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CGH  Comparative Genomic Hybridisation 
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PEV   Position effect variegation  
RNA  Ribonucleic acid 
RT-PCR Reverse transcriptase PCR 
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Introduction

Human genetics 
The DNA molecule, located in the nucleus of each cell, contains the infor-
mation which determines the characteristics of all individuals. This molecule 
is composed of organic bases attached to a ribose and phosphate backbone. 
The bases are adenine (A), guanine (G), cytosine (C) and thymine (T) and 
their order is the key to genetic information. A DNA segment with the abil-
ity to code for a protein is called a gene and consists of different units. Exons 
are coding sequences in which each triplet of bases, called a codon, codes 
either for an amino acid or a stop in the protein synthesis. Introns or non-
coding segments separate the exons and the segment preceding the first exon 
is called a promoter and is important in regulating gene expression. The 
process of constructing a protein from DNA involves several steps. During 
transcription, DNA is used as template for RNA synthesis. The RNA is fur-
ther processed so that non-coding parts are removed. The remaining mole-
cule, called a mature messenger RNA (mRNA), is used as a template for 
protein synthesis, a process known as translation. The translated protein is 
usually further modified and transported to its designated location where it 
performs its programmed task. To date, approximately 30 000 genes have 
been mapped in the human genome (1).  

Within human cells, DNA is packed in dense structures called chromo-
somes. There are 23 pairs of chromosomes, including one pair of sex chro-
mosomes which determine the sex of an individual. The XY combination 
gives rise to a male while XX results in a female. Organisation and analysis 
of a chromosome set is called karyotyping and is performed through a num-
ber of chromosome staining techniques, described later, which allow identi-
fication of each chromosome pair through unique combinations of light and 
dark bands. 
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Genetic variation
It was long believed that the DNA sequence among individuals was about 
99.9% identical and that single nucleotide polymorphisms (SNPs), the most 
common form of human genetic variation, constituted phenotypic variation 
and to a certain extent influenced susceptibility to disease (2, 3). SNPs are 
defined as single nucleotide substitutions that occur at a frequency of more 
than 1% in a population. In the past recent years a lot of effort has been put 
towards identifying human genetic variation at the nucleotide level (4, 5). 
However, recent findings indicate that the 99.9% genome sequence identity 
appears to be an overestimation. 

Repetitive sequences constitute another source of genetic variation. They 
fall into several categories ranging from di-nucleotide repeats to duplications 
which are several kb in size. Long interspersed elements (LINEs), short in-
terspersed elements (SINEs) and long terminal repeats (LTRs) are examples 
of such duplications.    

In 2004, two breakthrough publications revealed a new type of submicro-
scopic genetic variation ranging from >1 kb to approximately 3 Mb in size, 
termed copy number variants (CNVs) (6, 7). CNVs result in gains and losses 
in DNA copy number and can contain entire genes and their regulatory ele-
ments (6-10). Hundreds of such variants have so far been described in the 
human genome (8, 9, 11). Notably, CNVs have been shown to be enriched 
for genes functioning in the innate and acquired immune systems and in 
olfaction which could be explained by the immune system’s need to be able 
to evolve rapidly in order to adapt to new conditions. Interestingly, CNVs 
are found less frequently in genes involved in Mendelian disease (12). The 
mechanisms by which CNVs may cause disease is described later. 

Constitutional chromosomal alterations  
Chromosomal abnormalities can be defined as changes in the chromosome 
structure and fall in one of two categories. The first category is numerical 
alterations and includes polyploidies, aneuploidies and mixoploidies. Poly-
ploidies or multiple sets of chromosomes are present in up to 3% of all hu-
man pregnancies. Fertilisation of a single egg by two sperms or a diploid 
gamete results in triploidy, a condition not compatible with life. Tetraploidy, 
a result of an incomplete first zygotic division, is also lethal. Down syn-
drome (trisomy 21) and Turner syndrome (monosomy X) are examples of 
aneuploidies, meaning extra or missing chromosomes from a normal euploid 
set. Aneuploidies occur due to a failure of paired chromosomes to separate 
during meiosis (nondisjunction) or a failure of chromosomes to be incorpo-
rated in one of the daughter cells following cell division (anaphase lag). Mo-
saicism, having two or more genetically different cell lines derived from one 
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zygote, and chimerism, having two or more genetically different cell lines 
derived from different zygotes, constitute mixoploidies.  

The second category of chromosomal abnormalities is structural abnor-
malities and includes translocations, deletions, duplications, inversions, in-
sertions, ring chromosomes and marker chromosomes. Translocations are 
defined as the transfer of chromosomal regions between nonhomologous 
chromosomes. Robertsonian translocations convert two acrocentric chromo-
somes into one metacentric and are most likely the result of recombination 
between repetitive sequences on the short arm of the acrocentric chromo-
somes. The translocations rob(13q;14q) and rob(14q;21q) constitute the ma-
jority of all Robertsonian translocations (13). Reciprocal translocations result 
from a single break on each of two non-homologous chromosomes due to 
recombination between homologous sequences. Deletions and duplications 
are losses and gains in DNA copy number and can result from an unequal 
recombination event between two sister chromatids or as a result of homolo-
gous recombination. Inversions are intrachromosomal rearrangements which 
result in a chromosomal region changing its direction without any loss of 
DNA. Inversions can be pericenric where the inverted region contains the 
centromere, or they can be paracentric where the inverted region is on one 
chromosomal arm. Insertions are another example of chromosomal abnor-
malities and result from a segment of a chromosome being excised and sub-
sequently inserted in either another site on the same chromosome or on a 
second chromosome. Terminal deletions of both arms of one chromosome 
followed by rejoining of the two breakpoints results in the formation of ring 
chromosomes and the term marker chromosome applies to chromosomes of 
indefinite origin. Figure 1 shows a summary of numerical and structural 
chromosomal abnormalities.  

