing one entire and one partial green amplicon 

indicated by the presence of one signal for probe 17920/1 and the presence of two signals (one 

strong and one faint) for probe 336F2 (Figure 1C, D, E and Figure 2, Table 2). For one man 

(AMC0687) no cells were available for FISH analysis. One-color FISH using the turquoise specific 
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probe (15457/8) did not show a deletion of the turquoise amplicons in the men with P3d deletions. 

 Using two-color FISH we determined the order of the red, green and yellow amplicons. The 

P3a and P3b deletions had a red-green-red-green, green-yellow-green-yellow, red-yellow-red-yellow 

organization, indicating that their distal breakpoint lies between the proximal part of the first and the 

distal part of the second red amplicon (Table 2, Figure 2). The P3c deletions had a green-red-green, 

green-yellow-green-yellow, yellow-red-yellow organization, indicating a distal breakpoint between the 

distal part of the second red amplicon and the proximal part of the second green amplicon (Table 2, 

Figure 2). These AZFc organizations indicate that every deletion arose on an inverted variant of the 

AZFc region (Figure 1A). 

Table 2.  Results of fluorescence in-situ hybridization analysis. 

Sample ID Deletion type AZFc amplicon copy number AZFc amplicon organization¥ 
  Blue Turquoise Green Red Yellow Grey GR GY RY 

 

 22
1K

04
 

15
45

7/
8 

33
6F

2 

17
92

0/
1 

63
C

9 

79
J1

0 

36
6C

6 

   

Control - 4 2 3 3 4 2 2 GRGRG GYGGY RYRY 
AMC0443 P3a 2 0 2 2 3 2 2 RGRG GYGY RYRY 
AMC0019 P3b 2 0 2 2 3 2 2 RGRG GYGY RYRY 
AMC0049 P3c 3 1 2* 1 2 2 2 GRG GYGY YRY 
AMC0131 P3c 3 1 2* 1 2 2 2 GRG GYGY YRY 
AMC0078 P3d - 2 - - - - - - - - 
AMC0371 P3d - 2 - - - - - - - - 
AMC0556 P3d - 2 - - - - - - - - 

Note: for AMC0687 no cell line was available 
* In these two cases we observed one intense and one weak signal for probe 336F2 which we interpreted as the presence of 
one complete green amplicon and one partial green amplicon with a breakpoint somewhere in the area targeted by probe 
336F2 (see Figure 1). - = not done. 
¥ For determining the AZFc organization we used the following probes: 336F2 (green/G), 79J10 (yellow/Y) and 18E8 (red/R). 
Probe 18E8 gives a single signal for each DAZ cluster (which consist of two red amplicons) 
 

 

Distal breakpoint mapping using Southern blot  

Using BamHI digestion and a probe that hybridizes just proximal to the proximal breakpoint in the P3d 

deletions, we found that the distal breakpoint was located within the RBMY gene which is located 

within the turquoise amplicon t2 (Figure 3). 

 

 

Distal breakpoint mapping using qPCR  

We designed multiple qPCR assays that covered the red and green amplicons in which the distal 

breakpoints resided for the P3a, P3b and P3c deletions (Supplementary Table 3). Using this strategy, 

we localized the breakpoint regions of the deletions of the P3a and P3b in the red amplicons to 200 

kb and of the P3c deletions to a 4 kb region within the green amplicon (Figure 1F). For the P3d 

deletions it was impossible to design specific qPCR assays to map the distal breakpoint since the 

turquoise amplicon shares homology with regions outside of the P3 palindrome. 
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Figure 2. Two-color FISH results for determining AZFc organizations in three men with a deletion and one control, using the 
following probes: 336F2 (green/G), 79J10 (yellow/Y) and 18E8 (red/R). See also Table 2. 

 

 

 

 
 
Figure 3. (A) Southern blot results using the restriction enzyme BamHI on three patients with the P3d deletion and one male 
control with no deletion. A unique band can be detected for the patients with the deletion at approximately 20 kb. (B) Schematic 
representation of the locations of the BamHI restriction sites (indicated in red) that are present between sY1617 and sY1161 
and of RBMY1 (indicated in green). The unique band detected in the three patients with the deletion is therefore most likely 
built up of the fragment between the first BamHI restriction site and sY1618 (12 kb) and a fragment proximal to the BamHI 
restriction site, indicated with a star. Black indicates that the specific region is present, white indicates the deletion of a region 
and grey indicates regions of uncertain presence. As a result the distal breakpoint in the patients with this deletion is located in 
RBMY1. 
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Amplification of breakpoint sequence 

As we had localized the proximal and distal breakpoint of the P3c deletions to a 4 kb region, we set 

out to amplify the deletion junction for this deletion. A PCR assay using the forward primer from the 

primer set closest to the proximal breakpoint and the reverse primer from the primer set closest to the 

distal breakpoint resulted in PCR products in the deleted men and not in control men (Figure 4A). 

Analysis of the breakpoint sequences showed that the chromosomes of these three men with 

deletions had undergone an identical recombination between the distal part of the turquoise amplicon 

and the proximal part of the green amplicon (Figure 4B). The breakpoint sequence did not show any 

substantial homologous sequence at the site of crossing over. 

We were unable to localize the breakpoint region in the men with the three other deletions to 

a size that allowed breakpoint amplification (<10 kb). However, a Blast search of the proximal to distal 

breakpoint regions in these men did not indicate any substantial stretch of sequence homology (data 

not shown). 

 

 
 
Figure 4. The breakpoint sequence of the P3c deletion. (A) Breakpoint amplification using DNA from patients AMC0131 and 
AMC0687 results in a specific product. A control male sample with no deletion does not show this product. (B) Alignment of 
sequence from the distal turqoise amplicon, the proximal green amplicon and the breakpoint sequence, confirming that the 
deletion occurred between the turqoise and green amplicon with no sign of substantial overlap. 
 

 

Y-chromosome haplotyping 

Haplotype analysis revealed that the P3a and P3b deletions both reside in haplotype branch G.  

P3c deletions had an identical haplotype, namely I1*. Haplotype analysis of all consecutively 

included men identified 93 (11%) undeleted men in this branch, indicating that the founder of this 

branch was not P3 deleted (Figure 5).  
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P3d deletions all resided in branch E1a*. Only one additional man of the consecutively 

included cohort (0.1%) was in this branch; this man did not have a P3d deletion. We observed a 

partial duplication within the Y Alu polymorphic (YAP) insert that marks branch E1a* in the three P3d 

deleted men as well as in the undeleted man from branch E1a*.  

 

 

Microsatellite analysis 

There was no variation in any of the microsatellite markers for the P3c deletions whereas 

considerable variation was present in other samples of branch I1* (data not shown). In contrast, the 

P3d deleted and the singe undeleted man from branch E1a* with the partial duplication of the YAP 

insert showed considerable variation in DYS385 (13-15, 15-16), DYS390 (21-22) and Y-GATA-C4 

(26-27).  

 

 

Effect on gene copy number 

Six to nine copies of AZFc genes were deleted in the man with the P3a deletion, six or seven gene 

copies in the man with the P3b deletion and seven gene copies in the men with the P3c deletion. No 

single AZFc-gene family was removed completely as a result of these deletions, except for the PTP-

BL Related on Y (PRY) gene of which both copies were deleted in the P3a and P3b deletions. From 

the Y chromosomes of the men with P3d deletions a single copy of RBMY was deleted (Table 3). 

 

Table 3. Effect of (partial) AZFc deletions on gene copy number 

Genes Reference 
sequence 

P3a deletion  
(AMC0443) 

P3b deletion  
(AMC0019) 

P3c deletion 
(AMC0049, 

AMC0131, AMC0687) 

P3d deletion 
(AMC0078, 
AMC0371) 

RBMY1 6 2-4* 4 4 5 
BPY2 3 2 2 1 3 
DAZ 4 2-3* 2-3* 2 4 
CDY1 2 2 2 2 2 
PRY 2 0 0 1 2 
CSPG4LY 2 2 2 2 2 
GOLGA2LY 2 2 2 2 2 
Total 21 12-15 14-15 14 20 
* The precise breakpoint is unknown in these deletions, therefore the copy number of these affected genes cannot be 
determined precisely 
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Figure 5. Y-chromosome haplotype analysis. Haplogroups E and I, the sub-branches that were explored and markers that 
define these sub-branches.  
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Phenotypic effect of P3 deletions 

The men with P3a, P3c and P3d deletions originated from the series of 852 consecutively included 

male partners of subfertile couples while the man with the P3b deletion originated from the series of 

237 men with either azoo- or severe oligozoospermia. The semen parameters of the man with the 

P3a deletion  were within the normal range, while the man with the P3b deletion had 

oligoasthenoteratozoospermia, i.e. low sperm concentration, low motility and poor morphology (Table 

4). The three men with the P3c deletion had a significantly higher total sperm count than men without 

a deletion in the AZFc region in this series (378.8 vs 153.9 x 106, p=0.04, Figure 6, Supplementary 

Table 4). The difference in sperm concentration (115.5 x 106 /ml versus 51.1 x 106 /ml) was borderline 

significant (p= 0.062) and no differences were found in volume , motililty, morphology and total motile 

count. In the men with the P3d deletion there were no significant differences in any semen 

parameters compared to the men with no deletion. 

 

Table 4. Semen quality of the men with P3 deletions   

ID Deletion Volume 
(ml) 

Concentration 
(106/ml) 

Motility 
(%) 

Morphology (%) TC 
(106) 

TMC 
(106) 

AMC0443 P3a 4.0   82.0 39 63 323.9 124.7 
AMC0019 P3b 5.1     6.3  6 22   32.0     0.4 
AMC0049 P3c 5.5   69.5 42 30 378.8 159.1 
AMC0131 P3c 2.8 115.5 33 40 317.6 104.8 
AMC0687 P3c 3.0 135.3 22 53 406.0   91.4 
AMC0078 P3d 3.2      5.5 19 22   17.6     3.3 
AMC0371 P3d 3.4    53.6 36 42 183.9   66.4 
AMC0556 P3d 2.9 165.0 57 57 349.0 208.6 

 

 

We then compared the semen quality of the three men with  identical deletions to that of all 

other men from the consecutive-cohort from branch I1* with no deletion in the AZFc region (n=93), 

and  found that the three men with the deletion had a significantly higher total sperm count (378.8 x 

106 versus 183.8 x 106, p=0.047, Figure 6, Supplementary Table 4).  
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Figure 6. Effect of the P3c deletion on semen quality. Semen parameters of men with no deletion regardless of their haplotypic 
origin, men with no deletion from haplotype branch I1* and P3 deletions are shown. Volume, motility, morphology data are 
presented as mean ± SD. Concentration, total sperm count and total motile sperm count data are presented as median with 
25th and 75th percentile; owing to the low number of individuals with the P3c deletion, the percentile values for P3c could not be 
calculated. 
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Discussion: 

 

The current study identified four novel partial deletion classes of the Y chromosome that were the 

result of non-homologous recombination. All deletions encompassed the P3 palindrome but had four 

distinct proximal deletion breakpoints and thus we termed these P3a, P3b, P3c, and P3d deletions. 

Men with a P3c deletion had a significantly higher total sperm count than men with no deletion from 

the same cohort, whereas men carrying one of the other deletion types showed no differences in 

sperm quality compared to men with no deletion.  

Interestingly, three out of four deletions had one breakpoint in the central part of a palindrome 

(P3a, P3b and P3d). More precisely, the P3a and P3b deletion had their distal breakpoint in the P2* 

palindrome while the P3d deletion had its proximal breakpoint in the P3 palindrome (Figure 7). 

Together with the two previously published non-homologous P5/P1 deletions these results show that 

the centers of human Y-palindromes are highly susceptible to breaks. 

 

 
 
Figure 7. Schematic diagrams of the four identified AZFc deletions. P3 stands for palindrome 3 and P2* stands for palindrome 
2 which occurs on an inverted AZFc organization (gr/rg inversion). Proximal (p) and distal (d) breakpoint regions of the P3a, 
P3b, P3c and P3d deletionss are indicated by red lines or boxes depending on the size of these regions. 
 

 

To localize the breakpoint regions of the P3a and P3c deletions, we used a novel qPCR 

method that was highly specific owing to unique combinations of primers and probes. This novel 

method allowed us to localize the breakpoints in ampliconic sequences, something that is not feasible 

with STS deletion screening. The fact that we were able to amplify the breakpoint in the three men 

with P3c deletions demonstrates the reliability of this new method, which may be useful for future 

studies in ampliconic regions.   

