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ABSTRACT 

Different genetic alterations can have a dramatic impact on essential gene 
function through “natural” gene knockouts. This thesis explores two such 
alterations: balanced translocations and loss-of-function (LoF) mutations in 
two Finnish cohorts. In parts I-III we studied the consequences of balanced 
translocations in three Finnish families. Part IV focuses on the effect of 
epidermal barrier gene LoF mutations in Finnish atopic dermatitis patients.  
 
In studies I-III, we investigated potential disease-associated chromosomal 
translocations. Balanced translocations are caused by the rearrangement of 
segments between non-homologous chromosomes. Such rearrangements 
may have an impact on gene expression, and subsequently the phenotype. 
The current estimate of the prevalence of disease-associated de novo 
balanced chromosomal rearrangements (DBCRs) is 6 – 9%, but the number 
may be as high as 20 – 25% based on the findings from the International 
Breakpoint Mapping Consortium. Systematic data regarding morbidity of 
DBCRs are lacking. Here, we aimed to comprehensive genotype-phenotype 
delineation of three balanced translocations.   
 
In the balanced translocation study, three DBCRs were identified using 
paired end (PES) and mate pair (MPS) next generation sequencing 
approaches. The associated phenotypes were (1) aortic (AA) and intracranial 
aneurysm (IA), (2) strokes and vascular manifestations, and (3) 
developmental verbal dyspraxia. In study I, we showed that the t(10;11) 
translocation disrupts intron 1 of neurotrimin (NTM) at 11q24, in a strong 
candidate region for AA and IA and subsequent hemorrhage due to rupture. 
In study II, surprisingly, we identified identical t(1;12) translocations in two 
apparently independent families with distinct vascular phenotypes. In study 
III, we demonstrated that t(1;18) breaks intron 1 of the solute carrier family 
14 member 2 (SLC14A2) gene in a family with verbal dyspraxia and delayed 
speech development. 
 
Altogether, our results from the balanced translocation studies demonstrate 
the feasibility of genome-wide PES and MPS for the characterization of 
DBCRs and identification of candidate genes in patients with potentially 
disease-associated chromosome rearrangements. Study I facilitated the 
identification of a potential candidate gene for IA/AA. In study II, we 
identified identical translocations within conserved haplotypes, outside 
putative genes, pointing to a gene malfunction caused by a position effect. 
Study III facilitated the identification of a potential candidate gene for 
developmental verbal dyspraxia. 
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Study IV focused on LoF mutations in atopic dermatitis (AD). Since the mid-
20th century, the lifetime prevalence of AD has increased up to 30% in 
several Nordic countries. Prevalent filaggrin (FLG) LoF mutations are the 
most significant and consistently replicated risk factors for AD in European 
and Asian populations. Recent studies indicate that the average Finn has 
more low frequency (0.5% ≤ 5%) LoF variants than a non-Finnish European. 
Thus Finland provides special opportunities for studying the medical impact 
of these variants. We aimed to assess the effect of FLG LoF mutations on the 
risk of AD and other atopic diseases, treatment response, and clinical 
features, and to evaluate their usefulness as possible biomarkers in a clinical 
cohort setting. In addition, we included variants in ten essential epidermal 
barrier genes into the study.  
 
In conclusion, study IV in this thesis represents the first analysis of FLG and 
other barrier gene mutations in relation to AD in the Finnish population. We 
demonstrated that AD, early-onset AD, palmar hyperlinearity, and asthma 
showed significant associations with the combined FLG null genotype. Thus, 
our data confirms FLG mutations as risk factors for AD in Finns. 
Surprisingly, we observed that the FLG carrier frequencies were notably 
lower in Finns compared with reported frequencies in other populations. We 
can conclude that despite the significant effect of FLG mutations in Finnish 
AD patients, they explain only a portion of the total genetic burden of AD. 
Finally, we also observed that disease severity and treatment response were 
independent of patient FLG status, which questions the feasibility of FLG 
mutations as biomarkers in predicting treatment response. 
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TIIVISTELMÄ 

Perimän muutoksilla voi olla dramaattinen vaikutus silloin kun ne 
katkaisevat tai hiljentävät tietyn solun toiminnalle välttämättömän geenin 
ilmentymisen ja toiminnan. Tässä väitöskirjassa tarkasteltiin 
tämäntyyppisiin muutoksiin lukeutuvia tasapainoisia translokaatioita ja 
geenitoiminnan hävittäviä loss-of-function (LoF) mutaatioita kahdessa 
suomalaisotoksessa. Osioissa I-III tutkittiin tasapainoisten translokaatioiden 
vaikutuksia kolmessa suomalaissuvussa. Osiossa IV tutkittiin ihossa 
ilmentyvien rakennegeenien inaktivoivia LoF-mutaatioita suomalaisissa 
atopiapotilaissa. 
 
Osatöissä I-III perehdyimme tauteja mahdollisesti aiheuttaviin 
kromosomikatkoksiin. Tasapainoisessa kromosomitranslokaatiossa kahden 
kromosomin osat vaihtavat paikkaa keskenään. Katkoskohdista riippuen 
nämä kromosomomimuutokset voivat vaikuttaa geenien ilmentymiseen, ja 
edelleen yksilön ominaisuuksiin tai sairauksiin. Nykyarvion mukaan 
tasapainoisista translokaatioista (DBCR) 6 – 9%, aiheuttaa tauteja, mutta 
kansainvälisen katkoskohtia kartoittavan konsortion (International 
Breakpoint Mapping Consortium, IBMC) löydösten perusteella tämä luku voi 
yltää jopa 20 – 25%:iin. Systemaattinen tutkimustieto tämän tyyppisten 
muutoksien aiheuttamasta sairastavuudesta kuitenkin puuttuu. 
Pyrkimyksenämme oli selvittää kattavasti kolmen tasapainoisen 
translokaation aiheuttamia geno- ja fenotyyppimuutoksia tautien taustalla.  
 
Translokaatiotutkimuksessamme tunnistettiin kolme tauteihin assosioituvaa 
translokaatiota paired end (PES) ja mate pair (MPS) –
sekvensointiteknologioita hyödyntäen. Tutkituissa suvuissa oli 1) aortta- 
(AA) ja intrakraniaalista (IA) aneurysmaa, 2) aivoinfarkteja ja vaskulaarisia 
oireita ja 3) kehityksellistä verbaalista dyspraksiaa. Ensimmäisessä osatyössä 
paikannettu translokaatio t(10;11) katkaisee neurotrimin (NTM) –geenin 
kromosomialueella 11q24, jonka on aikaisemmin epäilty liittyvän aortta- ja 
aivoverisuonipullistumiin sekä niiden repeämisestä johtuviin 
verenvuotoihin. Toisessa osatyössä tunnistimme yllättäen täysin identtisen 
translokaation t(1;12) kahdessa erillisessä perheessä, joissa esiintyy erilaisia 
verisuonisairauksia. Kolmannessa osatyössä paikannettu translokaatio 
t(1;18) katkaisee SLC14A2-geenin perheessä jossa esiintyy verbaalista 
dyspraksiaa ja lievempänä puheen viivästynyttä kehitystä. 
 
Yhteenvetona, translokaatiotutkimuksemme tulokset osoittavat PES ja MPS-
menetelmien soveltuvuuden translokaatioiden katkoskohtien 
paikantamisessa. Ensimmäinen osatyö mahdollisti aneurysma-
ehdokasgeenin tunnistamisen. Toisessa osatyössä paikansimme kahdessa 
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erillisessä perheessä täysin identtiset translokaatiot konservoituneisiin 
haplotyyppeihin geenityhjälle alueelle, viitaten läheisten geenien 
mahdolliseen säätelyn häiriöön paikkavaikutuksen kautta. Kolmas osatyö 
taas mahdollisti dyspraksia-ehdokasgeenin löytämisen.  
 
Tämän väitöskirjan viimeisessä osatyössä (IV) tutkittiin atopiaa jonka 
elinaikainen esiintyvyys on 1900-luvun puolivälistä alkaen noussut jopa 
30%:iin Pohjoismaissa. Filaggriini (FLG) -geenin inaktivoivat LoF-mutaatiot 
ovat merkittävin ja varmin atopian riskitekijä eurooppalaisissa ja 
aasialaisissa väestöissä. Suomalaisväestö tarjoaa erityispuitteet harvinaisten 
(0.5% ≤ 5%) LoF-varianttien terveysvaikutusten tutkimukselle, sillä 
tutkimuksissa on havaittu että keskivertosuomalaisella on näitä muutoksia 
muita eurooppalaisia enemmän. Näin ollen päätimme tarkastella kliinisessä 
kohorttiaineistossa FLG-geenin inaktivoivia LoF-mutaatioita atopian 
riskitekijöinä, sekä arvioida niiden vaikutusta atopian hoitovasteeseen. 
Tutkimuksessa tarkasteltiin lisäksi kymmenen tärkeän ihossa ilmentyvän 
geenin vaikutusta atopiaan.  
 
Yhteenvetona, neljännessä osatyössä analysoimme ensimmäistä kertaa 
suomalaisaineistossa FLG-geenin ja kymmenen muun ihogeenin merkitystä 
atopian riskitekijöinä. Havaitsimme, että atopia, atopian varhainen muoto, 
palmaarinen hyperlineariteetti ja astma assosioituivat merkitsevästi FLG-
mutaatioihin. Tulokset siis vahvistavat, että FLG-mutaatiot altistavat 
atopialle, mutta yllättäen havaitsimme, että tiettyjen Euroopassa yleisten 
mutaatioiden frekvenssi on Suomessa huomattavan alhainen. Löydös antaa 
viitteitä muiden geneettisten atopian riskitekijöiden olemassaolosta 
suomalaisväestössä. Tutkimuksessamme myös havaittiin, että atopian 
vaikeusaste ja hoitovaste olivat riippumattomia tutkimistamme FLG-
muutoksista, mikä näin ollen kyseenalaistaa FLG-mutaatioiden 
hyödyllisyyden atopian hoitovasteen biomarkkereina.  
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1 INTRODUCTION 

Balanced translocations are chromosomal abnormalities caused by the 
rearrangement of segments between non-homologous chromosomes. Such 
chromosomal aberrations are usually harmless to the carriers themselves. 
However, they experience lowered fertility and higher incidence of 
miscarriages due to the increased risk of meiotic malsegregation, causing 
substantial emotional burden and distress. Furthermore, recent studies 
indicate that 6-9 % of carriers of de novo balanced translocations have a 
range of symptoms (Warburton 1991), such as mental retardation 
(Vandeweyer and Kooy 2009) congenital malformations (Sismani et al. 
2008) autism (Tabet et al. 2015) and schizophrenia (Blackwood et al. 2001). 
These so called disease associated balanced chromosomal rearrangements 
(DBCR) can cause truncation, inactivation or altered expression of specific 
genes. DBCRs have been instrumental in identifying several disease causing 
genes. Researchers estimate that they have a much higher frequency than 
previously anticipated.    

 
Systematic data regarding the morbidity of DBCRs are still lacking, despite 
technological progress and efficient application of next generation 
sequencing (NGS). The DBCR studies in this thesis rely upon the pioneering 
systematic survey of balanced chromosomal rearrangements in Finns, where 
we examined and analyzed 3016 carriers and their relatives. As a clinical 
implementation, three DBCR cases were explored further. In studies II and 
III, laboratory analyses were conducted in collaboration with the 
International Breakpoint Mapping Consortium (IBMC), organized by the 
Wilhelm Johannsen Centre for Functional Genome Research, Denmark. 
 
Loss-of-function (LoF) mutations result in reduced or abolished protein 
function. When the protein function is entirely lost, LoF mutations are 
refered to as null mutations. In general LoF mutations are recessive, thus the 
expression of a single wild-type allele is sufficient to produce the wild-type 
phenotype. Current studies of LoF mutations utilize targeted genotyping 
arrays and NGS technologies on a whole-genome and whole-exome scale. 
They have identified rare (<0.5% allele frequency) and low-frequency (0.5-
5%) LoF variants in complex diseases such as breast cancer (Stratton and 
Rahman 2008), type 1 diabetes (Nejentsev et al. 2009), autism (O'Roak et al. 
2011), and atopic dermatitis (Palmer et al. 2006). Interestingly, many of the 
disease-associated LoF variants have been discovered in isolated 
populations, where population bottlenecks can give rise to the enrichment of 
disease associated variants. Indeed, recent observations show that in 
comparison to non-Finnish Europeans, Finns demonstrate a distinct 
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distribution of rare and low-frequency alleles on the allelic spectrum - with a 
significant excess of deleterious variants (Lim et al. 2014).  
 
Prevalent LoF mutations in the gene encoding for filaggrin, a structural 
epidermal barrier protein, are the most consistently replicated risk factors for 
atopic dermatitis (AD) to date (Gan et al. 1990). AD is a chronic 
inflammatory skin disease with multifactorial pathogenesis. The complex 
underlying interplay of genetic and environmental factors include allergen 
skin exposure, skin barrier defects and abnormal immune reactivity. Skin 
symptoms often precede the development of respiratory atopy, known as the 
“atopic march” (Spergel and Paller 2003). The importance of hereditary 
factors in AD pathogenesis have been confirmed through twin and family 
studies. The bottlenecked population structure of Finns offers an advantage 
in studying low-frequency LoF variants in filaggrin and other epidermal 
barrier genes in the pathogenesis of AD. 
 
In this thesis we have explored the consequences of balanced translocations 
and LoF mutations. We have taken advantage of the unique characteristics of 
our patient cohorts and the bottlenecked Finnish population and utilized 
modern sequencing and genotyping technologies. In studies I-III we mapped 
the translocation breakpoints in three DBCR cases. In study IV, we showed 
that the carrier frequencies of FLG null mutations are notably lower in 
Finnish AD patients. Furthermore, we questioned the feasibility of FLG LoF 
mutations as biomarkers in predicting AD treatment response.  
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2 REVIEW OF THE LITERATURE 

2.1 THE HUMAN GENOME 

2.1.1 Structure 
The human genome is encoded as deoxyribonucleic acid (DNA) within cell 
nuclei, and in small circular DNA molecules within mitochondria. DNA 
carries the genetic instructions for growth, development, function and 
reproduction of all known living organisms.  

A DNA molecule consists of two strands coiled around each other to form 
a double helix.  The individual DNA strands are composed of monomer units 
called nucleotides. Each nucleotide is composed of a sugar called 
deoxyribose, a phosphate group, and one of four organic bases: adenine (A), 
cytosine (C), guanine (G), and thymine (T). Covalent hydrogen bonds join 
together the sugar of one nucleotide and the phosphate of the next, resulting 
in a sugar-phosphate backbone. The two complementary strands of the 
double helix run in opposite directions according to base pairing rules: A 
always pairs with T, and C always with G (Watson and Crick 1953). The basic 
unit of DNA packaging is a nucleosome, consisting of a segment of DNA 
wrapped around eight histone molecules (Figure 1). 

