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Summary

Spermatogenic failure, defined as one or more semen parameters below the WHo threshold 
for normal semen quality, occurs in about half of all subfertile couples. These couples have 
failed to conceive naturally within one year of unprotected intercourse. Spermatogenic failure 
can result from exogenous factors such as previous chemo- or radiotherapy or endogenous 
factors, such as genetic abnormalities. Unfortunately, in the majority of cases the cause of 
spermatogenic failure remains unknown. As a consequence, spermatogenic failure in itself is 
untreatable in most men. To date, the only way to achieve a pregnancy in subfertile couples in 
whom the male partner has poor semen quality is by assisted reproductive techniques (ART) 
such as intra-cytoplasmatic sperm injection (ICSI). Although current follow-up studies of 
young children born after ICSI are reassuring, the long term effect of ART on the health of 
offspring is unknown.

So far, only a few genetic defects have been established in humans. These defects are 
structural and numerical chromosome abnormalities and submicroscopic Y-chromosome 
deletions. Chromosomal abnormalities are found in ~6% of men with spermatogenic failure. 
The frequency of Y-chromosome deletions in men with spermatogenic failure varies between 6 
and 13%. In addition, some mutations have been identified in the USP9Y, SYCP3 and SPATA16 
genes that cause spermatogenic failure in otherwise healthy men. However, these mutations 
are very rare. For instance, the 4-bp deletion that caused exon 7 skipping in the USP9Y gene 
of a man with azoospermia was detected in only one man with spermatogenic failure out of 
the 576 infertile men screened. Similarly, the 643delA mutation in the SYCP3 gene was found 
in two out of 77 men screened, who all suffered from azoospermia due to maturation arrest. 
Finally, one case report was published that found a homozygous mutation in the SPATA16 
gene that caused globozoospermia in three affected brothers. This mutation was not found in 
twenty-nine additional screened men with (partial) globozoospermia.

In contrast to the few genetic defects presently known to affect spermatogenesis, many 
association studies have been published claiming an association between a particular genetic 
variant -a genetic risk factor- and spermatogenic failure. Most of these genetic risk factors have 
not been replicated by other study groups. only the enlarged CAG repeat length variant in the 
AR gene, the not10/not10 CAG repeat length variant in the POLG gene and the gr/gr deletion 
have been assessed in multiple studies and these have come up with conflicting results.

In this thesis, we tried to expand our knowledge on the genetics of spermatogenic failure by 
screening men with spermatogenic failure for mutations in four candidate genes, namely HNRNP 
G-T, NALP14, BOULE and FKBP6. HNRNP G-T and NALP14 are located in chromosomal 
region 11p15, which is associated with male subfertility. Both genes are exclusively expressed 
in human testis tissue and thus seem to be important for spermatogenesis. BOULE and FKBP6 
are meiosis-specific genes that have been demonstrated in animal models to be essential for 
normal spermatogenesis. 

Finally, we performed three association studies for genetic variants that have been put 
forward as genetic risk factors for spermatogenic failure, namely the enlarged CAG repeat 
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length variant in the AR gene, the not10/not10 CAG repeat length variant in the POLG gene 
and the gr/gr deletion.

As outlined in Chapter 1, the goal of this thesis was to answer three questions.

Chapters 2 and 3 address the first question:
Do mutations in two testis-specific genes (HNRNP G-T and NALP14), located in 
chromosomal region 11p15, cause spermatogenic failure?

The heterogeneous nuclear ribonucleoprotein G-T (HNRNP G-T, also known as RBMXL2) 
gene is located in chromosomal region 11p15. This region is associated with spermatogenic 
failure. HNRNP G-T is a member of the hnRNP gene family and is predominantly expressed 
in pachytene spermatocytes and round spermatids, where it is thought to affect splicing and 
signal transduction.

In this study we searched for mutations in the HNRNP G-T gene that could explain the 
poor semen quality in idiopathic subfertile men. For this, we performed a mutation screen by 
sequencing the HNRNP G-T gene in men with azoospermia or severe oligozoospermia and 
determined the frequency of these mutations in a control population of normospermic men.