In addition, abnormalities have been identified in which chromosomes 
have correct number and normal structure but display unequal contribution 
from the parents. These types of aberrations may also lead to disease as cor-
rect parental origin is important in gene regulation (14).  

Chromosomal aberrations are particularly common in cancers and are be-
lieved to be the key component promoting further mutagenesis in clonally 
expanding tumour cells (15). As of March 2006, 49338 cancer cases associ-
ated with abnormal chromosomes have been reported in the literature (16).



14

Figure 1. A schematic summary of the major chromosomal alterations. The normal 
diploid genome is represented by a pair of metacentric (black) and acrocentric (grey) 
chromosomes (adapted from Albertson et al. (17)). 

Identifying structural aberrations 

Chromosomal staining 
In the last four decades, there has been major development within the field 
of cytogenetics, the study of structure of chromosomes. Introduction of chro-
mosome banding techniques in late 1960s and early 1970s made it possible 
to distinguish chromosomes (18, 19). The most common banding technique 
is Giemsa banding (G-banding) and is usually performed by treatment of 
chromosomes with trypsin followed by Giemsa staining. Other banding 
techniques include Q-banding and R-banding which are very similar to G-
banding. These banding techniques allow for identification of microscopic 
structural aberrations including balanced and unbalanced translocations, 
inversions, deletions and duplications.  

Chromosomal staining techniques are routinely used in both diagnostic 
and research laboratories but they are limited in their resolution which corre-
sponds to 5-10 Mb in a metaphase with 400-500 bands per haploid genome. 
In order to increase resolution other techniques are required. 

Southern blot analysis 
In Southern blot analysis, test DNA is digested with one or several restric-
tion endonucleases, the fragments separated by agarose gel electrophoresis, 
denatured and transferred to a nylon membrane. The denatured DNA be-
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comes immobilised on the membrane at positions which correspond to the 
size-separation achieved by electrophoresis. A probe DNA is radioactively 
labelled, denatured and allowed to hybridise with complementary sequences 
on the nylon membrane. The position of the probe on the nylon membrane as 
visualised by an X-ray film can be directly related to the original agarose gel 
for size estimation.  

Southern blot analysis is not only useful in detecting structural aberrations 
but is also useful in identifying members of repetitive DNA families and 
multigene families as well as identifying sequences which are conserved in 
evolution by comparing DNA samples from different species.   

Polymerase chain reaction (PCR) 
The PCR technique, introduced in the 1980s, has revolutionised DNA analy-
sis at the single base pair level. PCR is a rapid way to amplify defined DNA 
sequences. To achieve this selective amplification, prior DNA sequence 
information is required to design nucleotide primers which flank the target 
sequence. After denaturation of target DNA, primers will hybridise specifi-
cally to complementary sequences flanking the target site. A DNA poly-
merase initiates synthesis of new complementary strands in the presence of 
nucleotides. These steps are repeated and after 25 cycles, about 105 copies of 
the target sequence are synthesised. 

Sequencing
DNA sequencing is most commonly carried out using enzymatic methods 
which involve DNA synthesis using a single primer, nucleotides and one or 
more labelled dideoxynucleotides (ddNTPs). ddNTPs lack a hydroxyl group 
at the 3’ carbon atom and their incorporation into the DNA sequence will 
terminate DNA synthesis. The sequencing reaction results in a number of 
DNA fragments which differ in size by a single nucleotide and can be sepa-
rated, and the ddNTPs visualised, by denaturing polyacrylamide gels or 
more recently by capillary electrophoresis.  

Fluorescent in situ hybridisation and spectral karyotyping 
Fluorescent in situ hybridisation (FISH), developed during the 1990s, en-

ables direct localisation of genomic sequence on interphase nuclei and meta-
phase chromosomes. The principle is illustrated in figure 2. A DNA probe is 
fluorescently labelled, denatured and hybridised to immobilised cells on a 
microscope slide. The cells are analysed using a fluorescent microscope. 
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Figure 2. Fluorescence in situ hybridisation (FISH). Probe DNA is labelled with a 
fluorescent dye and hybridised to metaphase chromosomes (adapted from 
www.genome.gov).   

Genomic clones, or for increased resolution PCR products, are used as DNA 
probes. FISH can be used to detect duplications, deletions or for mapping 
chromosomal rearrangements such as inversions or translocations. FISH is 
limited by the fact that each locus has to be investigated separately. How-
ever, by using differential staining, visualisation of several probes is possi-
ble. Spectral karoytyping (SKY) uses a combination of several fluorescent 
dyes which label each chromosome with a unique colour (figure 3). This 
technique is particularly useful for detecting complex rearrangements and 
translocations.

Comparative genomic hybridisation (CGH)
Comparative genomic hybridisation (CGH) was first reported in 1992 as 
method to detect chromosomal abnormalities at the whole genome level 
(20). In CGH, differentially labelled genomic test and reference DNA, usu-
ally with the fluorochromes Cy3 and Cy5, are cohybridised to normal meta-
phase chromosomes on microscope slides. Repeat-sequences are blocked 
prior to hybridisation. The intensity ratio of two fluorochromes on each 
chromosome is then calculated which correlates to the relative copy number 
of the test and reference DNA. A major limitation when using this method is 
the level of resolution as aberrations smaller than 5 Mb will not be detected 
(21-23).  
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Figure 3. Spectral karoytyping. Flow-sorted chromosomes are amplified and la-
belled with a combination of several fluorescent dyes producing specific colours for 
each chromosome (adapted from www.genome.gov).

