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Introduction

Subfertility, defined as the inability to conceive within one year of unprotected intercourse is a 
major life crisis. Its consequences present a life long loss that can threaten central values and 
can cause overwhelming stress (1). Subfertility affects 10-15% of couples, with approximately 
equal contribution from both partners (2). The male contribution to a couple’s subfertility is 
nearly always due to spermatogenic failure. 

There is currently no direct treatment for spermatogenic failure except in sporadic endocrine 
disorders, i.e. hyperprolactinemia and hypogonadotropic hypogonadism (3). The only tool 
clinicians have to date is to subject the female partner to invasive and burdensome techniques 
such as intra cytoplasmic sperm injection (ICSI)(4). Although current follow-up studies of 
young children born after ICSI are reassuring, the major concern with ICSI is transmission 
of spermatogenic failure to the offspring. The width of this effect will become apparent in the 
coming years as the first children born from ICSI are now entering puberty.

These two considerations, i.e. the inability to treat men with spermatogenic failure directly 
and the potential transmission of spermatogenic failure to the next generation, made us decide 
some 10 years ago to study the genetic aetiology of spermatogenic failure (5-7).

Spermatogenesis, the development of mature, haploid spermatozoa from diploid spermatogonial 
stem cells, is initiated postnatally and is a process that continues for a man’s entire life. The first 
wave of spermatogenesis occurs between birth and the first 6 months after birth. The second 
wave is initiated at puberty, when spermatocytes first undergo meiosis (8). Spermatogenesis 
depends on interactions between somatic (Sertoli, Leydig and peritubular) and germ cells, and 
hormonal factors (9).

Germ cells mature in the seminiferous tubules, with the most mature cells lying closest to 
the central lumen (Figure 1). Maturation of germ cells is usually subdivided into three phases: 
(I) the spermatogonial/replicative phase, (II) the meiotic phase and (III) spermiogenesis 
(Figure 1)(9).

Two classes of spermatogonia have been identified, namely spermatogonial stem cells (As) 
that renew themselves and differentiated spermatogonia (Type A and B spermatogonia)(10). 
Adark (Ad) spermatogonia are the resting A spermatogonia and Apale (Ap) spermatogonia are 
the proliferating A spermatogonia (11). The differentiated diploid spermatogonia undergo 
several mitotic divisions before they enter meiosis as (primary) spermatocytes (10). After 
the first meiotic division, spermatocytes undergo a second (mitosis-like) meiotic division to 
form haploid spermatids (12). These haploid spermatids then undergo a process of cellular 
differentiation known as spermiogenesis, progressing from round to elongating to elongated 
spermatids and finally resulting in the development of mature spermatozoa (Figure 1)(9). 

It has been estimated that >2000 genes are involved in spermatogenesis. In theory, mutations 
in any of these genes could negatively affect spermatogenesis (9, 13-15). 
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In the last decades, many promising candidate genes for spermatogenic failure have 
been described in mice (9, 14). Although many attempts have been made to translate 
findings in animal models to humans by searching for gene mutations/deletions in men with 
spermatogenic failure, only a few genetic defects causing spermatogenic failure in human are 
currently known. These defects are structural and numerical chromosome abnormalities, 
Y-chromosome deletions and a few monogenetic disorders.

Chromosomal abnormalities are observed in ~6% of men with spermatogenic failure and 
most involve the sex chromosomes (16). Klinefelter’s syndrome -characterized by a 47,XXY 
karyotype- is the most common sex chromosome abnormality with a prevalence of ~0.1% in 
the general population. Structural abnormalities that have been frequently observed in men 
with spermatogenic failure include reciprocal translocations, Robersonian translocations and 
pericentric inversions (16).

The frequency of deletions on the long arm of the Y chromosome in men with spermatogenic 
failure varies between 6 and 13% (17). To date, four Y-chromosome deletions have been 
clearly associated with spermatogenic failure: azoospermia factor a (AZFa), P5/proximal-P1 
(previously termed AZFb), P5/distal-P1 and AZFc deletions (18).

