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Abstract
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Intellectual disability (ID) affects approximately 1-3% of the population and is defined as having
an IQ below 70 as well as a significant limitation in adaptive behavior.

The implementation of chromosomal microarrays (CMA) into the field of clinical genetics
has revolutionized the ability to find genetic aberrations responsible for different genetic
disorders. Importantly. these technologies have allowed several new microdeletion and
microduplication aberrations to be identified that otherwise would have escaped detection using
more conventional methods. Finding the genetic etiology of a syndrome and its association to
the phenotype is paramount to better health care, provision of tailored therapy, presymptomatic
screening, accurate prognosis, recurrence risk evaluation and in some cases prenatal testing.

Despite the plethora of new information available, there are still a number of clinical and
genetic features we do not fully understand.

The aim of this work was to identify regions and syndromes associated with ID by CMA
analysis and to make a detailed clinical description of the affected patients’ phenotype.

In paper I we studied the 22q11.2 duplication syndrome and presented two familial cases
with a description of both their genotype and phenotype. Additionally, 36 cases harboring the
duplication were reviewed to further delineate the phenotype of the syndrome.

In paper II, we revealed two unrelated patients with a deletion at 6q14.1-q15 and a distinct
phenotype. Together with one previously reported patient our study suggests that a novel,
clinically recognizable microdeletion syndrome exists in these patients.

In paper III the phenotype and genotype of six unrelated patients with partially overlapping
microdeletions at 10p12.31-p11.21 were described. Taken together with a previously reported
patient we propose that these findings represent a new contiguous gene syndrome.

In paper IV, two sisters; one presenting with two tandem interstitial duplications and the other
a large deletion over the same region (6q13-q16) were reported. The reason for the CNVs was
a maternal de novo translocation. This is the first case describing the genotype and phenotype
of this duplicated region at 6q13-q16.

In conclusion, four different genetic aberrations involved in the etiology of ID and their
corresponding phenotypes and candidate genes have been characterized.
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Abbreviations 

ASD Autism spectrum disorder 
BIR Break-induced replication 
bp Base pairs 
CMA Chromosomal microarrays 
CNV Copy number variant 
dbVAR Database of genomic structural varia-

tion 
DECIPHER Database of chromosomal imbalance 

and phenotype in humans using en-
sembl resources 

DGV Database of genomic variants 
DNA Deoxyribonucleic acid 
DSB Double-strand breaks 
ECARUCA European cytogeneticists association 

register of unbalanced chromosome 
aberrations 

FAS Fetal alcohol syndrome 
FISH Fluorescent in situ hybridization 
FoSTeS Fork stalling and template switching 
HR Homologous recombination 
ID Intellectual disability 
ISCA the International standards for cyto-

genomic arrays consortium 
kb Kilo bases 
LCR Low copy repeats 
LOH Loss of heterozygosity 
Mb Mega bases 
MCA Multiple congenital anomalies 
MMBIR Microhomology-mediated break-

induced replication 
MMEJ Microhomology-mediated end join-

ing 
MR Mental retardation 
NAHR Non-allelic homologous recombina-

tion 
NGS Next generation sequencing 
NHEJ Non-homologous end joining 



 

OMIM Online mendelian inheritance in man 
SD Segmental duplication 
SDSA Synthesis-dependant strand annealing 
SNP Single nucleotide polymorphism 
SSA Single strand annealing 
UPD Uniparental disomy 
VOUS Variants of uncertain significance 
WES Whole exome sequencing 
WGS Whole genome sequencing 
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Introduction 

Intellectual disability 
Intellectual disability (ID) also referred to as mental retardation (MR) is a 
variable and heterogeneous manifestation of central nervous system dysfunc-
tion, affecting approximately 1-3% of the population 1-2. The etiology of ID 
is extensive encompassing a host of congenital, acquired and environmental 
causes including chromosomal and monogenic diseases, prematurity, pre- 
and postnatal infections, trauma, and neurotoxicity from alcohol, medication 
and metals 7-8. 

ID is defined as a significant limitation in both adaptive behavior and intel-
lectual functioning presenting before the age of 18. Individuals with ID have 
an IQ below 70, two standard deviations below the mean (Diagnostic and 
Statistical Manual of Mental Disorders, DSM IV) 
(http://www.psychiatry.org/practice/dsm/dsm-iv-tr) and can further be sub-
divided into different categories as follows: 

 
1. Mild intellectual disability, IQ 50-69 
2. Moderate intellectual disability, IQ 35-49 
3. Severe intellectual disability, IQ 20-34 
4. Profound intellectual disability, IQ below 20  

Of note, approximately 3/4 of all individuals with ID will present with mild 
intellectual disability 1, 3-4. 

ID can present in patients either as an isolated condition, or it may manifest 
as part of a syndrome occurring alongside other symptoms such as dysmor-
phic features or malformations. In general, determining the etiology of iso-
lated ID is a much more cumbersome task than determining the cause of 
syndromic ID. This is partially due to the fact that less diagnostic genetic 
analyzes are at hand for isolated ID 5-6. 

Between 18.6 to 44.5% of cases with ID have been reported to have 
exogenous causes, such as teratogen exposure or infections and the most 
common cause of preventable ID in the western world is fetal alcohol 
syndrome (FAS) 12-14. Genetic causes are said to account for between 17.4 to 
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47.1% of all cases 6, 9-11 and most severe forms of ID are thought to be 
caused by genetic aberrations 14. That said, the underlying etiology is still not 
found in 55-60% 15-17. 

There has been evidence that rare de novo point mutations could be a major 
cause of severe ID 18-19 and it has been suggested that mutations in more than 
1 000 different genes can cause ID 20. With the clinical implementation of 
whole genome/exome sequencing the genetic etiologies contributing to ID 
will most likely increase 21-22. 

ID is one of the main reasons for referral in pediatric, child-neurological and 
clinical genetic service and is 1.5 times more frequent in males compared to 
females. The X-linked monogenetic recessive conditions, which affect males 
only, do not account for more than 10-12% of genetically attributed ID. In 
light of these findings, the predominant proportion of males affected by ID 
can neither be explained nor understood by current genetic knowledge 5, 23. 
Identifying the cause of ID is of great importance for the patient, his/her 
family, as well as for the treating physician. If the cause of the condition is 
revealed it will facilitate medical education and training, pre-symptomatic 
screening procedures and result in the provision of a more tailored treatment 
and prognosis for the patient. In some cases where ID is derived from an 
identified genetic aberration, the parents of an affected child can be offered 
prenatal testing for any subsequent pregnancies. 

ID can affect different intellectual areas. For some individuals the most strik-
ing feature is reduced gross and/or fine motor skills. In other persons the 
most prominent feature is deviant social and emotional behavior, reduced 
language skills or the inability of abstract thinking. For instance, children 
with Down syndrome are fairly well developed in social and emotional in-
teractions, yet they have difficulties with abstract thinking. On the other 
hand, individuals with Fragile X syndrome are commonly shy and anxious in 
social interactions. 

Syndromes 
A syndrome is a disease or disorder that has more than one identifying fea-
ture or symptom. Each particular syndrome has many different features typi-
cal for that condition. Even though not all patients presenting with a certain 
syndrome will display all the characteristic features of that particular disor-
der, these patients will nevertheless form a homogeneous clinical picture or 
specific phenotype. For example, children with Down syndrome can share 
some but not all common features of dysmorphic stigmata. Despite the fact 
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that these patients can present with variable features of stigmata, it is enough 
to create a recognizable phenotype across these patients. 

Genetic characterization of syndromes has developed rapidly over the past 
decade. Until recently, genetic profiling solely relied on conventional cyto-
genetic techniques with fairly low resolution as karyotyping, with a resolu-
tion of 5-10 Mb. Today, the advent of high-resolution microarray analysis 
and new sequencing technologies has allowed new and smaller genetic al-
terations implicated in such syndromes to be readily discovered. For in-
stance, clinical implementation of array analysis has allowed many new mi-
crodeletion and microduplication syndromes to be described and character-
ized which would not have been found through conventional techniques 24. 