Array-based approaches 

Array-based comparative genome hybridization (array-CGH) combines the 
microarray technology with CGH (24). In this platform, large insert clones 
such as bacterial artificial chromosomes (BACs) are spotted on the surface 
of a microscope slide and used for targets for hybridisation instead of meta-
phase chromosomes (figure 4). In this way, the limit of resolution has in-
creased to the size of the insert clone. Since its introduction, several versions 
of clone based arrays have been developed. These include specific genomic 
segments (25-28) or whole genome arrays which now have a complete cov-
erage of the human genome (29-31). Genomic clones, PCR products and 
oligonucleotides can all be used as array targets. BACs offer an advantage in 
that not only do they provide an extensive coverage of the human genome 
but they also provide reliable mapping data. The disadvantage, as compared 
to PCR- or Oligonucleotide-based arrays, is detection resolution which is 
dependent on the size of the insert clone. CGH arrays based on oligonucleo-
tides as hybridisation targets (usually 60-100 bp) can theoretically have a 
resolution of a few kb. Originally, this technique was implemented in a for-
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mat known as representational oligonucleotide microarray analysis (ROMA) 
(32). In ROMA, DNA complexity is reduced prior to hybridisation by whole 
genome sampling (33). Briefly, DNA is treated with restriction enzyme and 
ligated to adapters resulting in PCR amplification of fragments in a specific 
size range. The amplified DNA, which will be a representation of input 
DNA, has a lower complexity and therefore reduced background noise. Re-
cently, oligonucleotide arrays developed by NimbleGen and Agilent can be 
used for direct CGH. SNP arrays (34-36) developed by Affymetrix have also 
been used for detection of CNVs. Here, hybridisation signal intensities can 
be used to detect CNVs. Additionally, the SNP arrays provide genotype in-
formation which provides evidence for deletions. 

Figure 4. Microarray-based comparative genomic hybridisation.  

PCR-based approaches 
PCR-based approaches are established and commonly used assays for 
screening target regions or validating CGH data. There are several PCR-
based methods currently used the most common of which is quantitative 
real-time PCR. The limitation here is lack of multiplexing. Alternative 
methods used to overcome this limitation include quantitative multiplex PCR 
of short fluorescent fragments (QMPSF) (37), multiplex amplifiable probe 
hybridisation (MAPH) (38, 39), multiplex ligation-dependent probe 
amplification (MLPA) (40) and multiplex ligation genome amplification 
(MLGA) (41, 42).
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Identifying genes in human disease 

Positional cloning, which is a widely used method in identifying genetic 
cause in human disease, relies on the knowledge of the subchromosomal 
location of genes and the definition of a candidate region within that location 
(43-45). A commonly used method to achieve this is by analysis of chromo-
somal abnormalities. The hypothesis is that a chromosomal rearrangement in 
a patient may be associated with the disease and that genes affected by the 
rearrangement may be involved in the aetiology of the patient’s phenotype. 
Candidate genes are located by molecular characterisation of the rearrange-
ment.

Searching for disease-causing genes 

Chromosomal translocations 
Molecular characterisation of de novo chromosomal translocations has 
proven to be useful in the search for disease causing-genes. Balanced trans-
locations occur at a rate of ~ 1 in 2000 live births and are often present in 
healthy individuals. However, the frequency of congenital abnormalities 
among carries of balanced translocations is twice that of individuals with 
normal karyotypes suggesting a relationship between translocations and 
congenital disease (46).  

Translocations can disrupt the transcriptional activity of genes in several 
different ways. Translocations in which the breakpoint is located within a 
gene will directly disrupt the gene transcript. In cases where the breakpoint 
is outside of a gene, the translocation may still result in the disruption of 
gene transcription due to a positional effect or separation of the promoter 
and transcription units from a cis-acting regulatory element because of the 
translocation. The chromosomal rearrangement may also give rise to classi-
cal position effect variegation (PEV) which can occur when a chromosomal 
rearrangement causes the juxtaposition of a euchromatic gene with a region 
of heterochromatin (47). The heterochromatin state of the DNA may spread 
via formation of multiprotein complexes to the juxtaposed euchromatin re-
gion and thereby silencing the neighbouring gene (48, 49). Another possible 



20

mechanism is based on subdivision of the nucleus into transcription compe-
tent and incompetent areas where the euchromatic regions presumably locate 
in the transcription competent areas and the heterochromatic regions locate 
in transcription incompetent areas. The gene translocated to a heterochro-
matic region is pulled to the transcription incompetent area where it is si-
lenced (50). Additionally, translocations may give rise to fusion transcripts 
which will give rise to unique proteins which in turn might have a dominant 
negative effect, causing disease.  

Figure 5. Copy number variants and disease. (A) Dosage-sensitive genes may cause 
disease due to a deletion or duplication event. Alternatively, a dosage-sensitive gene 
may cause disease if a recessive mutation is unmasked by a deletion event. (B) Copy 
number variants affecting regulatory element of dosage-sensitive genes may cause 
disease due to a position effect. Similarly, such variants may also unmask functional 
polymorphism which will also lead to disease. (C) Copy number variants may also 
act as susceptibility alleles and a combination of several such factors may produce a 
disease phenotype. (D) A deletion event may lead to a fusion gene acting in a domi-
nant negative manner and thereby causing disease (adapted from Feuk et al. (51)).   
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Copy number variants 
CNVs may cause disease through a number of different scenarios. CNVs 
that disrupt dosage sensitive genes may lead to disease as a result of haploin-
sufficiency or alternatively reveal a recessive allele on the homologous 
chromosome. CNVs may delete regulatory elements or in the same manner 
reveal a functional polymorphism in the homologous allele thereby changing 
the expression levels of dosage-sensitive genes. CNVs might act as suscepti-
bility loci and in combination result in a complex disease phenotype. Finally, 
CNVs might result in fusion genes which may act in a dominant negative 
way (figure 5).  

Genetic linkage 
The term linkage refers to the tendency of genes or other DNA sequences at 
specific loci to be inherited together due to their physical proximity on the 
same chromosome. During meiosis, homologous chromosomes exchange 
genetic material, an event known as recombination. Recombination occurs at 
least once in every chromosome arm in each pair of homologous chromo-
somes. Loci on the same chromosome which are far apart are more likely to 
be separated through recombination than loci close to each other. The aver-
age distance in which one recombination event occurs is called one Morgan. 
The term centi-Morgan (cM) which is more commonly used refers to the 
probability of 1% for recombination between two loci. On average, 1 cM is 
equal to the physical distance of 1 Mb.  