We found single instances of P3a and P3b deletions, while we identified the P3c and P3d 

deletion in three unrelated men. Haplotype analysis showed that the men with a P3a and P3b deletion 

resided in Y-chromosomal haplotype branch G whereas all men with a P3c deletion were in branch 

I1*, while all men with a P3d deletion resided in branch E1a*. The P3c deletion was of relatively recent 

origin as no variation in the microsatellite markers was found in the men with the P3c deletion despite 

the fact that they had distinct family names and thus were not closely related. In contrast, the men 

with a P3d deletion showed considerable microsatellite variation, indicating that this deletion is not of 

recent origin. In addition, we found that all men with a P3d deletion , as well as one man from our 

cohort without the deletion, had a slightly different YAP insert. Thus, we have identified three novel 
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sub branches of the Y-chromosome haplotype tree: a sub branch of I1* that contains the P3c deletion, 

a sub branch of branch E1a* that contains a YAP insert with a partial duplication (YAPdup) and finally a 

sub branch of branch E1a* that contains both a YAPdup insert and a P3d deletion.  

The increased total sperm count in men with a P3c deletion contrasts sharply with nearly all 

other Y-chromosome deletions which result in decreased total sperm counts (Reijo et al., 1995; Vogt 

et al., 1996; Repping et al., 2002; Repping et al., 2003). Although the P3c deletion was identified in 

just three individuals, which leaves open the possibility that this is merely a chance finding, the total 

sperm count was increased compared to that of men without a deletion.  

What can  the explanation of the increased sperm counts in men with P3c deletions be? In 

theory, men from different Y-chromosomal haplotype branches can have different sperm counts which 

could underlie the increased sperm counts present in men with P3c deletions. However, the 

association of the P3c deletion with increased sperm counts remained when we limited our analysis to 

men solely from branch I1*. Another explanation of the increased sperm counts in men with P3c 

deletions could be, as recently described for drosophila (Lemos et al., 2008), that the altered 

constitution of their AZFc region exerts (via as yet unidentified regulatory elements in this region) a 

significant impact on the expression and/or regulation of autosomal genes. Finally, the P3c deletion 

could affect other genes than the genes that are affected by deletions which are known to negatively 

affect sperm production, such as the gr/gr and AZFc deletions. The gr/gr deletion affects the gene 

copy number of DAZ and BPY2 in the same way as the P3c deletion and therefore these two genes 

are most likely not the genes that resulted in the increased total sperm counts we found in men with 

P3c deletions. Another gene whose copy number was affected by the P3c deletion is RBMY1. 

However, the RBMY gene copy number is affected by the b1/b3 deletion in the same way as via the 

P3c deletion, and the b1/b3 deletion is not associated with increased or decreased sperm counts. In 

this perspective, the only difference between the P3c and other (partial) AZFc deletions that truly 

stands out is the deletion of a single PRY copy in P3c deletions: except for the recurrent b1/b3 and 

the single instances of the P3a and P3b deletion where both PRY copies are deleted, both gene 

copies are not deleted in all other (partial) AZFc deletions. PRY is thought to regulate the apoptosis of 

spermatids and spermatozoa (Stouffs et al., 2004). Thus, the deletion of one PRY gene copy in men 

with a P3c deletion could theoretically result in a decreased rate of apoptosis and therefore an 

increase in the number of spermatids and hence spermatozoa.  

It is important to note that we have identified only three men with a P3c deletion. Although 

their total sperm count was higher than men without P3c deletions, we cannot exclude the possibility 

that this was a chance finding. Future large scale studies should be conducted to identify additional 

men with P3c and P3d deletions and to determine their phenotype, and to investigate the frequency of 

these deletions in branch I1* and branch E1a*. 

 In conclusion, we have found a novel subclass of partial AZFc deletions (P3a, P3b, P3c and 

P3d) that are all the result of NHR. Taken together with previously identified deletions resulting from 

homologous recombination between amplicons, these results demonstrate that the palindromic nature 

of the human Y chromosome renders it highly susceptible to deletions, some of which affect 

spermatogenesis and hence reproductive fitness. 
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Supplementary Table 1b.  Sequence of the novel STS markers used in high resolution deletion screening 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Supplementary Table 2.  Sequence of novel primers used to generate probes for FISH 

Probe  Forward primer sequence Reverse primer sequence 
17920/1 GCCTTTACCCGCTCCTCAACCCTTATTA GGCCTCGGAGCTGAACTCTTTGTTTCTA 
15457/8 TCCCTTAATGGAAGGCATGTGCTCAGTA TCACTGTCTTTCTTCCTATGCCCCACTG 

 

 

Supplementary Table 3.  Primer pairs and universal probe # used for qPCR 

Primer 
set 

Target 
amplicon 

Number of 
copies 
normally 
present 

Forward primer  
sequence 

Reverse primer  
sequence 

Universal 
Probe # 

1 Green  3 AGACTGTGGTCCCCGCTAC TCCACCTCCTGGGTGTAAAG 33 
2 Green  3 CCATTCAACTACCATCCCACA GAAACTCTTCAACACCCTACCC 33 
3 Green  3 GGGCCAAGTCAGAAAAGTCA CAGTGGACATGGGACCATATTA 33 
4 Green  3 CAAGGGTCAATTGATTCTAAAAGAT TGCTTTTGGAGTTTCTCCTGA 33 
5 Green  3 AGCTGCAGTATGGGGAACAT CCCTAACTGCTCCAGCAAAG 33 
6 Green  3 TCATCTCAGTAGCAGGAGCAAT ACAGCACACAGTCTCCAGCA 33 
7 Green 3 ACATTGTCCACAAGAGGCATT GGCACTAACCGAAAAGTCAGA 33 
8 Green  3 CCAAGTCATAGGGGGTGTTG GATATAAGTTTCACAGTCCCACACA 33 
9 Green  3 TCTGGCCCAGCATTTAGGT AATTTGTTCTGTTGTTATGAATCAGG 33 
10 Green  3 TTATTACCCAATCAGCCACAGAC GCCTCCAGATTTTGTTCAGG 33 
11 Green  3 GACAATAGAGGCTTCCCCAAT AAGGACCATCTGGCTTAAAGG 33 
12 Green  3 CCCAGGGGACATTGTGAA TGCAATCAGCGGTATGTCAC 33 
13 Green  3 TCACCAGCATTGTGCTTTTT TTCTAAGCTTCTGTTTGACACCA 33 
14 Green  3 GCCTGTGTTCTAAGTGATGTGTCT CACAGCATCCCACGGTAAG 33 
15 Green  4 GTAGGGTCTGCCTCTGGTTTT GCAAAACATTTCTGTTTCTCTTCA 5 

 

 

 

 

Novel STS Forward primer sequence Reverse primer sequence 
10283/4 ATTGGCATTGGACTCTCACC CTGCAACCAAAGCATAACGA 
10285/6 ACATGTGCGCCTGACAGTAG CAGAAATACACAGCCCAGCA 
10353/4 CAATGCCACACACGCATT CAAGAATGCACAGTCACCTG 
17210/1 GGCATCTGTGGTGATAGCAA GAGGATATGCAGGCAGTCGT 
17212/3 CCATGTTGGTGGCTGTAAGA CTCCCACTATGTGGGCTTTT 
17214/5 GTGCTCAGCTGTGACCCATA TGGGCATTCAAGTTACCTCC 
17216/7 CCCTCCTAGGAATGTGGGTT TCTGACAGCACTGCACCC 
17218/9 AACTGGTGAACACTCCAGGC TCACCACAGCTGGACTCTGA 
17220/1 GAGCAGCCAGAATACCTGTCA TGTCACAGACACCAACAAGAA 
17222/3 TCTCCACAAACTGGGAAACC CTTACCTTGGGCTGCATCG 
12234/5 CAAATACACAGATATGTTGGCGA TGTCTTATTCCAGTTTGCTCCC 
11140/1 GAGTCATACCTGTGGGTGGG CCATTCCCTTTCTGAGGATTT 
11209/10 GTGCCCAATAAGGCCCAG TACAGCAAGAGCATTGGCAT 
11237/8 AGGTTGTCAATGAGCACGAAC CTTAAGGTAAAGTTCCGGGAAAG 
11239/40 GGCTCTCCCCCAACTCTT CACGCATTCTAAGCGATATAGAGA 
11241/2 GGCATGAGCCGATCATCT AAAGGAGACACATGCCACTGTA 
11312/3 CCATCAGTGAGGTACCACCA GGAGGAGTTTTGTGAACCGTTA 
11314/5 TGAGACCAATTGATACGTCCTTTC ACAGACCATCATTCTCCTGCA 
11316/7 TCTAATGCGTCAGCTGTTATTAACA TTTAACTGAGGCCTTATTCGAGG 
11243/4 TGTCATGGATGCAGTATCTCCA GAGCATGCAATCATGCTGATA 
11211/2 TGCCACGCAGAATATTTCA AGCAGGAAGGCCAAAGGATA 
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Supplementary Table 4.  Semen parameters of undeleted men en men affected by the P3 deletions 

Group ID Number  
of men 

Volume 
(ml) 

Concentration 
(106/ml) 

Motility 
(%) 

Morphology 
 (% normal) 

TC 
(106) 

TMC 
(106) 

Undeleted,  
all haplotypes  

843 3.4 ± 1.6 51.1 (15.9-89.4) 30 ± 17.2 35 ± 17.1 153.9 (44.7-287.1) 49.1 (7.0-118.0) 

Undeleted,  
branch I1* 

93 3.4 ± 1.5 53.5 (20.8-95.4) 32 ± 15.3 36 ± 15.5 183.8 (67.8-289.2) 59.0 (13.6-118.9) 

P3a deletion 1 4.0 82.0 39 63 323.9 124.7 
P3b deletion 1 5.1 6.3 6 22 32.0 0.4 
P3c deletion 3 3.7 ± 1.5 115.5 33 ± 9.3 43 ± 11.7 378.8 104.8 
P3d deletion 3 3.2 ± 0.25 53.6 37 ± 19.0 40 ± 17.6 183.9 66.4 
Note: Volume, motility, morphology data are presented as mean ± SD. Concentration, total sperm count (TC) and total motile 
sperm count (TMC) data are presented as median with 25th and 75th percentile. Due to the low numbers of individuals of the 
P3a, P3b, P3c and P3d deletions, the percentile values for all deletions and the SD values for P3a and P3b could not be 
calculated. 
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Abstract 

 

Amplicons – large, nearly identical repeats in direct or inverted orientation – are abundant in the male-

specific region of the human Y chromosome (MSY) and provide numerous targets for 

intrachromosomal homologous recombination.  Thus far, ectopic recombination resulting in interstitial 

deletions, duplications, inversions, or isodicentric chromosomes, has been reported only for amplicon 

pairs located exclusively on either the short arm (Yp) or the long arm (Yq). Here we report our finding 

of four men with Y chromosomes that evidently formed by intrachromosomal homologous 

recombination between inverted repeat pairs composed of one amplicon on Yp and one amplicon on 

Yq. In two men with spermatogenic failure, sister chromatid crossing over between inverted amplions 

resulted in pseudoisochromosome formation and loss of distal Yq including, in one case, the 

azoospermia factor c (AZFc) region. In two other cases, intrachromatid crossing over between 

inverted amplicons generated pericentric inversions. These findings highlight the recombinogenic 

nature of the MSY, as intrachromosomal homologous recombination occurs for nearly all Y-

chromosome amplicon pairs, even those located on opposing chromosome arms. 
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Introduction 

 

The male-specific region of the human Y chromosome (MSY) contains many amplicons – large, 

nearly identical repeats – whose sequence similarity is maintained by gene conversion (Skaletsky et 

al., 2003; Rozen et al., 2003). These long segments of high sequence identity render the Y 

chromosome susceptible to intrachromosomal homologous recombination that can result in interstitial 

deletions, duplications, inversions, or isodicentric chromosomes (Kamp et al., 2000; Sun et al., 2000; 

Blanco et al., 2000; Kuroda-Kawaguchi et al., 2001; Repping et al., 2002; Repping et al., 2003; 

Fernandes et al., 2004; Repping et al., 2004; Repping et al., 2006; Lange et al., 2009). Interstitial Y 

deletions and isodicentric Y chromosomes  are associated with a wide range of sex disorders 

including male infertility, Turner syndrome, and sex reversal. 

Whereas each of the intrachromosomal homologous recombination events reported to date 

involved amplicons located on the same Y-chromosome arm, the Y chromosome also contains two 

sets of inverted repeats (IRs) that are composed of one amplicon on the short arm (Yp) and one 

amplicon on the long arm (Yq), namely IR1 and IR4 (Skaletsky et al., 2003). IR1 is composed of two 

65-kb amplicons that share 99.66% sequence identity whereas IR4 is composed of two 275-kb 

amplicons that share 93.76% sequence identity. Of note, the IR1 repeat on Yq is located within the 

azoospermia factor c (AZFc) region that contains genes essential for spermatogenesis and is almost 

entirely ampliconic. 