Basic genetics 
The science of genetics began with the work of Gregor Mendel. By crossing 
different strains of garden peas and analyzing the results Mendel was able to 
formulate new theories about inheriting attributes. These theories came to be 
known as Mendel’s law (1865). 

Another big step in genetics was taken in 1953 when Watson and Crick dis-
covered the structure of deoxyribonucleic acid or DNA 25. DNA consists of 
four nucleotide bases, adenine (A), thymine (T), cytosine (C) and guanine 
(G) that pair with each other in a specific manner to form a complementary 
double helix. The total amount of DNA in the body is called the genome and 
its function is to transfer information from one generation to the next. The 
genome consists of about 3 billion nucleotides, which during mitosis are 
organized into 23 pairs of chromosomes. Chromosome pairs 1-22 are called 
autosomal chromosomes and the 23rd pair, termed the sex chromosomes, 
determines gender. Females have two X chromosomes and males carry one 
X- and one Y-chromosome. The genome is inherited from the parents and 
each individual obtains one complete set of chromosomes from the mother 
and one complete set from the father. 

All human individuals have almost the same genetic set-up. The genome is 
approximately 99.9% identical between humans 26-27. Since the genome con-
tains about 3 billion nucleotide bases, this means that approximately 3 000 
000 bases differ between individuals making us genetically unique. 

In 2004, a near complete sequence of the human genome was published re-
vealing the genome to contain approximately 22 500 genes 28. A gene is 
defined as a specific coding sequence of the DNA, although there are also 
genes that are non-coding. Each individual has two copies of every gene 
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called alleles, one on each chromosome. When both copies (alleles) of a 
gene are identical the gene is termed homozygous. When an individual pre-
sents with different alleles, the gene is termed heterozygous. 

Approximately 0.5-1% of the genome is coding for proteins and this is called 
the exome (the total amount of genes). Until recently, it has been somewhat 
unclear what functions the remainder of the genome plays. Recent findings 
from the encyclopedia of DNA elements (ENCODE) project have remarka-
bly allowed researchers to assign biochemical functions for 80% of the ge-
nome. This was carried out by systematically mapping regions of histone 
modification, chromatin structure, regions of transcription and transcription 
factor association. This information crucially provides new insight into the 
mechanisms of gene regulation and genome organization. These findings 
emphasize not only the key roles played by protein-coding genes, but dem-
onstrate the importance of non-coding elements and epigenetic factors in 
shaping our genomic landscape 29. 

Genetic variation 
The genetic variations between individuals can vary in type and size, ranging 
from only one nucleotide to very large DNA segments. Regardless of size or 
type of the variant, one important aspect is whether the variant is disease 
causing (pathogenic) or not (benign). A genetic variant found in more than 
1% of the population is considered a polymorphism 30. Single Nucleotide 
Polymorphism (SNP) is one of the most common types of variations and 
constitutes a difference in just one nucleotide (deletion, duplication, insertion 
and substitution). Presently there are over 38 million validated SNPs in the 
NCBI’s SNP database 
(http://www.ncbi.nlm.nih.gov/SNP/snp_summary.cgi).  

Repeat sequences are another type of genetic variation commonly encoun-
tered in the genome. These sequences are identical portions of DNA that are 
replicated to various degrees. These variations can present either directly 
after each other in the genome (tandemly repeated) or as interspersed DNA 
sequences between other portions of DNA. These changes account for more 
than 50% of the genome 31. 
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Structural variations are defined as genomic alterations of DNA segments 
larger than 1 kb in size and several different categories exist: 1) copy number 
variants (CNVs), 2) segmental duplications (SDs), 3) inversions, 4) translo-
cations and 5) segmental uniparental disomy (UPD) 32. 

 
1. CNVs are duplications, deletions or insertions of DNA occurring 

at a different copy number, compared to a reference sequence 32. 
To date approximately 67 000 different CNVs have been reported 
in the Database of Genomic Variants (DGV) (pro-
jects.tcag.ca/variation/). It is worth noting that the database only 
publishes CNVs identified in healthy control samples. The thresh-
old in this database was recently changed from 1 kb to 50 bp and 
the upper limit is 3 Mb (10 Mb for inversions). 

2. SDs, also referred to as Low Copy Repeats (LCRs), are segments 
of DNA occurring in two or more copies at different locations in 
the genome. They constitute approximately 5% of the genome and 
they share a sequence identity above 90-95%. SDs can be located 
either on the same chromosome or on different chromosomes. SDs 
can vary in copy number and can thus be considered CNVs 32. 

3. An inversion is a segment of the DNA that has a reversed orienta-
tion compared to the rest of the sequence 32. 

4. When a DNA segment has changed its position to another place in 
the genome without a change in the total amount of DNA it is re-
ferred to as a translocation. The segment can translocate to a dif-
ferent region on the same chromosome or can change location 
onto another chromosome 32. 

5. Segmental UPD is an event where a homologous segment in the 
genome or a pair of chromosomes in one individual is derived 
from one single parent 32. 

 
Two large international projects have been launched to identify genetic dif-
ferences and similarities in humans, the International HapMap Project and 
the 1 000 Genomes project. Launched in 2002, the main aim of the interna-
tional HapMap project was to determine the common patterns of DNA se-
quence variation by characterizing and genotyping single nucleotide poly-
morphisms (SNP) and structural variations in large groups of individuals 
from different geographical origins 33. In 2007 the 1 000 genomes project 
was initiated to enroll a thousand individuals from different populations. The 
purpose of this challenging project is to provide a deep characterization of 
the human genome by using high-throughput sequencing technologies 34.  
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These projects are vital to the identification of pathogenic and benign vari-
ants. 

Mutations 
In some cases, genomic variants can compromise genomic function leading 
to disease. These pathogenic variants are called mutations. There are differ-
ent types of mutations and they can be categorized either by their size, type 
or function. 

A point mutation is a common type of alternation affecting a single point on 
the genome. This aberration results in the replacement, deletion or insertion 
of a single base and it can be located in a coding or a non-coding region. 
Depending on the nature of the point mutation, a silent, missense, nonsense, 
splice site or frameshift mutation may be encountered. Mutations located 
within the coding regions of the genome often influence the functionality of 
the encoded protein and thus lead to disease. That said, point mutations lo-
cated in non-coding regions can also influence protein production and or 
function, particularly if it is positioned in a promoter, splice site or other 
regulatory sequences 35. 

In comparison to single nucleotide mutations, larger sized alterations as dele-
tions and duplications encompassing up to several Mbs in size are usually 
pathogeneic in nature. This is due to the fact that large aberrations often af-
fect the function and or production of several genes at a time.  

The effect of pathogenic variants is categorized as either loss-of-function or  
gain-of-function mutations. 

In a loss-of-function mutation, the protein has a decreased function or no 
function at all. For some genes a reduced gene dosage to 50% is still enough 
for a normal phenotype. In the case where one functioning allele is not suffi-
cient for a normal phenotype haploinsufficiency ensues resulting in com-
promised protein function and disease. One form of loss-of-function muta-
tion is when the formed mutated protein interferes or inhibits the function of 
the wild type protein. This causes a dominant negative (DN) effect and thus 
is referred to as a DN mutation. 

In the opposite scenario, a gain-of-function mutation causes the protein to 
either gain a new function or enhance its given function. This is commonly 
observed in different types of cancers. It could either be due to a duplication, 
translocation or missense mutation. 
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Other pathogenic mutations of interest include mutations affecting the proc-
ess of imprinting and nucleotide repeat expansion mutations. Mutations gov-
erning aberrant imprinting in certain genes can cause disorders such as 
Prader-Willi/Angelmann syndrome and Silver-Russel/Beckwith-Wiedemann 
syndrome. This is due to incorrect methylation of certain genes and is caused 
by deletions, translocations or UPD and imprinting mutation. Nucleotide 
repeat expansion mutations are responsible for diseases such as Fragile X, 
Myotonic Dystrophy type 1 (trinucleotide expansions) and Myotonic Dys-
trophy type 2 (tetranucleotide expansions) 36. 

