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To my Parents



ABSTRACT

Hypospadias is a common congenital malformation in boys, characterized by incomplete fusion
of the urethral folds, abnormal opening of urethra and different degrees of curvature of the
penis. In Sweden, the incidence of hypospadias is 1.14 per 300 male live-births according to the
annual Swedish Malformation Registry. Hypospadias is considered to be a complex genetic
disorder caused by the interplay between environmental factors and the additive effects of
multiple genes. Several observations suggest that hypospadias are under genetic influence. To
identify disease genes in complex disorders, two main strategies have been used. We have
performed a whole genome screening for linkage in families with additional cases of
hypospadias and also performed DNA sequencing of candidate genes for hypospadias

To identify the chromosomal loci involved in the pathogenesis of hypospadias, a genome-wide
linkage analysis in a three-generational family showing autosomal dominant inheritance of
hypospadias was performed. Fifteen individuals, whereof seven affected, were genotyped
within a total of 426 microsatellite markers and the genotyping results were analyzed using
parametric and non-parametric linkage analyses. The genome-wide linkage analysis and
subsequent fine mapping gave a maximum linkage in both parametric (LOD score 2.71) and
non-parametric (NPL score 5.01) single-point analyses for marker D7S640. A susceptibility
haplotype shared by all affected boys was identified by markers D7S2519 and D752442,
respectively. This finding suggests a novel hypospadias locus (25 cM) at chromosome 7q32.2-
q36.1 (Study I).

In a previous genome-wide scan for familial hypospadias, we have identified suggestive linkage
in nine chromosomal regions. To extend this analysis new families and additional markers were
included. The fine mapping analysis displayed an increased LOD score on chromosome 8q24.1
and 10p15 in altogether 82 families. From the chromosome region 10p15, we sequenced the
AKRIC3 and KLF6 genes that have possible roles during male urethra development.
Sequencing analysis showed one mutation (c.697A>G, p.A215T) in the AKRIC3 gene and one
mutation (c.496T>C, p.P166S) in the KLF6 gene. In addition, three polymorphisms

(rs3763676, rs12529 and rs7741) in the 5°end of the AKRIC3gene showed a significant
association with hypospadias. These findings indicate that the AKR/C3 and possibly also the
KLF6 genes function as genetic risk factors for hypospadias (Study II).

Several different pathways are implicated in the male genital development; of those the
androgen pathway is crucially important. Therefore the androgen receptor (AR) and the 5 alpha
reductase (SRD5A2) genes were sequenced in 38 isolated hypospadias cases. One mutation in
the AR gene (p.Q798E) and another in the SRD5A2 gene (p.K199S) was detected.
Interestingly, also a high frequency of the rare leucine allele in the V8IL polymorphism of the
SRD5A2 gene was found. The leucine allele has been shown to confer a decreased activity of
enzyme, thus this allele may be a risk factor for hypospadias. This finding was confirmed in
total 158 hypospadias cases compared to 96 controls (Study III).

The MAMLDI1 (CXorf6) gene is the first gene causing isolated hypospadias. The MAMLD1
gene was sequenced in DNA from 97 sporadic hypospadias cases to elucidate the role of this
gene in hypospadias. One new mutation, p.Q529K, that is predicted to affect the splicing
process, was found in a boy with severe hypospadias. The variants, p.V432A and p.531ins3Q,
have been reported previously and are indicated in this study as polymorphisms. Additionally,
a significant association between the p.N589S polymorphism (rs2073043) that may alter the
predicted protein structure and hypospadias was detected (p-value <0.05). The combination of
two rare alleles of p.N589S and p.P286S (rs41313406) is over represented among cases. It may
be that these two polymorphisms are inherited together as a haplotype (T-G), thus increasing
the risk for hypospadias. These findings suggest that in a few cases hypospadias is caused by
mutations in the MAMLD] gene, and that the polymorphism (p.N589S) is a genetic risk factor
(Study 1V).
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INTRODUCTION

COMPLEX DISEASES AND GENE MAPPING

Human genetic diseases

The discovery of Mendel’s laws of inheritance and their confirmation in 1900 opened a new era in
human genetics. Mendel showed that certain features of an organism were determined by units of
inheritance, later called genes, which were transmitted from one generation to the next with
mathematical precision. By the 1960s, approximately 1500 different human genes inherited as
Mendelian traits were recorded. This list has expanded dramatically with the development of powerful
non-Mendelian strategies for identifying human genes. In the early 1990s, approximately 5500 genes had
been described. However, with the sequencing of the entire human genome in 2001, the estimate of the
number of human genes based on gene-prediction software was 25,000 to 35,000 (Venter et al, 2001). In
2003, 99.9% of the human genome was identified (The International Human Genome Sequencing

Consortium, 2004).

Many studies have shown that, in contrast to earlier belief, the genetic background is of significance for
many diseases (Hall et al, 1978; Carnevale et al, 1985; McCandless et al, 2004; Stevenson and Carey,
2004). Classically, genetic diseases are classified into three major categories: chromosomal, monogenic
and multifactorial diseases. Chromosomal disorders are caused by errors in an entire chromosome or part
of a chromosome. Since each chromosome contains thousands of genes, abnormalities on structure or
quantity of chromosome often result in miscarriages, childhood deaths or severe phenotypes. Monogenic
disorders are caused by the presence of disease alleles at one genetic locus. These disorders are inherited
in a simple Mendelian fashion and are also referred to as Mendelian diseases. Therefore, they are
characterized by a strong, usually one-to-one, relationship between defective gene and clinical diagnosis.
More than 1800 human distinct disorders are now known or suspected to be monogenic diseases
inherited in an autosomal dominant, autosomal recessive or X-linked fashion (Brinkman et al, 2006).
However, some common diseases such as cardiovascular diseases, hypertension, diabetes, cancers and
asthma that contribute much to the public health burden do not follow a Mendelian inheritance. Since

these diseases are caused by both genetic and environmental factors, they are referred to as multifactorial



or complex disorders. To develop effective treatment and preventive measures, it is desirable to identify

underlying genetic and environmental factors to understand the biology of these diseases.

Complex diseases

In genetics, the term “complex’ usually refers to traits for which there is no single feature considered as
disease-causing. Complex diseases are thought to involve multiple genes and environmental risk factors,
as well as interaction between a gene and other genes and/or the environment. However, identification of
the underlying causes is difficult for these diseases because each individual factor is likely to contribute
only to a small amount toward the disease or the trait, and the risk factors also might vary among
populations. Not only the distribution of these factors differs in different samples, but also the association
between any one potential factor and the trait is likely to vary. Additionally, mechanisms of complex
disease by which genetic factors influence the trait may deviate from our traditional understanding of
genetic inheritance. Only a small proportion of diseases follow Mendelian patterns of inheritance but in
most cases the relationship between genotype and phenotype is not one to one. In that sense, the work to

determine genetic mechanism, even after a gene has been identified, can be difficult.
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Figure 1: Genetic and environmental dissection of complex disease. Gene contributes singly or
with other genes and environmental factors to the distribution of traits.

Gene mapping in complex diseases

Gene mapping aims to identify loci in the genome that are responsible for phenotypic variation and to

identify which specific genetic variants cause the observed effect. This is a useful strategy because it



leads not only to identification of genetic variants but also to understanding the nature of variation and
biological pathways that cause or influence disease. There are two main approaches to gene mapping:
linkage mapping in pedigrees and linkage disequilibrium mapping in the studied population (association

studies).

Linkage analysis

Genetic linkage

The principle of linkage analysis is based on the observed segregation of homologous chromosomes in
families. In meiosis the maternal and paternal homologues of each chromosome align and recombine
before segregation to one or the other daughter cell. It means that the recombined chromosome contains
a mix of the two homologous chromosomes. Chiasma counts in human male meiosis show an average of
49 crossovers per cell (Morton et al, 1982). The basic of genetic linkage analysis is that recombination
events between two genetic loci on the same chromosome occur at a rate related to the distance between
them. Alleles at loci located close together on the same chromosome are always transmitted together all
of the time and they are said to be completely linked. Otherwise, alleles at loci on different chromosomes
or on the same chromosome but far apart are transmitted separately of each other and are separated in
50% of meioses. The probability of recombination to occur between loci is measured by the
recombination fraction (6) between them. When two loci are segregating independently, recombinant and
non-recombinants are in equal proportion and 6=0.5. Whereas, two loci are (tightly) linked and 6<0.5
when recombinant and non-recombinants are not equal (Ott, 1999). This fraction is also used to calculate
the genetic distance between any loci. In practice, 8 = 1% corresponds to a map distance of 1cM which

approximately corresponds to 1Mb in physical distance.

Study design

To investigate the network of genetic background of complex diseases, a number of different approaches
have been used. These studies include many steps to determine the evidence of genetic effect, identify
the gene, measure the effect size of the gene, and then assess its functions (Terwilliger and Goring,
2000). There are three basic designs of ascertainment for a genetic analysis: extended families with

multiple affected individuals, relative pair and single affected family members.