We identified eight sequence variations in our patient group of 153 men. Two of these 
mutations, R100H and G388del, did not occur in our control group of 143 normospermic men 
and thus were potentially disease-causing. Both mutations were heterozygous and both were 
found in one man only. The R100H mutation was inherited from the mother; the inheritance 
pattern of the G388del mutation is unknown. The R100H mutation causes loss of a conserved 
arginine. This arginine is located in a so-called RXR cluster, which is a putative site of methylation 
in hnRNPs. Change of content of this putative methylation site by the R100H mutation might 
affect protein function of HNRNP G-T and consequently might lead to spermatogenic failure. 
Unfortunately, we were not able to prove this hypothesis, since testis tissue of the patient 
with this mutation was lacking. The G388del mutation causes loss of a non-conserved glycine 
located in a glycine stretch at the end of the protein that is not known to be a functional motif 
or domain. Therefore this mutation appears to be of lesser significance.

We conclude that HNRNP G-T mutations are a rare cause of spermatogenic failure. 
Nevertheless, the R100H mutation detected suggests that in some men mutations in the 
HNRNP G-T gene cause poor semen quality.

An additional gene (NALP14, also known as NLRP14) was mapped to chromosomal region 
11p15 in between ZNF214 and HNRNP G-T.

NALP14 belongs to the NALP protein family. This family consists of fourteen cytoplasmic 
proteins that are characterised by a NACHT, LRR (Leucine-Rich Repeat) and PYD domain. 
The NALPs are a sub-family of the larger and highly conserved CATERPILLER family. As 
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NALPs have been described only recently, little is known about their function, but a role for 
NALPs in apoptosis and in pro-inflammation signalling processes has been suggested.

In this study we set out to explore whether NALP14 has a function in spermatogenesis and 
whether mutations in NALP14 can cause spermatogenic failure.

We applied two different Multiple Tissue Northern blots to determine tissue specificity 
of NALP14 and performed immunohistochemistry on human testis with anti-NALP14 
antiserum. To determine imprinting status of NALP14, we tested two SNPs for expression 
of both alleles in human testis. Finally, we performed a mutation screen of the NALP14 gene 
in 157 men with azoospermia or severe oligozoospermia by direct sequencing; one-hundred 
fifty-eight normospermic men served as controls.

NALP14 was, as are the three other genes in 11p15, exclusively expressed in testis. Within 
the testis, the NALP14 protein was mainly expressed in A dark spermatogonia, mid and late 
spermatocytes and spermatids. NALP14 is not subject to genetic imprinting.

The mutation screen revealed five mutations that occurred only in the patient group. All 
mutations were in heterozygous state. one of these unique mutations introduced an early 
stopcodon in the NALP14 sequence, predicted to result in a severely truncated protein that 
lacks the functional NACHT and LRR domains. The four other unique mutations were all 
missense mutations. Their effect could lie in altered secondary and tertiary structure of the 
NALP14 protein which consequently leads to a dysfunctional protein.

In summary, NALP14 seems to be a good candidate gene for spermatogenic failure, since it 
is distinctly expressed in germ cells and mutations in this gene occur uniquely in patients with 
reduced semen quality. We suggest that these mutations in NALP14 can cause spermatogenic 
failure by disturbance of controlled cell death in the tubules of the testis. More research is 
required to investigate the role of NALP14 in spermatogenesis in general and specifically the 
effect of these mutations on spermatogenesis. As a mouse homologue of the human NALP14 
has been identified, a NALP14 knock-out mouse could provide further insight into the precise 
function of NALP14.

Chapters 4 and 5 deal with the second question:
Do mutations in two meiosis-specific candidate genes (BOULE and FKBP6) cause spermatogenic 
failure?

