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ABSTRACT 

Inborn chromosome abnormalities are a frequent cause of mental retardation and birth defects. 
Apart from aberrations that are visible in the microscope, a number of submicroscopic 
alterations have recently been discovered, and all of these chromosome changes are in fact the 
result of DNA alterations at the molecular level. In order to fully understand the mechanisms 
and consequences behind chromosome changes it is therefore important to characterize the 
breakpoints in detail. Moreover, the breakpoints are not evenly distributed in the genome. The 
recurrent genomic disorders illustrate how genomic architectural features make specific 
chromosomal regions susceptible to non-allelic homologous recombination. Recent 
technological advances have enabled high resolution, genome-wide analysis and the structure 
of several non-recurrent aberrations has been clarified. In addition, an unexpectedly high 
number of complex rearrangements have been detected. 
 
We have used molecular cytogenetic methods to characterize the breakpoints of chromosome 
abnormalities. FISH and array-CGH were used to map the breakpoints and for the detection of 
genomic imbalances. By customizing arrays it was possible to increase the resolution in a 
targeted genomic region of interest and determine the structure of the breakpoints with high 
accuracy, as well as to detect very small imbalances. 
 
We were able to identify and narrow down minimal chromosomal regions of overlap in patients 
with partial deletions and duplications of the same chromosomal region. In two of the these, we 
actually narrowed down the deletion/duplication region to include only one candidate gene. 
Hence, deletion of ITSN1 on chromosome 21 seems to be involved in severe mental retardation 
and duplication of YWHAE, on chromosome 17, was associated with autism. Two extremely 
complex, intrachromosomal rearrangements of chromosome 1 and 21 were found to include 14 
and 16 breakpoints, respectively. These are the most complex chromosome rearrangements 
involving only a single chromosome that have been reported. 
 
We also used targeted custom oligonucleotide arrays to fine map the breakpoints from both 
balanced and unbalanced rearrangements, and demonstrated that it is possible to characterize 
unbalanced breakpoints within 17 to 20 000 base pairs, depending on the structure of the 
genome. The deletion and duplication breakpoints were further refined, and did not seem to be 
associated with low copy repeats, thus diverse molecular mechanisms are probably responsible 
for these rearrangements. Contrary to previous reports, we were unable to detect any clinically 
significant imbalances within the breakpoint regions in patients with apparently balanced 
reciprocal translocations.  
 
The results of this thesis emphasizes the importance of different molecular cytogenetic 
techniques in the investigation of chromosome aberrations. Our results illustrate that array-
CGH is a convenient method to detect and map genomic deletions and duplications with high 
resolution. However, FISH-analysis remains an important tool to map and characterize both 
balanced and unbalanced rearrangements and to unravel the complexity of the genomic 
imbalances detected by array. By combining the two approaches, we have been able to 
characterize the breakpoints of deletions, duplications, reciprocal translocations and complex 
rearrangements in detail.  
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ABBREVIATIONS 
Alu A repetitive short stretch of DNA, it belongs to the family of short 

interspersed elements (SINE)  
BAC Bacterial Artificial Chromsome 
Bp Base pairs 
CCR Complex chromosome rearrangement 
CES Cat eye syndrome 
CGH Comparative genome hybridization 
CNV Copy number variation 
DGS DiGeorge syndrome 
DNA Deoxyribonucleic acid 
EBV Epstein-Barr virus 
FISH Fluorescent in situ hybridization 
FITC Fluorescein isothiocyanate 
FoSTeS Fork stalling and template switching 
PCR Polymerase chain reaction 
Kb Kilobase 
LCR Low copy repeat 
LINE Long interspersed element 
Mb Megabase 
MLPA Multiplex ligation-dependent probe amplification 
MMBIR Microhomology mediated break induced replication 
MR Mental Retardation 
NAHR Non-allelic homologous recombination 
NHEJ Non-homologous end joining 
PAC P1-derived artificial chromosome 
RNA Ribonucleic acid 
SD Segmental duplication 
SINE Short interspersed element 
SNP Single nucleotide polymorphism 
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INTRODUCTION 
The chromosomes were identified by Walther Flemming in 1882 (cover illustration), 
but the word chromosome was originally proposed by his colleague Wilhelm von 
Waldeyer-Hartz. The term is derived from the Greek words chromos = coloured and 
soma = body, implying the inert ability to take up certain stains. With the rediscovery 
of Mendel’s laws it was soon recognized that Flemming’s chromosomes constituted the 
physical basis of Mendel’s hereditary elements. For many decades attempts were made 
to characterize the human chromosomes further, but it was not until 1956 that Tjio and 
Levan established the diploid human chromosome number to 46 (Tjio and Levan 
1956).They used a technique of growing cells in liquid suspension and treating them 
with hypotonic saline to make them swell. Three years later, in 1959, Jérôme Lejeune 
showed that Down syndrome was caused by an extra copy of chromosome 21, and later 
the same year Charles Ford linked the 45,X karyotype to Turner Syndrome. During the 
1960s and 70s the quality of chromosome analysis increased by the introduction of 
banding techniques and it was soon evident that loss or gain of chromosome material 
could often be detected in patients with mental retardation (MR) and multiple 
congenital abnormalities.  
 
The rapid technological developments of the late 20th century resulted in molecular 
genetic techniques that allowed more detailed studies of the DNA-molecule and 
molecular cytogenetics techniques such as fluorescent in situ hybridization (FISH) and 
comparative genome hybridization (CGH) emerged. Submicroscopic aberrations, not 
visible by chromosome analysis, were identified in previously known and unknown 
syndromes (Potocki et al. 2000). They were typically found to be located near the ends 
of the chromosomes, i.e. the telomeres (Anderlid et al. 2002). Thereafter, the 
subsequent introduction of array-CGH facilitated the rapid detection of copy number 
variation throughout the genome. 
 
Today we have the reference human genome only a mouse click away. Using standard 
cytogenetic methods, chromosome abnormalities are detected in approximately 5% of 
patients with unexplained MR. However, by using high resolution methods like copy 
number arrays, the detection rate of genomic imbalances has increased by15-20% 
(Knight and Regan 2006) (Figure 1), and the molecular structure of several 
chromosomal rearrangements has been characterized in detail.  
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Figure 1: Etiology of developmental delay, illustrating the diverse background of 
genetic disorders (Unpublished data; Stevenson et al. 2003; Rauch et al. 2006). 
Historically, they were divided into monogenetic, multifactorial and chromosomal. 

 

THE HUMAN GENOME 
Within the 3 billion DNA base pairs that make out the haploid human genome are 
genes, regulatory sequences, repetitive elements and pseudogenes. The specific coding 
DNA sequences, i.e. exons, comprise less than 1.5% of the total genome and the 
function of almost 97% of the genome is still unknown.  
 
 

GENES AND CONTROL ELEMENTS 

Genes are the basic element of hereditary traits in living organisms and are transmitted 
from parent to offspring. Inherited characteristics were first described by Gregor 
Mendel during his experiments on peas in the 1860s, and the word pangen was 
introduced by Hugo de Vries in 1889. This term was later abbreviated to gen (Danish) 
or gene (English). After the identification of the DNA-double helix by Watson and 
Crick in 1953, it was soon recognized that genes were located within the DNA 
molecule. In 1957, the central dogma of molecular biology was introduced in a paper 
by Crick, suggesting that the flow of information transfer is unidirectional from DNA 
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to RNA to protein. During the following decades the structure of eukaryotic genes with 
exons and introns and the processes of transcription and splicing were described.  
 
Current analysis estimates that there are 23 438 unique protein coding genes in the 
human genome comprising more than 500 000 exons, and through processes like 
alternative splicing and trans-splicing they give rise to at least 140 000 different 
proteins. In addition, there are more than 6 000 RNA coding genes, 183 genes of 
unclear nature and 6 407 pseudogenes (Ensemble, September 2009). Gene expression 
is regulated through both general and specific modulator sequences. A promoter 
consists of specific short DNA-segments that usually is localized directly upstream of 
the gene, and to which the RNA polymerase may bind to the DNA and initiate 
transcription. In addition, other specific transcription factor binding sites that regulate 
tissue specific expression may be located several Mb away or even on a different 
chromosome (Strachan and Read 2004). These sequences are often highly conserved 
through evolution and comparison algorithms with other species have proven to be an 
efficient method to identify them (Brown 2008).  
 
 

REPEAT ELEMENTS  

More than 50% of the human genome is made up of dispersed repeated elements 
(Lander et al. 2001). In contrast to unique coding regions, these sequences are present 
in multiple copies, sometimes several thousands, and most of them do not code for any 
known protein or RNA. However, repetitive DNA is not simply passive genomic 
stuffing. Some, like those that compose centromeres and telomeres, play a crucial role 
in chromosome dynamics during cellular replication. Other repetitive elements are 
mobile and have been proposed to be a critical factor in genetic evolution. Roy Britton 
and David Kohne first detected these sequences in studies of the rate of reassociation of 
denatured fragments of cellular DNA (Britten and Kohne 1968). Their results showed 
that in mammalian cells, 50% of the DNA reassociated much more rapidly than 
expected, and they suggested that such sequences were present in multiple copies. 
Length, copy number, genomic position, function and mobility are used to characterize 
repetitive elements. The two major classes are interspersed elements and tandem arrays 
(Table 1).  
 
