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Chapte rr  i 

In t roduct io n n 

Subfertility,, defined as one year of unprotected intercourse without conception, affects 

10-15%% of couples (Hull et al., 1985; De Kretser 1997; Snick et al., 1997; Evers 2002). 

Accordingg to the World Health Organization (WHO) in 47% of subfertile couples semen 

parameterss are decreased (WHO 1987). However, the prognostic value of decreased semen 

parameterss is limited in establishing the contribution of the male partner, as female 

parameterss also contribute to the couple's fertility, and sperm measurements that 

discriminatee between fertile and subfertile men are not well defined (Bonde et al., 1998; 

Guzickk et al., 2001). Therefore, the exact prevalence of male subfertility is not known. 

Nevertheless,, azoospermia and severe oligoasthenoteratozoospermia are significant 

aspectss of male subfertility. 

Malee subfertility can be categorized as due to pre-testicular, testicular and post-testicular 

factorss (De Kretser 1997). Hyperprolactinemia and hypogonadotropic hypogonadism are 

amongg the pre-testicular disorders. Epididymal or vasal obstruction and sexual dysfunctions 

aree among the post-testicular factors. A relatively common cause in clinical practice is 

azoospermiaa resulting from vasectomy. Congenital bilateral absence of the vasa deferentia 

(CBAVD)) is one of the symptoms in cystic fibrosis but can also be present without the 

respiratoryy component (Chillon et al., 1995; De Braekeleer and Ferec 1996). 

Testicularr dysfunction results in reduced semen parameters due to impaired 

spermatogenesis.. The etiologic factors that cause impaired spermatogenesis can be divided 

inn acquired and congenital factors. Acquired testicular failure can be due to chemotherapy, 

drugs,, irradiation, torsion and orchitis (De Kretser 1997). Cryptorchidism is one of the 

congenitall factors that can result in impaired spermatogenesis (Chilvers et al., 1986; Lee et 

al.,, 1996). In addition, several genetic causes have been identified in men with subfertility 

duee to testicular failure. Numerical chromosomal abnormalities and structural 

chromosomall abnormalities have been found in patients with azoo- or oligozoospermia 

(Tuerlingss et al., 1998; Hargreave, 2000; Dohle et al., 2002). Among the numerical 

chromosomall abnormalities the Klinefelter syndrome, which are men with a 47XXY 

phenotypee who are in general subfertile, is most common. Also, five classes of 

YY chromosome deletions, AZFa (Azoospermia Factor a), P5/proximal-Pi, P5/distal-Pi, 

P4/distal-Pii and b2/D4 (AZFc) deletions, cause spermatogenic failure (Reijo et al., 1995; 

Vogtt et al., 1996; Kremer et al., 1997; Repping et al., 2002 and 2003). 

Malee subfertility mostly occurs as an isolated disorder in otherwise healthy men but can also 

bee among the symptoms of a complex disorder or a monogenic disorder. In Online 

Mendeliann Inheritance in Man (OMIM), a genetic database of monogenic disorders, 

conditionss associated with male subfertility are reported. In most syndromes relevant in this 

context,, male subfertility is due to hypogonadotropic hypogonadism, cryptorchidism, 
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delayedd puberty, or male pseudohermaphroditism and ambiguous genitalia. Monogenic 

disorderss are rare but as a group they may contribute to the total frequency of male 

subfertilityy (Meschede and Horst, 1997). 

Despitee the known aetiologic factors listed above, in up to 40% of subfertile men the 

aetiologyy is unknown and subfertility in these men is classified as idiopathic (De Kretser, 

1997).. Idiopathic impaired spermatogenesis, in otherwise healthy subfertile men, is the 

phenotypee under study in this thesis. 

Theree are hardly any means to directly treat male subfertility. Treatment with a dopamine-

agonistt can be successful in men with hyperprolactinemia. Men with hypogonadotropic 

hypogonadismm can be treated with gonadotrophins. Surgical correction of the vasa 

deferentiaa can be successful after vasectomy although anti sperm auto antibodies may have 

beenn generated that still cause subfertility (Alexander and Anderson, 1979; Clayton and 

Moore,, 2001). 

Inn general, however, treatment of male subfertility is not possible. The best option for these 

menn is to try and achieve a pregnancy by assisted reproductive techniques (ART). At 

present,, intrauterine insemination (IUI) is the first line treatment for moderate male factor 

subfertilityy (Ombelet et al., 2003). In vitro fertilization (IVF) combined with intracytoplasmic 

spermm injection (ICSI) is the only therapeutic option for couples with subfertility due to 

severelyy decreased sperm counts (Palermo et al., 1992; Tournaye, 2000; Campbell and 

Irvinee 2000). Surgically retrieved sperm cells from the epididymis or the testis are used for 

ICSII in men with azoospermia (Palermo et al., 1999; Tournaye, 1999). 

Thesee assisted reproductive techniques (ART) place a heavy burden on the normal fertile 

femalee partners of the subfertile men. These women have to undergo controlled ovarian 

hyperstimulationn and, in case of IVF and ICSI, follicle aspiration, which both are potentially 

riskyy procedures. Another negative side effect accompanying these treatments is a high rate 

off multiple pregnancies with more complications compared to singleton pregnancies 

(Lambert,, 2002). 

Abovee all, there has been major concern about the rate of birth defects of the ICSI offspring 

(Bowenn et al., 1998; Meschede et al., 1998; Johnson, 1998; te Velde et al., 1998; Campbell 

andd Irvine, 2002). Several follow up studies have been published in the past years. 

Fortunately,, most of these studies report no increase in the incidence of major birth defects 

afterr ICSI (Palermo et al., 1996; Wennerholm et al., 2000; Sutcliffe et al., 2001; Bonduelle et 

al.,, 2002 and 2003). Only one follow up study reported a twofold higher risk of a major birth 

defectt in ICSI children as in naturally conceived infants (Hansen et al., 2002). 

Recently,, a higher incidence of the imprinting disorders Beckwith Wiedemann and 

Angelmann syndrome has been reported in children conceived by ICSI (Cox et al., 2002; 

DeBaunn et al., 2003; Maher et al., 2003; Orstavik et al., 2003). Imprinting is a mechanism 
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inn which gene expression depends on the parental origin of the allele. It has been suggested 

thatt the use of ICSI could increase the risk for imprinting disorders (Maher et al., 2003; 

Devroeyy and Van Steirteghem, 2004). However, the exact risk is not yet clear as this 

associationn is only based on case reports and uncontrolled cohorts. 

Inn addition, Y chromosome deletions are transmitted to sons by ICSI and therefore these 

boyss are likely to be subfertile in adulthood (Kamischke et al., 1999; Page et al., 1999). If 

otherr yet unknown genetic aberrations play a role in impaired spermatogenesis, these 

geneticc abnormalities might also be transmitted to the next generation by ICSI with a 

possiblee negative impact on fertility. It is therefore quite obvious that further research into 

thee genetic causes of male subfertility due to impaired spermatogenesis is needed. 

Beforee the writing of this thesis, there were some indications that idiopathic impaired 

spermatogenesiss has a genetic background. Several families with multiple subfertile male 

familyy members had been described in which a genetic defect segregates through the family, 

indicatingg that impaired spermatogenesis can be a heritable condition. (Chaganti and 

German,, 1979; Leonard et al., 1979; Shabtai et al., 1980, Cantu et al., 1981; Rivera et al., 1984; 

Meschedee et al., 1994; Chang et al., i999;Sautet al., 2000; Rolfet a l , 20O2;Tuerlings et al., 

2002). . 

Familiall clustering of male subfertility had been observed in a case control study, which 

couldd be explained by an autosomal recessive mode of inheritance in the majority of cases 

(Lilfordd et al., 1994). In this study, conclusions were based on a significantly increased 

numberr of subfertile brothers of men with reduced sperm counts as compared to fertile 

controls.. These findings were supported by a study describing that men with an ICSI 

indicationn had fewer siblings than fertile controls {Meschede et al., 2000). The fertility 

statuss of a couple, however, is not exclusively based on semen parameters as female factors 

playy an important role as well. In both studies, the control group consisted of fertile men of 

whomm no semen parameters were available. Reporting bias might have influenced the data 

foundd in the case control study, as fertile controls are probably less informed about fertility 

problemss among their relatives, than men with reduced semen parameters (Van der Avoort 

ett al., 2003). Therefore, these studies are not sufficient to conclude that male subfertility due 

too impaired spermatogenesis clusters in a quantitative amount. Thus we explored to what 

extentt spermatogenic failure has a familial background and which mode of inheritance 

mightt be involved. In addition, during our research, we came across a unique family with 

fivee brothers who were infertile due to azoo- or very severe oligozoospermia. In this family, 

wee performed a detailed genetic evaluation to identify whether there is a single genetic 

causee of the infertility. 

Inn addition to family studies, genetic studies in several different animal models like the yeast 

S.. cerevisiae, the worm C. elegans, the fly Drosophila and the mouse have provided evidence 

12 2 



In t roduc t io n n 

forr existence of hundreds of X chromosomal and autosomal genes that can mutate to male 

sterilee alleles (Hackstein et al., 2000; Venables and Cooke, 2000). Therefore, it is very 

suggestivee that yet unknown autosomal genes are involved in idiopathic impaired 

spermatogenesis. . 

Too identify genes that are not yet known as disease causing genes in humans, several 

methodss have been described. As the pathogenesis of impaired spermatogenesis and the 

biochemicall functions of genes that might be involved are not known at this moment, 

functionall cloning strategies can not be used. Population based mapping studies, like 

linkagee analysis and association analysis, have been described as promising approaches to 

detectt disease-causing genes (Strachan and Read 1999). In this thesis we evaluated whether 

thesee methods are proper tools in studying idiopathic impaired spermatogenesis. 

AA more direct approach to identify disease-causing genes is screening of candidate genes 

forr mutations in men with idiopathic impaired spermatogenesis. Based on genetically 

manipulatedd animal models and specific expression in testis, a large number of genes has 

beenn put forward as candidates. In this thesis we decided to focus on three candidate genes 

locatedd on chromosomal region npi5: the Zinc Finger [ZNF) genes 214 and 215 and the 

Heterogeneouss Nuclear Ribonucleoprotein G-T (HNRNP G-T) gene. In addition we 

concentratedd on the Protein C Inhibitor (PCI) gene, which is very likely to play a role in 

teratozoospermiaa as a recent study reported this specific subfertile phenotype in PCI 

knockoutt mice (Uhrin et al., 2000). 

Too study genes possibly involved in idiopathic severely impaired spermatogenesis we 

definedd very stringent inclusion criteria for patient selection: otherwise healthy men who did 

nott conceive a pregnancy within one year of unprotected intercourse, with a total sperm 

countt of less than 20 x 106 spermatozoa in two consecutive semen samples, for which no 

knownn cause could be identified. Data were compared with a control group consisting of 

menn recruited from the same population but with normozoospermia defined as a total 

spermm count of at least 40 x 106 spermatozoa with a progressive motility and normal 

morphologyy of at least 40%, in two consecutive semen samples. Patients and controls were 

includedd consecutively during the whole study period. All data generated in this thesis 

derivedd from this still growing study cohort. 
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Ai mm o f th e thesi s 

Thee aim of this thesis was: 

1.. To study whether male subfertility due to impaired spermatogenesis has a familial 

componentt and, in case there is, to study the mode of inheritance. 

2.. To establish the possible genetic basis of impaired spermatogenesis in a family with 

severall subfertile brothers with severely reduced semen parameters. 

3.. To evaluate whether genetic epidemiology provides proper tools to identify genes involved 

inn idiopathic impaired spermatogenesis. 

4.. To test whether chromosomal region npi5 is associated with impaired spermatogenesis 

andd to screen the ZNF214 and ZNF275 genes, which are located on this region, for mutations 

inn men with spermatogenic failure. 

5.. To screen the candidate gene HNRNP G-Tfor mutations in men with idiopathic impaired 

spermatogenesis. . 

6.. To screen the candidate gene PCI for mutations in men with idiopathic azoospermia or 

teratozoospermia. . 
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I n t roduc t io n n 

Outl in ee o f th e thesi s 

Inn CHAPTER 2 we present the results of a case control study, comparing the prevalence of 

subfertilityy among relatives of patients with severe idiopathic impaired spermatogenesis 

withh the prevalence of subfertility among relatives of patients with normal semen 

parameters.. If permission was given, semen parameters of the subfertile brothers were 

collectedd in both groups. In addition, a segregation analysis was performed. 

Inn CHAPTER 3 we report a unique family with five brothers who are infertile because of 

severelyy impaired spermatogenesis. To elucidate the possible genetic basis for the infertility 

inn this family, we screened all five brothers as well as their parents and two other paternally 

relatedd family members for known genetic causes of impaired spermatogenesis. In addition, 

resultss of an extensive analysis of the Y chromosome, X chromosomal linkage analysis, and 

mutationn analysis of the mitochondrial DNA are presented. 

Inn CHAPTER 4 we give an overview of the genetic basis of impaired spermatogenesis. 

Variouss genetic models that might be involved in male subfertility are described. In addition, 

wee discuss the applicability of several methods, which potentially could identify genes that 

mightt play a role in impaired spermatogenesis. 

Inn CHAPTER 5 we studied the involvement of two candidate genes, Zinc Finger 214 

(ZNF214)(ZNF214) and Zinc Finger 215 (Z/VF215), located on chromosomal region npi5 in idiopathic 

impairedd spermatogenesis and impaired spermatogenesis due to cryptorchidism. We 

performedd an association study based on allele and estimated haplotype frequencies of 

commonn single nucleotide polymorphisms in those genes. Additionally, both genes were 

screenedd for mutations. 

Inn CHAPTER 6 we present the results of a mutation screen in the heterogeneous nuclear 

ribonucleoproteinn C-T (HNRNP G-T) gene, also located on chromosomal region npi5. The 

specificc function of this gene is not known, but it is thought to play a role in cell-specific pre-

mRNAA splicing in germ cells. Therefore, we hypothesized that the HNRNP C-T gene might 

bee involved in male subfertility and performed a mutation screen in patients with idiopathic 

impairedd spermatogenesis. 

Inn CHAPTER 7 we describe studies on the role of the Protein C inhibitor encoded by the PCI 

genee in human teratozoospermia and azoospermia. Several reasons why PCI might be 

involvedd in male subfertility are discussed. In this study we performed a mutation screen in 

menn with severe teratozoospermia or idiopathic azoospermia. In addition, the PCI antigen 
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levell is evaluated in semen plasma of patients in which a genetic aberration was found. 

Inn CHAPTER 8 we summarize the results of the studies presented in this thesis and give 

implicationss for future work in the search for genetic factors involved in male subfertility. 
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Abstrac t t 

Background d 
Thee aetiology of impaired spermatogenesis is unknown in the majority of cases. Evidence of 

aa contribution of genetic factors is still scarce. Therefore, the aim of our study was to assess 

whetherr male factor subfertility due to impaired spermatogenesis has a familial component 

andd to test different genetic models of inheritance. 

Methods s 
Casess were all men with severe idiopathic impaired spermatogenesis attending our fertility 

clinicc from January 1998 until December 2001. Controls were all men with 

normozoospermiaa attending our fertility clinic in the same period. Family data were 

collectedd from the medical records and by additional interviews of the probands. If 

subfertilityy of a first-degree relative was mentioned, permission was sought to contact the 

affectedd family member in order to obtain all medical information available, including the 

resultss of semen analyses. 

Results s 
Inn total, 160 patients and 285 controls were included in the analysis. Family size and number 

off brothers and sisters were equally distributed in both groups. In the patient group, 16.3% 

off the brothers who had tried to father a child were mentioned to be subfertile compared to 

5.8%% in the control group (OR 3.18 (95% CI 1.59-6.37)). The subfertility among the brothers 

inn the patient group was more often due to reduced semen parameters compared to the 

controll group. The data did not fit with frequent autosomal dominant or recessive 

segregation. . 

Conclusion n 
Malee factor subfertility due to impaired spermatogenesis appears to cluster in families. Our 

dataa suggests that heritable genetic factors play a role in a limited number of cases. 

Impairedd spermatogenesis is not caused by a common genetic defect, but is most likely a 

complexx disease in which several different factors play a role. 
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Introductio n n 

Subfertility,, defined as one year of unprotected intercourse without conception, affects 10-

15%% of couples (Hull etal., 1985; De Kretser, 1997; Snick etal., 1997; Evers, 2002). According 

too the World Health Organisation (1987), in 47% of these couples semen parameters are 

decreased.. In most cases, the cause of the reduced sperm quality is not known. In particular, 

littlee is known about the genetic aetiology of impaired spermatogenesis. Numerical 

chromosomall abnormalities are found by cytogenetic studies in approximately 4% of men 

withh azoo- or oligozoospermia (Tuerlings et al., 1998; Hargreave, 2000; Dohle et al., 2002). 

Structurall chromosomal abnormalities include deletions of the Y chromosome, which have 

beenn found in another 6-13% of patients (Reijo et at., 1995- !996 ; Kremer et al., 19971 

Kuroda-Kawaguchii et al., 2001). However, in the vast majority of cases the aetiology of 

impairedd spermatogenesis remains unknown and is classified as idiopathic {Snick et al., 

1997)--

Too date, the only therapeutic option for couples with subfertility due to severely decreased 

spermm count is controlled ovarian hyperstimulation and follicle aspiration followed by ICSI. 

Thee therapeutic efficacy of ICSI is generally accepted, but there is still concern about 

potentiall transmission of genetic defects to the offspring (Bowen et al., 1998; Johnson et al., 

1998;; Meschede et al., 1998; te Velde et al., 1998). Although major birth defects seem not 

too be increased in children born after ICSI (Palermo et al., 1996; Sutcliffe et al., 2001; 

Bonduellee et al., 2002), Y chromosome deletions are transmitted to sons by ICSI and 

thereforee they are likely to be infertile as adults (Page et al., 1999). If idiopathic impaired 

spermatogenesiss would appear to be a genetic condition, then other unknown genetic 

abnormalitiess might also be transmitted via ICSI with a possible negative impact on fertility. 

Theree is some evidence available for a genetic basis of male subfertility in humans, but this 

iss still scarce. So far, several families with multiple subfertile male family members have 

beenn described in which a genetic defect segregates in the family (Chaganti and German, 

1979;; Leonard et al., 1979; Shabtai et al., 1980, Cantu et al., 1981; Rivera et al., 1984; 

Meschedee et al., 1994; Chang et al., 1999; Saut et al., 2000; Rolf et al., 2002; Tuerlings et al., 

2002;; Cianotten et al., 2003). In addition, familial clustering of male subfertility has been 

observedd in a case control study, which could be explained by an autosomal recessive mode 

off inheritance in the majority of cases (Lilford et al., 1994). Conclusions were based on a 

significantlyy increased number of subfertile brothers of men with reduced sperm counts as 

comparedd to fertile controls. These findings are supported by a study describing that men 

withh an ICSI indication have fewer siblings than fertile controls (Meschede et al., 2000). 

Thee fertility status of a couple, however, is not exclusively based on semen parameters as 

severall additional factors of both partners contribute to the subfertile phenotype. In both 

studiess demonstrating clustering of male subfertility, the patient group consisted of men 
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withh a very broad range of semen parameters. Both control groups consisted of fertile men 

off whom no semen parameters were available (Lilford et al., 1994; Meschede et al., 2000). 

Inn this study we focussed on severe impaired spermatogenesis, in order to avoid conflating 

malee and female factors. Comparisons were made with a group of subfertile men attending 

thee same outpatient clinic, who had normal semen parameters. 

Thee aim of our study was to assess whether male factor subfertility due to impaired 

spermatogenesiss has a familial component and to test different genetic models of 

inheritance.. Therefore, we determined the prevalence of subfertility among relatives of 

patientss with severe idiopathic impaired spermatogenesis and the prevalence of subfertility 

amongg relatives of patients with normal semen parameters. In addition, we determined 

whetherr the subfertility of the brothers was due to reduced semen parameters or caused by 

otherr factors. 

Method s s 

Patients s 

Casess were all men with idiopathic azoospermia or extremely severe oligozoospermia who 

attendedd the Center for Reproductive Medicine of the Academic Medical Center from 

Januaryy 1998 until December 2001 with subfertility for at least one year. Oligozoospermia 

wass defined as a total sperm count < 20 x 106 spermatozoa, in two consecutive semen 

samples.. Semen analyses were performed according to the criteria of the World Health 

Organisationn (1992). Patients with a history of alcohol abuse, orchitis, surgery of the vasa 

deferentia,, bilateral orchidectomy, chemo- or radiotherapy, obstructive azoospermia 

(confirmedd by testicular biopsy), congenital bilateral absence of vasa deferentia, and 

patientss with numerical and structural chromosomal abnormalities or deletions of the Y 

chromosomee were excluded. 

Controlss were all men with subfertility for at least one year, attending the Center for 

Reproductivee Medicine of the Academic Medical Center in the same period, who had normal 

spermm counts. Normozoospermia was defined as a total sperm count of at least 40 x 106 

spermatozoaa with a progressive motility and normal morphology of at least 40%, in two 

consecutivee semen samples. 

Thee study was approved by the Institutional Review Board of the Academic Medical Center. 

Familyy data 

Off all cases as well as of all controls, family data were collected from the medical records. 

Thee number of brothers and sisters, the number of their children, and whether they had 

beenn conceived spontaneously was recorded. In cases of childless brothers or sisters, it was 
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registeredd whether they had a regular sexual partner and whether the childlessness was 

voluntaryy or involuntary. 

Relativess were considered to be subfertile when there was no pregnancy after one year of 

unprotectedd intercourse or when they had a child after assisted reproductive therapy. 

Iff the information in the medical record was not sufficient, the probands were interviewed 

byy telephone. If subfertility of a first-degree relative was mentioned, permission was sought 

throughh the proband to contact the affected family member in order to obtain all medical 

informationn available about his or her fertility status, including the results of semen analyses. 

Adoptedd siblings, stepbrothers and sisters and half-brothers and half-sisters were excluded 

fromm this study. 

Stat ist ics s 

Thee age of the patients and controls was compared using a Student's t-test and family size 

frequenciess between patients and controls were compared using Fisher's exact test. All 

otherr comparisons between cases and controls were performed using logistic regression 

andd results are expressed as odds ratios (OR) with 95% confidence intervals (95% CI). 

Relativess without a partner and relatives with partner who were voluntarily childless were 

consideredd not to be at risk for subfertility. Therefore, only brothers who fathered at least 

onee child, spontaneously or after fertility treatment, and brothers with a partner who were 

involuntarilyy childless were included in the analysis. 

Thee consistency of the number of affected brothers of patients with idiopathic impaired 

spermatogenesiss and their distribution within families was tested by segregation analysis. 

Thee observed frequency of subfertility among brothers of patients (number of affected 

brothers/totall number of brothers at risk) was compared with frequencies expected under 

threee genetic models assuming independency between the brothers of a patient and a low 

frequencyy of the disease allele. Only patients who did have at least one brother at risk for 

subfertilityy were included in the segregation analysis. 

Modell 1 assumed a single autosomal dominant allele (D) at the disease locus, resulting in 

aa probability of 0.5 that a brother at risk is affected (Dd x dd mating). Model 2 assumed a 

singlee autosomal recessive allele (d) at the disease locus, resulting in a probability of 0.25 

thatt a brother at risk is affected (Dd x Dd mating). The fit of these genetic models was tested 

usingg a log-likelihood (InL) ratio test statistic. This test statistic is twice the absolute 

differencee in InL's of the models and is approximated by a x2 distribution, with 1 degree of 

freedom. . 

Finally,, following Lilford et al. (1994) we assumed a mixed genetic (one autosomal recessive 

allele)) and environmental (other factors) model, in which the percentage of affected 

brotherss due to a recessive gene and the population prevalence of the environmental factors 

causingg subfertility were variable. 
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Result s s 

Casess and controls 
Inn total, 1701 couples visited the Center for Reproductive Medicine of the Academic Medical 

Centerr in the period from January 1998 until December 2001 because of subfertility for at 

leastt one year. Of these couples, 173 men (10.2%) had total sperm counts < 20 x io6, without 

aa known cause. They were all included in this study as patients. Another 323 men (19.0%) 

hadd total sperm counts > 40 x 106 with a progressive motility and normal morphology of at 

leastt 40%. Those men were all included as controls. 

Off 49 (28.3%) patients in the patient group and of 68 (21.0%) men in the control group, 

dataa were not sufficiently recorded in the medical records and an additional telephone call 

wass required. After follow-up by telephone, all required data were available for 160 (92.5%) 

casess and 285 (88.2%) controls. For the remaining cases and controls it was not possible to 

obtainn further information and they were excluded from the analysis. 

Thee mean ages of the patients and controls were 35.8 and 34.7 years, respectively (p=o.o6). 

Inn the patient group, 46 (29%) patients were azoospermic, 48 (30%) had a total sperm 

countt < 2 x io6, and 11 {7%) had a total sperm count of 2 - 5 x 106, 18 (11%) of 5 - 10 x io6 

andd 37 (23%) of 10 - 20 x io6. Of all patients, the medical history revealed 18 (n%) cases 

withh orchidopexy, five (3%) with embolisation of the vena spermatica and 11 (7%) with 

surgeryy of a hernia inguinalis. Testicular volume was reduced (<i5ml) in 102 (64%) patients 

andd FSH was elevated (>7-5 IU/L) in 93 (58%) of patients. 

Numberr  of siblings wit h and without children 
Thee total number of brothers and sisters and the number of brothers and sisters with and 

withoutt children are shown in Table I. The 160 patients included in the analysis had 434 

siblings:: 216 brothers and 218 sisters. The 285 controls had 729 siblings: 354 brothers and 

3755 sisters. Family size expressed as the number of brothers or sisters per proband was 

equallyy distributed in the patient group compared to the control group (/?=o.435 and 

^=0.515,, respectively). 

Inn the patient group, 52 (24%) brothers and 38 (17%) sisters were childless, but did not have 

aa regular sexual partner, compared to 86 (24%) brothers and 54 (14%) sisters in the control 

group.. Another 17 (8%) brothers and 21 (10%) sisters in the patient group had a regular 

partner,, but had no wish to have children yet, compared to 26 (7%) brothers and 34 (9%) 

sisterss in the control group. These differences were not statistically different. 

Inn the patient group, 126 (58%) brothers fathered one or more children, compared to 235 

(67%)) brothers in the control group. They conceived a total of 302 children (an average of 

2.4)) and 585 children (an average of 2.5) respectively. In the patient group 151 (69%) sisters 

hadd at least one child compared to 281 (75%) sisters in the control group. They conceived 
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3711 (an average of 2.5) and 713 (an average of 2.5) children, respectively. These differences 

weree not statistically different. 