Traditionally, large extended families with multiple affected individuals were used to identify genes. It is
reasoned that if a gene causes a disease and it is likely that the disease is inherited in the family, this will
lead to many affected family members, who share the risk alleles from a common ancestor. A disease-
causing or a susceptibility variant will co-segregate with nearby genetic markers. Thus, by identifying
genetic markers that are shared by affected individuals in a given family, it will be possible to identify
chromosomal regions that may harbour the disease gene. Using this principle, many causative genes in
the human genome, mainly for Mendelian traits have been identified (McKusick, 1998). This approach
reduces the complexity of disease since the environment within the family is more similar than in
random samples. The disadvantage is that such large families with multiple affected individuals are
difficult to find and the identified genes tend to be rare so that they explain only a small and unique
proportion of diseases. To avoid this problem, a larger number of smaller families, such as affected
sibling pairs or parents and affected children can be recruited in relative pair studies. Since materials of
these studies come from different families, the number of genetic variants in affected individuals as well
as the number of environmental risk factors will increase. The principle of relative pair study, typically
affected sibling design, is based upon the proportion of allele’s identical-by-descent (IBD) that the sibs
share. On average, sibs share 50% of their genes IBD at a particular location in the genome. If affected
sib-pair share 0, 1 or 2 alleles from parents, the proportion of alleles shared IBD at and around the
susceptibility locus will be 25%, 50% and 25% (Penrose, 1935). The most important characteristic of the
affected sibling method is that if a number of different rare variants present at one or multiple disease
susceptibility loci in the same genome region, then linkage can detect this region because excess IBD
sharing is not with respect to a particular allele in the population. The last type of design, single affected
family member approach uses samples that are collected from cases and both their parents, discordant sib
pairs, where the siblings do not have the trait in question, or cases- controls. A disadvantage of this
approach is that it is too difficult to perform on traditional linkage analysis since multiple affected

individuals are needed to determine IBD sharing. This approach is typical for association study.

Genetic markers

Linkage refers to the mapping of a polymorphism or mutation at a genetic locus through the analysis of
chromosomal segments transmitted to individuals with some known degree of relationship (Ott, 1991;
Terwilliger and Ott, 1994). The principle for linkage mapping in humans is the use of known
polymorphic DNA variants which are called markers (Botstein et al, 1980) to detect the correlated



inheritance of a particular trait with that of closely linked marker loci. To be useful in genetic mapping,

markers must be polymorphic and their chromosomal location must be known.

Over the years, a variety of different genetic markers have been used for mapping purposes. In 1982,
restriction fragment length polymorphisms (RFLPs) became the first modern genotyping markers to be
used in a successful linkage (Gusella et al, 1983). Restriction enzymes are proteins that cleave at, or very
close to, specific recognition sequences within DNA. These restriction sites are present in some people
and absent in others, causing the DNA to be cut into different-sized fragments in different people for
each respective restriction enzyme. The RFLPs commonly have two possible alleles, giving to only three
possible combinations and therefore they are often not very informative. In addition, major disadvantage
of this technique is that a large amount of DNA required and that it is time consuming. The
inconvenience of using RFLPs was deciphered by the identification of the variable number of tandem
repeats (VNTRs) (Nakamura et al, 1987). These are short, tandem repeated DNA sequences, where the
number of repeats varies between individuals. The size of different repeated units varies from two up to
ten nucleotides. Repeats of more than four nucleotides are called minisatellites and those of two to four
nucleotides are called microsatellites (Litt and Luty, 1989; Weber and May, 1989). These repeats
frequently vary in length in different individuals and therefore they can have high levels of
heterozygosity. They rapidly replaced RFLPs in gene mapping studies due to these features, their
easiness of typing and the small amount of template DNA required. Microsatellite markers have been
used successfully in linkage analysis to detect susceptibility regions to many diseases (Chung et al, 1993;
Mashfield et al, 1997; Scott et al, 2003; Moreno et al, 2004). It has been estimated that the human
genome has 5000 — 10 000 such microsatellite repeats. Sources of information on microsatellite markers
can be found in different databases such as Marshfield Clinic’s Center for Medical Genetics
(http://research.marshfieldclinic.org/genetics), DeCODE Genetics (http://www.decode.com), Ensembl
Genome Browser (http://www.ensembl.org/index.html), Généthon (http://www.genethon.ft/)

and National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/).

With development of modern molecular technologies, nowadays, single-nucleotide polymorphisms
(SNPs) are used in gene mapping. A SNP represents a marker where a nucleotide differs at a specific
place in the genome. SNPs are the most common type of human DNA sequence variation, with

frequencies greater than 1%, occurring on average 1 per 500 to 1000 bp on a randomly selected
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chromosome (Venter et al, 2001). Because these polymorphisms are biallelic, they are less informative
than microsatellites. However, SNP assay systems are generally straightforward, inexpensive, and

adaptable to automation.

Mapping strategy

The model for global search of human genome by linkage analysis contains two stages: a relatively
scattered marker map covering the whole genome is used in the first step stage to detect linkage regions,
followed by a second stage with a denser maker map in these regions. The most important step on the

first stage, the genome wide scan, is selecting a marker set for linkage analysis.

The human nuclear genome consists of approximately 3600 cM in genetic distance (Kong et al, 2002);
consequently to cover the genome with 10-cM resolution requires 360 genetic markers that are fully
informative. Moreover, the basis of appropriate markers is: conveniently located in the gene-rich regions,
easy to read and interpret, and highly polymorphic. Hence the general approach to genome wide scan is
to perform a genotyping at approximately 10-cM density on the order of around 400 markers on familial
samples. Following statistical analysis, potential regions of linkage are identified on various
chromosomes. Each of these is subjected to genotyping of additional microsatellite markers with
increased density.

Recently, mapping panels of single-nucleotide polymorphisms (SNPs) have been used for linkage
mapping (Sellick et al, 2004). These sets are designed for family-based linkage analysis, and initially
contained approximately 10 000 SNPs, roughly equivalent to a 5-cM microsatellite genome scan. A
single microsatellite marker is often considered to have equivalent information content to 3—4 SNPs. For
fine-mapping equivalent to microsatellites at about 1-cM resolution, hundreds of thousands to millions of
potential SNPs are available in public databases (Sachidanandam et al, 2001; Holden, 2002). Because of
the limitation of informativeness of SNPs, microsatellites probably will continue to have a useful role in

fine-mapping stage in linkage studies with large susceptibility regions.

LOD score

In simple cases, the recombination fraction () can be obtained by calculating the proportion of
recombinants and non-recombinants, but it is often not possible to count this proportion directly. Since
1955, the likelihood-based methods have been usually used in linkage analysis (Morton, 1955). This
method calculated a LOD score (logarithm of the odds), which is the logarithm of the ratio between the
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probability that the two alleles are linked (HA, 6>0.5) and the probability that they are not linked (HO,
0=0.5).

Z (0) =logl0 [L (0)/L (1/2)]

This test is usually performed by calculating the LOD score (Z) for all values of 6 between 0 and 0.5, and
determining the recombination fraction at which the LOD score is maximal. A LOD score of 3 or greater
is taken as significant evidence that two loci are linked, for the reason that the linkage probability is 103
times more likely than the null-probability that the two loci are not linked. A LOD score below - 2 are
accepted as evidence that linkage has been excluded. Values between -2 and 3 are inconclusive and
indicate that more samples or additional markers close by are needed. The most precious benefit of the

LOD score method is that linkage result from different pedigrees can be calculated together.

In parametric or model-based linkage analysis, likelihood computations are simplified by assuming that
the models describing both inherited trait and marker loci are known without error. This method requires
certain parameters in a genetic model, such as the allele frequencies, dominance relationships among
alleles, and the association between genotype and phenotype. If these parameters are correct, parametric
linkage analysis is a powerful method (Amos and Williamson, 1993). Since the mode of inheritance of
markers is codominant and relationship between genotype and phenotype is straightforward, the trait of
disease is similar to Mendelian laws. However, if either the trait or marker locus models are misspecified
in the analysis, then the power of parametric linkage is decreased (Williamson and Amos, 1990). The
result of linkage analysis can be misleading, mainly because of incomplete penetrance, phenocopy, and
misdiagnosis on phenotype (“affected” cases are not susceptibility gene carrier, whereas “unaffected”
ones carry the susceptibility gene). Furthermore, the genetic model for the trait may also be misspecified
by assuming a single trait locus when in fact multiple loci exist, such as in complex diseases. The
misspecification of the trait model in parametric linkage analysis has motivated the utilization of a new
method that relies less completely on the genetic model specification. Unlike parametric linkage
analysis, nonparametric or model-free method uses allele-sharing approach (Lander and Schork, 1994).
If there is a linkage between a disease locus and genetic marker, affected relative pairs should share same
alleles identical by descent (IBD) that is inherited from a common ancestor. In comparison, two
unrelated individuals can have the same genotype but share no alleles IBD. For these reasons, in

nonparametric linkage analysis there is no need to specify a mode of inheritance for the trait being linked
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to markers. Since the problem of trying multiple models is avoided in this approach, this analysis is more
robust than the parametric method. This method can be used in several situations, such as for pedigrees
with only affected sib-pair or families with more available relatives than sibling, but it is especially

effective in a sib-pair study.

Both parametric and nonparametric analyses are used to calculate a LOD score between a trait locus and
a single marker locus (two-point linkage) or between a trait locus and a map of multiple markers
(multipoint linkage). In general, two-point linkage is less powerful than multipoint linkage (Lathrop et al
, 1985) since multipoint linkage combines the information of the transmission of a haplotype of alleles at
nearby loci to better track the transmission of alleles from parents to children at each location along a
chromosome. However, multipoint linkage requires the order and distances between markers (Ott, 1999).
Misspecification of the marker map order or large distance between markers will also decrease power to
detect linkage in both parametric and nonparametric multipoint linkage (Ott and Lathrop, 1987; Ott,
1999). Therefore, both two-point and multipoint linkage analyses are performed in gene mapping. When
linkage signal is found through two-point analysis, multipoint analysis is applied to maximize linkage

information and to localize the susceptibility regions.