Interspersed repeated elements 
Interspersed repeated elements are usually detected in single copies and are scattered 
throughout the genome. The four main classes are short interspersed elements (SINEs), 
long interspersed elements (LINEs), retrovirus-like elements and DNA transposons. 
Together these sequences make up approximately 45% of human genomic DNA 
(Lander et al. 2001). Most of these elements have been derived from so-called 
transposable elements, transposons, capable of moving to different sites in the genome. 
A small part is derived from DNA transposons, using a cut-and-paste mechanism 
mediated by transposase, but the vast majority is made up of retrotransposons that 
reproduce through an RNA intermediate, and thus need to use reverse transcriptase to 
return to its DNA form and reintegrate back into the genome. About 40 million years 
ago, retrotransposon activity was greatly reduced, and today less than 100 elements 
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remain active in the human genome (Sassaman et al. 1997; Ostertag and Kazazian 
2001). However, how and why the mammalian genome acquired this large chunk of 
nonsense DNA, and what function it has, is a matter of debate. The retrotransposons 
seem to be basically selfish DNA segments that replicate for their own benefit, but in 
doing so they contribute to genomic diversity and help to promote DNA rearrangement.  
 
Tandem arrays  
Tandem arrays are clustered simple sequence repeats of up to thousands of copies, 
ranging from 1-500 nucleotides in size. Most simple repeats are found in 
heterochromatin regions, but they are also found scattered across the genome. If the 
base composition of the repeat unit differs from the bulk of genomic DNA, they 
sediment as distinct bands on a density gradient, and are therefore often referred to as 
satellites (Singer 1982). The terminology depends on the size of the repeated sequence. 
Microsatellites consist of less than 10 nucleotide repeat units and minisatellites of 
between 10 and 60 nucleotides. A particular variant of microsatellites is trinucleotide 
repeats that make up the molecular basis of a number of human genetic disorders like 
fragile X, Huntington’s chorea, myotonic dystrophy and Kennedy’s disease. Satellite 
DNA constitutes the bulk of centromeric heterochromatin and minisatellite DNA is 
often located at or close to telomeres, indicating the important role that these repeats 
have in the conservation of chromosome structure (Grimes and Cooke 1998). 
 
Table 1: Repetitive sequences in the human genome  
Type of sequence Number of copies Fraction of genome 
Tandem arrays >1 000 000 ∼10% 
Interspersed elements   

LINEs 850 000 21% 
SINEs 1 500 000 13% 
Retrovirus-like elements 450 000 8% 

DNA transposons 300 000 3% 
 
 

SEGMENTAL DUPLICATIONS/ LOW COPY REPEATS 

Segmental duplications (SD) are defined as continuous stretches of DNA present in two 
or more near-identical copies across the genome. Sometimes, the almost synonymous 
term low copy repeat (LCR) is used to emphasize the relatively small number of 
duplicons (2-50 copies) compared to other transposable elements. Approximately 5% 
of the human genome sequence is composed of such interspersed duplicated copies 
with more than 90% sequence identity extending from 1 kb up to several hundreds of 
kb in length (Bailey et al. 2002; Samonte and Eichler 2002). To date, more than 150 
Mb of SD-regions have been identified affecting all the human chromosomes, and the 
content is representative of the general genome and may include both genes and 
common repeats. They are distributed between pericentromeric (31%), subtelomeric 
(2%) and interstitial (67%) regions, and may be organized in tandem or map to totally 
different genomic locations (Koszul and Fischer 2009).  
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Due to the high degree of homology, SDs are ideal recombination substrates and 
contribute to the recurrent chromosomal instability seen in microdeletion/ 
microduplication syndromes with recurrent breakpoints (Lupski 1998; Ji et al. 2000). 
Moreover, SDs seem to be more abundant in the genomes of the great apes and it has 
been estimated that an increase in segmental duplication events occurred some 12 
million years ago, leading to the hypothesis that SDs may have played an important 
role in primate evolution (Samonte and Eichler 2002).  
 
 

STRUCTURAL VARIATION 

Structural variation is generally defined as genomic alterations larger than 1 kb in size 
and comprises deletions, insertions, duplications, inversions, translocations and copy 
number variants (CNV) (Feuk et al. 2006). Variations smaller than 1 kb are usually 
referred to as indels. One of the major surprises of the human genome project was that 
an unforeseen abundance of submicroscopic structural variation was detected (Lander 
et al. 2001; Sebat et al. 2004; Redon et al. 2006). It has been estimated that as much as 
30% of our genome may be subject to structural variation and this is considered as the 
major source of genetic variation between humans (Zhang et al. 2009). Furthermore, a 
number of these changes have been linked to disease, both Mendelian and complex 
diseases. Genomic disorders have emerged as an important new group of diseases, 
often associated with impairment in neurological and cognitive function (see below).  

 
Copy number variation  
A CNV is a DNA segment in which an increase or decrease in copy number has been 
detected in comparison between two or more genomes. CNVs have been detected 
throughout the genome in healthy individuals. Today there are over 29 133 entries in 
the data base of genomic variants (Iafrate et al. 2004), covering approximately 12% of 
the genome (Redon et al. 2006). The publication of the first diploid sequences of Craig 
Venter, James Watson and others has demonstrated a surprisingly high amount of 
genetic variation. It has been estimated that approximately 0.4% of the genomes of two 
unrelated individuals differ regarding copy number (Levy et al. 2007; Bentley et al. 
2008; Wang et al. 2008; Wheeler et al. 2008; Ahn et al. 2009; Kim et al. 2009; 
Pushkarev et al. 2009). In addition, it has recently been demonstrated that the CNV 
mutation rate is considerably higher than that of single base substitutions, perhaps as 
much as 100-1000 times higher (van Ommen 2005). Moreover, monozygotic twins 
may differ in CNV status, and different tissues from the same individual can show 
differences in CNVs, indicating that ongoing somatic mutations may occur also during 
the lifetime of an individual. (Bruder et al. 2008; Piotrowski et al. 2008). On occasion, 
CNVs may be advantageous for the carrier. An example is that individuals from 
populations with high-starch diets have more copies of the AMY1-gene than those with 
traditionally low-starch diets (Perry et al. 2007). 
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GENOMIC DISORDERS 
The concept of genomic disorders was first proposed by Jim Lupski in 1998, and refers 
to recurring gross rearrangements of DNA, usually affecting millions of base pairs and 
several genes, mediated by the local DNA structure (Lupski 1998). A specific 
chromosomal gain (duplication) or loss (deletion) is usually associated with a clinical 
syndrome, often including congenital malformations, cognitive impairment and/or 
neurological deficits. The clinical features are believed to be caused by a change in the 
number of gene copies from the normal value of two, and subsequent increase or 
decrease in gene dosage. In the last decade, a number of CNVs have been linked to 
disease, new microdeletion and duplication syndromes have been identified (Potocki et 
al. 2000), as well as dose changes involving only single genes (Lupski et al. 1991). 
Hence, recurrent microdeletion syndromes have been identified all over the genome, 
e.g. 7q11.23 (Williams syndrome), 15q11-q13 (Prader–Willi/Angelman syndrome), 
17p11 (Smith–Magenis syndrome), 17p11.2 (Charcot–Marie–Tooth neuropathy 1A), 
and Xq27.3 (Hunter syndrome). With the introduction of genomic arrays, the 
identification of new syndromes as well as the detection of imbalances in individual 
patients has been greatly facilitated. The breakpoints of the genomic disorders cluster 
around chromosome specific segmental duplications (SDs) and this is considered as the 
basis of these recurrent rearrangements. Due to the high level of similarity between the 
SDs, they may act as substrates for unequal crossing over, and the regions they occupy 
are prone to non-allelic homologous recombination (NAHR) (Figure 6). The 
consequence of NAHR may be deletion, duplication or inversion (Shaffer and Lupski 
2000). The SDs may lead to unequal crossing over between homologous chromosomes 
or allow intrachromosomal recombination events to take place within a single 
chromatid or between sister chromatids.  
 