We hypothesized that intrachromosomal homologous recombination between amplicons of 

IR1 or of IR4 can generate two types of rearrangements: pseudoisochromosomes and pericentric 

inversions (Figure 1). For example, resolution of a double-strand break (DSB) in the Yq copy of IR1 by 

interchromatid crossing over with the Yp copy would produce a pseudoisoYp chromosome, which 

carries a partial duplication of Yp and a partial deletion of Yq, and a pseudoisoYq chromosome, which 

carries a partial duplication of Yq and partial deletion of Yp. Transmission of the former would likely 

result in male offspring with impaired spermatogenesis due to the removal of multiple genes from the 

AZFc region. 

 

 
 
Figure 1. Mechanisms of pericentric inversion and pseudoisochromosome formation: homologous recombination between 
inverted repeats composed of one amplicon on the short arm (Yp) and one amplicon on the long arm (Yq): Intrachromatid 
crossing over produces a pericentric inversion (top of figure), while crossing over between sister chromatids generates 
pseudoisochromosomes. 
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Alternatively, resolution of a DSB in the Yq copy of IR1 by intrachromatid crossing over with the Yp 

copy would lead to a pericentric inversion. Although pseudoisoY chromosomes and Y-chromosome 

pericentric inversions have been described previously (Jacobs and Ross, 1966; Bernstein et al., 1986; 

Spurdle and Jenkins, 1992), it is unknown if these rearrangements indeed are generated via 

homologous recombination between inverted amplicons. 

Here, we first catalog all variations of IR1 and of IR4 that could potentially be targets for such 

homologous recombination events, as well as the putative resultant pseudoisoY chromosomes and 

pericentric inversions. We then report four  Y chromosomes – two pseudoisoYp chromosomes and 

two with pericentric inversions – that evidently have been formed by homologous recombination 

between amplicons of IR1 or of IR4. Finally, we describe the spermatogenic phenotypes of the two 

men with pseudoisoYp chromosomes. 
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Materials and Methods  

 
Samples 

The men studied originated from sample collections of the Onze Lieve Vrouwe Gasthuis, Amsterdam, 

the Maastricht University Medical Center, the Academic Medical Center in Amsterdam and the 

Whitehead Institute, Cambridge, USA. They were selected based on their karyotype data that 

indicated a pericentric inversion or a pseudoisoYp chromosome. Karyotyping of these men was 

performed as part of either fertility workup or prenatal screening. 

For each patient, at least two semen analyses were performed according to WHO guidelines. 

From each patient genomic DNA was extracted from a venous blood sample.  

 

 

Low resolution STS deletion screening 

All included men were screened for deletions in the AZFc region using plus/minus PCR for the 

following low-resolution STSs: sY142, sY1191, sY1197, sY1201, sY1206 and sY1291 as described 

previously (Kuroda-Kawaguchi et al., 2001; Repping et al., 2004). 

 

 

High resolution STS deletion screening 

WHT5557 was screened for deletions using STSs listed in Table 2. 

 

 

Fluorescence in situ hybridization 

Metaphase and interphase nuclei were hybridized with probes that target the red (18E8), green 

(RP11-0363G06), yellow (79J10) amplicons in the AZFc region, a region proximal to IR1 on Yp 

(17224/17225), a region distal to IR1 on Yp (17228/17229), AMELY (RP11-0199M02), SRY 

(PDP1335), TSPY (RP11-0516H), and the centromere (PDP97DYZ), as previously described (Lange 

et al., 2009) For counting signals in interphase FISH, at least 200 nuclei were scored for each sample 

and set of probes. 
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Results 

 

A catalog of inverted repeat pairs composed of one Yp amplicon and one Yq amplicon 

We closely examined the MSY reference sequence to determine the precise structure of the IR1 and 

IR4 repeats on Yp and on Yq (Skaletsky et al., 2003). On Yp, the IR1 and IR4 amplicons are each 

present in one complete copy. Similarly, on Yq, the IR4 amplicon is present in only one contiguous 

copy. By contrast, the IR1 amplicon on Yq is located within the 3.5-Mb AZFc region, which is 

comprised of five amplicons (blue [four copies b1-b4], turquoise [two copies t1 andt2], green [three 

copies g1-g3], red [four copies r1-r4], gray [two copies g1andg2], yellow [two copies y1and y2]) 

arrayed in direct and inverted orientations (Figure 2) (Kuroda-Kawaguchi et al., 2001). Since IR1 is 

composed of part of the blue amplicon b2 and part of the green amplicon g1, there are four additional 

loci on Yq that contain segments of IR1: in amplicons b3, b4, g2, and g3. (The portion of IR1 found in 

the blue amplicons b2, b3, and b4 is deleted in b1.) We termed these new loci IR1-like-1 (IR1L1) 

through IR1L4 based upon their position in the MSY reference sequence (Figure 2 and Table 1). 

 

Table 1. Catalog of possible homologous recombination events involving IR4 or IR1/IR1Ls on Yp and Yq. 

Parental structure of 
IR3 

Parental structure of AZFc Yp target Yq target Size (kb) Sequence identity (%) 

Reference Reference IR4 IR4 275 93.76 
IR1 IR1 65 99.66 
IR1 IR1L2 35 99.61 
IR1 IR1L4 30 99.73 

Reference gr/rg inversion IR4 IR4 275 93.76 
  IR1 IR1 65 99.61 
  IR1 IR1L1 30 99.73 
  IR1 IR1L4 30 99.73 
Reference b2/b3 inversion IR4 IR4 275 93.76 
  IR1 IR1L1 30 99.73 
  IR1 IR1L2 35 99.61 
  IR1 IR1L4 30 99.73 
IR3/IR3 inversion Reference IR1 IR1L1 30 99.73 
  IR1 IR1L3 35 99.61 
IR3/IR3 inversion gr/rg inversion IR1 IR1L2 35 99.61 
  IR1 IR1L3 35 99.61 
IR3/IR3 inversion b2/b3 inversion IR1 IR1 65 99.66 
  IR1 IR1L3 35 99.61 

 

 

The IR1 and IR4 amplicons on Yp and all IR1 amplicons on Yq are located in regions known 

to be subject to large-scale inversion. On Yp, a 3.6-Mb region containing the IR1 and IR4 amplicons 

and bounded by the IR3 inverted repeats has been inverted repeatedly during human history(Page, 

1986; Affara et al., 1986; Jobling et al., 1998; Tilford et al., 2001; Skaletsky et al., 2003; Repping et 

al., 2006). On Yq, the orientations of segments that contain IR1, or any of the IR1Ls, can be 

polymorphic due to the frequently occurring gr/rg and b2/b3 inversions, and the palindrome 1 (P1) 

inversion (Repping et al., 2003; Fernandes et al., 2004; Repping et al., 2004) (Figure 2B, C). Thus, 

additional inverted repeat pairs potentially exist among extant human Y chromosomes. Taking these 

relatively common inversions into account, we find eighteen inverted repeat pairs as putative 
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substrates for the proposed model of inter-arm homologous recombination (Figure 1, Table 1). For 

each of these eighteen pairs, sister chromatid crossing over would generate either a pseudoisoYp 

chromosome or a pseudoisoYq chromosome while intrachromatid crossing over would produce a 

pericentric inversion. Thus, homologous recombination between IR1 or IR4 copies could produce a 

total of 50 MSY structures that are distinct from the reference sequence (see Suppl. Note 1). 

 

 

Figure 2. Possible location and orientation of inverted repeats IR1 and IR4 in the human Y chromosome. (A) Inverted repeats 
IR1-4, each composed of one amplicon on Yp and one amplicon on Yq, are indicated as well as IR3 from which both copies are 
located on Yp. Furthermore the probe positions used for FISH are indicated. Blocks of  heterochromatin are shown in orange. 
(B, C) IR combinations that can result in pericentric inversions or pseudoisochromosomes are indicated in black whereas the 
ones that do not are indicated in red. B1 represents reference sequence Yp and Yq, B2 represents reference sequence Yp and 
Yq with gr/rg inversion, B3 represents reference sequence Yp and Yq with b2/b3 inversion. C1 represents Yp with IR3 inversion 
and reference sequence Yq, C2 represents Yp with IR3 inversion and Yp with gr/rg inversion, C3 represents Yp with IR3 
inversion and Yq with b2/b3 inversion. See table 1 for sizes and sequence similarity between the various targets. 
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Patients 

We identified from our sample collections two men, namely WHT5557 and AMC1574 that on the basis 

of karyotyping had pseudoiso Yp chromosomes and two men that had pericentric inverted Y 

chromosomes, namely AMC0972 and AMC0973. We performed plus/minus PCR assays and FISH to 

determine which homologues recombination event generated these chromosomes. 

 

 

PseudoisoYp chromosomes 

We had previously localized, in case WHT5557, a single breakpoint in the IR4 amplicon on Yq 

bounded by STSs sY1279 and sY1278 (Lange et al., 2009) (Figure 3). We used high-resolution 

breakpoint mapping to further delineate the breakpoint region in this case. Making use of the 

sequence divergence between IR4 on Yq and IR4 on Yp we designed  plus/minus STS assays 

specific to the Yq repeat unit (Lange et al., 2008), and we precisely localized the breakpoint to an 

800-bp interval (Table 2).  

We then designed a primer pair for junction amplification by PCR, with one primer immediately 

proximal to the Yq breakpoint interval and a second primer immediately distal to the homologous 

interval on Yp. This primer pair amplified a product in WHT5557 but not in control individuals. 

Sequencing of the junction product confirmed the expected sequences to each side of a 155-bp 

segment of perfect homology to be those of Yp and Yq (Figure 4). 

 

 
 
Figure 3. Location of the breakpoints in the two men with pseudoisochromosomes. (A) Schematic representation of the human 
Y chromosome, with the STS positions used. (B) STS results for WHT5557 and AMC1574. Black indicates presence of region 
whereas grey indicates the region where the deletion occurred. See Table 2 for high-resolution STS markers used to detect the 
breakpoint in WHT5557. 
 

 

In AMC1574, STS mapping revealed a single breakpoint in the distal arm of palindrome P1 

distal to sY1206 (Table 2, Figure 3). Given the multi-copy nature and high sequence similarity of IR1 

on Yq, high-resolution breakpoint mapping was not feasible for this case. Instead, we performed 

single-color and two-color FISH experiments on metaphase spreads to assay the copy number and 

arrangement of several loci on Yp and Yq. Single-color FISH demonstrated that the green, yellow, 

and red amplicons from the AZFc region were located on Yq only, whereas FISH probe 17228/17229, 

located distal to the Yp copy of IR1, and RP11-0516H08 targeting TSPY, were present only on Yp 

(Figure 5). However, FISH probes 17224/17225, located proximal to the Yp copy of IR1, and RP11- 
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Table 2. STSs used to detect breakpoints in the cases with pseudoisoY chromosomes. STSs are ordered from 
centromere to telomere on Yq.  For the locations of sY1279 and sY1278, see Figure 4. 
 

STS GenBank 
 Accession Number 

Results for 
WHT5557 

Results for 
AMC1574 

sY1279 G75505 + + 
sY3014 BV703881 + ND 
sY3015 BV703882 + ND 
sY3016 BV703883 + ND 
sY3017 BV703884 + ND 
sY3225 BV704090 + ND 
sY3228 BV704093 + ND 
sY3223 BV704088 - ND 
sY3226 BV704091 - ND 
sY3222 BV704087 - ND 
sY3227 BV704092 - ND 
sY3224 BV704089 - ND 
sY1214 BV703581 - + 
sY1213 G75482 - + 
sY1211 G75481 - + 
sY1212 BV703580 - + 
sY142 G38345 - + 
sY1197 G67168  - + 
sY1191 G73809  - + 
sY1291 G72340  - + 
sY1206 G67171  - + 
sY1201 G67170  - - 
sY1278 G75504 - - 
 

 
 

 
Figure 4. Junction sequence of WHT5557. (A, B) Sequence of the junction product of WHT5557 of a 153-bp segment of 
perfect homology marked by unique sequences from Yq on one side and from Yp on the other side.  
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0199M02 targeting AMELY, were present on both Yp and Yq. Two-color FISH showed that SRY was 

present on Yp and on Yq and that a single centromere was located between these two copies of SRY 

(Figure 5). In sum, these results indicate that the pseudoYp isochromosome in AMC1574 was formed 

due to a recombination event between the IR1 amplicon on Yp and the IR1L4 amplicon on Yq. 