Monogenic disorders 
Genetic diseases can either be multigenic involving a number of genes, 
complex and multifactorial engaging gene/environment interactions or 
monogenic in nature. 

To date, approximately 5 500 monogenic diseases have been identified, 
however the underlying genetic mechanism is only known in ~ 3 700 dis-
eases (Online Mendelian Inheritance in Man, OMIM). The monogenic dis-
eases have five different inheritance patterns: 

 
1) Autosomal dominant: the mutated gene is located on one of the 

autosomal chromosomes and the affected individual is heterozygous 
for the mutated allele. Disorders with this type of inheritance affect 
both males and females and can be transmitted by both parents. 

2) Autosomal recessive: the mutated gene is located on one of the auto-
somal chromosomes and the affected individual is homozygous for 
the mutated allele. Disorders with this type of inheritance affect both 
males and females and the parents are usually heterozygous for the 
mutations. 

3) X-linked dominant: the mutated allele is located on the X-
chromosome. Since males only have one X-chromosome they are 
usually more severely affected. These diseases can in some cases be 
lethal for males, while females who are heterozygous for the mu-
tated allele are less affected. These disorders can be transmitted by 
both genders, even though females more often transmit them, since 
males are commonly severely affected and unlikely to reproduce. 

4) X-linked recessive: the mutated allele is located on the X-
chromosome. Females must be homozygous for the mutated allele in 
order to be affected. Mainly males are affected by these disorders, as 
they only carry one X-chromosome. The mother of an affected male 
is usually an unaffected heterozygous carrier of the mutated allele. 
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An affected male will always transmit the mutated allele to all his 
daughters who will be unaffected heterozygous carriers, unless they 
also inherit a mutated allele from their mother. 

5) Y-linked: the mutated allele is located on the Y-chromosome. Only 
males are affected, since females do not have a Y-chromosome. 
These disorders are rare. 

Even though the inheritance of monogenic diseases can seem uncomplicated 
and straightforward, several factors can sometimes complicate the interpreta-
tion. 

 
1) Heterogeneity 

Heterogeneity can be locus specific, allelic specific and clinical in 
nature. Locus heterogeneity means that mutations in several differ-
ent loci will produce the same clinical phenotype. Allelic heteroge-
neity pertains to the situation where different mutations in the same 
gene give rise to the same clinical disease. Finally clinical heteroge-
neity refers to the situation where mutations in the same gene are as-
sociated with different disorders. 

2) Reduced penetrance and variable expression 

Reduced penetrance pertains to the varied probability of a person 
having the mutation being affected by the disorder, Variable expres-
sion means varied symptoms/severity of the disease in different af-
fected individuals. 

3) Age 

The age of the patient can matter as some diseases are progressive 
and thus, hard to recognize in younger individuals. 

4) Anticipation 

Anticipation is a common phenomenon in nucleotide repeat expan-
sion disorders. This means the severity of the disorder can increase 
in subsequent generations. 

Of note, complicating factors such as reduced penetrance and variable ex-
pression are not only subjects to address in monogenic diseases. These fac-
tors are also important to consider in other forms of genetic disorders such as 
CNV related diseases. E.g. the 22q11 microduplication syndrome, with a 
duplication of usually 1.5 or 3 Mb encompassing up to 40 genes, is a syn-
drome with reduced penetrance and the phenotype of the affected individuals 
is very variable. 
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Through the study of large populations and the use of traditional cytogenet-
ics in combination with more recent microarray and sequencing technolo-
gies, we have begun to unravel the extent of human genetic variation. Al-
though we can somewhat decipher the nature of these genetic variations be 
they benign or pathogeneic, this challenge is only set to increase as we un-
cover more genomic alterations.  Even now it is obvious that genetic variants 
cannot be strictly categorized as either pathogenic or benign. For instance, 
there are several polymorphisms reported as being both pertinent to normal 
function and predisposing to disease. Altogether, it is a huge challenge in 
modern genetics to understand the functions and interactions between differ-
ent genes and what the causes of different genetic diseases are. 
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Background to the papers 

CNVs 

de novo CNVs 
How common are de novo CNVs? A study by Turner et al suggested that the 
frequency of CNVs is in the range of 10-6 to 5x10-5 per gamete 37. Another 
review of data on the occurrence of sporadic genomic disorders, reported a 
frequency of 10-6 to 10-4 CNVs per gamete 38. Of note, this frequency is two 
to four orders of magnitude higher than what has been reported for point 
mutations 38-39. Interestingly, deletions have been found to be approximately 
twice as common as duplications, whereas in healthy individuals both losses 
and gains were found to be equally as common 40. In short, these findings 
suggest that there is less selection against duplications compared to dele-
tions, as sperm cells are not being subject to selective pressures during de-
velopment 41. 

In the human gene mutation database (HGMD, professional release 2012.4) 
20 705 small deletions (<20 bp) have been reported while only 8 558 small 
insertions have been registered. This gives a ratio of 2.4 between small dele-
tions and insertions. For larger deletions and duplications (>20 bp), the ratio 
is 4.4. This latter higher ratio can probably be attributed to detection bias 
operating against large duplications 42. In a recent study, Cooper et al 43 ana-
lyzed 15 767 patients with mental retardation and various congenital defects. 
Cooper reported 1 492 CNVs in 1 400 individuals within 45 known genomic 
disorders. In addition they have found deletions to be about twice as com-
mon compared to duplications (954 compared to 538). The average pene-
trance was slightly greater (96.3% compared to 94.3%) in the individuals 
with deletions compared to duplications. Furthermore they found that larger 
CNVs tended to result in a more severe phenotype. The de novo CNV rate in 
live births is known to be 2.5 in 1 000 individuals 44. 

Frequency of CNVs 
Several studies have found that ~75% of CNVs occur at a frequency of less 
than 3% in the human population 45-48. In contrast, McCarroll et al showed 
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that 80% of CNVs are found in more than 5% of the individuals examined 
and that less than 5% of the genome is affected by CNVs 49. Interestingly, in 
a study by Redon and colleagues investigating 270 individuals from four 
different populations, CNVs have been shown to cover up to 12% of the 
human genome 50. The reason for this discrepancy between the aforemen-
tioned studies might be attributed to the different ways in which the CNVs 
have been defined (length and homology of the CNVs). Alternatively, the 
different platforms used to detect CNVs may have contributed to these dis-
crepancies. Today, many CNVs are seen as LCRs in the human and other 
primate genomes 51-54. 

Can CNVs be good? 
It has been postulated that CNVs may benefit the population by making in-
dividuals more adaptive to the environment. For example, it has been shown 
that CNVs are positioned in regions enriched for genes relevant to the im-
mediate environment e.g. genes involved in olfaction, immunity and secreted 
proteins 55. These genes contain higher than average frequencies of non-
synonymous mutations and are thus thought to be under selection. Alterna-
tive explanations claim that although these CNVs may occupy these regions, 
their presence is less important than it would be in other regions 56. In other 
words, in regions where it is important to have a specific amount of gene 
copies, CNVs are rapidly purged from the population, but in regions where it 
does not matter, they linger on. This is supported by the fact that regions 
with these CNVs have a higher mutation frequency than in the genome as a 
whole 56. 

Most of the extensive copy-number variations observed seem to be non-
adaptive or disadvantageous. However, in a few cases a direct correlation 
between the number of CNVs and the demands of the environment has been 
suggested. For instance, the number of copies of the gene for amylase AMY1 
57 is increased in societies that consume a high level of starch compared with 
cultures that consume comparatively less starch. In other words, the copy 
number of AMY1 is directly proportional to the amount of salivary amylase 
required. 