The complex genome architecture of 22q11.2 makes a good illustration of the concept 
of genomic disorders. In this region the breakpoints of the supernumerary bisatellited 
marker chromosome in the Cat Eye syndrome (CES) (McDermid et al. 1986), the 
recurrent t(11;22) translocation that may lead to the der(22)t(11;22) syndrome 
(Fraccaro et al. 1980; Zackai and Emanuel 1980; Iselius et al. 1983), as well as the 
deletions associated with DiGeorge Syndrome (DGS) and the concurrent 
microduplications may be found. The 22q11.2 region is characterized by the presence 
of multiple SDs and the breakpoints of the recurrent rearrangements cluster within 
these elements (Figure 2 and Figure 6). The common 22q11-deletion detected in ∼90% 
of the patients is approximately 3 Mb in size, but a significant proportion of cases 
(∼10%) present with a smaller 1.5 Mb deletion (Emanuel 2008), and a number of cases 
have been reported with other variants (Coppinger et al. 2009). The reciprocal 
duplication of the common deletion has been described as well as larger deletions 
(Ensenauer et al. 2003). In addition, a case with a combined deletion and duplication 
has been reported (Blennow et al. 2008). 
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Figure 2: A schematic overview of the 22q11.2 region indicating the segmental 
duplications labeled from A-E according to Shaikh et al. 2000. The size and relative 
frequency of deletions associated with DGS (Emanuel 2008), reported sizes of the 
22q11 microduplication (Ensenauer et al. 2003), the breakpoints associated with CES 
and t(11;22), as well as 3 additional cases with atypical deletions and duplications are 
illustrated. Case 1 and 2 have atypical deletions between E/G and D/F respectively 
(unpublished data) and case 3 has an inherited duplication between B and D and a de 
novo deletion between A and B in 70% of her lymphocytes (Blennow et al. 2008). 
Deletions are illustrated as solid black bars and duplications as solid grey bars. 
 

  



 

 8 

CHROMOSOME ABERRATIONS 
People generally associate chromosome aberrations with Down syndrome, the most 
common chromosome disorder in newborns, caused by three copies of chromosome 21 
(trisomy 21). The change in gene dose from two to three copies leads to a number of 
recognizable symptoms including mental retardation. However, any inborn 
chromosome change that is visible in a light microscope by cytogenetic analysis will 
make up a constitutional chromosome aberration. It may be balanced or unbalanced, 
and individuals with an unbalanced chromosome rearrangement will usually present 
with symptoms like mental retardation, dysmorphic features and malformations. 
Numerical aberrations comprise aneuploidy, e.g. trisomy or monosomy, and ploidy 
changes, e.g. triploidy. Structural rearrangements affect the normal structure of one or 
several chromosomes i.e. deletions, translocations and inversions. Cytogenetic 
aberrations are estimated to be present in 50-60% of first trimester miscarriages and 
0.9% of newborn children. Most of these imbalances are numerical and a minority is 
due to a structural change (Jacobs et al. 1992; Shaffer and Lupski 2000). 
 
 

STRUCTURAL CHROMOSOME ABNORMALITIES 

Structural chromosome abnormalities are present in approximately 0.6% of newborn 
children (Jacobs et al. 1992). This is sometimes referred to as macroscopic structural 
variation. Only a few of these will give rise to an abnormal phenotype. Approximately 
1 out of 500 individuals is a carrier of a balanced structural rearrangement. Such people 
are normally healthy, but usually have an increased risk of having offspring with an 
unbalanced aberration. However, in 6.7% of the patients with an apparently balanced 
de novo structural rearrangement, the phenotype has been shown to be affected 
(Warburton 1991). This has been explained by cryptic abnormalities in the vicinity of 
the breakpoints, gene disruption at the breakpoint or position effects (Gribble et al. 
2005).  
 
Fine mapping of chromosome rearrangements have resulted in the identification of 
genes and regions in the genome associated with different symptoms, e.g. mental 
retardation (Warburton 1991; Pichon et al. 2004). Recently, studies with array-CGH 
have shown that 40-50% of de novo, seemingly balanced, translocations in 
phenotypically abnormal carriers are in fact unbalanced. In addition, many apparently 
simple chromosome rearrangements have been shown to be surprisingly complex when 
studied using detailed FISH-mapping and array-CGH analyses (Houge et al. 2003; 
Gribble et al. 2005; De Gregori et al. 2007). In Table 2 estimated frequencies of 
structural chromosomal rearrangements are presented.   
 
Interchromsomal rearrangements 
These rearrangements involve the exchange of genomic material between at least two 
non-homologous chromosomes. A Robertsonian translocation is the fusion of two 
acrocentric chromosomes (Figure 3A). The break is usually situated on the p-arms, 
very close to the centromere and the p-arms are lost in the following cell division. Since 
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they only contain repetitive DNA and ribosomal genes, the phenotype is not affected by 
such a loss. In a reciprocal translocation, breaks have occurred in two separate 
chromosomes, followed by an exchange of the segments distal to the breaks (Figure 
3B). These translocations are usually unique and non-recurrent and the same breakpoint 
will therefore only be detected among family members. 
 

 
Figure 3: G-banded metaphase chromosomes illustrating a Robertsonian translocation 
between chromosome 14 and chromosome 21 (A) and a reciprocal translocation 
between chromosome 5 and chromosome 17 (B). 
 
Intrachromosomal rearrangements  
These rearrangements involve structural changes within a specific chromosome. A 
deletion is the loss of a chromosome segment and duplication means gain of a segment. 
A number of genetic syndromes are the consequence of deletion/ duplication events. It 
has been demonstrated that genome architecture, such as segmental duplications, plays 
a role in the formation of recurring events. An inversion requires two breaks on the 
same chromosome and the intervening segment is then rotated 180°. If the inversion is 
pericentric, the breaks occur on the same chromosome arm, and in a paracentric 
inversion on both arms. Some inversions are quite common, e.g. inv(9)(p11q12), which 
is found in about 2% of the population.  An insertion requires three breaks, two on both 
sides of the translocated segment and one in the receiving segment. Isochromosomes 
consist of two identical arms, and a marker chromosome is a chromosome of unknown 
origin (Shaffer and Lupski 2000).  
 
Table 2: Frequencies of chromosome rearrangements visible by karyotyping (Nielsen and Wohlert 1991; 
Shaffer and Lupski 2000).  

Type of rearrangement Rearrangement Frequency 
Reciprocal translocations 1/700 Interchromsomal 
Robertsonian translocations 1/800 
Terminal deletions  ≥1/5 000 
Interstitial deletions ≥1/4 000 
Interstitial duplications ≥1/4 000 

Intrachromosomal 

Marker chromosomes 1/2 000 

 
Complex chromosome rearrangements 
Complex chromosome rearrangements (CCRs) are rearrangements that involve more 
than two chromosomes or more than two breakpoints. Balanced, de novo, complex 
chromosome rearrangements are extremely rare and more than half are associated with 
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an affected phenotype (Madan et al. 1997). With the use of molecular methods, the 
characterization of CCRs has improved. De Gregori et al. 2007, identified deletions in 
the breakpoints of 12 out of 13 patients, and they concluded that small deletions are the 
main cause of the phenotypic abnormalities found in CCR carriers. In their material, all 
complex rearrangements were inherited from the father. Complex intrachromosomal 
rearrangements, with more than three breaks, are extremely rare and have been 
previously reported only nine times in the literature. They involved chromosomes 1, 2, 
4, 10, 16, 17 and 21, and had between four and 12 breakpoints (Romain et al. 1985; 
Tuck-Muller et al. 1996; Van Esch et al. 2002; Weise et al. 2003; Chudoba et al. 2004; 
Shim et al. 2004; de Vries et al. 2005; Gajecka et al. 2006; Thienpont et al. 2006) 
 

MECHANISMS BEHIND STRUCTURAL DNA CHANGES 
Structural variation may sometimes lead to a phenotype through duplication, deletion, 
position effects and gene fusion or conversion events. Different patients with a 
common specific genomic imbalance usually have the same clinical features, and a 
number of continuous gene syndromes have now been identified and are usually 
referred to as genomic disorders. Chromosome rearrangement breakpoints are scattered 
throughout the genome, but are more common in areas where the genomic architecture 
contains different repeat structures. Accordingly, human genome rearrangements may 
be divided into two major groups, 1) recurring rearrangements, i.e. aberrations of 
similar genomic position and size that occur in unrelated individuals, and 2) non-
recurring rearrangements, i.e. the breakpoints vary and lack extensive homology 
(Figure 4). Four major mechanisms have been described that together explain most of 
the structural variation in the human genome; non-allelic homologous recombination 
(NAHR), non-homologous end joining (NHEJ), microhomology mediated break 
induced replication (MMBIR) and L1 retrotransposition (Zhang et al. 2009).  
 