Genetic markers 
A genetic marker is a polymorphic DNA sequence derived from a single 
chromosomal location used in genetic mapping. Microsatellite markers, a 
class of genetic markers, are small repetitive segments which are usually 1-4 
bp in length and are highly variable within the population. They are spread 
through out the genome, occurring on average once every 2 kb (52). SNPs 
are another class of genetic markers and occur at a frequency of once every 
500 to 1000 bp. Because of their even distribution, SNPs are commonly used 
in various types of genetic analyses (53). However, their biallelic nature 
which greatly reduces informativity compared to microsatellite markers, 
makes them less suitable for linkage analysis.  

Linkage analysis 
In linkage analysis, genetic markers are used to trace disease causing genes. 
A genetic marker which is close to a disease locus will be inherited with the 
disease more often than expected by random segregation (it will be linked). 
The probability of genetic linkage is given as logarithm of odds (LOD) and 
is derived from the log10 ratio between the likelihood that two loci are linked 
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rather than unlinked. For a Mendelian character, a LOD score greater than 3 
(indicating 1000 times greater odds that the loci are linked) is considered 
significant evidence of linkage.

Linkage can be performed as a two-point or a multipoint analysis. In two-
point analysis, LOD scores are calculated independently for each marker in 
relation to the disease locus. A simultaneous analysis of several markers 
with known location which will increase information in the region is referred 
to as multipoint analysis. 

Parametric and non-parametric linkage analysis   
Parametric analysis requires information regarding mode of inheritance, 
penetrance and allele frequencies and is the method of choice for monogenic 
diseases. The chance of establishing significant evidence for linkage is de-
pendent on the recruitment of large enough families. Non-parametric linkage 
analysis is a model-free method in which no assumptions about the mode of 
disease-transmission are made. This method is preferred when mapping sus-
ceptibility genes in genetically complex disorders.    

Association study 
Whereas linkage is a relation between loci, association is a relation between 
alleles. Association study is a method to test for the association of an allele 
to a disease. Associated alleles may be directly related to a disorder or they 
may be in linkage disequilibrium (LD), or allelic association, with the dis-
ease-causing allele. LD refers to alleles in two or more neighbouring loci 
which are inherited together at a frequency which is significantly different 
from what is expected by random segregation. Association studies are used 
in case-control studies where allele frequencies are compared between af-
fected individuals and matched controls.  
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Present investigations 

The goal of this thesis has been to use molecular characterisation of struc-
tural chromosomal abnormalities associated with congenital disorders in 
order to identify genes or loci involved in non-syndromic X-linked mental 
retardation, hypospadias and anorectal malformation, premature ovarian 
failure and autism.  
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Aims of the present studies 

Papers I-III 
To map and to characterise the chromosomal breakpoints in bal-
anced translocations in patients with XLMR, hypospadias and 
anorectal malformation and premature ovarian failure. 
To identify and characterise candidate genes affected by the trans-
locations.
To screen other selected patients for mutations in candidate genes 
affected by the translocations. 

Paper IV 
To screen 28 autistic sib-pairs sampled in France and Sweden using 
array-CGH with 1 Mb resolution from the Sanger Institute, Cam-
bridge, for detection of gene copy number variation and identifica-
tion of novel loci involved in cognitive function.  
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Paper I - Non-syndromic X-linked mental retardation 

Introduction
Mental retardation (MR) is one of the most serious causes of handicap in 
both children and adults and can be defined as failing to develop a level of 
intelligence which is comparable to ones age group combined with associ-
ated functional deficits in behaviour. A 20-30% male excess among MR 
cases has been observed in a number of studies which can be explained by 
mutations in X-linked genes where the hemizygous males lack the possibil-
ity to compensate for mutations or other abnormalities on their X chromo-
some (54). X-linked forms of mental retardation affect more than 1 in every 
600 males with fragile X syndrome which is the most common form affect-
ing 1 in every 4000 males (55). X-linked mental retardation (XLMR) can be 
categorised as syndromic, in which a specific clinical or metabolic pheno-
type is associated with the disease, or non-syndromic in which the patients 
do not share clinical phenotypes (56). The latter category accounts for ap-
proximately two thirds of all XLMR patients (57). Positional-cloning strate-
gies are suitable in syndromic forms of XLMR because families which have 
common clinical phenotypes can be pooled for linkage analysis through 
which candidate intervals can be identified (54). In non-syndromic forms of 
XLMR the situation is more complex. Due to the genetic heterogeneity 
which prevents pooling of linkage data from different families, the identifi-
cation of genes underlying non-syndromic XLMR has proven to be difficult. 
Therefore, MR patients who carry X-autosome translocations are useful be-
cause the translocation breakpoint on chromosome X could help localise 
novel XLMR genes. So far, few genes have successfully been identified in 
non-syndromic XLMR (table 1). However, mutations in these genes are rare 
and it is estimated that close to 100 genes might be involved in non-
syndromic XLMR (54, 58).  

Subject
The patient is a 29 year old female with the karyotype t(X;15)(q13.3;cen) 
(figure 6). She was born after a normal pregnancy and delivery with a birth 
weight of 3,100 g. Her parents are unrelated and healthy and there is no fam-
ily history of congenital birth defects or mental retardation. Both parents and 
her brother have normal karyotypes. She is unable to speak and she ex-
presses herself with sounds and gestures and needs help with her daily care 
including bathroom visits, feeding and dressing. She is reserved and has 
difficulties with reciprocal social interactions. 
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Table 1. Genes identified in non-syndromic X-linked mental retardation. 