The origin of CNVs 
CNVs can potentially alter the expression levels of genes depending on their 
position on the genome. As a result, the transcription level of genes may be 
higher or lower than expected. Consequently, these changes could result in 
either a beneficial, disadvantageous or undifferentiated state. 
A change in copy number in the genome requires a change in the structure of 
the chromosome, joining two DNA sequences that were formerly separated. 
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Very often structural changes will display recurrent end-points, meaning that 
the breakpoints, where the CNVs start and end will be commonly confined 
to just one or a few positions along the genome. These breakpoints are found 
in low copy repeats (LCRs) that have an extensive homology (commonly > 
90-95% and > 1 kb in length). These sequences are found to occur two or 
more times along the genome 41. 

In other instances, structural changes may not display recurrent end-points 
and are instead referred to as non-recurrent end points. Most of these CNVs 
occur at sites of limited homology (2-15 bp), which is too short for homolo-
gous recombination 58-60. Homologous recombination will be explained fur-
ther in the section below. These genetic variations can have very complex 
chromosomal structural changes, such as insertions, duplications, triplica-
tions, deletions and inversions either occurring in isolation or in combina-
tion. Furthermore, they can be interspersed with length of unchanged se-
quence 61-62. Although the breakpoints of the non-recurrent CNVs do not 
coincide with LCRs, they seem to occur in the vicinity of regions that are 
rich in LCRs 63-64. 

The underlying mechanism of CNVs 

There are two general mechanisms by which changes can occur in the chro-
mosomal structure, homologous recombination (HR) and non- homologous 
recombination. In the following sections both mechanisms will be summa-
rized. 

Homologous recombination pathways 
HR is a process involved in meiosis when gametes are produced. Impor-
tantly, HR additionally partakes in DNA repair processes and is involved in 
mending double-strand breaks (DSB) that occur in DNA. HR involves ex-
changing nucleotide sequences between similar or identical DNA molecules 
and this process requires a large DNA sequence identity (up to 300 bp in 
humans) in order to take place 63, 65. In eukaryotes HR requires a specific 
protein called Rad51. 

Different kinds of pathways exist through which recombination can occur. 
For instance, the synthesis-dependant strand annealing (SDSA) and Holliday 
junction pathways. Both these pathways repair two-ended DSB. The Holli-
day junction pathway can lead to gene conversion and crossing over, result-
ing in a risk of loss of heterozygosity (LOH). In SDSA crossing over does 
not occur. There is a bias towards non-crossover outcome in mitotic cells 
and a bias towards crossover outcome in meiotic cells 66. This is regulated by 
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several different helicases and topoisomerases 67-68. A summary of the proc-
ess is shown in Figure 1. 

 
Figure 1. A schematic drawing of Double Holiday junction pathway, Synthesis-
dependant strand annealing and Break induced replication. Drawing kindly provided 
by Lucia Cavelier. 

One-ended DSB, e.g. in a collapsed or broken replication fork, also use HR 
for repair in a process called break-induced replication (BIR) (Figure 1). 
This process usually works without fault but if the broken end invades a 
homologue instead of a sister molecule, it can lead to LOH. If the repair 
involves a homologous sequence located at another chromosomal position, it 
can result in deletions, duplications or translocations (Figure 2). 

Non-allelic homologous recombination 
If the interacting homologues in the crossover are in non-allelic positions on 
the same chromosome, it will result in a deletion and duplication of sequence 
between the repeats. This is called non-allelic homologous recombination 
(NAHR) (Figure 2). 
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Figure 2. A schematic drawing of NAHR, BIR using the wrong template and Single 
strand annealing. Drawing kindly provided by Lucia Cavelier. 

Single strand annealing (SSA) (Figure 2) is a repair process that works in a 
similar way as Non-homologous End Joining (NHEJ) and Microhomology-
mediated end joining (MMEJ), which will be covered in the next section. 
The difference between SSA, NHEJ and MMEJ is that SSA requires a longer 
stretch of homology and the different pathways require different proteins. 

Besides the HR pathways, there are other ways to repair DNA that use very 
limited or no homology. When homology is not used as a requirement to 
mend DNA DSB there is a risk that structural changes such as CNVs will 
occur. The mechanisms are referred to as non-homologous pathways and can 
be divided into non-replicative and replicative pathways 41. 
 

Non-homologous non-replicative pathways 
For DSB repair there are two pathways, which do not require any or very 
little homology, NHEJ and MMEJ. NHEJ can either fix the DSB accurately 
or lead to small deletions, generally 1-4 bp in length 69. In MMEJ, homo-
logue sequences of 5-25 bp anneal at the ends of DSB and lead to deletion of 
the sequence between the annealed microhomologies 70. The two pathways 
require different proteins. It is likely that these pathways are the cause of 
some chromosomal rearrangements. 
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Non-homologous replicative pathways 
Changes on the structure of the chromosomes could also be due to non-
homologous repair processes that use replication. 

Pathways such as Fork stalling and template switching (FoSTeS) 59 and Mi-
crohomology-mediated break-induced replication (MMBIR) 71 can lead to 
very complex chromosomal structural aberrations. In contrast to replication 
slippage that is confined to a single replication fork, FoSTeS is a model 
where the template can switch between different replication forks. This 
model proposes, that when replication forks are stalled due to stress, the 3’- 
end of a DNA strand can change templates to single-stranded DNA in other 
replication forks located nearby (Figure 3). 

 

 
Figure 3. A schematic drawing of replication slippage and FoSTeS. Drawing kindly 
provided by Lucia Cavelier. 

The FoSTeS model, which does not involve DNA double-strand ends, is 
now partially replaced by MMBIR. This model has a lot in common with the 
aforementioned BIR pathway. First a single double-strand end is created 
when a replication fork collapses in a cell during stress. The stress results in 
the Rad51 protein being down regulated. Rad51 is needed for HR to work 
and the BIR pathway uses HR. In other words, because Rad51 is down regu-
lated, the BIR pathway is down regulated and the 3’-end from the collapsed 
fork will anneal to any single-stranded template with which it shares micro-
homology. The homology required is very small and the annealing can occur 
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with a replication fork on another chromosome resulting in a translocation. 
Alternatively, the annealing can occur with the sister chromosome either in 
front or behind the position of the original fork resulting in a deletion, dupli-
cation or an inversion. If the annealing is with the homologous chromosome 
instead of the sister chromatid this can cause LOH. After replication in the 
new fork, separation can occur and thereafter a new invasion in another rep-
lication fork. This could go on for several rounds. This model could explain 
the mechanism behind many complex CNVs with multiple junctions (Figure 
4). 

 

 
Figure 4. A schematic drawing of MMBIR. This process is similar to BIR. The only 
difference is that MMBIR use microhomology while BIR uses homology. Drawing 
kindly provided by Lucia Cavelier. 
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Methods 

Fluorescent in situ hybridization 
Fluorescent in situ hybridization (FISH) is a molecular cytogenetic technique 
developed in the early 1980s. In comparison to conventional karyotyping 
which allows visualization of all chromosomes, FISH is a targeted method 
that enables visualization at a higher resolution. The method uses fluores-
cently labeled DNA probes that bind to those parts of the genome with 
which they have a high degree of sequence complementarity. More specifi-
cally, following denaturation a fluorescently labeled DNA probe is hybrid-
ized to a specific single-stranded DNA sequence in either interphase nuclei 
or metaphase chromosomes and is thereafter visualized under a fluorescence 
microscope. 