The human genome is diploid, having twice the DNA content of a haploid 
genome. Half of the diploid genome is inherited maternally, and the other 
half paternally. The approximately 6.5 billion base pairs are organized into 
23 tightly packaged and coiled nuclear chromosome pairs and into the 16.5 
kilobase (kb) circular mitochondrial DNA (mtDNA). The human 
chromosomes are divided into 22 pairs of autosomes and the 23rd pair of sex 
chromosomes: females have two X chromosomes while males have an X and 
a Y chromosome. Human autosomes are numbered by size: the smallest, 
chromosome 21, is ~47 megabases (Mb) long, whereas the largest, 
chromosome 1, is over five times bigger at  ~247 Mb.  

In 2001 the Human Genome Project international consortium produced 
the first complete draft sequence and the initial analysis of the human 
genome (Lander 2001). The estimate of the number of human genes has 
been repeatedly revised, with the current estimate being 19,000 – 20,000 
(Ezkurdia et al. 2014). Surprisingly, the number of genes separating humans 
from much simpler organisms, such as the roundworm or the fruit fly, is low. 
Several hypotheses have been postulated to explain this phenomenon, 
including the more complex nature of the human genome, and the greater 
level of regulation of genes and pathways, such as alternative splicing which 
can produce multiple different isoforms of a single gene. 
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Figure 1 DNA structure and its organization (modified from www.genome.gov/Glossary).  

 
Only a small fraction of the genome - about 1.5% - encodes for proteins. The 
rest consists of non-coding sequences such as introns (non-coding regions 
between coding exons in a gene), regulatory DNA sequences, non-coding 
RNA molecules, and non-coding repetitive sequences. The non-coding DNA 
was long considered non-functional “junk DNA”. However, the fundamental 
role of non-coding DNA and the myriad of important functional elements 
within have been widely acknowledged in recent years.  The Encyclopedia of 
DNA Elements (ENCODE) project launched in 2003 has successfully 
identified biochemical functions for 80% of the genome, in particular outside 
protein-coding regions, providing new insights into the organization and 
regulation of the genome (ENCODE Project Consortium et al. 2012). Yet 
there is a portion of the human genome that still remains mysterious, with no 
determined function.  

All humans are genetically 99.9% identical to one other. The remaining 
0.1% contains both sequence and structural variation, and together with 
environmental factors determines the differences seen between us. Variable 
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sites within the genome can therefore be used as genetic markers to study 
phenotypic differences between individuals and populations. 

2.1.2 Variation 
Genetic differences occur naturally among individuals. On a population level, 
this variation promotes flexibility and adaptation to changing environments. 
Thus genetic variation provides an evolutionary advantage that prepares 
populations for the unexpected.  

The genome is in a continuous state of instability, with genetic variation 
arising through two main mechanisms: mutation and recombination. New 
mutations are introduced to the genome randomly with an average frequency 
of ~2.2 x 10-9 per base pair per year (Kumar and Subramanian 2002). Certain 
genomic regions, referred to as mutational hotspots, are more vulnerable to 
mutations than others. Mutations are introduced to the genome internally by 
occasional random errors in DNA replication or repair processes, or 
externally by factors such as ultraviolet radiation or chemical substances. The 
second major biological mechanism that creates variation is genetic 
recombination. Recombination involves the exchange of DNA segments 
between chromosomes or between differents regions of the same 
chromosome. Homologous recombination usually occurs during mitosis, and 
is mediated by regions of homology with a required level of sequence 
identity. However, various forms of non-homologous recombination, with no 
required sequency identity, do exist. Meiotic recombination, during which 
homologous pair of chromosomes exchange segments with one another, is a 
source of novel, genetically unique combinations created from the parental 
genomes and transmitted to the offspring.  

Mutations can be classified based on their effect on (1) structure, (2) 
function, (3) fitness, (4) impact on protein structure, or (5) inheritance. 
Small-scale sequence mutations affecting only one or a few nucleotides 
include substitutions, insertions and deletions. Large-scale structural 
mutations affecting chromosomal structure include duplications, deletions, 
translocations, inversions and insertions. A protein sequence may be affected 
through neutral, silent, missense, nonsense or frameshift mutations. In 
general, mutations are referred to as neutral, beneficial or deleterious. Loss-
of-function (LoF) mutations inactivate the gene product partially or totally, 
whereas gain-of-function mutations result in enhanced activity of the gene 
product. If only one parental allele is affected by the mutation it is called 
heterozygous, and it is termed homozygous if both maternal and paternal 
alleles are affected.  

Mitochondrial DNA contains only a small portion of the DNA: in humans 
the 16 569 bp of mtDNA encode for only 37 genes. Importantly, mtDNA is 
exclusively maternally inherited, highly conserved and has relatively slow 
mutation rates.  These unique features of mtDNA enable genealogical 
delineation of maternal lineages.  
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2.1.3 Repeated DNA sequences 
Over half of the human genome consists of repeated and mobile DNA 
elements (Figure 2) (Lander 2001). The abundance of the repetitive 
component of the genome raises questions about its potential functions.  
Dispersed repetitive elements have increasingly been recognized as a 
potential source of genetic variation and regulation. Repeated DNA 
sequencies are divided into three major categories:  (1) tandem repeats, (2) 
interspersed repeats, and (3) segmental duplications (Figure 3).  

Tandem repeats are patterns of DNA, which lie directly adjacent to each 
other, either directly or inverted. They are divided into satellites, 
minisatellites and microsatellites. Minisatellites consist of 10-60 repeated 
nucleotides, whereas microsatellites have repeat units of <10 nucleotides. 
Tandem repeats are common at the centromeres and telomeres of 
chromosomes. They are difficult to sequence adequately, and therefore, 
underrepresented in the human genome reference (Duitama et al. 2014). 

In contrast to tandem repeats, interspersed repeats are usually present as 
single copies distributed throughout the genome. The best-characterized 
interspersed repeats are transposable elements, also termed mobile 
elements, which can change their position within the genome (Mills et al. 
2007). They constitute ~45% of the genome, and are assigned into two 
classes based on their mechanism of transposition. In short, class I 
transposons are “copied and pasted”, whereas class II transposons are “cut 
and pasted”. Transposable elements with long terminal repeats (LTRs), 
identical sequences found at each end of the transposable element, belong to 
class I. They encode their own reverse transcriptase, similar to retroviruses. 
Long interspersed elements (LINEs) and short interspersed elements 
(SINEs), also belonging to class I, are the most common transposable 
elements (Belancio et al. 2009). LINEs comprise 20%, and SINEs ~13% of 
the human genome. Only a small subset of LINEs are still active and capable 
of retrotransposition. The most common SINE in primates is Alu, an 
approximately 350 bp long element with implications in some genetic 
diseases and cancers due to insertion-induced disease. 

Segmental duplications, also termed low copy repeats (LCRs), are 1 - 400 
kb long DNA elements occurring at more than one site within the genome, 
typically sharing a high level sequence identity of 95% or greater (Bailey et al. 
2001). About 5% of the human genome is composed of duplicated sequence. 

Importantly, structural features of the human genome can predispose a 
particular region to rearrangement. Repeated DNA sequences, such as LCRs, 
tandem repeats, and Alu elements provide substrates for recombination and 
chromosomal rearrangement (Sharp et al. 2005; Stankiewicz et al. 2003b; 
Shaw and Lupski 2004). The molecular mechanisms of rearrangement 
formation can be elucidated by breakpoint analysis of disease-associated 
rearrangements.  
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Figure 2 Components of the human genome (modified from Nature Reviews | Genetics)  
(Gregory 2005).  

 

 

 

 

 
 
 
 

 
 

 

 

 

 

 

Figure 3 Abundant repeat elements in the human genome. 
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2.1.4 Chromosomal rearrangements 
Chromosomal rearrangements result from breakage of the native 
chromosome structure followed by reassembly in an abnormal composition.  
These abnormalities are gross DNA changes with size ranging from 
thousands to millions of base pairs that can cover clusters of genes. Such 
changes include several different classes of events: deletions, duplications, 
inversions, and translocations.  Each of these events can be caused by 
breakage in the DNA double helices at two different loci, followed by 
rejoining of the broken DNA ends to produce a new arrangement of 
chromosomal material (Griffiths et al. 1999). Chromosomal rearrangements 
can be either balanced or unbalanced. 

Balanced rearrangements, such as inversions and translocations, change 
the order of chromosomal material but in principle nothing is gained or lost. 
When an inversion occurs a chromosomal segment breaks twice, turns 180 
degrees, and rejoins (Figure 4). A translocation is a rearrangement in which 
chromosomal fragments of nonhomologous chromosomes switch places 
(Figure 4). Two factors are essential in causing the detrimental effects of 
inversions and translocations. First, DNA molecules are disrupted at the 
breakpoints, and sometimes these breaks occur within genes or their 
regulatory regions. Secondly, the rearrangement changes the spatial folding 
of chromatin within the nucleus, thus genomic interactions mediated by the 
chromatin conformation can be compromised.  

Unbalanced rearrangements lead to imbalance by changing the dosage of 
a chromosome segment, meaning something is gained or lost. Both the loss 
of one copy or the addition of an extra copy of a segment can result in an 
abnormal phenotype. A deletion is the loss of an interstitial or terminal 
chromosomal segment, and in the former case the subsequent juxtaposition 
of the two adjacent segments (Figure 4). A duplication is a repetition of a 
chromosomal segment (Figure 4). In the simplest type of duplication, the 
duplicated segments are located adjacent to each other, either as inverted or 
as direct tandem duplications.  Alternatively, one duplicated region can be in 
its normal locus while the other is in a novel locus on different part of the 
same chromosome, or on another chromosome, termed an insertional 
duplication. Unbalanced translocations cause aneuploidy of the rearranged 
segments: in monosomy only one choromosomal segment is present instead 
of the normal two, whereas in trisomy three segments are present. 

Chromosomal rearrangements arise through two mechanisms: (1) 
unequal crossing-over (i.e. errors in meiotic recombination), and (2) 
abnormal meiotic segregation. Unequal crossing-over is facilitated by 
sequence similarity at the breakpoints. Repetitive elements, such as LCRs, 
are often found at rearrangement breakpoints. These regions constitute a 
significant source of genomic instability, and furthermore are a source of 
genetic diseases and cancer. 

Chromosomal rearrangement breakpoints have been well utilized as 
landmarks for critical genes in human disease (Ray et al. 1985; Viskochil et 
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al. 1990; Johnson et al. 2006). For example, the NF1 gene causal for 
neurofibromatosis type 1 was identified this way (O'Connell et al. 1989). The 
pathogenicity may result from an intragenic or dosage sensitive break, 
generation of a chimeric gene, or disruption of conserved nongenic 
sequences or a noncoding RNA gene (Dermitzakis et al. 2005; Mattick 
2005). The consequence may be haploinsufficiency, altered gene expression, 
dominant-negative or gain of function effect of a fusion protein, or complete 
absence of protein product when the other allele is imprinted or otherwise 
nonfunctional. Loss-of-functions mutations are described in more detail in 
section 2.1.5. 

In addition to an intact coding sequence, the correct expression of genes 
requires regulatory control. In a variety of disease-related cases, the 
regulation of gene expression has been reported to be compromised by a 
chromosomal rearrangement outside the transcription and promoter 
regions, categorized as a ’position effect’. First, a translocation may separate 
the promoter/transcription unit from a distant regulatory element, 
abolishing the effect of this regulator on the gene and leading to reduction or 
absence of transcription from the gene. Alternatively, the regulator may act 
as silencer and its removal through translocation can lead to inappropriate 
activation of the gene. Second, a translocation may juxtapose the gene next to 
another gene’s regulatory element, again resulting in inappropriate 
expression. Third, a translocation may also juxtapose a euchromatic gene 
with a region of heterochromatin, in which case the heterochromatin DNA 
organization spreads into the juxtaposed euchromatic region and silences the 
nearby gene (Milot et al. 1996; Festenstein et al. 1996). 
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Figure 4  Large scale chromosomal rearrangements in the genome. In vertical order: 
duplication and deletion, inversion, and balanced translocation. 

2.1.4.1 Balanced reciprocal translocations 
Constitutional balanced translocations are prevalent chromosomal 
rearrangements where nonhomologous chromosomes exchange material. 
They are non-randomly distributed in the human genome due to 
evolutionary selective advantage and the more frequent potential of certain 
DNA sequences to mediate breakage and recombination, and have a birth 
incidence of circa 1:500 life births (Mackie Ogilvie and Scriven 2002). 
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Approximately 6-9% of de novo balanced translocations associate with 
clinical abnormalities (Warburton 1991), but the number may be as high as 
20 – 25% based on the findings from the International Breakpoint Mapping 
Consortium (IBMC). The IBMC consortium is described in Section 4.1.2.  

In most cases balanced translocations segregate in families without 
phenotypic effects, there is no apparent loss or gain of chromosomal 
material, and full functionality remains. However, carriers have an increased 
risk of meiotic segregation errors resulting in unbalanced gametes, 
miscarriages, and sometimes abnormal phenotypes (Warburton 1991; 
Mackie Ogilvie and Scriven 2002). Unbalanced translocations are known to 
account for ~1% of cases of intellectual disability and developmental delay 
(Ravnan et al. 2006; Ballif et al. 2007; Shao et al. 2008). Recent studies 
indicate that small submicroscopic genomic changes, detectable only by 
molecular techniques, often associate also with apparently balanced 
translocations (Simovich et al. 2007).  

The majority of balanced translocations are non-recurrent, thus they lack 
any significant breakpoint spanning sequence homology that would suggest a 
specific rearrangement mechanism. Recurrent translocations occur in 
unrelated individuals who share the same genomic breakpoint interval. 
Recurrent breakpoints often cluster inside LCRs (Gu et al. 2008). Shared 
rearrangement-prone genomic architecture may provide clues to the 
formation of a rearrangement, but the precise mechanisms or genomic 
sequences remain unknown. 

2.1.4.2 Mechanisms of translocation formation 
Understanding the spatial folding of chromatin in the nucleus is central to 
understanding the effect of balanced translocations on nuclear organization. 
Chromosomes have preferred positions within the nucleus, and this 3D 
organization has been shown to guide the formation of translocations (Zhang 
et al. 2012). Chromatin folding and interactions between segments have been 
explored with high-resolution chromosome conformation capture (Hi-C) 
analysis (Dekker et al. 2002; Lieberman-Aiden et al. 2009). Hi-C has 
revealed topologically associating domains (TADs), conserved genomic 
regions where physical interactions occur frequently and across which 
interactions occur infrequently (Dixon et al. 2012). Translocations can 
disrupt the TAD boundaries by taking entire chromosomal regions out of 
their normal nuclear environment. 