 

Y-chromosome pericentric inversions 

For AMC0972, single-color FISH on metaphase spreads demonstrated that copies of the green, 

yellow, and red amplicons of the AZFc region were present on Yp and on Yq. Further, whereas RP11-

0199M02 and 17224/17225 were present on Yp, RP11-0516H08 and 17228/9 were located on Yq 

(Figure 5). Two-color FISH showed a green-red-green amplicon organization on Yp and a green-red 

amplicon organization on Yq (Figure 5). These results indicate that the pericentric inversion in 

AMC0972 is the result of two homologous recombination events: a gr/rg inversion on Yq which was 

followed by an inversion for which IR1 on Yp and IR1L1 on Yq were the targets. 

For AMC0973, single-color FISH showed that green, yellow and red amplicons were present 

on Yp and Yq and two color FISH showed a green-red amplicon organization on Yp and a green-red-

green amplicon organization on Yq (Figure 5). Unfortunately, insufficient cells were available for 

additional FISH experiments for this patient. These results indicate that the pericentric inversion in 

AMC0973 is most likely the result of homologous recombination between IR1 on Yp and IR1L2 on Yq 

 

 

Spermatogenic phenotype 

Whereas pericentric inversions do not result in loss of genomic content and thus should not influence 

spermatogenesis, recombination events that result in pseudoisoYp chromosomes can lead to loss of 

genes that are involved in spermatogenesis or to loss of the second pseudoautosomal region (PAR2), 

which might affect chromosome pairing during meiosis and thereby also impair spermatogenesis. 

Indeed, both men with pseudoisoYp chromosomes were phenotypically normal but had reduced 

semen quality: WHT5557 and AMC1574 were diagnosed with azoospermia and severe 

oligozoospermia, respectively. In contrast, both men with pericentric inversions, i.e. AMC0972 and 

AMC0973, were both phenotypically normal men with normozoospermia, as expected. 

. 
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Figure 5. FISH results. N.D. stands for not done.  
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Discussion 

 

We have demonstrated that intrachromosomal homologous recombination between two sets of 

inverted amplicons with copies on both the short and long arm of the Y chromosome, namely IR1, 

IR1Ls and IR4, can generate pericentric inversions and pseudoisoY chromosomes.  

Both men with pericentric inversions had normal spermatogenesis according to WHO criteria 

which was to be expected as no genomic content is removed by the pericentric inversion. The two 

men with pseudoisoYp chromosomes on the other hand had severe oligozoospermia and 

azoospermia and lacked a significant part of their Y chromosomes, namely the PAR2 region, a region 

that recombines with the X-chromosome during meiosis. The absence of this region could hamper 

proper chromosome segregation during meiosis and thereby spermatogenesis. In addition, one man 

also lacked the entire AZFc region, a region essential for normal sperm production (Kuroda-

Kawaguchi et al., 2001).  

From a total of 50 predicted potential intrachromosomal homologous recombination events, 

we identified four: two pericentric inversions and two pseudoiso Yp chromosomes.  FISH indicated 

that one pericentric inversion occurred on a Y chromosome with the reference organization on Yp and 

a gr/rg inversion on Yq. The other pericentric inversion most likely occurred on a Y chromosome with 

the reference organization on Yp and Yq. It is currently unknown which factors determine the 

occurrence rate for such intrachromosomal recombinations although it has been speculated that the 

size of the amplicons, their overall sequence identity and their distance affect the frequency of 

occurrence (Repping et al., 2002).   

Most likely all the Y chromosomes with pericentric inversions and the pseudoisoY 

chromosomes we have predicted exist in the human population. Since Y-chromosome pericentric 

inversions do not influence spermatogenesis or other phenotypes, identifying Y chromosomes with 

such inversions is rather a process of chance. PseudoisoYp chromosomes are expected to result in 

impaired spermatogenesis and thus these chromosomes should be identified during karyotype 

analysis as part of fertility work-up. The fact that our sample collection did not contain additional men 

with pseudoisoYp chromosomes is most likely due to the low prevalence of pseudoisoYp 

chromosomes in the population. This low prevalence is in turn caused by the poor reproductive 

capacity of men carrying a pseudoisoYp chromosome. An individual carrying a pseudoisoYq 

chromosome is expected to be phenotypically a female since SRY is absent, and may present with 

Turner syndrome stigmata. Since our sample collection only contained males , we did not identify any 

pseudoisoYq chromosomes. 

 In conclusion, we have found that in addition to generating Y chromosomes carrying 

deletions, duplications, inversions and isodicentric Y chromosomes, intrachromosomal homologous 

recombination can generate Y chromosomes with pericentric inversions and pseudoisoY 

chromosomes. The catalogue of all possible MSY structures resulting from homologous 

recombination between IR1 or IR4 copies as well as the methods used to detect them presented in 

this paper should facilitate the molecular classification of all Y chromosomes with pericentric 

inversions and pseudoiso Y chromosomes. 
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Supplementary info 

 

Supplemental Note 1. The 50 possible structures resulting from homologous recombination between IR1 or IR4 repeats 
on opposing arms of the Y chromosome: 
 
Reference Y chromosome structure  (A1) resulting in pericentric inversions (A1.1-A1.4) 
Reference Y chromosome structure (A2) resulting in pseudoisoYp chromosomes (A2.1-A2.4) 
Reference Y chromosome structure (A3) resulting in pseudoisoYq chromosomes (A3.1-A3.4) 
Y chromosome with gr/rg inversion (B1) resulting in pericentric inversions (B1.1-B1.4) 
Y chromosome with gr/rg inversion (B2) resulting in pseudoisoYp chromosomes (B2.1-B2.4) 
Y chromosome with gr/rg inversion (B3) resulting in pseudoisoYq chromosomes (B3.1-B3.4) 
Y chromosome with b2/b3 inversion (C1) resulting in pericentric inversions (C1.1-C1.4) 
Y chromosome with b2/b3 inversion (C2) resulting in pseudoisoYp chromosomes (C2.1-C2.4) 
Y chromosome with b2/b3 inversion (C3) resulting in pseudoisoYq chromosomes (C3.1-C3.4) 
Y chromosome with IR3/IR3 inversion (D1) resulting in pericentric inversions (D1.1-D1.2) 
Y chromosome with IR3/IR3 inversion (D2) resulting in pseudoisoYp chromosomes (D2.1-D2.2) 
Y chromosome with IR3/IR3 inversion (D3) resulting in pseudoisoYq chromosomes (D3.1-D3.2) 
Y chromosome with IR3/IR3 and gr/rg inversion (E1) resulting in pericentric inversions (E1.1-E1.2) 
Y chromosome with IR3/IR3 and gr/rg inversion (E2) resulting in pseudoisoYp chromosomes (E2.1-E2.2) 
Y chromosome with IR3/IR3 and gr/rg inversion (E3) resulting in pseudoisoYq chromosomes (E3.1-E3.2) 
Y chromosome with IR3/IR3 and b2/b3 inversion (F1) resulting in pericentric inversions (F1.1-F1.2) 
Y chromosome with IR3/IR3 and b2/b3 inversion (F2) resulting in pseudoisoYp chromosomes (F2.1-F2.2) 
Y chromosome with IR3/IR3 and b2/b3 inversion (F3) resulting in pseudoisoYq chromosomes (F3.1-F3.2) 
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Summary 

 

Over de last decades the Y chromosome has been studied extensively to identify genetic 

abnormalities that affect spermatogenesis and as a result, male fertility. In 1976, large deletions of the 

long arm of the Y chromosome (Yq) were first identified, in 1996 followed by the report of three non-

overlapping regions that could be deleted in men with spermatogenic failure and that were termed 

AZFa, AZFb and AZFc (Tiepolo and Zuffardi, 1976; Vogt et al., 1996). With the use of sequence 

tagged site (STS) PCR and Fluorescence in situ Hybridization (FISH), additional deletions of the Y 

chromosome were identified between 2002 and 2004, namely the b1/b3, b2/b3, gr/gr, P5/proximal-P1 

and the P5/distal-P1 deletion (Fernandes et al., 2002; Repping et al., 2002; Repping et al., 2003; 

Fernandes et al., 2004; Repping et al., 2004). Of these five deletions, the latter two result in 

spermatogenic failure, whereas the gr/gr deletion is a risk factor for spermatogenic failure and the 

b1/b3 and b2/b3 deletion do not affect spermatogenesis (Repping et al., 2002; Fernandes et al., 2004; 

Repping et al., 2004; Visser et al., 2009). Nearly all deletions are the result of homologous 

recombination between amplicons (Kamp et al., 2000; Sun et al., 2000; Blanco et al., 2000; 

Fernandes et al., 2002; Repping et al., 2002; Silber and Repping, 2002; Repping et al., 2003; 

Fernandes et al., 2004; Simoni et al., 2004; Repping et al., 2004; Ferlin et al., 2005; Lepretre et al., 

2005; Lynch et al., 2005; Hucklenbroich et al., 2005; Repping et al., 2006; Ferlin et al., 2007).  

In this thesis, we investigated the effect of intragenic variation of the DAZ genes, (partial) 

duplications of the AZFc region, gene copy number variations of the AZFc region, deletions within the 

AZFc region caused by non-homologous recombination, pericentric inversions of the Y chromosome, 

and pseudo iso-Y chromosomes on spermatogenesis.  

In this thesis, we aimed at identifying additional Y-chromosome aberrations that are causative 

in male infertility. To do so, we used rigorously defined inclusion criteria, designed specific STSs for 

plus-minus PCR, designed a novel qPCR method and did not use sequence nucleotide variant (SNV) 

analysis to avoid incorrect interpretations due to the repetitive nature of the Y chromosome. The 

importance and significance of these criteria and molecular techniques are described below. 

 

Inclusion criteria: patient and control definition 

In association studies, rigorously defined inclusion criteria are essential so that patients and controls 

are identical with the exception of the phenotype of interest. Therefore, we used patient and control 

groups that were categorized solely by their semen quality. Unfortunately, many published studies in 

the field of spermatogenic failure fail to do so (Visser and Repping, 2010). Patient groups in these 

case-control studies do not always consist of men with impaired semen quality, but of men that are 

part of an infertile couple regardless of their semen quality. In addition, control groups often consist of 

proven fathers, men that had previously undergone a vasectomy, or population samples, all of 

unknown semen quality. The problem here is that a proven fertility status of a man does not per se 

equal normal semen quality, nor can subfertility automatically be associated with low(er) semen 

quality: the fertility status of a couple is based on both male and female factors. Currently, patients 

and controls are categorized on the basis of the WHO criteria for normozoospermia (World Health 
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Organization, 1999). Using these criteria, men with sperm concentrations <20x106/ml are classified as 

“patients” and men with concentrations >20 x106/ml, in the presence of normal motility and 

morphology, are classified as “controls”. This dichotomy does not take into account the wide range of 

semen quality among men, which is best visualized by their total sperm count that can range from 

zero to over one billion spermatozoa in the entire ejaculate.  

In addition, it is of great importance to include both patients and controls from the same 

geographical region so that the genetic background of both groups is in principal the same. This holds 

true especially for studies involving the Y chromosome, as it well known that the distribution of Y 

chromosome haplotypes varies tremendously across the world (Jobling and Tyler-Smith, 2003).  

We therefore used an alternative method for the patient-control design based on the WHO 

criteria (World Health Organization, 1999), namely a cohort-based approach where we considered 

spermatogenesis to be a quantitative trait like –for instance– cholesterol levels, blood pressure and 

osteoporosis. This cohort-based approach ruled out any form of population stratification as semen 

parameters of men with Y-chromosomal variants are compared to men without these variants from 

the same cohort/population.  

 

 

Sequence tagged sites 

Most studies use STSs for a rapid screen for Y-chromosomal deletions but many of these STSs were 

designed prior to the publication of the MSY sequence (Skaletsky et al., 2003). This can lead to 

incorrect interpretations due to the repetitive complexity of the ampliconic sequences where most of 

these markers are located.  

A classic example is the illusive AZFd region. This ‘region between AZFb and AZFc’ or 

‘proximal part of AZFc’ was first described in 1999 and later screened for by others (Kent-First et al., 

1999; Muslumanoglu et al., 2005). With current knowledge on the sequence of the MSY, it is clear 

that the so called AZFd specific and single-locus STSs sY145 and sY153 are in fact multi-locus STSs 

that even have copies at the distal part of the AZFc region (Noordam et al., 2006). Another example 

of such a misinterpretation is the 1.5 Mb overlap of the P5/proximal-P1 region with the AZFc region 

that went undetected until 2002 (Vogt et al., 1996; Repping et al., 2002).  

We therefore designed specific STS using the MSY sequence as a guide to determine 

breakpoints in men carrying chromosomes with deletions caused by non-homologous recombination 

(chapter 6) or pseudo iso-Y chromosomes (chapter 7). 
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qPCR 

To screen for (partial) deletions and duplications of the AZFc region, we designed a novel qPCR 

method. This method allowed us to determine the actual copy numbers of specific amplicons. As a 

result, we could rapidly and with high accuracy, locate breakpoint regions or determine which regions 

of the AZFc region were duplicated. Via breakpoint analysis or FISH conformation, the reliability of 

this novel qPCR method was demonstrated (chapters 4, 5 and 6). 