 
 

 
Figure 4: Nonrecurring scattered chromosomal breakpoints in patients with deletions 
(grey) and duplications (black) of 17p13.3 (study III). 
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NON-ALLELIC HOMOLOGOUS RECOMBINATION 

Homologous recombination occurs at meiosis in diploid eukaryotes (Figure 5). After 
pairing, the replicated chromosomes may cross-over at points called chiasmata. This 
process enhances genetic diversity through exchange of genetic material and is critical 
for correct alignment of the chromosome pairs during metaphase. During the S phase of 
mitosis, homologous recombination between identical sister chromatids may be used to 
repair double strand breaks. The undamaged copy of the DNA functions as a template, 
hence the break may be restored without the loss of genetic information. However, this 
crucial genetic process is also a potential risk. If the chromosomes are aligned 
incorrectly, genes may be lost, gained or disrupted, resulting in chromosomal 
rearrangements or genomic disorders through NAHR. This is the primary 
recombination mechanism involved in recurrent rearrangements (Stankiewicz and 
Lupski 2002; Shaw and Lupski 2004). Briefly, NAHR is the result when highly similar 
DNA sequences located at paralogous positions act as homologous recombination 
substrates. The process of unequal crossing over may result in deletion (e.g. DiGeorge 
syndrome), duplication (e.g. dup22q11) or inversion (e.g. haemophilia) (Figure 6). In 
congenital adrenal hyperplasia, a mutation from a non-functional pseudogene is 
inserted into the functional gene through gene conversion (Figure 6). Specific genome 
structures may lead to NAHR, e.g. low copy repeats, segmental duplications and Alu-
repeats (Kolomietz et al. 2002; Shaw and Lupski 2004).  
 

 
 
Figure 5: The normal process of homologous recombination during meiosis. The two 
original duplexes form an intermediate (e.g. holliday junction), which may be resolved 
in two ways. In (A) a gene conversion event is the result of vertical partition and in (B) 
a crossing over takes place though horizontal partition.  
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Figure 6: Examples of NAHR. A) Formation of deletion and duplication of 22q11. B) 
Inversion results in a rearrangement of the factor XIII gene leading to haemophilia A. 
C) Gene conversion in congenital adrenal hyperplasia. 
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NON-HOMOLOGOUS END-JOINING 

Non-homologous end-joining (NHEJ) is used to repair somatic double-strand DNA 
breaks primarily during G0-, G1- and early S-phase. It involves the simple rejoining of 
the broken DNA ends, without the use of a homologous template. Instead very short 
homologous sequences, i.e. micohomologies, are used to guide repair. These 
microhomologies are often present as single-stranded overhangs in the ends of double-
strand breaks. If they are not originally present in the breakpoint, overhangs are created 
by removal of a few bases, which allows base pairing to take place. Hence, the 
signature of this mechanism is often the deletion of a few bases around the breakpoint. 
A number of proteins are required for the NHEJ process to function correctly in the 
cell. Among them are the Ku-proteins that bind with high affinity to free DNA ends 
and promote alignment of the two DNA ends. The Ku proteins also function in the 
recruitment of the enzymes involved. Briefly, a kinase may be used for processing the 
ends if necessary and a ligase is used for the final ligation (Hartlerode and Scully 
2009). This is an important molecular pathway in non-recurrent chromosomal 
rearrangements with scattered breakpoints (Kolomietz et al. 2002; Shaw and Lupski 
2004; Perry et al. 2007).  
 
 

MICROHOMOLOGY MEDIATED BREAK INDUCED REPLICATION 

Recently, a replication based mechanism for the repair of somatic single-strand DNA 
breaks during replication was presented, i.e. fork stalling and template switching 
(FoSTeS) or microhomology mediated break induced replication (MMBIR) (Lee et al. 
2007) (Hastings et al. 2009). This process is also thought to be responsible for many of 
the nonrecurring chromosomal rearrangements in humans. In contrast to the 
recombination-based mechanisms NAHR and NHEJ, this process takes place during 
replication in mitosis. As the replication fork moves along the DNA-molecule, the 
complementary DNA-strands are separated. If the fork stalls, it may disengage and shift 
to a different genetic template (Figure 8). The new template is located in close three-
dimensional proximity to the first one, but not necessarily in close genomic location. A 
few bases of homology seem to be sufficient for the template exchange to take place. 
The chromosomal consequence of a template switching include both duplications, 
deletions, inversions and translocations depending on the position of the new template 
in relation to the original. For example, when the switch is to a sister or homologue 
behind the fork breakage, a duplication will be produced, and a switch to a non-
homologous chromosome will result in a translocation. To explain the occurrence of 
complex aberrations with multiple breaks, serial template switching has been proposed 
as a putative mechanism. 
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Figure 7: The NHEJ mechanism. A double stranded break is created between the black 
and grey segments (A). In order to rejoin the segments, complementary overhangs are 
created on both ends, (B) and (C). This results in a deletion of some of bases between 
the boxes (D). 
 
 

 
Figure 8: The FoSTeS/MMBIR mechanism. The replication fork is illustrated in (A), 
then the lagging strand disengages from template 1 and switches to template 2 (B) and 
in (C) it switches back to template 1. The final product containing sequences from 
different genomic locations is shown in (D). 
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 L1 RETROTRANSPOSITION 

Full length long interspersed element-1 (L1) have two intact open reading frames, 
ORF1 and ORF2, encoding an RNA-binding protein and a protein with combined 
endonuclease and reverse transcriptase activity, respectively. Approximately 17% of 
the human genome is composed of mainly non-functional inactive L1 elements, 
however on average 100 copies are full length and hence capable of reverse 
transcriptase and integration activity. The resulting insertion is flanked by characteristic 
duplicated sequences (Kazazian and Moran 1998; Ostertag and Kazazian 2001; 
Babushok and Kazazian 2007). No homology is necessary for L1 transposition to take 
place, but the sequence in question needs to be actively transcribed (Figure 9).  
 

 

 
Figure 9: Retrotransposition by an L1-element. After transcription a nick with 
staggered ends is produced in the target sequence, cDNA is then synthesized from an 
RNA template primed by reverse transcriptase, and finally the second strand is 
completed and the characteristic staggered ends are repaired.  
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METHODS TO STUDY THE HUMAN GENOME 
A cytogenetic analysis refers to the study of normal and abnormal chromosomes. The 
term is derived from a combination of cytology (the study of cells) and genetics (the 
study of inherited elements). Cytogenetic technologies include routine analysis of 
banded chromosomes, but also molecular cytogenetic methods such as FISH and array-
CGH. In addition, a number of molecular genetic techniques make it possible to 
analyze the DNA sequence down to a single base. Figure 10 provides an overview of 
available technology and their resolution.  
 

 
 

Figure 10: The estimated resolution of different methods to study the human genome. 
Array-CGH is capable of detecting chromosomal aberrations, and by customizing an 
array it is possible to increase the resolution in a targeted genomic region of interest. 
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CHROMOSOME ANALYSIS 

A routine chromosome analysis refers to the study of the number and structure of the 
46 human chromosomes (Figures 10 and 11). Metaphase slides may be prepared from 
dividing cells, i.e. cultured lymphocytes, fibroblasts, EBV-transformed lymphocytes, or 
naturally dividing cells, according to standard procedures. Briefly, the dividing cells are 
arrested in mitosis by adding a mitotic inhibitor, e.g. colchicine, to the culture and they 
are then subjected to a hypotonic environment that makes them swell. After adding a 
fixative, the cell suspension is dropped onto glass slides. The slides are then most often 
treated with trypsin and stained by Giemsa, to produce a characteristic banding pattern 
of the chromosomes. Approximately 400 bands are obtained by standard resolution, 
giving an average size of 7.5 Mb per band. Depending on the gene density of the 
specific region, such a band contains a variable number of genes, but an average gene 
content has been estimated to 75-100 genes. Prometaphase chromosomes are more 
extended than metaphase chromosomes, and by using specialized methods it is possible 
to harvest them and increase the resolution to as much as 800 – 1 000 bands. Still, the 
smallest chromosomal imbalance detected by chromosome analysis will be at least 3-4 
Mb in size, including an average of 30-60 genes.  
 

 
 
Figure 11: G-banded male methaphase chromosomes with a resolution of 
approximately 400 bands. 
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FISH-ANALYSIS 

Fluorescent in situ hybridization (FISH) is a molecular cytogenetic technique used to 
detect and localize the presence of a specific DNA-sequence in interphase nuclei or 
metaphase chromosomes (Figure 10). A fluorescently labeled DNA probe is hybridized 
to the target cells/ metaphases that are fixed on a glass slide.  The target DNA strands 
are separated by denaturation and the single stranded molecule can then be made 
available to hybridization to single stranded complementary probe molecules, which 
may be visualized in a fluorescence microscope (Figure 12A). Depending on the 
genomic region of interest and the biological question, a number of different FISH-
probes may be chosen. Specific centromere and subtelomeric probes are available for 
each different chromosome. Locus specific probes can be made from BAC, PAC, 
cosmid or fosmid clones or from PCR products. It is also possible to use a number of 
clones to paint a whole or part of a chromosome. DNA-probes covering the entire 
genome may be viewed in genome browsers from Ensembl, NCBI and UCSC. and can 
be obtained from Children’s Hospital Oakland Research Institute (CHORI 
http://www.chori.org/ ). Locus specific probes may be used to identify small deletions 
and duplications not seen by conventional chromosome analysis. In order to map a 
chromosome rearrangement, clones localized in the vicinity of the cytogenetic 
breakpoints are chosen. A breakpoint is determined by the split of a single clone or 
when two clones that map closely together are separated by a breakpoint (Figure 12B).  
 