Association study

In contrast to linkage studies, association studies look for a correlation between a specific variant and
disease status or quantitative trait in the population. Simply, the essential principle of this approach is
that: if a DNA variant increases disease susceptibility, it is expected to be more frequent among those
who are affected than those who are unaffected. The aim of association studies is to search for a
significantly increased or decreased frequency of a marker allele, genotype, or haplotype with a disease
trait than would be expected by chance if there is no association. It can be explained by the direct
involvement of biological action of genetic variants with diseases or by linkage disequilibrium (LD)
between markers and susceptibility genes. But one has to remember that association is a statistical rather
than causal concept since it detects risk factors of diseases. Unlike linkage study, the conclusion for
association of variant and disease is defined at the level of the population rather than that of the
individual. Moreover, an association study requires a dense spacing of markers and therefore SNPs are
the suitable markers of choice, since they occur on average once each 1000 base pairs, they are tractable

to high-throughput scoring.
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Common applications
Two main approaches have been applied in genetic research to detect and qualify an association between
DNA variants and disease status in the population: gene mapping via linkage disequilibrium (LD) and

candidate gene analyses for biological relevance.

In a population, a haplotype that contains linked loci is transmitted from one generation to the next but
the length of inherited segment is reduced by recombination over generations. Many parts of the human
genome exhibit these segments, called block structures (Reich et al, 2001; Crawford et al, 2004; McVean
et al, 2004). If common DNA variants influence the risk of a disease, most affected individuals in the
population may have inherited the mutation from ancestors in whom the mutation originated and shared
the ancient haplotype with the next generation. It means that affected individuals carry the same disease-
causing haplotypes that originally were transmitted from a common ancestor, even though they are not
obvious family members. Whereas linkage analysis relies on recombination events in one or two
generations, an association study concerns accumulated events over generations. Based on a relationship
between linkage disequilibrium and the rate of recombination, LD mapping is used to estimate the
location of a disease locus relative to a genetic marker (Hastbacka et al, 1992; Hill and Weir, 1994;

Kaplan et al, 1995).

The whole-genome association (WGA) mapping study requires most of the known common variants in
the entire genome, from several hundred thousand to several million SNPs, to be genotyped. Many
studies suggest that the human genome is organized into haplotype blocks that show high LD,
interspersed with shorter regions of high recombination and consequently low LD (Gabriel et al, 2002;
Ardlie et al, 2002). Common haplotypes can represent most of the genetic variation across relatively
large regions of the genome. These haplotypes can be genotyped by using a small number of SNPs that
are tagged to untyped SNPs by virtue of the strong LD between them in a population of interest. As a
result, it is possible to genotype only a subset of common tagging SNPs, instead of genotyping all
common variants (Gabriel et al, 2002; Johnson et al, 2001; Carlson et al, 2004). In regional mapping
approach, broad regions of the genome that are believed to contain the disease gene are examined for
association. These regions are considered as susceptibility regions either because of known chromosomal
abnormalities or from some earlier linkage analyses. Therefore LD mapping is regarded as a fine-
mapping step for linkage study in order to eventually identify candidate genes. To fine map a region of

positive linkage, random or tagging SNPs in an LD-based screening for signals of association or
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functionally important SNPs of the most promising candidate genes in this region must be examined.

This approach has a great power if all SNPs in the positive genes in a susceptibility region are analyzed.

Another application of association study is candidate gene analysis. The aim of this amplication is to
check the hypothesis that DNA variants in certain genes affect disease susceptibility. These variants
might have an effect on activity or expression level of the gene products or anonymous markers that are
in LD with the variants of candidate genes. Moreover, association studies can be used to define the
allele- specific risk such as the relationship between gene variants with environmental factors, age of
onset, as well as the interactions between these variants and different variants in other genes. This
approach is also used to characterize discovered disease genes by replicating studies in different

populations to confirm the finding and identify a true causative variant.

Basic method for association analysis

In association studies, associations between marker alleles and disease phenotypes can be detected.
There are two approaches: case-control and family-based test. A case-control study begins with the
collection of affected individuals as well as unaffected individuals from the same population, and then
allele or genotype frequencies in the two groups are compared. The later approach, family-based tests of
association, uses allele frequencies in affected individuals and compares to family-based controls,

typically parental controls or unaffected siblings.

One important step prior to association analysis is to test that genotyped markers are in Hardy—Weinberg
equilibrium (HWE) in the control population, since HWE describes the expected relationship between
allele and genotype frequencies under normal population conditions. For a case-control study, the
evidence of association between a disease and alleles of a single SNP can be evaluated, in the simplest
case, by comparing genotype or allele frequencies between cases and controls with a 2x2 chi-squared
contingency table test with the null hypothesis ‘‘no association between case-control status and allele
frequency”. In this analysis, the number of each allele type found in cases and controls is compared to its
expected number. When a genotyped variable has more than two alleles, such as for the three genotypes

at any locus in a diploid genome, a 2x3 contingency table is used.

Moreover, to check an association of haplotypes from multiple SNPs, ‘‘global’’ test is used. In this test,

the null hypothesis is that the distribution of haplotype frequencies is the same in cases and controls, or
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the frequency of a specific haplotype versus all other haplotypes considered together is the same in cases

and controls.

Gene identification and characterization

The candidate-gene approach defined to study the genetic influences on a complex trait follows these
steps (Tabor et al, 2002):

- identifying candidate genes that might have a role in the aetiology of the disease

- identifying variants in or near those genes that might either cause a change in the protein,

its expression or function.

- genotyping these variants in a population

- using statistical methods to determine whether there is a correlation between those

variants and the phenotype.
Once susceptibility regions of interest have been identified, the important task is to generate a list of
genes that are located within these regions.
Genome browse such as Ensembl (http://www.emsembl.org), UCSC (http://genome.ucsc.edu) or the
NCBI (http://www.ncbi.nlm.nih.gov/mapview/) are used to provide a graphical interface at the regions.
Commonly, there are several hundred genes under a single peak. For that reason, a large scale gene-
screening approach could become money and labour consuming. A traditional approach to find candidate
genes 1s to assess genes that are involved in the developmental pathway for the disease and/or have
expression that is significantly altered in affected tissue compared to normal tissue. This is the most
difficult step since candidate-gene selection is based on the ability to predict functional candidate genes

and in some cases, and current knowledge is insufficient to make these predictions.

There are numerous methods to detect causal genetic variants. Ultimately, several different
physicochemical techniques such as denaturing HPLC, single stranded sequence polymorphism (SSCP)
have been developed, but the golden standard remains direct DNA sequencing (Kristensen et al, 2001).
Once a potential variant has been discovered, next step need to be taken to confirm that this variant
results in obvious changes in gene function. Moreover, this sequence change is generally well accepted
as causal for rare phenotypes especially when they are absent in a large number of random control

individuals matched for ethnic background where necessary. Sequence alterations such as frameshift,
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stop codons or missense mutations can cause changes in conserved or biochemically validated amino
acid residues, or changes in conserved splice junction elements, etc. Studies in recent years have shown
that a wide variety of diseases may be caused by mutations that affect RNA processing, as opposed to
mutations that alter the protein-encoding sequence of the gene (D’souza et al, 1999; Percy, 2000; Pagani
et al, 2003). Some missense and synonymous variants may occur in cis-acting elements that regulate
splicing, resulting in exon skipping, and inefficient splicing of introns or usage of cryptic splice sites. In
addition, mRNA stability may also be affected by variants in the intronic or exonic splicing enhancer or

silencer, 3’UTR and 5’ UTR (Cazzola and Skoda, 2000).

Another approach to identify a candidate gene is comparative genomics strategy that includes
comparative functional genomics strategy and comparative structural genomics strategy. Genes are
considered as candidate genes if they may be functionally conserved or structurally homologous genes
between different species, and mutations in these gene cause same phenotype of interest (Zhu et al,
2007). Recently, a new method has been developed for candidate gene identification which is a computer
facilitated candidate gene approach. This method objectively extracts, filters, assembles, and analyzes all
possible resources available derived from the public web databases to prioritize the most likely candidate
genes through a variety of web resource-based data sets. Application softwares or online tools such as
GFSST (http://gfsst.nci.nih.gov), GENESEEKER (http://www.cmbi.ru.nl/GeneSeeker/), ENDEAVOUR
(http://www.esat.kuleuven.be/endeavour), and POCUS (http://www.hgu.mrc.ac.uk/Users/Colin.Semple/
Semple_Lab/Home.html) have been developed and released to the public.

HYPOSPADIAS

Male external genital embryology

The normal development of external genitalia in male occurs between the 8" and the 16" week of
gestation under the influence of androgens secreted by the fetal testes. The genital tubercle elongates to
form the shaft and glands of the penis. During this elongation, the genital folds form the lateral walls of
the urethral groove. This groove extends along the caudal aspect of the elongated phallus and forms the

urethral plate. In the 12" gestation week, the medial edges of the ectoderm urethral fold fuse to form the
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penile urethra. The urethral canal does not reach the most distal part until the 16™ week of gestation,
when ectodermal cells from the tip of glands penetrate inward and form a short epithelial cord. This cord
later obtains a lumen, thus forming the external urethral meatus. The formation of a complete prepuce

with its final cutaneous fold surrounding the glans ends of this process (Figure 2).
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Figure 2: Formation of the external genitalia in male from the 6th week to the 14th

week of gestation. (Adapted from Human Embryology, Larsen, 1998)

Normal sex development is a complex process that involves many genes. In brief, sex determination and
differentiation consist of three sequential stages. Firstly, the genetic sex determination by the sex
chromosome constitution in the zygote at the time of conception. Secondary, the genetic information
determines whether an undifferentiated gonad differentiates into either a testis or an ovary. The SRY gene
is the master gene for testes development and acts directly on the gonadal ridge and indirectly on the
mesonephric ducts. The SRY protein is the testis-determining factor, since under its influence male
development occurs, but in its absence female development is established. Lastly, phenotypic sex results

in male or female differentiation under the control of hormones.