 

 

Sequence nucleotide variants  

One of the techniques that has been used in the past for the detection and characterization of (partial) 

AZFc deletions is the detection of sequence nucleotide variants (SNV) (Fernandes et al., 2002; 

Machev et al., 2004; Fernandes et al., 2004). Most SNVs of the AZFc region are based on variations 

within the DAZ genes that were initially described based on a few different DAZ copies of a few men 

(Saxena et al., 2000). With the absence of some SNVs, some researchers claim the absence of 

specific DAZ genes and thus the existence of a specific partial AZFc deletion such as the gr/gr or the 

b2/b3 deletion. Similarly, SNVs of other parts of the AZFc region, including the green and yellow 

amplicons, are also used to search for partial deletions. The SNVs of the AZFc region can however be 

polymorphic due to Y-Y gene conversion, and therefore the absence of an SNV does not stand for the 

absence of a specific DAZ gene or amplicon but merely for the absence of that specific SNV (Rozen 

et al., 2003; Lepretre et al., 2005). Therefore, we did not use SNVs for identification of (partial) 

deletions in the AZFc region.  
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In summary, this thesis describes the following findings 

 

Chapter 2 reviews the anatomy of the human Y chromosome prior to the start of this thesis.  

Most knowledge of the chromosomal makeup of the human Y chromosome and its effect on 

spermatogenesis has been obtained via deletion analyses and analyses of associations between Y 

chromosomal makeups and semen parameters. Through this research we know that AZFa, 

P5/proximal-P1 and P5/distal-P1 deletions result in azoospermia and the AZFc deletion in 

azoospermia or oligozoospermia, whereas the gr/gr deletion is a risk factor for spermatogenic failure. 

The b1/b3 and b2/b3 deletions do not appear to affect spermatogenesis. We also discuss SNV and 

STS analyses including their pitfalls when interpreting results of these analyses and finally, we 

propose future research topics. 

 

Chapter 3 reports DAZ gene variation and semen quality.  

In this study, we screened for intragenic variations of DAZ in 47 different Y haplotypes and in men 

with partial AZFc deletions. For this study we used DNA samples reported in earlier studies (Repping 

et al., 2003; Repping et al., 2004; Repping et al., 2006) and samples of men that attended the Center 

for Reproductive Medicine of the Academic Medical Center as part of an infertile couple and in whom 

it was established that they carried a gr/gr or a b2/b3 deletion. We found that the DAZ Y repeat is the 

most variable structural element of DAZ varying between zero and fourteen copies. In addition, we 

found significant structural variation in the number of the DAZ EX repeats and limited variation in the 

number of RNA recognition motives (RRMs). In patients with partial deletions of AZFc none of these 

identified variations were associated with a spermatogenic phenotype. 

 

Chapter 4 investigates (partial) duplications of the AZFc region. 

In a cohort of 845 men with various spermatogenic phenotypes we screened for (partial) duplications 

of the AZFc region. We excluded men with known clinical causes of spermatogenic failure, i.e. 

retrograde ejaculation, obstructive azoospermia, hyperprolactinemia, hypogonadotrophic 

hypogonadism, previous chemo- or radiotherapy, bilateral cryptorchidism, surgery of the vas 

deferens, orchitis, and bilateral orchidectomy. Men were also excluded if molecular diagnostics 

identified an AZFa, P5/proximal-P1, P5/distal-P1, AZFc, b1/3, b2/b3, gr/gr deletion or numerical or 

structural chromosome abnormalities. We identified 34 men that carried (partial) duplications of the 

AZFc region. In contrast to other studies that were performed on (partial) duplications of the AZFc 

region, we were able to distinguish duplications that lead to six or eight DAZ genes, to four, five, six or 

eight BPY2 genes and to three or four CDY1 genes. Increased DAZ gene copy number was 

significantly associated with decreased semen quality. More precisely, men with eight DAZ genes had 

a significantly reduced total motile sperm count as compared to men with four DAZ genes (2x106 vs 

50x106, p=0.017). Taking together with previously described reduced semen quality in men with 

(partial) AZFc deletions, these data suggest that variation in AZFc gene copy number is limited due to 

reduced reproductive fitness of men with too few or too many DAZ genes.  
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Chapter 5 studied gene copy number reduction in the AZFc region and semen quality. 

In a cohort of 840 men with various spermatogenic phenotypes we screened for (partial) deletions 

using STS PCR. We excluded men with known causes of spermatogenic failure according to the 

same clinical criteria as listed in chapter 4. Men were also excluded if molecular diagnostics identified 

an AZFa, P5/proximal-P1, P5/distal-P1, AZFc  deletion, numerical or structural chromosome 

abnormalities or (partial) AZFc duplications in the absence of an STS deletion that were identified in 

chapter 4. We identified 31 men that carried Y chromosomes with (partial) deletions of the AZFc 

region. We then determined the copy number of DAZ, BPY2 and CDY/CSPG4LY/GOLGA2LY using 

qPCR. Of these 31 men, six men carried Y chromosomes that underwent additional duplications of 

the (initial) partial deleted AZFc region. A reduction in copy numbers of DAZ or 

CDY1/CSPG4LY/GOLGA2LY displayed a significantly reduced TMC. In contrast, not every gene copy 

number reduction of BPY2 was associated with a reduced TMC. We therefore hypothesize that either 

DAZ or CDY1/CSPG4LY/GOLGA2LY affects spermatogenesis in a dose sensitive relationship. This 

would imply that duplications of partial deleted AZFc regions that restore AZFc gene copy number 

should restore spermatogenesis to normal levels. We examined the semen qualities of men that 

carried such deleted/duplicated chromosomes and found their semen quality to be indeed equal to 

that of men carrying the reference gene copy numbers. This finding strengthened our hypothesis that 

gene copy number of the AZFc region affects semen quality and hence reproductive fitness. 

 

Chapter 6 focuses on deletions in the AZFc region caused by non-homologous recombination. 

For this study, we set out to identify deletions in the AZFc region caused by non-homologous 

recombination between palindromes. We screened 1,237 men that originated from a previous study 

(Repping et al., 2003)  or from a consecutive cohort of men that attended the Center for Reproductive 

Medicine of the Academic Medical Center as part of an infertile couple. We identified eight unrelated 

men with such deletions. These deletions all removed the proximal part of AZFc encompassing 

palindrome P3 and we categorized these deletions into four distinct classes which we termed P3a, 

P3b, P3c and P3d. The P3a and P3b deletion were found in single instances, while the P3c and P3d 

deletion were both found in three unrelated men. The P3c and P3d deleted chromosomes both 

occurred specifically in a single Y-chromosomal haplotype branch (branch I1* for P3c and branch 

E1a* for P3d). Unexpectedly, the three men with a P3c deletion had a significantly higher total sperm 

count than men without a deletion, even though they lacked seven testis-specific genes from the 

AZFc region. This result contradicts with all previous findings that demonstrated that a reduction in 

AZFc genes results in reduced semen quality. However, P3c stands out from other (partial) AZFc 

deletions by a deletion of a single copy of PRY. Since PRY is thought to regulate apoptosis of 

spermatids and spermatozoa, the deletion of one PRY gene copy in men with a P3c deletion could 

theoretically result in a decreased rate of apoptosis and therefore to an increase in the number of 

spermatids and thus, spermatozoa. 

Taken together with previously identified deletions resulting from homologous recombination 

between amplicons, our findings demonstrate that the palindromic nature of the human Y 
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chromosome renders it highly susceptible for deletions, some of which affect spermatogenesis and 

hence reproductive fitness. 

 

Chapter 7 describes intrachromosomal homologous recombination between inverted amplicons on 

opposing Y chromosome arms. 

Here, we report four novel cases of intrachromosomal homologous recombination events involving 

inverted amplicons of the Y chromosome of which one copy is located on the short arm (Yp) and the 

other on the long arm (Yq). The men studied originated from sample collections of the Academic 

Medical Center, Onze Lieve Vrouwe Gasthuis, Maastricht University Medical Center, and the 

Whitehead Institute. They were selected based on a karyotype analysis that was performed as part of 

a fertility workup or parental screening as a follow-up of abnormalities detected during prenatal 

screening and that indicated the presence of a pericentric inversion or a pseudo isoYp chromosome. 

In two men, the intrachromatid crossing over between inverted amplicons on opposing arms 

generated pericentromeric inversions. Both men had normozoospermia. In two other men, the 

crossing over resulted in pseudoisochromosome formation, loss of long arm heterochromatin, loss of 

the 2nd pseudoautosomal region (PAR2) and, in one of these two men, loss of the AZFc region. The 

latter two men had oligozoospermia and azoospermia, respectively. These findings highlight the 

intrinsic tendency of the human Y chromosome towards recombination, as intrachromosomal 

homologous recombination occurs for all amplicons on the Y chromosome, even if these amplicon 

copies are located on opposing arms. 

 

 

Future implications 

Our results provide evidence that DAZ gene copy number has a significant effect on semen quality 

and thus reproductive fitness. This effect of DAZ on spermatogenesis was noticed previously in 

DAZL-knockout mice and in studies where human DAZ rescued spermatogenesis in the mouse 

DAZL-knockout and the degree of rescue was determined by the number of human DAZ copies that 

integrated into the mouse genome (Ruggiu et al., 1997; Slee et al., 1999). This suggests that DAZ by 

itself could restore spermatogenesis in AZFc deleted men with severely impaired spermatogenesis. 

This will be difficult to assay in humans as currently there are no culture systems that allow complete 

in vitro human spermatogenesis. Recently, our group established an in vitro culture system that allows 

the propagation of human spermatogonial stem cells (SSCs) (Sadri-Ardekani et al., 2009). As DAZ is 

known to be expressed in human spermatogonia,  this culture system will allow the study of the 

function of DAZ in human spermatogonia either by establishing SSC culture from men with AZFc 

deletions or by specifically blocking DAZ expression in SSC culture using shRNA (Menke et al., 

1997). In addition, if indeed DAZ has a function in spermatogonia, the potential rescue capability of 

specific DAZ genes could be studied in SSC cultures of AZFc deleted men. Ultimately, if these 

experiments have positive results, spermatogenic failure caused by an AZFc deletion could be 

rescued by introducing specific DAZ transcripts in isolated spermatogonia followed by 
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autotransplantation of these spermatogonia to restore or increase spermatogenesis thereby omitting 

the need for TESE and ICSI procedures in men with AZFc deletions. 

Future studies on male infertility should also focus on the X chromosome as, similar to the Y 

chromosome, this chromosome is only present in single copy in males and studies in mice have 

suggested that it contains multiple testis specific genes (Wang et al., 2001). Similar to the Y 

chromosome, the human X chromosome contains repetitive regions, but it contains significantly more 

genes than the Y chromosome, namely 2,000 (Ross et al., 2005). Of these genes, roughly 10% are 

associated with cancer/testis (CT). These CT genes of the X chromosome account for roughly 90% of 

the total CT genes of the human genome. Interestingly, these CT genes are expressed in the testis of 

healthy men and are hypothesized to influence the reproductive fitness of men (Chomez et al., 2001; 

Ross et al., 2005). They may therefore be potential genes that can influence spermatogenesis by 

gene copy number as well.  

 

 

Conclusion 

This thesis describes the presence and phenotypic effect of variations that can occur within the AZFc 

region of the Y chromosome.  

We elucidated the intragenic variation of DAZ ,identified duplications of the AZFc region, 

deletions in the AZFc region that occurred via non-homologous recombination, large scale inversions 

on the Y chromosome, pseudo iso-Yp chromosomes, and established their associated spermatogenic 

phenotypes. 

 The results described in this thesis have one important implication for clinical practice. In 

addition to screening men with spermatogenic failure for deletions of the AZFc region, we now advise 

to also screen for duplications of AZFc that lead to eight DAZ genes as these clearly result in 

spermatogenic failure. The novel qPCR method described in this thesis should allow rapid screening 

for such duplications.  