BOULE is the ancestor of the DAZ-gene family, consisting of the DAZ (deleted in azoospermia), 
DAZL (deleted in azoospermia-like) and BOULE (also known as BOLL) genes. Several studies 
have highlighted the importance of this gene family for spermatogenesis in many species 
including humans. The human BOULE gene is highly conserved and located on chromosome 
2. It is exclusively expressed in secondary spermatocytes and round spermatids. BOULE is 
required for normal germ cell development and loss of this gene causes azoospermia due to 
meiotic arrest in fly.
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In this study, we screened 156 men with severe oligozoospermia or azoospermia for mutations 
in BOULE by Denaturing High-Performance Liquid Chromatography (WAVEj). Whenever a 
sequence variation was found, the specific fragment was sequenced. For each variant detected 
in patients, a restriction length polymorphism assay was used to evaluate the frequency of these 
variants in our controls. Two-hundred fourteen normospermic men served as controls.
only two sequence variations were found. one missense mutation (S9Y) occurred in two 
patients and in one control. The second variant was found in intron 4 in one patient. Both 
SNPs seem not have functional significance.

our data point out that mutations in BOULE are very rare among patients with spermatogenic 
failure. This may be due to strong selection against deleterious mutations, since BOULE is a 
highly conserved gene that has an essential function in meiosis. 

Fkbp6 is a component of the synaptonemal complex, which is essential for proper chromosome 
pairing and meiotic division. Human FKBP6 is located on chromosome 7 and is predominantly 
expressed in testis tissue. A null mutation of the Fkbp6 gene causes azoospermia in mice as well 
as in rats. These data suggest that FKBP6 is a good candidate gene for human spermatogenic 
failure. We sought to determine whether mutations in this gene can also cause azoospermia 
in humans.

We performed a mutation screen in 51 men with non-obstructive azoospermia through direct 
sequencing methods. No homozygous mutations were identified. Two heterozygous sequence 
variations (T173T and R183C) were identified, which were predicted to disrupt FKBP6 protein 
function. However, both variants were also found in a group of 218 normospermic controls 
and thus were not considered to be disease-causing mutations. The other two genetic variants 
were not predicted to change protein function.

Interestingly, a recent study described a man with William Beuren syndrome, which is 
caused by a heterozygous deletion of the chromosomal region in which FKBP6 is located, 
who spontaneously fathered a son. This case report and our current results suggest that 
heterozygous mutations as well as heterozygous deletions do not cause azoospermia.

In conclusion, heterozygous mutations indeed occur in FKBP6, but they occur infrequently 
and do not cause azoospermia. Although homozygous mutations might cause azoospermia, 
they were not detected in our patient population. Thus, genetic defects in FKBP6 appear to be 
an uncommon cause of azoospermia in humans.

Chapters 6, 7 and 8 focus on the third and final question:
Is there an association between spermatogenic failure and the following genetic variants: 
the enlarged CAG repeat length in AR, the not10/not10 CAG repeat in POLG and the gr/
gr deletion?

Based on research in men with spinal bulbar muscular atrophy or Kennedy’s disease, 
which is associated with low virilisation, reduced sperm production, testicular atrophy 
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and male infertility, a possible role for the Androgen Receptor (AR) gene in spermatogenic 
failure has been suggested. In these men, expansion of the CAG repeat (also known as 
the polyglutamine tract) in exon 1 of the AR gene above 40 copies was found and it was 
hypothesized that expansion of the CAG repeat up to 40 copies could cause spermatogenic 
failure in otherwise healthy men. Many years later, the first report on CAG repeat 
length variation in infertile men was published. This report described that men with a 
polyglutamine tract of 28 or more copies had a 4-fold increased risk of being infertile and 
the more severe their spermatogenic defect, the higher was the proportion of men with 
a longer repeat. Since then, many association studies concerning the deteriorating effect 
of an enlarged CAG repeat length on spermatogenesis were published with conflicting 
results. Likely, these studies could not prove or refute any true association because of 
methodological flaws.

Because of the conflicting results and methodological concerns of previous studies, we set 
out to investigate the effect of CAG repeat length variation in the AR gene on semen quality in 
a large cohort of consecutively included men with varying semen quality.