AZFa deletions are very uncommon (<1% of azoospermic men) and these men have 
azoospermia due to Sertoli cell only syndrome. P5/proximal-P1 and P5/distal-P1 deletions are 
slightly more common than AZFa deletions, but are still rather rare (~2% of azoospermic men) 
(19). The phenotype of men with such deletions is azoospermia due to maturation arrest. AZFc 
deletions are the most common genetic cause of spermatogenic failure; ~12% of azoospermic 
men and ~6% of oligozoospermic men carry this deletion. Men with AZFc deletions have 
variable phenotypes, ranging from Sertoli cell only syndrome to severe oligozoospermia. 

Figure 1. Schematic representation of sperma-
togenesis (http://www.faculty.sunydutchess.edu/ 
scala/Bio102/default.htm).
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Although most AZFc deletions are de novo, several cases of natural transmission have been 
described (17, 18).

Finally, spermatogenic failure can be caused by rare monogenetic disorders like mutations 
in the the ubiquitin specific peptidase 9, Y-linked (USP9Y) gene, the synaptonemal complex 
protein 3 (SYCP3) gene and the spermatogenesis associated 16 (SPATA16) gene (20-22).

Taken together, at present, genetic abnormalities are diagnosed in only ~15% of men suffering 
from spermatogenic failure. An additional 30-35% of cases can be explained by non-genetic 
causes, e.g. hypogonadotrope hypogonadism, orchitis, previous chemo- or radiotherapy or  
bilateral cryptorchidism. Consequently, more than half of the men suffering from spermatogenic 
failure are classified as idiopathic and many of these cases are thought to have a genetic origin 
(17, 23).

Evidence for a shared genetic origin in idiopathic spermatogenic failure stems from several 
case reports showing segregation of a genetic abnormality in multiple affected family members 
and case-control studies reporting an increased frequency of male infertility among brothers 
of men with spermatogenic failure (24-26). However, only very few men have the same genetic 
locus for the spermatogenic failure phenotype and a common inheritance pattern in the 
population seems therefore unlikely. As a consequence, spermatogenic failure is not caused by 
a common genetic defect, but is a complex disorder in which multiple genes and environmental 
factors play a role (23).

For this thesis we screened men with spermatogenic failure for mutations in four candidate 
genes, namely (I) heterogeneous nucleus ribonucleoprotein G-T (HNRNP G-T), (II) NACHT, 
LRR and PYD containing protein 14 (NALP14), (III) BOULE (also known as BOLL) and (IV) 
FK506 binding protein 6 (FKBP6). In addition, we performed properly designed association 
studies for three genetic variants that have been put forward as risk factors for spermatogenic 
failure, namely an enlarged CAG repeat length in the Androgen Receptor (AR) gene, the not10/
not10 CAG repeat length variant in the mitochondrial DNA polymerase gamma (POLG) gene 
and the gr/gr deletion (27-29).

HNRNP G-T and NALP14 are located in chromosomal region 11p15. This region is known 
to be associated with spermatogenic failure (30). In addition, several unique mutations in 
two genes located within this region, Zinc Finger 214 and 215 (ZNF214 and ZNF215), are 
described that may be responsible for spermatogenic failure in some men (30). Both HNRNP 
G-T and NALP14 are located in close proximity to ZNF214 and ZNF215 and could thus play 
an important role in spermatogenic failure as well.

Since meiosis is of vital importance for normal spermatogenesis, we selected two genes that 
are known to be essential for proper meiosis, namely BOULE and FKBP6. BOULE is a member 
of the DAZ-gene family that also includes the deleted in azoospermia (DAZ) gene located 
in the AZFc region of the Y chromosome and the deleted in azoospermia-like (DAZL) gene 
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on chromosome 3. BOULE is exclusively expressed in testis and loss of function of this gene 
results in azoospermia in Drosophila (31-33). BOULE mutations have not yet been studied in 
humans.

FKBP6, like SYCP3, is a component of the synaptonemal complex (34). The synaptonemal 
complex is essential for proper chromosome pairing and meiotic division (12, 35). A 
heterozygous mutation in SYCP3 that caused azoospermia due to meiotic arrest has been 
described in two infertile men (21). A null mutation in Fkbp6 causes azoospermia in mice and 
rats (34), but FKBP6 mutations have thus far not been studied in humans.