We found that it is not the intragenic variation of DAZ, but its copy number that affects 

spermatogenesis. This is best visualized by our finding that men carrying Y chromosomes with gr/gr 

deletions followed by a duplication did not have different semen qualities as men with Y 

chromosomes that had no deletion of (part of) AZFc. The fact that DAZ gene copy number and not 

the intragenic variation of DAZ affects semen quality could be due to its position within AZFc. In 

contrast to all other AZFc genes, DAZ genes are located in such positions that their copy number is 

affected by every homologous recombination that can occur within the AZFc region. Thus, it is the 

DAZ gene copy number that controls reproductive fitness and thereby safeguards the stability of the 

AZFc region on the rapidly evolving human Y chromosome. In light of the absence of meiotic 

recombination on the Y chromosome since its divergence from the X chromosome 166 million years 

ago and the subsequent massive gene loss on the Y chromosome, the human Y chromosome has 

been portrayed as a decaying chromosome (Stern, 1957; Warren et al., 2008; Veyrunes et al., 2008; 

Visser et al., 2009). Indeed, as also shown in this thesis, modern day Y chromosomes show 

significant structural variability suggesting rapid and continuous structural rearrangements. Critical  
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Figure 1. Schematic diagram of the human Y chromosome. The centromere (Cen)separates the short arm (Yp) from the long  
arm (Yq). The male-specific part of the Y(MSY) is flanked by two pseudoautosomal regions (PAR1 and PAR2) that undergo 
pairing and exchange with the X chromosome. The long arm (Yq) of the chromosome contains a large block of heterochromatin 
(Het) that is known to vary in size between men. Euchromatic ampliconic sequences are indicated in blue. The position and 
size of recurrent Y chromosome deletions are shown as black bars. The position and size of recurrent Y chromosome 
duplications are shown as red bars. Asterisks indicate that the deletion or deletion can only occur in an inverted variant of the 
AZFc region; the location of the deletions and duplications is depicted here in relation to the reference sequence. 
 

 

regions of the Y chromosome, such as the AZFc region, have however remained relatively stable over 

millions of years. 

Clinically our aim was to identify additional Y-chromosome aberrations that cause male 

infertility. Indeed, we have discovered that duplications of AZFc that result into in a Y chromosome 

with eight DAZ genes are a risk factor for spermatogenic failure. Furthermore, we have found that 

gr/gr deletions with a subsequent duplication do not affect semen quality. As such we advise that 

AZFc duplications should be included in the counseling of subfertile couples as a potential cause of 

male infertility and that gr/gr deletion screening must include DAZ gene copy number analysis to 

detect subsequent duplications. It is of note that although Y-chromosome deletion screening has been 

performed as a routine practice for many years, there is still an ongoing debate on the usefulness of 

this screening. This is due to the low frequency at which these aberrations are normally found –less 

than 10% of men with azoo- or severe oligozoospermia have a Y-chromosome aberration–, to the 

absence of a clear cut clinical consequence –almost all couples of which the male partner has been 
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diagnosed with a Y-chromosome aberration proceed with ICSI–, and to the costs of screening. The 

findings in the current thesis do not defer from this. 

  

Our current results together with previous described reduced semen quality in men with (partial) AZFc 

deletions suggest that this stability is due to a direct relationship with sperm production and hence 

reproductive fitness: The Y chromosome is here to stay!  
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Samenvatting 

 

Het Y chromosoom is gedurende de laatste tientallen jaren intensief bestudeerd om genetische 

afwijkingen te identificeren die spermatogenese en daarmee mannelijke vruchtbaarheid beïnvloeden. 

In 1976 werden voor het eerst grote deleties waargenomen van de lange arm van het Y chromosoom 

(Yq) en in 1996 werden drie niet-overlappende regio’s beschreven die afwezig kunnen zijn bij mannen 

met een verstoorde spermatogenese, namelijk AZFa, AZFb en AZFc (Tiepolo and Zuffardi, 1976; 

Vogt et al., 1996). Met behulp van PCR technieken die specifieke sequenties (STS) amplificeren en 

met behulp van fluorescentie in situ hybridisatie (FISH) werden tussen 2002 en 2004 ook andere 

deleties van het Y chromosoom geïdentificeerd, namelijk de b1/b3, b2/b3, gr/gr, P5/proximal-P1 en de 

P5/distal-P1 deleties (Fernandes et al., 2002; Repping et al., 2002; Repping et al., 2003; Fernandes 

et al., 2004; Repping et al., 2004). Van deze vijf deleties leiden de laatste twee tot een verstoorde 

spermatogenese,, is de gr/gr deletie een risico voor verstoorde spermatogenese en beïnvloeden de 

b1/b3 en de b2/b3 deletie de spermatogenese niet (Repping et al., 2002; Fernandes et al., 2004; 

Repping et al., 2004; Visser et al., 2009). Bijna alle deleties komen tot stand door homologe 

recombinatie tussen amplicons (Kamp et al., 2000; Sun et al., 2000; Blanco et al., 2000; Fernandes et 

al., 2002; Repping et al., 2002; Silber and Repping, 2002; Repping et al., 2003; Fernandes et al., 

2004; Simoni et al., 2004; Repping et al., 2004; Ferlin et al., 2005; Lepretre et al., 2005; Lynch et al., 

2005; Hucklenbroich et al., 2005; Repping et al., 2006; Ferlin et al., 2007).  

Het doel van dit proefschrift was om additionele afwijkingen van het Y chromosoom te 

identificeren die mannelijke onvruchtbaarheid kunnen veroorzaken. Om dit te kunnen bereiken 

hebben wij strikt gedefinieerde inclusie criteria gebruikt, meedere specifieke plus-min STS PCR 

methoden en een nieuwe kwantitatieve PCR (qPCR) methode ontworpen en juist geen gebruik 

gemaakt van sequentie nucleotide variatie (SNV) analyses aangezien SNV analyses kunnen leiden 

tot verkeerde interpretaties over de aan- of afwezigheid van repeterende regio’s van het Y 

chromosoom. Het belang van deze criteria en het gebruik van de correcte moleculaire methodes 

wordt hieronder uitgelegd. 

 

 

Inclusie criteria: patiënt en controle groep definities 

Voor associatie studies zijn strikt gedefinieerde inclusie criteria van een essentieel belang opdat de 

patiëntgroep en de controlegroep identiek zijn met uitzondering van het fenotype dat onderzocht 

wordt. Daarom gebruikten wij patiënt- en controlegroepen die alleen gedefinieerd waren op basis van 

hun semenkwaliteit. Helaas zijn er vele publicaties in dit onderzoeksgebied waarbij dit niet zo is 

gedaan (Visser and Repping, 2010). Patiëntgroepen in deze case-control studies bestaan vaak niet 

uit mannen met een verstoorde spermatogenese, maar uit mannen die deel uit maken van een 

onvruchtbaar koppel, zonder informatie te geven over de semenkwaliteit. Daarbij komt nog dat de 

controle groepen vaak bestaan uit ‘bewezen’ vaders, mannen die eerder een vasectomie hebben 

ondergaan, of mannen die komen uit populatie studies, zonder gegevens over de semenkwaliteit. Het 

probleem is dat bewezen vruchtbaarheid van een man niet inherent staat voor een normale 
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semenkwaliteit. Ook staat verminderde vruchtbaarheid niet voor een slechte semenkwaliteit: de 

vruchtbaarheid van een koppel hangt af van zowel mannelijke als van  vrouwelijke factoren. Patiënt- 

en controlegroepen worden vandaag de dag gedefinieerd op basis van de WHO criteria voor 

normospermie (World Health Organization, 1999). Volgens deze criteria worden mannen met een 

spermaconcentratie van <20x106/ml geclassificeerd als ‘patiënt’ en mannen met een 

spermaconcentratie van >20 x106/ml met normale motiliteit en morfologie als ‘controle’. Deze 

scheiding houdt echt geen rekening met de grote variatie van semen kwaliteit die aanwezig is bij 

mannen. Een variatie die het beste weergegeven kan worden door het totaal aantal zaadcellen per 

ejaculaat  dat kan variëren van nul tot meer dan één miljard . 

Het is verder van een groot belang om zowel de patiëntgroep als de controlegroep te 

includeren vanuit dezelfde geografische regio, zodat de genetische achtergrond van beide groepen in 

principe hetzelfde is. Dit is met name van belang voor studies waarin het Y chromosoom betrokken is, 

aangezien het bekend is dat de spreiding van Y chromosoom haplotypes in verschillende delen van 

de wereld sterk varieert (Jobling and Tyler-Smith, 2003).  

Wij gebruikten daarom een alternatieve methode voor het patiënt-controle onderzoek 

gebaseerd op de WHO criteria (World Health Organization, 1999), namelijk een cohort benadering 

waarbij wij spermatogenese bekeken als een kwantitatieve continue variabele ,net als bijvoorbeeld 

cholesterol niveaus, bloeddruk en osteoporose. Dit cohort onderzoek voorkwam enige vorm van 

populatie stratificatie, aangezien in hetzelfde cohort de semen parameters van mannen met Y 

chromosoom varianten werden vergeleken met de semen parameters van mannen die deze varianten 

niet hadden. 

 

 

Unieke sequentie locaties 

Voor de meeste studies wordt gebruik gemaakt van unieke sequentie locaties (STSen) om snel 

deleties van het Y chromosoom op te sporen, maar veel van deze STS analyses zijn ontworpen 

voordat de sequentie van het man-specifiek deel van het Y chromosoom (MSY) gepubliceerd was 

(Skaletsky et al., 2003). Dit kan incorrecte interpretaties tot gevolg hebben door de repetitieve 

complexiteit van ampliconsequenties  waar het merendeel van deze STSen zich bevinden.  

Een klassiek voorbeeld is de zogenaamde AZFd regio. Deze ‘regio tussen AZFb en AZFc’ of 

‘het voorste gedeelte van AZFc’ werd voor het eerst beschreven in 1999 en er werd later naar 

gezocht in andere studies (Kent-First et al., 1999; Muslumanoglu et al., 2005). Gebruik makend van 

de hedendaagse kennis van de sequentie van het MSY is het duidelijk dat de zogenaamde AZFd 

specifieke en enkelvoudige-locus STSen sY145 en sY153 in werkelijkheid meervoudige-locus STSen 

zijn met zelfs kopieën die zich bevinden in het achterste deel van de AZFc regio (Noordam et al., 

2006). Een ander voorbeeld van ’een dergelijke misinterpretatie is de 1.5Mb overlap van de 

P5/proximal-P1 regio met de AZFc regio, een overlap die onbekend was tot 2002 (Vogt et al., 1996; 

Repping et al., 2002).  
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Wij hebben daarom specifieke STSen ontworpen op grond van de MSY sequentie om 

breekpunten te bepalen in chromosomen van mannen met deleties die ontstaan zijn door niet-

homologe recombinatie (hoofdstuk 6) of door pseudo iso-Y chromosoom formatie (hoofdstuk 7). 

 

 

qPCR 

Wij ontwikkelden een nieuwe methode om partiële deleties en duplicaties van de AZFc regio op te 

sporen. Deze methode stelde ons in staat om de daadwerkelijke kopie aantallen te bepalen van 

specifieke amplicons. Hierdoor konden wij snel en met grote nauwkeurigheid breekpunt regio’s 

lokaliseren of bepalen welke regio’s van de AZFc regio waren gedupliceerd. Via breekpunt analyse of 

via FISH confirmatie werd de betrouwbaarheid van deze nieuwe qPCR methode aangetoond 

(hoofdstukken 4, 5 en 6). 

 

 

Sequentie nucleotide varianten  

Een van de technieken die in het verleden werd gebruikt om (partiële) AZFc deleties op te sporen en 

te karakteriseren is identificatie van sequentie nucleotide varianten (SNV) (Fernandes et al., 2002; 

Machev et al., 2004; Fernandes et al., 2004). De meeste SNVs van de AZFc regio zijn gebaseerd op 

variaties in de DAZ genen van enkele mannen (Saxena et al., 2000). Bij afwezigheid van enkele 

SNVs claimen sommige onderzoekers de afwezigheid van bepaalde DAZ genen en daardoor de 

aanwezigheid van een specifieke partiële AZFc deletie zoals de gr/gr of de b2/b3 deletie. Ook worden 

SNVs van andere delen van de AZFc regio, waaronder de groene en gele amplicons, gebruikt om 

partiële deleties op te sporen. De SNVs van de AZFc regio zijn echter gevoelig voor veranderingen 

door Y-Y conversies en daarom hoeft de afwezigheid van een SNV niet de afwezigheid te betekenen 

van een specifiek DAZ gen of van een amplicon (Rozen et al., 2003; Lepretre et al., 2005). Om deze 

reden hebben wij geen gebruik gemaakt van SNVs voor de opsporing van (partiële) deleties in de 

AZFc regio.  
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Samengevat beschrijft dit proefschrift de volgende bevindingen 

 

Hoofdstuk 2  bespreekt de kennis over het humane Y chromosoom voorafgaande aan de start van dit 

proefschrift.  