Multiplex ligation-dependent probe amplification 
Multiplex ligation-dependent-probe amplification (MLPA) is a PCR based 
method that can be used for relative quantification of DNA in the genome. 
One of the advantages of this method is that it can determine several targets 
simultaneously 72. For each target, a pair of two probes is designed to bind 
adjacent to each other. Subsequent amplification only works when both 
probes of the pair are hybridized to their target and thereafter ligated. Each 
probe consists of one universal PCR primer recognition sequence and one 
target-specific hybridization sequence. The total combined length of the two 
probes in a pair is unique for each target. After DNA denaturation the probes 
hybridize to the target and are thereafter ligated. In the next step, the ligated 
probes are amplified with a fluorescently labeled primer pair. As all probes 
have one universal PCR primer recognition center all probes can be ampli-
fied simultaneously. After amplification, the products are separated by size 
with the use of capillary gel electrophoresis. Since only ligated probes can be 
amplified, the amount of amplified product correlates to the amount of initial 
target. Possible gains and losses for each target can be estimated by calculat-
ing the relative ratio between the amounts of amplified product in a patient 
compared to a control. A ratio of 1 is considered normal, while a ratio of 0.5 
represents a loss and 1.5 is indicative of a gain. 

Chromosomal microarrays 
In 1998, the discovery of a revolutionary technique known as microarray 
based Comparative Genomic Hybridization (aCGH) paved the way for high 
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resolution and genome wide copy number analysis 73. This technique in-
volves the simultaneous hybridization of differentially labeled DNA from 
patient and reference material to a microarray, thus allowing regions of gain 
and loss to be readily detected. In the beginning aCGH platforms were de-
veloped using BAC clone probes. Remarkably, these BAC arrays resulted in 
a resolution of approximately 1 Mb, which was considerably higher com-
pared to traditional karyotyping with a resolution of ~5-10 Mb. Despite the 
successes of these BAC arrays, these platforms offered limited resolution 
and so the need for higher resolution culminated in the development of oli-
gonucleotide/SNP based arrays.  

Oligonucleotide arrays such as the Affymetrix SNP 6.0 array consists of       
1 800 000 marker probes (about 50% SNPs and 50% non-polymorphic) 
along the entire genome. The genomic DNA is first digested by a restriction 
enzyme and the digested fragments are then ligated with adaptors. Next, 
PCR is used to amplify the fragments simultaneously using primers that 
recognize the adaptor sequences. Subsequently, the amplified fragments are 
fragmented, labeled and hybridized to the SNP array. The hybridization pat-
tern from the array can then be analyzed allowing identification of SNP 
genotypes and copy number variations. In addition, SNP arrays possess a 
distinct advantage in that they can also detect areas of LOH. Furthermore, 
this platform can readily detect CNVs down to at least 50 kb in size. That 
said, the theoretical detectable size limit is much smaller. A cut-off of 50 kb 
is suggested in order to reduce the number of normal variants.  

Clinical implementation of chromosomal microarrays 
Chromosomal microarrays (CMA) have now been used for several years in 
clinical routine. As a result numerous new syndromes and genomic altera-
tions have been found which could not have been detected using more con-
ventional techniques. Consequently, our knowledge and insight about CNVs 
and the pathology resultant from CNVs have grown immensely over the last 
decade. Nevertheless, these new technologies pose a new set of challenges 
such as difficulties in interpretation. 

Recently, suggestions regarding quality criteria and CMA result interpreta-
tion in a routine clinical setting have been set out by Vermeesch et al 74. 
Here Vermeesch and colleagues debate one of the biggest challenges with 
CMA analysis, optimal resolution. For example, increased resolution allows 
smaller CNVs to be detected; however the number of benign CNVs detected 
will exponentially increase and result in a drop in clinical validity. 



 29 

In another study, Cooper and coworkers 43 analyzed DNA from 15 767 pa-
tient samples and 8 329 controls. When comparing the CNV burden in the 
patient and the control groups, they found a 13.5% increase in CNVs in the 
patient population compared to the controls at a resolution of 500 kb. This 
suggests that these extra CNVs in the patient group are causal. At a resolu-
tion of 200 kb there was only a small increase in the CNV detection burden 
compared to analysis at 500 kb. Other studies have reported that over 99% of 
all benign CNVs are inherited and most of them are much smaller than 500 
kb 49. In contrast most pathogenic CNVs that occur de novo are larger than 1 
MB 75. Based on these findings Vermeesch 74 recommends a resolution of 
200 kb for CMA. 

Advantages and disadvantages of CMA technologies in a clinical 
setting 
Relative to conventional karyotyping, CMA has a resolution that is approxi-
mately 10-100 fold higher. For patients with ID and dysmorphic features, 
CMA raises the diagnostic yield to approximately 15-20% 43, 76-78 compared 
to a 3% yield with conventional cytogenetics (except for Down syndrome) 79-

81. G-banding has the possibility of detecting balanced rearrangements; how-
ever CMA methods lack this ability. Balanced rearrangements constitute 
approximately 10% of the, by karyotyping, visualized abnormalities in pa-
tients with ID. In other words, balanced rearrangements are only found in 
0.3% of patients with ID analyzed by G-banding 2, 79, 82-83. Moreover, there 
are several reports indicating that although rearrangements appear balanced 
when analyzed with conventional cytogenetics they have in fact submicro-
scopic imbalances (small loses or gains not seen with conventional karyotyp-
ing but detected with CMA) 84-85. Another factor to consider is low-level 
mosaicism. The incidence of mosaicism is relatively low compared to other 
detectable imbalances in patients with ID. One study by Conlin et al 86 has 
observed mosaic aneuploidy in 1% of cases with ID. Using traditional G-
banding involving analysis of 20 cells detects such mosaicism at an esti-
mated level of 14% 87. Experiences from the clinic indicate that the detection 
level with most current CMA platforms is around 20-30% 88.That said  SNP 
arrays have been able to detect mosaicism at a particularly low level down to  
5% and below in some cases 86. 

One of the major challenges encountered in clinical routine are variants of 
uncertain clinical significance (VOUS). To minimize the amount of VOUS 
there are several steps one could take to assess if the CNV is pathogenic or 
benign in nature. Indications that the CNV is pathogenic include: 
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1) The CNV is inherited from an affected parent or a healthy parent but 
the CNV is altered or expanded. 

2) The CNV overlaps genomic coordinates for known genomic-
imbalance syndromes or contains OMIM genes. 

3) The CNV is gene rich. 

Indications of a CNV being benign in nature are as follows: 
 
1) The CNV is identical and inherited from a healthy parent. 

2) The CNV is gene poor. 

3) The CNV is a duplication with no known dosage-sensitive genes or 
is devoid of known regulatory elements. 

Databases with CNVs reported from healthy individuals and patients are of 
additional help. The CNVs are sometimes reported with the phenotype of the 
patient 78 89. Examples of such databases are as follows: 

DGV (http://projects.tcag.ca/variation) 

ISCA (htpps://iscaconsortium.org/) 

dbVAR (http://www.ncbi.nim.nih.gov/dbvar/) 

DECIPHER (http://decipher.sanger.ac.uk/) 

ECARUCA (http://www.ecaruca.net) 

It is important to compare the CNV result of each patient with the in-house 
database of controls and affected patients, especially considering that some 
benign CNVs are rare and or specific to ethnicity. Caution should be taken 
since particular CNVs may only have been observed once in a single study 
or have only been identified by a single platform and have not be validated 
by independent means 74. An inherited CNV from a healthy parent should 
not automatically be regarded as benign. Numerous publications have re-
ported inherited duplications/deletions with reduced penetrance and/or vari-
able expression 43, 74, 77, 90. Furthermore, an inherited deletion could reveal a 
recessive monogenic disorder in the proband due to a mutation on the other 
allele 74 or uncover an imprinted region that is present on the homologous 
chromosome 91-92. The CNV could also act in combination with another 
CNV located somewhere else in the genome and together cause a pathogenic 
effect 93. A workflow of CNV interpretation in clinical routine is detailed in 
Figure 5 below.  
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Figure 5. Suggested workflow for interpreting CNVs.   

Although there can be many obstacles in interpreting the data generated by 
CMA, their higher diagnostic yield compared to traditional cytogenetics has 
resulted in CMA now being recommended as the first clinical test for indi-
viduals with unexplained ID, autism spectrum disorder (ASD) and multiple 
congenital anomalies (MCA) 76, 78, 94. 