In contrast to candidate gene screening in which the purpose of study is to find a direct cause-
effect relationship, i.e. finding a gene mutation that causes spermatogenic failure, association 
studies aim to find an association between a genetic locus and a certain disease. Association 
studies are thus genetic mapping studies in which the genetic variant in itself is not the direct 
or only cause of the phenotype. Consequently, these variants can also occur in controls, but, in 
case of an existing association, at a significantly lower frequency. 

Although there is a myriad of papers claiming an association between a genetic variant 
and spermatogenic failure, only three associations have been tested for in multiple studies. 
Those genetic variants are the gr/gr deletion, the not10/not10 CAG repeat length variant in 
the mitochondrial DNA polymerase gamma (POLG) gene and the enlarged CAG repeat length 
in the Androgen Receptor (AR) gene (27-29). None of these studies have proven or refuted a 
true association between the genetic variant and the spermatogenic failure phenotype, mainly 
because of small sample sizes and differences in selected study groups.

In summary, in approximately half of the men with spermatogenic failure no cause can be 
found. Genetic factors are thought to play an important role in spermatogenic failure, but the 
mechanisms of spermatogenic failure are still poorly understood. In this thesis, we present our 
results of mutation screening in four candidate genes, namely HNRNP G-T, NALP14, BOULE 
and FKBP6 as well as three association studies for the enlarged CAG repeat variant in AR, the 
not10/not10 CAG repeat variant in POLG and the gr/gr deletion in a large cohort of men with 
various degrees of semen quality.
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Aim of the thesis

The overall aim of this thesis was to identify genetic causes of spermatogenic failure. We 
attempted to answer the following questions:
O  Do mutations in two testis-specific genes (HNRNP G-T and NALP14), located in 

chromosomal region 11p15, cause spermatogenic failure?
O  Do mutations in two meiosis-specific candidate genes (BOULE and FKBP6) cause 

spermatogenic failure?
O  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?
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Outline of the thesis

Chapter 2 describes the results of a mutation screen performed in the testis-specific 
heterogeneous nuclear ribonucleoprotein G-T (HNRNP G-T) gene in 153 men with idiopathic 
non-obstructive azoospermia or severe oligozoospermia. This gene is located in chromosomal 
region 11p15 that has been shown to be associated with spermatogenic failure.

Chapter 3 investigates the role of NALP14 in spermatogenesis and spermatogenic failure. 
This gene is also located in chromosomal region 11p15. The expression of NALP14 in 
different stages of normal spermatogenesis and the genomic imprinting status of the gene 
were determined and a mutation screen was performed in 157 men with idiopathic non-
obstructive azoospermia or severe oligozoospermia.

Chapter 4 presents the results of a mutation screen performed in BOULE in 156 men with 
idiopathic non-obstructive azoospermia or severe oligozoospermia. BOULE is essential 
for normal spermatogenesis, is a member of the DAZ-gene family and is specifically 
expressed in testis.  

Chapter 5 reports the results of a mutation screen for the FK506-binding protein 6 (FKBP6) 
gene in 51 men with non-obstructive azoospermia. The Fkbp6 protein is a component of 
the synaptonemal complex, which is essential for proper meiosis. A null mutation of this 
gene causes azoospermia in mice and rats.

Chapter 6 describes the association between semen quality and an enlarged CAG repeat 
in the Androgen Receptor (AR) gene in a large cohort of 700 men with variable degrees 
of spermatogenesis. The androgen receptor functions as a steroid-hormone activated 
transcription factor. Mutations in this gene are associated with complete androgen 
insensitivity. 

Chapter 7 describes the association between semen quality and the not10/not10 CAG 
repeat variant in polymerase gamma (POLG) in the same large cohort of men with variable 
degrees of spermatogenesis. Mutant mice showed small testes and reduced fecundity.

Chapter 8 describes the association between spermatogenic failure and the gr/gr deletion 
in a cohort of 880 men with variable degrees of spermatogenesis. The gr/gr deletion is 
located in the AZFc region of the Y chromosome and deletion of the AZFc region is 
associated with azoo- or oligozoospermia.

Chapter 9 summarizes the obtained results and gives suggestions for clinical implications 
and further scientific research.
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