De meeste kennis over de chromosoom structuur van het humane Y chromosoom en het effect 

daarvan op de spermatogenese is verkregen via deletie analyses en analyses van associaties tussen 

Y chromosoom structuren en semen parameters. Door dit onderzoek weten wij nu dat de AZFa, 

P5/proximal-P1 en de P5/distal-P1 deleties azoospermie tot gevolg hebben, dat de AZFc deletie leidt 

tot azoospermie of oligozoöspermie, en dat de gr/gr deletie een risico factor is voor verstoorde 

spermatogenese. De b1/b3 en b2/b3 deleties lijken de spermatogenese niet te beïnvloeden. Wij 

bediscussiëren ook SNV en STS analyses en de valkuilen die er zijn wanneer resultaten 

geïnterpreteerd worden van deze analyses, en uiteindelijk stellen wij toekomstige onderzoeksdoelen 

voor. 

 

Hoofdstuk 3 beschrijft DAZ gen variatie en semen kwaliteit.  

In deze studie zochten wij naar variaties binnen de DAZ genen in 47 verschillende haplotypes en in 

mannen met partiële AZFc deleties. Voor deze studie gebruikten wij DNA monsters die waren 

gerapporteerd in eerdere studies (Repping et al., 2003; Repping et al., 2004; Repping et al., 2006) en 

monsters van mannen van een onvruchtbaar koppel die het Centrum van Voortplantingsgeneeskunde 

van het Academisch Medisch Centrum bezochten van wie bekend was dat zij een gr/gr of een b2/b3 

deletie hadden. Wij ontdekten dat de DAZ Y repeat het meest variabele structuur element is van DAZ 

en varieert in kopie aantal tussen nul en veertien. Ook ontdekten wij significant structurele variatie in 

het aantal DAZ EX repeats en beperkte variatie in het aantal RNA herkenning motieven (RRMen). In 

patiënten met partiële deleties van AZFc was geen enkele ontdekte variatie geassocieerd met een 

specifieke semenkwaliteit.  

 

Hoofdstuk 4 beschrijft de (partiële) duplicaties van de AZFc regio. 

In een cohort van 845 mannen niet geselecteerd opsemenkwaliteit zochten wij naar (partiële) 

duplicaties van de AZFc regio. Wij excludeerden mannen met bekende klinische oorzaken van 

verstoorde spermatogenese, i.e. retrograde ejaculatie, obstructieve azoospermie, hyperprolactinemie, 

hypogonadotroop hypogonadisme,  chemo- of radiotherapie in het verleden, bilaterale cryptorchisme, 

chirurgie van de vasa deferentia, orchitis en bilaterale orchidectomie. Mannen werden ook 

geëxcludeerd wanneer moleculaire diagnostiek een AZFa, P5/proximal-P1, P5/distal-P1, AZFc, b1/3, 

b2/b3, gr/gr deletie of numerieke of structurele chromosoom afwijkingen identificeerden. Wij 

identificeerden 34 mannen die een (partiële) duplicatie van de AZFc regio hadden. In tegenstelling tot 

andere studies op het gebied van (partiële) duplicaties van de AZFc regio, waren wij in staat om 

duplicaties te onderscheiden die leiden tot zes of acht DAZ genen, tot vier, vijf, zes of acht BPY2 

genen en tot drie of vier CDY1 genen. Een toename in het gen kopie aantal van DAZ was significant 

geassocieerd met een verminderde semenkwaliteit. Meer precies, mannen met acht DAZ genen 

hadden een significant lager totaal aantal motiele zaadcellen vergeleken met mannen met vier DAZ 
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genen (2x106 vs 50x106, p=0.017). In samenhang met eerder beschreven verminderde 

semenkwaliteit in mannen met (partiële) AZFc deleties, zijn deze gegevens een aanwijzing dat 

variatie in het genkopieaantal van AZFc genen beperkt is door een verminderd vermogen tot 

reproductie van mannen met té weinig of té veel DAZ genen. 

  

Hoofdstuk 5 beschrijft vermindering van gen kopie aantal in de AZFc regio en semen kwaliteit. 

In een cohort van 840 mannen niet geselecteerd op semenkwaliteit zochten wij naar (partiële) 

deleties met behulp van STS PCR. Wij excludeerden mannen met bekende oorzaken van verstoorde 

spermatogenese uitgaande van dezelfde klinische criteria zoals gebruikt in hoofdstuk 4. Mannen 

werden ook geëxcludeerd indien bij moleculaire diagnostiek een AZFa, P5/proximal-P1, P5/distal-P1, 

AZFc, b1/3, b2/b3, of gr/gr deletie was aangetoond, er sprake was van numerieke of structurele 

chromosoomafwijkingen, of indien er een (partiële) AZFc duplicatie was zonder een STS deletie. Wij 

identificeerden 31 mannen die Y chromosomen hadden met een (partiële) deletie van de AZFc regio. 

Vervolgens bepaalden wij met behulp van qPCR de kopie aantallen van DAZ, BPY2 en 

CDY1/CSPG4LY/GOLGA2LY. Van deze 31 mannen hadden 6 mannen Y chromosomen die 

additionele duplicaties hadden ondergaan van een (oorspronkelijk) partieel gedeleteerde AZFc regio. 

Een vermindering in kopie aantal van DAZ of CDY1/CSPG4LY/GOLGA2LY gaf een significant 

verminderde total motile sperm count (TMC) weer. Daarentegen was niet elke vermindering van het 

genkopieaantal van BPY2 geassocieerd met een verminderde TMC. Wij stellen daarom voor dat DAZ 

of CDY1/CSPG4LY/GOLGA2LY de spermatogenese op een dosis afhankelijke manier beïnvloedt. Dit 

zou betekenen dat duplicaties van partieel gedeleteerde AZFc regio’s die het AZFc genkopieaantal 

herstellen, de spermatogenese zouden moeten herstellen tot een normaal niveau. Wij vergeleken de 

semen kwaliteit van mannen met zulke gedeleteerde/gedupliceerde Y chromosomen en zagen dat 

hun semen kwaliteit inderdaad hetzelfde was als bij mannen met het referentie gen kopie aantal. 

Deze ontdekking versterkt onze hypothese dat gen kopie aantal in de AZFc regio de semen kwaliteit 

en daardoor de vruchtbaarheid beïnvloedt. 

 

Hoofdstuk 6 richt  zich op deleties in de AZFc regio veroorzaakt door niet-homologe recombinatie. 

In deze studie zochten wij naar deleties in de AZFc regio veroorzaakt door niet-homologe 

recombinatie tussen palindromen. Wij onderzochten 1.237 mannen uit een eerdere studie (Repping et 

al., 2003) aangevuld met mannen uit een consecutief geïncludeerd cohort  van onvruchtbare koppels 

het Centrum van Voortplantingsgeneeskunde hadden bezocht. Wij ontdekten acht niet-verwante 

mannen met zulke deleties. Deze deleties verwijderden allemaal het voorste deel van AZFc, waarin 

zich palindroom P3 bevindt, en wij categoriseerden deze deleties in vier specifieke klassen: P3a, P3b, 

P3c en P3d. De P3a en de P3b deletie werden allebei slechts in één individu ontdekt terwijl de P3c en 

de P3d deleties allebei werden gevonden in drie niet-verwante mannen. De P3c en de P3d deleties 

kwamen beiden specifiek voor in één Y chromosoom haplotype tak (tak I1* voor P3c en tak E1a* voor 

P3d). De drie mannen met een P3c deletie hadden een significant hoger totaal aantal zaadcellen dan 

mannen zonder een deletie, ook al misten zij zeven testis-specifieke genen van de AZFc regio. Dit 

resultaat staat in tegenstelling tot alle eerdere bevindingen die aantoonden dat een vermindering van 
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AZFc genen leidt tot een verminderde semen kwaliteit. Het unieke van de  P3c deletie ten opzicht van 

andere (partiële) AZFc deleties is de deletie van één kopie van PRY. Aangezien van PRY wordt 

aangenomen dat het de apoptose van spermatiden en spermatozoa reguleert, zou het theoretisch zo 

kunnen zijn dat de deletie van één gen kopie van PRY bij mannen met een P3c deletie resulteert in 

een verhoudingsgewijze verminderde apoptose en daardoor een toename in de hoeveelheid 

spermatiden en dus spermatozoa. 

In samenhang met eerdere ontdekte deleties die hun oorsprong hebben in homologe 

recombinatie tussen amplicons tonen onze bevindingen aan dat de aanwezigheid van palindromen in 

het Y chromosoom leidt tot een zeer grote kans op deleties, waarvan sommige de spermatogenese 

en daardoor de vruchtbaarheid beïnvloeden. 

 

Hoofdstuk 7 beschrijft intrachromosomale homologe recombinatie tussen geïnverteerde amplicons 

die zich bevinden op tegenoverliggende armen van het Y chromosoom. 

Hier rapporteren wij vier nieuwe gevallen van intrachromosomale homologe recombinatie waarbij 

geïnverteerde amplicons van het Y chromosoom betrokken zijn waarvan zich één kopie bevindt op de 

korte arm (Yp) en de ander op de lange arm (Yq).De bestudeerde mannen kwamen uit collecties van 

monsters van het Academisch Medisch Centrum, het Onze Lieve Vrouwe Gasthuis, het Maastrichts 

Universitair Medischl Centrum, en het Whitehead Instituut. Zij waren geselecteerd op basis van 

karyotypering die was uitgevoerd als onderdeel van een fertiliteitbehandeling of als screening van 

ouders, als een vervolg op een prenatale screening, waarbij afwijkingen werden gevonden die duiden 

op de aanwezigheid van een pericentrische inversie of een pseudo IsoYp chromosoom. Bij twee 

mannen waren pericentrische inversies ontstaan door intrachromatic crossing-overs tussen 

geïnverteerde amplicons die aanwezig waren op tegenoverliggende armen. Beide mannen hadden 

normospermie. Voor twee andere mannen leidde de crossing-over tot pseudoisochromosoom 

formaties, verlies van heterochromatine, verlies van de tweede pseudoautosomale regio (PAR2) en, 

voor één van de twee mannen, verlies van de AZFc regio. Deze twee mannen hadden respectievelijk 

een oligozoöspermie en een azoospermie. Deze bevindingen versterken de gedachte dat  het 

humane Y chromosoom een intrinsieke neiging heeft tot recombinatie, aangezien alle amplicons 

intrachromosomale homologe recombinatie kunnen ondergaan, ook als deze amplicons zich 

bevinden op tegenoverliggende armen. 

 

 

Gevolgen voor de toekomst 

Onze resultaten tonen aan dat het aantal genkopieën van DAZ een significant effect heeft op de 

semenkwaliteit en daardoor de vruchtbaarheid. Dit effect van DAZ op de spermatogenese was eerder 

waargenomen in DAZL-knockout muizen en in studies waar humaan DAZ de spermatogenese in 

DAZL-knockout muizen herstelde en de mate van dit herstel afhankelijk was van het aantal 

genkopieën van DAZ dat geïntegreerd was in het muis genoom (Ruggiu et al., 1997; Slee et al., 

1999). Dit zou kunnen betekenen dat DAZ op zichzelf de spermatogenese zou kunnen herstellen in 

AZFc gedeleteerde mannen met een sterk verminderde spermatogenese. Dit zal moeilijk aan te tonen 
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zijn bij mensen aangezien er op dit moment geen kweek systemen bestaan die een volledige in vitro 

humane spermatogenese mogelijk maken. Onlangs heeft onze groep een kweeksysteem opgezet dat 

de vermenigvuldiging van humane spermatogoniale stamcellen (SCCs) mogelijk maakt (Sadri-

Ardekani et al., 2009). Aangezien het bekend is dat DAZ tot expressie komt in humane 

spermatogonia, zal dit kweeksysteem het bestuderen van de functie van DAZ in humane 

spermatogonia mogelijk maken door een kweek van SSCs van mannen met AZFc deleties op te 

zetten of door specifiek de expressie van DAZ te blokkeren in SSC kweken met behulp van shRNA 

(Menke et al., 1997). Daarbij kan, als DAZ inderdaad een functie heeft in spermatogonia, de 

eventuele herstelcapaciteit van specifieke DAZ genen worden bestudeerd in SSC kweken van AZFc 

gedeleteerde mannen. Uiteindelijk, als deze experimenten leiden tot positieve resultaten, zou 

verstoorde spermatogenese veroorzaakt door een AZFc deletie kunnen worden hersteld door het 

introduceren van specifieke DAZ transcripten in geïsoleerde spermatogonia gevolgd door 

autotransplantatie van deze spermatogonia waardoor TESE en ICSI voor paren met een AZFc deletie 

zou kunnen worden voorkomen.  