Thee remaining 21 (10%) brothers in the patient group and the remaining seven (2%) 

brotherss in the control group did have a regular partner, and mentioned that they were 

involuntarilyy childless. The remaining eight (4%) sisters in the patient group and the 

remainingg six (2%) sisters in the control group were involuntarily childless with a regular 

partner. . 

Tablee I. Number of siblings with and without children of cases and controls 

Patien tt  grou p 

N=i6o o 

Brotherss Sisters 

N=2i66 N=2i8 

Contro ll  grou p 

N=285 5 

Brotherss Sisters 

N=3544 N=375 

Sibss wit h no childre n and no partne r 

Sibss wit h partner , voluntar y childles s 

522 (24%) 38 (17%) 86 (24%) 54 (14%) 

177 (8%) 21 (io%) 26 (7%) 34 (9%) 

Sibss wit h child(ren ) 126(58%) 151(69%) 235(67%) 281(75%) 

Sibss wit h partner , involuntar y childles s 21(10%) 8(4%) 7(2%) 6(2%) 

Subfertilityy among brothers 
Thee number of subfertile brothers among the brothers at risk for subfertility is shown in 

Tablee II. The 126 (58%) brothers in the patient group and 235 (67%) brothers in the control 

groupp who conceived at least one child and the 21 (io%) brothers in the patient group and 

sevenn (2%) brothers in the control group who were involuntarily childless with a regular 

partnerr tried to conceive a child and therefore had been at risk for subfertility. Thus, in total, 

1477 (68%) brothers in the patient group and 242 (68%) brothers in the control group were 

consideredd to be at risk for subfertility (OR 0.99 (95% CI 0.67-1.44)). 

Inn addition to the 21 brothers in the patient group and the seven brothers in the control 

groupp who were involuntarily childless, three brothers in the patient group and four brothers 

inn the control group conceived at least one child after fertility treatment. None of the 

brotherss in the patient group and three brothers in the control group conceived a child after 

moree than one year. Thus, in total, 24 (16.3%) of the brothers at risk in the patient group 

andd 14 (5.8%) of the brothers at risk in the control group were reported to be subfertile, 

whichh was significantly different (OR 3.18 (95% CI 1.59-6.37). 

Fourr patients had two brothers with fertility problems, but none of the controls had more 
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thann one subfertile brother. Consequently, 12.5% of the patients reported at least one 

subfertilee brother, which is significantly more than the 4.9% of the controls (OR 2.76 (95% 

CII 1.36-5-64)). 
Thee number of subfertile brothers among the brothers at risk for subfertility is shown in 

Tablee II. The 126 (58%) brothers in the patient group and 235 (67%) brothers in the control 

groupp who conceived at least one child and the 21 (10%) brothers in the patient group and 

sevenn (2%) brothers in the control group who were involuntarily childless with a regular 

partnerr tried to conceive a child and therefore had been at risk for subfertility. Thus, in total, 

1477 (68%) brothers in the patient group and 242 (68%) brothers in the control group were 

consideredd to be at risk for subfertility (OR 0.99 (95% CI 0.67-1.44)). 

Inn addition to the 21 brothers in the patient group and the seven brothers in the control 

groupp who were involuntarily childless, three brothers in the patient group and four brothers 

inn the control group conceived at least one child after fertility treatment. None of the 

brotherss in the patient group and three brothers in the control group conceived a child after 

moree than one year. Thus, in total, 24 (16.3%) of the brothers at risk in the patient group 

andd 14 (5.8%) of the brothers at risk in the control group were reported to be subfertile, 

whichh was significantly different (OR 3.18 (95% CI 1.59-6.37). 

Fourr patients had two brothers with fertility problems, but none of the controls had more 

thann one subfertile brother. Consequently, 12.5% of the patients reported at least one 

subfertilee brother, which is significantly more than the 4.9% of the controls (OR 2.76 (95% 

CII 1.36-5.64)). 

Tablee 11. Number of subfertile siblings among siblings at risk for subfertility 

Patien tt  grou p Contro l grou p 

N=i6oo N=28s 

Brotherss Sisters Brothers Sisters 

N=i477 N=i59 N=242 N=287 

Involuntar yy childles s wit h partne r 

Childre nn after fertilit y treatmen t 

Childre nn after > 1 year 

Total l 

211 (14.3%) 

33 (2%) 
0(0%) ) 

244 (16.3%) 

88 (5.0%) 

66 (3.8%) 

11 (0.6%) 

155 (9.4%) 

77 (2.9%) 

44 (1-7%) 

33 0-2%) 

144 (5-8%) 

66 (2.1%) 

55 0-7%) 

33 0-O%) 

14(4.8%) ) 
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Semenn parameters of subfer t i l e brother s 

Inn the patient group, results of semen analyses of the subfertile brothers could be obtained 

inn 58% of subfertile brothers (Table III). Of the subfertile brothers, 42% had reduced semen 

parameterss and 16% had normal semen parameters. No information about sperm quality 

couldd be obtained from 42% of the sub fertile brothers, either because they had not visited 

aa fertility doctor, they did not want to discuss the reason of subfertility with their brother or 

theyy reported a known female factor, but no semen analysis was performed. 

Inn the control group, none of the subfertile brothers had reduced semen parameters and 

36%% reported normal semen parameters. No semen analyses were available for 57% and in 

7%% no semen analysis was performed because of a known female factor. 

Tablee III. Reason of subfertility among brothers of cases and controls 

Patien tt  grou p 

Brother s s 

N=24 4 

Contro ll  grou p 

Brother s s 

N=i4 4 

Azoo/oligozoosper mm ia 

Normozoospermi a a 

Femalee facto r 

Unknow n n 

100 (42%) 

44 (16%) 

1 1 

9 9 

0 ( 0 % ) ) 

5 5 

1 1 

88 (57%) 

Subfer t i l i t yy among sisters 

Thee number of subfertile sisters among the sisters at risk for subfertility is shown in Table 

II.. In total, 159 (73%) sisters in the patient group and 287 (77%) sisters in the control group 

weree considered to be at risk for subfertility (OR 0.83 (95% CI 0.55-1.23)). 

Inn addition to the eight sisters in the patient group and the six sisters in the control group 

whoo were involuntarily childless, six sisters in the patient group and five sisters in the 

controll group had at least one child after fertility treatment. One sister in the patient group 

andd three sisters in the control group conceived a child after more than one year. Thus, in 

total,, 15 (9.4%) of the sisters at risk in the patient group and 14 (4.8%) of the sisters at risk 

inn the control group were reported to be subfertile (OR 2.03 (95% CI 0.90-4.60)). None of 

thee patients and controls had more than one subfertile sister. 

Informationn about the cause of the subfertility was available for 40% of the subfertile sisters 

inn the patient group and for 28% of the subfertile sisters in the control group (Table IV). 
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Tablee IV. Reason ofsubfertility among sisters of cases and controls. 

Femalee facto r 

Azoo/oligozoospermi aa of partne r 

Unexplaine d d 

Unknow n n 

Patien tt  grou p 

Sister s s 

N=i5 5 

33 (20%) 

22 (13%) 

11 (7%) 

99 (60%) 

Contro ll  grou p 

Sister s s 

N=i4 4 

11 (7%) 

22 (14%) 

ii  (7%) 

100 (72%) 

Segregationn analysis 
Inn the patient group, the observed prevalence ofsubfertility among brothers at risk was 

16.3%% (95% CI n.2-23.1, InL -65.42). Both the autosomal dominant (InL -101.89) and the 

recessivee (InL -86.66) model were rejected (p<o.oooi and p=o.on, respectively). 

Whenn assuming a mixed autosomal recessive and environmental factors model, the model 

bestt fitting the observed data was a model in which 47% of the subfertility among the 

brotherss of the patients is caused by an autosomal recessive gene, whereas the remaining 

53%% is caused by other factors with a population prevalence of 8.7%. 

Whenn assuming a mixed autosomal dominant and environmental factors model, the model 

bestt fitting the observed data was a model in which 23% of the subfertility among the 

brotherss of the patients is caused by an autosomal dominant gene, whereas the remaining 

77%% is caused by other factors with a population prevalence of 6.4%. 

Discussio n n 

Inn this study, subfertile men with idiopathic azoo- or severe oligozoospermia reported 

significantlyy more often subfertility among their brothers compared to subfertile men with 

normozoospermia.. In addition, the subfertile brothers in the patient group had reduced 

semenn parameters more often than the subfertile brothers in the control group. These 

findingss indicate that male subfertility due to impaired spermatogenesis is clustering in 

families. . 

Ass we collected the family data via the probands, who are probably not always aware of 

fertilityy problems among their relatives, reporting bias might have influenced our results. It 

iss reasonable to assume that patients suffering ofsubfertility are more often aware of fertility 

problemss in their family than controls. This was one of the problems mentioned in the case 
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controll study performed earlier as the control group consisted of fertile men attending 

vasectomyy clinics or a maternity department {Lilford et al., 1994). Among those controls no 

subfertilee brothers were mentioned at all, which is very suggestive of reporting bias. 

Inn our study, we focussed on men with the most severely abnormal sperm counts and 

thereforee we could identify a control group within the subfertile population. This has the 

advantagee over the previous study of reducing any bias, which may result from greater 

propensitiess for information about fertility to be declared when the proband is childless, 

thann when he has children. Use of subfertile controls is conservative, because the measured 

influencee of any familial clustering would be diluted if some other causes of infertility also 

hadd a familial component. Nevertheless, this method should provide an unbiased estimate 

off the difference in clustering between subfertile men with impaired spermatogenesis and 

thosee with normal semen variables. Indeed, no substantial differences in number of 

subfertilee sisters were mentioned between the cases and the controls, which argues against 

significantt differences in reporting bias between both groups. 

Thee prevalence of familial subfertility found in this study however, might be underestimated 

inn both groups due to unawareness of subfertility among relatives by the proband. 

Moreover,, not all relatives tried to conceive a pregnancy, and thus were not yet at risk for 

subfertility.. Among those relatives, there might be some subfertile brothers and sisters that 

aree not detected as affected in this study. If there are genetic factors involved in impaired 

spermatogenesis,, this effect might be bigger in the patient group than in the control group, 

resultingg in underestimation of the genetic component. Therefore, we determined the 

prevalencee of subfertile brothers only among those brothers who already tried to father a 

child. . 

Ass other factors than reduced semen parameters might be the cause of the subfertility 

amongg brothers, the clustering found in this study is not only due to subfertility caused by 

spermm defects. Thus, subfertility due to impaired spermatogenesis accounts only for a part 

off the clustering found, which is therefore overestimated. As we were informed about the 

semenn parameters of most subfertile brothers, we indeed know for sure that some brothers 

weree subfertile for other reasons than reduced sperm counts. 

Unfortunately,, semen analyses were not available of all brothers who were reported to be 

subfertile,, either because they had not yet visited a fertility clinic or because they did not 

wantt to discuss the reason of their subfertility. However, we found a high proportion of 

severelyy abnormal sperm counts among brothers of subfertile men with azoo- or severe 

oligozoospermia,, which is probably higher than in the control group. This could be the 

resultt of some sort of interaction between severity of test result, willingness to disclose it 

andd status of brother triggering the request. This does not seem very plausible to us but 

remainss a theoretical possibility. 

Despitee the possible under- oroverestimation of the prevalence of subfertility, we confirmed 
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thee statistically significant increased probability of a subfertile brother among subfertile men 

thann among controls as was found before by Lilford et al. (1994). While confirming the 

tendencyy of subfertility due to reduced semen parameters to cluster in families, the strength 

off the association was lower in the current study. This is surprising, because we chose a 

moree severely abnormal phenotype where intuitively one might suspect a higher proportion 

off genetic cases. Therefore, the familial occurrence of subfertility due to impaired 

spermatogenesiss might also be caused by non-genetic factors like shared environment. 

AA common genetic factor affecting reproductive fitness might seem oxymoronic at first 

sight.. However, in cases of autosomal recessive single gene defects, only homozygotes are 

affectedd and recessive males would not be subfertile but pass the defect to their children. 

Ann autosomal dominant defect of the maternal allele or an aberration of the X chromosome 

couldd also explain how male subfertility can be transmitted to the next generation. 

Severall families with multiple subfertile male family members have been described 

suggestingg a genetic origin of male subfertility (Chaganti and German, 1979; Leonard et al., 

1979;; Shabtai et al., 1980, Cantu et al., 1981; Rivera et al., 1984; Meschede et al., 1994; Chang 

ett al., 1999; Saut et al., 2000; Rolf et al., 2002; Tuerlings et al., 2002; Gianotten et al., 2003). 

Inn two families, an autosomal recessive mode of inheritance was suggested, but no cause 

forr the shared infertility could be identified (Chaganti and German, 1979; Cantu et al., 1981). 

Inn four families, structural chromosomal abnormalities were found (Leonard et al., 1979; 

Shabtaii et al., 1980; Rivera et al., 1984; Meschede et al., 1994) and in four families, a 

microdeletionn of the Y chromosome was transmitted from the father to his infertile sons 

spontaneouslyy (Chang et al., 1999; Saut et al., 2000; Rolf et al., 2002; Gianotten et al., 

2003).. In a recent case report an autosomal dominant trait of male subfertility with sex-

limitedd expression was suspected by segregation analysis (Tuerlings et al., 2002). 

Inn the previous study performed by Lilford et al. (1994) an autosomal recessive mode of 

inheritancee was suggested in 60% of the cases. The data found in our study also do not fit 

withh an autosomal recessive model for the total population. Assuming a mixed model, 47% 

off the subfertility might be due to an autosomal recessive gene, whereas the remaining 53% 

iss caused by other factors. However, the results of the segregation analysis also might be 

underestimatedd by unawareness of familial subfertility by the proband, which also might 

havee influenced the results of Lilford etal (1994). 

Ourr data suggests that male subfertility due to impaired spermatogenesis is familial, but 

onlyy in a limited number of the cases. A proportion of these genetic cases could be caused 

byy an autosomal recessive single gene defect, but autosomal dominant gene defects, 

inheritedd from the mother, might theoretically also play a role in a limited number of cases. 

Inn the majority of cases, however, the subfertility phenotype is not segregating in the family. 

Subfertilityy in these cases might, therefore, be due to environmental factors, but also 

dede novo mutations in several different genes might play a role. 
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Population-basedd genetic studies would be indicated to map the locus involved in impaired 

spermatogenesiss if the majority of cases is all due to one gene which segregates in families. 

However,, this is unlikely because we did not find a common inheritance pattern in our 

population.. In addition, the gene would have to be very common in order to appear so 

frequentlyy in homozygous form and spermatogenesis is such a complicated process that it 

wouldd be surprising if only one gene was involved in such a common condition. 

Alll together, we can conclude that the aetiology of impaired spermatogenesis resulting in 

malee subfertility is not caused by a common genetic defect, but is most likely a complex 

disease,, in which several different factors play a role. 
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Abstrac t t 

Objective e 

Too study the genetic cause of infertility in a family with five infertile brothers. 

Design n 
Casee report. 

Setting g 
Centerr for reproductive medicine at a university medical center. 

Patient(s) ) 
Fivee brothers presenting with primary infertility due to severely impaired spermatogenesis, 

alsoo their parents and two other paternally related family members. 

Intervention(s) ) 
FluorescenceFluorescence In Situ Hybridisation and Sequence Family Variant analysis was performed in 

leukocytee DNA to determine the number of DAZ genes. Linkage analysis was performed for 

XX chromosome inheritance, and mitochondrial DNA (mtDNA) was screened for mutations. 

Mai nn outcome measure(s) 
DAZDAZ gene copy number, X chromosome linkage, mtDNA sequence. 

Result(s) ) 
Withh conventional PCR analysis, no deletions of the AZFc region were found, but with FISH 

andd SFV analysis, only two DAZ genes instead of four were detected in all individuals tested. 

Thee five brothers did not share an identical X chromosomal locus, and no mutations were 

foundd in the mtDNA of the index patient. 

Conclusion(s) ) 
AA reduced copy number of the DAZ genes is found in five infertile brothers with severely 

impairedd spermatogenesis, as well as in their normospermic father and in two other fertile 

paternallyy related family members. This illustrates that the phenotype associated with a 

reducedd copy number of the DAZ genes can be extremely variable. 
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Introductio n n 

Thee molecular aetiology of male factor subfertility due to impaired spermatogenesis is still 

unknownn in the majority of cases. Structural and numerical chromosomal abnormalities are 

foundd in approximately 4% of patients with azoo- or oligozoospermia (Tuerlings et al., 

1998). . 

Deletionss of any of the Y chromosomal regions Azoospermia Factor a, b or c (respectively, 

AZFa,AZFa, AZFb, and AZFc) are also a frequent cause of spermatogenic defects. Deletions of the 

AZFcAZFc region are most frequently found, i.e. in 2-10 % of azoospermic or severely 

oligozoospermicc men (Reijo et al., 1995,1996; Kremer et al., 1997; van der Ven et al., 1997; 

Simonii et al., 1997; Kuroda-Kawaguchi et al., 2001). The AZFc region spans 3.5 Mb and 

containss seven gene families that are all thought to be involved in spermatogenesis 

(Kuroda-Kawaguchii et al., 2001). One of these gene families is the DAZ (Deleted in 

Azoospermia)) gene family, which consists of four nearly identical copies divided into two 

clusterss with two genes each (Kuroda-Kawaguchi et al., 2001; Saxena et al., 2000). Although 

mostt deletions involve a deletion of all four DAZ genes, absence of only two of the DAZ 

geness also is associated with impaired spermatogenesis (de Vries et al., 2002; Fernandes et 

al. ,, 2002). 

Mostt cases of male factor subfertility are individual cases, and the genetic aberrations found 

aree usually de novo events. However, clustering of male subfertility in families has been 

describedd (Budde et al., 1984; Lilford et al., 1994; Meschede et al., 2000), and several case 

reportss with multiple affected family members have been published (Chaganti et al., 1979; 

Leonardd et al., 1979; Shabtai et al., 1980; Cantu et al., 1981; Rivera et al., 1984; Meschede et 

al.,, 1994; Chang et al., 1999; Saut et al., 2000; Tuerlings et al., 2002), indicating that it is a 

potentiallyy heritable condition. 

Inn this article, we present a unique family with five brothers who are infertile because of 

severelyy impaired spermatogenesis. To elucidate the genetic basis for the infertility in this 

family,, we screened all five brothers as well as their parents and two other paternally related 

familyy members for known genetic causes of impaired spermatogenesis. In addition, we 

performedd extensive analysis of the Y chromosome, X chromosomal linkage analysis, and 

mutationn analysis of the mitochondrial DNA. 
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Casee repor t 

AA 38-year-old healthy man (Figure i, IV-13) and his wife visited the Fertility Center 

Middelheimm because of primary infertility for two years. Semen analysis revealed 

azoospermiaa in several semen samples. At physical examination a normal male phenotype 

wass found. Right testicular volume was 8 ml_, and left testicular volume was 10 m l Penis, 

epididymess and vasa deferentia were normal. Hormonal evaluation showed a 

hypergonadotropicc status. Bilateral testicular biopsy revealed complete absence of germ 

cellss with normal Sertoli cells and an atrophic appearance of the Leydig cells. 

Thee eldest brother of the proband (Figure l, IV-10) was also known with primary infertility 

duee to azoospermia. Therefore, we subsequently constructed a pedigree of the family 

(Figuree l) . With permission of the index patient, all brothers and additional paternally 

relatedd family members were invited to participate in the study. The index patient (Figure 1, 

IV-13),, h'S four brothers (Figure I , IV-io, IV-i6, IV-17, and IV-18), their father (Figure l, III-

13),, their mother (Figure i, III-14) and two other paternally related family members (Figure 

1,, 111-15 and IV-ig) gave their informed consent. Semen analyses were performed according 

too the World Health Organisation guidelines and morphology was determined according to 

thee strict criteria (WHO, 1992). With approval of the Institutional Review Board, blood 

sampless of all individuals included in this study were collected for DNA and leukocyte 

isolation. . 

Threee brothers of the index patient (Figure 1, IV-10, IV-16, and IV07) were azoospermia and 

semenn analyses of the youngest brother (Figure l, IV-18) showed severe oligozoospermia 

(1.88 x io6 /ml, 44% progressive motility). Sperm count of their father (Figure 1, 111-13) at age 

644 was normal (67.5 x io6 /ml, 46% progressive motility, 6% normal morphology). Semen 

analysiss of individual IV-ig was also normal (200 x io6 /ml, 50% progressive motility, 19% 

normall morphology). Individual 111-15 had undergone a vasectomy so no semen sample 

couldd be obtained. 

Alll five brothers as well as their father (Figure 1, IN-13, IV-10, IV-13, IV-i6, IV07, and IV-18) 

hadd a normal 46,XY karyotype. Routine genetic screening for Y chromosome deletions, 

CFTRCFTR mutations and for CAC repeat length of the androgen receptor (AR) showed no 

abnormalities.. For Y chromosome deletion screening the following STS markers were used: 

sY8i,, SY84, SY182, SY94, sYi02, sYii7, sYi43, sYi47, sYi52, sYi53, sYi57, SY254 (table of 

primerr sequences available on request). The paternity of the father and his five sons was 

confirmedd by haplotypic analysis of the Y chromosome using markers YAP, M9, SRY-1532 

andd 92R7 (Jobling et al., 2000, 2001). 

Thee DAZ gene copy number of all men included in the study (Figurei. IV-13, IV-10, IV-i6, IV-

17,, IV-i8, III-13, IM-15, and IV-19) was determined by analysis of sequence family variants and 

fluorescencee in situ hybridisation (FISH). Sequence family variants that distinguish the 
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separatee DAZ genes were detected by PCR analysis using markers SY587 and SY581 followed 

byy restriction enzyme digestion (Saxena et al., 2000; de Vries et al., 2002). The analysis of 

sequencee family variants showed that all men possessed only the T variant for SY581 and 

onlyy the T variant for SY587. This indicates that all men tested had only one DAZ gene cluster 

withh only DAZ3. 

FISHH was performed with DAZ specific probes on interphase nuclei and chromatin fibers. 

Cosmidd i8E8 (Genbank AC010089) encompasses the 5' portions of two neighbouring DAZ 

geness within one gene cluster. Cosmid 46A6 (Genbank AC000022) derives from the 3' 

portionn of the DAZ gene including exon 8-n. Probes were labelled with biotin ordigoxigenin, 

hybridizedd to target DNA, and detected by avidin or antodioxigenin antibodies conjugated 

too fluorochromes Cy3 (red) or fluorescein (green), respectively (Saxena et al., 2000; de Vries 

ett al., 2002). FISH on interphase nuclei confirmed the absence of one DAZ cluster in all 

individualss tested. Fiber FISH showed the presence of one normal DAZ gene cluster with 

twoo genes in head-to-head orientation. This discrepancy between sequence family variant 

analysiss and FISH has been described before and is due to polymorphism of the SY587 

markerr (de Vries et al., 2002). 

Linkagee analysis of the X chromosome of all five brothers was performed using Panel 28 of 

thee ABI Prism linkage mapping set-MDio, version 2 (Applied Biosystems, Foster City, CA). 

Haplotypee analysis using no cM spaced X chromosomal markers revealed that the five 

brotherss do not share an identical locus on their X chromosome. 

Thee mitochondrial DNA (mtDNA) genome of the proband, with the exception of the D-loop, 

wass sequenced using a direct sequencing approach as described by Thorstenson et al 

(Thorstensonn et al., 2001). Information about the primers used for sequencing is available 

att the Web site of the DNA variation group of the Stanford Genome Technology center 

(http;//insertion.stanford.edu/primers_mitogenome.html).. The sequence of the index 

patientt was compared with the revised consensus sequence (Andrews et al., 1999). Several 

sequencee variants were identified, but all of these base-pair changes represented known 

polymorphismss and no new mutations. Because of the absence of mutations in the 

proband,, no further analysis of mtDNA in additional family members was conducted. 
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Discussio n n 

Untill now, a reduced copy number of the DAZ genes has only been described in individual 

casess of male factor subfertility and has never been detected in proven fertile semen donors 

(dee Vries et al., 2002). In this article, we report a unique family with five primarily infertile 

brotherss who appeared to have only one DAZ gene cluster containing two DAZ genes, 

insteadd of two clusters with two DAZ genes. Surprisingly, the father of these infertile 

brotherss also had the same DAZ constitution, but had normal sperm counts with only a 

mildd degree of teratozoospermia. Moreover, two other paternally related family members 

alsoo had a reduced copy number of the DAZ genes. One of them (Figure 1, 111-15) fathered 

aa son (Figure 1, IV-19) who had a completely normal semen analysis. 

Becausee the deletion is present in the father of the five affected brothers as well as in 

individuall 111-15, the deletion most likely originated in the first generation of the pedigree or 

earlier,, and thus must be present in the other male family members in the pedigree as well. 

Thee index patient and his four brothers are the only men with proven infertility in this family, 

whilee the other eight paternally related males are fertile. As fertility is a measure of a couple 

andd not of male gametogenesis only, we cannot exclude the presence of mild spermatogenic 

failuree in other male family members. Unfortunately we were unable to perform a semen 

analysiss in these other male family members. 

Nevertheless,, there is a striking phenotypic difference between the affected brothers and the 

threee other family members who did participate in the study, even though they all had a 

reducedd copy number of the DAZ genes. Apparently other factors contribute to the extreme 

phenotypicc differences in this family. Either the fertile males have an additional factor that 

iss not present in the five brothers, which compensates for the loss of two DAZ genes or the 

brotherss have an additional aberration that contributes to the reduced DAZ copy number 

andd results in infertility. This locus has to be shared by all five brothers but not by the other 

malee family members. 

Onee possible additional aberration could be an aberration on the X chromosome as all boys 

inheritt the X chromosome from their mother. Because of meiotic recombination during 

oogenesiss in the mother, the genetic constitution of the X chromosome differs between 

brotherss within the same family. Linkage analysis in the five infertile brothers showed that 

theyy do not share an identical locus on their X chromosome, ruling out involvement of X 

chromosomall genes in the infertility phenotype in this family. Brothers also share their 

mitochondriall genome (mtDNA) because it is inherited exclusively from the mother, but we 

weree unable to find any mutations in the mtDNA of the proband that could explain the 

infertilityy phenotype. 

Ann third possibility could be an aberration of other genes on the Y chromosome, as there 

aree many more multicopy genes on the Y chromosome that might be involved in 
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spermatogenesis.. Unfortunately, at this moment, copy numbers of these genes cannot be 

determined. . 

Thee results of this article's family study shows that a reduced copy number of the DAZ genes 

cann also be present in men with normal spermatogenesis and does not necessarily lead to 

infertility.. Consequently, partial DAZ deletions can be transmitted to the next generation 

spontaneously,, and thus they are not always de novo deletions. The observed phenotypic 

differencess in men with apparently identical deletions indicate that other factors contribute 

too impaired spermatogenesis. Furthermore, it illustrates that infertility is a complex disorder 

andd that further research is necessary to determine the exact role of genes such as the DAZ 

geness in spermatogenesis. 
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Abstrac t t 

Thee aetiology of impaired spermatogenesis is unknown in the majority of subfertile men. 