Evolution has given rise to unstable regions of repeated DNA sequences 
that act as substrates for chromosomal rearrangements (Carvalho et al. 2010; 
Lupski 1998; Mills et al. 2011; Conrad et al. 2010; Redon et al. 2006). Such 
outcomes can result from both repair and misrepair of DNA ends, which 
arise from lesions such as DNA double-strand breaks (DSBs). Translocations 
are formed through different pathways of DNA DSBs followed by ligation 
repair processes. In homologous recombination repair, the DNA ends are 
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aligned and joined using regional sequence homology. Alternatively, the 
broken DNA ends can be brought together and rejoined in the absence of 
long tracks of sequence homology. Whether breaks in the participating DNA 
sequences occur simultaneously and/or as independent events remains 
unknown. 

Some translocations are generated by non-allelic homologous 
recombination (NAHR), a form of homologous recombination that occurs 
between two segments of DNA that have high sequence similarity, but are not 
alleles. Analyses of breakpoints have shown that NAHR is mediated by large 
tracks of LCRs or shorter homologous repetitive regions resulting in 
recurrent events with clustered breakpoints (Sharp et al. 2006; Rudd et al. 
2009; Mefford and Eichler 2009). NAHR between interspersed LINE and 
SINE/Alu elements can also result in translocations (Batzer and Deininger 
2002; Deininger et al. 2003; Startek et al. 2015). Alu elements are the largest 
family of repetitive elements, comprising an estimated 10% of the genome 
(Lander 2001; Shen et al. 2011). The abundance of Alu elements in LCR 
junctions suggests a role in genomic rearrangements (Bailey et al. 2003) that 
is supported by observations of translocations occurring with high frequency 
at DSBs introduced adjacent to Alu elements (Elliott et al. 2005). The 
predominant translocation formation pathway is single-strand annealing in 
the case of identical Alu elements, and non-homologous end joining (NHEJ) 
in the case of diverged Alu elements (Elliott et al. 2005). NHEJ is an 
essential and distinctive DSB repair mechanism characterized by its 
imprecision, resulting in “DNA scars” (i.e. deletions, insertions, and 
duplications) at sites of repair and leading to accumulation of randomly 
distributed mutations over time (Lieber 2008). NHEJ may have a role in 
homology-independent breakpoint formation, as an increased number of 
DNA scars have been detected at breakpoint junctions without a breakpoint 
spanning sequence homology (Sargent et al. 1997; Pfeiffer et al. 2000; Yu 
and Gabriel 2004). However, a considerable percentage of rearrangements 
cannot be explained by either NAHR or NHEJ. Different recombination and 
rearrangement mechanisms are introduced in Figure 5. 

Complex genomic rearrangements contain more than one simple 
rearrangement and have multiple breakpoint junctions. A combination of 
two mechanisms, microhomology-mediated break induced replication 
(MMBIR) (Hastings et al. 2009; Liu et al. 2011) and Fork Stalling and 
Template Switching (FoSTeS) (Lee et al. 2007), has been proposed to explain 
some of the non-recurrent complex rearrangements. In this model, a 
replication fork stalls at a DSB and the free single strand stretch of 3’ DNA 
changes templates, annealing to another exposed single strand of DNA on an 
adjacent replication fork with shared microhomology.  
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Figure 5 Simplified overview of meiotic homologous recombination (HR) and the chromosomal 
rearrangement mechanisms of non-allelic homologous recombination (NAHR) and 
non-homologous end joining (NHEJ). In HR (top), homologous DNA stretches of 
maternal and paternal chromosomes align and cross over, and DSBs are accurately 
repaired. This crossing-over mechanism shuffles genetic material and is an important 
source of genetic variation. NAHR (middle) occurs between paralogous LCRs and 
results in a duplication or deletion. NHEJ (bottom) requires no sequence homology. 
DSBs are processed by an end-binding protein and DNA ligase. The processing of 
DSBs removes nucleotides from the single-stranded overhangs resulting in a small 
deletion.     
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2.1.4.3 Medical impact of chromosomal rearrangements 
An increasing number of DNA rearrangements involving unstable genomic 
regions have been recognized to result in human diseases (Ji et al. 2000; 
Shaffer and Lupski 2000; Emanuel and Shaikh 2001; Mazzarella and 
Schlessinger 1998). These diseases are termed chromosomal or genomic 
disorders (Lupski 1998). In these disorders, entire chromosomes or large 
chromosomal segments are missing, duplicated or otherwise altered. 
Generally, deletion phenotypes are more severe than those caused by 
duplications (Brewer et al. 1998). 

Chromosomal rearrangements have been implicated in Mendelian 
diseases, complex traits and sporadic diseases (Lupski 1998; Lupski 2009; 
Gu and Lupski 2008; Stankiewicz et al. 2003a). The clinical phenotype varies 
depending on the genes or the genomic region involved, and the underlying 
mechanisms include gene disruption, gene dosage effects, position effects, or 
the unmasking of a recessive allele. The first Mendelian disorder mapped to a 
chromosomal rearrangement was the Duchenne muscular dystrophy 
rearrangement at chromosome Xp21 (Lindenbaum et al. 1979). Complex 
traits associated with rearrangements include obesity (Sha et al. 2009; Walz 
et al. 2006), neurobehavioral traits (International Schizophrenia Consortium 
2008; Walz et al. 2006; Potocki et al. 2000; Sharp et al. 2006; Sharp et al. 
2007), and craniofacial features (Brunetti-Pierri et al. 2008; Yan et al. 
2004). Chromosome deletion syndromes include diseases such as Cri-du-
Chat syndrome (OMIM 123450) and Williams syndrome (OMIM 194050), 
whereas aneuploidies include Down syndrome (trisomy 21) (OMIM 190685), 
Klinefelter syndrome (47,XXY) (Klinefelter et al. 1942) and Turner syndrome 
(45,X)  (Turner 1938).  

Both inter- and intrachromosomal rearrangements can be mediated by 
the LCRs encompassing ~10% of our genome, as well as by other repetitive 
sequences such as SINEs and LINEs. Recurrent rearrangements have 
clustered breakpoints, as they result from NAHR between LCRs that share a 
high degree of sequence similarity facilitating homologous recombination. 
Non-recurrent rearrangements vary in size and breakpoint location in each 
individual. Significant advances in technology have enabled the evaluation of 
many targeted loci and the entire genome for submicroscopic chromosomal 
rearrangements (different mapping methods are described in section 2.2.1). 
Both targeted and whole genome technologies have been applied to large 
patient cohorts with intellectual disability or developmental delay (de Vries 
et al. 2005; Koolen 2006; Sagoo et al. 2009; Shaffer et al. 2006; Sharp et al. 
2006; Shaw-Smith et al. 2006), autism (Christian et al. 2008; Kumar et al. 
2008; Marshall et al. 2008), congenital anomalies (Erdogan et al. 2008; 
Klopocki et al. 2007; Mefford et al. 2007; Richards et al. 2008), and 
neurodevelopmental disorders with psychotic symptoms (Stefansson et al. 
2008; International Schizophrenia Consortium 2008; Walsh et al. 2008). 
Importantly, these new approaches have led to a shift from a phenotype-first 
approach to a genotype-first approach. Consequently, new chromosomal 
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disorders have been characterized by their genomic rearrangement instead of 
their clinical features.  

2.1.5 Loss-of-function mutations 
In principle LoF mutations can act by disrupting any essential genetic 
element, including non-coding regulatory elements, and typically they result 
in partial or total inactivation of the gene product (Figure 6). Importantly, 
studies of LoF mutations are challenged by allelic heterogeneity, modest 
effect sizes, and the presence of large numbers of neutral LoF variants, even 
in phenotypically relevant genes. Prediction of the functional impact of an 
LoF variant, i.e. whether a predicted LoF variant is truly a deleterious variant 
with a phenotypic effect, is an essential practical goal for researchers. 

An LoF mutation leading to a complete loss of function is termed a null 
mutation, and the respective allele is termed a null allele. Because LoF 
mutations are predicted to disrupt the function of protein coding genes, the 
traditional view observes them from the perspective of Mendelian diseases. 
Phenotypes associated with LoF mutations are typically recessive, thus in 
most cases a single normal allele will suffice. However, there are exceptions. 
When the reduced dosage of a normal gene product is not enough to produce 
a normal phenotype, the consequence is “haploinsufficiency”.  Another 
exception is the “dominant negative effect”, i.e. when the defective gene 
product interferes with the function of the wild-type allele. The dominant 
negative effect is typical with proteins that form polymeric structures, such as 
filaments. 

LoF mutations have varying effect sizes on disease risk. First of all, an LoF 
mutation can have a severely deleterious disease-causing effect, indicating 
that healthy individuals should be heterozygous carriers. Some LoF 
mutations have only mildly deleterious effects, and some LoF mutations that 
disrupt non-essential genes are neutral (Lim et al. 2014). An example of a 
neutral LoF mutation is the variable blood-group marker O, already 
discovered in 1900 (Landsteiner 1900). Furthermore, LoF mutations include 
advantageous variants (Olson 1999; Jonsson et al. 2012), as well as 
sequencing and annotation errors. Interestingly, recent sequencing and 
genotyping studies have revealed an unexpected feature of human genomes: 
dozens of LoF mutations can exist in apparently healthy individuals 
(Yngvadottir et al. 2009). These mutations were found to be predominantly 
low frequency variants, suggesting an enrichment for mildly deleterious 
polymorphisms and a potential contribution to complex disease 
susceptibility. The foundations for understanding this phenomenon have 
been extensively described by two large-scale sequencing consortium 
projects: the 1000 Genomes Project and the Exome Aggregation Consortium 
(ExAC) (1000 Genomes Project Consortium et al. 2015; Sudmant et al. 2015; 
Lek et al. 2016). 
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Indeed, recent studies have identified rare (0.5% allele frequency) and low-
frequency (0.5 - 5% allele frequency) LoF variants in complex diseases such 
as breast cancer (Stratton and Rahman 2008), type 1 diabetes (Nejentsev et 
al. 2009), autism (O'Roak et al. 2011), and atopic dermatitis (Palmer et al. 
2006). Many of these rare and low-frequency variants have been discovered 
in populations that have gone through several population bottlenecks and 
isolation. In Finland, the enrichment of certain rare disease-causing variants, 
and loss of others, is known as the Finnish Disease Heritage (www.findis.org) 
(Norio 2000). In Finland a group of 36 mostly autosomal recessive disorders 
caused by rare founder mutations are more common than elsewhere. This 
unique population structure with a smaller spectrum of rare variation offers 
special opportunities and more power to identify low-frequency loss-of-
function (LoF) variants in studies of complex disease. 

 
 

 

 
 

 
Figure 6 Different types of LoF mutations and their effect on protein-coding regions. The 

model gene is intact (top). The effects of four types of LoF mutations on the 
resulting transcript are shown on the right. Loss of protein functionality is typically 
seen downstream of the mutation (orange boxes).    
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2.2 GENETIC MAPPING 

Genetic mapping can be applied once the genetic basis, i.e. heritability, of a 
phenotype has been established. Heritability estimates what proportion of 
the phenotype variability in a population is explained by genetic factors. 
Heritability estimates can be obtained using family, twin, and adoption 
studies, for example by comparing concordance of a phenotype in 
monozygotic versus dizygotic twins. A heritable disorder caused by defects in 
a single gene is termed monogenic, whereas a disorder caused by the 
combined effect of multiple genetic factors is polygenic. Complex or 
multifactorial disorders are associated with the effect of multiple genes in 
combination with lifestyle and environmental factors.  

Genetic mapping can be conducted in two ways: directly by testing each 
potential causative variant against a phenotype, or indirectly by testing 
linkage disequilibrium (LD) between adjacent variants (Collins et al. 1997). 
When two variants in two nearby loci are inherited together more often than 
would be expected by chance, they are in linkage disequilibrium. Genetic 
mapping is the process of determining the order and relative distance 
between specific heritable elements, termed genetic markers. Genetic 
markers can be genomic regions, genes, or specific genetic variants that 
cause or contribute to the phenotype. The aim of genetic mapping is to 
identify genomic regions that are statistically linked with the phenotype.  

Genetic markers are polymorphic segments of DNA with a known 
physical chromosomal location and a known pattern of inheritance. A 
suitable marker for genetic mapping studies is easily detectable, associated 
with a specific locus, and highly polymorphic (homozygotes do not provide 
any information). Currently the most commonly used genetic markers are 
single nucleotide polymorphisms (SNPs). The allelic spectrum of SNPs in the 
human genome ranges from rare variants with a minor allele frequency 
(MAF) of <0.5% to common variants with a MAF of >5%. Genetic mapping is 
also facilitated by: (1) strong LD, (2) high penetrance of the variant, and (3) 
large effect size of the causal variant. Severe Mendelian disorders tend to be 
caused by rare high effect variants (Altshuler et al. 2008), whereas complex 
diseases are likely to be caused by common low effect variants (Manolio et al. 
2009; Altshuler et al. 2008). 

SNPs are the most abundant type of variation in the human genome. They 
are typically diallelic variations in a single nucleotide. The number of SNPs 
with MAF of >1% is ~10 million (Reich et al. 2003). Re-sequencing studies of 
thousands of individuals have led to the discovery of a multitude of novel, 
mostly rare, SNP variants. The current dbSNP database contains  over 136 
million validated variants (dbSNP Human Build 150, 
https://www.ncbi.nlm.nih.gov/projects/SNP/). An important application of 
SNPs is the genetic association study, which examines SNP allele frequencies 
between cases and controls to test if a variant is associated with a phenotype. 
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Current genome-wide association studies (GWAS) are used to investigate 
millions of SNPs simultaneously in hundreds of thousands of individuals. 