Gene symbol Gene name Ref 

FMR2/FRAXE Fragile X mental retardation 2 (59) 
OPHN1 Oligophrenin 1 (60) 
GDI1 GDP-dissociation inhibitor (61) 
PAK3 P21 (CDKN1A)-activated kinase (62) 
RPS6KA3/RSK2 Ribosomal protein S6 kinase (63) 
IR1RAPL1 Interleukin-1 receptor accessory protein-like 1 (64) 
TM4SF2 Transmembrane 4 superfamily member 2 (65) 
ARHGEF6 Rho guanine nucleotide exchange factor 6 (66) 
MECP2 Methyl CpG-binding protein (67) 
ARX Aristaless-related homeobox gene (68, 69) 
FACL4 Fatty acid coenzyme A ligase, long chain 4 (70) 
SLC6A8 Solute carrier family 6, member 8 (71) 
AGTR2 Angiotensin II receptor, type 2 (72) 
ZNF41 Zinc finger protein 41 (73) 
DLG3 Discs large homolog 3 (74) 
PHF8 PHD finger protein 8 (75) 
KIAA1202  (76) 
ZNf674 Zinc finger protein 674 (77) 

Results
The breakpoints were located to the centromere on chromosome 15 and 
within 4 kb of the 5’ end of the gene ZDHHC15 on Xq13.3. Analysis of 
DNA methylation at the androgen-receptor locus showed 100% skewed X-
inactivation in the patient and the X-inactivation pattern by late replication 
studies showed the normal X chromosome to be late replicating in at least 
81% of all cells examined. No ZDHHC15 transcript variant was detected in 
primary lymphocytes from the patient using transcript variant specific RT-
PCR. Normal tissue distribution analysis of ZDHHC15 showed that all vari-
ants were highly expressed in brain. Sequencing of DNA samples from other 
XLMR families did not identify any mutations in the coding sequence of the 
gene ZDHHC15.

Conclusion
In this study we report a female patient with a balanced translocation t(X;15) 
and severe, non-syndromic MR. The translocation breakpoint on chromo-
some X disrupts the transcriptional activity of ZDHHC15 and its isoforms. 
ZDHHC15 is a transmembrane protein which is similar to the yeast ZDHHC 
proteins AKR1 and ERF2 which are both transmembrane palmitoyltrans-
ferases (78, 79). This suggests that ZDHHC15 could function as a palmitoyl-
transferase with a yet unidentified substrate. Palmitoylation is a post-
translational modification of proteins where a lipid palmitate is added. Sev-
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eral classes of neuronal proteins are modified by addition of palmitate (80). 
We hypothesise that the absence of the ZDHHC15 transcript variants in this 
patient contribute to her phenotype and that the gene is a strong candidate for 
XLMR.

Figure 6. Karyotype of the patient.  

Discussion
Defining monogenic cases in XLMR, and their molecular consequences, are 
important as they will give us insights into the complex mechanisms in-
volved in normal cognitive development in humans. Break point mapping in 
mentally retarded patients with balanced rearrangements of the X chromo-
some has proven to be a successful strategy for identifying new genes in-
volved in XLMR. However, subsequent mutation screening of patients with 
non-syndromic XLMR has frequently failed to identify new mutations in 
these genes indicating that these mutations are quite rare. In order to move 
forward, it is clear that new strategies need to be implemented. With the 
increase in our knowledge of already known XLMR genes and their emerg-
ing pathways, new candidate genes will surface. Mutation screening of these 
genes will be an important next step. Another approach is identification of 
submicroscopic deletions and duplications made possible by the introduction 
of array-CGH. This method has successfully been used in investigating pa-
tients with MR and has shown that submicroscopic chromosomal abnormali-
ties are a frequent cause of MR (81-85). 
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A question that will be raised in the near future is how to relate our findings 
in the laboratories to standardised diagnostic tests in children with MR, pre-
natal diagnosis and genetic counselling. It is clear that methodological im-
provements are necessary in order to achieve a platform which is capable of 
screening for various types of mutations at the single nucleotide level as well 
as microscopic and submicroscopic changes in the genome at a reasonable 
cost. Array platforms including oligonucleotide and protein arrays could be 
an answer.

Finally, it should be stressed that assessing cognitive ability is complex 
and social as well environmental factors greatly affect performance. This 
raises ethical issues when dealing with prenatal diagnosis and genetic coun-
selling. Therefore, great care needs to be exercised not only by the scientific 
community, but also by the health care system in general. 

Paper II - Hypospadias and anorectal malformation 

Introduction
Hypospadias, which is characterised as a misplaced urethral orifice along the 
frontal side of the penis, is one of the most common malformations among 
males occurring at a frequency of 1 in every 250-300 live births. It varies 
phenotypically in severity ranging from mild anomalies to cases where the 
urethral orifice is in the perineum (86). Although there are familial cases, 
hypospadias appear most frequently as sporadic cases and is believed to be 
polygenic. So far only a few genes have been implicated in genital malfor-
mation syndromes. These include deletions or mutations in Wilm’s tumour 
1, lack of testosterone 5 -reductase type 2, members of the fibroblast growth 
factor (Fgf 8 and Fgf10), Sonic hedgehog (Shh), Hox (Hoxa-13 Hoxd-13)
and bone morphogenic protein (Bmp4 and Bmp7) gene families (87-96). 