Seven-hundred men that attended the Center for Reproductive Medicine for fertility 
workup were included, regardless of their semen quality. Mean semen volume was 3.4 ml 
(±1.5), median sperm concentration was 48.5x106/ml (15.0-87.6), median progressive motility 
was 33.5% (19.6-43.5), mean normal morphology was 37.2% (±15.7), median total sperm count 
(TC) was 144.2x106 (42.4-281.3), and median total motile sperm count (TMC) was 46.9x106 
(5.5-108.4). The mean CAG repeat length in the entire cohort was 21.5 ± 3.1 (range 9-35) and 
differed between the ethnic subgroups, ranging from 19.9 ± 3.0 (11-27) in men from Central 
Africa to 21.9 ± 3.0 (range 12-34) in Dutch men.

The Spearman correlation coefficient, describing the correlation between CAG repeat  
length variation and semen parameters volume, concentration, motility, morphology,  
total sperm count and total motile sperm count was low for all semen parameters and  
ranged from -0.013 for percentage of spermatozoa with normal morphology (p=0.613) to 
0.073 for semen volume (p=0.057), corresponding to 0.02% and 0.5% explained variance, 
respectively.

The strength of this study is that we investigated the effect of CAG repeat length variation 
in the AR gene on spermatogenesis in a large consecutively included cohort of subfertile men 
with varying degrees of semen quality. All previous studies had a (unmatched) case-control 
design and most studies compared the mean CAG repeat length of men with low sperm counts 
to that of fertile controls with unknown sperm counts. The results of our study highlight the 
importance of appropriate study design when performing genetic association studies in the 
field of spermatogenic failure. Sperm production is a quantitative trait and should be studied 
as such. Thus, in an association study, semen parameters must be analyzed as continuous 
variables rather than dichotomous variables as has been done in all studies published to 
date. Consequently, the most appropriate design to study the effect of a genetic variant on 
spermatogenesis in subfertile men is screening of a large cohort of men with all degrees of 
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semen quality, and comparing the mean semen parameters of men with and men without the 
genetic variant under study, as we did in this study.

In conclusion, we showed, using a cohort based approach, that there is no correlation 
between CAG repeat length expansion in the AR gene and semen quality. Thus, screening of 
the CAG repeat in men with low semen quality is of no clinical value.

In 2001, an association between the homozygous not10-CAG-repeat variant in the POLG gene 
and male subfertility was claimed. More precisely, men with reduced semen quality more often 
had a not10/not10 CAG-repeat variant as compared to men with normal semen quality and 
male partners from subfertile couples (regardless of their semen quality) more often had this 
not10/not10 variant than males from fertile couples. Since then, several case-control studies 
investigated the effect of CAG-repeat length variation in the POLG gene on male fertility and 
semen quality. Some described an association between the homozygous not10 CAG-repeat 
genotype and male subfertility and/or reduced semen quality, while others did not. These 
conflicting results may be due to the case-control design used in these studies, which is prone 
to selection bias. Given the conflicting results, the clinical significance of the not10/not10 
POLG variant was, before we initiated this study, unclear.

The aim of our study was to assess the effect of CAG repeat length variation in POLG on 
semen quality by performing a genotype driven rather than phenotype driven approach. We 
studied a large cohort of consecutively included men with variable degrees of spermatogenesis 
and compared semen quality in men with different POLG genotypes.

By direct sequencing methods, we determined the CAG-repeat length of POLG in the 
same cohort of 700 subfertile men as mentioned before. In our cohort no differences in semen 
quality were seen when comparing groups with various POLG genotypes. The frequency of the 
not10/not10 variant was 4.7%. A difference in frequency of the three CAG-repeat genotypes 
between the ethnic subgroups was seen. For example, the frequency of the homozygous not10 
CAG repeat variant in Dutch men was 3.7% versus 11.0% in African men. Subgroup analysis 
in the two largest ethnic subgroups (Dutch and African) showed that in Dutch men the POLG 
genotype had no influence on semen quality while in men from African origin the heterozygous 
genotype (10/not10) had a positive effect on semen quality.