Fromm several studies of concordance for involuntary childlessness among men we can 

concludee that there is a substantial familial component in male subfertility and shared loci 

segregatingg through families can be assumed. We now know that deletions on the Y 

chromosome,, which do not penetrate fully, account for some of these cases. There are good 

reasonss to suspect that other cases result from mutations in genes located elsewhere in the 

genome.. In this article, we discuss different approaches to unravelling the molecular basis 

off impaired spermatogenesis originating from genetic abnormalities in chromosomes other 

thann the Y chromosome. 

Geneticc mapping studies are in general a good approach to detect disease-causing genes 

thatt are segregating through a population; they can provide a shortcut to unravelling the 

biochemistryy of a disease. In this paper, we explain our reasons for arguing that linkage and 

associationn studies are no promising means to identify the genes causing impaired 

spermatogenesis.. We conclude that, direct screening of candidate genes for mutations will 

bee necessary to detect genes involved in impaired spermatogenesis. However, this approach 

requiress clues into the biochemical pathways of normal and abnormal spermatogenesis. 

Sincee we have a poor understanding of these pathways, more research is needed into the 

biochemistryy of spermatogenesis. 
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Introductio n n 

Subfertility,, defined as one year of unprotected intercourse without conception, affects 

10-15%% of couples (Hull et al., 1985; De Kretser, 1997; Snick et al., 1997; Evers, 2002). 

Obviously,, these figures depend on the definition of subfertility and the study population 

(Irvine,, 1998). According to the World Health Organisation (WHO) in 47% of subfertile 

coupless semen parameters are decreased (WHO 1987). The prevalence of subfertility 

exclusivelyy based on testicular failure is not exactly known. 

Evidently,, subfertility is only diagnosed in couples that are trying to conceive a pregnancy. 

AA combination of various female and male factors influences the fertility of a couple. Male 

subfertilityy can be categorized as due to pre-testicular, testicular and post-testicular factors 

(Dee Kretser, 1997). Endocrine disorders and sexual dysfunction are among the pre-testicular 

factorss and epididymal or vasal obstruction is among the post-testicular factors. Testicular 

dysfunctionn results in reduced semen parameters due to impaired spermatogenesis. In this 

paper,, we are interested in this group of otherwise healthy subfertile men with impaired 

spermatogenesis. . 

Severall genetic abnormalities are involved in impaired spermatogenesis. Structural and 

numericall chromosomal abnormalities are found in approximately 4% of patients with 

azoo-- or oligozoospermia (Tuerlings et al., 1998). Structural chromosomal aberrations 

causee meiotic abnormalities, resulting in spermatogenic failure (Chandley, 1979; Quack 

etal.,, 1988). 

Fivee classes of Y chromosome deletions, AZFa (Azoospermia Factor a), P5/proximal-Pi, 

P5/distal-Pi,, P4/distal-Pi, and D2/D4 (AZFc) deletions, cause spermatogenic failure (Reijo 

ett al., 1995; Vogt et al., 1996; Repping et al., 2002 and 2003). Deletions of the AZFc region 

aree the most frequent and are found in 6-12 % of azoospermic or severely oligozoospermic 

menn (Kremer et al., 1997; Kuroda-Kawaghuchi et al., 2001). 

Inn addition, mutations or an expanded CAG repeat length in the Androgen receptor (AR) 

genee have been described in subfertile men but strong arguments for a causal role are still 

lackingg (Yong et al., 1998; Komori et al., 1999; Dowsing et al., 1999; Mifsud et al., 2001; 

Wallerandd et al., 2001). 

Idiopathi cc impaired spermatogenesis 
Inn the majority of subfertile men, the aetiology of the impaired spermatogenesis is unknown 

(WHOO 1987; Bhasin, et al., 1994; De Kretser, 1997). For clinical practice, this is not of great 

concernn since treatment is not influenced by the cause of subfertility given the limited range 

off effective therapeutic options. Intrauterine insemination (IUI) is best first line treatment 

forr moderate reduced semen parameters (Ombelet et al., 2003) and in vitro fertilisation 

(IVF)) combined with intracytoplasmic sperm injection (ICSI) is the treatment of choice for 
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severee oligoasthenoteratozoospermia (Palermo et al., 1992; Tournaye 2000; Campbell and 

Irvinee 2000). Surgically retrieved sperm cells from the epididymis or the testis can be used 

forr ICSI in men with azoospermia (Palermo et al., 1999; Tournaye, 1999). 

Thee therapeutic efficacy of ICSI is generally accepted but there is still concern about 

potentiall transmission of defectss to the offspring (Bowen et al., 1998; Meschede et al., 1998; 

Johnson,, 1998; te Velde et al., 1998; Campbell and Irvine 2000). Several follow up studies 

havee been published in the past years. In most of these reports, no increase in the incidence 

off major birth defects has been described after ICSI (Palermo et al., 1996; Wennerholm et 

al.,, 2000; Sutcliffe et al., 2001; Bonduelle et al., 2002 and 2003). Only one follow up study 

reportedd a twofold higher risk of a major birth defect in ICSI children as in naturally 

conceivedd infants (Hansen et a l , 2002). However, a recent follow up study of prenatal 

testingg in 1586 ICSI conceived pregnancies indicated a higher risk for de novo chromosomal 

anomaliess mainly related to a higher level of sex-chromosomal anomalies and also partly 

relatedd to a higher level of de novo structural abnormalities (Bonduelle et al., 2002). The 

higherr rate of aneuploidy in this series is most likely related to the higher aneuploidy rate in 

thee sperm of the fathers. 

Recently,, some reports mentioned a higher incidence of Beckwith-Wiedemann syndrome 

andd Angelman syndrome in children conceived by ICSI (Cox et al., 2002; DeBaun et al., 

2003;; Maher et al., 2003; Orstavik et al., 2003). In these syndromes imprinting defects play 

aa causal role. Imprinting is a mechanism in which gene expression depends on the parental 

originn of the allele. It is hypothesized that the use of ICSI itself could increase the risk for 

imprintingg disorders considering that the mammalian embryo, cultured in vitro, is 

susceptiblee to changes in imprinting control (Maher et al., 2003; Devroey and Van 

Steirteghemm 2004). Until now, the evidence for the association between ICSI and imprinting 

disorderss is based on case reports and uncontrolled cohorts. Therefore the exact impact of 

thee risk is not yet clear and prospective controlled studies are needed to clarify whether 

imprintingg disorders play a role in ICSI more often than in the general population (Devroey 

andd Van Steirteghem, 2004; Gosden et al., 2003). 

YY chromosome deletions however, are transmitted to sons by ICSI and therefore these boys 

aree likely to be infertile as adults (Kamischke et al., 1999; Page et al., 1999). Although the 

fertilityy status of ICSI children is not known, as the oldest children are yet to enter puberty 

(Vann Steirteghem et al., 2002), it is to be expected that if idiopathic impaired 

spermatogenesiss has a genetic component, unknown genetic abnormalities are also 

transmittedd via ICSI with a possible negative impact on fertility. 

Forr this reason it is important to evaluate whether idiopathic impaired spermatogenesis 

doess have a genetic component and whether it is a heritable condition. Furthermore, it is 

importantt to detect genes involved in testicular failure in order to implement diagnostic 

toolss and offer appropriate counseling to patients who need ICSI. In this paper, we describe 
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whatt is known about the genetic background of idiopathic impaired spermatogenesis and 

discusss different approaches to identify the genes that may be involved. 

Geneticc basis of idiopathi c impaired spermatogenesis 
Geneticc studies in several different animal models like the yeast S. Cerevisiae, the worm C 

Elegans,Elegans, the fly Drosophila and the mouse have provided evidence for the existence of 

hundredss of X chromosomal and autosomal genes that can mutate to male sterile alleles 

(Hacksteinn et al., 2000). From these studies it can be estimated that over 4000 genes may 

bee involved in human spermatogenesis (Venables and Cooke, 2000). 

Thee classical method, in humans, to identify whether a condition has a genetic basis is twin 

studies.. In the case of male subfertility, only one underpowered pilot twin study has been 

performedd so far. Despite its small size, this study showed a clear familial component to 

normall human spermatogenesis (Handelsman, 1997). 

Inn addition to this study however, several case reports with multiple affected family 

memberss have been published. (Chaganti et al., 1979; Leonard et al., 1979; Shabtai et al., 

1980;; Cantu et al., 1981; Rivera et al., 1984; Meschede et al., 1994; Chang et al., 1999; Saut 

ett al., 2000; Rolf et al., 2002; Tuerlings et al., 2002; Gianotten et al., 2003). In two families 

ann autosomal recessive mode of inheritance was suggested but no cause for the shared 

infertilityy could be identified {Chaganti et al., 1979; Cantu et al., 1981). In one family an 

autosomall dominant trait of male infertility with sex-limited expression was suggested by 

segregationn analysis (Tuerlings et al., 2002). In four families, structural chromosomal 

abnormalitiess were found (Leonard et al., 1979; Shabtai et al., 1980; Rivera et al., 1984; 

Meschedee et al., 1994), while in three families a Y chromosome deletion was transmitted 

fromm the father to his infertile sons (Chang et al., 1999; Saut et al., 2000; Rolf et al., 2002; 

Gianottenn et al., 2003). 

Thesee reports indicate that the affected family members share a genetic trait that accounts 

forr their male subfertility. In addition, familial clustering of male subfertility has been 

observedd in a case control study (Lilford et al., 1994). In this study, conclusions were based 

onn a significantly increased number of subfertile brothers of men with reduced sperm 

countss as compared to fertile controls. Recently, we partly confirmed these data in a case 

controll study comparing familial occurrence of male subfertility between families of patients 

withh azoospermia or severe oligozoospermia and families of patients with 

normozoospermiaa (Gianotten et al., 2004). This study indicated that male subfertility due 

too impaired spermatogenesis has a familial component, but in only about half of the 

subfertilee population. 

Consideringg all these data, we can conclude that there is a familial component in male 

subfertility.. This suggests a shared genetic or a shared environmental aetiology. As it is very 

likelyy that idiopathic impaired spermatogenesis has a genetic background; shared genetic 
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locii segregating through these families can be assumed. 

Geneticc mapping in impaired spermatogenesis 
Thee strategy to identify disease-causing genes depends on how much is known about the 

pathogenesiss of the disease and on what resources are available (Strachan and Read, 1999). 

Ass the pathogenesis of impaired spermatogenesis and the biochemical functions of the 

geness involved are not known currently, functional cloning strategies can not be used to 

identifyy the genes involved in human testicular failure. Positional cloning strategies on the 

otherr hand, are independent of the gene product and might therefore be a good approach 

forr identifying the genes in impaired spermatogenesis. Positional cloning is based on 

geneticc mapping. The aim of genetic mapping studies is to discover how often two loci are 

separatedd by meiotic recombination. This can be done by linkage analysis and by 

associationn analysis (Strachan and Read, 1999). 

LinkageLinkage studies in impaired spermatogenesis 

AA marker is linked with a disease if there is a non-random co-segregation between the 

markerr and the phenotype. Linkage analysis can be performed on the whole genome 

(multipointt analysis) as well as on specific candidate loci. Classical linkage analysis is 

performedd on data of families with multiple affected family members. Linkage analysis using 

sharedd segment methods is used in nuclear families. The analysis of linkage studies can be 

veryy difficult for several reasons, which we will discuss in perspective to the male subfertility 

phenotype. . 

First,, a classical linkage study requires large families with multiple affected family members 

inn which co-segregation of numerous genome-wide polymorphic markers can be studied. 

However,, families with the disease under study, especially when subfertility is studied, are 

seldomm large enough for results from one family alone to reach statistical significance. 

Therefore,, it is necessary to combine data from several families assuming that the genetic 

diseasee locus involved is the same in those families. 

Second,, to detect genes which are causing impaired spermatogenesis we are only interested 

inn the subfertile males with reduced semen parameters and not in men of subfertile couples 

withh normal semen parameters. In pedigrees however, the exact cause of subfertility is not 

alwayss known and therefore in family studies, men with subfertility due to impaired 

spermatogenesiss can not easily be identified. In addition, men who conceived children 

spontaneouslyy will be indicated as fertile, even though they may have reduced semen 

parameters. . 

Third,, in families with subfertile males the degree of unknown non-paternity might be higher 

thann in the general population. This will influence the analysis of the family data negatively. 

Thee fourth problem is that conventional linkage studies require a specification of the genetic 
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modell of the disease. Unfortunately, we can only speculate about the genetic model involved 

inn impaired spermatogenesis, as there is no clear pattern of segregation. Determining the 

geneticc model behind impaired spermatogenesis is difficult, as the phenotype influences 

thee mode of inheritance by itself. An autosomal recessive mode of inheritance was the best 

fittingg model in the majority of cases in both case-control studies (Lilford et al., 1994; 

Gianottenn et al., 2004). Indeed, inheritance of autosomal recessive single gene defects 

mightt be one explanation how male factor subfertility can be transmitted to the next 

generationn as only homozygotes are affected and recessive males would not be subfertile, 

butt pass the defect to their children. However, autosomal dominant defects of maternal 

alleless or X-chromosomal aberrations might run in families as well and can possibly be 

transmittedd through the maternal line. In addition, defects in mitochondrial DNA might also 

bee involved since mitochondrial DNA is passed on to offspring only by mothers. Lastly, the 

resultss of the case control and twin studies are also compatible with cases arising from 

mutationss of variable penetrance on the Y chromosome. 

Too resolve the problems of shortage of large families and the unknown genetic model, 

sharedd segment methods can be used instead of classical linkage analysis. Shared segment 

methodss are model free linkage studies that can be used within nuclear families. Such 

analysess are much less powerful than conventional linkage studies but do not require any 

assumptionn on the underlying genetic model and unaffected people can be ignored in the 

analysis. . 

Thee most important difficulty however, is that linkage analysis in nuclear families as well as 

conventionall linkage studies, identifies shared loci responsible for the phenotype. As human 

spermm cells and seminal plasma contains hundreds of different proteins, it has been 

suggestedd that many genes can potentially be involved in testicular failure (Lilford et al., 

1994;; Hackstein et al., 2000). Spermatogenesis is a complex process and problems at 

severall different stages of spermatogenesis can result in male infertility. Therefore, probably 

manyy subgroups of patients with a different pathophysiologic background and thus with 

differentt genetic aberrations contribute to the male subfertile phenotype (Cooke and 

Saunders,, 2002). In this respect, it is likely that many different genes and their interaction 

predisposee for reduced semen parameters. These different disease loci will not be identified 

byy linkage analysis. 

Inn summary, because of all reasons mentioned above it is at this moment not realistic to 

expectt that linkage studies are powerful enough to detect disease-causing genes involved in 

impairedd spermatogenesis. 

AssociationAssociation studies in impaired spermatogenesis 

Linkagee is a relationship between loci, but association is a relationship between alleles. 

Allelicc association means that across the whole population, people who have a certain allele 
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att one locus have a statistically more than random chance of having a particular allele at a 

secondd locus (Strachan and Read, 1999). Association studies are generally performed on 

candidatee genes but also polymorphic markers distributed over the whole genome can be 

analysed.. This method offers the opportunity that unrelated affected subjects can be studied 

butt results have to be compared with control subjects with the same genetic background. 

Thee ideal population for association studies is genetically homogeneous, because all case 

controll studies are prone to selection bias (Strachan and Read, 1999). Moreover, the 

patientss have to be descended from a small number of original founders. 

Inn general, the statistical power to detect a real association is limited by the heterogeneity 

off a population due to environmental and other genetic factors. Therefore, in heterogeneous 

populationss such as subfertile patients, large sample sizes are needed to obtain sufficient 

statisticall power to detect genetic risk factors. More homogeneous populations such as 

geneticallyy isolated populations might be an alternative, because environmental variation 

mightt be lower and the genetic background is expected to be less complex due to founder 

effectss (Heutink and Oostra, 2002). However, this approach would miss different alleles, 

whichh might be important in other or more diverse populations. 

Ass the patients under study in an association analysis are not directly related to each other, 

thee chance that the disease phenotype is caused by a shared locus is even more unlikely 

thann in linkage studies. Furthermore, in association studies, a candidate locus has to be 

definedd and except the Y chromosome, we do not know of any specific regions with a high 

probabilityy to be involved in impaired spermatogenesis. 

Inn summary, association studies in testicular dysfunction have only a low probability to 

detectt a disease locus involved in the male subfertile phenotype. 

Alternat ivee genetic models 

Althoughh familial clustering of male subfertility due to impaired spermatogenesis has been 

convincinglyy demonstrated, subfertility appears not to be segregating in the majority of the 

cases.. Therefore, we might be dealing with de novo gene defects in a substantial number of 

casess and environmental factors can also play a role. Moreover, as it is likely that many 

geness are involved in impaired spermatogenesis, we have to consider more complex genetic 

modelss that theoretically could play a role in the subfertile phenotype. 

Inn genetically complex disorders, which are diseases in which a multifactorial model plays a 

role,, various susceptibility genes, each one with only moderate impact, influence the 

phenotypee and exogenic non-genetic factors have substantial effects on phenotype 

expression.. The aetiology of these disorders is therefore polygenetic and there might be a 

reducedd penetrance of the disease causing genes on the phenotype. In the multifactorial 

majormajor gene model only a few major susceptibility genes affect the risk for reduced 

spermatogenesis,, but their expression depends on smaller effects of minor susceptibility 
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geness and exogenous factors. 

Inn the genetic heterogeneity model, different genes influence phenotype expression in 

differentt patients. In this model the phenotype is not a distinct disorder but includes several 

differentt disorders of distinct aetiology. For impaired spermatogenesis all models 

mentionedd could play a role, each in a subgroup of patients, the so called Mixed model. 

Inn addition to deletions of the Y chromosome, de novo mutations and these various genetic 

models,, the phenomenon of genetic imprinting could also be important in impaired 

spermatogenesis.. Imprinting is a mechanism in which the allele from one parent is 

expressedd and the allele from the other parent is silenced {Hall, 1997). Because of this kind 

off differential expression, the effects of certain genes depend on whether they are inherited 

throughh the mother or through the father. Genetic imprinting has been observed in a 

numberr of disorders dealing with growth, behavior and abnormal cell growth {Hall,1997). 

Imprintedd genes show an unusual mode of inheritance, since mutant genes have an effect 

onn the phenotype only if they come from the parent from which they are not silenced. 

Moreover,, in several recent studies, it has been shown that allele-specific expression is also 

relativelyy common among non-imprinted autosomal genes (Knight, 2004). If differential 

expressionn plays a role in spermatogenesis, this will make the understanding of the 

molecularr background of male subfertility even more complicated. 

Inn summary, although impaired spermatogenesis has a familial component, the mode of 

inheritancee is not clear. In addition to simple Mendelian segregation patterns and Y 

chromosomee deletions, de novo mutations, more complex genetic models, environmental 

factors,, reduced penetrance and allele-specific expression might be involved. 

Screeningg of candidate genes for  mutations 
Ass we are probably looking for many different genes, and male subfertility might be a 

complexx disease, we need a more direct approach to detect those genes than genetic 

mappingg studies. Such an approach is screening of candidate genes by looking for sequence 

variationss in cases which are not present in controls. A candidate gene is a gene that is 

considered,, for different reasons, as a possible locus for the disease phenotype. If mutations 

inn the gene under study can be identified in affected patients and not in the control samples, 

thee gene is likely to be a locus for the disease (Strachan and Read, 1999). 

Inn spermatogenic failure, the list of suggested candidate genes is exhaustive in accordance 

withh the complex pathophysiology of spermatogenesis (Hackstein et al., 2000; Venables 

andd Cooke, 2000; Cooke and Saunders, 2002; Matzuk and Lamb, 2002). In humans 

however,, only very few candidate genes have been investigated until now. 

Mostt research has been done on the Y chromosome. The first report indicating that the Y 

chromosomee is involved in human spermatogenesis showed that some men with 

azoospermiaa had a deletion of the entire long arm of the Y chromosome (Tiepolo and 
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Zuffardi,, 1976). Since then five classes of Y chromosome deletions are described which 

causee spermatogenic failure; AZFa (Azoospermia Factor a), P5/proximal-Pi, P5/distal-Pi, 

P4/distal-Pi,, and D2/D4 (AZFc) deletions, (Reijo et al., 1995; Vogt et al., 1996; Repping et al., 

20022 and 2003). Recently, the sequence of the male specific region of the human Y 

chromosomee has been completed (Skaletsky et al., 2003). This region harbors at least 78 

geness of which 60 are expressed exclusively or predominantly in the testis {Skaletsky et a l , 

2003).. Until now, only one patient with a de novo point mutation in the USPgY (Ubiquitin 

Specificc Protease 9 Y) gene has been described resulting in azoospermia (Sun et al., 1999). 

Furthermore,, several autosomal genes have been screened in DNA of subfertile men; the 

HOXA10HOXA10 (Homeobox) gene (Kolon et al., 1999), the INSL3 (Leydig insuline-like hormone) 

genee (Krausz et al., 2000; Tomboc et al., 2000; Lim et al., 2001; Marin et al., 2001), the 

DAZLDAZL (Deleted in Azoospermia Like) gene (van Golde et al., 2001; Teng et al., 2002), the 

ZNF214ZNF214 and ZNF215 (Zinc Finger) genes (Gianotten et al., 2003), the SYCP3 (Synaptonemal 

complexx protein) gene (Miyamoto et al., 2003) and the HNRNP G-T (Heterogeneous 

nuclearr ribonucleoprotein G-T) gene (Westerveld et al., 2004) respectively. Although several 

polymorphismss were identified in some of these genes, functional disruption of the genes 

couldd not be proven. The only exception is the SYCP3 gene, in which a deletion that results 

inn a premature stop codon was identified in two of the 19 azoospermic patients with 

maturationn arrest. This mutation is the only described autosomal gene defect that is proven 

causativee in men with testicular failure. 

Screeningg of candidate genes might be very appealing if the function of the candidate gene 

iss known. To separate the biological relevant mutations from harmless SNPs (single 

nucleotidee polymorphisms), the biological effect of each of the variants found in the 

mutationn screen has to be tested (Heutink and Oostra, 2002). Unfortunately, in impaired 

spermatogenesis,, the biological function of the genes is often unknown and therefore a 

causall role can only be assumed in case a mutation is identified. Another problem in 

screeningg candidate genes is that mutations can be located outside the coding region of the 

genee in elements that have a regulatory function of the gene (Heutink and Oostra, 2002). 

Suchh mutations will not be detected in screening the genes. 

Inn summary, at this moment, mutation screening on candidate genes is the only realistic 

methodd to identify genes that might be involved in impaired spermatogenesis. However, 

candidatee screening is time consuming, needs many well-defined patients and will reveal 

manyy negative results. This method would be more appealing if there is more knowledge 

aboutt the biological function of candidate genes. 
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Conclusion s s 

Althoughh there is a genetic basis for impaired spermatogenesis and in a subgroup of the 

populationn the phenotype segregates through their families, identifying the genes involved 

inn impaired spermatogenesis is very difficult. It is very likely that male subfertility is a 

complexx disease in which many susceptibility genes play a role. We discussed in this paper 

thee reasons for arguing that linkage and association studies are no promising means to 

identifyy the genes causing testicular failure. At this moment, direct screening of candidate 

geness for mutations is the only realistic method to identify genes involved. However, this is 

aa very time consuming method with a low probability to detect causal genes. To increase this 

probability,, the number of good candidate genes has to be narrowed down. For example, 

thiss might be realized by expression studies. Moreover, more research is needed into the 

biochemistryy of spermatogenesis in order to study the functional effect of genetic 

aberrationss found by mutation screening in our patients. 
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Abstrac t t 

Thee molecular aetiology of male factor subfertility, due to impaired spermatogenesis, is still 

unknownn in the majority of cases. It is thought to be a complex disorder in which multiple 

geness are implicated. Cryptorchidism and reduced fecundity are symptoms in male 

Beckwithh Wiedemann patients and the ZNF2T4 and ZNF215 genes, localized on 

chromosomall region npi5, are associated with this syndrome. We hypothesized that the 

ZNF214ZNF214 and ZNF2i$ genes, which are predominantly expressed in the testis, could be 

involvedd in male factor subfertility in patients with idiopathic impaired spermatogenesis or 

inn patients with impaired spermatogenesis due to cryptorchidism. 

Malee partners of subfertile couples with idiopathic azoo- or severe oligozoospermia, male 

partnerss with azoo- or severe oligozoospermia and cryptorchidism in their medical history 

andd men with normozoospermia were screened for nine single nucleotide polymorphisms 

inn the Z/VF274 and ZNF215 genes. An association study was performed based on allele and 

estimatedd haplotype frequencies. Statistically significant differences in allele frequencies 

andd in estimated haplotype frequencies were found in both patient groups compared with 

controls.. Thereafter, both genes were screened for mutations in all patients by PCR and 

SSCPP analysis. Aberrant patterns were confirmed by DNA sequencing. Mutation analysis in 

ZNF214ZNF214 and ZNF215 revealed five new variants in the patients that were not present in the 

controls.. At least three of these mutations were inherited from the mother. Our results 

suggestt that chromosomal region npi5 is associated with male factor subfertility due to 

impairedd spermatogenesis with and without cryptorchidism. 
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Introductio n n 

Thee molecular aetiology of male factor subfertility due to impaired spermatogenesis is still 

unknownn in the majority of cases. So far, it is known from cytogenetic analysis that the 

incidencee of numerical and structural chromosomal abnormalities in men with 

azoospermiaa or severe oligozoospermia is 4-6% {Tuerlings et al., 1998; Hargreave, 2000; 

Dohlee et al., 2002). These chromosomal aberrations have been shown to cause meiotic 

abnormalities,, resulting in spermatogenic failure (Chandley, 1979; Quack et al., 1988). In 

addition,, four classes of Y chromosome deletions cause spermatogenic failure: AZFa 

{Azoospermiaa Factor a), P5/proximal Pi, P5/distal Pi, and AZFc deletions (Reijo et al., 1995; 

Vogtt et al., 1996; Repping et al., 2002). Deletions of the AZFc region are most frequent, as 

theyy occur in 6-12 % of azoospermic or severely oligozoospermic men (Kuroda-Kawaguchi 

ett al., 2001). 

Thus,, until now, impaired spermatogenesis can only be explained in a very small proportion 

off subfertile patients, which is not surprising as male factor subfertility is thought to be a 

complexx disorder in which multiple genes are involved as suggested by gene targeting 

studiess in Drosophila and mice (Grootegoed et al., 1998; Hackstein et al., 2000; Venables 

andd Cooke, 2000). 