Next generation sequencing 
CMA technologies are limited in regards to their coverage of the genome. 
Next generation sequencing technologies (NGS) overcome this limitation 
allowing analysis across the whole genome to be viewed at high resolution 
in a single experiment. One challenge with NGS is the huge amount of data 
generated, which necessitates strong bioinformatic support in order to enable 
satisfactory interpretation of the results 95. 

Currently, NGS technologies are used for both whole exome and whole ge-
nome sequencing (WES and WGS, respectively). WES investigates the 
global exome, which accounts for little more than 1% of the entire genome. 
In most instances WES is considered sufficient to the investigation of a dis-
ease or condition, since the exome contains the coding regions of the ge-
nome, which are most likely to contribute to the phenotype of the individual. 
Overall, it is estimated that ~85% of disease causing mutations are located in 
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the protein coding regions of the genome 96. A disadvantage of WES is that 
non-coding variants associated with a disease may not be identified. WGS 
overcomes such limitations allowing both the exome and non-coding regions 
to be readily analyzed. In brief, the fundamental principle of these technolo-
gies is to produce small fragments of genomic DNA by fragmentation, 
which are then amplified by either solid phase PCR or emulsion and subse-
quently sequenced by different platform-specific reactions 97. 
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Present investigation 

Aims 
The overall aim of this thesis was to identify genomic regions and syn-
dromes associated with intellectual disability by chromosomal microarray 
analysis, to make a detailed clinical description of the affected patients’ phe-
notype and to identify potential candidate genes responsible for the patients’ 
various symptoms. 
 
 

Specific aims of the present investigations: 
 

I. To further delineate the phenotype of the 22q11.2 microduplication 
syndrome by characterizing two new patients with the syndrome and 
making a clinical review of 36 patients harboring the syndrome. 

II. To describe a novel clinically recognizable microdeletion syndrome 
in two unrelated patients with a deletion at 6q14.1-q15. 

III. To characterize a new contiguous gene syndrome in six unrelated 
patients with partially overlapping microdeletions at 10p12.31-
p11.21. 

IV. To report on two sisters, one presenting with two tandem interstitial 
duplications and the other a large deletion over the same region 
(6q13-q16). This is the first case describing the genotype and pheno-
type of this duplicated region at 6q13-q16. 
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Paper I 
Duplication of 22q11.2 known as 22q11.2 duplication syndrome is an ex-
tremely variable disorder. Clinically, these patients present with a highly 
variable phenotype, ranging from normal to intellectual disability (ID) and 
congenital defects. Both patients with an inherited duplication derived from 
a healthy or affected parent have been reported as well as cases that are a de 
novo. On the molecular level, this alteration usually contains a duplication of 
approximately 3 Mb. However, duplications ranging in size from 1.5 Mb to 
6 Mb have been described 98-101. Generally these duplications arise as a result 
of unequal crossing-over of segmental duplications (SD or LCR22s) during 
meiosis. This process can also lead to a deletion of the same region and is 
referred to as the 22q11.2 deletion syndrome. 
Although the 22q11.2 duplication and deletion syndromes have some simi-
larities in regards to their phenotype, it is clear that the 22q11.2 duplication 
syndrome has its own distinct phenotype  

It is suggested that the frequency of duplications is approximately half that 
recorded for deletions 37, 99. However, the number of reported cases with 
22q11.2 duplication syndrome is less than 50% of the cases with 22q11.2 
deletion syndrome. This difference might partially be explained by the fact 
that patients with 22q11.2 duplication syndrome often present with a very 
mild phenotype. In addition, technical difficulties in detecting microduplica-
tions by FISH may contribute to the relatively low frequency of 22q11.2 
duplications. With the successive clinical implementation of CMA, the fre-
quency of patients with the 22q11.2 duplication syndrome has increased. 

In paper I, the extent of phenotypic variation among a sample of 36 patients 
carrying the 22q11.2 duplication was reviewed. The main aim was to assess 
if a common denominator or distinct phenotype could be attributed to this 
condition. Of the patients studied 30% displayed de novo duplications and 
70% carried inherited alterations. We noted that 26 relatives/parents of af-
fected patients carried the same duplication. Notably, 18 of the 26 (69%) 
relatives showed cognitive deficits, although they had never been diagnosed 
with a syndrome or ID. Of the 36 patients carrying the 22q11.2 duplication, 
ID was found to be the most common presenting symptom (97%). Evidently 
this number is biased, since the most common symptom prompting CMA 
analysis is ID. Many unsuspecting persons with 22q11.2 duplications do not 
have ID and as result will be left undiagnosed. Persons found to have a du-
plication without ID features are most often relatives to an affected person 
for which an investigation is carried out to determine if the duplication is 
inherited or not. Other common findings noted in 22q11.2 duplication cases 
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were growth retardation (63%) and muscular hypotonia (43%). The most 
common dysmorphic features were hypertelorism (70%), broad flat nose 
(53%), micrognathia (52%), velopharyngeal insufficiency (48%), dysplastic 
ears (45%), epicanthal folds (42%) and down slanting palpebral fissures 
(41%) 90. There was no difference in occurrence by gender and no difference 
in the clinical phenotype between the patients with de novo and inherited 
duplications. In a recent study by Bi et al 102 5 individuals with tetrasomy 
22q11.2 have been reported. The phenotype was similar to that observed in 
patients with three copies of the 22q11.2 region. 

An interesting feature about the syndrome was that the phenotype was mark-
edly different between the cases studied. Additionally, this finding was also 
observed within subjects from the same family. The reasons for this pheno-
typic variation and the observed reduced penetrance remains unknown. One 
explanation might be that the syndrome works in an autosomal recessive 
fashion, where the duplication acts together with a point mutation on the 
corresponding chromosome. Alternatively, it could be attributed to an inter-
action between the duplication and the alteration of a certain gene(s) or CNV 
located elsewhere in the genome. Another possibility is that a number of 
compensating genes in the genome of unaffected persons with the duplica-
tion may inhibit the pathogenesis. Additionally this scenario may be ex-
plained by currently unknown epigenetic factors at play.75. 

In a report by Kaminsky et al 77 they studied CMA data from 15 749 patients 
and 10 118 controls and found 22q11.2 duplications in 32 patients and 5 
controls giving a frequency of 1 in 492 in the patients. In another study by 
Cooper et al 43 they analyzed 15 767 patients and 8 239 controls for CNVs 
and found 50 cases of 22q11.2 duplication among the patients and 5 among 
the controls. This is to compare with the 22q11.2 deletion syndrome, which 
was found in 96 patients and 0 times in the control population. 

Corroborating our results, there has since our study, been numerous reports 
showing an increased frequency in 22q11.2 duplication syndrome with ID. 
This is due to the common use of CMA in the clinical settings today and the 
22q11.2 microduplication syndrome is now considered being a well-defined 
recurrent microduplication syndrome. 

The fact that this syndrome presents with such a variable phenotype makes it 
rather non-conducive to prenatal testing. At the moment, it is not possible to 
predict the severity of the phenotype in a fetus carrying the duplication. Al-
though prenatal diagnosis is possible, significant challenges and ethical is-
sues surround what information should be conveyed to the parents in the 
case of a positive 22q11.2 duplication finding.  



 36 

Paper II 
In paper II, 2 patients carrying overlapping deletions at 6q14.1-q15 and a 
distinct phenotype were described. Herein we found the phenotype to consist 
of ID, obesity, rounded face with full cheeks, large ears, epicanthal folds, 
short palpebral fissures, bulbous nose and hernias. The phenotype of these 
patients somewhat resembled of the phenotype seen in Prader-Willi patients. 
In agreement with our results, a report by Turleau et al describes a patient 
with a 6q deletion over the same region. Interestingly, this patient displays a 
similar range of phenotypical features as described in our study 103. How-
ever, this patient was identified through conventional karyotyping, thus the 
breakpoints were not well defined. 