Anorectal malformations (ARMs) are relatively common and occur at a 
frequency of 1 in 1500 to 5000 live births (97-102). Surgical classification of 
ARMs according to Wingspread classification divides the patients in several 
subclasses. High ARMs include anal atresia (AA) with rectoprostatic fistula, 
AA without fistula and rectal atresia. Intermediate ARMs include rectobul-
barurethral fistula and anal agenesis without fistula and low ARMs include 
anocutaneus fistula and anal stenosis (97). ARMs can occur as isolated cases 
but usually they are observed in combination with other congenital abnor-
malities. The most common observed anomalies are those of the genitouri-
nary system. Other organ systems affected are the musculoskeletal, craniofa-
cial, cardiovascular, gastrointestinal, respiratory and the central nervous 
system. ARMs can occur as part of different syndromes which include larger 
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chromosomal rearrangements or they can be associated with clinical syn-
dromes such as VACTERL (vertebrae, anus, cardiovascular tree, trachea, 
oesophagus, renal system, and limb buds abnormalities) or CHARGE (colo-
boma, heart anomaly, choanal atresia, retardation, genital and ear anomalies) 
(97, 103, 104).  

Subject
The subject is a 9 year old boy with the karyotype t(6:17)(p21.2:q11.2). At 
birth, the patient displayed AA, penoscroral hypospadias, a recto-urethral 
fistula and a hypoplastic kidney. Both parents have normal karyotypes and 
there is no family history of congenital malformations.  

Results
The breakpoints were located to within the last intron of the LHFPL5 gene
on chromosome 6 and to within the first intron of the 182-FIP gene on 
chromosome 17. RT-PCR revealed the presence of a fusion transcript con-
sisting of the first exon of 182-FIP and the last exon of LHFPL5. Normal 
tissue distribution analysis of the above mentioned genes showed that 182-
FIP was highly expressed in colon and placenta while LHFPL5 was detected 
from colon. Quantitative real time PCR revealed altered expression of sev-
eral genes flanking the chromosomal breakpoints. Sequence analysis of 
DNA samples from 10 patients with penoscrotal hypospadias, 6 patients with 
anal atresia with or without dysplastic kidneys, 4 females with cloacal ab-
normalities and one patient with VACTERL syndrome did not identify cod-
ing alterations changing the primary amino acid sequence of the 182-FIP
and LHFPL5 genes.   

Conclusions
So far, only a few genes have been implicated in hypospadias and ARMs. In 
this study, we have characterised a patient with a translocation displaying 
hypospadias and anal atresia. Our data indicates that, as a result of the trans-
location, the transcriptional activity of several genes has been disrupted in 
the patient. In addition, we detected the presence of a fusion transcript con-
sisting of the first exon of 182-FIP and the last exon of LHFPL5 giving rise 
to a unique transcript in the patient. We hypothesise that the phenotype in 
the patient is caused by haploinsufficiency of one of these genes and/or a 
gain of function mechanism mediated by the fusion transcript.



30

Discussion
There is clear evidence that the prevalence of hypospadias is increasing. To 
date, several clinical risk factors have been identified. These include a low 
birth weight as well as parental subfertility (105). In addition, familial clus-
tering of hypospadias indicates a genetic predisposition. In an international 
study, the risk of hypospadias in sibs of affected infants was found to be 
4.2% (106), compatible with a complex mode of inheritance. Anorectal mal-
formations occur commonly in combination with anomalies of the genitouri-
nary system suggesting a common pathological cause. So far, few studies 
have been able to identify candidate genes involved in anorectal and uro-
genital development.    

There are a number of logical susceptibility genes for future studies of 
hypospadias. Genes that are involved in the regulation as well as pathways 
involving hormones associated with male genital development will need to 
be studied. These include testosterone and testosterone 5  reductase which 
are key players in the development of male external genitalia during em-
bryogenesis. Another example is the androgen receptor (AR) gene which 
plays a critical role in male sexual differentiation by mediating gonadal an-
drogens. There are more than 150 mutations reported in the AR gene which 
give rise to androgen insensitivity syndrome (107). Other pathways impli-
cated in hypospadias which include the genes Hox, Fgf, Bmp and Shh are 
also extremely interesting as they are likely involved in multiple malforma-
tion syndromes, including anorectal development. The exact role of these 
genes in limb, anorectal and genitourinary development needs clarification.  

Finally, development of relevant animal models will be an additional im-
portant step contributing to our understanding of the anorectal and genitouri-
nary systems. 

Paper III - Premature ovarian failure 

Introduction
Premature ovarian failure (POF) is defined as menopause before the age of 
40 due to loss of ovarian function accompanied by low estrogen and high 
serum gonadotropin levels. This condition affects approximately 1% of all 
women (108-110). Diagnosis is based on high follicle-stimulating hormone 
(FSH) levels detected on at least two occasions a few weeks apart (111).    

Pathogenesis of POF may be due to chromosomal, genetic, autoimmune, 
metabolic, infectious or iatrogenic causes (112). Up to 12% of all cases are 
familial indicating a genetic cause (113-115). However, the cause in most 
cases remains unknown and patients are classified as idiopathic (116). The 
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genetics mostly involve the X chromosome but a number of autosomal cases 
have been documented. Monosomy X (Turner’s Syndrome), trisomy X, 
chromosome X deletions and X-autosome translocations have all been de-
scribed in women with POF (112). X-autosomal translocations often lead to 
POF with more than 100 cases reported. A large proportion of the chromo-
some X breakpoints falls between Xq13 and Xq26 which has subsequently 
been suggested as a critical region for POF. Notably, no genes within this 
region have been directly associated with POF. The genes implicated in POF 
so far are summarised in table 2.  

Table 2. Genes involved in POF (adapted from Goswami and Conway (112)).   

Gene symbol Gene name Location Ref 

FMR1 Fragile site mental retardation 1 Xq27.3 (117) 
FMR2 Fragile site mental retardation 2 Xq28 (118) 
BMP15 Bone morphogenic proein 15 Xp11.2 (119) 
FOXL2 Forkhead transcription factor 3q22.3 (120) 
FSHR Follicle stimulating hormone receptor 2p16.3 (121) 
LH receptor Lutenizing hormone receptor  2p21 (122) 
FSH beta variant Follicle stimulating hormone 11p13 (123) 
LH beta Lutenizing hormone 19q13.32 (124) 
Inhibin A Inhibin A 2q35 (125) 
GALT Galactose-1-phosphate uridyltransferase 9p13 (126) 
AIRE Autoimmune regulator 21q22.3 (127) 
EIF2B2, -4, -5 Eukaryotic initiation factor 2B2, -4, -5 14q24.3, 2p23.3, 3q27 (128) 
NOGGIN NOGGIN 17q22 (129) 
POLG DNA polymerase gamma 15q25 (130) 

Subject
The patients consist of a mother and daughter diagnosed with POF and hy-
pergonadotropic hypogonadism. Both patients carry a balanced X-autosome 
translocation t(X;11)(q24;q13.4). The mother was adopted at a young age 
and no information about her family history is available. 