Recentlyy we described a potential role of chromosomal region 11 pi 5, and in particular of the 

Zincc Finger {ZNF) 214 and ZNF215 genes located in this region, in the aetiology of the 

Beckwithh Wiedemann Syndrome (BWS) (Alders et al., 2000), a congenital overgrowth 

disorderr defined by a diversity of symptoms that can occur in various combinations. 

Cryptorchidismm (Pettenati et al., 1986; MIM: Mendelian Inheritance in Man, 

http://www.ncbi.nlm.nih.gov:8o/entrez/query.fcgi?db=OMIM;; Nowotny et al., 1994; 

Benacerraff and Bromley, 1998) and reduced fecundity (Moutou et al., 1992) are among the 

clinicall findings described in male BWS patients. Interestingly, ZNF214 and ZNF215 are 

predominantlyy expressed in testis (Alders et al., 2000). In addition, a balanced translocation 

withh a breakpoint at chromosome npi5 has been described in a patient with severe 

oligozoospermiaa (Pernice et al., 2002). 

Onn the basis of these observations, we hypothesized that the chromosomal region i ip i5 

mightt play a role in male factor subfertility due to impaired spermatogenesis, in the 

presencee or absence of cryptorchidism in the patients' medical history. To test this 

hypothesiss we conducted an association study based on allele and estimated haplotype 

frequenciess of common single nucleotide polymorphisms (SNPs) of the ZNF214 and 

Z/S/F2155 genes. 
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Mater ia l ss  and Method s 

Patients s 
Malee partners of subfertile couples from four Dutch fertility clinics (Academic Medical 

Centerr and the University Hospitals of Groningen, Maastricht and Nijmegen) were included 

inn this study. Written informed consent was obtained from all participants and the 

Institutionall Review Boards of all participating centers approved the study. 

Malee partners of subfertile couples with azoo- or severe oligozoospermia were divided in 

twoo patient groups. The first patient group consisted of patients with idiopathic azoo- or 

severee oligozoospermia. The second patient group consisted of patients with azoo- or 

severee oligozoospermia and cryptorchidism (uni- or bilateral, inguinal or abdominal) in 

theirr medical history. 

Severee oligozoospermia was defined as a total sperm count of < 20 x 106 in two consecutive 

semenn samples. Semen analyses were performed according to World Health Organization 

(1992).. Patients with a history of orchitis, alcohol abuse, surgery of the vasa deferentia, 

bilaterall orchidectomy, chemo- or radiotherapy, obstructive azoospermia (confirmed by 

testicularr biopsy), and with numerical chromosomal abnormalities or microdeletions of the 

YY chromosome (Simoni et al., 1999) were excluded. Only patients of Caucasian origin were 

includedd in the study. 

Malee partners of subfertile couples with normozoospermia were included in the control 

group.. Normozoospermia was defined as a total sperm count of > 40 x io6 with a 

progressivee motility and normal morphology of at least 40%, in two consecutive semen 

samples.. Only controls of Caucasian origin were included in the study. 

Alll patient data concerning levels of LH, FSH, prolactin, ^-estradiol and testosterone, and 

testicularr volume (measured at physical examination using the Prader orchidometer) were 

retrievedd from the patient's medical records. Blood was drawn for DNA isolation from all 

patientss and controls. 

Genotypingg of SNPs in the ZNF214 and ZNF215 genes 
DNAA was isolated from peripheral blood cells as described previously (Miller et al., 1988). 

Thee ZNF214 and ZNFn$ genes were screened for the variants of nine SNPs (Table I). The 

cDNAA sequence of Z/VF274 (NM_oi3249) and ZNF215 (NM_oi3250) was used as the wild-

typee sequence. All variants tested have been previously detected in a mutation screening 

(dataa available on request) (Alders et al., 2000). Variants Y66C, L128H/R, h8sR and R252C 

inn the ZNF214 gene were detected by PCR and restriction enzyme digest analysis. The F292F 

variantt in the ZNF214 gene and the M119V, G260G and L323V variants in the ZNF215 gene 

weree detected by PCR and SSCP analysis as described below. 

76 6 



Chromosoma ll  regio n n pi 5 is associate d wi t h mal e facto r subfer t i l i t y 

Mutatio nn analysis and sequencing 
Thee coding regions of Z/VF214 and ZNF215 were amplified by PCR. The amplified fragments 

weree analysed by SSCP analysis on 12.5% non-denaturating polyacrylamide gels (GeneGel 

Excell 12.5/24, Amersham Biosciences, Sweden). Gels were run at C and , following the 

manufacturer'ss recommendations and stained using the DNA Silver Staining Kit 

{Amershamm Biosciences). PCR products presenting aberrant conformers were reamplified 

fromm genomic DNA and were sequenced in both directions by the fluorescent dideoxy chain-

terminationn method on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems, USA). 

Statisticall  analysis 
Allelee frequencies were estimated by gene-counting, and departure from Hardy-Weinberg 

equilibriumm within the study groups was tested using a C2 test with 1 degree of freedom 

(d.f.)) for the bi-allelic loci and 2 d.f. for the tri-allelic locus. Association between the 

phenotypee and the alleles of the nine SNPs was examined by comparing the allele 

frequenciess between both patient groups and the control group using a Fisher's exact test. 

Haplotypee frequencies were estimated with an expectation-maximisation (EM) algorithm as 

implementedd in the Arlequin software package (Schneider et al., 2000). Differences in 

haplotypee frequencies between both patient groups and the control group were examined 

usingg a log-likelihood ratio statistic (Zhao et al., 2000) that was computed from the 

estimatedd haplotype frequency log-likelihoods for a patient and the control group separately 

versuss combined. This test statistic roughly follows a x2 distribution with k-i d.f, where k 

denotess the number of haplotypes considered. Individual haplotype odds ratios (OR) and 

95%% confidence intervals (CI) were estimated using a method described by Tanck et al. 

(2002)) adapted for logistic regression. In short, haplotype effects and haplotype frequencies 

weree jointly estimated using an EM algorithm in which individual haplotypes were handled 

ass missing data. Throughout the analyses, a p-value < 0.05 was considered as statistically 

significant. . 

Result s s 

Patients s 
Inn total, 62 men with idiopathic azoo- or oligozoospermia, 64 men with azoo- or 

oligozoospermiaa and cryptorchidism in their medical history and 72 men with 

normozoospermiaa were included in this study. A reduced testicular volume (< 15 ml) was 

foundd in 63% of the patients with idiopathic impaired spermatogenesis and in 62% of the 

patientss with cryptorchidism. Hormone levels showed an elevated FSH (>7-5 IU/L) in 54% 

off the patients with idiopathic impaired spermatogenesis and in 73% of patients with 
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cryptorchidism.. No other physical or hormonal abnormalities were identified. In the patient 

groupp with cryptorchidism, 51% had unilateral and 33% bilateral cryptorchidism, 16% of 

patientss did not know whether the cryptorchidism was uni- or bilateral. None of the controls 

mentionedd cryptorchidism in their medical history. 

Allelee frequencies of SNPs in the ZNF214 and ZNF215 genes 

Noo significant deviations from Hardy-Weinberg proportions were observed at the SNP loci 

inn the three study groups. In patients with idiopathic impaired spermatogenesis significantly 

differentt allele frequencies were found for the L128H/R variant compared with the control 

groupp (p=o.032) (Table I). In subfertile patients with cryptorchidism in their medical history 

aa significantly increased frequency was found for allele 1 of the Y66C variant compared with 

thee control group (^=0.019). All other variants showed no differences in allele frequencies 

betweenn the two patient groups and the controls. 

Haplotypee analysis 
Basedd on the observed individual genotypes, 27 haplotypes were estimated to be present in 

thee three study groups (Table II). Haplotypes 21 - 24 were the most frequently observed 

haplotypess in the study groups, accounting for 50% of patients with idiopathic impaired 

spermatogenesis,, for 44% of patients with impaired spermatogenesis and cryptorchidism 

andd for 50% of the control group. The estimated haplotype frequencies differed significantly 

betweenn the patients with idiopathic impaired spermatogenesis and the controls (p=o.02i; 

255 d.f). The difference in estimated haplotype frequencies between the patients with 

cryptorchidismm and the controls was not significant (^=0.089; 23 d.f.). 

Remarkablee differences in individual haplotype frequencies were found for haplotypes 2 and 

8,, carrying both the 1 allele of the Y66C and the L128H/R variant. Haplotype 2 (1 1 1 i 1 1 2 i) 

waswas present in n % of patients with idiopathic impaired spermatogenesis and in < 1% of the 

controlss (OR 13.3 (95% CI 2.0 - 88.9)). Also in the group of patients with impaired 

spermatogenesiss and cryptorchidism, the estimated frequency of haplotype 2 (4%) tended 

too be higher than that in the control group (OR 7.1 (95% CI 0.8 - 59.2)), but this difference 

waswas not significant. Haplotype 8 (1 1 2 111 2 1) occurred with an estimated frequency of n % 

inn the group of patients with impaired spermatogenesis and cryptorchidism whereas it had 

aa frequency of 3% in the control group (OR 3.1 (95% CI 1.1-9.0)). The frequencies of this 

haplotypee in the idiopathic patients and the controls were not significantly different (OR 0.7 

(95%% CI 0.2-2.9)) . 
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Tabl ee I I . Haplotype frequencies estimated for both patient groups and controls. 

Haplotyp ee Patient s Control s 

Idiopathi cc  Cryptorchidis m 

Noo  N=62 N=64 N=72 

1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 22 1 

1 1 1 1 1 1 22 2 

1 1 1 1 1 22 1 1 

1 1 1 1 22 2 1 1 

1 1 1 22 1 1 2 1 

1 1 1 22 1 1 2 2 

1 1 22 1 1 1 2 1 

1 1 22 1 1 1 2 2 

1 1 22 1 1 2 1 1 

1 1 22 2 1 1 1 2 

1 22 1 1 1 1 1 1 

1 22 1 1 1 1 1 2 

1 22 1 1 1 1 2 1 

1 22 1 1 1 1 2 2 

1 22 2 1 1 1 1 1 

1 22 2 1 1 1 2 2 

1 33 1 1 2 2 1 2 

22 1 2 1 2 2 2 1  1 

22 3 1 1 1 1 1 1 

22 3 1 1 1 1 2 1 

22 3 1 1 1 1 2 2 

22 3 1 1 1 2 1 1 

22 3 1 1 2 1 2 1 

22 3 1 1 2 1 2 2 

22 3 2 1 1 1 1 1 

22 3 2 1 2 1 2 2 

1 1 

2 2 

3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

i o o 

n n 
12 2 

13 3 

M M 
15 5 
16 6 

17 7 
18 8 

19 9 
2 0 0 

21 1 

2 2 2 

23 3 

24 4 

25 5 
26 6 

27 7 

0.O124 4 

0.1124 4 

O.O363 3 

O.O508 8 

0.O146 6 

O.O403 3 

0.O179 9 

0.O109 9 

0.O512 2 

0.0081 1 

0.0122 2 

0.1269 9 

0.1619 9 

0.1011 1 

0.1138 8 

0.0963 3 

0.0238 8 

0.0091 1 

0.0111 1 

0.0447 7 

0.1051 1 

0 .0969 9 

0.1055 5 

0.0273 3 

0.0078 8 

0.0234 4 

0.0547 7 

0.0201 1 

O.0806 6 

0.1407 7 

0.1258 8 

O.0895 5 

O.0667 7 

O.O083 3 

O.10O4 4 

O.I065 5 

O.O069 9 

O.O069 9 

O.O347 7 

O.OO69 9 

O.OIO4 4 

O.O313 3 

O.OO69 9 

O.OO69 9 

O.OO69 9 

O.OO69 9 

O.0625 5 

0.1673 3 

O.O989 9 

O.I296 6 

0.1057 7 

0.0749 9 
0 .0069 9 

0.0139 9 

Orderr of variants is Y66C, U28H/R, I185R, R252C, F292F, L323V, C260G and M119V 
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Mutationn screening 
Basedd on the association of chromosomal region npi5 with impaired spermatogenesis 

observedd both in patients with idiopathic impaired spermatogenesis and in patients with 

cryptorchidism,, all patients were screened for mutations in the coding sequences and 

flankingg intron sequences of ZNF214 and ZNF2i$. In addition to the known SNPs, five 

sequencee variants were identified in patients that were not present in the controls {Figure 1 

andd Table III). The first variant detected in the ZNF214 gene was a G-»A transition that 

changess a cystine at amino acid position 224 into a tyrosine (C224Y). This variant was 

detectedd in a patient with cryptorchidism and was inherited from the mother (data not 

shown). . 

Inn a patient with idiopathic impaired spermatogenesis we identified an in-frame insertion of 

threee nucleotides, which leads to the insertion of an additional amino acid (asparagine) 

afterr glycine at amino acid position 271 in the first zinc finger domain of ZNF274 (816-

8i7lnsTAA).. The parents were not available to study the inheritance pattern of this variant. 

Thee third variant detected in a patient with idiopathic impaired spermatogenesis was a 

missensee mutation at codon 408 in the ZNF214 gene. The C-»T transition replaces a 

histidinee with a tyrosine residue. This patient also inherited the H408Y variant from his 

motherr and this variant was not present in the patient's brother who had a sperm count 

withinn the normal range (Fig 2). 

Inn the ZNF215 gene, an A-»G transition was identified in a patient with idiopathic impaired 

spermatogenesis,, resulting in a substitution of an isoleucine for a valine (I400V). Also in 

thiss case the variant was inherited from the mother. 

Thee fifth variant detected was a missense mutation at codon 496 in the ZNF215 gene. 

AA G->T transversion results in a serine replacing an isoleucine at amino acid residue 496 

(S496I).. This variant was found in one patient with idiopathic impaired spermatogenesis as 

welll as in a patient with cryptorchidism. In both cases the parents were not available for 

DNAA analysis. 

Thesee five variants were not present in the controls and, apart from the common 

polymorphisms,, were the only sequence variations identified throughout the coding and 

splicee site consensus sequences of the ZNF 214 and ZNF 215 genes. 

Inn ZNF2i$ we identified an additional G-*A transition occurring at the first nucleotide 

positionn of intron 6 and disrupting the invariant GT dinucleotide, which is part of the donor 

splicee site sequence of intron 6. However, this variant was found in one control man as well 

ass in two patients (Table III). 
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Tabl ee I I I . Variants  found in  the ZNF214 and ZNF215 genes. 

Genee Positio n Nucleotid e Consequenc e Patient s Patient s Control s Inheritanc e 
chang ee Idiopathi c Cryptorchidis m 

N=622 N=64 N=72 

ZNF2144 exon 3 671 C—>A 
ZNF2144 exon 3 8i6-8i7lnsT/ 
ZNF2144 exon 3 1221 C—»T 

ZNF2155 exon 7 1198 A—»G 
ZNF2155 exon 7 1487 G—>T 

C224Y Y 
Inss N after C271 
H408Y Y 

I400V V 

S496I I 

0 0 

0 0 

1 1 

l l 

1 1 

1 1 

1 1 

0 0 

0 0 

1 1 

0 0 

0 0 

0 0 

0 0 

0 0 

mother r 
--

mother r 

mother r 

--

ZNF2155 intron6 712+1 G—>A Splicing variant 

Figur ee l . Schematic  representation of  the ZNF2T4 and ZNF215 proteins. 
TheThe functional  domains are indicated. The location of  the variants  is  marked  with 
aa star. The arrow  indicates  the position of  the splice-site mutation in  intron  6. 

1 1 UTRR • KRAB 

Aminoo acid 1 

position n 

246 6 

ZINC-FINGERS S I I UTR R 

C2i4Y Y 
606 6 

H408Y Y 

InsN271 1 

ZNF214 4 

UTR R 

Aminoo acid 
position n 

11 61 126 

712+1G-+A A 

IsCANN I I K R A B ^BziNC-FINGERS I 

162-203 3 

I400V V 
S496I I 

518 8 

UTR R ZNF215 5 
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Figur ee 2. Gel image of H408Y 

D£ £ 
ïbs s 

MutationMutation detection in the ZNF214 gene 

byby restriction enzyme analysis ofPCR products. 

TheThe H408Y mutation in the patient, his father, 

hishis mother, his normozoospermic brother and a 

normozoospermicnormozoospermic control. 

ThisThis mutation destroys a Rsal restriction site. 

TheThe arrow indicates the aberrant band. 
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Discussio n n 

Inn this paper we report an association between male factor subfertility due to severely 

impairedd spermatogenesis, with and without cryptorchidism, and chromosomal region 

nn pi 5. This region harbours the ZNF214 and ZNF215 genes, originally investigated in relation 

too BWS and presumably acting as transcription factors. 

Statisticallyy significant differences in allele frequencies were found in patients with 

idiopathicc impaired spermatogenesis and in patients with impaired spermatogenesis and 

cryptorchidismm compared with men with normozoospermia. Estimated haplotype 

frequenciess also differed significantly between the patients with idiopathic impaired 

spermatogenesiss and the controls. Consistent with these findings, a number of mutations 

weree found in both patients with idiopathic impaired spermatogenesis as well as in patients 

withh impaired spermatogenesis and cryptorchidism. Taken together, these data validate our 

initiall hypothesis and indicate that this region is associated with idiopathic impaired 

spermatogenesiss as well as with impaired spermatogenesis due to cryptorchidism. 

Cryptorchidismm is one of the symptoms described in BWS. Both cryptorchidism and the 

BWSS are embryonic developmental disorders, which might explain a possible involvement 

off chromosomal region npi5 in both disorders. 

Inn this study 50% of patients in which a mutation was found reported a history of 

cryptorchidism.. Studies on cryptorchidism do present with some intrinsic difficulties. First, 

thee descent of the testes during childhood has not always been registered accurately. 

Second,, the difference between cryptorchidism and retractile testes is not always clear, and 

formerlyy orchidopexy was performed to correct both conditions. For these reasons, 

cryptorchidismm might be under or over diagnosed in our study population. 

Inn this paper we describe six new variants occurring in the coding regions and intron-exon 

boundariess of the ZNF214 and ZNF2i$ genes. So far the specific biological function of the 

proteinss coded by the ZNF214 and ZNF21S genes is not known, although it has been 

suggestedd that they might act as transcription factors through binding to specific DNA 

sequencess (Alders et al., 2000). Therefore it is not yet possible to define the functional 

consequencess of these mutations and firmly establish a causal relationship between the 

presencee of the variants and the phenotype. However, two of the variants identified in ZNF 

214,214, 8i6-8i7lnsTAA and H408Y, occur in the conserved consensus sequence of the first and 

sixthh zinc finger domain, respectively. 8i6-8i7lnsTAA results in an in-frame insertion of an 

asparaginee residue, while at position 408 a neutral amino acid (tyrosine) replaces a basic 

(histidine)) residue. Considering the high degree of conservation of the zinc finger motifs 

(Alderss et al., 2000), these variants are likely to interfere with the functional properties of 

thee ZNF 214 protein. 
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Threee additional missense mutations, C224H in ZNF 214 and I400V and S496I in ZNF215, 

weree found in zinc-finger domains. Both the C224H and S496I variants result in non-

conservativee amino acid substitutions, which might hamper the DNA binding properties of 

thee ZNF214 and ZNF215 proteins. In contrast, the isoleucine to valine substitution at 

positionn 400 of ZNF214 is a conservative change, which might not have functional 

consequences.. Notably, all these variants were unique to the patient population. S496I was 

identifiedd in two apparently unrelated subjects. 

Inn the case of the ZNF2i$ 712+1 G->A variant, the predictable consequences at the molecular 

levell are skipping of exon 6 and/or activation of cryptic splice sites up- or down-stream the 

originall one. Skipping of exon 6 would result in an in-frame deletion of 31 amino acids of the 

zincc finger domain of ZNF215 (from alanine 206 to phenylalanine 237). The activation of 

crypticc splice sites is likely to produce greater functional consequences, with the disruption 

off the entire protein sequence downstream of exon 6. The same variant was identified in a 

controll man with normozoospermia. This might indicate that the mutant shortened protein 

retainss the functional properties of the normal one. An alternative explanation for this 

findingg is provided by the fact that the ZNF215 gene is imprinted in a tissue specific manner 

withh preferential expression of the maternal allele in testis (Alders et al., 2000). Thus, for 

thee 712+1 G->A variant we can postulate that both patient carriers inherited the mutant 

allelee from the mother, while the control individual with normozoospermia inherited the 

mutantt allele from the father. As a consequence of the imprinting in this case, the 

diseasee phenotype would not be expressed. Unfortunately, DNA for family analysis was 

nott available. 

Off three patients in whom we found a mutation, DNA from their parents could be obtained 

andd in all three cases the mutation was inherited from the mother. Inheritance of a genetic 

defectt from the mother has not been described before in impaired spermatogenesis. At first 

sight,, a genetic cause affecting reproductive fitness that segregates through a family might 

seemm unlikely because of reproductive selection. However, an autosomal dominant defect 

off the maternal allele, as we found in our patients, could explain how male factor subfertility 

cann be transmitted to the next generation. 

Inn summary, the results of our study demonstrate a probable role of chromosomal region 

npi55 in the aetiology of impaired spermatogenesis in patients with and without 

cryptorchidism.. Additional functional studies are required to prove unequivocally the 

pathologicall role of the mutations identified in ZNF214 and ZNF215 in male infertility. 

Screeningg for mutations in other testis-specific genes present in this region (e.g. 

heterogeneouss ribonucleoprotein G-T, HNRNPC-T) might reveal additional genes 

functionallyy responsible for impaired spermatogenesis. 
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Chapte rr  6 

Abstrac t t 

Thee genetic cause of male subfertility due to impaired spermatogenesis is unknown in the 

majorityy of cases, but the general assumption is that it is a complex disorder. The aim of this 

studyy was to determine whether mutations occur in the HNRNP G-T gene in men with 

idiopathicc impaired spermatogenesis. The heterogeneous nuclear ribonucleoprotein C-T 

(HNRNP(HNRNP G-T) gene is located in chromosomal region npi5 that has been shown to be 

associatedd with impaired spermatogenesis. It is a member of the hnRNP gene family and is 

predominantlyy expressed in pachytene spermatocytes and round spermatids, where it is 

thoughtt to affect splicing and signal transduction. 

Wee identified eight single nucleotide variants in our patient group of 153 subfertile men by 

sequencingg the HNRNP G-T gene. Two of the mutations, R100H and C388del, did not occur 

inn a control group of 143 norrnozoospermic men. The RiooH mutation causes loss of a 

conservedd arginine, thereby affecting a putative site of methylation possibly required for 

RNA-binding.. Interestingly, this mutation was inherited from the mother. The C388del 

mutationn causes loss of one non-conserved glycine located in a glycine stretch at the end of 

thee protein that is not a known functional motif or domain. 

Ourr data show that HNRNP G-T mutations are not a frequent cause of impaired 

spermatogenesis.. Nevertheless, the R100H mutation detected suggests that in some men 

mutationss in the HNRNP G-T gene can cause impaired spermatogenesis. 
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Heterogeneou ss nuclea r r ibonuc leopro te i n C-T ( H N R N P C-T) muta t ion s 

Introductio n n 

Subfertility,, defined as the inability to conceive after one year of unprotected intercourse, 

affectss 10-15% of couples. In -50% this subfertility is due to impaired semen parameters 

(Hulll et al., 1985; de Kretser, 1997; Evers, 2002). Although frequently suggested, evidence of 

aa genetic aetiology of impaired spermatogenesis is scarce (Turek and Pera, 2002). The only 

acceptedd genetic causes of impaired spermatogenesis in men are numerical and structural 

chromosomall abnormalities and Y chromosome deletions (Maduro and Lamb, 2002). 

Takenn together, these genetic abnormalities explain only -15% of the cases of impaired 

spermatogenesiss (Hargreave, 2000; Foresta et al., 2001). Thus, in the majority of cases, the 

causee of reduced sperm quality remains unclear. 

Recently,, we described an association of chromosomal region npis with impaired 

spermatogenesis.. This association was found by SNP analysis of two npi5 genes, ZNF214 

andd ZNF 215. In addition, some mutations in those two genes were identified in patients 

withh impaired spermatogenesis (Gianotten et al., 2003). An additional candidate gene for 

impairedd spermatogenesis in this region is heterogeneous nuclear ribonucleoprotein G-T 

(HNRNP(HNRNP C-T), which is located 68 kb proximal to ZNF214 (Elliott et al., 2000). 

HNRNPHNRNP G-T is a member of the heterogeneous nuclear ribonucleoprotein (hnRNP) gene 

family.. It is a single-copy and highly conserved gene. Although it is retroposon-derived and 

thuss does not contain any introns, HNRNP C-T is transcribed into a functionally active 

proteinn (Elliott et al., 2000). HnRNP G-T is a germ cell-specific nuclear protein that is 

expressedd predominantly in pachytene spermatocytes and, to a much lesser extent, in round 

spermatidss (Elliott et al., 2000; Maymon et al., 2002). HNRNP C-T is homologous to RBMY 

onn the Y chromosome and to HNRNP C (RBMX) on the X chromosome (Chai et al., 1998; 

Elliottt et al., 2000; Venables et al., 2000). RBMY is located in the P5/P1 region, which is 

deletedd in ~z% of men with azoospermia (Repping et al., 2002). These three family 

memberss all encode RNA-binding proteins (Weighardt et al., 1996; Chai et al., 1998; 

Venabless et al., 2000). Although an essential role of RNA-binding proteins in 

spermatogenesiss is generally accepted, their individual and specific functions have yet to be 

clarifiedd (Venables and Eperon, 1999). However, HNRNP C-T is thought to play a role in cell-

specificc pre-mRNA splicing in germ cells, thereby producing testis-specific isoforms 

(McGuffinn et al., 1998; Venables et al., 1999, 2000; Nasim et al., 2003). 

Inn the present study we sought to determine whether mutations in the HNRNP C-T gene 

occurr in men with idiopathic severe oligozoospermia or azoospermia. 
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Chapte rr  6 

Mater ial ss  and Method s 

Patients s 
Malee partners of subfertile couples who were referred to the Center for Reproductive Medicine 

off the Academic Medical Center were consecutively included in this study from January 1998 

untill December 2002. Written informed consent was obtained from all participants. This 

studyy was approved by the Institutional Review Board of the Academic Medical Center. 

Patientss were men with idiopathic azoospermia or severe oligozoospermia, defined as a total 

spermm count (TC) of <20xio6 in two consecutive semen samples. Men with 

normozoospermia,, defined as a total sperm count of >40 x io6 with a progressive motility and 

normall morphology of >40% in two consecutive semen samples, were included as controls. 

Semenn analyses were performed according to WHO guidelines (World Health Organization, 

1999).. Patients with a history of orchitis, alcohol abuse, surgery of the vasa deferentia, 

bilaterall orchidectomy, chemo- or radiotherapy, obstructive azoospermia (confirmed by 

testicularr biopsy), bilateral cryptorchidism and numerical chromosomal abnormalities or 

deletionss of the Y chromosome were excluded. 