Common patterns of human genetic variation and their involvement in 
human health and disease were extensively explored by the International 
HapMap Project (International HapMap 3 Consortium et al. 2010). Focusing 
on common SNPs, the HapMap project catalogued haplotypes and their 
locations and frequencies in different populations. Fundamental 
contributions to the genetic mapping era have also been provided by the 
1000 Genomes Project (1000 Genomes Project Consortium et al. 2015), 
ExAC, and the Genome Aggregation Database (gnomAD) (Lek et al. 2016). 
The 1000 Genomes Project aimed to find most of the genetic variants with 
frequencies of ≥1% in the populations studied. ExAC was the first release of a 
larger project called gnomAD. The goal of ExAC was to aggregate and 
harmonize exome sequencing data from large-scale sequencing projects.  As 
its sequel, gnomAD seeks to aggregate and harmonize exome and genome 
sequencing data from large-scale sequencing projects. In Finland, The 
Sequencing Initiative Suomi (SISu) project (http://www.sisuproject.fi) 
harmonizes and aggregates whole genome sequencing (WGS) and whole 
exome sequencing (WES) data from Finnish samples. The SISu search engine 
enables examination of the attributes and appearances of 
different variants in Finnish cohorts and their aggregate distribution in 
Finland is visualized on a map.  

2.2.1 Chromosomal rearrangements 
Large-scale structural mutations have originally been studied by cytogenetic 
techniques, such as karyotyping and fluorescent in situ hybridization (FISH). 
More current techniques include comparative genomic hybridization (CGH), 
array comparative genomic hybridization (aCGH), SNP arrays, flow 
cytometry, and NGS methods. 

Karyotyping is the process of systematically pairing and organizing the 
complete set of human chromosomes into 22 pairs of autosomes and the 23rd 
pair of sex chromosomes (Tjio and Levan 1956). A karyotype is produced 
using standardised staining procedures, such as Giemsa staining (G-banding 
gives a band resolution of  ~400-650 bands), after leucocytes have been 
arrested during cell division in metaphase or prometaphase when 
chromosomes are the most condensed. G-banded karyotyping is the gold 
standard for assessing cytogenetic stability based on a maximum resolution 
of  ~5 Mb. Thus, the detection accuracy of karyotyping is limited to gross 
structural abnormalities involving several megabases of DNA. Karyotyping 
reveals aneuploidies, such as trisomy 21, and also more subtle changes such 
as deletions, duplications, translocations, and inversions. A higher resolution 
can be achieved by FISH, which uses fluorescent probes that bind to 
complementary genomic regions with high specificity (Langer-Safer et al. 
1982). In FISH, the presence or absence of certain known DNA sequences on 
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chromosomes, as well as structural abnormalities, can be detected with 
fluorescence microscopy. The resolution of the FISH technique is ~100 kb – 1 
Mb in size. Although a powerful technique, FISH is only applicaple to known 
abnormalities, as opposed to the detection sensitivity of whole genome 
screening. 

CGH was developed for analysing copy number variations (CNVs)  
(Kallioniemi 1992). The method compares a DNA sample to a reference 
sample to detect either gains or losses of whole chromosomes or 
subchromosomal regions.  Even though CGH is more efficient compared to 
karyotyping and FISH, the genomic resolution is still relatively low. Thus, 
CGH has been further developed to create aCGH, which utilizes the same 
principles but on a genome-wide high-resolution scale (Pinkel and Albertson 
2005). In aCGH, the metaphase chromosomes are replaced with DNA 
fragments with known chromosomal positions, allowing rapid evaluation of 
the entire genome for submicroscopic aberrations. Depending upon the 
particular array and how many probes it uses, the detection power is  ~1 kb – 
1 Mb in size (Evangelidou et al. 2013). 

Another way of detecting CNVs with high resolution is using SNPs. SNP 
microarrays utilize the same principles as DNA microarrays: DNA 
hybridization, fluorescence microscopy, and sequence-specific DNA capture. 
The signal intensity data from genome-wide SNP genotyping arrays can be 
used to detect CNVs. In addition to standard intensity data, a SNP array 
produces genotype information. Therefore, the main advantage of a SNP 
array over CGH is that it can determine both CNVs and loss of heterozygosity 
(LOH) i.e. loss of genetic material. It should be acknowledged, however, that 
SNP arrays, CGH, and aCGH cannot detect balanced abnormalities, such as 
translocations and inversions. 

Multiplex ligation-dependant probe amplification (MLPA) is also 
applicable for analysing CNVs. MLPA is a variation of multiplex polymerase 
chain reaction, permitting amplification of multiple targets with a single 
primer pair. In addition to dosage analysis, MLPA facilitates detection of 
point mutations, SNPs, and DNA methylation status. 

Chromosome analysis using flow cytometry (flow cytogenetics, flow 
karyotyping) enables sorting of derivative chromosomes for mapping 
translocation breakpoints (Gray et al. 1986). With flow cytometry, metaphase 
chromosomes can be separated during their passage in a narrow stream of 
liquid according to light scatter and fluorescence parameters. Translocations 
result in derivative chromosomes with different sizes and base pair 
compositions and appear as new peaks. After the chromosome of interest has 
been separated from the other chromosomes, it can be purified in large 
quantities and further studied.  

The rapid development of high throughput sequencing technologies 
during the past decade has revolutionised the field of human genetics. The 
demand for low-cost sequencing has been high, which has driven the 
development of massively parallel sequencing platforms able to analyze 



 

 32

millions of sequences concurrently. The subsequent development of paired 
end (PES) and mate pair (MPS) high throughput sequencing technologies 
has significantly facilitated the detection of structural rearrangements. 
Importantly, PES and MPS strategies have enabled the routine detection of 
balanced chromosomal rearrangements (Talkowski et al. 2011).  

PES allows for the sequencing of both ends of millions of <800 bp DNA 
fragments, providing longe-range positional information. In terms of the 
resulting sequence data, PES and MPS are quite similar, but the methods 
differ in library preparation (Figure 7). Importantly, MPS enables the 
generation of libraries with insert sizes ranging from 2 to 15 kilobases. As 
such, MPS data produces information on genomic regions separated by 
larger distances compared to PES. MPS data requires additional tailored 
processing steps before it can be used for structural variant detection (Figure 
8). In MPS, the DNA fragments are circularised following the fragmentation 
of genomic DNA. The joined ends of the original DNA fragment are selected 
by shearing the circularised DNA and enriching via a biotin pull-down tag in 
the junction adapter. Thus, the final libraries consist of short fragments 
made up of two DNA segments that were originally separated by several 
kilobases. As a consequence of the circularisation procedure, the two joined 
ends are in an inverted sequence orientation, resulting in fragments with 
both reverse-forward and forward-reverse orientations. These orientations 
need to be adjusted by downstream trimming of the junction adapters. In 
addition to the junction adapters, the templates also contain external 
amplification and hybridization adapters that need to be trimmed prior to 
alignment.  
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Figure 7 Comparison of paired end (A) and mate pair (B) library preparation. 
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Figure 8  MPS workflow. Simultaneous fragmenting and adapter (green) ligation to the 
ends of genomic DNA (blue) (A). Circularisation of DNA fragments and linking of 
the fragment ends with two biotin tagged junction adapters (B). Re-fragmentation 
of the circularised molecules (C). Biotin-tag mediated enrichment of the sub-
fragments that contain the original junction. End repair, A-tailing, adding of the 
sequencing adapters (purple and grey) (D). Amplification and sequencing.   
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2.2.2 Loss-of-function mutations 
With abundant sequencing data, lowering costs, and sophisticated 
genotyping platforms, there are more options than ever to study associations 
between genes and phenotypes. Current studies on LoF mutations utilize 
whole genome, targeted, and custom SNP genotyping arrays, as well as NGS 
technologies on a whole-genome and whole-exome scale.  

SNP genotyping arrays compare SNPs between individuals. SNP calling 
platforms use methods such as DNA hybridization or single-base extension 
(Figure 9). An important distinction between platforms involves SNP 
selection strategies: probes can be based on haplotype-tagging “tag-SNPs”, or 
they can be “unbiased SNPs” chosen to cover the genome.  

NGS whole exome sequencing (WES) and whole genome sequencing 
(WGS) can also be used to study LoF mutations. In WGS, the entire DNA 
sequence of an individual is determined, whereas in WES only the subset of 
DNA that encodes proteins is determined. WES is more efficient in terms of 
cost and speed. However, WGS provides more uniform coverage of the 
genome and produces longer reads. With NGS based SNP calling, the high 
error rates in base-calling and alignment cause considerable uncertainty 
associated with the results, particularly with low coverage data (at <5X). One 
solution to this uncertainty is deep sequencing (at >20X). However, the 
increasing demand for larger sample sizes is steering studies towards the 
more cost-effective approach: sequencing many individuals at low depth. 
Another solution is to utilize sophisticated algorithms that can effectively 
identify errors that may have been introduced via base-calling and 
alignment.      

As discussed in Section 2.1.5, in addition to technical sequencing and 
annotation errors, the presence of large numbers of neutral variants is a 
daunting challenge for genomic studies. How do we distinguish deleterious 
variants from benign polymorphisms? Methods for the identification of 
disease-causing variants typically use two approaches: statistical association 
between a variant and a disorder, or prioritization of variants based on their 
predicted functional effect. Statistical analysis is suitable for identifying 
genes involved in common disorders. However, there are more restrictions in 
terms of rare genetic disorders, where unrelated individuals may be affected 
due to different variants within the same gene or pathway. Thus, the 
applicability of association methods is limited for small cohorts.  

The alternative approach is prioritization of variants based on their 
population frequency, conservation, and functional annotation. In this 
approach, the identified variants are first filtered to those with low 
frequencies, and then sorted based on the probability of a damaging impact 
on the structure and function of the gene product (i.e. “harmfulness score”) 
generated by tools such as PolyPhen2 (Adzhubei et al. 2010) or SIFT (Kumar 
et al. 2009). Multiple features are considered by these tools including level of 
conservation, severity of the change, location relative to active sites, and 
likelihood of the effect on secondary or tertiary structure. To distinguish 



 

 36

deleterious de novo variants in WGS or WES data from those that have 
arisen just by chance, statistical approaches can be utilized. By statistical 
methods, genes possessing more variants in cases than expected can be 
extracted (Samocha et al. 2014). Further evidence to support the pathogenic 
role of putative deleterious variants may be obtained from segregation 
analysis and functional studies in cell and animal models. However, 
functional studies can rarely replace the genetic evidence.   
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Figure 9 SNP calling by DNA hybridization (A) and single base extension (B). A) SNPs are 
interrogated by hybridizing complementary DNA probes to the SNP site. The 
oligonucleotide probe is designed to contain complementary regions at each end 
and a probe sequence in the middle. A fluorophore (red polygon) is attached to one 
end of the probe. If the probe encounters its genomic target sequence it will anneal 
and hybridize. The conformational change allows the molecule to fluoresce. B) 
SNPs are interrogated by annealing a single base extension primer directly 
adjacent to the SNP and then extending it by one base using a labelled terminator 
dideoxynucleotide. Single base extension primers can be designed for each 
orientation for each SNP (forward and reverse). The terminators can be determined 
using several approaches including fluorescence labeling, mass labeling for mass 
spectrometry, measuring enzyme activity using a protein moiety, and isotope 
labeling. 
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2.3 GENETICS OF CARDIOVASCULAR ANOMALIES 

The intricate process of cardiogenesis is controlled by highly conserved 
genetic and molecular pathways. Inductive signals such as bone 
morphogenetic protein (BMP), Notch, wingless-type MMTV integration site 
family (WNT) and sonic hedgehog (SHH) activate a set of genes encoding 
transcription factors. The subsequent cascade of transcription factors 
contributes to cardiogenesis by connecting signalling pathways with genes 
controlling muscle growth, patterning and contractility. Transcription factors 
GATA4, NKX2.5, TBX5 and TBX1 are the core regulators of cardiogenesis, 
and dozens of downstream transcription factors serve as accessory 
regulators.  Mutations in the components of the cardiac gene network may 
cause dysregulation of cardiac development and cardiovascular anomalies 
(Bruneau 2008).  

Cardiovascular malformations are common birth defects resulting in 
significant morbidity and mortality worldwide (Richards and Garg 2010). 
Congenital heart defects (CHD) are the leading cause of birth-defect 
associated infant death when infectious diseases are excluded (Hoffman and 
Kaplan 2002; Richards and Garg 2010). The cardiac structures affected by 
CHD are presented in Figure 10. Several different classification systems exist 
for CHD. The International Congenital Heart Surgery Nomenclature 
provides the following classification: (1) hypoplasia, (2) obstruction effects, 
(3) septal defects, and (4) cyanotic defects (Thomas et al. 2007).  

The etiology of CHD is complex as CHD is associated with both 
environmental and genetic factors (Postma et al. 2016). Evidence from the 
sequencing of the human genome and advances in molecular techniques 
have implicated genetic predispositions for CHD (Richards and Garg 2010). 
Critical transcriptional regulators, signalling molecules and structural genes 
for normal cardiac morphogenesis have been identified, which is crucial for 
understanding the development of CHD (Srivastava 2006). It has been 
debated whether CHD could be caused by a single-gene defect. Cases where 
apparently discordant cardiac phenotypes, such as atrial septal defect, 
tetralogy of Fallot and ventricular septal defect, arise within one family have 
further complicated the debate (Bruneau 2008). Approximately ¼ of CHDs 
occur as a part of a complex disorder with defects in other organs (i.e. 
sporadic multiple malformation, Mendelian syndrome, chromosomal 
abnormality). The remaining ¾ occur as isolated defects, mostly as sporadic 
events but with a small proportion as familial cases (Granados-Riveron et al. 
2010). To date, the genetic factors underlying CHD have remained elusive: in 
the majority of CHD patients no causative mutation or chromosomal 
abnormality is identified.     

The best characterized genetic disorders associated with CHD include 
Down syndrome (OMIM 190685), Patau syndrome (Patau et al. 1960), 
Edwards syndrome (Edwards et al. 1960), Turner syndrome (Turner 1938), 
Marfan syndrome (OMIM 154700), DiGeorge syndrome (OMIM 188400), 
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Williams-Beuren syndrome (OMIM 194050), Alagille syndrome (OMIM 
118450), Noonan syndrome (OMIM 163950), and Holt-Oram syndrome 
(OMIM 142900). Cardiovascular anomalies that occur in malformation 
syndromes and genetic disorders may affect: (1) structure of the heart and 
great arteries (CHDs), (2) muscle (cardiomyopathy), (3) conduction system 
(arrhythmias, heart block), or (4) connective tissue (aortic dilatation, 
dissection, mitral valve prolapse) (Lin et al. 2008).  

Environmental risk factors for CHD include maternal exposure to 
infections, tobacco smoke, alcohol, drugs and toxins, advanced maternal age, 
and maternal illness such as diabetes mellitus, phenylketonuria, and 
systemic lupus erythematosus (O'Toole et al. 2008; Abqari et al. 2016; Levy 
et al. 2001).  