 

ARRAY-CGH 

Comparative genome hybridization (CGH) is a method to detect gain (i.e. 
amplifications) and loss (i.e. deletions) of genomic material (Kallioniemi et al. 1992) 
(Figure 13A). With the development of array based platforms, it became possible to 
detect very small deletions and duplications (Solinas-Toldo et al. 1997) (Figure 10 and 
figure 13B). A genomic DNA-array is a glass slide on which a great number of 
genomic target sequences (probes) are attached onto different spots. Probes can be 
chosen to cover a specific genomic region of interest or to cover the whole genome. 
The number of probes varies between the different commercially available platforms 
and hence the resolution depends on the density of the probes. However, the resolution 
of the array is not only determined by the number and size of the probes, but more 
importantly by the genomic spacing and the hybridization sensitivity of the probes on 
the array. Roughly, three types of array-platforms are available for copy number 
detection, BAC-arrays, SNP-arrays and oligonucleotide-arrays. There are a number of 
commercial companies producing these arrays and they all use slightly different 
technology. 
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Figure 12: Fluorescent in situ hybridization (FISH). (A) A fluorescently labeled DNA 
probe is hybridized to metaphase or interphase nuclei. The signal may then be 
visualized in a microscope. (B) Breakpoint mapping of a reciprocal translocation 
between chromosome 16 and chromosome 22, t(16;22). The red signal from a DNA-
probe from chromosome 16 is split by the translocation. 
 
  

 
Figure 13: The principle of 
(A) comparative genome 
hybridization (CGH) and 
(B) array-CGH. Differently 
labeled DNA from a patient 
and a reference sample is 
allowed to hybridize to 
either metaphase 
chromosomes or to clones 
on a slide. The signals are 
detected in a fluorescent 
microscope or a laser 
scanner. The quantitative 
ratio between the intensity 
of the two different labels is 
calculated by computer 
programs. 
 



 

 20 

BAC-array 
Based on the availability of bacterial artificial chromosome (BAC) libraries, genome 
wide arrays may be produced by spotting locus specific BACs onto the array. The 
resolution is limited by the size of a BAC-clone, giving an average maximum 
resolution of approximately 100 kb across the genome. In principle, patient and control 
DNA is labeled with different fluorophores (often green and red) and they are then 
mixed and hybridized together to the array. The two DNA-samples will compete with 
each other during hybridization. If the patient has a deletion of a certain region, the 
representative spots will be more red than green. If the patient has an amplification, the 
spots will be more green than red. The array is scanned and the red/ green ratio is 
calculated by the computer with the use of specific software. 
 
Oligonucleotide array 
In this case locus specific oligonucleotide probes are designed to match a genomic 
target region of interest and then synthesized directly on the array slide. As with the 
BAC-arrays, a difference in the copy number between differentially labeled test and 
reference DNA samples hybridized to the slide is detected. These platforms have a high 
degree of flexibility, and customized designs may be developed targeting particular 
areas of the genome with a very high resolution, limited only by the genome structure, 
e.g. repetitive elements. The most common platforms used today are Agilent and 
NimbleGen, using slightly different lengths of oligonucleotides.  
 
SNP-array 
To date 12 878 918 single nucleotide polymorphisms (SNP) in the human genome have 
been entered into the Single Nucleotide Polymorphism database. SNP-arrays use 
oligonucleotide probes that correspond to the allelic variants of selected SNPs. 
Hybridization of genomic DNA to both probe variants indicates heterozygosity, while 
detection of a single allele is consistent with a homozygous or deleted target SNP. The 
copy number status is deducted from the strength of the fluorescent signal emitted from 
individual probes. One of the major limitations of this approach is that the flexibility of 
the design is limited by the localization of the individual SNPs and as they are not 
evenly distributed across the genome, coverage of some chromosomal regions is not 
possible. On the other hand, it is possible to detect diploid stretches of homozygosity. 
Such a finding may indicate consanguinity, uniparental disomy or a common ancestral 
descent. The most common platforms are Illumina and Affymetrix arrays that use bead 
and chip technology, respectively.  
 



 

 21 

MLPA-ANALYSIS 

Another method to analyze genomic imbalance is MLPA, Multiplex Ligation-
dependent Probe Amplification. MLPA is a robust PCR based method that measures 
the copy number of several DNA-sequences in a single reaction. The test is designed in 
such a way that the length of each amplification product has a unique size between 130-
480 bp, which can be separated and quantified by capillary electrophoresis (Schouten et 
al. 2002). A forward and reverse oligonucleotide primer is designed to target each 
specific DNA-sequence. Only when both probe oligonucleotides are hybridized to their 
respective targets, they may be ligated into a complete probe. The probes are then 
amplified in a single reaction, using a primer pair complementary to flanking sequences 
present in all the probes. Hence, a mixture of oligonucleotide primers is added to the 
genomic DNA-sample and after ligation, a PCR-reaction and separation is performed 
(Figure 10 and 14). Comparison of the relative peak area of each amplification product 
to a normal control reflects the relative copy number of the target sequence. To avoid 
false positive and false negative results, a number of normalizations are applied.  
 

 
Figure 14: Multiplex Ligation-dependent Probe Amplification (MLPA) of eight 
different genomic segment from chromosome 21 (Paper II). Five probes are deleted 
and five probes are duplicated. 
 
 

IN SILICO ANALYSIS 

The Ensembl, NCBI and UCSC genome browsers (assembly 36) may be used for 
selection of relevant BAC-clones, identification of genes and physical mapping. 
RepeatMasker, NCBI BLAST2 and T-Coffee (Notredame et al. 2000) may be used to 
analyze the breakpoint regions in order to identify interspersed repeated elements and 
homologous genomic regions. In addition, to identify additional cases with overlapping 
genomic imbalances the DECIPHER and ECARUCA databases may be searched.  
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AIMS OF THE PRESENT STUDY  
 

The primary goal was to investigate chromosome rearrangements in order to: 
 

1) Characterize the breakpoints of chromosome rearrangements 
2) Determine the frequency of submicroscopic changes 
3) Study the relationship between submicroscopic changes and clinical 

symptoms 
4) Identify mechanisms underlying chromosomal rearrangements 
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PATIENTS  
The patients in papers I, II and V were referred to the Department of Clinical Genetics, 
Karolinska University Hospital, for chromosome analysis due to phenotypic 
abnormalities. Patients with complex or unbalanced chromosome rearrangements had 
more severe phenotypes including developmental delay, dysmorphic features and 
internal organ malformations, while the apparently balanced reciprocal translocation 
carriers had varying milder symptoms of mental dysfunction such as dyslexia, delayed 
language development, autism. Informed consent was obtained before the patients were 
included in the studies.  
 
Individuals included in paper III had been identified by diagnostic screening of a large 
cohort of patients with unexplained MR and/ or autism. The clinical samples (n=7 678) 
were obtained from Melbourne, Australia (n=349); Stockholm, Sweden (n=1 289); 
Antwerp, Belgium (n=100); Atlanta, USA (n=2 000) and Groningen (n=2 107) and 
Nijmegen (n=1 833), the Netherlands. We used 1 171 parental samples as healthy 
controls to assess the extent of normal (non-pathogenic) copy number variation in this 
region of 17p13.3. Eight unrelated individuals with microdeletions and five individuals 
with microduplications in 17p13.3 were identified. Informed consent was obtained 
before the patients were included in the study.  
 
In paper IV, all four patients were originally investigated at Genetic Departments 
outside of Stockholm (Barcelona, Spain; Pavia, Italy; Padua, Italy; Umeå, Sweden). 
Patient 1 was later referred to the Department of Clinical Genetics, Karolinska 
University Hospital. Samples from patients 2, 3 and 4 were sent to the Karolinska 
University Hospital for further study after informed consent from the parents. 
 
Ethical permission for studies of genetic causes of mental retardation: autism and 
autism like conditions and multiple malformations was granted by the Research ethics 
committee at the Karolinska Hospital. 
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RESULTS AND DISCUSSION 
 
CHARACTERIZATION OF COMPLEX INTRACHROMOSOMAL 
REARRANGEMENTS (PAPERS I AND II) 

Chromosome 1 (Paper I) 
In paper I we present the characterization of a complex intrachromosomal 
rearrangement of chromosome 1. The patient was a 4-year-old girl suffering from 
psychomotor delay and hypotonia. Chromosome analysis detected an unusual banding 
pattern of one chromosome 1. Detailed mapping was performed by FISH and array-
CGH and revealed an extremely complex intrachromosomal rearrangement, with 14 
different breakpoints, 12 on the p- and two on the q-arm, as well as a small deletion of 
0.5 Mb on the p-arm. The broken segments had been mixed and shuffled around, some 
of them inverted in the process. The karyotypes of both parents were normal indicating 
a de novo rearrangement in the child. Microsatellite analysis showed that the deletion 
was of paternal origin. All the breakpoint-defining clones had two Alu sequences in 
common (AluSc and AluSg). 
 