Off all patients, data concerning testicular volume and levels of FSH and testosterone were 

retrievedd from the medical records. DNA was extracted from peripheral blood leucocytes 

accordingg to standard procedures. Whenever possible, parental DNA was used to check for 

thee inheritance pattern of any identified mutation. 

Malee partners of subfertile couples who were referred to the Center for Reproductive Medicine 

off the Academic Medical Center were consecutively included in this study from January 1998 

untill December 2002. Written informed consent was obtained from all participants. This 

studyy was approved by the Institutional Review Board of the Academic Medical Center. 

Patientss were men with idiopathic azoospermia or severe oligozoospermia, defined as a total 

spermm count (TC) of <20xio6 in two consecutive semen samples. Men with 

normozoospermia,, defined as a total sperm count of >40 x io6 with a progressive motility and 

normall morphology of 2:40% in two consecutive semen samples, were included as controls. 

Semenn analyses were performed according to WHO guidelines (World Health Organization, 

1999).. Patients with a history of orchitis, alcohol abuse, surgery of the vasa deferentia, 

bilaterall orchidectomy, chemo- or radiotherapy, obstructive azoospermia (confirmed by 

testicularr biopsy), bilateral cryptorchidism and numerical chromosomal abnormalities or 

deletionss of the Y chromosome were excluded. 

Off all patients, data concerning testicular volume and levels of FSH and testosterone were 

retrievedd from the medical records. DNA was extracted from peripheral blood leucocytes 

accordingg to standard procedures. Whenever possible, parental DNA was used to check for 

thee inheritance pattern of any identified mutation. 
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Heterogeneou ss nuclea r r ibonuc leopro te i n C-T ( H N R N P C-T) muta t ion s 

Mutationn analysis 
Wee amplified the entire genomic sequence of the HNRNP C-T gene in five overlapping 

fragments.. Primers were designed using the MELT program (Jones et al., 1999) (Table I). 

PCRR was carried out in a total volume of 25 microl and contained 25 microg DNA, 0.2 

mmol/ll dNTPs and 0.5 IU superTaq polymerase. Specific conditions for each fragment are 

listedd in Table I. For amplification of all fragments we used a Touchdown PCR program with 

aa temperature range of 69 - 62 C with a C decrement per cycle and one cycle increment 

perr temperature step and a final amplification for 20 cycles at C for 30 s., C for 30 s. 

andd C for 30 s with a final extension at C for 5 min. 

Mutationn screening was performed by direct sequencing of both sense and antisense 

strands,, using the same primers as those used for PCR, on an automated ABI Prism 3100 

Geneticc Analyser (Applied Biosystems). Overlapping sequences of the five regions were 

alignedd to produce a contiguous sequence which was then compared with the available 

sequencee of HNRNP C-T from GenBank (NT._028310.-10). 

Forr each variant detected, we subsequently designed an restriction fragment length 

polymorphismm assay to evaluate the frequencies of these variants in the control group. 

Statisticall differences in genotype frequencies and distribution between the patient and 

controll groups were evaluated using a x2 test. A /?-value < 0.05 was considered significant. 
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H e t e r o g e n e o u ss nuc lea r r i b o n u c l e o p r o t e i n G-T ( H N R N P C-T) m u t a t i o n s 

Result s s 

Patients s 
Thee clinical features of the patients included in this study are listed in Table II. 

Tablee II. Patient's clinical data 

Patient ss No (%) 

Azoospermia a 

Severee oligozoospermia 

Reducedd testis volume (< 15 ml) 

FSHH (> 7.5 IU/L) 
Reducedd testosterone (< 11 nmol/L) 

Unilaterall cryptorchidism 

29/1533 (19) 
124/1533 (81) 

78/1344 (58) 

71/1355 (53) 
28/1311 (21) 

23/1533 (15) 

Figur ee 2. Alignment of the human and mouse hnRNP G-T proteins 

MAA ate 

JM7I **  <MZ_C 

hucar ..  CPPQRDSÏSRSGCRVPRGGGRLGGRLERGGCRSP.Y 33 2 
BOJ3I ))  C P FATAILRBG--P L 306 

I II IF • . • I I 

AllAll variants found are shown in bold superscript above the amino acid concerned. 

TheThe RNA binding domain is indicated by a dark gray box. The RXR cluster is indicated 

byby a light gray box. A star indicates identical amino acids, a double dot similar amino 

acidsacids and a single dot non-conserved amino acids. 
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Mutationn screening 
Eightt sequence variants were identified (Table III). Two variants, A4A (dbSNP: 4758158) and 

A66V,, occurred with high frequency in both patients and controls, in the heterozygote state 

ass well as in the homozygote state. The frequencies of both variants did not differ 

significantlyy between the patient group and the control group (p=o.i2 and /?=o.68 

respectively).. Two other variants, G9C and R371R, were silent mutations. In addition, two 

missensee mutations, A134T and C262V, were identified in both patients and controls. 

However,, we discovered two unique missense mutations in two patients. The first mutation 

resultedd in a G—•A nucleotide change at position 298 and was present in the heterozygote 

state.. This nucleotide change caused a substitution of a conserved amino acid, altering 

argininee at codon 100 into histidine (RiooH). This amino acid is closely located to the RNA-

bindingg motif and within an RXR cluster known to be involved in protein methylation (Figure 1). 

Thee second mutation resulted in an in-frame-deletion of three nucleotides, causing a 

deletionn of a glycine at codon 388 (G388del) and was also in the heterozygote state. This 

aminoo acid is located in a non-conserved region at the end of the HNRNP C-T gene (Figure i). 

Nonee of the 143 normozoospermic control men analysed carried either of these mutations. 

Thee carrier of the R100H mutation was an azoospermic man. His medical history showed 

unilaterall cryptorchidism, corrected at the age of 5 years through hormone injections. 

Thee patient had a reduced testicular volume (11 ml). Hormone screening showed an 

elevatedd FSH level (42.0 IU/L) and a normal testosterone level (17.9 nmol/L). Analysis of 

thee pattern of inheritance of the mutation in the carrier's family showed that the patient had 

inheritedd this mutation from his mother (Figure 2). 

Thee carrier of the G388del suffered from severe oligoasthenoteratospermia (TC 0.24x1 o6). 

Hee had a reduced testicular volume (6 ml) and an elevated FSH level (19.7 IU/L). His 

testosteronee level was normal (15.1 nmol/l). Blood samples from his parents were not 

availablee for analysis of the inheritance pattern. 
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Chapte rr  6 

Figur ee 2. Variants found in patients and controls 

B
ShownShown are the PCR products of fragment 2 of the 

HNRNPHNRNP G-T gene of the father (lane 1), 

thethe mother (lane 2) and the affected son (lane 3) 

respectively.respectively. PCR products were incubated with the 

restrictionrestriction enzyme Bbvl and runned on an agarose 

gel.gel. The R100H mutation created an additional 

restrictionrestriction site in the affected patient and his 

mother,mother, thus producing an extra band on the gel. 
Discussio n n 
Inn this study we identified eight single nucleotide variants in 153 men with azoospermia or 

severee oligozoospermia by sequencing of the HNRNP G-T gene. Two of these variants, A4A 

andd A66V, are common polymorphisms, as they occurred with high frequency in patients as 

welll as in controls. Two silent mutations, G9G and R371R, were irrelevant, as they did not 

causee an amino acid substitution nor affect a possible splice site, as HNRNP G-T is an 

intronlesss gene. Two missense mutations, A134T and G262V, are probably rare 

polymorphismss without functional consequences, as they do not occur in a functional motif 

orr domain of the hnRNP G-T protein and were present in both patients and controls. 

However,, we found two unique mutations, G388del and R100H, in two patients with 

impairedd spermatogenesis, which were not present in our control group. The G388del 

mutationn causes loss of one non-conserved glycine located in a glycine stretch at the end of 

thee protein that is not a known functional motif or domain. Therefore this mutation appears 

too be of low significance. Interestingly, however, the R100H mutation causes a single amino 

acidd substitution of a conserved arginine located within an RXR cluster, just a few amino 

acidss downstream of the RNA binding motif of the gene. 

Wee suspect that the R100H mutation might cause impaired spermatogenesis by disrupting 

thee hnRNP G-T protein function for the following two reasons. First, the mutation involves 

aa conserved amino acid, changing an arginine into a histidine. An arginine residue at this 

positionn is consistently found in both human and mouse hnRNP G-T, as well as in RBMY 

andd hnRNP G. In addition, the overall region is strictly conserved in the mouse orthologue 
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ass well as in the human homologues. Thus, because there is such a high degree of 

evolutionaryy conservation, indicating that hnRNP C-T is under strict selection, even a subtle 

alterationn might have phenotypical consequences. 

Second,, the amino acid change probably affects protein methylation. Previous studies have 

shownn that most hnRNPs undergo post-translational modifications, with methylation at 

argininee residues being the most relevant of such adjustments (Liu and Dreyfuss, 1995; Kim 

ett al., 1997; Kzhyshkowska et al., 2001; Pawlak et al., 2002). A specific biological role for 

argininee methylation in hnRNPs has not yet been defined, but it is thought that it might 

affectt the RNA-binding activity of hnRNPs with other proteins (Shen et al., 1998; Smith et 

al.,, 1999; Pawlak et al., 2002; Wada et al., 2002). RCG motifs, containing a variable number 

off closely spaced Arg-Gly-Gly repeats, are the preferential sites of methylation in hnRNPs 

(Liuu and Dreyfuss, 1995). An additional site of methylation is in the RXR (Arg-X-Arg) cluster 

(Smithh et al., 1999). Both hnRNP G and hnRNP G-T contain such a cluster. Since the R100H 

mutationn involves an arginine residue that is located within an RXR cluster, methylation at 

thiss site might be altered with subsequent consequences for the function of the hnRNP G-

TT protein. 

Thee observed maternal inheritance of the R100H mutation in the carrier's family supports 

ourr line of reasoning that this mutation is pathological. Indeed, a number of the variants 

thatt we identified in the ZNF214 and ZNF215 genes, located in the same 11 pi5 region, were 

alsoo maternally inherited (Gianotten et al., 2003). In general, inheritance of impaired 

spermatogenesiss through the mother might explain how male subfertility can segregate 

throughh generations (Lilford et al., 1994; Gianotten et al., 2004). 

Thee RiooH mutation is in the heterozygote state. In general, autosomal heterozygote 

mutationss are not considered to be sufficient to result in a pathological condition. Several 

argumentss can be offered to explain how this heterozygote mutation can lead to the 

impairedd spermatogenesis phenotype. First, the R100H mutation might be an autosomal 

dominantt gene defect inherited from the mother. Second, HNRNP C-T might be an 

imprintedd gene, meaning that just one allele is expressed based on the parental origin. 

Severall imprinted genes are located in chromosomal region npi5, including ZNF215, for 

whichh the maternal allele is preferentially expressed in several tissues (Alders et al., 2000). 

Finally,, the HNRNP C-T gene might show haploinsufflciency. In this situation, the 

unaffectedd allele would not be able to compensate for the dysfunctional one. 

Inn summary, mutations in the HNRNP C-T gene do not seem to be a frequent cause of 

impairedd spermatogenesis in our patient population. Nevertheless, the R100H mutation 

detectedd suggests that in some men mutations in the HNRNP C-T gene can account for the 

impairedd spermatogenesis phenotype. 
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Abstrac t t 

Thee molecular aetiology of male subfertility is still unknown in the majority of cases and it 

iss thought that multiple genes are involved. One of the genes that might play a role in male 

reproductivee function is the Protein C inhibitor (PCI) gene. In mice the presence of PCI is 

ann absolute requirement for reproduction. In this study we performed a mutation screen of 

thee PCI gene in subfertile men with severe teratozoospermia or idiopathic azoospermia. 

Malee partners of subfertile couples with idiopathic azoospermia (n=27) or teratozoospermia 

(n=34)) and men with normozoospermia (n=34) were screened for mutations in the PCI 

genee by direct sequencing. Nine nucleotide variants found in the patients were not present 

inn the initial control group and were therefore screened in an additional control group of 80 

menn with normozoospermia was screened by RFLP analysis. In addition, PCI antigen levels 

weree measured in the seminal plasma of the patients in which a potential mutation was 

found. . 

Inn total, three new variants were exclusively present in men with idiopathic azoospermia, but 

aree not likely to cause the patients' phenotypes. In addition, the PCI antigen levels in 

seminall plasma of these three patients were not decreased. The fact that we were not able 

too detect causal mutations in the PCI gene does not necessarily lead to the conclusion that 

thee PCI protein is not involved in human male fertility, but the results of our study indicate 

thatt mutations in the human PCI gene are not a common cause of reduced semen 

parameterss in men. 
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Introductio n n 

Thee molecular aetiology of male subfertility due to reduced semen parameters is still 

unknownn in the majority of cases. So far, numerical and structural chromosomal 

abnormalities,, including partial deletions of the Y chromosome, have been described in 

patientss with reduced sperm counts (Reijo et al., 1995, Tuerlings et al., 1998, Hargreave et 

a!.,, 2000, Kuroda-Kawaguchi et al., 2001, Repping et al., 2002). Recently, a heterozygous 

mutationn in the Synaptonemal Complex protein 3 {SYCP3) gene, which encodes for a DNA-

bindingg protein on chromosome 12, was found in two patients with azoospermia due to 

maturationn arrest. This report indicates that autosomal genes are involved in human male 

subfertilityy too (Miyamoto et al., 2003). 

Thesee findings however, account only for a small proportion of subfertile patients with 

semenn aberrations. This is not surprising as male factor subfertility is thought to be a 

complexx disorder in which multiple genes are involved as suggested by gene targeting 

studiess in Drosophila and mice (Crootegoed et al., 1998, Venables et al., 2000, Hackstein et 

al.,, 2000). 

Nowadays,, intracytoplasmic sperm injection (ICSI) with ejaculated or surgically retrieved 

spermatozoaa offers a great opportunity for subfertile patients with reduced semen 

parameters.. However, genetic abnormalities causing subfertility can be transmitted to the 

nextt generation by ICSI, with a possible negative impact on fertility. Therefore, searching for 

geness involved in subfertility due to reduced semen parameters is of great importance. 

Onee of the genes that might play a role in male reproduction is the Protein C inhibitor [PCI) 

gene.. Protein C inhibitor is a plasma glycoprotein belonging to the serpin superfamily of 

serinee protease inhibitors (Suzuki et al., 1987). PCI acts as an inhibitor of activated protein 

CC (Suzuki et al., 1983), but also inhibits various other proteases such as factor Xa, thrombin 

(Suzukii et al., 1984), plasma kallikrein, factor Xla (Meijers et al., 1988), urokinase (Espana 

ett al., 1989, Geigeret al., 1989), acrosin (Hermans et al., 1994, Zheng et al., 1994), prostate-

specificc antigen (PSA) (Christensson et al., 1994) and tissue kallikrein (tKK) (Espana et al., 

1995).. The physiological role of PCI in humans however, has not yet been established and 

noo known human disease has been related to deficiencies in PCI. 

PCIPCI is expressed in many organs and tissues (Suzuki, 2000) and is present in various 

humann body fluids (Laurell et al., 1995). The highest PCI concentration has been described 

inn seminal plasma (Espana et al., 1991, Espana et al., 1995, Laurell et a!., 1992). The major 

secretoryy origin is in the seminal vesicles, although PCI is also present in cells of the testis 

andd the prostate (Laurell et al., 1992). PCI has been detected on the head of washed 

spermatozoaa and it has been found on morphologically abnormal sperm heads of 

ejaculatedd sperm in the immediate vicinity of disrupted acrosomal membranes (Zheng et 

al.,, 1994). PCI has also been shown to be present on the acrosomal cap of intact human 
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spermatozoaa in ejaculated sperm, as well as on epididymal spermatozoa (Elisen et al., 1998). 

PCII acts as a rapid inhibitor of acrosin, a serine protease stored in the acrosome of 

spermatozoaa (Hermans et al., 1994, Elisen et al., 1998). Induction of the acrosome reaction 

inn ejaculated human spermatozoa results in the disappearance of PCI from the plasma 

membranee overlying the acrosomal head and the appearance of a strict distribution at the 

equatoriall segment of human spermatozoa (Elisen et al., 1998). Moreover, PCI inhibits the 

amidolyticc activity of activated human sperm extracts (Zheng et al., 1994). Based on these 

observationss it has been suggested that PCI might function as an inhibitor of acrosin during 

storagee of spermatozoa in the epididymis. Inhibition of acrosin might prevent the 

proteolyticc activity of acrosin, released from the acrosomes of degenerating spermatozoa, 

uponn other cells. Moreover, two subfertile patients have been described in which the PCI 

proteinn appeared to be functionally inactive (He et al., 1999). 

Inn mice it has already been described that the presence of PCI is an absolute requirement 

forr reproduction. After targeted disruption of the PCI gene, male homozygous knockout 

micee appeared to be healthy but infertile. This was apparently caused by abnormal 

spermatogenesiss due to destruction of the Sertoli cell barrier, probably due to unopposed 

proteolyticc activity. The resulting epididymal spermatozoa in these mice were malformed 

(Uhrinn et al., 2000). The sequence of the mouse PCI gene is highly homologous with the 

humann PCI gene (Zechmeister-Machhart et al., 1997) and the amino acid sequence deduced 

fromm the mouse PCI gene (mPCI) is also highly homologous to that of human PCI (Uhrin et 

al.,, 2000). 

Alll together, the PCI gene is an excellent candidate gene for human male subfertility. The 

humann PCI (hPCI) gene is located in a cluster with other serine protease inhibitors on 

chromosomee I4q32.i (Billingsley et al., 1993). The gene is 11.5 kb long and comprises 5 

exonss separated by 4 introns (Meijers and Chung, 1991). We hypothesized that mutations 

off the PCI gene in humans can result in increased proteolytic activity in testis, which causes 

destructionn of sperm cells and early necrosis of the Sertoli cells. Therefore, we performed a 

mutationn screen of the PCI gene in subfertile men with severe teratozoospermia or 

idiopathicc azoospermia. PCI protein levels were measured in seminal plasma of patients in 

whomm a unique genetic aberration was found in the PCI gene. The number of PCI alleles was 

quantifiedd by southern blot analysis in men who had a large part of the gene present in 

homozygouss form and were thus suspected of having a partial deletion of one allele. 
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Material ss  and Method s 

Patients s 
Malee partners of subfertile couples attending the Center for Reproductive Medicine of the 

Academicc Medical Center, were included in this study between October 2000 and October 

2002.. In total 34 men with severe teratozoospermia and 27 men with idiopathic azoospermia 

weree included as patients. In total 114 men with normozoospermia were included as controls. 

Severee teratozoospermia was defined as 10% normal spermatozoa or less, in patients with at 

leastt 1 x 106 spermatozoa per semen sample. Normozoospermia was defined as a total sperm 

countt over 40 x 106 with a progressive motility and normal morphology of at least 40%, in two 

consecutivee semen samples. Semen analyses were performed according to WHO criteria 

(Worldd Health Organization, 1992). 

Patientss with a history of orchitis, alcohol abuse, surgery of the vasa deferentia, bilateral 

orchidectomy,, bilateral cryptorchidism, chemo- or radiotherapy, obstructive azoospermia 

(confirmedd by testicular biopsy), and with numerical chromosomal abnormalities or 

microdeletionss of the Y chromosome were excluded from this study. 

Off all patients and controls, blood was drawn for DNA isolation (Miller et al., 1988). Of 

patientss in whom a unique mutation was found, we collected a semen sample to analyse PCI 

proteinn levels in seminal plasma. We also tried to collect DNA of their parents to study the 

inheritancee pattern of the identified mutation. Written informed consent was obtained from 

alll participants and the Institutional Review Board of the Academic Medical Center approved 

thee study. 

Screeningg for  point mutations 
Alll patients and an initial control group of 34 controls were screened for mutations by direct 

sequencing.. All 5 exons identified in the Human PCt (hPCI) gene and flanking intronic 

sequences,, a 2 kb fragment 5' to the transcriptional initiation site comprising the promoter 

regionn and i kb of the 3' untranslated region, were scanned for mutations. All primers used 

forr PCR amplification and sequence analysis are listed in Table I. PCR reactions consisted of 

33 microl primer forward and reverse (10 mmol/i), 4 microl dNTP's (1.25 mM; Amersham 

Pharmacia),, 1 microl BSA (iomg/ml), 5 microl IOX PCR buffer (Qiagen), 0.3 microl Taq 

(Qiagen),, 30.7 microl mQ-water en 3 microl DNA. PCR condition were 5 min denaturation 

att , followed by 30 cycles at C for 1 min, 1 min at the annealing temperatures given 

inn Table 1 and 1 min at . 

Analysiss of both the sense and antisense strands of the PCR amplified fragments was 

performedd on an automated ABI Prism 3100 Genetic Analyser (Applied Biosystems), using 

thee same PCR primers. Two additional internal primers were used for the sequencing of 

exonn 5 (PCI-ex5-seq2F: CAA AGA GAG GTC CAG AGT CC, and PCI-ex5-seq2R: GGA CTC 
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TGGG ACC TCT CI I TG). Output sequences were compared to the human reference PCI 

sequencee (NT_026437; M_685i6). 

Variantss identified in the patient groups, which were not present in the initial control group 

o ff 34 normozoospermic men, were additionally screened, either by RFLP analysis or by 

sequencingg in case no restriction site was available, in an additional group of 80 men with 

normozoospermia.. The fol lowing restriction enzymes were used: Haell l for -1014 G->T, 

Mspll for -938 C->T, Mval for -806 G->A, Hphl for 1364 G-»A and Alul for 1937 G-+A. 

Tablee I. Primer sequences and annealing temperatures for PCR amplification. 

Locationn Sequence (5'-3') 

P romo to rr Forward- i CTC CGA CAT CAC ATT GAC TT 

Reverse-ii AAC ACA GCA GGT CAG GGA AT 
Forward-22 GAA AAA GAG GGA CTC AGG TTC 
Reverse-22 AGC AAG CAC AAT ACC TAC TGG 
Forward-33 ACC CAG TAG TGA TTG TGT TTC C 

Reverse-33 GTC TCA AGC CTG GTT ATG TTT G 
Forward-44 TGC TCT ACC AAC TCC ACA CC 
Reverse-44 AGA GAC AGG GAA AGG GAC AG 
Forward-55 CCC CCC TAA TCT ACA AGA AAT 
Reverse-55 TTA GTG TGG AGC ATA AGG TCA 

Exonn l Forward CAC AGT AAG TAC CGA TGC CG 
Reversee AGA TGT CAC TAA CCC CCA CC 

Exonn 2 Forward GGC ACA TCT CTG GAA AGT CAG 
Reversee CCC CGT CTT TTA TGT ATG TGA G 

Exonn 3 Forward TGT CTT CAC TCC TTT TAT TTG C 
Reversee GAC TTG GAT GTC ACA GGA TG 

Exonn 4 Forward ATT ATG AAT CCA AGG GGT GA 
Reversee GGA ATG AAA TGG GGT AGA GTA G 

Exonn 5 Forward TTA GAG GTT GAT GCC CAT AGG 
Reversee GGA GTC TTA TGA GGG GCA AA 

Annealing g 
Temperature e 

C C 

C C 

C C 

C C 

C C 

C C 

C C 

C C 

C C 

C C 
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Screeningg for  deletions 
Forr Southern Blot analysis 10 microg of genomic DNA was digested with BamHI (Roche), 

accordingg to manufacturer's recommendations. DNA was separated on a 0.8% agarose gel, 

forr 16-18 h at x 5 V cm and transferred to Hybond +(Amersham). A Hindlll fragment (Hind 

4,, Fig 1) of the phage clone IFIX-PCI-12 (Meijers and Chung, 1991) covering the promoter 

region,, exon i and the 5' end of intron A of the PCI gene (M_685i6) was radioactively 

labelledd with 32P-dCTP by random prime labelling and used as probe (Fig 1). A 2.5 kb Taql 

fragmentt of cosmid q25 (CeneBank accession nr. Z68344) on chromosome 11 was used as 

controll probe (Alders et al., 2000). 

Filterss were pre-hybridised for at least lh and hybridised overnight in ExpressHyb 

hybridisingg solution (Clontech) at . Filters were then washed to a stringency of 

o.ixSSC/o.i%% SDS, followed by autoradiography for 1-3 days at C using Kodak XAR-5 

filmsfilms with an intensifying screen. 

Proteinn levels 
Liquefiedd semen was centrifuged at 2000 x g for 10 min. The plasma was stored at - 80 . 

Antigenn levels of protein C inhibitor were determined by enzyme-linked immunosorbent 

assayy using a monoclonal antibody against PCI (API-93) as capturing antibody and rabbit 

polyclonall anti-PCI serum as secondary antibody (Meijers et al., 1988). Reference values 

weree measured in seminal plasma of 20 men with normozoospermia according the same 

procedure.. The mean antigen level was 17.5 U/ml. The mean +/- 2 times the SD was 6.i -

28.99 U/ml and was considered as the normal range. 

Statistics s 
Allelee frequencies were compared between both patient groups and the control group using 

aa Fischer's exact test. A p-value of < 0.05 was considered as statistically significant. 
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Results s 

Tablee I I . Semen parameters of patients with teratozoospermia. 