Recently a study by Becker et al 104 has described 2 patients with deletions 
over 6q14. In this study, one of the examined patients shares deleted regions 
to some extent with our study subjects. The phenotype presenting in this 
patient is not similar to the one seen in our patients and the deletion is more 
proximal in comparison to the alterations characterized in our study, which 
can explain the lack of similar phenotype. More interestingly, the authors 
summarize the current literature and DECIPHER and reveal 2 additional 
patients (DECIPHER pat 254057 and 259291) with deletions covering a 
similar area as our patients. Although the deletions were not exactly aligned 
to those detailed in our study, the patients did display several of the dysmor-
phic traits seen in our cases, such as obesity, full cheeks, bulbous nose, epi-
canthal folds, large ears and hernias. 

Many of the phenotypic traits in our patients are consistent with what was 
previously described in a review of 60 patients with deletions encompassing 
the long arm of chromosome 6 105. 3 distinct phenotypes were described 
(denoted group A, B, and C) on the basis of the location of the 6q deletion. 
The aforementioned patients would have been assigned to group A, 
del(6)(q11-q16), where large ears, bulbous nose, epicanthal folds, and her-
nias were frequently reported features. Our findings suggest that the genes 
causing these symptoms of group A would be located in the 6q14 region. 

In the common deleted region, which covers approximately 4.2 Mb, there 
are 23 known genes located. One of the candidate genes thought to be re-
sponsible for at least some of the features associated with the deletion is 
HTR1E. HTR1E is thought to play a role in various cognitive and behavioral 
functions including pain, sleep, depression, feeding and learning and might 
explain the food-seeking behavior in our 2 patients. Another interesting can-
didate is ME1. Altered ME1 enzyme activity has been associated with obe-
sity in mouse models 106. Furthermore a study with knockout-ME1 mice has 
shown to result in a decreased body weight 107. Other interesting genes occu-
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pying the deleted region are CYB5R4, a gene associated with insulin-
deficient diabetes 108 and SNX14, which codes for a membrane protein that is 
expressed in motor neurons 109. This protein belongs to the sorting nexin 
family and these proteins are thought to play a role in membrane trafficking 
and protein sorting 110. 

The cause of the phenotype and symptoms seen in 6q14.1-q15 deleted pa-
tients is probably due to an added effect of the different affected genes en-
compassed in the deleted region. This is true for many contiguous gene syn-
dromes. The non-recurrent breakpoints seen in our patients and other re-
ported cases with deletions in the same region are less likely to occur as a 
result of NAHR. Instead NHEJ or even more likely FoSTeS or MMBIR is 
the probable cause. 

In conclusion, the 2 patients presented in paper II and the one previously 
reported 103 represent a new clinically recognizable microdeletion syndrome. 

Paper III 

In paper III we describe the phenotype and genotype of 6 new unrelated 
patients with partially overlapping microdeletions at 10p12.31-p11.21. Prior 
to our study, only one other study (by Shahdadpuri et al) utilizing CMA 
analysis had documented a deletion over this region. 111. On characterizing 
the deletions, we found that they ranged from 1.0 Mb to 10.6 Mb in size. The 
smallest region of overlap was 306 kb. The most common clinical features 
among the patients were ID, motor and speech delay, hyperactivity and hy-
potonia. They had dysmorphic features such as a short neck, synophrys/thick 
eyebrows, low set eyebrows, deep set eyes, bulbous nose and full cheeks. 
Additionally, all patients displayed different kinds of visual impairments. In 
contrast to our patients, the case described by Shahdadpuri et al had unique 
changes detected by X-ray. These findings were a pseudoarthrosis of the 
right clavicle and a significant beaten copper appearance of the cranium 
without any evidence of sutural synostosis. 

Following our publication, there has been a study by Okamoto et al. 112 re-
porting deletions in 2 patients covering the same area as characterized in our 
study. Interestingly, their patients display a phenotype similar to our patients. 
More specifically, patients in the Okamoto study have ID, down slanted 
palpebral fissures, synophrys, deep set eyes, bulbous nose, malformed ears, 
absent cupid bow, everted vermillion of the upper lip and downturned cor-
ners of the mouth. Okamoto et al describe the presence of cardiac abnormali-
ties in one of their study patients.  Similarly we found 4 of our patients to 
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suffer such abnormalities. Moreover, the other patient in the Okamoto study 
has been described to have short stature, correspondingly 4 out of 6 patients 
in paper III had short stature (length of -2SD or below). 2 patients examined 
in paper III had hearing impairment. Similarly patients from the Shahdadpuri 
and Okamoto studies experienced such impairments. Although the pheno-
type of the patients included in our study and the Okamoto study largely 
correlated, there were some features that were not commonly encountered 
across the patients. In contrast to our study, Okamoto and colleagues re-
ported features such as large tongues and frontal bossing. 

The smallest region of overlap in all of our 6 patients, as well as Okamoto’s 
2 patients and Shahdadpuri’s patient, was a region of 306 kb in size. This 
region was found to contain only 2 genes, BAMBI and WAC. The more inter-
esting of these 2 genes is WAC since BAMBI has been shown to be dispensa-
ble for mouse embryonic development and postnatal survival 113. Depletion 
of WAC has been shown to cause severe defects in spindle assembly in cul-
tured Drosophila S2 cells 114-115. Since paper III was published there have 
been publications on the role of WAC in regulating histone H2B ubiquitina-
tion. H2B ubiquitination is known to play an important role in regulating 
chromatin organization during gene transcription 116 and differentiation of 
multipotent stem cells 117. In this respect, WAC is our strongest candidate 
gene to date, however functional studies are needed to permit any definitive 
conclusions. 

Notably, none of the patients across the aforementioned studies shared 
common breakpoints. It is thought that NHEJ or more likely FoSTeS or 
MMBIR are probable mechanisms for recurrence of deletions in this region 
of chromosome 10, since the breakpoints did not contain any SDs required 
for NAHR. 

Altogether, the evidence from our study and others corroborates the sugges-
tion that these findings might represent a new contiguous gene syndrome 
with a distinct clinical phenotype. 

Paper IV 
In paper IV we reported the case of 2 sisters, where one had two tandem 
interstitial duplications and the other a large deletion over the same region 
(6q13-q16), approximately 25 Mb in size. The reason for the CNVs was a 
maternal de novo aberration. The mother had material from chromosome 
6q13-q16 (25 Mb) translocated to chromosome 15q and at the same time, 
displayed an interstitial deletion (2.3 Mb) of some of the translocated mate-
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rial leading to an unbalanced translocation. The result was a 22.6 Mb chro-
mosome 6 translocation to chromosome 15 and a deletion of 2.3 Mb of 
chromosome 6 (Figure 6). Phenotypically the mother was completely nor-
mal. 

One of her daughters (patient 1) inherited chromosome 15 carrying the extra 
material from chromosome 6, plus the mothers normal full sized chromo-
some 6 leading to two tandem interstitial duplications of chromosome 6 ma-
terial (22.3 Mb). The other daughter (patient 2) inherited the normal chromo-
some 15 and the derivative chromosome 6 from her mother and thus, carried 
a deletion of chromosome 6 (24.9 Mb). 
 

 
Figure 6. Karyogram showing the aberrations in patient 1, 2 and the mother. Chro-
mosome 6 is red and chromosome 15 is green 

 

The most prominent features in the daughter with the duplication were mild 
ID, muscular hypotonia and ASD. She did not have any striking stigmata, 
only small dysmorphic traits as hypertelorism, long eyelashes, small and 
slightly low set ears, high palate and a broad nasal bridge with small hy-
poplastic nares. 
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The second daughter with the deletion was much more severely affected. 
She displayed malformations including a dislocation to the right of both the 
trachea and esophagus and a compression of the left bronchus, a hypoplastic 
left lung and her heart and aortic arch were rotated to the left. Furthermore 
she had a kyphotic and scoliotic back, internally rotated, crossed long fingers 
and her left wrist was considerably ulnarly deviated. ID, muscular hypotonia 
and hypermobile joints were also noted. In addition she displayed dysmor-
phic traits such as small eyes, down slanted palpebral fissures, hyperte-
lorism, broad nasal bridge, long philtrum, micrognathia, short neck and a 
sacral dimple. She also had an elevated susceptibility for infections. 