The formation of male genitalia needs the action of a specific androgen: testosterone (T). Placenta human
chorionic gonadotropin (hCG) stimulates Leydig cells in fetal testes to produce testosterone. In Leydig
cells, 17beta-hydroxysteroid dehydrogenase (HSD17B3) catalyzes the conversion of androstenedione to
testosterone. Testosterone is converted to the more active dihydrotestosterone (DHT) by the enzyme
steroid Sa- reductase (SRD5SA?2). Both hormones (T and DHT) bind to the androgen receptor (AR) in the
genital target tissue. Testosterone induces the differentiation of Wolffian duct into epididymis, vas

deferens and seminal vesicles whereas dihydrotestosterone, bound to the same androgen receptor,
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modulates the differentiation of the prostate gland, penis and scrotum (Figure 3). Premature arrest during

the fusion of the urethral folds leads to different severity of hypospadias.

Penis
Scrotum
Prostate gland
AR
DHT
Ry HSD17B SRD5A2
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Wolffian ducts
Epididymis
Vas deferens
Vesiculae seminalis
Figure 3: Genes involved in the development of male genitalia.
Hypospadias definition

Hypospadias is a malformation of the genital tract, characterized by incomplete fusion of the urethral

folds, abnormal opening of urethra and different degrees of curvature of the penis.

Hypospadias classification Location of urethral meatus

Anterior (60-70% cases)

- Glandular On the underside of the glands

- Coronal At the level of the glandular- preputial ridge

- Distal penile On the anterior third of the shaft of the penis

Middle (20% cases)

- Middle penile On the middle third of the shaft of the penis

Posterior (10% cases)

- Proximal penile On the posterior third of the shaft of the
penis

- Penoscrotal At the junction of the penis and scrotum

- Scrotal At the level of the scrotum

- Perineal At the level of the perineum

Table 1: Classification of hypospadias based on the location of urethral meatus
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Although, hypospadias appears most often in isolated manner, other malformations like cryptorchidism,
bifid scrotum and micropenis are associated with the condition, especially when the degree of severity of
hypospadias is pronounced. Sexual ambiguity is associated with the most severe cases (Stokowski et al,

2004). Hypospadias is classified in different variants based on the position of the urethral meatus (Table

D).

Surgical treatment of hypospadias is performed to construct a normal looking penis and to reconstruct
the urethra and position the meatus at the penile tip that enable the patient voiding while standing. The
ideal age for surgical correction is considered before one or two years of age. Prenatal ultrasonography
can detect moderate and severe cases but it is not usually indicated for anterior and middle hypospadias

(Sides et al, 1996; Meizner et al, 2002).

A: Glandular B: Penile C: Penoscrotal

D: Scrotal E: Perineal

Figure 4: Hypospadias. A-E, the severity and morphology of hypospadias depend on the location
of meatus and degree of chordee.
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Epidemiology

Hypospadias is a common congenital malformation with frequency ranging from 0.4% to 0.8% of male
live births in Europe, Asian and North America (Hussain et al, 2002; Silver et al, 2000; Chong et al,
2006). A higher incidence of hypospadias has uniformly been reported in Caucasians than in other
ethnicities (Gallentine, 2001). In Sweden, the incidence of hypospadias is 1.14 boys per 300 male live
births according to the annual Swedish Malformation Registry (Kallén and Winberg, 1982; Paulozzi,
1999). The difference in prevalence rate between countries could be explained either by variations in

case definition and incomplete ascertainment, or different genetic or environmental factors.

However, a series of scientific publications have reported an increasing incidence of hypospadias in
several countries. Based upon the analysis of American survey of congenital malformations, Paulozzi et
al observed that the rate of hypospadias almost doubled between 1970 and 1990 in the United States
(Paulozzi, 1997). The same increase of hypospadias cases has also been indicated in some European
countries including Norway, Denmark, Italy and France (Paulozzi, 1999). The reason for the rising
incidence remains uncertain but the high frequency of endocrine disruption in industrialized countries is

proposed as a possible explanation for this increase (Dolk et al, 1998; Wakefield et al, 2001).

Hypospadia is a complex disease

Since both environmental factors and genetic factors have a strong influence on the development of

hypospadias, this malformation is considered as a complex disease.

Environmental factors

A relationship between hypospadias and low birth weight has been found in several studies (Kéllen and
Winberg, 1982; Calzolari et al, 1986; Akre et al, 1999, Weidner, 1999). In a group of discordant
monozygotic male twins, the incidence of the smaller twin having hypospadias is high comparing to
concordance monozygotic male twins (Fredell et al, 1998). Moreover, the birth weight of non-twin
sibling without hypospadia is significantly higher than that of proband with hypospadia (Fredell et al,
2002). Up to a ten-fold increase of hypospadias has been reported in infants small for gestational age

(Gatti et al, 2001). The decrease in some growth parameters including birth weight and duration of
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gestation in hypospadias infants suggested that the primary cause occurred early, during the first
trimester of pregnancy. Therefore, the poor intrauterine growth is indicated as risk factor for hypospadias
(Hussain et al, 2002). However, it is unclear whether growth retardation in itself has an impact on the
formation of the urethra, or if other environmental factors that influence the intrauterine growth and
morphogenesis of the urogenital tract are considered to be the cause. One hypothesis is that disturbance
of placental function early in pregnancy is a key mechanism underlying both low birth weight and the
improper closure of the urethra, since the placenta is involved in the differentiation and development of
the fetal organs in this period (Kéllen 1988; Akre et al. 1999; Weidner et al. 1999; Hussain et al. 2002;
Aschim et al. 2004; Boisen et al. 2005). Placental disorders such as infarction, hemangioma, and
membranous placenta would reduce the functional volume of the placenta that may then have limited
capacity for both hCG production and nutrition of the fetus. As discussed in more detail above, placental
hCG plays an important role on the morphogenesis of the male external genitalia, including urethral
development in early gestation. Therefore, reduced levels of human chorionic gonadotropin (hCG) have
been suggested as a candidate in the aetiology of hypospadias (Czeizel et al. 1979). Moreover, iron
supplementation in mothers immediately prior to contraception and/ or during the first trimester of
gestation has been suggested as a risk factor for hypospadias (North et al, 2000; Brouwers et al, 2006). A
possible explanation is that this supplementation may increase blood viscosity, which subsequently
impairs placenta blood flow and then results in malfunction of the placenta, leading to both low birth

weigh and hypospadias.

Another risk factor for hypospadias is parental subfertility (Sweet et al, 1974; Czeizel et al, 1985;
Brouwers et al, 2006). Fathers with signs of subfertility such as decreased sperm density, motility, and
morphology have a four- fold increased risk of giving birth to boys with hypospadias (Fritz and Czeizel,
1996). Because hypospadias and male subfertility may share the same embryonic origin with genetic and
environmental components, the affected fathers may transmit a certain predisposition to their sons
(Skakkebaek et al, 2001). Additional evidence that parental subfertility increases the risk for hypospadias
has come from the report of a high incidence of hypospadias in boys whose parents had undergone
fertility treatment. A five- fold increased risk for hypospadias has been found in infants conceived by in
vitro fertilization (IVF) procedures in the United States (Silver et al, 1999). Although no increased risk
for hypospadias was found after standard IVF in Sweden, intracytoplasmic sperm injection (ICSI),
another specific IVF technique, resulted in a three—fold increased risk of hypospadias in boys

(Wennerholm et al, 2000; Ericson and Killen, 2001). A possible explanation is that hormone
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administration as part of pregnancy support interferes with androgen production in early gestation and

thereby disturbs normal genital development.

Although the maternal use of oral contraceptive in early pregnancy is not associated with hypospadias
(Killen et al, 1991; Carmichael et al, 2005), the role of other endocrine factors in the etiology of
hypospadias is still questioned. Nowadays, endocrine disruptors such as pesticides, fungicides, industrial
chemical products, detergents and material for the fabrication of plastics are commonly used. Natural
substances from vegetables having similar properties as phyto-estrogen have also been classified as
potential endocrine disruptors (Santti et al, 1998). Experimental studies have found an influence from
endocrine disruptors on the development of the male genital tract. Administration of potentially anti-
androgenic substances, finasteride (an inhibitor of 5- alpha-reductase type 2) and flutamide (an inhibitor
of testosterone fixation on receptors) can induce hypospadias in rodents, rabbits and mice (Kurzrock et
al, 2000; Kojima et al, 2002). Klip et al (2002) showed that boys born to mothers who had been exposed
to diethylstilbestrol (DES) in utero had a higher risk of hypospadias. A five-fold increased risk of
hypospadias has also been reported in boys whose mothers followed a strict vegetarian diet during
pregnancy (North and Golding, 2000), even though the association between maternal dietary and

hypospadias is still questioned (Pierik et al, 2004)

Genetic factors

Several observations suggest that hypospadias is influenced by genetic factors. Familiar clustering for
hypospadias has been reported in 4% to 28% of cases (Sizzle et al, 1979; Stoll et al, 1990; Fredell et al,
2002). About 7% to 9% of the fathers of hypospadias boys have the same malformation (Bauer et al,
1979, Stokowski et al, 2004), whereas 5.4% of hypospadias boys have at least one other affected relative.
The recurrence risk for a brother of an affected child also is 17% (Stoll et al, 1990). The more severe
malformation of the index patient, the higher the incidence of hypospadias in the next male siblings.
With the first degree of hypospadias, 3.5% have an affected brother. Whereas 10% to 19% hypospadias
is inherited in the next brother if the index boy has a second or third degree of hypospadias (Bauer et al,
1981). An increased risk for hypospadias among twins has also been reported in some studies (Cheng et
al, 1971, Roberts et al, 1973). Furthermore, the prevalence of hypospadias is higher among member of

male-male twins and lower among male in male-female twins (Kdllen et al, 1986).
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In addition, some families have been described showing a Mendelian pattern of inheritance. Frydman
reported the autosomal recessive mode of inheritance in a large consanguineous family with eight
hypospadias members (Frydman et al, 1985). An autosomal dominant characteristic also has been
suggested in some families that have affected males in at least two generations (Lowry et al, 1976; Page
et al, 1979; Frisén et al, 2003). Altogether, hypospadias is mainly due to monogenic inheritance in only a
small portion of affected cases (Fredell et al, 2002). Heritability for hypospadias with a multifactorial
model is reported to range between 0.57 and 0.74 (Monteleone et al, 1981; Stoll et al, 1990). In a
complex segregation analysis of 2005 hypospadias pedigrees, the heritability of 0.99 was obtained, thus
confirming a previous study of 103 families (Harris and Beaty, 1993; Fredell et al, 2002). These finding
indicated that there is autosomal dominant trait of inheritance in some families but usually a complex

mode.
Hypospadia is also a feature in more than one hundred genetic syndromes
(www.ncbi.nlm.nih.gov/omim) such as hand-foot-genital, Silver-Russell or Klinefelter syndromes and is

part of ambiguous genitalia caused by hermaphroditism or gonadal dysgenesis, for example.