Chromosome 21 (Paper II) 
The patient was born with dysmorphic features and multiple organ malformations 
including a severe heart defect. After a septic infection, the patient died at the age of 5 
months due to a combination of heart and respiratory failure. Chromosome analysis 
detected a deletion of 21q. Further characterization was performed with extensive 
FISH-mapping, array-CGH, MLPA and metaphase FISH on extended chromosomes. A 
uniquely complex rearrangement was revealed with 16 breakpoints, four deletions and 
four duplications, with the duplicated segments localized together on the p-arm. The 
order of the segments on the q-arm was not affected, but the results suggest that the 
order is inverse compared to the p-arm. 
 
 

GENOTYPE-PHENOTYPE CORRELATIONS (ALL PAPERS) 

1p rearrangement (paper I) 
The clinical symptoms were difficult to correlate to a specific gene at a given 
breakpoint because of the complexity of the rearrangement in the patient. The final 
phenotype could be the result of any singular event or a combination of mechanisms 
and may thus be the effect of one or several genes. Somewhat surprisingly, the patient 
has a rather mild phenotype, and it is therefore likely that a majority of the involved 
genes are not sensitive to haploinsufficiency (Baptista et al. 2008). There were in total 
27 genes tentatively affected by the rearrangement, of which seven were deleted. 
Eleven of the genes were located within known copy number variable regions, 
including all of the deleted genes (http://projects.tcag.ca/variation/), and thus the 
deletion might not contribute to the phenotype. However, since the deletion was de 
novo, we do not regard it as a normal variant. Of special interest is the gene 
PRDM16/MEL1 for which expression has been demonstrated in the brain, heart and 
kidney during the embryonic development of Xenopus (Van Campenhout et al. 2006). 
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The gene was broken by breakpoint B and appears to have fused with NID1 (L), a 
basement membrane protein that is involved in cell-matrix interactions and has been 
suggested to be involved in the embryonic development of the prefrontal cortex in mice 
(Semeralul et al. 2006). In patients with acute myeloid leukaemia, PRDM16/MEL1 has 
been described to fuse with RUNX1 leading to ectopic expression of PRDM16/MEL1 
(Stevens-Kroef et al. 2006). The creation of a fusion gene between PRDM16/MEL1 
and NID1 in our patient could theoretically lead to over-expression of PRDM16/MEL, 
but this was not further investigated. Another interesting gene is CAMTA1, which is 
broken by breakpoint C, and displays high expression in the developing human brain 
and spinal cord. Recently, Huentelman et al. identified single nucleotide 
polymorphisms in the CAMTA1 gene that are significantly associated to human 
episodic memory performance. They also showed that CAMTA1 mRNA is enriched in 
memory related regions of the human brain (Huentelman et al. 2007). 
 
21q deletions (paper II) 
In this paper we present the clinical and molecular characterization of three unrelated 
patients with 21q deletions. Two displayed developmental delay, dysmorphic features 
and internal organ malformations, and one patient had apparently normal cognitive 
function but some deficits in gross and fine motor development. Partial deletions of 21q 
are rare and these patients display a highly variable phenotype depending on the size 
and position of the deletion. A review of the literature identified thirty-eight cases with 
pure 21q deletions. Twenty-three of these had reliable mapping data. The combined 
information of present and previous cases suggests that the ITSN1-gene is involved in 
severe mental retardation in 21q deletion patients. In addition, a critical region of 0.56 
Mb containing four genes KCNE1, DSCR1, CLIC6 and RUNX1, is associated with 
severe congenital heart defects, and deletions of the most proximal 15-17 Mb of 21q is 
associated with mild or no cognitive impairment, but may lead to problems with 
balance and impaired motor function. 
 
Microdeletions and microduplications of 17p13.3 (Paper III) 
In this paper we present the clinical and molecular characterization of eight and five 
unrelated individuals with microdeletions and microduplications in 17p13.3, 
respectively. Detailed molecular analyses of these new microdeletions, and comparison 
with six previously reported cases, identified a critical candidate region spanning 258 
kb, which encompasses six genes including CRK (encoding Crk) and YWHAE 
(encoding 14-3-3ε). The clinical features of these individuals included growth 
retardation, facial dysmorphism and developmental delay. Notably, identification of a 
single individual with normal facial features and an interstitial deletion involving CRK, 
but not YWHAE, suggested that a genomic region spanning 109 kb, encompassing only 
two genes including YWHAE, is responsible for the facial dysmorphism phenotype. The 
microdeletion and microduplication phenotypes were distinct in that only the latter 
included autism. The minimal region of overlap for the five new and ten previously 
reported microduplications spans 72 kb, encompassing a single gene - YWHAE. This 
study further defines the phenotypic spectrum of 17p13.3 microdeletion and 
microduplication. The new cases described herein reduce the minimal region of 
overlap, allowing identification of candidate genes underlying the distinctive facial 
dysmorphism (microdeletions) and autism (microduplications). 
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10p14-15 deletions (Paper IV) 
In this paper we present four unrelated patients with deletions of 10p14-p15. All the 
patients suffered from mental retardation and speech impairment, and three of them 
showed variable signs of the HDR-syndrome (Hypoparathyroidism, sensorineural 
Deafness and Renal dysplasia, MIM 146255). In addition, two of the patients were 
autistic and had similar dysmorphic features giving them a striking physical 
resemblance to each other. A review of the literature identified ten previously published 
cases with similar 10p deletions and reliable molecular or molecular cytogenetic 
mapping data. The combined information of present and previous cases suggests that 
partial deletions of 10p14-p15 represent a syndrome with a distinct and more severe 
phenotype than previously assumed. The main characteristics include severe mental 
retardation, language impairment, autistic behaviour and characteristic clinical features. 
A critical region involved in mental retardation and speech impairment is defined 
within 1.6 Mb in 10p15.3. In addition, deletion of 4.3 Mb within 10p14 is associated 
with autism and characteristic clinical features.  
 
Apparently balanced translocations (Paper V) 
Seven carriers of apparently balanced reciprocal translocations were analysed on a 
custom design high-density oligonucleotide array in order to identify small gene dose 
imbalances in the breakpoint regions. The patients had varying symptoms of mental 
dysfunction such as dyslexia, language delay, autism or mental retardation. All 
breakpoints except for one were balanced. Only one patient (patient 6) showed an 
imbalance within a breakpoint, a deletion of 200 base pairs, which was detected within 
the breakpoint on chromosome 3. No genes were broken or in the vicinity of the 
deletion, and therefore it is not likely related to the patients phenotype. In addition, an 
11.4 Mb deletion of chromosome 1 was detected in patient 5, a chromosome not 
involved in the previously identified rearrangement in the patient. Thus, in none of the 
patients with apparently balanced translocations could clinically significant CNVs be 
found in the breakpoint regions. The frequency of detected causative imbalances (15%) 
is lower than reported by Sismani et al. (25%), Babtista et al. (29%), de Gregori et al. 
(40%) or Gribble et al. (60%) (Gribble et al. 2005; De Gregori et al. 2007; Baptista et 
al. 2008; Sismani et al. 2008). However, these previous studies were of limited size (10 
to 27 patients), and the phenotype varied from mildly delayed psychomotor 
development to idiopathic mental retardation and multiple congenital malformations. 
Our patients had milder symptoms of mental dysfunction, and that is most likely the 
reason for the low number of detected imbalances in spite of the high resolution of the 
array. Furthermore, a specific phenotype segregated with the familial translocation in 
two of our patients, which may be explained by disruption of genes, or disturbed 
expression of genes at or in the vicinity of the breakpoints. 
 
 



 

 27 

MECHANISMS OF FORMATION (ALL PAPERS) 

Complex intrachromosomal rearrangements (Papers I, II and V) 
In paper V we used a custom design high-density oligonucleotide array to further 
delineate the deletion breakpoints in the two complex cases from Papers I and II. In the 
first case (Paper I), the two breakpoints stretched across a continuous series of 
repetitive elements and they both included identical ALUsx -repeats. In the second case 
(Paper II), 50% of the breakpoints contained Alu-structures, which is more than 
expected, as Alu-structures are present in about 12% in the entire genome. Thus, a 
potential mechanism of deletion in these two patients is NAHR. However, the highly 
complex rearrangements as a whole may naturally be the result of a combination of 
recombinatorial events due to several different mechanisms. 
 