Toekomstige studies op het gebied van mannelijke onvruchtbaarheid zouden zich ook 

moeten spitsen op het X chromosoom omdat van dit chromosoom, net als het Y chromosoom, slechts 

één kopie aanwezig is in mannen en studies in muizen de indruk gaven dat er meerdere testis 

specifieke genen aanwezig zijn op het X chromosoom (Wang et al., 2001). Net als het humane Y 

chromosoom heeft het humane X chromosoom repetitieve regio’s, maar bevat het significant meer 

genen dan het Y chromosoom, namelijk 2.000 (Ross et al., 2005). Van deze genen is ruwweg 10% 

geassocieerd met kanker/testis (CT). Deze CT genen op het X chromosoom maken ongeveer 90% uit 

van het totaal aantal CT genen van het humane genoom. Interessant is dat deze CT genen tot 

expressie komen in de testis van gezonde mannen en aangenomen wordt dat deze de mate van 

voortplanting beïnvloeden (Chomez et al., 2001; Ross et al., 2005). Daarom zijn dit genen die de 

spermatogenese door middel van aantallen gen kopieën zouden kunnen beïnvloeden.  

 

 

Conclusie 

Dit proefschrift beschrijft de aanwezigheid en het fenotypisch effect van variaties die kunnen ontstaan 

in de AZFc regio van het Y chromosoom.  

Wij brachten de intragenetische variatie van DAZ in kaart, identificeerden duplicaties van de 

AZFc regio, deleties in de AZFc regio die zijn ontstaan via niet-homologe recombinatie, grote 

inversies op het Y chromosoom, pseudo iso-Yp chromosomen, en hebben de relatie van deze 

afwijkingen met semenkwaliteit vastgesteld. 

 De resultaten beschreven in dit proefschrift hebben één belangrijke consequentie voor de 

kliniek. Naast het screenen van mannen met verstoorde spermatogenese voor deleties van de AZFc 

regio, adviseren wij ook om te screenen voor duplicaties van AZFc die leiden tot acht DAZ genen 

aangezien deze duidelijk leiden tot verstoorde spermatogenese. De nieuwe qPCR methode 

beschreven in dit proefschrift maakt een snelle screening voor zulke duplicaties mogelijk.  
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Wij vonden dat niet de intragenetische variatie van DAZ, maar het aantal kopieën van DAZ de 

spermatogenese beïnvloedt. Dit is het meest duidelijk door onze bevinding dat mannen die Y 

chromosomen hadden met een gr/gr deletie gevolgd door een duplicatie, geen verschil in 

semenkwaliteit hadden vergeleken met mannen met Y chromosomen die geen deletie hadden van 

(een deel van) AZFc. Het feit dat het aantal kopieën van DAZ en niet de intragenetische variatie de 

semenkwaliteit beïnvloedt zou kunnen komen door de locatie van de DAZ genen in de AZFc regio. In 

tegenstelling tot alle andere AZFc genen, bevinden de DAZ genen zich op zulke kritieke locaties dat 

hun kopie aantal door elke homologe recombinatie die plaats kan vinden in de AZFc regio wordt 

beïnvloed. Het is daarom het aantal kopieën van DAZ dat de vruchtbaarheid bepaalt en daardmee de 

stabiliteit van de AZFc regio in het zich snel evoluerende humane Y chromosoom waarborgt.  

Sinds de afsplitsing van het X chromosoom 166 miljoen jaar geleden en het daarop volgende 

massale verlies van genen op het Y chromosoom door de afwezigheid van meiotische recombinatie 

op het Y chromosoom, is het Y chromosoom omschreven als een chromosoom in verval (Stern, 1957; 

Warren et al., 2008; Veyrunes et al., 2008; Visser et al., 2009). Inderdaad, zoals ook aangetoond in  

 

 

Figuur 1 . Schematisch overzicht van het humane Y chromosoom. Het centromeer (Cen) scheidt de korte arm (Yp) van de 
lange arm (Yq). Het man-specifieke deel van het Y chromosoom (MSY) wordt geflankeerd door twee pseudoautosomale regio’s  
(PAR1 en PAR2) die koppeling en uitwisseling ondergaan met het X chromosoom. De lange arm (Yq) van het chromosoom  
bevat een groot blok heterochromatine (Het) waarvan bekend is dat het kan variëren in grote tussen mannen. Euchromatische 
amplicon sequenties zijn aangegeven in blauw. De positie en grootte van reguliere Y chromosoom deleties zijn weergegeven 
als zwarte balken. De positie en grootte van reguliere Y chromosoom duplicaties zijn weergegeven als rode balken. 
Asterisken geven aan dat de deletie of duplicatie alleen kan ontstaan in een gedraaide variant van de AZFc regio; de locatie 
van de deleties en duplicaties is hier weergegeven in relatie tot de referentie sequentie. 
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dit proefschrift, laten hedendaagse Y chromosomen veel structurele variatie zien, wat snelle en 

voortdurende structuur veranderingen impliceert. Belangrijke delen van het Y chromosoom, zoals de 

AZFc regio, zijn echter relatief stabiel gebleven gedurende miljoenen jaren.  

Vanuit klinisch oogpunt  was ons doel om nog onbekende afwijkingen van het Y chromosoom 

te identificeren die mannelijke onvruchtbaarheid veroorzaken. Wij hebben inderdaad ontdekt dat 

duplicaties van AZFc die leiden tot een Y chromosoom met acht DAZ genen een risico factor zijn voor 

verstoorde spermatogenese. Verder hebben wij ontdekt dat gr/gr deleties met een daaropvolgende 

duplicatie de semenkwaliteit niet beinvloeden. Daarom adviseren wij om AZFc duplicaties mee te 

nemen bij de counselling van subfertile paren als een potentiele oorzaak van mannelijke 

onvruchtbaarheid en dat de gr/gr deletie screening ook een analyse van genkopieaantal van DAZ 

moet bevatten om deleties met daaropvolgende duplicaties te identificeren. Het moet opgemerkt 

worden dat hoewel Y chromosoom deletiescreening al vele jaren wordt toepast als routine onderzoek, 

er nog steeds een  debat plaatsvindt over het nut van deze screening. Dit komt door de lage 

frequentie waarmee deze afwijkingen normaal gesproken worden gevonden –minder dan 10% van de 

mannen met azoo- of ernstige oligozoöspermie heeft een Y chromosoom afwijking–, door het 

ontbreken van klinische consequenties –bijna alle koppels waarvan de man gediagnoseerd is met 

een Y chromosoom afwijking, gaan over tot ICSI–, en de kosten van de screening. De bevindingen in 

dit proefschrift bieden geen oplossing voor dit debat. 

 

Onze huidige resultaten, samen met de eerder beschreven verminderde semenkwaliteit in mannen 

met (partiele) AZFc deleties, laten zien dat de stabiliteit van het Ychromoosom van een groot belang 

is voor een goede productie van zaadcellen en daardoor de vruchtbaarheid: Het Y chromosoom gaat 

niet verloren! 
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Na het jarenlang schrijven, e-mailen en verbeteren en weer e-mailen en daarna verbeteren van 

manuscripten, wat geleid heeft tot de hieraan voorafgaande 148 pagina’s met voornamelijk 

wetenschappelijke teksten, ben ik nu toch aangekomen om (voor mij) het leukste onderdeel van mijn 

proefschrift te schrijven: het dankwoord. 

 Beste Sjoerd, hartstikke bedankt voor het bieden van de mogelijkheid om onderzoek te doen 

naar de genetische oorzaken van mannelijke onvruchtbaarheid. Net als jouw promotor dat ooit had, 

heb ook jij te maken gehad met een behoorlijk eigenwijze promovendus. Ik ben blij dat ik alle vrijheid 

had om zelfstandig veel dingen te doen en te leren, iets wat goed van pas komt in mijn huidige baan. 

Fulco, dank voor het vele malen corrigeren van ettelijke manuscripten en het goed inprenten 

van ‘mannen hebben een verstoorde spermatogenese’ en niet ‘mannen leiden aan een verstoorde 

spermatogenese’, ‘wat is het belang hiervan voor de kliniek?’. De teksten werden altijd beter na een 

correctie van F van der V.  

Ans, het was voor jou niet makkelijk om wegwijs te geraken in mijn manuscripten, maar ik 

denk dat jij je er toch goed doorheen geslagen hebt. Niets werd over het hoofd gezien, altijd stond de 

deur bij jou open en werd er snel tijd vrijgemaakt wanneer het nodig was. 

Remco, hoe vaak hebben wij niet plezier gehad op de werkvloer en daarbuiten? Hoe vaak 

heb jij mij niet geholpen? Ik kon mij ook geen andere paranimf voorstellen dan jij. Gedurende al die 

jaren ben jij er altijd voor mij geweest. Friends for life! 

Saskia, Suzanne, Cindy, de drie (en nu nog maar twee) analisten van het onderzoekslab die 

toch aan zo’n beetje alles hebben meeholpen van wat er tot stand is gekomen en wat in hoofdstuk 2 

t/m 7 beschreven is. Zonder jullie was óf het boekje een stuk dunner geweest óf was ik nu nog druk 

aan het pipeteren. Wat hebben jullie een bergen werk verzet. 

Collaborators from the Page lab: Steve, Helen, Laura, Tatyana, David…you guys rock! Was 

such a great experience to visit your lab October 2007. Whenever I had a question in Amsterdam: I e-

mailed and I got replies so fast. 

Former Page lab people: Steve and Julian. Always good to have such critical people to 

discuss ideas with and to write manuscripts with. Best of luck in Singapore and New York. Still using 

primer3 and the Y-chromosome STS browser ;). 

Gijs, Carrie, Truus, Janine, wat was het toch altijd een gezellige boel bij jullie en wat vond ik 

het leuk dat jij mij als onderdeel van jullie groep beschouwden. Bioscoopjes, uitjes, ik werd 

meegevraagd. Als ik advies nodig had dan kon ik jullie altijd bereiken en jullie hadden altijd interesse 

in mijn onderzoek.  

Dick, wat was het toch goed dat er tenminste nog één iemand aanwezig was die én smaak 

had voor goede voetbal(clubs) én ook nog eens honkbal fan was. Ik zal nooit Boston vergeten: op de 

hotelkamer met grote bakken popcorn naar honkbal kijken. 

André en Henk van het isotopen-lab, mooi dat ik toch weer snel mijn isotopen kon bestellen 

bij jullie. Ook al was ik (vaak) over tijd met bestellen, toch had ik ze op tijd binnen. De drop op jullie 

kamer was ook nooit verkeerd!. 
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Onno, Anita, Joan, Marianne, was prettig om met jullie samen te werken en gebruik te maken 

van jullie kennis (en dan met name wat betreft het q-pcr-en). 

Jan, helaas heb ik maar heel kort jou meegemaakt op het lab. Jij was toch echt de initiator 

van het Y chromosoom onderzoek. Zonder jou was dit proefschrift en waren ook andere 

proefschriften er niet geweest. 

Analisten en embryologen van het ferti-lab Corine, Hanneke, Veronique, Wendy, Marja, 

Annemiek, vaak genoeg gezellig kunnen beppen als ik weer eens moest wachten op mijn 

besprekingen of als ik tureluurs werd van de FISH tellingen. 

Collega’s van het AMC die mij geholpen hebben met advies of actief meehielpen met de 

experimenten zelf: Peter, Alwin, Marlie, Michael, Sylvia, Paola. 

Mede onderzoekers, Henrike, Sebastiaan, Ivo, Moniek, Elisabeth, Liesbeth, Clementine, 

Anna, Canan, Julia, Hooman, Bita, Jiska, Eleni, Morteza, Gianfranco, Madelon, Pieter, Wouter en 

Wouter, Jan-Willem, Pieternel, Stef. Veel van jullie zijn mij voorgegaan, de anderen wens ik heel veel 

succes. 

Beatrix, dank voor de hulp bij het regelen van de promotiezaken. 

Vrienden van thuis, David, Benjamin. Heb ik meer tijd, zit ik aan de andere kant van de 

oceaan…mea culpa. Richard, ik hoop dat je de hulp krijgt die je zo hard nodig hebt. Bram, moeten 

echt eens een keer tijd vrijmaken he? ;) 

Kanatsou family from Greece, Spiros, Stauroula and (re malaka) Baggelis. Thank you so 

much for accepting me and caring for me: ευχαριστω πολυ! I am looking forward for Igoumenitsa. 

 

Mijn ouders, Jan en Marion. Ik hoop dat jullie er overheen gekomen zijn dat ik geen dierenarts 

ben geworden. Ik wil jullie beiden zo vreselijk bedanken voor jullie support en steun op de momenten 
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‘Save the best for last’ is what masters instructed to their students. And so I did for this thesis. 

The final lines of this thesis are for a very special person: my sweet and beautiful Sofia. Dear Sofia, 

thank you so much for you everlasting support and love during my studies, during this writing process 

and in my personal life. You standing beside me while I will defend my thesis means the world to me. 

The future is ours. S’agapo para polu!  
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