The molecular background of hypospadias

The exact molecular mechanisms that predispose for hypospadias remain largely unknown. Mapping
hypospadias candidate genes has, until recently, little success. Genome-wide linkage gene mapping with
sib-pair analysis has been performed and suggests linkage on 9 chromosomal regions: 1923, 2p11, 6925,
8p21-22, 8q24.1, 9q21-22, 10pl5, 10921, 18g21 (Frisén et al, 2004). Since each region contains
hundreds of genes, this finding provides a basis for only outlining the complex genetic background of

hypospadias and further studies concerning candidate genes on these regions need to be performed.

Recent studies of hypospadias have revealed a possible involvement of genes in the earlier genital
tubercle development such as sonic hedgehog (SHH), fibroblast growth factors 8 and 10 (FGFS8 and
FGF10), and homeobox Al13 and D13 (HOXAI3 and HOXDI13) as well as ephrin (Eph) (Cohn and
Bright, 1999; Haraguchiet al, 2000; Perriton et al, 2002; Frisén et al, 2003; Morgan et al, 2003; Beleza et
al, 2007a; Yucel et al, 2007). Nevertheless several different pathways are implicated in male genital
development, but the main pathway driven by testosterone is remarkably important. Since this hormone

plays an important role on the development of hypospadias, defects anywhere along the pathway of
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androgen may interfere with proper functioning of testosterone. Mutations in the AR, SRD5A2 and
HSDI17B3 genes can therefore account for a higher risk for developing hypospadias (Thigpen et al, 1992;
Batch et al, 1993; Geissler WM 1994; Allera et al, 1995; Boehmer et al 1999; Nordenskjold et al, 1999).
However, mutations in these genes are usually found in severe cases with other malformations such as
micropenis, cryptorchidism and bifid scrotum, and only a few isolated hypospadias cases carrying
mutations in the AR gene and the SRD5A2 gene has been reported (Hiort et al, 1994; Allera et al, 1995;
Silver and Russell, 1999). Moreover, studies on the functions of estrogen and estrogen receptor during
male reproductive tract development as well as the balance between estrogen and androgen have shown
that estrogens are also important in the etiology of hypospadias (Kim et al, 2004; Liu et al, 2005; Beleza
et al, 2007b; Wang et al, 2007; Watanabe et al, 2007). Mutations in the Activating Transcription Factor 3
(ATF-3) gene, one estrogen responsive gene, have been detected in some isolated hypospadias cases

(Beleza et al, 2008, Kalfa et al, 2008).

The Mastermind-like domain containing 1 (MAMLDI) gene, previously known as the Chromosome X
open reading frame 6 (CXorf6) gene, has however been identified as the first gene for isolated
hypospadias (Fukami et al, 2006). In-situ hybridization (ISH) analysis showed that MAMLDI mRNA is
expressed in Miillerian ducts, forebrain, somite neural tube, and pancreas and especially, in fetal Sertoli
and Leydig cells around the critical period for sex development. Transient knockdown of Mamld1 results
in significantly reduced testosterone production in mouse Leydig tumor cells (Ogata et al, 2008).
Furthermore, this gene is co-expressed with steroidogenic factor (SF-1), which regulates the transcription
of genes involved in sex development (Ogata et al, 2008; Sadovsky and Dorn, 2000). These findings
indicate that MAMLDI seems to exhibit the sex development via the androgen metabolism.
Subsequently, DNA sequencing analyses have shown mutations of the MAMLDI gene in hypospadias
cases with a large range of phenotypes, varying from mild to severe hypospadias (Fukami et al, 2006;

Kalfa et al, 2008).
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AIMS

The aim of this thesis is to identify susceptibility genes that contribute to the pathogenesis of

hypospadias. The specific aims of individual projects are:

- To identify predisposing loci for hypospadias in a large family (paper I)

- To fine-map and identify candidate genes for hypospadias in affected sib-pairs (paper II)

- To determine the contribution of genetic variants in candidate genes for hypospadias

(paper III and 1V)
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MATERIAL AND METHODS

PATIENT MATERIAL

Blood samples from boys with non-syndromic hypospadias of different severity, both familial and
sporadic cases, were collected. Of those, the family material is part of an on-going large project collected

for a genetic study of hypospadias (Fredell et al, 1998).

In study I, one family including eight affected boys with autosomal dominant inheritance of hypospadias
was recruited for genome wide linkage scan (Figure 5). Blood was collected from 15 available family
members, including seven affected boys and eight unaffected family members. The affected boys had
coronar hypospadias only. In addition to hypospadias, member II1.3 was born with heart malformation
(bicuspid tricuspidalis valve) while III.6 was born with heart malformation (left heart hypoplasia) but
without hypospadias. These two boys were excluded in the genetic analysis due to lack of available

tissue. Hence, all individuals included in the study as affected had isolated hypospadias.
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Figure 5: Pedigree of a large family with hypospadias. Affected individuals are shown
with black squares while normal individuals are shown with white squares and
circles. * indicates members from whom we obtained DNA.

In study II, families with at least two affected siblings were selected for sip-pair analysis. In the previous

study, blood samples from 69 families with at least 2 affected members were collected and used for a
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genome-wide linkage scan (Frisén et al, 2004). For fine mapping analysis, we recruited 13 additional
families including 11 Swedish families (46 individuals) and 2 Iranian families (8 individuals). Altogether
363 individuals were genotyped, of which 180 were affected. The distribution of the degree of

relationship of the entire 96 affected relative-pairs is listed in Table 2.

Total Swedish Middle East
Affected sib pairs 65 (9) 51 (7) 14 (2)
Affected half-sib pairs 4(1) 2 (1) 2
Proband with affected relative (degree)
Second 6 (1) 6 (1) 0
Third 17 (2) 16 (2) 1
Fourth 4 4 0

Table 2: Degree of relationship in the affected relative pairs (whereof added pairs for
fine mapping analysis)

In study III and IV, samples from sporadic cases recruited through medical records in Sweden have been
used for sequencing analysis. As a control group, blood samples from healthy voluntary anonymous

blood donors at Karolinska University Hospital were collected.

Genomic DNA was extracted from blood of cases and controls using a standard protocol. The Ethics

Committee at the Karolinska Institute has approved these studies.

METHODS

Genotyping

A genome-wide scan for linkage was initially performed by using 360 microsatellite markers with an
average spacing of 9.6cM (349 autosomal and 11 sex chromosomal markers). The markers were selected
from the integrated maps of the Weber 6 screening set (Sheffield et al, 1995). The average intermarker

distance across the fine-mapped regions was 2.5 cM. In regions with LOD score higher than suggestive
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for linkage, new markers were added from Marshfield Medical Research foundation
(http://research.marshfieldclinic.org/genetics), and Decode database (http://www.ensembl.org/

Homo_sapiens/textview) for fine mapping. To detect microsatellites, fluorescent dyes (6-FAM, HEX,
and TET) were attached to the 5' end of PCR primers. Normally, one microsatellite locus was amplified
per PCR and different PCR products were pooled together following electrophoresis. PCR products were
size fractionated on ABI 377 and ABI3130 machines (Applied Biosystems, Foster City, California).
When activated by laser light, each dye of fluorescence emits a signal which can be detected. The
genotyping results were analyzed by Genescan 2.1 and Genotyper 2.0 software (Applied Biosystems).
These software programs recognize the standard peaks and estimated the sizes of the product peaks

based on their migration relative to the standard peaks.

Statistical analysis

Family structures were examined by comparing the expected and observed average identity-by-state of
genotyped markers in all sib-pairs using the zGenstat 1.128 software (Henric Zazzi, unpublished).
Genotypes were checked for Mendelian inconsistencies using the same program. All inconsistencies
were re-analyzed and incompatibilities were resolved unambiguously or individuals and/or pedigrees
were excluded from linkage analyses. Since hypospadias is restricted by sex, males with hypospadias
were defined as affected, whereas other males with normal phenotype were marked as unaffected and
females were coded as unknown. Linkage analysis was performed using the information of all markers
used in the genome-wide linkage scan and markers for fine mapping. For every marker, single-point and
multi-point linkage analysis were obtained using Allegro software (Gudbjartsson et al. 2000).
Corresponding p-values were interpreted, and p-values were estimated using the formula
p (LOD) = 0.5x (%21 >2In10 x LOD)

In study I, parametric and non-parametric linkage analyses were performed. For parametric linkage
analysis, hypospadias was set as an autosomal dominant trait with reduced penetrance (70%). Allele

frequencies of 0.999 for the wild-type allele and 0.001 for the mutant allele were assumed.