Patient t 
number r 

1 1 

2 2 

3 3 
4 4 
5 5 
6 6 

7 7 
8 8 

9 9 
10 10 

n n 
12 12 

13 13 

M M 
15 5 
16 6 

V V 
18 18 

19 9 
20 20 

21 21 

22 22 

23 23 

24 24 

25 25 
26 26 

27 27 
28 28 

29 29 

30 30 

31 31 

32 32 

33 33 
34 34 

Abstinence e 
(days) ) 

3 3 
3 3 

10 10 

12 12 

3 3 
3 3 
7 7 
5 5 
7 7 
3 3 
5 5 
3 3 
3 3 
21 21 

3 3 
3 3 
3 3 
3 3 
3 3 
3 3 
4 4 
7 7 
7 7 
3 3 
4 4 
7 7 
4 4 
5 5 
3 3 
2 2 

3 3 
3 3 
3 3 
3 3 

Volume e 
(ml) ) 

6 6 
1.9 9 

i.8 i.8 

&5 5 
2-S 2-S 

1-3 1-3 

5-5 5-5 
4-5 4-5 
7-2 7-2 

2-7 2-7 

1-3 1-3 

4-1 1 
1.2 1.2 

4 4 
2-9 2-9 

3-3 3-3 
3-5 3-5 
7-5 7-5 
2-5 2-5 

4 4 
3-5 3-5 
5 5 
1-7 7 

4 4 
i.8 i.8 

4 4 
32 32 

2-5 2-5 
0.8 0.8 

3 3 
3.8 3.8 

3-4 3-4 
5-5 5-5 
4-5 4-5 

Cone. . 
(xio6/ml ) ) 

1.6 1.6 

1 1 

5-1 1 
1 1 

3 3 
i.i i.i 

1.2 1.2 

6 6 

1-5 5 

3 3 
1 1 

1.4 1.4 

1 1 

8i 8i 

48 48 
26 26 

19 9 

12 12 

29 29 

1-4 1-4 
12 12 

n n 

32 32 
88 88 

72 72 

72 72 

33 33 
35 35 
23 23 

7* 7* 

33 33 
26 26 

7 7 
2 2 

Moltilit y y 
A+BB (%) 

5 5 
0 0 

4 4 
0 0 

6 6 
0 0 

n n 
H H 
4 4 
8 8 

10 10 

8 8 
0 0 

2 2 

18 18 

11 11 

20 20 

1 1 

0 0 

8 8 
10 10 

4 4 
5 5 
0 0 

6 6 
1 1 

3 3 
6 6 
8 8 
1 1 

9 9 
5 5 
0 0 

2 2 

Normoform m 
(%) ) 

0 0 

1 1 

4 4 
1 1 

2 2 

0 0 

0 0 

1 1 

2 2 

2 2 

1 1 

6 6 
2 2 

1 1 

0 0 

3 3 
3 3 
0 0 

0 0 

0 0 

4 4 
2 2 

10 10 

0 0 

9 9 
0 0 

0 0 

4 4 
7 7 
6 6 
0 0 

7 7 
0 0 

0 0 
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Mutatio nn Analysis: screening for  point mutations. 
Thee entire coding sequence and promoter region of the PCI gene were analysed for sequence 

variantss in 34 patients with teratozoospermia, 27 patients with azoospermia and 34 controls 

withh normozoospermia by direct sequencing. Semen parameters of the patients with 

teratozoospermiaa are listed in Table II, A total of 46 single nucleotide variants were identified 

whichh are listed in Table III. The vast majority of these sequence variations represents Single 

Nucleotidee Polymorphisms previously reported in the SNP database (www.ncbi.nih.gov). 

Fifteenn nucleotide variants were detected which were not yet reported in this database. Nine 

nucleotidee variants (Table III. no 5, 7, 9, 27, 28, 29, 30, 34 and 44) found in the patients, were 

nott present in the initial control group of 34 men with normozoospermia and therefore an 

additionall control group of 80 men with normozoospermia was screened for these variants 

byy RFLP analysis. Three of these variants (Table III. no 9, 27 and 30) were absent in the 

additionall control population. These three new variants were all found in men with 

azoospermia. . 

Thee first variant was a G-+A transition detected at position -806 in the promoter region in 

heterozygouss form. A search for potential transcription factor binding sites 

(MatlnspectorV2.2)) of a 2.2 kB region upstream of the transcriptionn initiation site resulted in 

thee identification of many potential binding sites. In particular, one site stretches from 

nucleotidee position -811 to -800 (gcctGGGAgtca) and potentially serves as binding site for 

ann Ikaros 2 (lk-2) zinc finger protein. The G nucleotide at position -806 of the PCI promoter 

regionn is invariant in the consensus sequence of lk-2. 

Thee second variant was a heterozygous C-> T transition found in intron 2 at position 735-6. 

Thiss transition does not result in an amino acid change and although this is part of the 3' 

consensuss splice-site sequence, C and T nucleotides are found with the same frequency at this 

position. . 

Thee third variant was a G-+T transition in exon 3 at position 985. This transition was also 

presentt in heterozygous form and results in cysteine replacing a tryptophan residue at amino 

acidd position 271 (W271C). Both parents and a brother of the patient in whom this variant was 

found,, were available for DNA analysis. The mutation could also be detected in the patient's 

motherr and in his brother who had normal semen parameters. 

" 5 5 
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Tablee III. Nucleotide variants detected in the Human PCI gene. 

No o 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

18 8 

19 9 

20 0 

21 1 

22 2 

23 3 

24 4 

25 5 

26 6 

27 7 

28 8 

29 9 

30 0 

31 1 

32 2 

33 3 

34 4 

35 5 

36 6 

37 7 

38 8 

39 9 

40 0 

41 1 

42 2 

43 3 

44 4 

45 5 

46 6 

Region n 

Promoter r 

Promoter r 

Promoter r 

Promoter r 

Promoter r 

Promoter r 

Promoter r 

Promoter r 

Promote r r 

Promoter r 

Promoter r 

Promoter r 

Promoter r 

Promoter r 

Promoter r 

Promoter r 

Promoter r 

Promoter r 

Exon2 2 

Exon2 2 

Exon2 2 

Exon2 2 

Exon2 2 

Exon2 2 

Exon2 2 

Exon2 2 

Intro nn 2 

Exon3 3 

Exon3 3 

Exon 3 3 

Intronn 4 

Intronn 4 

Exon5 5 

Exon5 5 

3' ' 

3' ' 

3' ' 

3' ' 

3' ' 

L3' ' 
3' ' 

3' ' 

3' ' 

3' ' 

3' ' 

3' ' 

Nucleotide e 
change e 

-2046T->C C 

-1953C->T T 

-1875A-*G G 

-1264C->T T 

-1014G->A A 

•• 994C->T 

-- 938C^T 

-- 934G->A 

•• 806 G ^ A 

-- 657A-»T 

-- 553C->T 

-- 378T-+C 

-- 345G-+T 

-- 342G->C 

-- 264T->C 

-- 140A-+G 

-- 113G-»A 

-- 103A-»C 

174A-»T T 

2655 T^C 

2711 C-» A 

279C->T T 

3066 A ->G 

307C-+T T 

4288 A ->G 

592C->T T 

736-66 C->T 

764G->C C 

797G->C C 

985G->T T 

1153+37A->G G 

1154-34G-+A A 

1222C-»A A 

1237G-»A A 

1364G->A A 

13811 T - ^ A 

1392A-»T T 

1443C->T T 

14877 G-> A 

1553A->G G 

1563G-»A A 

16755 0 - > A 

1826C->T T 

19377 G-> A 

1960G->A A 

21311 G-» A 

Amino o 
acid d 
change e 

--
--

H1L L 

F31F F 

L33L L 

A36V V 

N45S S 

N45N N 

K86E E 

P140P P 

--
G198R R 

E209Q Q 

W271C C 

--
--
L350L L 

S355S S 

NCB B 

New w 

New w 

New w 

New w 

New w 

«1475937 7 

rs6576447 7 

rsl475938 8 

New w 

rs1983657 7 

New w 

New w 

New w 

New w 

rs2144076 6 

rs80197>2 2 

rs8O20223 3 

rs8019810 0 

New w 

rs6113 3 

New w 

rs6118 8 

rs6115 5 

rs6111 1 

re6119 re6119 

rs6112 2 

New w 

rs6114 4 

New w 

New w 

rs6107 7 

rs6109 9 

rs6106 6 

rs6117 7 

rs2069990 0 

rs6108 8 

rs2070005 5 

rere 6110 

rs2067060 0 

rs2069991 1 

rs938 8 

rss 050013 

rs9113 3 

rs2069993 3 

rs7069 9 

rs7070 0 

Teratoo N=34 

-/--
13 3 

34 4 

26 6 

13 3 

33 3 

22 2 

33 3 

13 3 

34 4 

24 4 

13 3 

13 3 

24 4 

13 3 

2 2 

13 3 

13 3 

13 3 

24 4 

27 7 

28 8 

26 6 

19 9 

27 7 

27 7 

19 9 

34 4 

33 3 

33 3 

34 4 

21 1 

21 1 

10 0 

32 2 

34 4 

13 3 

34 4 

34 4 

34 4 

33 3 

10 0 

10 0 

13 3 

33 3 

28 8 

12 2 

-/+ + 

18 8 

0 0 

5 5 

18 8 

1 1 

12 2 

1 1 

18 8 

0 0 

7 7 

18 8 

18 8 

9 9 

18 8 

16 6 

18 8 

18 8 

18 8 

10 0 

6 6 

6 6 

7 7 

11 1 

6 6 

6 6 

11 1 

0 0 

1 1 

1 1 

0 0 

11 1 

12 2 

16 6 

2 2 

0 0 

16 6 

0 0 

0 0 

0 0 

1 1 

16 6 

16 6 

17 7 

1 1 

5 5 

13 3 

+/+ + 

3 3 

0 0 

1 1 

3 3 

0 0 

0 0 

0 0 

3 3 

0 0 

3 3 

3 3 

3 3 

1 1 

3 3 

16 6 

3 3 

3 3 

3 3 

0 0 

1 1 

0 0 

1 1 

4 4 

1 1 

1 1 

4 4 

0 0 

0 0 

0 0 

0 0 

2 2 

1 1 

8 8 

0 0 

0 0 

3 3 

0 0 

0 0 

0 0 

0 0 

8 8 

B B 

4 4 

0 0 

1 1 

9 9 

A2000 N=27 

-/--
12 2 

26 6 

24 4 

12 2 

27 7 

23 3 

27 7 

12 2 

26 6 

18 8 

12 2 

12 2 

16 6 

12 2 

1 1 

12 2 

12 2 

12 2 

27 7 

23 3 

27 7 

23 3 

10 0 

23 3 

24 4 

10 0 

26 6 

26 6 

27 7 

26 6 

11 1 

11 1 

3 3 

26 6 

25 5 

8 8 

27 7 

27 7 

26 6 

27 7 

3 3 

3 3 

8 8 

26 6 

19 9 

4 4 

•/+ + 

14 4 

1 1 

3 3 

14 4 

0 0 

3 3 

0 0 

14 4 

1 1 

9 9 

14 4 

14 4 

11 1 

14 4 

7 7 

14 4 

14 4 

14 4 

0 0 

2 2 

0 0 

2 2 

15 5 

2 2 

1 1 

15 5 

1 1 

0 0 

0 0 

1 1 

15 5 

15 5 

15 5 

0 0 

2 2 

15 5 

0 0 

0 0 

1 1 

0 0 

15 5 

15 5 

15 5 

0 0 

8 8 

14 4 

+/+ + 

1 1 

0 0 

0 0 

1 1 

0 0 

1 1 

0 0 

1 1 

0 0 

0 0 

1 1 

1 1 

0 0 

1 1 

19 9 

1 1 

1 1 

1 1 

0 0 

2 2 

0 0 

2 2 

2 2 

2 2 

2 2 

2 2 

0 0 

1 1 

0 0 

0 0 

1 1 

1 1 

9 9 

1 1 

0 0 

4 4 

0 0 

0 0 

0 0 

0 0 

9 9 

9 9 

4 4 

1 1 

0 0 

9 9 

NormoN=34(N=80)* * 

-/--
9 9 

33 3 

32 2 

10 0 

34 4 

19 9 

34 4 

9 9 

34 4 

29 9 

9 9 

9 9 

23 3 

7 7 

1 1 

14 4 

10 0 

10 0 

28 8 

22 2 

33 3 

22 2 

19 9 

22 2 

23 3 

19 9 

34 4 

34 4 

34 4 

34 4 

21 1 

21 1 

9 9 

32 2 

34 4 

12 2 

33 3 

32 2 

31 1 

33 3 

9 9 

9 9 

11 1 

34 4 

31 1 

9 9 

./+ + 

19 9 

1 1 

2 2 

18 8 

0(2) ) 

13 3 

0(4) ) 

19 9 

0(0) ) 

5 5 

19 9 

19 9 

10 0 

21 1 

13 3 

14 4 

18 8 

18 8 

6 6 

10 0 

1 1 

10 0 

14 4 

10 0 

9 9 

13 3 

0(0) ) 

0(1) ) 

0(1) ) 

0(0) ) 

11 1 

11 1 

19 9 

2 2 

0(5) ) 

19 9 

1 1 

2 2 

3 3 

1 1 

19 9 

19 9 

19 9 

0(1) ) 

3 3 

19 9 

•/+ + 

6 6 

0 0 

0 0 

6 6 

0(0) ) 

2 2 

0(0) ) 

6 6 

0(0) ) 

0 0 

6 6 

6 6 

1 1 

6 6 

20 0 

6 6 

6 6 

6 6 

0 0 

2 2 

0 0 

2 2 

1 1 

2 2 

2 2 

2 2 

0(0) ) 

0(0) ) 

0(0) ) 

0(0) ) 

2 2 

2 2 

6 6 

0 0 

0(0) ) 

3 3 

0 0 

0 0 

0 0 

0 0 

6 6 

6 6 

4 4 

0(0) ) 

0 0 

6 6 

'Betweenn brackets the results of the additional control group screened by RFLP are given. 
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Mutatio nn analysis: screening for  gene deletions 
Inn the course of analysis of allelic frequencies and distribution of the SNPs in the various 

groups,, it became apparent that in 4 patients and l control individual the polymorphic sites 

off a large part of the gene (up to exon 3) was present in the homozygous form. As this finding 

wass suggestive for partial deletions of one allele, we performed Southern blot analysis of the 

genomicc DNA of these patients and of an equal number of controls (Figure 1). After BamHI 

digestion,, a 10 kb fragment including the entire 5' flanking region, exon 1, the intervening 

intronn A, exon 2 and a large part of intron B was detected with a probe spanning the first 4 kb 

off the 5' flanking region of the PCI gene. The same blot was hybridized with a control probe, 

whichh detects a ~5kb BamHI fragment of the BWS chromosome region 2 on chromosome 11. 

Noo aberrant banding patterns or differences in the ratios of intensity of the bands obtained 

withh the two probes were detected. 

Proteinn levels 
PCII was measured in seminla plasma from the three patients carrying a mutation not found 

inn the controls. Antigen levels were 36.8 U/ml in the patient with the -806 G-»A variant, 

21.77 U/ml in the patient with the 735-6 C-*T variant and 16.8 U/ml in the patient with the 

9855 G-*T variant. 

Statisticall  analysis 
Byy comparing the different allele frequencies between patients and controls no statistical 

significantt differences were found. 
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Figur ee l : Southern blot analysis of the PCI gene 

A o o 55 10 1S 
- •• 1 [ 1 1 1 • I — » 1 1 1 I 1 kb 

A A 

Hindd 4 

•• m iv v 

BB C D 

J_L L BamHH I fragments 

B B 
TT t* n 

ss I s l s è s | J 

OO o o O o 9 9 0 ill l 
0 0 0 0 
0 0 0 0 

Hindd 4 

0255 • » « • 

—23130 0 

—— 9416 

—— 6557 

—— 4361 

2322 2 

2027 7 

A:: Schematic drawing of the experimental approach, showing the organization of the gene coding 

forfor human protein C inhibitor, the size and location of the PCI probe and PCI fragmentation 

followingfollowing BamHI digestion. 

B:: Auto-radiographic image after hybridization with Hinde, (PCI probe) and Q25 (control probe). 

TheThe position of the DNA molecular weight markers (in bp) is indicated. All controls, except the 

oneone in the last lane were men with normozoospermia. Samples 22.1 and 22.2 correspond 

respectivelyrespectively to the mother and father of patient Terato 22.3. 
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Discussio n n 

Inn this study we performed a mutation screen of the PCI gene in 6i patients with severe 

teratozoospermiaa or azoospermia. We demonstrated the presence of several nucleotide 

changess in the human PCI gene by direct sequencing. 

Inn mice PCI is an absolute requirement for reproduction. As the epididymal spermatozoa in 

PCII disrupted mice are malformed (Uhrin et al., 2000), the patient group we studied 

consistedd of patients with teratozoospermia. However, the histological analysis of the 

reproductivee organs of the PCI disrupted mice, in which the lumina of the seminiferous 

tubuless were filled with cells in different stages of spermatogenesis, revealed that some of 

thee cells were apoptotic (Uhrin et al., 2000). Spermatogenesis in these mice was disturbed, 

likelyy due to the destruction of Sertoli cells. In addition, significantly higher amidolytic 

activityy was found in testis extracts of PCI knock-out mice. Based on these observations we 

hypothesizedd that defects of PCI in humans might also result in early necrosis of the Sertoli 

cellss with total destruction of spermatogenesis. Therefore patients with azoospermia were 

includedd in this study too. 

Mostt of the variants found in our patients were present in both patient groups as well as in 

aa control population of men with normozoospermia. This indicates that these variants are 

mostt likely polymorphic alleles unrelated to the phenotype we studied. However, three 

nucleotidee changes were found among patients with azoospermia and were not detected in 

thee control population. 

Thee first mutation, -806 C—>A, occurs in the distant promoter. For the PCI gene putative 

bindingg sites for transcription factors have been identified in the proximal promoter region, 

inn the vicinity of the putative transcription initiation site (Meijers et al., 1991). Until now, no 

bindingg sites have been reported in the distant promoter region of the PCI gene, but in a 

numberr of other genes enhancers, repressors, determinants of tissue specific gene 

expressionn and other responsive elements have been identified in the distant promoter 

(Watanabee et al., 1987, Murakami et al., 1990). Moreover, mutations in the distant promoter 

elementss have been shown to be associated with reduced protein synthesis. 

Thee -806 G->A variant replaces an invariant G nucleotide within the motif which is 

potentiallyy a binding site for an Ikaros 2 (lk-2) zinc finger protein (Molnar and Georgopulus, 

1994).. This mutation therefore potentially disrupts the putative IK-2 binding site, lk-2 can 

stronglyy stimulate transcription. However, the PCI antigen level in the seminal plasma of 

thiss patient was above the normal range and therefore we can conclude that this variant 

doess not lead to reduced PCI protein expression. Based on the elevated PCI antigen level, 

onee can even speculate that the PCI gene expression is upregulated in this patient. 

Thee second mutation, 735-6 C-*T, occurs at position -6 of the 3' acceptor splice site of 
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intronn 2. Analysis of the consensus nucleotide frequency pattern at the 3' splice sites shows 

thatt at this position C or T occurs with almost the same frequency (C 39%, T 47%) (Cooper 

ett al 1990). This indicates that this variant most likely does not interfere with the correct 

splicingg of the downstream exon and therefore is not responsible for the observed 

phenotype.. In addition, the PCI antigen level in the seminal plasma of this patient was 

withinn the normal range, which is another argument that this variant is not causing 

azoospermia. . 

Thee third mutation, the replacement of a G to a T at position 985 in exon 3 results in the 

aminoo acid change W271C. This mutation occurred in the coding sequence of the gene and 

wass not detected in the control group. Therefore, we thought that this mutation might 

representt a potentially causative mutation. However, the same mutation was also detected 

inn the patient's brother who had normal semen parameters and the PCI level in the patient's 

seminall plasma was normal. Therefore it seems highly unlikely that this mutation is causing 

thee subfertile phenotype. 

Twoo variants found in this study (Table III. no 37 and 38) were only present in the controls 

andd not in the patient group. These variants were already described in the NCBI database 

andd occur apparently with a low frequency. Obviously these variants are not associated with 

thee phenotype under study. 

Inn addition to the nucleotide variants found in this study, four patients were suspected of 

havingg a partial deletion of one allele of the gene. By Southern blot analysis no differences 

couldd be detected between those four patients and controls. This rules out the possibility 

thatt deletions account for the lack of allele variability in these patients. 

Thee results of this study show that mutations in the human PCI gene are not a common 

causee of azoo- or teratozoospermia in man. However, the fact that we were not able to 

detectt causal mutations in the PCI gene does not necessarily lead to the conclusion that the 

PCII protein is not involved in human male fertility. 

Thee mouse model that has been established to analyse the consequences of a PCI deficiency 

providess a strong argument that PCI is involved in reproduction. After targeted disruption 

off the PCI gene, male homozygous knockout mice appeared to be healthy but infertile 

(Uhrinn et al., 2000). Analysis of sperm obtained from the epididymes of these mice revealed 

thatt 95% of all spermatozoa were morphological abnormal. In vitro experiments indicated 

almostt complete inability of these spermatozoa to fertilize oocytes of wild type females. 

Nevertheless,, we have to realize that there is a striking difference in the expression of PCI 

betweenn mice and humans. In humans PCI is expressed in several body fluids including 

bloodd plasma where it might have a function in blood coagulation. In mice however, PCI is 

onlyy detected in high concentrations in the reproductive tract. Therefore, a mutation of the 

PCIPCI gene in humans might have phenotypical consequences that are much more severe 
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thann in mice. It even cannot be ruled out that defects of the PCI gene in humans are lethal, 

whichh in turn might explain the fact that we were not able to detect mutations in our patient 

population,, which consisted of subfertile but otherwise healthy men. 
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Summar y y 

Azoospermiaa and severe oligozoospermia due to testicular failure are significant causes of 

malee subfertility. In up to 40% of subfertile men the aetiology is unknown and therefore 

thesee men can not be treated. To date, their only option to achieve a pregnancy is in vitro 

fertilizationn (IVF) combined with intracytoplasmic sperm injection (ICSI). The therapeutic 

efficacyy of ICSI is generally accepted and the incidence of major birth defects seems not to 

bee increased after ICSI. However, there are some negative side effects accompanying this 

treatment. . 

Assistedd reproductive techniques (ART) place a heavy burden on the normal fertile female 

partnerss of the subfertile men. These women have to undergo controlled ovarian 

hyperstimulationn and, in case of IVF and ICSI, follicle aspiration, which both are potentially 

riskyy procedures. In addition, there is a high rate of multiple pregnancies with more 

complicationss for mother and child, compared to singleton pregnancies. More general 

negativee aspects include that IVF and ICSI are very expensive. Above all, genetic factors are 

transmittedd to the next generation by ICSI. If unknown genetic factors play a role in impaired 

spermatogenesis,, these genetic abnormalities might also be transmitted to the next 

generationn by ICSI with a possible negative impact on fertility. Therefore, further research 

intoo specific genetic causes of male subfertility due to impaired spermatogenesis is 

warranted. . 

Severall genetic causes have been identified in men with subfertility due to testicular 

failure.. Numerical chromosomal abnormalities of which the Klinefelter syndrome is most 

commonn and structural chromosomal abnormalities have been found in patients with 

azoo-- or oligozoospermia. Also, five classes of Y chromosome deletions, AZFa 

(Azoospermiaa Factor a), Ps/proximal-Pi, P5/distal-Pi, P4/distal-Pi and b2/b4 (AZFc) 

deletions,, cause spermatogenic failure. In addition, several families with multiple 

subfertilee male family members have been described in which a genetic defect segregates 

throughh the family and familial clustering have been found in a case-control study. This 

indicatess that unknown genetic defects might be involved in idiopathic impaired 

spermatogenesis.. Therefore, the aim of this thesis was to identify unknown genetic 

causess involved in idiopathic impaired spermatogenesis. 
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Chapte rr  l gives an outline of this thesis. 

Chapte rr  2 focuses on the first aim of this thesis: 

ToTo study whether male factor subfertility due to impaired spermatogenesis has a familial 

componentcomponent and, in case there is, to study the mode of inheritance. 

Severall families with multiple subfertile male family members in which a genetic defect 

segregatess in the family have been described in previous studies. This indicates that 

impairedd spermatogenesis can be a heritable condition. In addition, familial clustering of 

malee subfertility has been observed in a case control study, which could be explained by an 

autosomall recessive mode of inheritance in the majority of cases. Conclusions were based 

onn a significantly increased number of subfertile brothers of men with reduced sperm 

countss as compared to fertile controls. These findings were supported by a study describing 

thatt men with an ICSI indication have fewer siblings than fertile controls. The fertility status 

off a couple, however, is not exclusively based on semen parameters, as several additional 

femalee factors contribute to the subfertile phenotype. In both studies, the control group 

consistedd of fertile men for whom no semen parameters were available. Reporting bias 

mightt have influenced the data found in the case control study, as fertile controls are 

probablyy less informed about fertility problems among their relatives, than men with 

reducedd semen parameters. Therefore, we compared family data from men with severe 

impairedd spermatogenesis with data of men with normal semen parameters. 

Wee determined the prevalence of subfertility among brothers and sisters of 160 patients 

withh severe idiopathic impaired spermatogenesis attending the Center for Reproductive 

Medicinee of the Academic Medical Center. These data were compared with the prevalence 

off subfertility among brothers and sisters of 285 men with normal semen parameters, 

attendingg the same fertility clinic. In addition, we determined whether the subfertility of the 

brotherss was due to reduced semen parameters or caused by other factors. Furthermore, we 

performedd a segregation analysis to detect the best fitting mode of inheritance. 

Wee found an equal distribution of family size and number of siblings between the cases and 

thee controls. No differences were found in the average number of children conceived by the 

siblingss between both groups. In the patient group, however, 16.3% of the brothers who had 

triedd to father a child were subfertile, compared to 5.8% in the control group, which is 

statisticallyy different (OR 3.18 (95% CI 1.59-6.37)). Subfertility was defined as the inability to 

conceivee a pregnancy within one year of unprotected intercourse. The subfertility among the 

brotherss in the patient group was more often due to reduced semen parameters than in the 

controll group. There were no significant differences in subfertility among the sisters in the 

patientt group compared to the sisters of the control group (OR 2.03 (95% CI 0.90-4.60)). 

Segregationn analysis of subfertility among brothers did not fit with frequent autosomal 
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dominantt or recessive segregation. 

Wee conclude that male subfertility due to impaired spermatogenesis can cluster in families. 

Therefore,, it is very likely that heritable genetic factors are involved in the aetiology of 

impairedd spermatogenesis. However, as simple Mendelian segregation patterns did only fit 

inn a limited number of cases, it is not to be expected that impaired spermatogenesis is 

causedd by a common genetic defect. Male subfertility due to impaired spermatogenesis is 

thereforee most likely a complex disease in which several different factors play a role. 

Chapte rr  3 deals with the second aim of this thesis: 

ToTo establish the possible genetic basis of impaired spermatogenesis in a family with five 

subfertilesubfertile brothers with severely reduced semen parameters. 

Wee studied a unique family with five brothers who are subfertile because of non-obstructive 

azoospermiaa or severe oligozoospermia. We constructed a pedigree of this family and 

screenedscreened all five brothers as well as their parents and two other paternally related family 

memberss for known genetic causes of impaired spermatogenesis. As a common genetic 

causee for the joint impaired spermatogenesis seemed very likely, we performed an extensive 

analysiss of the Y chromosomal DAZ genes, X chromosomal linkage analysis, and mutation 

analysiss of the mitochondrial DNA. 

AA reduced copy number of the DAZ genes was found in all individuals tested. The five 

brotherss did not share an identical X chromosomal locus, and no mutations in the mtDNA 

off the index patient were found. The deletion of two of the DAZ genes, found in all five 

patients,, was also present in the father of these brothers, who had normal sperm counts. 

Moreover,, two other paternally related family members, a father and a son, also had a 

reducedd copy number of the DAZ genes, The father had undergone a vasectomy, but the son 

hadd completely normal semen parameters as well. 