Results
FISH experiments on metaphase spreads from LCLs from the daughter, us-
ing genomic clones from chromosomes X and 11, restricted the regions con-
taining the breakpoints to within 68 kb and 73 kb, respectively. The methyla-
tion analysis revealed a skewed X-inactivation pattern in both patients with 
one allele being active in at least 85% of all cells studied. Quantitative real 
time RT-PCR performed on LCLs revealed significantly altered levels of 
several genes flanking the breakpoint regions including a gene coding for a 
membrane component of the progesterone receptor (PGRMC1). The normal 
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tissue distribution of the chromosome X and 11 transcripts was assessed by 
RT-PCR.

Conclusion
In this study we describe the characterisation of a balanced chromosomal 
rearrangement t(X;11)(q24;13.4) in a mother and daughter diagnosed with 
POF. The breakpoint region on chromosome 11 contains the gene P2RY2
which encodes a G-coupled purinoreceptor, previously shown to be ex-
pressed in granulosa-luteal and pituitary cells. There is evidence for P2RY2 
acting as a regulator of pituitary function, in particular as a mediator of lu-
teinizing hormone (LH) release. Quantitative real time PCR revealed signifi-
cantly reduced expression levels of PGMRC1 located approximately 170 kb 
from the chromosome X breakpoint region. Progesterone is essential for 
endometrial maturation and maintenance of pregnancy. 

We suggest a possible mechanism for the phenotype in our patients to be 
altered expression of one or several genes affected by the translocation 
breakpoints on chromosomes X and 11. Further screening for mutations in 
these genes in patients with a similar phenotype is currently in progress. 

Discussion
X-autosome translocations frequently lead to POF. Specifically, carriers of 
X-autosome translocations in which the chromosome X breakpoint falls in 
Xq13-26, the critical region for POF, suffer from abnormal ovarian function.  
In contrast, balanced autosomal translocations generally have a neutral effect 
on female fertility. This argues for the necessity of two intact X chromo-
somes for normal ovarian function. Additionally, it could be argued that 
genes escaping X-inactivation might be important in maintaining ovarian 
function. So far, few disease-causing mutations have been found on the X 
chromosome (table 2). Notably, these mutations all fall outside of the POF 
critical region. A detailed molecular characterisation of the chromosome X 
translocation breakpoints in reported patients will be an important step in 
identifying novel candidate genes involved in POF.  

The majority of the disease-causing mutations found in POF are auto-
somal. These include mutations in LH and the follicle stimulating hormone 
(FSH) and their respective receptors. LH and FSH are pituitary gonadotropic 
hormones which are essential for ovulation to occur. Studying mechanisms 
controlling secretion of pituitary gonadotropins is the next important step. 
Other important hormones in the ovarian cycle are hormones from the ova-
ries (estrogens and progesterone) which promote changes in the structure 
and function of the endometrium. The regulation mechanisms as well as 
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pathways involving these hormones are also logical candidates for future 
studies.

Paper IV- Autism 

Introduction
Autism is characterised by abnormalities of social and language develop-

ment, repetitive behaviour and developmental changes in signs and symp-
toms which all appear in the first three years of life (131). Epidemiological 
studies have shown an increased concordance rate in monozygotic versus 
dizygotic twins (132) and the recurrence risk of autism in siblings is 45-100 
times greater than in the general population providing strong support for a 
genetic component in autism (131, 133). A majority of cases are believed to 
be idiopathic but in up to 25% of cases, autism is due to medical conditions 
such as fragile X syndrome, tuberous sclerosis, Prader-Willi syndrome and 
Angelman syndrome (134-137). In idiopathic cases, a genetic model in 
which several genes (two to ten) interact to produce the phenotype has been 
proposed (138).  

The sex ratio among autistic patients is estimated at 4:1 and the preva-
lence is 4-11 per 10 000 in the general population (135, 136, 139, 140). 
Given the 4:1 sex ratio in autistic patients, it is suggested that the X chromo-
some plays a role in the aetiology of autism. The only genes so far to have 
been associated with autism are the X-linked genes neuroligins 3 and 4 
(Nlgn3) and (Nlgn4) (131, 141). Chromosomal aberrations including dele-
tions, inversions and translocation in virtually all human chromosomes have 
been reported in patients with autism, most commonly in chromosomes 15 
and X (142), and genomewide linkage studies have so far identified a num-
ber of candidate regions (table 3).  

Subjects
We investigated 28 sib-pairs affected by autism. This cohort consisted of 18 
male/male, 7 male/female and 3 female/female sib-pairs. The patients were 
recruited in France and Sweden and fulfilled the DSM IV criteria for autistic 
disorder (143) and the Autism Diagnostic Interview (ADI) algorithm for 
ICD-10 childhood autism (144). 49 non-autistic mentally retarded controls 
were used in order to identify CNVs specific for the autism phenotype. 
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Table 3. Published genome screens for autism (modified from Folstein and Rosen-
Sheidley (131)). 