17p13.3 microdeletions and microduplications (Paper III) 
All the thirteen 17p13.3 microdeletions/ duplications presented were non-recurrent, 
with all of the breakpoints distinct from each other. Eleven rearrangements were 
characterized by custom design high-density oligonucleotide array/ MLPA analysis, 
which precisely located the breakpoint regions to either Alu-elements (n=12) or to 
unique sequences (n=11). Moreover, in three of the cases sequence analysis of the 
breakpoint junctions was attempted, and junction fragments were obtained for all of 
them. However, sequencing of the deletion/ duplication junctions was possible for only 
one. The inability to sequence the other junction fragments is most likely due to the 
complexity of the genomic sequence at these breakpoints. In three cases (cases 1, 4 and 
9), the centromeric and telomeric breakpoints were located within repetitive elements, 
and comparison of the breakpoint sequences revealed significant homology with the 
primary sequences of overlap mapping to Alu-elements that showed identical genomic 
orientations. The data suggest that NAHR is the likely mechanism responsible in these 
three cases. Within the limits of high-density oligonucleotide array-CGH analysis, no 
homology was observed between the breakpoints in cases 2, 3, 5, 6, 8, 10, 11 and 12, 
which is consistent with NHEJ or MMBIR. 
 
10p14-15 deletions (Paper IV) 
Four different cases with deletions of chromosome 10p14-15 were presented. One 
patient had a balanced, complex rearrangement involving three chromosomes, 
t(1;10;5)(q32;p12;q31), and an interstitial deletion comprising 10p12.33-10p15.1. Two 
had deletions comprising 10p14-10p15.2, and 10p12.33-10pter, and the fourth case had 
a reciprocal translocation between chromosomes 15 and 10, resulting in a 
pseudodicentric chromosome and loss of the distal part of 10p. In the first three 
rearrangements, the breakpoint intervals were characterized by custom design high 
density oligonucleotide array analysis and the results indicate that different genetic 
recombination mechanisms have been involved. The complex three-chromosome 
rearrangement in Patient 1 has the two deletion breakpoints located within unique 
sequences.  
 
Apparently balanced translocations (Paper V) 
The 200 bp deletion found in patient 6 was adjacent to a LINE repeat and the 
corresponding breakpoint on chromosome 12 contained a LINE repeat with 83% 
homology (Figure 1). The detected deletion most likely corresponds to the actual 
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breakpoint and the mechanism in this case may be NAHR between the two LINE 
elements (Gu et al. 2008). NAHR between low copy repeats is not a common 
mechanism described in balanced reciprocal translocations (Erdogan et al. 2006). 
However, NAHR between Alu-repeats has been previously described (Kolomietz et al. 
2002). Our findings indicate that LINE-elements may also constitute a substrate for 
NAHR. 
 
Unbalanced aberrations (paper V) 
In the five patients with unbalanced translocations, the custom array was able to define 
the boundaries of the unbalanced breakpoints within DNA-segments of 17-16 457 bp in 
size, thus with a resolution not previously shown using similar methods. The 
breakpoints were situated either within a specific repetitive element, within a series of 
continuous repetitive elements or in 1-3 60-mer probes. The probable mechanisms 
behind the rearrangements differed between the cases, including both NHEJ, NAHR or 
the recently described FoSTeS (Perry et al. 2007). 
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CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES 

 
The results of this thesis stress the importance of molecular cytogenetic techniques in 
the investigation of chromosome aberrations. Our results illustrate that array-CGH is a 
convenient method to detect and fine map genomic deletions and duplications. 
However, FISH-analysis remains an important tool to map and characterize both 
balanced and unbalanced rearrangements and to confirm and localize detected CNVs. 
By combining the two approaches, we have been able to characterize the breakpoints of 
deletions, duplications, reciprocal translocations and complex rearrangements in detail.  
 
In papers I and II we present the detailed mapping of two highly complex 
intrachromosomal rearrangements of chromosome 1 and 21, respectively. The level of 
complexity present in these two rearrangements has not previously been described in 
constitutional samples. In both cases, extensive FISH-mapping and array-CGH was 
necessary to elucidate the nature of the aberrant chromosome.  
 
In the last few years, array-CGH analysis has become common practice in the 
investigation of patients with unexplained learning difficulties. As a direct result, a 
number of new microdeletion and duplication syndromes have been reported. In papers 
II, III and IV we describe overlapping partial deletions and duplications of chromosome 
21, 17 and 10, respectively. By comparing previously reported patients with new cases, 
we were able to identify and narrow down minimal chromosomal regions of overlap 
concerning seven different phenotypes. In two of these cases, we actually narrowed 
down the region to include only one candidate gene. This finding has direct bearing on 
clinical practice since the individual patients are very rare, and therefore such genotype-
phenotype correlations have immediate impact in genetic counseling.  
 
Contrary to previous reports, we were unable to detect any clinically significant 
imbalances within the breakpoint regions in a small cohort of patients with apparently 
balanced reciprocal translocations and various mild symptoms. Hence, the phenotype 
may be explained by disruption of genes, disturbed expression of genes at or in the 
vicinity of the breakpoints, or be independent of the translocation. The translocations 
would not have been detected by array-CGH, and therefore these findings stress the 
importance to continue to identify and characterize balanced translocations by other 
methods in patients with unexplained learning difficulties.  
 
In papers III, IV and V we used targeted custom oligonucleotide arrays to fine map 
breakpoints. We demonstrated that it is possible to increase the resolution in a targeted 
genomic region of interest and determine the structure of the breakpoints with high 
accuracy, as well as to detect very small imbalances. This approach enabled us to draw 
conclusions regarding the molecular mechanisms of formation underlying the deletions 
and duplications described in paper III and IV, as well as the unbalanced cases included 
in paper V. In a few of the cases, the genome structure indicated NAHR, but in the vast 
majority at least one breakpoint was located in a unique sequence, and these aberrations 
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seem to have arisen through diverse mechanisms. Interestingly, there seem to be an 
enrichment of Alu-repeats in the vicinity of the breakpoints, which may indicate the 
recently proposed MMBIR or NHEJ. However, to fully understand the molecular 
mechanisms involved, sequencing of a large number of CNVs and translocation 
breakpoints is necessary. 
 
According to Allan Bradley in 2003, the human genome project was “a vital step on a 
long road”. Today, almost seven years later, the efforts to identify the causative genes 
in Mendelian disorders continues. The molecular basis of the genetic disorder is known 
for only 12% (2 660) of the identified genes. In addition, almost 2 000 
Mendelian phenotypes or loci with unknown molecular basis have been identified, and 
more than 2 000 suspected Mendelian phenotypes have not yet been linked to a locus 
(OMIM statistics, Dec 2009). Patients with developmental delay and birth defects may 
help us to pinpoint genes of interest. By gathering copy number information and 
phenotype data in databases like DECIPHER (http://decipher.sanger.ac.uk) and 
ECARUCA (www.ecaruca.net), we will be able to compare patients and consequently 
obtain more knowledge about the importance of specific aberrations. Global 
collaboration is essential for this process; every single case may then, like a piece in a 
gigantic jigsaw puzzle, contribute to the final picture.  
 
As the knowledge of variation and disease causing variants increases, so will the 
number of individuals receiving an explanation for their disease. Receiving a diagnosis 
may have a huge impact on the immediate family by providing the opportunity for 
carrier detection and prenatal testing. Genetic counselling will also have to adapt to the 
increasing amount of generated genetic data for each patient. Some of this information 
may not be asked for, e.g. a mutation in a dominant cancer gene, and this may convey 
ethical problems.  
 
In addition, when these new high resolution technologies are implemented into 
diagnostics, there will be a need for increased bioinformatic support within the clinical 
setting in order to assist in interpretation of complex data. More importantly, an 
infrastructure for storage, manipulation and processing of the huge amount of data 
obtained needs to be solved. Huge databases need to find intelligent ways to store 
enormous amounts of data while still enabling us to find the features we look for, such 
as phenotypes-genotypes and family history.  
 