Several candidate genes in the affected region, possibly responsible for the 
various symptoms, were found e.g. HRT1E and HTR1B for ASD and ID 118, 
TBX18 for the heart and aortic arch malformation 119-121, IRAKBP1 for the 
elevated infection susceptibility 122-123 and COL12A1 for the hypermobile 
joints 124.  

We could not find any cases with a comparable duplication, located on 6q13-
q16, reported in the literature or in DECIPHER and to our knowledge, no 
other pathogenic duplications of comparable size have been reported in this 
region. Here we describe for the first time the genotype and phenotype of a 
duplication/deletion of the 6q13-q16.1 region in two sisters. 
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Concluding remarks and future perspectives 

The clinical implementation of CMA into the field of clinical genetics has 
revolutionized our ability to find genetic aberrations responsible for different 
genetic disorders. Consequently, several new microdeletion and microdupli-
cation syndromes have been reported every year. With the help of interna-
tional databases such as DECIPHER and ECARUCA, it has become easier 
to engage in international collaborations, to compare patients with the same 
genetic aberrations and chisel out phenotypes and describe new syndromes 
(e.g. paper II and III 125-126). Undoubtedly, collecting data and clinical infor-
mation from patients with these new syndromes, many of which are poorly 
described, is of tremendous help for physicians who are engaged in patients 
with these types of syndromes. Therefore, to make an accurate and thorough 
clinical description of these phenotypes is, in my opinion of great impor-
tance. 

Despite all this new information and knowledge, there are still a number of 
clinical and genetic features we do not fully understand. One such example 
is incomplete penetrance, a phenomenon that is observed in several of these 
newly identified syndromes. What is the cause of incomplete penetrance? Is 
it the result of an interaction between the CNV and mutations on the other 
corresponding allele making it appear like a Mendelian inherited autosomal 
recessive disorder? Alternatively, can it materialize due to an interaction 
between the observed CNV and another CNV, or point mutation located 
elsewhere in the genome? Another aspect to consider is the possible role 
played by epigenetic factors. Epigenetics is a vastly expanding field and one, 
which is likely to hold the answers to many genomic questions. In the near 
future, we hope to gain a more complete understanding of the complex inter-
actions and interplay between the genomic and epigenomic factors that 
communicate to shape the genomic landscape. 

It is conceivable that with the clinical implementation of WGS/WES, we 
will gain a lot more knowledge in the field of monogenic diseases. Already 
these technologies have contributed to the unveiling of more single disease 
causing genes e.g. the MLL2 gene for Kabuki syndrome 127. Furthermore 
these techniques have become an integral tool in screening for the genetic 
etiology behind ID in affected patients 19. Hopefully, through the use of these 
platforms, we will also gain more insight into the enigmatic correlation be-
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tween certain CNVs and single genes located in other places of the genome 
(e.g. interacting in the same pathway). 

Although CMA have revolutionized the diagnostic yield in patients with 
unexplained ID and MCA, there are still more than 50% of the patients that 
do not receive a diagnosis. WES/WGS techniques are expected to deliver the 
next major advancement of knowledge in the field of clinical genetics. It is 
hoped that through their superior resolution and coverage of the genome 
these technologies will markedly raise the diagnostic yield of genetic disor-
ders and provide new insights in to the etiologies of diseases and disorders. 
In two recent publications where WES was used to screen patients with un-
explained ID, the authors found the underlying genetic cause of the patient’s 
symptoms in 16% and 45-55% of the cases studied 21-22. Reasons for the 
considerably variable difference in diagnostic yield may be due to the use of 
different platforms, the different coverage offered by the methods and the 
different groups of patients examined. Even the lesser number, with a diag-
nostic yield of 16 %, is in the same magnitude as CMA. 

Panel sequencing involves the sequencing of a limited number of genes 
known to cause the same phenotype. This method can be an efficient way to 
get high coverage for a relatively low cost. For example, when investigating 
the genes known to be involved in various RASopathies, WES can be im-
plemented to analyze all of these genes in a single experiment. Since only a 
limited number of genes are being investigated (10-15) the depth of sequenc-
ing or coverage of such genes will be higher allowing more accurate results. 
This strategy is already implemented in clinic routine for the investigation of 
various disease panoramas such as deafness, ciliopathies and connective 
tissue disorders. 

Although NGS analysis allows the identification of new alterations, there is 
an ever-growing challenge deciphering if identified alterations are disease-
causing or not. Most disease-causing mutations are either missense muta-
tions, nonsense mutations or small deletions/duplications. Current exome 
sequencing data suggest that these three types of mutations are found 5 000-
10 000 times in the average Caucasian exome 128-129. Most of these variants 
are likely benign in nature and so the mountainous task of assigning a benign 
or pathogenic function to these alterations has begun. Another problem asso-
ciated with NGS is the finding of more genetic information than was in-
tended. For instance, in a screening for genes causing ID the en passant find-
ing of a pathogenic mutation in BRCA1 would complicate the ethical aspects 
of the investigation. 
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It will become less difficult to interpret variants of uncertain clinical signifi-
cance, as databases such as 1 000 genomes will grow. With the greater use 
of WGS/WES we will also gain more knowledge of the function of many 
different genes and determine what phenotype mutations in these genes 
cause. This is an area where I regard the analysis of CNVs to be somewhat 
of a disappointment. When I started my research in 2006-2007, the clinical 
implementation of CMA was fairly new and many investigators had high 
hopes that by comparing different patients with deletions and duplications 
over the same area (this is especially true for non-recurrent deletions and 
duplications) and by further comparing the difference in the genotype and 
phenotype we would be able to identify which genes that contributed to 
which part of the phenotype. For instance, given 10 patients with a deletion 
over 6q13, all deletions of approximately the same length, the only differ-
ence being that 4 of the persons have a deletion that encompasses an extra 
gene that is not deleted in the other 6 patients. If furthermore, the 4 persons 
with the extra deleted gene, all have heart malformations, which none of the 
other 6 persons have, then the extra gene deleted in the group of 4 persons 
should consequently be responsible for the heart malformations. This is an 
area where I think WES will be more fruitful as this technique only focuses 
on single gene aberrations. In the end I think that CMA and WES/WGS will 
be great tools that will complement each other and bring different pieces to 
the genetic puzzle. 

As has been done for CNVs, it is also important to create databases where 
clinicians around the world can add the genotype and phenotype of their 
patients analyzed by WES/WGS. This will be of great importance for gain-
ing further knowledge and something that everyone working in this field 
would benefit from. 

Last but not least I would like to stress the importance of a good phenotypi-
cal description of the patients. This is vital when we compare the genotype 
and phenotype of different patients and now with the implementation of 
WES/WGS we will find a lot of mutations that we do not know the clinical 
significance of. To be able to compare two patients with the same mutation 
and examine if the phenotype of the patients match, (indicating that the ob-
served mutation in fact is the cause of the phenotype) it is of significant im-
portance that the phenotypic description is accurate and not rudimentary. 

At this time, I and some other colleagues are working on a standardized, 
searchable, electronic form, which will be used in the clinic as a tool when 
making the delineation of the patients’ symptoms. We hope that this form 
will facilitate and encourage an accurate and extensive clinical description of 
the phenotype and eventually will be used nationally. 
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In summary, my research helped reveal some of the small pieces of the 
22q11.2 microduplication syndrome puzzle, two new potentially clinically 
recognizable microdeletion syndromes and a description of the genotype and 
phenotype in two sisters with a deletion/duplication of 6q13-q16. To our 
knowledge this is the first time a patient with a duplication over this region 
has been described. In addition, we presented candidate genes for the various 
phenotypes in the different syndromes. 

This is truly an exciting time to be working in a field that probably will ex-
plode with new knowledge in the next few years. 
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