A number of genes have been associated with cardiac anomalies (Table 1). 
Alpha-myosin heavy chain (MYH6) mutations are associated with late-onset 
hypertrophic cardiomyopathy (Niimura et al. 2002), atrial septal defect,  
(Ching et al. 2005) and sick sinus syndrome (Holm et al. 2011). The 
transcription factor GATA4 forms a complex with TBX5, which interacts with 
MYH6. GATA4 is required for cardiac morphogenesis, cardiomyocyte 
viability, and maintaining cardiac function (Perrino and Rockman 2006). 
GATA4 mutations can lead to CHD, abnormal ventral folding, cardiac 
septum defects, and hypoplasia of the ventricular myocardium (McCulley 
and Black 2012). Studies in TBX5 knock-out mice have shown that 
homozygous mice do not survive gestation due to heart defects, and 
heterozygous mice have enlarged hearts, atrial and ventral septum defects, 
electrical conduction defects, and limb malformations similar to those in 
Holt-Oram syndrome (Takeuchi et al. 2003). The developmental homeobox 
gene NKX2-5 also interacts with MYH6. Proper NKX2-5 function is needed 
for the development of atrical, ventricular, and conotruncal septation, 
atrioventricular valve formation, and maintenance of electrical 
atrioventricular conduction (Akazawa and Komuro 2003). TBX1, another T-
box gene, is involved in cardiac outflow tract abnormalities associated with 
DiGeorge syndrome including tetralogy of Fallot (OMIM 187500) (Jerome 
and Papaioannou 2001).  

An interesting observation has been made over the GWAS era: many 
genetic loci appear to harbour variants that are associated with multiple 
distinct phenotypes. These associations highlight shared common genetic 
pathways and emphasize the relevance of pleiotropy in human complex 
diseases. Such phenotypic heterogeneity has been observed in genes mutated 
in CHD. Studies have shown, for example, that mutations in MYH6 cause 
atrial septal defect (Ching et al. 2005) and both hypertrophic and dilated 
cardiomyopathy (Carniel et al. 2005; Hershberger et al. 2010; Niimura et al. 
2002). These findings highlight the complex underlying genetic etiology of 
cardiovascular anomalies, which is likely affected by low-risk alleles in 
introns or regulatory regions, incomplete penetrance and marked variability 
in expressivity (Pierpont et al. 2007). 
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Figure 10 Cardiac structures that are affected by congenital heart diseases. Figure modified 
from Nature. (Bruneau 2008) 

 

Table 1 Examples of genes associated with cardiac manifestations. 
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2.3.1 Aortic and intracranial aneurysm 
Aortic dilatations, dissections, aneurysms and consequent aortic ruptures 
associate with a high degree of morbidity, mortality and medical expenditure 
for adults aged >60 years (Lilienfeld et al. 1987). Since the 1970s a major 
leap forward has been taken in diagnostic and surgical techniques, and 
during the past decade there has been a great increase in understanding the 
underlying molecular and pathogenetic mechanisms.  

2.3.1.1 Etiology and classification of aortic aneurysm 
Enlargement of the diameter of the aorta is considered to indicate an aortic 
dilatation. An aortic aneurysm is defined as a bulging enlargement of the 
aorta greater than 1.5 times the normal size (Litmanovich et al. 2009). The 
anatomy of the aorta is illustrated in Figure 11A. An aneurysm is a balloon-
like bulge in an artery occurring when blood pressure forces a weakened part 
of the vessel to bulge outward (Figure 11B). An aortic dissection is a tear in 
the aortic wall that allows blood flow between the aortic wall layers (Figure 
11C). Aortic aneurysms are classified based on the location of their 
occurrence along the aorta. They can appear anywhere, but most frequently 
they occur in the infrarenal abdominal aorta or the descending thoracic 
aorta.  

Abdominal aortic aneurysms (AAAs) appear in the abdominal aorta and 
its infrarenal portions, whereas thoracoabdominal aortic aneurysms involve 
both the thoracic and the abdominal aorta (Figure 11A). Aneurysms can also 
appear on the aortic root i.e. the sinus of Valsalva (Figure 11A). In addition, 
aneurysms are common on the ascending thoracic aorta where they can 
develop in association with hypertension and aortic dissection, congenital 
valvular abnormalities, and inherited connective tissue disorders (Absi et al. 
2003). AAAs are at least 3 times more prevalent than thoracic aortic 
aneurysms (TAAs). TAAs involve either the ascending or descending aorta, or 
the aortic arch (Figure 11A). Approximately 20% of TAAs have a familial 
predisposition (Milewicz et al. 2008b; Biddinger et al. 1997).  

Aortic aneurysms often stay undetected until rupture, with a high 
mortality of 90% (Loscalzo et al. 2006). Untreated, aortic dissections have an 
approximately 35% mortality rate within the first 24 hours of presentation, 
and as high as 80% within two weeks (Hasham et al. 2004). Prevention of 
the most severe consequences requires timely diagnosis, systematic follow-
up of the aortic diameter, and surgical repair of the diseased segments.  

Factors that can contribute to aneurysm development include male 
gender, atherosclerosis, hypertension, smoking, genetic and inflammatory 
conditions, bicuspid aortic valve, infections and trauma. Several studies have 
shown the association between cardiovascular defects and atherosclerosis 
(Golledge et al. 2006; Cornuz et al. 2004). The familial forms of aortic 
aneurysms can be inherited in association with genetic syndromes such as 
Marfan (MFS) (OMIM 154700), Loeys-Dietz (LDS) (OMIM 609192) and the 
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vascular type of Ehlers-Danlos (vEDS) (OMIM 130000) syndromes, or in 
isolation without syndromic features. The non-syndromic form is termed 
familial thoracic aortic aneurysm and dissection (TAAD), and its primary 
inheritance pattern is also autosomal dominant. Up to 20% of non-
syndromic cases have a familial predisposition to TAAD (Biddinger et al. 
1997). Importantly, the familial syndromic and non-syndromic forms 
predispose to early onset of the disease, whereas the atherosclerotic forms 
are characterized by advanced age and the presence of hypertension. 

Aneurysms of the ascending aorta are characterized by cystic medial 
necrosis that includes non-inflammatory loss of medial smooth muscle cells 
(SMCs), fragmentation of elastic fibers, and mucoid degeneration in the 
aortic wall. Other aneurysms of the aorta are more often characterized by 
severe intimal atherosclerosis, chronic transmural inflammation, and 
destructive remodelling of the elastic media (Milewicz et al. 2008b). 
Whether this association between aneurysms and atherosclerosis is causal or 
due to common risk factors is unknown. 

 

 

Figure 11 Anatomy of the aorta (A), two types of aneurysms (B), and different types of aortic 
dissection (C). Aortic dissection is a longitudinal tear involving the ascending aortic 
wall, descending aortic wall, or both. The dissection causes blood flow between the 
layers of the aortic wall, forcing them apart. Figures 11A and 11B modified from 
www.clevelandclinic.org, and Figure 11C from www.massgeneral.org.  
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Studies on AAA pathology have demonstrated an increased expression of 
elastin- and collagen-degrading enzymes, particularly matrix 
metalloproteinases (MMPs), cysteine proteinases, and their respective 
inhibitors (Tamarina 1997; Elmore et al. 1998). TAAD studies have shown 
that cystic medial necrosis is also associated with elastin degradation and 
fragmentation (Marsalese et al. 1990; de Sa et al. 1999), SMC depletion and 
apoptosis (Bonderman 1999), and an increased expression of at least some 
MMPs (Lesauskaite 2001; Segura et al. 1998). Increasing evidence supports 
transforming growth factor-β (TGF-β) signalling as one underlying 
mechanism for aneurysm formation in familial TAAD (Powell and Lanne 
2007). The identification of ACTA2 and MYH11 causal mutations for familial 
TAAD suggests a key role for SMC contraction in maintaining aortic 
structural integrity (Milewicz et al. 2008a). Multiple interacting factors are 
likely to be involved in the pathogenesis of aneurysmal formation such as 
hemodynamic forces, transmural inflammation, apoptosis, destructive 
remodelling of the extracellular matrix, and oxidative stress (Ejiri 2003).  

2.3.1.2 Genes associated with TAAD 
Familial aggregation of non-syndromic TAAD has been confirmed only 
during the course of the past few decades (Biddinger et al. 1997; Coady et al. 
1999). The first family with non-syndromic TAAD, where both MFS and EDS 
were excluded, was reported in 1989 (Nicod et al. 1989). Since then, linkage 
and sequencing studies have identified several TAAD associated loci in 
pedigrees with multiple generations of affected individuals. To date, 
mutations in 13 genes have emerged as causal for TAAD in approximately 25-
30% of non-syndromic TAAD families (Table 2). The proteins encoded by 
these genes are involved in either SMC contraction or TGF-β signalling. 
Importantly, genetic heterogeneity plays a significant role in aortic aneurysm 
formation. 
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Table 2 TAAD associated genes, phenotypes and the estimated percentage of families with 
mutations in the gene.  

 
 
 
To date, over 30 ACTA2 mutations have been confirmed as important causes 
of familial and sporadic TAAD (Guo et al. 2007; Morisaki et al. 2009). 
ACTA2 encodes the SMC-specific α-actin, a component of the contractile 
complex and the most abundant protein in vascular SMCs. Guo et al. 
reported ACTA2 mutations in 14 out of 97 unrelated TAAD families, 
confirming ACTA2 as the most common cause for TAAD (Guo et al. 2007). 
Aneurysms caused by ACTA2 mutations are typically fusiform (i.e. the entire 
circumference of the aorta is dilated; see Figure 11B) and initially involve the 
aortic root, later extending into the ascending aorta and the aortic arch. A 
subset of the ACTA2 mutations predispose to early-onset stroke or coronary 
artery disease, or Moyamoya-like cerebrovascular disease (Guo et al. 2009). 
ACTA2 R179 variants cause multisystem smooth-muscle dysfunction 
syndrome, which leads to severe and highly penetrant vascular disease, 
pulmonary hypertension, and loss of proper SMC contraction in other organs 
(Milewicz et al. 2010; Munot et al. 2012). 

Mutations in type III collagen, COL3A1, are causal for vascular EDS type 
IV, which is characterized by joint and dermal manifestations, easy bruising, 
characteristic facial appearance and arterial, intestinal, and uterine fragility 
(OMIM 130050). Affected individuals are at increased risk for aortic 
aneurysm, dissection and rupture; however, any large arteries (e.g. splenic, 
renal or cervical arteries) can be involved. Type III collagen is a major 
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constituent of the medial layer of arteries. COL3A1 mutations may disrupt 
SMC contractility via promotion of SMC anchoring to type III collagens in 
the matrix (Shekhonin et al. 1985).   

Mutations in the FBN1 gene cause MFS (OMIM 154700), characterized by 
dilatation of the aortic root, enlargement of the proximal pulmonary artery, 
and predisposition for aortic rupture, mitral valve prolapse, and tricuspid 
valve prolapse. In addition to cardiovascular manifestations, the MFS 
phenotype includes ocular and skeletal features. FBN1 encodes for fibrillin-1, 
a large component of the extracellular matrix calcium-binding microfibrils 
that provide force-bearing structural support in elastic and nonelastic 
connective tissue throughout the body. In addition, microfibrils can form 
elastin-independent networks in tissues where they provide tensile strength 
and have anchoring roles. FBN1 mutations can cause TAAD without the 
ocular, skeletal or other systemic features of MFS (Francke et al. 1995; 
Milewicz et al. 1996; Stheneur et al. 2009; Regalado et al. 2016). 

Mutations in TGFBR1, TGFBR2, SMAD3, TGFB2 and TGFB3 cause LDS 
types I-V, respectively. LDS affects connective tissue in many parts of the 
body. It is characterized by aortic and arterial dilatation and dissection, 
arterial tortuosity, skeletal features and easy bruising. The five genes 
mutated in LDS play roles in the transforming growth factor beta (TGF-β) 
cell signaling pathway, which is involved in many cellular processes including 
cell growth, cell differentiation, apoptosis and cellular homeostasis. The 
precise role of TGF-β signaling in aneurysm formation remains controversial. 
However, studies have consistently shown increased TGF-β signaling in MFS, 
LDS, bicuspid aortic valve with aneurysm, and TAAD caused by mutations 
affecting SMC contractile proteins. 

The phenotypes resulting from mutations in TGFB2, TGFBR1, TGFBR2 or 
SMAD3 can range from asymptomatic to features characteristic to MFS, 
LDS, or vascular EDS (Boileau et al. 2012). Typical manifestations include 
aneurysms of the aortic root, but also aneurysms and dissections in other 
arteries, including the abdominal aorta, arterial branches of the aorta, and 
intracranial arteries (Nicod et al. 1989; Loeys et al. 2005; Pannu et al. 2005; 
Loeys et al. 2006; Tran-Fadulu et al. 2006; Tran-Fadulu et al. 2009; 
Regalado et al. 2011; van de Laar et al. 2011; Boileau et al. 2012; Lindsay et 
al. 2012). Marked arterial tortuosity is associated with mutations in these 
genes.  

Rare LoF variants in MAT2A, encoding methionine adenosyltransferase II 
alpha (MAT IIα), have been identified in families with TAAD variably 
associated with bicuspid aortic valve (Guo et al. 2015). MAT IIα catalyzes the 
synthesis of S-adenosylmethionine, an enzyme that plays a critical role in 
cellular metabolism.  

LoF mutations in MFAP5, which encodes extracellular matrix component 
MAGP-2, have been identified in two families with aortic root dilatation and 
TAAD (Barbier et al. 2014). The protein interacts with elastin fibers and the 
microfibrillar network. Some of the affected individuals had atrial fibrillation 
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and features overlapping with MFS, such as mitral valve prolapse and slight 
skeletal anomalies.  

Mutations in MYH11, encoding SMC-specific myosin heavy chain, have 
been identified in families with TAAD associated with bicuspid aortic valve 
(Zhu et al. 2006; Pannu et al. 2007). The encoded structural protein is a 
major component of the contractile unit in SMCs. Findings suggest that 
MYH11 mutations induce conformational changes, potentially affecting the 
coiled-coil region and the assembly of myosin thick filaments. MYH11 
mutations lead to an early and severe decrease in the elasticity of the aortic 
wall, consistent with the role of SMCs in maintaining the mechanical 
properties of the thoracic aorta (Laurent et al. 2005). 

Mutations in MYLK, encoding myosin light chain kinase, were found to 
segregate in two TAAD families characterized by acute aortic dissection with 
little or no enlargement of the aorta (Wang et al. 2010). The encoded protein 
is a kinase that controls SMC contractile function.  