In study II, linkage analysis was performed on the whole set of 82 families with 96 affected pairs and for
two separate subgroups (Swedish and Middle Eastern origin). Since the pedigrees show mixed patterns
of disease inheritance and the true underlying inheritance model is unknown, a non-parametric model

was used.
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Direct sequencing

In 1977, Frederik Sanger and his collages devised one new method for sequencing: chain terminator
sequencing (Sanger et al, 1977). This method is divided into four separated reactions and each of
reaction contains of a single-stranded DNA template, a short complementary oligonuclecotide primer, a
DNA polymerase, four standard deoxynucleotides (dATP, dGTP, dCTP and dTTP) and only one of the
four dideoxynucleotides (ddATP, ddGTP, ddCTP, or ddTTP). Because of lacking 3 hydroxyl grouping
the structure, any ddNTP that is incorporated into a elonging DNA chain cannot participate in
phosphodiester bonding at its 3' carbon atom, thereby causing termination of chain synthesis and
resulting in DNA fragments of varying length. By setting the concentration of the ddNTP to be very
much lower than that of its normal dNTP analog, chain termination will occur randomly at one of the
many positions containing the base in question. When these reactions are completed, the DNA fragments
are performed separately in electrophoresis. Direct sequencing used today is a modification of Sanger
method. In dye-terminator sequencing, each different dideoxynucleotide is labelled with a different
fluorophore, so the sequencing reaction can be performed in a single tube containing an unlabelled
primer and all of the four different dideoxynuclotides. Then, DNA fragments with different length are
size fractionated in an automated DNA sequencer and base pair substitution of sequences is recorded

directly as unequal and colorful peaks.

In our study, primers for sequencing were designed in Primer3 software program following requirement:
each pair of primers is determined from sequences that flank each exon or from the terminal ends of each
exon, as well as they are 17-24 bases in length, with 40-60% GC content. To clean the PCR product,
ExoSAP that can remove unconsumed dNTP and primers out of PCR products was used. Direct
sequencing was performed on both strands using Big-Dye terminator v3.1 (AppliedBiosystems), and run
on an ABI3130 Sequencer (AppliedBiosystems). Sequencing primers were the same as used in the PCR
amplification. The sequencing reactions were carried out according to the manufacturer’s

recommendations. Chromatograms were analyzed using SeqScape v3.7 (Applied Biosystems).
Allele-specific PCR amplification

The principle of allele-specific PCR is using paired PCR reactions to detect alleles that differ at just a

single nucleotide. One primer called a common primer is the same in both reactions, the others in two
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slightly different versions, one specific for allele 1 and the other specific for allele2. Primer for allele 1
will bind perfectly to the complementary strand of the allele]l sequence, permitting amplification with the
common primer. The primer for allele 2 mismatches with one nucleotide in allele 1 sequence, making
amplification impossible. Similarly the primer for allele 2 can bind perfectly to allele 2 and initiate
amplification, unlike primer for allele 1. Additional control (non-specific) primers are usually included,

to amplify unrelated sequence from every sample to check that the PCR reaction has worked.

A B i

Figure 6: Allele specific PCR. PCR product of each individual is performed in two rows,
the left for valine and the right for leucine allele. The smaller band is indicated
for non-specific PCR product, the larger band is indicated for specific PCR
product. A: heterozygous Leucine/Valine; B: homozygous for Valine allele;

C: homozygous for Leucine. A 123 bp size ladder is in the lane to the left.

In paper 111, the SRD5A2 gene was analyzed for the V89L polymorphism using allele specific PCR. The
primers used for PCR amplification are the forward primer, the non-specific reverse primer, and either
the valine-specific reverse primer or the leucine-specific reverse primer. PCR products are resolved on a

3% agarose-gel, stained with ethilium bromide, visualized under UV light, and photographed.

Tagman genotyping assay

SNP typing using 5’-nuclease allele discrimination TagMan assay is a robust allele discrimination
method. For one reaction, two TagMan probes that are specific for each allele are used. The fluorogenic
probe consists of an oligonucleotide labeled with both a fluorescent reporter dye on the 5' end (FAM or
VIC) and a quencher dye on the 3' end (TAMRA). The first criterias for selecting probes are: probes

must be as short as possible, normally less than 20- to 24-mer sequence, and the polymorphic site of
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probes can not locate within the first two or last two nucleotides of the probe. Moreover, proximity of the
quencher reduces the fluorescence signal observed from the reporter dye. PCR amplification and
detection with fluorogenic probes in the 5' nuclease assay follow three main steps:
- Polymerization: the reporter and a quencher are attached to the fluorogenic probe.
- Strand displacement: reporter dye emission is quenched when both dyes are attached
to the probe.
- Cleavage: the DNA polymerase cleaves the reporter dye from the probe. Once the
reporter dye is separated from the quencher, the fluorescence intensity of this dye is
increased.
These steps result in substantial increase in FAM or VIC fluorescent signal and indicate homozygosity
for the FAM- or VIC-specific allele. An increase in both signals indicates heterozygosity. ABI 7900HT
(Applied Biosystems) was used for thermal cycling. Single marker and multiple markers association test
were performed using Haploview both with and without missing data estimation. The p-value was
corrected for multiple testing by performing 10 000 permutations using Haploview. Differences in
haplotype frequencies between cases and controls were calculated using Chi-square test and Fisher test

on Statistica 7.0 software.

Bioinformatics tools

Genetic variants including point mutations, insertions, deletions, translocations, and duplications, play
critical roles in determining biological phenotypes and disease susceptibilities. Some coding variants
may affect protein structure such as protein folding, active sites, protein—protein interactions, protein
stability and mRNA expresion. If these variants are conserved they can be identified through the multiple
sequence alignment with the orthologous sequences from different species. Moreover, the impact of a
missense mutation can also be modelled if the protein or motif structure is available in the mutation
region. Nonsense and frame-shift variants can introduce an early termination and lead to nonsense-
mediated decay or a truncated protein with obvious functional changes. Synonymous variants are
thought as “silent”, but these changes can be part of exonic or intronic splicing regulatory elements that
affect the gene expression via altered splicing process. Variants in the regulatory regions may alter the
consensus of transcription factor-binding sites, splicing efficiency or promoter elements, as well as
variants in the untranslated regions (5’UTR or 3’UTR) may change mRNA stability. Therefore,

investigating the functional roles of these variations provides a great opportunity for understanding
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complex common diseases. The in silico approach that plays a critical role in prediction of structural and
functional consequences of a particular DNA variant greatly enhances the ability to characterize
functional DNA variants. The principle of bioinformatics tools is based on analysing wild-type and
mutant sequences and looking for an alteration in the predicted outcome. Genetic variants can also be
evaluated at a simple level by looking at physical considerations of the properties of genes and proteins,
or they can be evaluated in the context of a variant within a family of homologous or orthologous genes
or proteins. Furthermore, in silico analysis can identify the function of promoter DNA variants at the

conserved sites and potential binding motifs for transcription factors.

In study III and 1V, the impact of the gene variants in 5’ and 3’ splice sites were predicted using three in
silico tools: NetGene 2.0 (available at http://www.cbs.dtu.dk/services/NetGene2/), NNSplice (available
at http://www.fruitfly.org/seq_tools/splice.html) and HSF 2.4 (available at http://www.umd.be/HSF/).
HSF 24 was created by integration of two different matrices, one from SSF
(www.genet.sickkids.on.ca/ali/splicesitefinder) and the other from MaxEntScan

(http://genes.mit.edu/burgelab/maxent/ Xmaxentscan_scoreseq.html). NetGene 2.0, NNSplice and SSF
can identify the most probable splice site in a given sequence and then assign a score of splice site
strength. In contrast, MaxEntScan is unable to read through a sequence and the exon-intron boundary has
to be indicated. Since different matrix was used in each tool, our conclusion was based upon consistency
of result from at least two of these tools. It is recommended that the score from mutant type should be at
least 20% lower than the wild type score in order to be a positive and deleterious prediction (Houdayer et
al, 2008). The alteration of potential branch points, splicing enhancers and silencers were also checked
using HSF 2.4 program. Promoter prediction was performed with Regulatory analysis of Variation in
Enhancers (RAVEN) created by CGB, Karolinska Institutet (http://burgundy.cmmt.ubc.ca/ cgi-
bin/RAVEN/a?rm=home). A putative homolog of human KLF6 was detected by HomoloGene and
alignments were made with ClustalW software (http://www.ebi.ac.uk/ Tools/clustalw2/index.html). The
three-dimensional structure was predicted at Protein Homology/analogy recognition Engine from the

Structure bioinformatics Group, Imperial College, London (http://www.sbg.bio.ic.ac.uk/~phyre/).
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RESULTS AND DISCUSSION

STUDY I: A new susceptibility locus for hypospadias on chromosome 7¢32.2-q36.1

Genome-wide linkage analysis using 360 polymorphic microsatellite markers was performed on a large
family with eight hypospadias boys (Figure 5). By using an autosomal dominant model, potential linkage
was detected in nine regions distributed on six chromosomes: 1q41-1q42.3, 3p24.2-3p21.2, 6pl2.2-
6ql6.1, 7p22.2-7p21.3, 7q32.2-7q36.1, 12p13.31-12p12.3, 12q21.1-12q24.33, 15q15.3-15¢22.31 and
15p26.2-15p26.3. Sixty-six additional microsatellite markers were added for fine mapping of these
regions, which confirmed the peak on 7q32.2-q36.1 and resulted in loss of the peaks on chromosomes 1,
3,6, 12 and 15 (Table 3). We obtained linkage with maximum single-point LOD score on chromosome 7
at the locus for marker D7S640, both in the parametric (LOD score 2.71) and non-parametric (NPL score
of 5.01) analysis. The absence of increase in the LOD score after multipoint analysis (LOD= 2.37)
compared to single-point analysis (LOD=2.71) is most likely explained by the fact that the information
value is already very high in the single-point analysis and therefore the small increase in information

value in the multi-point analysis does not increase the LOD score.