Although subgroup analysis suggested a different effect of the POLG genotypes on 
spermatogenesis in Dutch men compared to men from African origin, this is most likely due 
to small numbers of the three genotypic subgroups in the African subgroup. The differences 
in frequency between (ethnic) groups illustrate the importance of proper study design when 
performing genetic association studies. In our opinion, a cohort design is the preferred 
design for association studies, while a case-control design is a good design for candidate gene 
screening.

In conclusion, the not10/not10 POLG variant is not associated with clinically decreases in 
semen quality. We therefore advise not to screen for POLG CAG repeat length in men from 
subfertile couples.
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Deletions of the azoospermia factor a (AZFa), b (AZFb), and c (AZFc) regions of the human 
Y chromosome are established causes of spermatogenic failure. Associated phenotypes vary 
from azoospermia to severe oligozoospermia. Recently, we identified a novel Y-chromosome 
deletion, termed the gr/gr deletion that removes half of the genes in the AZFc region and 
was found uniquely in men with azoospermia or severe oligozoospermia. However, findings 
in subsequent studies did not always confirm the association between the gr/gr deletion and 
spermatogenic failure.

The aim of this study was to provide better insight into the effect of the gr/gr deletion on 
semen quality. To this end we used a dual approach. First, we performed a systematic review 
and meta-analysis to summarize present knowledge on the effect of the gr/gr deletion. Second, 
we employed a genotype-based approach by screening a cohort of 1041 consecutively included 
men with variable degrees of spermatogenesis for the gr/gr deleted genotype and compared the 
semen quality of men with a gr/gr deletion to the semen quality of men without this deletion. 

Seventeen relevant case-control studies were found, of which seven were included in the 
meta-analysis. These 7 studies included 1918 cases and 1261 controls, of which 124 (6.5%) cases 
and 34 (2.7%) controls had a gr/gr deletion (oR 2.39 (95% CI 1.61 to 3.53)). In our cohort, 25 
(2.4%) men with a gr/gr deletion were identified. Sperm counts ranged from 0 to 321x106 and 
32% of these men had a total sperm count below the WHo cut-off value for normozoospermia 
as compared to 24% of undeleted men (range 0-972x106). Men with the gr/gr deletion genotype 
had a significantly lower median sperm concentration (34x106/ml vs. 52.7x106/ml, p=0.034), 
median total sperm count (108x106 vs. 152x106, p=0.012), and median total motile sperm 
count (19.6x106 vs. 50.1x106, p=0.019) than men without the deletion. Semen volume, sperm 
motility and sperm morphology were not significantly different.

We next plotted the distribution in the total sperm counts of men with and without gr/gr 
deletions. These distributions were significantly different (p=0.006). In the gr/gr deleted men, 
relatively more men had azoospermia compared to undeleted men (p=0.003). Conversely, gr/
gr deleted men never had sperm counts above 322 x106, compared to 23% of undeleted men 
(p=0.013).

In conclusion, gr/gr deletions are associated with an increased risk of spermatogenic 
failure.
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Conclusions

O  Mutations in two candidate genes located in chromosomal region 11p15, namely HNRNP 
G-T and NALP14, occur in men with spermatogenic failure, albeit in low frequency. It 
remains unclear whether these mutations are disease-causing, since testis tissue from 
carriers of these unique mutations was not available to prove or refute our hypothesis that 
these mutations can lead to a spermatogenic failure phenotype.

O  Although both meiosis-specific candidate genes BOULE and FKBP6 are essential for 
spermatogenesis in animals and cause spermatogenic failure when mutated, we were unable 
to detect disease-causing mutations in men with low semen quality.

O  By using a cohort design for association studies instead of the previously used case-control 
design, we were able to exclude the enlarged CAG-repeat length variant in the AR gene and 
the not10/not10 CAG-repeat length variant in the POLG gene as genetic risk factors for 
spermatogenic failure.