A missense mutation in PRKG1, encoding type I cGMP-dependent protein 
kinase (PKG-1), was found to segregate in three families with early-onset 
ascending and descending aortic dissections (Guo et al. 2013). PKG-1 
controls SMC relaxation. The mutation causes constitutive activation of PKG-
1 leading to decreased contraction of vascular SMCs. Some individuals 
manifested with arterial tortuosity and coronary artery aneurysm and/or 
dissection. Two additional loci, AAT1 at 11q23.2-q24, and AAT2 at 5q13-14 
have been implicated in TAAD, but the genes remain to be identified.  

2.3.1.3 Genetic background of intracranial aneurysm 
Cerebrovascular aneurysms, i.e. intracranial aneurysms (IA), are relatively 
common, with a prevalence of ~4%. Most unruptured IAs are asymptomatic, 
but they can cause symptoms due to a pressure effect. A ruptured IA typically 
occurs in the sixth decade of life and can lead to a subarachnoid hemorrhage 
(SAH) with devastating consequences (Wardlaw and White 2000). IAs are 
classified by size and shape into saccular, fusiform and microaneurysms 
(occurring in small vessels). 

The exact etiology of IA formation remains unknown. Epidemiological 
studies have demonstrated that both familial and environmental risk factors 
contribute to the pathogenesis: congenital defects in the wall of a blood 
vessel, atherosclerotic changes, trauma, or infectious emboli (Grobelny 
2011). The incidence of SAH due to ruptured IA is low in comparison to the 
prevalence of unruptured IAs (Caranci et al. 2013). SAH is 1.6 times more 
common in females. (Keedy 2006)  

Certain genetic conditions increase the risk of IA, such as autosomal 
dominant polycystic kidney disease, vEDS and neurofibromatosis type I. 
Sporadic IAs also occur in the absence of any genetic disorder. Patients with 
familial predisposition tend to have multiple and larger IAs, and earlier age 
of onset. The patient should be referred to angiography if two first-degree 
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relatives manifest with SAH between the age of 30-60 years. Acquired risk 
factors for IA include increasing age, hypertension, smoking, alcohol abuse, 
estrogen deficiency, hypercholesterolemia and carotid artery stenosis (Keedy 
2006). Familial occurrence and the association with genetic conditions 
implies that genetic factors play a role in the pathogenesis of IA. 

The most promising and replicated loci for IA from genome-wide linkage 
studies include 1p34.3–p36.13, 7q11, 19q13.3 and Xp22 (Caranci et al. 2013; 
Grobelny 2011; Ruigrok and Rinkel 2008). Association studies in IAs have 
described involvement of genes maintaining the integrity of the extracellular 
matrix (Krischek and Inoue 2006). HSPG2 in the 1p locus, involved in the 
maintenance of the extracellular matrix of the arterial wall, is a plausible 
candidate (Ruigrok and Rinkel 2008). The elastin gene, which encodes an 
important element of the arterial wall responsible for its dilatation and recall, 
is located near the top marker at 7q11 (Onda et al. 2001). The chromosome 
region 7q11 also includes COL1A1, which encodes collagen type 1 A1 an 
important structural fiber for the strength of the arterial wall (Ruigrok and 
Rinkel 2008).  

Further linkage regions and associations have been reported for IA, 
however no single gene has been consistently replicated, and conflicting 
results have been obtained. Despite these challenges, improved knowledge of 
the genetics of IA may provide insight into the formation of aneurysms, and 
enhance the development of diagnostic tools and treatment for individuals at 
increased risk. 

2.3.2 Cerebral infarction 
A cerebral infarction, or stroke, is the third most common cause of death and 
the most common cause of disability in developed countries (Dichgans 
2007). A stroke is a focal brain area of necrotic tissue resulting from 
complete and prolonged ischemia that affects all tissue elements: neurons, 
glia and vessels. Strokes can be caused by a ruptured blood vessel (i.e. 
hemorrhagic stroke), or by a blood clot (i.e. ischemic stroke) (Figure 12). The 
blockage can be caused by a thrombus, an embolus or atheromatous stenosis 
of one or more arteries. The neurological outcome of the infarct depends on 
which brain areas are affected. In embolic infarcts, the neurologic deficits 
appear abruptly. In atherothrombotic infarcts, the deficits appear gradually 
over a period of time, usually hours. Transient ischemic attacts (TIA) often 
precede atherothrombotic infarcts. A TIA is a transient episode of neurologic 
deficit that lasts < 24 hours, without acute infarction. TIAs have the same 
underlying cause as strokes: cerebral ischemia. Symptoms are also similar to 
those associated with stroke, such as contralateral paralysis, sudden 
weakness or numbness, sudden dimming or loss of vision, aphasia, slurred 
speech, and mental confusion.   
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Figure 12 A stroke occurs when a blood vessel breaks (A), or a blood clot blocks a blood 
vessel or artery (B), interrupting blood flow to an area of the brain. 

 
Atherosclerosis (large-artery disease), cardioembolism, and small-vessel 
disease (lacunar stroke) are the most common causes, but various other 
mechanisms exist. Non-modifiable risk factors including age, African or 
Asian race, and male sex, and acquired risk factors including hypertension, 
diabetes, hypercholesterolemia, atrial fibrillation, cigarette smoking, diet, 
and lack of exercise  account for the risk of stroke (Goldstein et al. 2006). 

Various classification systems exist for stroke. According to the TOAST 
(Trial of ORG 10172 in Acute Stroke Treatment) classification, a stroke is 
classified as being caused by (1) thrombosis or embolism due to 
atherosclerosis of a large artery, (2) embolism of cardiac origin, (3) occlusion 
of a small blood vessel, (4) other determined cause, or (5) undetermined 
cause (i.e. no cause identified, or incomplete investigation). 

Studies in twins, families, and animal models have supported a 
substantial role for genetic factors in the development of stroke (Flossmann 
et al. 2004; Jeffs et al. 1997). In a majority of cases, it is likely that multiple 
genes contribute to stroke pathogenesis by acting on candidate pathways 
such as the haemostatic and inflammatory system, homocysteine 
metabolism, and the renin-angiotensin-aldosterone system (Terni et al. 
2014; Dichgans 2007; Bersano et al. 2008). Genetic factors can act at various 
levels: (1) through conventional risk factors such as hypertension, diabetes, 
hypercholesterolemia, or homocysteine concentrations (Marteau et al. 2005; 
Casas et al. 2005), (2) interacting with conventional and environmental risk 
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factors (Jerrard-Dunne et al. 2004; Song et al. 2006), or (3) contributing 
directly to established stroke mechanisms such as atherosclerosis or small-
vessel disease (Lusis et al. 2004; Helgadottir et al. 2004; Joutel et al. 1996). 
Most likely, there are common variants with small effect sizes contributing to 
multifactorial stroke. Recent GWAS studies on stroke have identified several 
loci including HDAC9, PITX2, ZFHX3, NINJ2, 9q21, KRTDAP, PLEKHA1, 
ILI5, NDF1P2, SLC6A11, SLC6A9, NAA25, and ALDH2 (Kilarski et al. 2014; 
Traylor et al. 2012).  

While most strokes are late-onset and multifactorial in nature, a minority 
arise as a manifestation of a monogenic disorder. These disorders usually 
have a high penetrance, and may cause stroke either as the primary clinical 
phenotype or as a manifestation of a systemic disease. Recognition of the 
underlying genetic disorder is essential for the correct management of the 
patient. Genetic causes of stroke include cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), 
Fabry disease, and mitochondrial diseases. Stroke can be caused by multiple 
pathologies, thus the majority of the monogenic forms of stroke cause a 
specific stroke subtype. Single gene disorders associated with stroke are 
presented in Table 3. 

 

Table 3  Single gene disorders associated with stroke. Table adapted from Dichgans M. 
(2007). (Dichgans 2007) 
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2.3.3 Tetralogy of Fallot 
Tetralogy of Fallot (TOF) is a rare, congenital cardiac malformation that 
consists of four structural defects: ventricular septal defect, pulmonary 
stenosis, right ventricular hypertrophy, and overriding aorta (Figure 13). 
Each defect can vary in severity, thus directly affecting the manifestation and 
management of the disease. TOF symptoms include episodes of cyanosis due 
to anatomic obstruction of blood flow to the lungs and consequent low blood 
oxygen saturation. Patients are typically diagnosed prenatally, or as neonates 
presenting with varying intensity of cyanosis based on the degree of 
pulmonary obstruction. Clinical management and the timing of surgical 
intervention are determined by the degree of pulmonary obstruction. The 
surgical procedure increases the size of the pulmonary valve and pulmonary 
arteries and repairs the ventricular septal defect.  The estimated incidence of 
TOF is 3 per 10,000 live births, and it accounts for 7-10% of congenital 
cardiovascular malformations (Bailliard and Anderson 2009). 

The etiology of TOF is multifactorial. Reported predisposing factors 
include untreated maternal diabetes or phenylketonuria and maternal excess 
intake of retinoic acid during the first trimester (Allen et al. 2001). TOF is 
associated with trisomies 21, 18 and 13, and it is a well-recognized feature of 
22q11 microdeletion syndrome (DiGeorge syndrome). The recurrence risk in 
a family is approximately 3% (Bailliard and Anderson 2009). Approximately 
15% of TOF patients have chromosome 22q11 deletions (Amati et al. 1995; 
Goldmuntz et al. 1998; Takahashi et al. 1995; Trainer et al. 1996; Webber et 
al. 1996), and ~7% have trisomy 21 (Ferencz et al. 1997). Mutations in JAG1 
are identified in both TOF patients with Alagille syndrome (OMIM #118450) 
and in non-synromic TOF patients (Oda et al. 1997; Krantz et al. 1999; 
Eldadah et al. 2001). NKX2-5 mutations are estimated to be present in ~4% 
of TOF patients (Goldmuntz et al. 2001). Mutations in ZFPM2 (Pizzuti et al. 
2003), GDF1 (Karkera et al. 2007), TBX1 (Rauch et al. 2010), GATA4 
(Tomita-Mitchell et al. 2007) and GATA6 (Maitra et al. 2010) have been 
identified in sporadic cases of TOF.  
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Figure 13 Anatomy of a normal heart (left) and a heart with the four defects of the Tetralogy of 
Fallot (right). Figure modified from www.umn.edu.  

 
 
 
 
 
 
 

 
 
 
 
 
 
 



 

 52

2.4 GENETICS OF COORDINATION DISORDERS 

Neurodevelopmental disorders are impairments of the development of the 
brain or central nervous system (CNS).  They affect mental, emotional, 
learning, self-control or memory related functions, and unfold during growth 
in infancy or childhood. These disorders encompass a wide range of diseases 
including intellectual disability, autism spectrum disorders, developmental 
coordination disorders, and communication, speech and language disorders. 
The development of the brain is a tightly orchestrated and genetically 
encoded process with major influences from the environment. Pathological 
neurodevelopmental outcomes may be due to several factors such as genetic 
disorders, immune dysfunction, infectious diseases, metabolic disorders, 
nutrition, deprivation from care, and trauma. Mutations affecting a wide 
range of cellular processes can lead to altered neurodevelopment, typically 
associated with a diffuse and variable presentation.  

Developmental coordination disorder (DCD), also termed developmental 
dyspraxia, is a neurodevelopmental condition characterized by motor 
impairment that interferes with an individual’s daily activities. DCD is 
usually identified in children between 6 and 12 years of age. The cognitive 
profile is similar to children without DCD, although children with DCD have 
been reported to present with weaknesses in working memory and 
processing speed (Sumner et al. 2016). The result is likely confounded by the 
motorically demanding tests being used. 

The prevalence of DCD is estimated to be approximately 5 - 6% of school-
age children, with boys being more commonly affected (4:1 ratio) (Caçola 
2016; American Psychiatric Association 2000). Moreover, DCD is a major 
health problem among school-aged children that affects both physical and 
mental health. Difficulties in typical childhood activities and higher 
occurrence of anxiety and depression have been linked to DCD (Lingam et al. 
2012; Missiuna et al. 2014).  

Typical DCD symptoms include marked delay in achieving motor 
milestones and clumsiness associated with poor balance, coordination, and 
handwriting skills. Importantly, DCD is diagnosed in the absence of other 
neurological conditions such as cerebral palsy, muscular dystrophy, or a 
degenerative disorder. Thus, the child must not have any disturbances of 
muscle tone (ataxia or spasticity), sensory loss, or involuntary movements. 
The movements of children with DCD are characterized as “clumsy” or 
“uncoordinated”, and they frequently lead to poor motor proficiency 
compared to normally developing children. Difficulties in handwriting can be 
a signal of previously undiagnosed DCD.  

Various grades of DCD severity and comorbidity exist, with some children 
having a relatively minor form of motor dysfunction while others have e.g. 
associated learning disabilities and attention deficit hyperactivity disorder 
(ADHD). Other symptoms commonly associated with DCD include dyslexia, 
speech/language impairment, poor fine and gross motor control, 
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hypo/hypertonia, and poor body awareness and gross motor sequencing 
(Caçola 2014; Caçola 2016). Studies have indicated that the motor 
dysfunction of children with DCD persists into adolescence without timely 
intervention and proper management including physical and occupational 
therapy (Fox and Lent 1996).  

According to the Diagnostic and Statistical Manual of Mental Disorders, 
Fifth Edition (DSM-5, 2013), DCD is characterized as a neurodevelopmental 
disorder with four diagnostic criteria: 

 
1. Acquisition and execution of coordinated motor skills are below what 

would be expected at a given chronologic age and opportunity for skill 
learning and use; difficulties are manifested as clumsiness (e.g., 
dropping or bumping into objects) and as slowness and inaccuracy of 
performance of motor skills (e.g., catching an object, using scissors, 
handwriting, riding a bike, or participating in sports). 
 

2. The motor skills deficit significantly or persistently interferes with 
activities of daily living appropriate to the chronologic age (e.g., self-
care and self-maintenance) and impacts academic/school 
productivity, prevocational and vocational activities, leisure, and play. 

 
3. The onset of symptoms is in the early developmental period. 

 
4. The motor skills deficits cannot be better explained by intellectual 

disability or visual impairment and are not attributable to a neurologic 
condition affecting movement (e.g., cerebral palsy, muscular 
dystrophy, or a degenerative disorder). 