Chromosomal region Markers Highest LOD score Reference 

7q D7S530/D7S684 MLS 2.53 (145) 
16p D16S407/D16S3114 MLS 1.51  
13q D13S217/D13S1229 MMLS/het 2.3 (146)
13q D13S800 MMLS/het 3.0 
7q D7S1813 MMLS2.2 
6q D6S283 MMLS 2.23 (147) 
19p D19S226 MMLS 1.37  
1p D1S1675 MMLS 2.15 (148)
2q D2S364/D2S335 NPL 2.39 (149) 
5q D5S2494 MMLS 1.41 (150)
Xqter DXS1047 MMLS 2.67 
19p D19S714 MMLS 2.53 
16p D16S2619 MMLS 1.93 
19q D19S587/D19S601 MMLS 1.70 
5q D5S2488 MMLS 1.63 
2q D2S2188 MMLS 3.74 (151) 
7q D7S477 MMLS 3.20  
16p D16S3102 MMLS 2.93  
17q HTTINT2 MMLS 2.34  
3p D3S3680 MLS 1.51 (152)
7q D7S495 MLS 1.66 
Xq DXS6789 MLS 2.54 
3q D3S3037 MLS 4.31 (153) 
1q D1S1653 MMLS 2.63  
17q D17S1800 MMLS 2.83 (154)
5p D5S2494 MMLS 2.54 
11p D11S1392/D11S1993 MMLS 2.24 
4q D4S2361/D4S2909 MMLS 1.72 
8q D8S1832 MMLS 1.60 
2 D2S2314/D2S2310 MMLS 2.54 (155) 
7 D7S480/D7S530 MMLSa 2.55  
9 D9S171/D9S161 MMLS 2.12  
15 D15S117/D15S125 MMLSb 2.62  
16 D16S407/D16S497 MMLS 2.48  
MLS, maximum LOD score; MMLS, multipoint maximum LOD score; het, heterogeneity; 
NPL, non-parametric linkage; Xqter, X chromosome q terminus. aMale/male affected sib-
pairs. bNon-male/male affected sib-pairs.  

Results
A loss or gain of DNA was detected in all individuals studied. In total, more 
than 200 copy number variations (CNVs) were detected. Clones previously 
reported as polymorphic and duplicated clones containing segmental dupli-
cations were disregarded. We detected 20 concordant CNVs out of which 5 
were concordant in at least 2 sib-pairs. Statistical analysis comparing CNV 
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prevalence in the autistic and non-autistic sample sets using Fisher’s exact 
test revealed significant association with autism for all five CNVs when 
compared to the control group of mentally retarded patients.  

Conclusion
Since large-scale deletions and duplications are not routinely detected in 
linkage studies, this type of chromosomal aberration might be underappreci-
ated in autism. In this study, we report a number of novel duplications and a 
novel deletion with strong association with autism. Further analysis is un-
derway in order to confirm our findings with PCR-based approaches. Addi-
tionally, parents, and where available other siblings, affected and non-
affected, are being investigated for our findings in order to study patterns of 
CNV segregation in our cohort.  

Discussion
Based on years of research, it is today clear that genetic factors are highly 
significant in the aetiology of autism and autism spectrum disorders. Almost 
all human chromosomes have been associated with autism but so far only the 
genes neuroligin 3 and 4 on chromosome X have been found directly in-
volved in autism. The majority of cases reported today appear to be idio-
pathic and the result of complex inheritance patterns which has made identi-
fication of new susceptibility loci complicated. It is evident that new ap-
proaches are necessary in order to move forward. One such approach can be 
the use of array-CGH technology which has the potential of detecting ab-
normalities at the genomic level in a way previously not possible. This gives 
us the possibility of identifying candidate regions and candidate genes in 
autism caused by alterations in gene copy number of dosage-sensitive genes. 
Since CNVs are not routinely detected in linkage, little has been known 
about their contribution to autism. Our results indicate that their role in the 
aetiology of autism might be an important one. This does not only have im-
mediate implications in diagnostics but will also help us in our understand-
ing of this intriguing disorder. 
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Final comments 

Characterisation of chromosomal rearrangements is a powerful method for 
identifying disease causing genes. In this thesis, I have presented the charac-
terisation of three chromosomal translocations associated with congenital 
disorders. In each case, the investigation of the translocation breakpoints has 
led to the identification of novel candidate genes for each disorder. Addi-
tionally, I have used array-CGH to study a cohort of autistic sib-pairs which 
has resulted in the identification of several novel duplications and deletions 
which might play a role in aetiology of autism. Array-CGH has in the past 
few years had a major impact in the field of human genetics. The continuous 
development of this technology will not only help our understanding of the 
aetiology of many different diseases but will also result in a superior diag-
nostic capability and accurate follow-ups improving the outcome for many 
patients and allowing for better family counselling and prenatal diagnosis. 

The future 
Since the discovery of DNA as the molecule containing our genetic informa-
tion, there has been tremendous progress in the field of genetic research. The 
most recent landmark is the release of the entire sequence of the human ge-
nome which was achieved only a few years ago. Although a major accom-
plishment, the sequencing of the human genome is the first step in a long 
journey. The next important step which has already begun is the characteri-
sation of all human gene products and the clarification of their function and 
regulation. This is a major undertaking, in many ways a greater challenge 
compared to the human genome sequencing project.  

So what lies ahead in the field of human genetics? In the near future, in 
combination with our increasing knowledge about the human genome as 
well as rapid progress in technology, genetic testing, not only in a diagnostic 
capacity but also in risk assessment, preventative measures and individually 
tailored treatment programs, will become increasingly common. Apart from 
the obvious advantages, this increase in knowledge will raise ethical ques-
tions. One example is how to deal with familial disease. The question of 
who’s right to self-determine and who’s right to know (or not to know) about 
disease risks as well a number of other ethical issues need to be brought to 
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the spotlight by the scientific community as well as the governing bodies in 
social and health care. Looking far into the future, I see endless possibilities. 
Realistically, it will be possible to cure any type of disease, inherited and 
acquired.

I believe that genetics will constitute the basics for the future in the field 
of medicine. We have only just begun. The future will be truly exciting.  
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