Chromosome Marker Peak location Single-point Multipoint

region (cM) LOD p-value NPL LOD p-value  NPL
1g41-1¢42.3 D1S2785 243.64 0.48 0.068 1.35 -0.22 0.5 1.38
3p24.2-3p21.2 D3S1768 57.76 -0.742 0.5 0.12 -2.54 0.5 0.62
6p12.2-6q16.1 D6S1040 99.7 0.05 0.5 -0.14 -1.98 0.5 0.36
7p22.2-7p21.3 D7S641 8.72 0.65 0.041 1.13 0.64 0.043 14
7q32.2-7q36.1 D7S640 137.9 2.71 0.0002 5.01 2.37 0.0004 11.09
12p13.31-12p12.3 D12S364 22.6 -3.05 0.5 -0.15 -4.77 0.5 -0.21
12921.1-12g24.33 D12S395 131.63 0.17 0.188 -0.26 2.2 0.5 -0.24
15q15.3-15g22.31 D15S1033 51.29 0.31 0.116 -0.99 -0.56 0.5 -0.23
15p26.2-15p26.3 D15S657 109.34 0.19 0.174  0.69 -0.21 0.5 0.29

Table 4: The resulting maximum single-point and multipoint LOD-score from the

fine mapping linkage analysis of chromosome 1, 3, 6,7, 12 and 15
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Twenty-three markers were used to construct a haplotype confining the critical interval of the linked
region spanning from 116 cM to 146 cM (Figure 7). On the basis of these recombination events, the
maximum linked region is determined to a 25 cM genetic interval at 7q32.2-q36.1, corresponding to an
18.2 Mb region on the physical map (www.ensembl.org). All seven affected members have inherited the

same haplotype in this region, but none of the unaffected male individuals.
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Figure 7: Multipoint LOD score results on chromosome 7¢q32.2-36.1. The LOD
score is given on the y-axis and cM from pter on the x-axis

The AKRIDI and PTN genes located in the candidate region were chosen for sequencing analysis since
their function and expression are involved in the androgen pathway. AKRI1DI1 can catalyze 5-beta-
reduction of steroid hormones and inactivates active androgens like testosterone (Kondo et al 1994,
Charbonneau and The, 2001). PTN is expressed in the mesenchyme of the reproductive tract during
development and its expression is up-regulated by estrogen and testosterone (Vanderwinden et al. 1992,
Vacherot et al. 1995). Mutation analysis was performed on all exons and flanking intronic sequences of

these genes but no mutation was found.

In this study, we provide evidence of a novel susceptibility locus for familial hypospadias on
chromosome 7q32.2-q36. This is the first chromosomal region recognized for isolated hypospadias.
Since the 7q32.2-q36.1 region contains around 300 known genes, further studies concerning candidate
gene identification need to be done. Once a causative gene is identified in this specific family, it may

suggest a new biological pathway and hence additional candidate genes in hypospadias.
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STUDY II: Fine mapping of familial hypospadias identifies two new candidate genes:
AKRIC3 and KLF6

Our previously published genome-wide linkage scan in 69 families had revealed evidence for suggestive
linkage on chromosome 2pl1, 9q21-22, 10p15 and 10g21 and weaker linkage signal on chromosome
1923, 6925 in the sub-group of 58 Swedish families and on chromosome 8q24 and 18q21 in the sub-
group of 11 families with Middle Eastern origin (Frisén et al, 2004). For fine-mapping with the inclusion
of eighty-five additional markers and 13 extra families (11 Swedish and 2 Iranian families), we could
confirm and strengthen the evidence of linkage for chromosome 8q24.1 (LOD = 1.32, p <0.03) and
10p15 (LOD = 1.67, p <0.02) (Figure 8).
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Figure 8: Comparison between multi-point LOD score in the initial genome-wide linkage
scan (69 families, blue line) and the current fine mapping study (82 families, red
line). LOD score is shown on the y-axis and cM from the pter on x-axis.
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Interestingly, these regions showed evidence of linkage in different subgroups in the previous study, the
10p15 region in the Swedish subgroup and the 8q24.1 region in the Middle Eastern group. The peaks
were also confirmed on 1q23 (LOD= 1.27, p<0.02) and 10p15 (LOD= 1.14, p<0.04) in the Swedish sub-
group, as well as on 8q24 (LOD=1.04, p <0.03) and 18921 (LOD= 1.1, p <0.03) in the group of Middle
Eastern families (Table 4). We chose two genes in the 10p15- region that showed highest LOD score,
namely the AKRIC3 and KLF6 genes, to perform sequencing analysis.

Multipoint Single-point
GROUP | Chomosomal Marker
region LOD p LOD p
All 8q24.1 1.32 <0.03 D8S514 1.02 <0.06
10p15 1.67 <0.02 D10S1779 1.50 <0.02
Middle 8q24.1 1.04 <0.03 D8S514 0.61 <0.07
Eastern 1821 1.10 <0.03 D18S858 0.95 <0.05
Swedish 1923 1.27 <0.02 D1S518 1.02 <0.07
10p15 1.14 <0.04 D10S1412 1.03 <0.06

Table 4: Summary of all linkage peaks for fine mapping with maximum multipoint LOD
score greater than 1 and their corresponding single-point LOD score obtained in
linkage analysis in all set of families and in subgroups.

AKRIC3

The AKRI1C3 gene is an interesting candidate gene for hypospadias since AKR1C3 interconverts active
androgen and estrogen with their inactive metabolites and it could also regulate the ligand occupancy of
androgen receptor and estrogen receptor in target tissues (Khanna et al, 1995; Penning et al, 2004). One
novel heterozygous mutation in the AKRIC3 gene, p.A215T, was detected in one boy with penile
hypospadia. The mutant threonine allele of p.A215T causes a break of a silencer site and instead creates
a new site for enhancer binding, and thus the mutation can affect the translation of AKRIC3, which
might therefore be pathogenic. We also report additional AKRI/C3 sequence alterations that can affect
enhancer or silencer splice sites (Table 5). Moreover, we were able to show an association between
polymorphisms in the AKRIC3 gene and hypospadias (Table 6). The most significant association was
detected with rs12529 (allele G, p<0.01). By creating additional sites for enhancer, the rare allele of
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rs12529 may increase the reductase activity of AKRIC3 and result in low level of S5a-DHT. In contrast,
the rare alleles of rs3763676 (g) and rs7741 (A) decrease this activity and may reduce the risks for
hypospadias. These effects could also explain the relationship of the aGG and gCA haplotypes to
hypospadias. Haplotype aGG was over-represented among cases, whereas haplotype gCA was over-
represented in the control group (with the protective alleles allele g of rs3763676 and allele A of rs7741).
We hypothesize that by affecting enhancer or silencer splice sites in the splicing process, the AKRIC3
gene variants might exhibit or inhibit the transcription. Through this mechanism the concentration of Sa-
DHT in target tissue as well as the balance between androgens and estrogens might be altered. Our

results indicate that sequence variants of AKRIC3 can affect the risk for hypospadias.

Gene Gene variants Branch point site Enhancer site Silencer site
AKRIC3 ¢.15C>G(p.Q5H) New site
¢.90G>A (p.P30) Broken site New site
c.697A>G (p.A215T) New site Broken site
KLF6 c.496T>C (p.P166S) New site Broken site
¢.802+21c>t New site
*46a>t Damaged site New site
*62g>a New site Broken site

Table 5: The impact of gene variants on splice regulation factors were predicted using

three in silico tools: NetGene 2.0, NNSplice and HSF 2.4.

KLF6

Kruppel-like factor 6 (KLF6/COPEB) belongs to a large family of Spl-like/KLF transcription factors
that plays a crucial role in many cellular processes associated with differentiation and tissues
development including growth of the genital tract. This indicates that the KLF6 gene might be of
importance for the development of hypospadias. We have also found novel sequence variants in the
KLF6 gene, of those one variant is a missense mutation (p.P166S). The patient carrying this missense
mutation however has a 45,X/46,XY karyotype which makes the evaluation of this finding difficult,
since 45,X/46,XY mosaics have a wide spectrum of phenotypes from sex reversal to hypospadias and

normal male. We also report four novel intronic variants of KLF6 that are found in seven cases but not in
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controls. Splice site analysis predicted that these variants might have an impact on splicing process by

affecting on enhancer, silencer and potential branch point site (Table 5). We hypothesize that KLF6 can

induce hypospadias either through the expression of KLF6 in placenta or through an up-regulated

function on the ATF3 gene, one of the risk genes for hypospadias (Blanchon et al, 2001, Huang X et al,

2008).
Alleles Allele frequencies (n) p-value
Cases Controls
rs3763676(c1-138a>g) a 0.69 (475) 0.65(1155) n.s
g 031 (213) 0.35(623) n.s
rs12529 (Q5H) C 0.54 (367) 0.60 (1064) n.s
G 0.46 (315) 0.40 (706) p<0.01
rs7741(P30) G 0.69 (502) 0.65 (1163) p<0.03
A 031 (224) 035(637) n.s
Case Controls  p- value
(%) (%)
Haplotype aGG 0.46 0.40 0.0094
gCA 0.30 0.35 0.0324
aCG 0.23 0.25 0.2969

Table 6: SNP genotyping results in the AKRIC3 gene. Significant differences in allele
frequencies (p<0.05) between cases and controls were observed for rs12529
and rs7741. Haplotype analysis for rs3763676, rs 12529 and rs7741
(in order) detected one block using Haploview 4.0 software. The haplotype
aGG is over-represented in patients (p=0.0094) and the haplotype gCA
is over-representedin controls (p=0.0324). n.s: not significant,

n: number of chromosomes

In summary, we report in this study two new susceptibility genes for hypospadias, AKRIC3 and KLF6,

based on our findings from linkage analysis and fine mapping in 82 families as well as result of DNA

sequencing and association studies.
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STUDY 3: The Valine allele of the VSIL polymorphism in the 5-alpha reductase gene

confers a reduced risk for hypospadias

The role of the AR, SRD5A2 and HSD17B3 genes on the androgen pathway make them all obvious
candidate genes for hypospadias. However, mutations in these genes are usually found in severe cases of
hypospadias and often associated with other genital malformations. We initially analyzed the DNA
sequences of the AR gene and SRD5A2 gene in 37 cases with isolated severe hypospadias. In one boy
with scrotal hypospadias we detected a point mutation in exon 6 in the AR gene in codon798 (p. Q798E).
This mutation in the AR gene has been described previously in cases with different severity of under

masculinisation but this is the first case of Q798E mutation was found in isolated hypospadias (Bevan et

al, 1996; Wang et al, 1998).