 
Although the etiology of DCD remains largely unknown, it bears a close 
resemblance to various neuropsychological disorders. Thus, it is likely related 
to CNS pathology (Flouris et al. 2005; American Psychiatric Association 
2000). DCD was first delineated as a form of “minimal brain dysfunction” 
(MBD), reflecting learning, attention, and motor coordination deficits 
(Clements and Peters 1962). MBD was then replaced by “minimal 
neurological dysfunction” (MND) (Hadders-Algra 2002), reflecting “a 
distinct form of perinatally acquired brain dysfunction, which is likely 
associated with a structural deficit of the brain”. It has been proposed that 
MND results from preterm birth associated stress (Holsti et al. 2002), as 12.5 
- 50% of children born preterm have motor impairments consistent with 
DCD (Missiuna et al. 2008; Holsti et al. 2002; Davis et al. 2007; Goyen and 
Lui 2009). Others have proposed an underlying atypical brain development. 
This framework suggests that diffuse areas of the brain are involved and 
affect motor, attention, and/or language depending on the extent of the 
disruption of brain development (Gilger and Kaplan 2001). 

The “automatization deficit hypothesis” suggests that children with DCD, 
like those with dyslexia, have difficulty in acquiring automatic motor 
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behaviours, leading to speculation of cerebellar involvement in DCD (Fawcett 
and Nicolson 1992). The “internal modeling deficit hypothesis” assumes that 
motor control results from an internal model that accurately predicts the 
sensory consequences of a motor command (Wilson et al. 2004). The 
theoretical motor learning models suggest that the cerebellum receives an 
efference copy of the motor command and compares the predicted 
movement with the actual movement; in case of a mismatch, the cerebellum 
sends an error signal as feedback to create a more accurate movement on 
subsequent occasions (Kawato 1999). Despite the current uncertainty about 
the mechanism underlying DCD, the involvement of the cerebellum has been 
implicated as a plausible source. 

2.4.1 Dyspraxia 
Developmental verbal dyspraxia (DVD), also termed childhood apraxia of 
speech (CAS) and developmental apraxia of speech (DAS), is a motor speech 
disorder. Children with DVD have difficulty in making and co-ordinating the 
precise movements required for the production of sounds, syllables, and 
words needed for clear speech (Morgan et al. 1993). The child knows what to 
say, but producing individual speech sounds and sequencing sounds together 
in words is difficult, in the absence of any muscular or neural damage. 
Consequently, the speech is often incomprehensible even to family members.  

Speech disorder is the predominant manifestation of DVD, however 
children may also present with oro-motor dyspraxia, affecting their ability to 
make and co-ordinate the movements of the larynx, lips, tongue and palate, 
and/or generalized dyspraxia affecting gross and fine body movements. 
(www.dyspraxiafoundation.org.uk) There is divergence in the diagnostic 
criteria: no specific definition or agreed set of diagnostic characteristics has 
been established. Importantly, intellectual, neurological, psychiatric, social, 
and sensory impairment should be excluded. There is a general agreement 
about the types of features which contribute to the presentation. The 
following three key features are recognized as necessary for diagnosis: 

 
1. Inconsistent error production on both consonants and vowels across 

repeated productions of syllables or words. 
 
2. Lengthened and impaired coarticulatory transitions between sounds 

and syllables. 
 
3. Inappropriate prosody.  
 
 

DVD has a dramatic impact on the child’s interaction, attendance, and 
academic performance, increasing the risk for learning disabilities (Bashir 
and Scavuzzo 1992). Research shows that frequent and intensive treatment 
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provided by speech and language pathology services can significantly 
improve the child’s learning and overall academic achievements.  

Studies that evaluated combined speech and language delay have reported 
prevalence rates of DVD ranging from 5% to 8% for preschool-aged children 
between 2 - 4.5 years of age (Randall et al. 1974; Burden et al. 1996). Studies 
of language delay alone have reported prevalence rates ranging from 2.3% to 
19% (Law et al. 1998; Silva et al. 1983; Stevenson and Richman 1976; Wong 
et al. 1992). Others have estimated prevalence in kindergarten children and 
reported 8% for boys and 6% for girls (Tomblin and Buckwalter 1998).  

DVD is a multifactorial trait with a reported genetic predisposition (Lewis 
et al. 2004). Heritability estimates for DVD have been inconsistent, ranging 
from 0.36 to 0.96 for monozygotic twins (Lewis and Thompson 1992; Bishop 
and Hayiou-Thomas 2008; Tomblin and Buckwalter 1998; Hayiou-Thomas 
et al. 2005; DeThorne et al. 2006). These discrepancies may be explained by 
a hypothesis that heritability is high only in those children who arouse 
parental concern and/or are referred for speech and language pathology 
services (Bishop and Hayiou-Thomas 2008). 

The familial predisposition to DVD has been confirmed in one particular 
subgroup where it is reported to result from rare FOXP2 mutations. The 
FOXP2 gene encodes forkhead box P2, a putative transcription factor 
containing a polyglutamine tract and a forkhead DNA binding domain. 
FOXP2 is strongly expressed in the brain, and its mutations have been 
associated with both structural (Belton et al. 2003) and functional (Liegeois 
et al. 2003) abnormalities in brain regions responsible for speech function. A 
family with 16 members with severe DVD, the “KE family”, was originally 
reported by Hurst et al in 1990 (Hurst et al. 1990). A decade later, Lai et al. 
identified FOXP2 point mutations in affected individuals of the KE family 
(Lai et al. 2001). In addition, they showed that FOXP2 was directly disrupted 
by a translocation breakpoint in an unrelated individual with DVD. The 
FOXP2 mutations are reported to account for only a small subgroup of 
children with DVD. 

The underlying cause for FOXP2-related DVD is either disruption of 
FOXP2 only, or larger CNVs, structural variants, or maternal uniparental 
disomy of chromosome 7 (UPD7) involving FOXP2. The extent of the 
alteration determines if symptoms are restricted to DVD only, or if additional 
developmental or behavioral symptoms are present (e.g. oral motor deficits, 
developmental delay, or autism). Fifty-two percent of affected individuals 
have a large non-recurrent gene deletion that includes FOXP2, ~29% have a 
sequence variant within FOXP2, ~11% have maternal UPD7 that reduces 
FOXP2 expression, and ~8% have a structural variant (e.g. translocation, 
inversion) that disrupts FOXP2.   

The arrival of affordable WGS offers the potential to elucidate the genetic 
background and relevant molecular pathways of dyspraxia and other DCDs. 
Improved sample sizes and investigations in different populations can 
increase the power to detect low-risk alleles. Sequencing cases, interpreting 



 

 56

findings, finding proof of causality, and defining the range of possible 
phenotypes that can arise may facilitate better diagnosis and treatment of 
these diffuse childhood diseases.  

2.5 GENETICS OF IMMUNE RESPONSES 

The immune response develops throughout the neonatal, infant and adult 
life, including pregnancy, and finally declines in old age. Thousands of genes 
with immune system-related functions participate in the innate and adaptive 
immune responses. Yet at birth, the immune system is still relatively 
immature, and it continues to evolve during life and exposure to multiple 
types of foreign environmental antigens. 

The homeostasis of an individual is protected by the immune system from 
a universe of constantly evolving pathogens and toxic and allergenic 
substances that enter through mucosal surfaces. Both innate and adaptive 
immune systems discriminate self from non-self, which is central for 
activating a correct response towards an invading pathogen. Microbes can be 
obligate pathogens or beneficial organisms which must be tolerated and 
controlled in order to support normal tissue and organ function. The 
immune system avoids excess damage of self-tissues, or elimination of 
beneficial microbes, by detecting structural features of the pathogen or toxin 
(Murphy and Weaver 2016). 

The innate immune response is regulated by the global expression of 
genes that recognize molecular patterns shared by many microbes and toxins 
that are not present in self-tissues (Iwasaki and Medzhitov 2015). This 
enables the rapid activation of the initial host response (Figure 14). The 
adaptive immune response is encoded by gene elements that somatically 
rearrange to assemble antigen-binding molecules with high specificity. Thus, 
small numbers of responding cells must proliferate to launch an effective 
response (Figure 14). Importantly, the adaptive response produces dormant 
memory cells that can reactivate rapidly after a re-encounter with their 
specific antigen. 

The T-cells of the immune system, T lymphocytes, have a central role in 
cell-mediated immunity. They are specialized to recognize self-cells that are 
infected by viruses, intracellular bacteria or parasites. For this purpose T-
cells have an elegant mechanism that recognizes foreign antigens and self-
antigens as a complex. Therefore T-cells are particularly important for 
maintaining self-tolerance (Berg et al. 2015). 

The innate immune system includes all aspects of the immune defense 
mechanisms that are encoded by the host. These include physical barriers, 
such as epithelial cell layers that express tight cell-cell contacts (e.g. tight 
junctions and cadherin-mediated cell interactions) and the secreted mucus 
layer and epithelial cilia in the respiratory, gastrointestinal and genitourinary 
tracts. The innate response also includes soluble proteins and small active 
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molecules that are constitutively present in biological fluids (e.g. complement 
proteins), or specifically released from cells (e.g. cytokines and chemokines). 
Finally, the innate system includes membrane receptors and cytoplasmic 
proteins that bind antigens (Murphy and Weaver 2016). 

The adaptive immune system manifests a high specificity for its targets. 
The responses are based on the antigen-specific receptors that are expressed 
on the membrane surfaces of T- and B-cells. The B-cells, B lymphocytes, 
function in the humoral component of the adaptive system by secreting 
antibodies (immunoglobulins). B-cells also present antigens to T-cells and 
secrete cytokines. The antigen-specific receptors are encoded by genes that 
are assembled by somatic rearrangement of germ-line gene elements to form 
T and B-cell receptors, the latter becoming secreted antibodies when the B-
cell is activated (Abbas et al. 2017). This assembly mechanism allows for the 
production of millions of unique antigen receptors and antibodies with 
specificities for different antigens.  

The synergy of the innate and adaptive systems is essential for an intact 
and effective immune response. The innate response represents the first line 
of defense, while the adaptive response becomes prominent after several days 
when antigen-specific T- and B-cells have undergone proliferation (“clonal 
expansion”). 

The barrier properties of the skin allow for resistance against infections 
from pathogens.  The epidermal barrier consists of several layers of cells and 
their related glands. In addition to its properties as a physical barrier, the 
skin contains elements of both innate and adaptive immune systems 
(Bangert et al. 2011). When the skin is infected, an immune response is 
induced by the dendritic cells present in the epidermis. The dendritic cells 
capture, process, and present antigens to T-cells, and as a response the 
inflammatory process is triggered (Figure 16).  Dysregulation of these 
mechanisms can lead to inflammatory diseases of the skin, such as proriasis 
and atopic dermatitis.  
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Figure 14 Components of the innate and adaptive immune response. The innate system 
activates rapidly against infection. It includes soluble factors, such as complement 
proteins, and cells such as granulocytes, mast cells, macrophages, dendritic cells 
and natural killer cells. The activation of the adaptive response against infection 
takes several days, but resuls in high antigen specificity and memory. It contains 
antibodies and different classes of specialized T- and B-cells. Figure modified from 
Nature Reviews | Cancer.  (Dranoff 2004)  

2.5.1 Atopic dermatitis 
One of the manifestations of altered epidermal barrier and immune 
dysregulation is atopic dermatitis (AD; atopic eczema). AD is a common 
inflammatory skin disease that affects people of all ages worldwide. The 
prevalence of AD varies greatly throughout the world: estimates ranging 
from 0.2% in China to 24.6% in Columbia have been reported for the age 
group 13-14 years (Asher et al. 2006; Williams 2000; Hanifin 1987; 
Odhiambo et al. 2009). In half or even more of these individuals the disease 
may persist into adulthood. Furthermore, recent data indicates that the 
prevalence of AD is increasing, especially in low-income countries. The first 
steps of the so-called “atopic march” (i.e. the progressive sequence of atopic 
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diseases) typically involve the skin, appear in early childhood, and are a 
prelude to other manifestations of atopy: allergic rhinitis, allergic 
conjunctivitis, and asthma (Spergel and Paller 2003). 

AD symptoms include chronic or relapsing itchy patches of skin that are 
dry, cracked or scaly. In infants, AD typically appears on the cheeks, while 
older children and adults have rashes on the knees or elbows, on the backs of 
the hands or on the scalp (Figure 15). Scratching worsens the symptoms and 
affected individuals have an increased risk of skin infections. Thus, AD poses 
a significant burden for the patient’s quality of life and on the health-care 
system.    

 

 

Figure 15 Common sites of atopic dermatitis outbreaks. 

The integrity of the skin is essential for it to function as a physical and 
chemical barrier. The barrier to penetration of allergens through skin is 
located in the stratum corneum, which is the outermost layer of the 
epidermis consisting of dead corneocyte cells (Figure 16). To achieve and 
maintain this barrier, epithelial keratinocytes replace their plasma 
membrane with a tough, insoluble layer called the cornified envelope (i.e. 
cornification). Epidermal barrier dysfunction has a key role in AD 
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pathogenesis. Genetically determined alterations in the epidermis can 
contribute to skin barrier dysfunction leading to inflammation. Significant 
barrier impairment, contributing to increased susceptibility to bacterial and 
viral infections, microbial colonization, and allergic sensitizations, is 
characteristic for the epidermis of AD patients (Lin et al. 2007; Elias and 
Wakefield 2014).  

Epidermal barrier dysfunction typically leads to immunoglobulin E-
mediated (IgE) sensitization (i.e. elevated IgE levels and immune 
hyperreactivity) and transition from a nonatopic state (i.e. non-IgE-mediated 
response) to an atopic state (i.e. IgE-mediated response). This phenomenon 
is often referred to as the “outside-in hypothesis”, which suggests that the 
primary epidermal barrier dysfunction triggers secondary immunologic 
imbalance. The opposite immunological perspective, termed the “inside-out 
hypothesis”, suggests that the primary systemic inflammatory response to 
allergens triggers the secondary epidermal barrier dysfunction in AD.  

The immune mechanisms of atopic skin are differentiated from those of 
normal healthy skin. The immune response in AD is characterized by a two-
phased inflammation. A Th2 (T helper 2 cell) -biased immune response (IL-
4, IL-13, TSLP and eosinophils) is predominant in the initial acute phase, 
whereas in the chronic phase a Th1/Th0 –dominance has been reported 
(IFN-γ, IL-12, IL-5 and GM-CSF) (Fiset et al. 2006). Additionally, regulatory 
T-cells and the innate immune system in the skin are also altered (McGirt 
and Beck 2006). A decrease in the antimicrobial peptides of the skin has 
been observed and may explain the susceptibility to infections found in AD 
patients (Ong et al. 2002). The skin of AD patients is frequently colonized 
with Staphylococcus aureus, which worsens the skin lesions (Figure 16) 
(Cardona et al. 2006). 