Untill now, a reduced copy number of the DAZ genes has not been described in individuals 

withh normozoospermia. Apparently, other unknown factors contribute to the subfertile 

phenotypee in this family and partial DAZ deletions can be transmitted to the next generation 

spontaneously.. This illustrates that the phenotype associated with a reduced copy number 

off the DAZ genes can be extremely variable. 

Chapte rr  4 handles the third aim of this thesis: 

ToTo evaluate whether genetic epidemiology provides proper tools to identify genes involved in 

idiopathicidiopathic impaired spermatogenesis. 

Wee now know that there is a substantial familial component in male subfertility, and 

thereforee shared autosomal loci segregating through families can be assumed. Genetic 
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mappingg studies are in general a good approach to detect disease-causing genes that are 

segregatingg through a population; they can provide a shortcut to unravelling the 

biochemistryy of a disease. Classical linkage studies, however, require large families with 

multiplee affected family members and a specification of the genetic model of the disease. 

Untill now, large families with multiple subfertile men have not been identified and general 

geneticc models involved in impaired spermatogenesis in such families are not exactly 

known.. Moreover, in pedigrees, men with subfertility due to impaired spermatogenesis can 

nott easily be identified and non-paternity will influence the analysis of the family data 

negatively.. Shared segment methods are model free linkage methods and do not require 

largee families. However, such model free linkage methods as well as classical linkage studies 

onlyy identify shared loci responsible for the phenotype. In association studies a 

homogeneouss population derived from one ancestor is the ideal study population. In 

heterogeneouss populations large sample sizes are needed to obtain sufficient statistical 

powerr to detect genetic risk factors. 

Wee discuss the possible genetic models involved in male subfertility due to impaired 

spermatogenesiss and conclude that it is very likely that many different genes might be 

involvedd in impaired spermatogenesis and, in addition to heritable genetic aberrations, de 

novonovo mutations as well as environmental factors might play a role. Therefore, it is at this 

momentt not realistic to expect that association or linkage studies are powerful enough to 

detectt disease-causing genes involved in impaired spermatogenesis. 

Basedd on genetically manipulated animal models and specific expression in testis, a large 

numberr of genes has been put forward as candidates. At this moment direct screening of 

candidatee genes for mutations is the only realistic method to identify genes involved in 

impairedd spermatogenesis. However, this is a very time-consuming method, needs many 

well-definedd patients and will lead to many negative results. 

Chapte rr  5 focuses on the fourth aim of this thesis: 

ToTo test whether chromosomal region iipis is associated with impaired spermatogenesis and 

toto screen the ZNF214 and ZNF21S genes, which are located on this region, for mutations in 

menmen with sperm otogenic failure. 

Chromosomall region npi5 plays a role in the aetiology of the Beckwith Wiedemann 

Syndromee (BWS). This is a congenital overgrowth disorder defined by a diversity of 

symptomss that can occur in various combinations. Cryptorchidism and reduced fecundity 

aree among the clinical findings described in male BWS patients. Furthermore, a balanced 

translocationn with a breakpoint at chromosome npi5 has been described in a patient with 

oligozoospermia.. The Zinc Finger genes (ZNF) 214 and 215 are localized on this 

chromosomall region and are predominantly expressed in testis. Therefore, we hypothesized 
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thatt chromosomal region npi5 and in particular the ZNF214 and ZNF2T5 genes might play 

aa role in impaired spermatogenesis. 

Wee conducted an association study based on allele and estimated haplotype frequencies of 

ninee common single nucleotide polymorphisms (SNPs) in the ZNF214 and ZNF2i$ genes. 

Inn total, 62 men with idiopathic azoo- or oligozoospermia, 64 men with azoo- or 

oligozoospermiaa and cryptorchidism in their medical history and 72 men with 

normozoospermiaa were included in this study. In patients with idiopathic impaired 

spermatogenesiss significantly different allele frequencies were found for one SNP in the 

ZNF214ZNF214 gene compared with the control group (^=0.032). In patients with reduced semen 

parameterss and cryptorchidism in their medical history a significantly increased frequency 

wass found for another SNP in the ZNF214 gene compared with the control group {p=o.oig). 

Alll other variants showed no differences in allele frequencies between the two patient 

groupss and the controls. 

Inn addition, 27 haplotypes were estimated based on the allele frequencies of the nine SNPs 

usedd in this study. These estimated haplotype frequencies differed significantly between the 

patientss with idiopathic impaired spermatogenesis and the controls (p=o.02i). The 

differencess in estimated haplotype frequencies between the patients with cryptorchidism 

andd the controls were not statistically significant. 

Wee concluded that chromosomal region 11 pi5 is associated with impaired spermatogenesis 

inn patients with and without cryptorchidism. Therefore, we screened all patients in both 

patientt groups for mutations in the ZA/F274 and Z/VF275 genes by SSCP analysis. Aberrant 

patternss were confirmed by DNA sequencing. In addition to the known SNPs, five 

heterozygouss sequence variants were identified in the patients that were not present in the 

controls.. Three of these variants were located in Z/VF274. The first variant, a heterozygous 

6711 G - M transition which results in a C224Y conversion, was found in a patient with 

cryptorchidismm and was inherited from the mother. The second variant, a heterozygous 

816-8177 TAA insertion that results in an asparagines insertion at position 271, was found in 

aa patient with idiopathic impaired spermatogenesis. The third variant, a heterozygous 1221 

CC ->T transition which results in a H408Y conversion, was found in a patient with idiopathic 

impairedd spermatogenesis. This variant was inherited from the mother and was not present 

inn the patient's brother who had normal semen parameters. Two variants were found in the 

ZNF215ZNF215 gene. One variant, a heterozygous 1198 A-*G transition which results in an I400V 

conversion,, was found in a patient with idiopathic impaired spermatogenesis and was 

inheritedd from the mother. The fifth variant, a heterozygous 1487 G-»T transition resulting 

inn a S496I conversion, was found in a patient with idiopathic impaired spermatogenesis as 

welll as in a patient with cryptorchidism in his medical history. 

Unfortunately,, at this moment the specific biological function of the proteins encoded by the 

ZNF214ZNF214 and ZNF215 genes is not known, although it has been suggested that they might act 
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ass transcription factors. Therefore it is not yet possible to define the functional 

consequencess of these mutations and firmly establish a causal relationship between the 

presencee of the variants and the phenotype. 

Chapte rr  6 deals with the fifth aim of this thesis: 

ToTo screen the candidate gene HNRNP G-T for mutations in men with idiopathic impaired 

spermatogenesis. spermatogenesis. 

Thee Heterogeneous Nuclear Ribonucleoprotein G-T (HNRNP C-T) gene is located in close 

neighbourhoodd of the ZNF214 and ZNFn^ genes, on chromosomal region npi5, which we 

showedd to be associated with impaired spermatogenesis. The HNRNP G-T gene is a 

memberr of the HnRNP gene family and is predominantly expressed in pachytene 

spermatocytess and round spermatids, where it is thought to affect splicing and signal 

transduction. . 

Too detect mutations, we sequenced the entire HNRNP C-T gene in 153 men with idiopathic 

impairedd spermatogenesis. Variants detected in the patient group were screened by RFLP 

analysiss in the control group, which consisted of 143 men with normozoospermia. We 

identifiedd eight single nucleotide variants in our patient group. Two of these mutations were 

nott present in the control group. The first variant, a heterozygous 298 G-*A transition which 

resultss in a RiooH substitution and loss of a conserved arginine, thereby affecting a putative 

sitee of methylation possibly required for RNA binding. Therefore, we suspect that this 

mutationn might be causal in the patient's phenotype, which was azoospermia, an elevated 

FSHH level and reduced testicular volume. The mutation was inherited from the patient's 

mother.. The second variant detected was a heterozygous in-frame-deletion of three 

nucleotidess resulting in a deletion of a glycine at codon 388 (G388del). This amino acid 

changee is located at the end of the protein that is not a known functional motif. Therefore, 

thiss mutation appears to be of low significance. Blood samples from the patient's parents 

weree not available for analysis of the inheritance pattern. 

Wee conclude that the R100H mutation found in the HNRNP G-T gene in an azoospermic 

mann might be responsible for the patient's phenotype. Nevertheless, our data show that 

mutationss in the HNRNP C-T gene are not a frequent cause of impaired spermatogenesis. 

Chapte rr  7 addresses the last aim of this thesis: 

ToTo screen the candidate gene PCI for mutations in men with idiopathic azoospermia or 

teratozoospermia. teratozoospermia. 

Proteinn C inhibitor (PCI) might be involved in male reproductive function. PCI is detected 

onn the head of human spermatozoa and acts as an inhibitor of activated protein C, but also 

inhibitss various other proteases such as acrosin. It is suggested that PCI may function as an 
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inhibitorr of acrosin during storage of spermatozoa in the epididymis. This inhibitory 

functionn could possibly prevent the proteolytic activity of acrosin, released from the 

acrosomess of degenerating spermatozoa, upon other cells. In mice it has already been 

shownn that the presence of PCI is an absolute requirement for reproduction. Male 

homozygouss PCI knockout mice appeared to be healthy but infertile. This was caused by 

abnormall spermatogenesis due to destruction of the Sertoli cell barrier, probably due to 

unopposedd proteolytic activity. The resulting epididymal spermatozoa in these mice were 

malformed. . 

Wee screened 27 men with idiopathic azoospermia, 34 men with severe teratozoospermia 

andd 34 men with normozoospermia for mutations in the PCI gene by direct sequencing. 

Variantss found in the patient group which were not present in the initial 34 controls, were 

testedd in an additional control group of 80 men with normozoospermia by RFLP analysis. 

Inn addition, PCI antigen levels were measured in the seminal plasma of the patients in which 

aa potential mutation was found. 

Wee found three new variants that were exclusively present in men with idiopathic 

azoospermia.. The first variant, a heterozygous -806 G^A transition in the promoter region, 

potentiallyy disrupts a binding site, which can strongly stimulate transcription. However, the 

PCII antigen level in the seminal plasma was not reduced and therefore this mutation is not 

likelyy causing the patient's phenotype. The second variant is a heterozygous 735-6 C->T 

transitionn in intron 2. Analysis of the consensus nucleotide frequency pattern at the 3' splice 

sitess shows that at this position C or T occurs with almost the same frequency. In addition, 

thee PCI antigen level in the seminal plasma of this patient was within the normal range and 

thereforee it is not likely that this variant causes azoospermia. The third potential mutation, 

aa heterozygous 985 G->T transition, results in a W27-1C conversion. The PCI antigen level in 

thee seminal plasma of this patient was within the normal range. Furthermore, this variant 

wass inherited from the patient's mother but was also present in the patient's brother who 

hadd normal semen parameters. Therefore it is not likely that this variant is responsible for 

thee patient's phenotype. 

Inn addition to these point mutations the sequence of a large part of the gene was present in 

homozygouss form in 4 patients and 1 control. We excluded the presence of a partial deletion 

off one allele in these men by quantifying the number of PCI alleles by Southern blot analysis. 

Wee conclude that mutations in the human PCI gene are not a common cause of reduced 

semenn parameters in men. 
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Conclusion s s 

•• Male subfertility due to impaired spermatogenesis can cluster in families. It is most likely 

aa complex disease in which several different factors play a role. 

•• A reduced copy number of DAZ genes can be transmitted to the next generation 

spontaneously.. The phenotype associated with a reduced copy number of DAZ genes can be 

extremelyy variable. 

•• Genetic epidemiological studies provide no promising tools to detect genes involved in 

impairedd spermatogenesis. At this moment direct screening of candidate genes for 

mutationss is the only realistic method to identify such genes. 

•• Chromosomal region npi5 is associated with impaired spermatogenesis in patients with 

andd without cryptorchidism. 

.. Mutations in the candidate genes ZNF214, ZNF215, HNRNP C-T and PCI are found in 

patientss with impaired spermatogenesis in low frequencies. Most mutations are inherited 

fromm the patient's mother. The functional consequences of these mutations on the 

phenotypee are not yet clear. 
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Impl icat ion ss fo r futur e researc h 

Itt is now clear that the search for genes involved in impaired spermatogenesis is extremely 

complicated.. There are no large families with multiple affected family members, the mode of 

inheritancee is still unknown, and there is a large variability in the phenotype. Therefore 

mappingg studies are no promising means to detect yet unknown candidate genes. However, 

thee incidence of impaired spermatogenesis among ICSI children, when they have reached 

adulthood,, will increase our understanding about the genetic model in the near future. For 

this,, a proper follow up of the ICSI children is necessary. In this thesis we conclude that direct 

screeningg of candidate genes is a worthwhile approach to detect some of the genes we are 

searchingg for, although it is time consuming, needs many well-defined patients, and will reveal 

manyy negative results. As the list of candidate genes is exhaustive, the number of genes to be 

screenedd has to be narrowed down. Genome wide expression profiling represents a possible 

approachapproach to identify promising candidate genes. Comparison of the expression pattern of 

thousandss of genes in men with impaired spermatogenesis with the expression pattern of 

thosee genes in men with normal spermatogenesis will indicate the involvement of particular 

geness in the phenotype. For this approach, however, testicular tissue from healthy men and 

fromm men with testicular failure is needed and, given the complexity and different cell types 

presentt in the testicular tissue, cell fractionation is required prior to micro-array analysis. 

AA further problem in screening candidate genes is that the functional consequences of 

identifiedd mutations can not easily be studied, as the biological function of the genes is 

usuallyy unknown. Therefore more insight in the biochemistry of normal spermatogenesis is 

neededd to study functional effects of genetic aberrations found in our patients. To gain more 

insightt in basic mechanisms regulating fertility, mouse models might help to define 

mechanismss of reproductive function. Using this approach, primary defects in candidate 

geness and consequences on the phenotype can be investigated. 

Alternatively,, an accessible human in vitro model could possibly lead to a major breakthrough 

inn our understanding of molecular mechanisms of human spermatogenesis. For this to 

happen,, a reliable method for isolation of spermatogonia! stem cells and the ability to culture 

spermatogonia!! stem cells in vitro, is urgently needed to study the effect of mutations on 

humann spermatogenesis. 
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Samenvatt in g g 

Azoöspermiee en ernstige otigozoöspermie zijn belangrijke oorzaken van mannelijke 

subfertiliteit.. De etiologie van mannelijke subfertiliteit is in ongeveer 40% onbekend. Voor 

dezee mannen is geen goede behandeling voor handen en de enige mogelijkheid om een 

zwangerschapp te verwekken is in vitro fertilisatie (IVF), eventueel gecombineerd met 

intracytoplasmatischee injectie van sperma (ICSI). De effectiviteit van ICSI is algemeen 

geaccepteerdd en de incidentie van ernstige aangeboren afwijkingen lijkt niet verhoogd te 

zijn.. Deze behandeling heeft echter negatieve bijeffecten. Geassisteerde 

voortplantingstechniekenn (ART) zijn belastend voor de -normaal vruchtbare- vrouwelijke 

partnerss van deze mannen: ze moeten ovariële hyperstimulatie en follikelpuncties 

ondergaan,, beide potentieel risicovolle procedures. De incidentie van meerling 

zwangerschappenn is hoog, met een toegenomen kans op complicaties voor moeder en kind 

inn vergelijking tot eenling zwangerschappen. Bovendien zijn IVF en ICSI behandelingen erg 

duur.. Daar komt nog bij dat via ICSI genetische afwijkingen kunnen worden doorgegeven 

aann het nageslacht. Indien onbekende genetische afwijkingen een rol spelen bij gestoorde 

spermatogenesee zouden die dus ook kunnen worden doorgegeven met een potentieel 

negatieff effect op de vruchtbaarheid van ICSI kinderen. Om deze reden is er meer 

onderzoekk nodig naar de genetische oorzaken van gestoorde spermatogenese. 

Err zijn enkele genetische oorzaken van gestoorde spermatogenese bekend. Numerieke 

chromosoomm afwijkingen, waarvan het syndroom van klinefelter het bekendste is, en 

structurelee chromosoomafwijkingen worden gevonden in patiënten met azoö- en 

oligozoöspermie.. Tevens zijn er vijf verschillende Y chromosoom deleties, AZFa 

(Azoöspermiee Factor a), P5/proximaal Pi, Ps/distaal Pi, P4/distaal Pi and b2/b4 (AZFc), 

beschrevenn die spermatogenese stoornissen veroorzaken. Daarnaast zijn enkele families 

mett meerdere subfertiele mannen beschreven, waarin een erfelijke afwijking overerft naar 

dee volgende generatie. Tevens is er familiare clustering gevonden in een patiënt-controle 

onderzoek.. Dit zijn aanwijzigingen dat gestoorde spermatogenese waarvoor geen 

oorzaakk gevonden kan worden kan berusten op, nog onbekende, genetische afwijkingen. 

Hett doel van dit proefschrift is dan ook om, nog onbekende, genetische oorzaken die 

betrokkenn zijn bij gestoorde spermatogenese te identificeren. 
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Hoofds tukk 1 beschrijft de achtergrond en de doelstellingen van dit proefschrift. 

Hoo fds tukk 2 richt zich op de eerste doelstelling van dit proefschrift:richt zich op de 

eerstee doelstelling van dit proefschrift: 

HetHet vaststellen of mannelijke subfertiliteit als gevolg van gestoorde spermatogenese een 

familiairefamiliaire component heeft en, indien dat zo is, het bestuderen van het overervings patroon. 

Inn eerdere artikelen zijn verschillende families met meerdere subfertiele mannen 

beschrevenn waarin een genetisch defect overerft in de familie. Dit geeft aan dat gestoorde 

spermatogenesee een erfelijke aandoening kan zijn. Bovendien is er familiaire clustering 

beschrevenn in een patiënten-controle. De conclusies van dit onderzoek werden gebaseerd 

opp een significant verhoogd aantal subfertiele broers van mannen met afwijkende semen 

analyses,, in vergelijking tot het aantal subfertiele broers van vruchtbare mannen. De 

clusteringg kon worden verklaard met een autosomaal recessief overervingspatroon in de 

helftt van de patiënten. Deze bevindingen werden ondersteund door een onderzoek waarin 

beschrevenn werd dat mannen met een ICSI indicatie minder broers en zussen hebben dan 

vruchtbaree mannen. De mate van vruchtbaarheid is echter niet alleen gebaseerd op semen 

parameters,, want ook vruchtbaarheidsfactoren van de vrouw dragen hier substantieel aan 

bij.. In beide studies bestond de controle groep uit vruchtbare mannen van wie geen semen 

parameterss waren bepaald. De resultaten van het patiënten-controle onderzoek kunnen dus 

zijnn beïnvloed door vertekening als gevolg van onderrapportage, omdat vruchtbare mannen 

waarschijnlijkk minder goed geïnformeerd zijn over vruchtbaarheidsproblemen bij hun 

broerss dan subfertiele mannen. Om die reden hebben wij familiegegevens van mannen met 

ernstigee gestoorde spermatogenese vergeleken met gegevens van mannen met normale 

semenn parameters. 

Wee onderzochten de prevalentie van subfertiliteit onder broers en zussen van 160 patiënten 

mett onverklaarde ernstig gestoorde spermatogenese die het Centrum voor 

Voorplantingsgeneeskundee van het Academisch Medisch Centrum bezochten. Deze 

gegevenss werden vergeleken met de prevalentie van subfertiliteit onder broers en zussen 

vann 285 mannen met normale semenparameters die dezelfde kliniek bezochten. Bovendien 

hebbenn we proberen vast te stellen of de subfertiliteit van de broers door verminderde 

semenparameterss werd veroorzaakt of dat er andere oorzaken een rol speelden. Verder 

hebbenn we een segregatieanalyse verricht om het best passende overervingspatroon vast te 

stellen. . 

Dee familie grootte en het aantal broers en zussen was gelijk verdeeld in beide 

onderzoeksgroepen.. Het gemiddelde aantal kinderen van de broers en zussen was niet 

verschillendd tussen beide groepen. Echter, in de patiënten groep waren 16.3% van de broers 

subfertiel,, in vergelijking met 5.8% van de broers in de controle groep. Dit verschil was 
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statistischh significant (OR 3.18 (95%G 1.59-6.37)). Subfertiliteit werd gedefinieerd als het 

onvermogenn om een kind te verwekken binnen een jaar onbeschermd seksueel contact. De 

subfertiliteitt onder de broers in de patiëntengroep werd vaker veroorzaakt door verminderde 

semenparameterss dan in de controlegroep. De incidentie subfertiliteit onder de zussen van 

dee patiënten was niet significant verschillend van de incidentie van subfertiliteit onder de 

zussenn van de controle mannen (OR 2.03 (95% Cl 0.90-4.60)). De segregatieanalyse liet 

zienn dat autosomaal dominante of recessieve overervingspatronen niet vaak voorkwamen. 

Wijj concluderen dat mannelijke subfertiliteit veroorzaakt door gestoorde spermatogenese 

kann clusteren in families. Daarom is het zeer waarschijnlijk dat erfelijke genetische factoren 

eenn rol spelen bij de etiologie van gestoorde spermatogenese. Echter, omdat alleen een zeer 

kleinn aantal van de patiënten kon worden verklaard met simpele Mendeliaanse 

overervingspatronenn is het niet waarschijnlijk dat gestoorde spermatogenese wordt 

veroorzaaktt door een gemeenschappelijk genetisch defect. Mannelijke subfertiliteit als 

gevolgg van gestoorde spermatogenese is dus waarschijnlijk een complexe ziekte waarin 

verschillendee factoren een rol spelen. 

Hoofdstu kk 3 concentreert zich op de tweede doelstelling van dit proefschrift: 

HetHet vaststellen van de genetische basis van de gestoorde spermatogenese in een familie met 

vijfvijf broers met ernstig gestoorde semen parameters. 

Wee bestudeerden een unieke familie met vijf subfertiele broers met niet-obstructieve 

azoöspermiee of ernstige oligozoöspermie. We hebben een stamboom geconstrueerd van 

dezee familie en daarna hebben we alle vijf broers, hun ouders en twee andere familieleden 

vann vaders kant gescreend op bekende genetische oorzaken van gestoorde 

spermatogenese.. Omdat een gemeenschappelijke oorzaak voor de gestoorde 

spermatogenesee zeer waarschijnlijk leek, hebben we een uitvoerige analyse verricht van de 

DAZDAZ genen, gelokaliseerd op het Y chromosoom. Ook hebben we een koppelingsanalyse 

vann het X chromosoom verricht en een mutatie analyse van het mitochondriële DNA. 

Inn alle onderzochte mannen werd een verminderd aantal DAZ genen gevonden. De vijf 

broerss deelden geen identiek deel van het X chromosoom en er werden geen mutaties 

gevondenn in het mitochondriële DNA van de index patiënt. De deletie van twee DAZ genen, 

diee in alle vijf broers gevonden werd, werd ook vastgesteld in de vader van de broers die 

echterr normale semenparameters had. Bovendien hadden twee andere familieleden die via 

dee vader verwant waren aan de broers, hadden ook een verminderd aantal DAZ genen. Van 

eenn van deze mannen kon de semenkwaliteit niet onderzocht worden omdat hij 

gesteriliseerdd was. Zijn zoon, het andere onderzochte familielid, had echter ook normale 

semenparameters. . 
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Tott nu toe is nooit een verminderd aantal DAZ genen beschreven bij mannen met 

normozoóspermie.. Kennelijk dragen andere -onbekende- factoren bij aan het subfertiele 

fenotypee in deze familie en kunnen partiële DAZ deleties spontaan worden doorgegeven aan 

dee volgende generatie. Dit illustreert tevens dat het fenotype dat geassocieerd is met een 

verminderdd aantal DAZ genen zeer variabel kan zijn. 

Hoofdstu kk 4 behandelt de derde doelstelling van dit proefschrift: 

EvoluerenEvolueren of genetisch epidemiologisch onderzoek een goede methode is om genen te 

identificerenidentificeren die betrokken zijn bij onverklaarde gestoorde spermatogenese. 

Wee weten inmiddels dat er bij mannelijke subfertiliteit een belangrijke familiaire component 

bestaatt en daarom kunnen er gemeenschappelijke autosomale loci die overerven in families 

wordenn verondersteld. Genetische "mapping studies" zijn over het algemeen een goede 

methodee om ziekte genen die overerven in een populatie te identificeren. Dit biedt 

mogelijkhedenn om de biochemie van een ziekte te doorgronden. Echter, voor klassiek 

koppelingsonderzoekk zijn grote families met verschillende aangedane personen en kennis 

overr het overervingsmodel van de ziekte nodig. Tot nu zijn er geen grote families met 

verschillendee subfertiele mannen gevonden en het overervingsmodel in zulke families is 

niett bekend. Bovendien kunnen mannen met subfertiliteit als gevolg van gestoorde 

spermatogenesee moeilijk worden herkend. Tevens is het bekend dat niet alle kinderen 

verwektt zijn door de man waarvan wordt aangenomen dat hij de vader is, dit zal de analyse 

vann familiegegevens negatief beïnvloeden. Zogenaamde "gedeelde segment" methoden zijn 

onafhankelijkk van kennis over het overervingsmodel en hiervoor zijn geen grote families 

nodig.. Deze methoden identificeren, net zoals de klassieke koppelings-studies, alleen maar 

gemeenschappelijkee loei die verantwoordelijk zijn voor het fenotype. Voor associatie studies 

zijnn homogene groepen die van een gemeenschappelijke voorvader afstammen de ideale 

onderzoekspopulatie.. In heterogene populaties zijn echter zeer grote aantallen patiënten 

nodigg om statistisch significante genetische risico factoren te kunnen identificeren. 

Inn dit hoofdstuk bediscussiëren wij de mogelijke genetische modellen die betrokken kunnen 

zijnn bij mannelijke subfertiliteit als gevolg van gestoorde spermatogenese. We concluderen 

datt het zeer waarschijnlijk is dat meerdere verschillende genen betrokken zijn bij gestoorde 

spermatogenesee en dat naast erfelijke genetische defecten ook de novo ontstane mutaties 

enn omgevingsfactoren een rol kunnen spelen. Daarom is het, op dit moment, niet realistisch 

omm te verwachten dat associatie of koppelings-studies genen betrokken bij gestoorde 

spermatogenesee zullen identificeren. 

Doorr middel van genetisch gemanipuleerde diermodellen en specifieke expressie in testis 

zijnn al veel genen geïdentificeerd als mogelijke ziektegenen die betrokken zouden kunnen 

zijnn bij gestoorde spermatogenese. Op dit moment is screenen van deze kandidaatgenen 
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opp mutaties de enige realistische methode om gene die betrokken zijn bij gestoorde 

spermatogenesee te identificeren. Dit is echter een zeer tijdrovende methode die veel goed 

omschrevenn patiënten vereist. Omdat er waarschijnlijk zeer veel genen en ook andere 

factorenn betrokken zijn bij gestoorde spermatogenese, zal het screenen van kandidaat 

genenn ook leiden tot veel negatieve resultaten. 