For the HSD17B3 gene, we chose to analyze index cases from the 19 families participating to the
chromosomal 9q22.32 peak in the initial sib-pair analysis (Frisén et al, 2004). No mutations were found

in the coding regions of HSD17B3 in that subgroup of familial hypospadias.

Patient group Val-allele OR (95% CI) Chi Sqr p pc*

(no. individuals)  frequency

(%)

Hypospadias (158) 48 0.38 (0.26-0.6) 24.2 9.107’ 2.107
Sporadic (69) 49 0.39 (0.25-0.61) 15.9 0.0001 0.003
Familial (89) 48 0.38 (0.25-0.58) 19.5 0.00002 0.0006
Swedish (99) 53 0.46 (0.31-0-69) 13.0 0.0003 0.0008
Turkey (28) 34 0.21 (0.11-0-39)  23.5 2.10°° 0.00004
Middle-East (26) 44 0.33(0.18-0.66) 11.6 0.0007 0.02
Mild phenotype (60) 51 0.34 (0.17-0.66) 9.0 0.003 n.s
Middle phenotype(32) 44 0.37 (0.15-0.94) 34 n.s n.s
Severe phenotype (31) 45 0.27 (0.11-0.67) 6.6 0.02 n.s

Control (96) 71

Table 7: Association of the Val allele of the V9L polymorphism in the SRD5A2 gene with
hypospadias pc* = p-value corrected for the number of comparisons made (n=27)
n.s: not significant
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DNA sequencing of the SRD5A2 gene revealed one mutation in heterozygous form (p.K199S). While
sequencing the SRD5A2 gene in the initial 37 hypospadias boys, we detected an over representation of
leucine allele in the V89L polymorphism of this gene in cases as compared to earlier published
population result (Ntais et al, 2003). We therefore analyzed additional 121 hypospadias cases and 96
controls by performing an allele-specific PCR for the V89L polymorphism. Totally, in the 158
hypospadias cases the allele frequencies were 48% for valine (V89) and 52% for leucine (L89) as
compared to controls, 71% and 29%, respectively. This finding can be explained by the fact that leucine
in codon 89 (L89) results in almost 30% reduced enzyme activity and thus lower concentration of DHT

(Makridakis et al, 2000; Allen et al, 2001; Hsing et al, 2001).

Patient group Val/Val Val/Leu Leu/Leu
(no. individuals) % % %
Hypospadias (158) 27.8! 40.53 31.6
Sporadic (69) 27.6? 42.0 30.4
Familial (89) 28.12 39.3 32.6
Swedish (99) 0.3 44.43 25.3
Turkey (28) 21.43 53.6 23.13
Middle-East 23.13 42.3 34.6
Mild phenotype (60) 31.73 38.3 30.0
Middle phenotype (32) 28.13 31.3 40.8
Severe phenotype (31) 25.83 38.7 324
Control (96) 61.5 18.8 19.8

Table 8: Association of V89L polymorphism with hypospadias.
1 Comparison with controls resulted in p< 3. 107, pc*< 7. 107

2 Comparison with controls resulted in p< 5. 107, pc*< 0.001

3 Comparison with controls resulted in p< 0.002, pc*< 0.05

* Comparison with controls resulted in p< 0.05, pc*: n.s

Boys homozygous for valine allele (V89) had an odds ratio (OR) for having hypospadias of 0.24 (95%
CI 0.14-0.41), pc -value=7 x 10-6, while carriers of the leucine allele (L89) in homozygous or
heterozygous form had an OR of about 2 (1.9 and 2.9, respectively). Furthermore, the protective effect of

being homozygous for the valine allele was more significant in mild phenotypes although it was also
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evident in severe hypospadias. In the group with severe hypospadias (penoscrotal, scrotal and perineal)
26% are homozygous for valine, as compared to our control material with 61.5%.
We hypothesize that the Val89 allele of the SRD5A2 gene in homozygous form reduces the risk for

hypospadias in itself, or is in linkage equilibrium with another susceptibility factor.

STUDY 4: The p.N589S polymorphism in the MAMLD1-gene is associated with
hypospadias

The Mastermind-like domain containing 1 (MAMLD1) gene, previously known as the Chromosome X
open reading frame 6 (CXorf6) gene, was identified as the first causing gene for isolated hypospadias
(Fukami et al, 2006). Subsequently previous DNA sequencing analysis has shown mutations of the
MAMLDI gene in a few cases hypospadias, ranging from mild to severe hypospadias (Fukami et al,
2006; Kalfa et al, 2008). In this study, we performed direct DNA sequencing of the MAMLDI gene in a
large material of sporadic hypospadias cases in order to elucidate how common these mutations are in

the pathogenesis of hypospadias.
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Figure 9: Seven gene variants, mainly in exon 3, were found in the MAMLDI gene in 99
hypospadias cases. The gene variant p.Q529K has not been previously described.
Black boxes represent the nonsense-mediated decay region and gray boxes
represent the stable region.

Our sequencing analysis in 99 sporadic cases identified seven gene variants (Figure 9). Of those, a novel

missense variant (p.Q529K) in exon 3 of the MAMLDI gene was detected, that was also absent among
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controls. According to data from splicing site detection, p.Q529K might change many motifs of exonic
splicing enhancers that are necessary for splicing, and seems to determine splicing pathways of
MAMLDI. Moreover, this mutation is located in the region that can trigger nonsense-mediated mRNA
decay and produce truncated protein, which will be harmful or nonfunctional. Therefore, p.Q529K may

be a pathogenic mutation.

Two other gene variants, p.V432A and insertion (CAGo-CAGj3), are reported as mutations in a previous
study (Kalfa et al, 2008) but they also appear in our control group. Moreover, allele frequencies of these
variants do not differ between cases and controls. Thus, these variants seem to be very rare
polymorphisms. The silent variant ¢.2058T>C and the intronic variant c.2065+8t>a were not detected

among ninety-five control males and have not been previously described, and may be risk factors.

Figure 10: Three- dimensional protein structure (A) and secondary structure (B)
prediction of wild-type and mutant MAMLDI1 using Protein Homology/
anallogY Recognition Engine (PHYRE).

We also detected an association between the p.N589S polymorphism (rs2073043) and hypospadias, but
not for the p.P286S polymorphism (rs41313406). Notably, the alteration in codon 589 was predicted to

make a change on the structure of protein (Figure 10). Hence, we hypothesize that p.N589S represent a
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regulatory variant of MAMLD]I and this is the first polymorphism of the MAMLD1 gene associated with
hypospadias. Moreover, the combination of two rare alleles of p.N589S and p.P286S polymorphisms (T
and G) is over represented among cases. It may be that these two polymorphisms are inherited together
as a haplotype (T-G), thus increasing the risk for hypospadias.

Our findings suggest that hypospadias is caused by mutations in the MAMLD]I gene in a few cases and
the polymorphism (p.N589S) is a risk factor for hypospadias.
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CONCLUDING REMARKS

With the aim to identify the genes for hypospadias, gene mapping with linkage analysis was performed.
The susceptibility chromosome region 7q32.2-q36.1 was identified in one large family with multiple
affected boys. The major problem to select candidate genes for hypospadias in this family is that the
region contains many genes, and in some cases, current knowledge is insufficient to make prediction for
their function. Even if we did not identify the candidate genes in this region, our finding provides a
platform for further investigation. The next step will be to perform an association study between DNA
variants in genes that are located in this region and sporadic hypospadias. If hypospadias is associated

with DNA variants in an index gene, some affected individuals may have mutations in that gene.

The results from linkage analysis in the affected sib-pair study helped us to define two new candidate
genes for familial hypospadias: the AKRIC3 and KLF6 genes. The functions of these two genes in the
androgen pathway strengthen once more the importance of this pathway in the development of
hypospadias. In this study, we also detected the impact of some AKRIC3 and KLF6 variants in the
splicing process through in silico tools. These findings need to be confirmed in vitro experiments. In a
complex genetic disease, not only mutations located within candidate genes but also mutations in distant
genes that can regulate the expression of candidate gene can be pathogenic (Kleinjan et al, 2005). We
assumed that the association of different genes from different candidate regions might induce the
development of disease. Our future work should center on developmental genes that may regulate

candidate genes located within our susceptibility regions.

Several findings in sequencing analysis on genes involved in hypospadias (the AR, SRD5A2 and
MAMLDI genes) also suggest that mutations in candidate genes might cause hypospadias in a few severe
cases. Our result from association study of common variants in the SRD5A2, MAMLDI and AKRIC3
genes indicate that variants in candidate genes can be susceptibility factors. Moreover, these variants are

inherited together as a haplotype, thus increasing the risk for hypospadias.

We carried out these studies with the hope to elucidate the genetic background of hypospadias. A better

understanding of the pathogenesis of hypospadias as well as a better diagnosis and information will be

40



provided. This is especially important in cases with severe hypospadias that the sex at birth is difficult to

assign. In addition, new knowledge on normal genital development will be added.
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