The complexity of the human genome is just starting to unravel. The publications of the 
first diploid sequences of Craig Venter, James Watson and others have demonstrated a 
surprising amount of genetic variation. In order to fully understand the nature of this 
genetic variation in development and disease, we need to know the chromosomal 
location and base content of all CNVs. To generate such a map, the complete DNA 
sequence of a number of unrelated individuals has to be ascertained and compared. 
Ongoing work, such as “the 1000 Genomes Project” will contribute greatly in the 
process. Moreover, to understand the importance of genetic variation in disease 
susceptibility and pathogenesis, CNV assessment should be included in future studies 
concerning complex genetic diseases.  
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The array-CGH resolution has now reached its full capacity and we will soon know the 
true frequency of copy number variation in the human genome. An emerging new 
technology is next-generation sequencing, and in the future we may very well be able 
to both detect and localize chromosomal aberrations, including balanced and complex 
translocations, within a single experiment. As the technology advances with even more 
sophisticated sequencing methods, the gap between cytogenetic and molecular DNA-
analyses will disappear. 
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SVENSK SAMMANFATTNING 
 
Konstitutionella kromosomavvikelser är medfödda förändringar som antingen är 
nedärvda från en förälder eller har uppstått de novo i en av gameterna som bildar 
zygoten. Förändringarna är stora nog att ses i ett ljusmikroskop med konventionell 
cytogenetisk analys. Numeriska avvikelser innebär att det finns ett felaktigt antal 
normala kromosomer, som exempel kan nämnas trisomi, monosomi och triploidi. 
Kromosomavvikelser som påverkar den normala strukturen hos en eller flera 
kromosomer kallas för strukturella avvikelser, exempel på detta är deletioner, 
translokationer och inversioner.                                                                                                                                   
Konstitutionella kromosomavvikelser är relativt vanliga och ses hos cirka 0,9 % av 
nyfödda barn (Jacobs et al.). Endast en del av dessa kommer att ge upphov till symtom. 
Cirka 1/500 individer bär på en balanserad strukturell kromosomförändring. Bärare av 
balanserade rearrangemang är oftast friska, men har en ökad risk att få barn med mental 
retardation och missbildningar, samt en ökad risk för missfall och infertilitet. De 
individer som har en obalanserad kromosomuppsättning får oftast symtom och 
kromosomavvikelser är en vanlig orsak till mental retardation och missbildningar hos 
barn. Även om numeriska avvikelser svarar för majoriteten av dessa förekommer 
obalanserade strukturella avvikelser i cirka 3 % av upptäckta kromosomavvikelser 
(Shaffer and Lupski). För att avgöra om en kromosomförändring är 
sjukdomsframkallande eller inte görs först och främst en cytogenetisk bedömning. 
Denna är dock ur genetisk synvinkel relativt grov, eftersom upplösningen ligger på 
flera miljoner baspar och kan omfatta hundratals gener.  
 
För att studera kromosomförändringar mer i detalj kan man använda molekylär 
cytogenetik, vilket omfattar olika tillämpningar av fluorescent in situ hybridisering 
(FISH) och comparative genomic hybridization (CGH). Med hjälp av dessa tekniker 
har uppkomstmekanismen för nya syndrom kunnat klarläggas och ett stort antal 
submikroskopiska kromosomförändringar har identifierats som orsak till tidigare 
oförklarade symtom (Potocki et al.). Den sanna frekvensen av submikroskopiska 
rearrangemang är ännu inte känd, men är sannolikt förklaring till åtminstone 10 % av 
mental retardation av okänd orsak. 
 
Den bakomliggande molekylära strukturen av flera konstitutionella 
kromosomrearrangemang har nyligen kartlagts. Man har sett att återkommande mönster 
i genomstrukturen ofta förekommer vid brottspunkterna och detta kan ha betydelse för 
uppkomsten av rearrangemangen. Studier har visat att mer än hälften av det humana 
genomet sannolikt består av repetitiva element (Lander et al.). Ett exempel är 
regionspecifika repetitiva DNA-sekvenser som kan predisponera för meiotiska 
rearrangemang (Edelmann et al.). De kan därmed ha haft betydelse för och kanske till 
och med har varit en förutsättning för evolutionen av kromosomerna (Stankiewicz and 
Lupski). Man har också sett att normala polymorfier, som heterozygota 
submikroskopiska inversioner kan leda till en ökad förekomst av andra potentiellt 
symtomgivande rearrangemang hos avkomman (Giglio et al.).  
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Det har visat sig att komplexiteten i brottspunkterna vid kromosomala rearrangemang 
många gånger är mycket större än vad man förväntat sig av den cytogenetiska 
undersökningen (Kraus et al.). Utan en mer detaljerad undersökning kan det vara svårt 
att förutsäga om ett rearrangemang kommer att ge upphov till symtom eller ej. Det 
finns ett behov av att kunna studera kromosomförändringar i detalj för att bättre förstå 
hur de ser ut på en mer detaljerad molekylär nivå och att kunna relatera dessa fynd till 
fenotyp och prognos.  
 
 
Artikel I 
Vid kromosomanalys av en patient med utvecklingsförsening upptäcktes ett avvikande 
bandmönster på ena kromosom 1. Vidare kartläggning av kromosomavvikelsen gjordes 
med FISH (Fluorescent in situ hybridisering) av metafaskromosomer samt array-CGH 
(comparative genomic hybridization). Avvikelsen visade sig bero på ett mycket 
komplext intrakromosomalt rearrangemang med 14 olika brottspunkter, 12 på p-armen 
och två på q-armen samt en 0,5 Mb stor deletion på p-armen. Inga av förändringarna 
kunde påvisas hos föräldrarna. Med mikrosatellitanalys visade vi att den rearrangerade 
kromosomen var nedärvd från fadern. Tjugoåtta gener är eller kan vara påverkade av 
brottspunkterna.  
 
Artikel II 
Tre patienter med partiella deletioner av kromsom 21 och varierande grad av 
utvecklingsförsening har kartlagts i detalj. Vi har använt oss av array-CGH, FISH på 
metafaskromosomer och på mekaniskt utsträckta kromsomer samt MLPA (Multiplex 
Ligation-dependent Probe Amplification). Jämförelser mellan våra patienter och 
tidigare rapporterade fall visar att ISNT1-genen är inblandad i uppkomsten av mental 
retardation, en kritisk region som innehåller fyra gener och är associerad med 
medfödda hjärtmissbildningar och att stora proximala deletioner av upp till 17 Mb 
resulterar i en mild fenotyp. 
 
Artikel III 
Helgenomisk microarrayscreening har genomförts på en kohort av 7 072 patienter från 
sex olika centra (Stockholm, Melbourne, Atlanta, Nijmegen, Antwerpen, Groningen) 
med oförklarade inlärningssvårigheter och/eller autism, med eller utan andra medfödda 
missbildningar. Åtta respektive fem individer identifierades med mikrodeletioner eller 
mikroduplikationer av 17p13.3. Fortsatt molekylär kartläggning av de nya fallen har 
gjorts med en egendesignad array-CGH med mycket hög upplösning. Brottspunkterna 
varierar mellan de olika patienterna och rearrangemangen förefaller ha uppstått genom 
flera olika mekanismer. Detaljerad klinisk och molekylär jämförelse mellan våra fall 
och tidigare rapporterade patienter visar att deletion av CRK och YWHAE leder till en 
klinisk fenotyp med varierande grad av tillväxthämning, karakteristisk dysmorfologi 
samt utvecklingsförsening och att duplikation av YWHAE resulterar i autism.  
 
Artikel IV 
Tre patienter med överlappande partiella deletioner av korta armen på kromosom 10 
och varierande grad av utvecklingsförsening har kartlagts i detalj. Initial kartläggning 
har gjorts med array-CGH och FISH på metafaskromosomer. Fortsatt molekylär analys 
har gjorts med en egendesignad array-CGH med mycket hög upplösning. 
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Brottspunkterna varierar mellan de olika patienterna och rearrangemangen förefaller ha 
uppstått genom flera olika mekanismer. Detaljerad klinisk och molekylär jämförelse 
mellan våra fall och tidigare rapporterade patienter visar att partiella deletioner av 
10p14-p15 representerar ett syndrom med en distinkt och allvarligare fenotyp än man 
tidigare trott.  
 
Artikel V  
I den här studien har vi använt en egendesignad array-CGH med mycket hög 
upplösning för att analysera 38 kromosombrottspunkter från 12 olika patienter med 
både balanserade och obalanserade rearrangemang. Initial kartläggning av 
brottspunkterna gjordes med array-CGH och FISH på metafaskromosomer. Genom att 
designa mycket tätt med prober i de mappade brottspunktsintervallen har vi kunnat 
zooma in till en nivå av 60 bp. Detta har möjliggjort en analys av uppkomstmekanismer 
av obalanserade rearrangemang. Hos en av sju bärare av till synes balanserade 
rearrangemang med mild kognitiv påverkan hittade vi en liten deletion. Dessa fynd 
visar på ett nytt sätt att kartlägga och identifiera obalanserade kromosomala 
brottspunkter. 
 
Sammanfattningsvis visar resultaten att molekylär cytogenetik är nödvändig för en 
detaljerad utredning av strukturella kromosomförändringar. Array-CGH är en lämplig 
metod för att detektera deletioner och duplikationer i arvsmassan och FISH-analys 
behövs för att mappa och karakterisera balanserade och obalanserade rearrangemang 
samt verifiera och lokalisera detekterade dosförändringar i arvsmassan. Genom att 
jämföra kliniska data med den genetiska förändringen kan koppling mellan 
genavvikelse och symtom göras. Patienter med utvecklingsförsening och medfödda 
missbildningar kan därför hjälpa oss att identifiera nya gener som bidrar till 
uppkomsten av dessa symtom.  
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