Hoofdstu kk 5 richt zich op de vierde doelstelling van dit proefschrift: 

TestenTesten of de chromosomale regio npi5 geassocieerd is met gestoorde spermatogenese en 

screenenscreenen van de ZNF214 en ZNF215 genen, gelokaliseerd op deze regio, op mutaties bij 

mannenmannen met gestoorde spermatogenese. 

Dee chromosomale regio npi5 speelt een rol in de etiologie van het Beckwith Wiedemann 

Syndroomm (BWS). Dit is een congenitale aandoening waarbij diverse symptomen in 

verschillendee combinaties voorkomen. Bij mannelijke BWS patiënten zijn, onder andere, 

cryptorchismee en verminderde fecunditeit beschreven. Bovendien is recent een patiënt met 

oligozoöspermiee in de literatuur beschreven die een gebalanceerde translocatie heeft met 

eenn breekpunt op chromosoom npi5. De Zinc Finger genen {ZNF) 214 en 215 zijn op deze 

chromosomalee regio gelokaliseerd en komen voornamelijk tot expressie in de testis. 

Opp grond hiervan hebben wij de hypothese geformuleerd dat de chromosomale regio npi5 

enn in het bijzonder de ZNF214 en ZNF215 genen een rol zouden kunnen spelen bij gestoorde 

spermatogenese. . 

Wee hebben een associatie studie verricht, gebaseerd op allel en geschatte haplotype 

frequentiess van negen algemeen voorkomende nucleotide polymorfismen (SNPs) in de 

ZNF214ZNF214 en ZNF215 genen. In totaal werden 62 mannen met onverklaarde azoö- en 

oligozoöspermie,, 64 mannen met azoö- en oligozoöspermie en cryptorchisme in de 

medischee voorgeschiedenis, en 72 mannen met normozoöspermie geïncludeerd. In de 

patiëntenn met onverklaarde gestoorde spermatogenese werden significant verschillende 

allell frequenties gevonden voor één SNP in het ZNF214 gen, in vergelijking tot de controle 

groepp (^=0.032). In de patiënten met verminderde semen parameters en cryptorchisme in 

dee medische voorgeschiedenis werd een significant verhoogde frequentie voor een andere 

SNPP gevonden in het ZNF214 gen, in vergelijking tot de controle groep (p=o.oi9). De allel 

frequentiess van de andere SNPs waren niet verschillend in de twee patiënten groepen in 

vergelijkingg met de controlegroep. 

Opp basis van de negen SNPs die getest zijn konden 27 haplotypes worden geconstrueerd. 

Dee verdeling van de geschatte haplotypefrequenties was significant verschillend tussen de 

patiëntenn met onverklaarde gestoorde spermatogenese en de controles (p=o.02i). 

Dee verschillen in geschatte haplotype frequenties tussen de patiënten met cryptorchisme en 

dee controles waren niet statistisch significant. 
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Uitt deze gegevens kunnen we concluderen dat de chromosomale regio npi5 geassocieerd 

iss met gestoorde spermatogenese in patiënten met en in patiënten zonder cryptorchisme. 

Omm deze reden werden alle patiënten in beide patiënten groepen gescreend op mutaties in 

dee ZNF214 en ZNF2i$ genen door middel van SSCP analyse. Afwijkende patronen werden 

gecontroleerdd met DNA sequencing. Naast de SNPs werden in de patiënten vijf 

heterozygotee sequentie variaties gevonden die niet voorkwamen bij de controles. Drie van 

dezee varianten waren gelokaliseerd in het ZNF214 gen. De eerste variant, een heterozygote 

6711 G—*A verandering resulterend in een C224Y conversie, werd gevonden in een patiënt 

mett cryptorchisme en was afkomstig van de moeder. De tweede variant, een heterozygote 

816-8177 TAA insertie resulterend in een asparagine insertie op positie 271, werd gevonden in 

eenn patiënt met onverklaarde gestoorde spermatogenese. De derde variant, een 

heterozygotee 1221 C—>T transitie resulterend in een H408Y verandering, werd ook gevonden 

inn en patiënt met onverklaarde gestoorde spermatogenese. Ook deze variatie was afkomstig 

vann de moeder en werd niet gevonden bij de broer van de patiënt die normale semen 

parameterss had. Twee varianten werden gevonden in het ZNF2i$ gen. Eén variant, een 

heterozygotee 1198 A—»G transitie resulterend in een I400V conversie, werd gevonden in een 

patiëntt met onverklaarde gestoorde spermatogenese en was afkomstig van zijn moeder. 

Dee tweede variant, een heterozygote 1487 G—»T transitie resulterend in een S496I conversie, 

werdd gevonden in een patiënt met onverklaarde gestoorde spermatogenese en in een 

patiëntt met cryptorchisme in de voorgeschiedenis. 

Helaass is op dit moment de specifieke biologische functie van de eiwitten die gecodeerd 

wordenn door de ZNF214 en ZNF215 genen onbekend, ofschoon gesuggereerd is dat ze een 

functiee zouden hebben als transcriptie factoren. Het is van deze mutaties dus niet mogelijk 

omm de functionele consequenties en een eventuele causale relatie met het fenotype vast te 

stellen. . 

Hoofdstu kk 6 behandelt de vijfde doelstelling van dit proefschrift: 

ScreenenScreenen van het kandidaat gen HNRNP G-T op mutaties 'm mannen met on-verklaarde 

gestoordegestoorde spermatogenese. 

Hett Heterogene Nucleaire Ribonucleoproteine G-T (HNRNP G-T) gen is gelokaliseerd op 

chromosoomm 11 pi5 in de nabijheid van de ZNF214 en ZNF215 genen, waarvan we 

aangetoondd hebben dat ze geassocieerd zijn met gestoorde spermatogenese. Het HNRNP 

G-TT gen is lid van de HnRNP gen familie en komt voornamelijk tot expressie in pachytene 

spermatocytenn en ronde spermatiden. Er wordt gedacht dat het HNRNP G-T gen een rol 

speeltt bij splicing en signaalverwerking. 

Omm eventuele mutaties vastte stellen hebben we het hele HNRNP G-T gen gesequensed bij 

1533 mannen met onverklaarde gestoorde spermatogenese. De controlegroep, die bestond 
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uitt 143 mannen met normozoöspermie, werd gescreend op de varianten die in de patiënten 

groepp werden gevonden door middel van SSCP analyse. In de patiëntengroep werden acht 

nucleotidee varianten geïdentificeerd waarvan er twee niet voor kwamen in de controlegroep. 

Dee eerste variant was een heterozygote 298 G—*A transitie die resulteert in een RiooH 

veranderingg en daardoor in verlies van een geconserveerde arginine. Dit heeft mogelijk een 

negatieff effect opeen aangrijpingspunt voor methylatie die waarschijnlijk nodig is voor RNA 

binding. . 

Omm deze reden vermoeden we dat deze mutatie een oorzaak zou kunnen zijn voor de 

azoöspermiee van de patiënt, die overigens ook een verhoogd FSH en een klein testiculair 

volumee had. De mutatie was afkomstig van zijn moeder. De tweede variant die gevonden 

werdd in deze studie en niet voorkwam bij de controlegroep was een heterozygote deletie van 

driee nucleotiden resulterend in een deletie van een glycine ter plaatse van codon 388 

(G388del). . 

Dezee aminozuurverandering is gelokaliseerd aan het einde van het eiwit dat geen 

functioneell motief is. Deze mutatie lijkt dus van weinig betekenis. Bloedmonsters van de 

ouderss om het overervingspatroon van de mutatie te bestuderen konden niet worden 

verkregen. . 

Wee concluderen dat de R100H mutatie gevonden in het HNRNP G-T gen van een man met 

azoöspermiee verantwoordelijk zou kunnen zijn voor zijn fenotype. Overigens lijkt het niet zo 

tee zijn dat mutaties in het HNRNP C-T gen een frequente oorzaak zijn van gestoorde 

spermatogenese. . 

Hoofdstu kk 7 richt zich op de laatste doelstelling van dit proefschrift: 

ScreenenScreenen van het kandidaat gen PCI op mutaties in mannen met onverklaarde azoöspermie 

ofof teratozoöspermie. 

Proteïnee C inhibitor {PCI) zou een rol kunnen spelen in de voortplanting van de man. PCI is 

gevondenn op de kop van menselijke spermatozoa en remt geactiveerd proteïne C en ook 

anderee proteases zoals acrosine. Er is gesuggereerd dat PCI acrosine zou remmen 

gedurendee de opslag fase van spermatozoa in de epididymis. Deze remmende functie zou 

mogelijkk proteolyse van spermatozoa door acrosine (dat vrijkomt uit de acrosomen van 

afstervendee sperma cellen) kunnen voorkomen. In muizen is het inmiddels vast gesteld dat 

PCII nodig is voor de voortplanting. Mannelijke homozygote knockoutmuizen zijn namelijk 

gezondd maar onvruchtbaar. Dit wordt veroorzaakt door stoornissen in de spermatogenese 

doorr afsterven van de Sertoli cel barrière mogelijk door proteolyse. De spermatozoa in de 

epididymiss van deze muizen zijn abnormaal van vorm. 

Wee hebben 27 mannen met idiopathische azoöspermie, 34 mannen met ernstige 

teratozoöspermiee en 34 mannen met normozoöspermie, gescreend op mutaties in het PCI 
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gen,gen, door middel van 'direct sequencing'. Varianten die in de patiënten groep werden 

gevondenn en die niet voorkwamen in de initiële controle groep bestaande uit 34 mannen 

mett normozoöspermie, werden in een additionele controle groep van 80 mannen getest 

doorr middel van RFLP analyse. Ook werd in patiënten met een mogelijke mutatie de waarde 

vann het PCI antigeen gemeten in het semen plasma. 

Wee vonden drie nieuwe varianten die alleen voorkwamen bij patiënten met idiopathische 

azoöspermie.. De eerste variant was een heterozygote -806 G—*A transitie in de promotor 

regioo waardoor mogelijk een bindingsplaats die de transcriptie kan stimuleren wordt 

veranderd.. De waarde van het PCI antigeen in het seminaal plasma was echter niet verlaagd. 

Omm deze reden lijkt het niet waarschijnlijk dat de mutatie verantwoordelijk is voor het 

fenotype.. De tweede variant was een heterozygote 735-6 C—>T transitie in intron 2. De 

consensussequentiee liet zien dat een C of een T bijna even vaak voor komt op deze positie. 

Bovendienn was de PCI antigeen waarde in het seminaal plasma van deze patiënt normaal 

enn dus is het niet waarschijnlijk dat deze variatie de azoöspermie veroorzaakt. De derde 

potentiëlee mutatie was een heterozygote 985 G—>T transitie die resulteert in een W271C 

conversie.. De PCI antigeen waarde in het seminale plasma van deze patiënt was ook 

normaal.. Deze variant was afkomstig van de moeder maar was ook aanwezig in de broer 

vann de patiënt die normale semenparameters had. Daarom is het niet waarschijnlijk dat 

dezee variatie verantwoordelijk is voor het fenotype. 

Naastt deze puntmutaties was in 4 patiënten en ï controle man de sequentie over een groot 

deell van het gen homozygoot. Een partiële deletie van één allel werd uitgesloten door het 

kwantificerenn van het aantal PCI allelen door middel van Southern blot analyse. 

Concluderendd zijn mutaties in het humane PCI gen geen vaak voorkomende oorzaak van 

gestoordee semenparameters bij subfertiele mannen. 
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Conclusie s s 

•• Mannelijke subfertiliteit door gestoorde spermatogenese kan clusteren in families. Het is 

zeerr waarschijnlijk een complexe ziekte waarbij verschillende factoren een rol spelen. 

•• Een verminderd aantal DAZ genen kan spontaan doorgegeven worden aan de volgende 

generatie.. Het fenotype dat geassocieerd is met een verminderd aantal DAZ genen kan zeer 

variabell zijn. 

•• Genetische epidemiologische studies zijn geen goede methoden om genen die betrokken 

zijnn bij gestoorde spermatogenese te identificeren. Momentee! is directe screening van 

kandidaatgenenn op mutaties de enige realistische methode om deze genen te vinden. 

•• De chromosomale regio np i5 is geassocieerd met gestoorde spermatogenese bij 

patiëntenn met en zonder cryptorchisme, 

•• Mutaties in de kandidaat genen ZNF214, ZNF2i^t HNRNP G-T en PCI worden in lage 

frequentiess gevonden bij patiënten met gestoorde spermatogenese. De meeste mutaties 

zijnn afkomstig van de moeder van de patiënt. De functionele consequenties van deze 

mutatiess voor het fenotype zijn nog niet duidelijk. 
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Richtli jne nn voo r toekomsti g onderzoe k 

Hett is nu duidelijk dat de zoektocht naar genen die betrokken zijn bij gestoorde 

spermatogenesee extreem moeilijk is. Er zijn geen grote families met verschillende aangedane 

personenn bekend, het overervingspatroon is onbekend en er is veel variatie in het fenotype. 

Genetischh epidemiologische studies zijn dus geen veelbelovende methoden om onbekende 

kandidaatgenenn te identificeren. Echter, de incidentie van gestoorde spermatogenese onder 

ICSII kinderen zal ons in de toekomst wellicht meer duidelijkheid geven over het genetisch 

model.. Hiervoor is uiteraard een goede follow-up van de ICSI kinderen vereist. 

Inn dit proefschrift concluderen we dat direct screenen van kandidaatgenen zinvol is om genen 

betrokkenn bij mannelijke subfertiliteit te vinden. Dit is echter zeer tijdrovend, vereist veel goed 

omschrevenn patiënten en zal ook veel negatieve resultaten opleveren. Omdat de lijst van 

kandidaatgenenn zeer uitgebreid is, zal het aantal te screenen genen gereduceerd moeten 

worden.. Expressiestudies van het gehele genoom zou een methode zijn om veelbelovende 

kandidaatt genen te identificeren. Vergelijking van het expressiepatroon van duizenden genen 

inn mannen met gestoorde spermatogenese met het expressiepatroon van deze genen in 

mannenn met normale spermatogenese zou de betrokkenheid van specifieke genen kunnen 

aanwijzen.. Voor deze methode is testikelweefsel van gezonde mannen en van mannen met 

testiculairr falen nodig, hetgeen niet eenvoudig is te realiseren. Bovendien is wegens de 

verschillendee celtypen in de testikel, celscheiding nodig voorafgaand aan de micro-array 

analyse. . 

Eenn ander probleem bij het screenen van kandidaatgenen is dat de functionele consequenties 

vann gevonden mutaties niet goed bestudeerd kunnen worden omdat de biologische functie 

vann de meeste genen onbekend is. Er is dus meer inzicht in de biochemie van normale 

spermatogenesee nodig om functionele effecten van genetische afwijkingen in onze patiënten 

tee kunnen bestuderen. Muismodellen zouden kunnen helpen bij het verkrijgen van meer 

inzichtt in de basale mechanismen van de voortplanting. Als alternatief zou toegang tot een 

humaann in vitro model een belangrijke doorbraak kunnen betekenen in het begrijpen van de 

moleculairee mechanismen van humane spermatogenese. Om dit te realiseren is een goede 

methodee nodig om spermatogoniale stamcellen te isoleren en in vitro te kweken, opdat het 

effectt van mutaties op de spermatogenese kan worden bestudeerd in de mens. 

Referentie s s 

Cooke,, H.J. and Saunders, P.T.K. (2002) Mouse models of male infertility. Nat. Rev. Genet. 3, 790-801. 

Matzuk,, M.M and Lamb, D,j. (2002) Genetic dissection of mammalian fertility pathways. Nat. Cell. Biol.,4 (suppl), 41-9. 
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Natuurlijkk bedank ik allereerst alle mannen en hun familieleden die aan dit onderzoek hebben 

deelgenomen.. Dankzij hun medewerking hebben we een bijdrage kunnen leveren aan het 

onderzoekk naar mannelijke subfertiliteit. Hopelijk komt er in de toekomst een goede 

oplossingg voor een ieder die met dit probleem te maken krijgt. 

Heell veel mensen hebben dit onderzoek de afgelopen jaren mede mogelijk gemaakt en velen 

zijnn erg belangrijk voor mij geweest. Hiervoor wil ik iedereen graag bedanken. 

Fulco,Fulco, alles moest altijd gisteren nog af, maar de druk die jij op de ketel wist te houden heeft 

err wel voor gezorgd dat dit proefschrift er nu is. Je gedrevenheid is ontzettend inspirerend 

voorr me geweest, je hebt me gesteund ais ik daar om vroeg en me laten zwemmen als jij dat 

nodigg vond. Ondanks dat ik het, aan het begin van een discussie, vaak niet met je eens was, 

hebb ik geleerd: jij hebt heel vaak gelijk. Ik heb heel veel respect voor je en onze samenwerking 

iss zeker nog niet ten einde. Nico, ik heb erg prettig met je gewerkt, bedankt voor je support en 

vertrouwen. . 

Mariëtte,Mariëtte, met jou ben ik dit avontuur begonnen toen nog niet duidelijk was hoe het allemaal 

gingg lopen. Jij hebt mij de basis van de genetische epidemiologie geleerd, heel veel dank 

daarvoor.. Paola, ik ben zo blij dat jij bij het onderzoek bent gekomen. Ik kon altijd bij je terecht 

voorr moleculair biologische vragen maar vooral ook om stoom af te blazen, dan waren we 

evenn vrouwen onder elkaar. Wij waren met recht het Italian team, zonder jou was ik voorlopig 

nogg niet gepromoveerd. Je hebt erg veel voor me gedaan en daar ben ik je ontzettend 

dankbaarr voor. 

Jan,Jan, onze twee onderzoekslijnen hebben elkaar halverwege mijn onderzoek gekruist en we 

hebbenn er één geheel van weten te maken, bedankt. Sjoerd, we hebben inmiddels een boel met 

elkaarr meegemaakt; congressen, biertjes, vriendschap, en heel veel gesprekken en discussies. 

Ikk vond het niet altijd makkelijk om mijn weg te vinden, maar onze samenwerking is erg 

vruchtbaarr geweest. Ik heb heel veel van je geleerd. Henrike, jij kwam als student en hebt 

inmiddelss het gehele onderzoek op je schouders genomen. Ik heb erg prettig met je 

samengewerktt en heb veel vertrouwen in de toekomst van het onderzoek. 

Cindy,Cindy, Saskia en Hanneke, nooit was iets jullie te veel als ik hulp nodig had. Mariëlle Alders, jan 

Hoovers,Hoovers, Marcel Mannens, Bert Redeker en Axel Dietrich, bedankt voor de samenwerking. 

JolandeJolande Land, Maas-Jan Heineman, Douwe Hemrika en Roel Schats, samen met jullie zijn we 

gestartt met het includeren van patiënten in dit onderzoek voor een linkage studie. Ook al zijn 

wee later een andere weg in geslagen, bedankt voor jullie medewerking en gastvrijheid in jullie 
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ziekenhuis.. Jan Kremer, de cryptorchisme patiënten die jij hebt kunnen includeren in onze 

studiee waren van groot belang voor dit proefschrift. 

RichardRichard Ülford, Herman Tournaye, Anton Crootegoed, Jan Kremer, en Koos Zwinderman, ik ben 

julliee zeer erkentelijk dat jullie zitting hebben willen nemen in mijn promotie commissie. 

Bedanktt voor jullie tijd en kritische kijk op mijn werk. Dear Richard, we have worked together 

onn interesting stuff. I enjoyed our discussions from which I learned a lot. I hope our work will 

alsoo be fruitful in the future. 

Verpleegkundigenn van de poli CW; Juliette, José, Ineke, Manneke, Brigit, Leonie, Rachna, 

LonnekeLonneke en Hannie, jullie waren mijn steun en toeverlaat tijdens mijn eerste baan, een 

onvergetelijkee tijd uit mijn leven. Ik heb het heel fijn met jullie gehad. Brigit, jij hebt voor altijd 

eenn heel bijzonder plekje in mijn hart. Mariët, Monique, Harold Verhoeve, Johan Rhemrev, 

Gabriela,Gabriela, Janne Meije, Etelka, Marianne, Natasja, Farizada, Odette, Katinka, Nino, Karin en alle 

arts-assistentenarts-assistenten die op de poli CW patiënten voor mij hebben geïncludeerd, jullie hadden de 

belangrijkstee taak in het onderzoek en dankzij jullie is het gelukt! Henk, jij hebt mij destijds 

aangenomenn als IVF-arts, de eerste stap van het traject waar dit proefschrift uit is 

voortgekomen,, bedankt! 

Onderzoekers,, Moira, Marja, Saskia, Marianne, Neriman, Jeroen, Madeion, Wessei, Etelka, Janne 

Meije,Meije, Henrike, Maureen, Wouter, Sebastiaan, Liesbeth, Pieternel, Jan Willem en Karin. Wij weten 

allemaall wat je als onderzoeker allemaal mee maakt. De steun die ik van jullie gehad heb als 

hett even moeilijk was en natuurlijk ook de lol die we hadden en hopelijk in de toekomst ook 

nogg zullen hebben, zijn essentieel geweest in de afgelopen jaren. We blijven elkaar tegen 

komenn en jullie ook heel veel succes met de promotie klus. 

Maatschapp van De Heel, Hans, Karel, Sylvia, Wernard, Dieneke en Eva, een fijnere start van 

mijnn opleiding heb ik me niet kunnen wensen. Collega assistenten Marjolein Kok, Moniek, 

Julia,Julia, Guus, Stef, enjos, jullie waren er al toen ik in De Heel kwam en hebben ervoor gezorgd 

datt ik me meteen thuis voelde. Jullie zijn meer geworden dan gewone collega's. Merel, jij bent 

mijnn maatje. Marjolein steen, Paul, Renée, Mariëlle, Ming, Maartje, Edo, Barbara, Anna-rixt en 

allee verpleegkundigen en dokters-assistenten, bedankt voor de prettige samenwerking. 

Mijnn paranimfen, Neriman en Saskia, wij begonnen ongeveer tegelijkertijd aan ons onderzoek, 

duss jullie zijn met recht mijn raadgevers. Fijn dat jullie op deze belangrijke dag aan mijn zijde 

willenn zijn. We hebben samen alle ups en downs mee gemaakt en zonder jullie steun had ik 

hett echt niet gered. Jullie zijn mij zeer dierbaar geworden. Neriman, samen met Madeion heb 

jee in het 'LEO-hok' heel wat tranen gedroogd, de gestolen pauzes waarin jij appels en peren 
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schildee voor iedereen, zal ik nooit vergeten. Saskia, in Ibiza is onze vriendschap voor mij 

onomstotelijkk vast komen te staan. 

WenWen en Ed, Gab, Simone, Sanne, Remco, Otto, Etelka, en Janne Meije, forever friends!!! 

Nuu is er tijd voor leuke dingen. Os, bedankt dat je er zo'n mooi boekje van hebt gemaakt. 

Brigit,Brigit, Jeroen, Lous,Jan, Fleur, Sophie en Lars, ik voel me een beetje deel van jullie familie en 

datt maakt me heel erg gelukkig! 

Papa,Papa, Mama en David, jullie zijn mijn basis, ik hou van jullie, en natuurlijk ook Pauli, Lisette, 

Christine,Christine, en Rufus, fijn dat jullie daar bij horen. 

lievelieve Mama, door jou ben ik geworden wie ik ben. Dank je wel voor al je steun en vertrouwen, 

hett is geweldig om je dochter te zijn. 

Judith h 
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Lis tt  of abbreviation s 

AR R 

ART T 

AZF F 

BWS S 

CBAVD D 

CFTR R 

CI I 

DA2 2 

DAZL L 

DNA A 

EM M 

FISH H 

FSH H 

HNRNPG-T T 

HOXA A 

ICSI I 

InL L 

INSL L 

IUI I 

IVF F 

LH H 

MtDNA A 

OMIM M 

OR R 

PCI I 

PCR R 

PSA A 

RFLP P 

RNA A 

SFV V 

SNP P 

SSCP P 

STS S 

SYCP P 

TC C 

WHO O 

ZNF F 

Androgenn receptor 

Assistedd reproductive techniques 

Azoospermiaa factor 

Beckwithh Wiedemann syndrome 

Congenitall bilateral absence of the vas deferens 

Cysticc fibrosis transmembrane regulator 

Confidencee interval 

Deletedd in azoospermia 

Deletedd in azoospermia-like 

Deoxyribonucleicc acid 

Expectationn maximization 

Fluorescencee in-situ hybridization 

Folliclee stimulating hormone 

Heterogeneouss nuclear ribonucleoprotein G-T 

Homeobox x 

Intracytoplamicc sperm injection 

Log-likelihoodd ratio 

Leydigg insu!ine-like hormone 

Intrauterinee insemination 

Inn vitro fertilization 

Luteinizingg hormone 

Mitochondrall DNA 

Onlinee Mendelian Inheritance in Man 

Oddss ratio 

Proteinn C inhibitor 

Polymerasee chain reaction 

Prostate-specificc antigen 

Restrictionn fragment length polymorphism 

Ribonucleicc acid 

Sequencee family variant 

Singlee nucleotide polymorphism 

Singlee strand confirmation polymorphism 

Sequencedd tagged sites 

Synaptonemall complex protein 

Totall sperm count 

Worldd Health Organization 

Zincc finger 
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Stellinge nn behorend e bi j het proefschrif t 

Spermatogeni cc failur e 
aa geneti c Odysse y 

ii Het onvermogen om je voort te planten is overerfbaar (dit proefschrift). 

22 Azoö- en oligoasthenoteratozoöspermie zijn niet gebaseerd op een 

gemeenschappelijkk genetisch defect (dit proefschrift). 

33 Genetisch epidemiologisch onderzoek zal niet leiden tot het identificeren 

vann de genen betrokken bij mannelijke subfertiliteit (dit proefschrift). 

44 Mannen met een slechte spermakwaliteit hebben een spermatogoniale 

stamcelziekte. . 

55 Spermakwaliteit is geen goede maat voor mannelijke subfertiliteit. 

66 Omdat voortplanting een primaire levensbehoefte is, behoren 

vruchtbaarheidsbehandelingenn niet tot wensgeneeskunde. 

77 Het aantal vruchtbaarheidsbehandelingen waarvoor een subfertiel paar 

inn aanmerking komt, zou niet moeten afhangen van de verzekering maar 

vann de individuele kans op succes. 

88 Statistiek is net als een BH, het belooft heel wat maar bewijst niets. 

99 Het onderhouden van een duurzame liefdesrelatie is moeilijker dan 

vreemdd gaan. 

i oo Als het niet kan zoals het moet, dan moet het maar zoals het kan. 

nn De man heeft vele geheimen. 

JudithJudith Gianotien 

88 Oktober 2004 
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