O  Men with a gr/gr deletion have an increased risk of spermatogenic failure and this deletion 
is the first true genetic risk factor to be established for spermatogenic failure.
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Implications for further research

Identifying genetic factors that play a role in spermatogenic failure is quite challenging. Recently 
developed genome-wide scanning technologies, such as microarray-based comparative 
genomic hybridization (array CGH) and genome-wide single nucleotide polymorphism (SNP) 
platforms now in principle enable the detection of genetic variants that are associated with 
spermatogenic failure in a high-throughput and genome-wide manner. Microarray-based CGH 
can detect previously unrecognized larger-sized (non-SNP) variations in the genome. These 
variants include copy number variations (CNVs, also known as copy-number polymorphisms 
(CNPs) or large-scale copy-number variations (LCVs)), inversions, insertions, deletions and 
other complex rearrangements, most of which can not be detected by standard cytogenetics 
or DNA sequencing. Thus, genome-wide SNP association studies aiming at discover genetic 
regions that are hitherto unknown should now be performed. Thereafter, candidate genes 
could be identified in these newly associated regions and these genes should be screened for 
disease-causing mutations in men with spermatogenic failure.

Seletion of the best candidate genes for spermatogenic failure should be based on testis-
specificity of the gene and a proven spermatogenic failure phenotype in an animal (knock-out) 
model. The best design for candidate gene screening is the case-control study design. Cased 
should be, depending upon the function of the gene of interest, patients with a very specific 
and homogenous phenotype, such as azoospermia due to Sertoli Cell only (SCo) or isolated 
asthenozoospermia. Controls should be men with very good semen quality. A major difficulty 
in these studies is proving that the particular unique mutation identified is disease-causing. 
Ideally, one would like to have testis tissue of all men included, to prove on protein level 
that a particular unique mutation is disease-causing. However, for obvious medical ethical 
reasons, this is not feasible. Another option is to use a mouse model system. The development 
of these models, however, is time-consuming and needs specialized and experienced staff. 
Finally, in-vitro models of spermatogenesis could be used. Unfortunately, such in-vitro models 
are currently unavailable. The development of such a model would surely lead to better 
understanding of spermatogenesis in general and spermatogenic failure in particular. Such 
models could also be used to determine whether substitution of a putative disease-causing 
mutation leads to the expected spermatogenic failure phenotype. The development of such an 
in-vitro model seems therefore essential in our field of research.

Another research possibility after detection of newly associated chromosomal regions 
by high-throughput screening is performing an association study in a large cohort of men 
from subfertile couples with varying degrees of semen quality. In contrast to candidate gene 
screening, association studies aim to find an association between a genetic locus and a certain 
disease. Consequently, these variants are in itself not (directly) disease-causing and occur in 
patients as well as in controls, but in a lower frequency in controls. Since case-controls studies 
are more prone to selection bias, which can lead to false associations (e.g. by difference in 
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ethnicity between patients and controls), the preferred design for association studies is a cohort 
design in which men from subfertile couples with all degrees of semen quality are included.

Another important issue to consider is the fact that sperm production is a quantitative 
trait and semen parameters must therefore be analyzed as continuous variables rather than 
dichotomous variables. To be able to find an association with a certain genetic variants many 
men must be included. The number of included men needed depends on the frequency of the 
genetic variant under study and its penetrance. An additional factor to taken into account for 
when performing association studies are characteristics that can influence the association, 
such as ethnic background and environmental factors. Although it is still unclear whether 
and which environmental factors affect semen quality, it seems wise to at least register such 
factors.

Since spermatogenic failure is thought to be a complex disease in which genetic as well as 
environmental factors play a role, ultimately the combination of these factors might lead to 
the development of risk profiles for spermatogenic failure. Finally, we would suggest that in 
contrast to disease-causing mutations, genetic variants that are associated with spermatogenic 
failure should be referred to as genetic risk factors, rather then genetic causes of spermatogenic 
failure.

In conclusion, our ultimate goal of screening for mutations in all genes in a large group of 
men with spermatogenic failure might no longer be a ‘mission impossible’ with the availability 
of new screenings methods and the knowledge obtained through the research described in 
this thesis.
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