AD has a multifactorial pathogenesis characterized by a complex interplay 
of underlying genetic and environmental factors. Affected individuals 
typically have predisposing genetic risk factors affecting skin barrier function 
or the immune system. It is likely that the interaction of a genetically 
predisposed dysfunctional epidermal barrier and harmful environmental 
agents leads to the development of AD. The familial background of AD was 
first discovered in studies reporting a positive family history in AD patients, 
and in twin studies showing a higher concordance rate in MZ twins (Schultz 
Larsen and Holm 1985). Since then, genetic linkage and association studies 
have identified several genes linked to epidermal barrier function or the 
immune system.   
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Figure 16 In AD, epidermal barrier dysfunction and an altered stratum corneum allow the 
penetration of allergens, facilitating the interaction of these allergens with dendritic 
cells and T-cells. This may result in transition from a non-atopic state to an atopic 
state with elevated IgE levels. Mast cells are major effectors in IgE-mediated 
sensitization through activation of high-affinity IgE receptors and the subsequent 
secretion of histamine and other pro-inflammatory mediators. Exogenous proteases 
from Staphylococcus aureus further facilitate proteolytic breakdown of the 
epidermal barrier. Figure adapted from www.harvard.edu. 

2.5.1.1 Filaggrin (FLG) 
LoF mutations within the filaggrin gene (FLG) represent the most significant 
genetic factors predisposing to AD. FLG is a complex, highly polymorphic 
and repetitive gene that is 12,747 base pairs in length (Figure 17) (Gan et al. 
1990). It is essentially involved in the maintenance of epidermal barrier 
homeostasis.  

FLG encodes profilaggrin, a giant ~500 kDA inactive precursor for the 
epidermal structural protein filaggrin (O'Regan et al. 2008). Profilaggrin is 
the main constituent of the granular cell layer of the epidermis. Profilaggrin 
is proteolytically cleaved during cornification to produce multiple copies of 
functional filaggrin peptide units. The cleavage is balanced by a series of 
inhibitors, e.g. by the lymphoepithelial Kazal-type trypsin inhibitor encoded 
by the SPINK5 gene. Netherton syndrome, which presents with a profound 
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epidermal barrier defect, is caused by SPINK5 LoF mutations (Chavanas et 
al. 2000). Moreover, SPINK5 polymorphisms have been associated with 
susceptibility to AD (Walley et al. 2001). After cleavage, filaggrin is further 
degraded into a pool of hydrophilic amino acids including urocanic acid, 
pyrrolidone carboxylic acid, and alanine. These amino acids contribute 
essentially to the “natural moisturizing factor” (NMF), which is highly 
hygroscopic and acts as an important protector against transepidermal water 
loss in the stratum corneum. Thus, filaggrin-derived breakdown products 
have a profound effect on epidermal barrier function. 

In 2006, Palmer et al. described two FLG LoF mutations p.(R501*) and 
c.2282_2285del4 which strongly predispose to AD (Palmer et al. 2006). 
However, FLG mutations were first identified as being causative for 
ichthyosis vulgaris, which often occurs concomitantly with AD (Smith et al. 
2006). Identification of several other prevalent FLG null mutations has since 
confirmed the association in European (c.2282_2285del4, p.(R501*), and 
p.(R2447*)) and Asian (c.3321del1 and p.(Q2417*)) populations (Ekelund et 
al. 2008; Chen et al. 2011; Sandilands et al. 2006; Weidinger et al. 2008). 
The combined allele frequency of the initial mutations translates to a 10% 
carrier frequency in Europeans (Sandilands et al. 2007).  

The association of AD and the FLG gene sheds light on disease 
mechanisms as filaggrin is one of the final structural proteins to be 
incorporated into the cornified envelope in the stratum corneum (Candi et al. 
2005). Several key proteins involved in epidermal differentiation and the 
cornification of keratinocytes are encoded in a dense gene cluster on 
chromosome 1q21, termed the epidermal differentiation complex (EDC) 
(Mischke et al. 1996). The EDC contains >70 genes which share sequence 
similarities and are likely co-regulated. Genome-wide screens have shown 
significant linkage with psoriasis, autoimmune diseases and AD, raising 
interest in this locus (Cookson 2004). Genes within the EDC encode proteins 
involved in the terminal differentiation and cornification of keratinocytes 
such as loricrin, involucrin, and filaggrin.  

At least three FLG intragenic CNVs have been recognized in normal 
European populations, with alleles encoding 10, 11, or 12 filaggrin repeat 
units (Figure 17). The observed CNV may affect the amount of filaggrin 
repeats expressed in the epidermis. Indeed, some studies have suggested that 
the extra filaggrin protein may strengthen the epidermal barrier properties of 
the skin and consequently have a dose-dependent effect on disease severity 
in AD (Brown et al. 2012; Ginger et al. 2005).   
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Figure 17 Genomic and protein organization of FLG gene, location of the four most common 
European mutations, and intragenic CNV encoding 10, 11 or 12 filaggrin repeat 
units (green). The common size alleles are due to duplication of filaggrin repeat 8 or 
duplication of both repeat 8 and repeat 10. 
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3 AIMS OF THE STUDY 

The aim of this study was to investigate the phenotypic consequences of 
balanced translocations (studies I-III) and loss-of-function mutations (study 
IV). Both of these alterations can have a dramatic impact on essential gene 
function through a “natural” gene knockout. For this purpose we utilized our 
systematic survey of balanced chromosomal rearrangements in Finns, and a 
large cohort of clinical atopic dermatitis patients. Our first approach 
employed genome-wide paired end and mate pair NGS with the aim to 
characterize DBCR (disease-associated balanced chromosomal 
rearrangement) breakpoints in three individual families. The second 
approach employed targeted genotyping and genetic association testing of 
epidermal barrier gene LoF mutations in atopic dermatitis patients. 

 
More specifically we have aimed to: 

 
I. Sequence the chromosomal breakpoints in a family with 

intracranial and thoracic aortic aneurysm and a balanced 
translocation t(10;11)(q23.2;q24.2).  

 
II. Study the breakpoints and the underlying haplotypes of a 

balanced translocation t(1;12)(q43;q21.1) in two apparently 
independent families with vascular and neurological phenotypes 
including stroke and tetralogy of Fallot. 

 
III.  Sequence the chromosomal breakpoints in a family with verbal 

dyspraxia and delayed speech development, and a balanced 
translocation t(2;18)(q21.2;q12.3).  

 
IV. Study the frequencies and effects of FLG null mutations and 50 

additional epidermal barrier gene variants on the risk of atopic 
dermatitis, and their contribution to atopic dermatitis treatment 
response. 
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4 MATERIALS AND METHODS 

4.1 STUDY SUBJECTS 

4.1.1 SYSTEMATIC SURVEY OF BALANCED CHROMOSOMAL 
REARRANGEMENTS IN FINNS 

All known carriers (n=3016) of reciprocal balanced translocations and 
inversions were recorded by the Department of Molecular Medicine, National 
Public Health Institute. All medical genetics departments and clinical 
genetics laboratories in Finland were included in the collection. Medical 
records of the carriers and their family members carrying the same 
rearrangement identical-by-descent were analyzed and clinically relevant 
medical histories and pedigree structures were recorded in a database. From 
this resource, we have identified families with clinical phenotypes correlating 
with specific translocations. 

4.1.1.1  Intracranial and aortic aneurysm family 
The translocation was initially observed in a routine prenatal screening 
followed by an examination of fetal chromosomes, which revealed an 
unbalanced translocation with large excess of chromosome 11. We observed a 
proband with t(10;11)(q23.2;q24.2) and TAA. This previously unrecognized 
comorbidity came to light as a byproduct of our survey. Based on death 
certificates, the proband’s two siblings both died of cerebral haemorrhage. 
According to the family history, the proband’s parent and parent’s sibling 
both manifested the same kind of symptoms and very likely had an aortic 
dilatation.  

4.1.1.2 Cerebral infarction family 
The proband, three children, and two out of five grandchildren share a 
balanced t(1;12)(q43;q21.1) and manifest similar symptoms: learning 
problems in childhood, neurological symptoms later in life, and early 
retirement and cerebral infarctions in their fifties.  

4.1.1.3 Tetralogy of Fallot family 
The proband first sought genetic counselling due to recurrent miscarriages 
and was diagnosed with a balanced t(1;12)(q42.3;q15). Both the proband’s 
child and her mother carried the translocation and had tetralogy of Fallot. 
The proband’s maternal great-great-grandmother from her father’s side died 
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below 40 years of age, having delievered a dysmorphic child who deceased 
neonatally. The proband’s maternal uncle is a carrier of the translocation and 
has suffered from TIA and hypertension. His second child has mitral 
regurgitation and arrhythmia (no karyotype analysis available). 

4.1.1.4 Dyspraxia family 
The proband, the parent and the child of the parent’s cousin are carriers for 
t(1;18)(q21;q21). The proband and the parent’s cousin’s child are affected 
with dyspraxia, and the parent had delayed speech development. The 
proband’s sibling is also a carrier and suffers from dyslexia.  

4.1.2 INTERNATIONAL BREAKPOINT MAPPING CONSORTIUM (IBMC) 
The International Breakpoint Mapping Consortium (IBMC) is a collaborative 
world-wide effort between the Wilhelm Johannsen Centre for Functional 
Genome Research, University of Copenhagen, Denmark, and  ~160 research 
institutes.  The aim of the consortium is to systematically map ~10 000 
balanced chromosomal rearrangement (BCR) breakpoints using the NGS 
mate pair sequencing approach. The research focus is on both post- and 
prenatally diagnosed BCRs, on de novo and familial BCRs, and on BCRs 
associated with affected and unaffected individuals.  

4.1.3 ATOPIC DERMATITIS STUDY 
This study included 501 AD cases and 1710 controls.  

4.1.3.1 Atopic dermatitis patients 
A total of 501 AD cases, confirmed by a dermatologist, were recruited for the 
prospective 12-month follow-up. The study was conducted in a tertiary 
referral centre setting at the Helsinki University Skin and Allergy Hospital 
between June 2011 and December 2012. The course of their diseases, 
therapies used, clinical features, other manifestations, and serum total IgE 
levels (CAP system-specific IgE fluorometric enzyme immunocapture assay) 
were collected in detail. The clinical course, intensity, and extent of AD was 
scored with the validated Eczema Area and Severity Index (EASI) (Barbier et 
al. 2004), Rajka and Langeland Severity Index Score (Rajka and Langeland 
1989), and Investigator’s Global Assessment (IGA) score. To ensure a reliable 
assessment of the long-term response to treatment, clinical picture and 
symptoms were evaluated both at baseline and during follow-up. All samples 
were genotyped after completion of the follow-up; treatment interventions 
were therefore made solely on a clinical basis without awareness of the 
patients’ genotype. Treatment modalities included topical corticosteroids, 
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calcineurin inhibitors, and, in rare cases, systemic methotrexate and 
cyclosporine. We defined treatment response as an alleviation of symptoms 
and a decrease in clinical scoring (EASI, Rajka & Langeland score or IGA).  

4.1.3.2 Control population 
We obtained a total of 1,710 control DNA samples, representative of the 
general Finnish population, from the Health 200o (H2000) GenMets Study. 
H2000 was conducted in Finland from autumn 2000 to spring 2001 with the 
aim to obtain comprehensive data on general public health issues, and on the 
functional and working capacity of the population  
(http://www.terveys2000.fi/indexe.html).  The GenMets subset was carried 
out by collecting all participants who fulfilled the Interational Diabetes 
Federation’s (IDF) criteria of metabolic syndrome and selecting matched 
controls for each (Pajunen et al. 2010). 

In the AD study, the Exome Aggregation Consortium (ExAC) database 
(http://exac.broadinstitute.org) and the Sequencing Initiative Suomi (SISu) 
(http://www.sisuproject.fi) project data were used for determining allele 
frequencies. At that time, the SISu dataset included 1,941 whole-genome 
sequenced FINRISK (Borodulin et al. 2015) individuals and H2000 cohorts 
selected on the basis of metabolic and neuropsychiatric traits, as well as 400 
healthy individuals from the Kuusamo region.  

4.1.4 ETHICAL CONSIDERATIONS 
 
The Ethical Committees of the Joint Authority for the Hospital District of 
Helsinki and Uusimaa granted permission for the genetic studies of the 
balanced translocation projects (I-III). The Office of the Data Protection 
Ombudsman operating in connection with the Ministry of Justice was 
appropriately notified. Our search for additional clinical information from 
the national health registries was approved by the Ministry of Social Affairs 
and Health. Informed consents approved by the Ministry of Social Affairs 
and Health and the Joint Authority for the Hospital District of Helsinki and 
Uusimaa were obtained from the families. 

The AD study (IV) was conducted in accordance with the Declaration of 
Helsinki, and was approved by the local ethics committee. Informed consent 
was obtained from all patients. 
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4.2 STUDY METHODS 

4.2.1 Balanced translocation studies 

4.2.1.1 Cytogenetic analysis 
Earlier karyotyping results were verified by performing standard cytogenetic 
analysis (United Medix Laboratories Ltd, Helsinki, Finland). Briefly, blood 
samples and informed consent were obtained from all study subjects. 
Peripheral blood lymphocytes were isolated from whole blood and primed in 
vitro with phytohaemagglutinin. Standard techniques were used to harvest 
lymphocytes and prepare and stain chromosomes. G-banding was performed 
according to established protocols. Chromosomal rearrangements were 
delineated according to the ISCN 2009 guidelines (Brothman et al. 2009). 

4.2.1.2 Next generation sequencing 
To characterize the chromosomal breakpoints we applied a NGS PES strategy 
in study I, and an NGS MPS strategy in studies II and III.  

4.2.1.2.1  Paired end sequencing (I) 
Genomic DNA extracted from the peripheral blood of patients was randomly 
sheared using a Covaris-S2 focused sonicator (Covaris, Inc., Woburn, 
Massachusetts, USA). Paired-end libraries were prepared using NEBNext 
DNA Sample Prep Master Mix Set 2 (New England BioLabs, Ipswich, 
Massachusetts, USA) using the manufacturer’s standard protocol. To 
increase the genomic coverage and optimize the insert size for translocation 
detection, three paired end libraries with distinct target fragment sizes 
(~200bp, ~500bp, and ~1kb) were generated using the Caliper LabChip XT 
instrument (Caliper Life Sciences, Hopkinton, Massachusetts, USA). We 
wanted to increase the insert size up to 1kb to assess whether it would 
compromise sequence yield, mapping or evenness of the genomic coverage. 
The 500bp library proved the most effective yielding the best coverage. 
Standard Illumina GAII and HiSeq2000 protocols were used for cluster 
amplification and generation of three lanes of short sequencing reads 
(Illumina, San Diego, CA, USA). 

We used an in-house SAMtools –based variant calling pipeline V.1.0 (VCP 
1.0)  (Sulonen et al. 2011) to align the sequence reads to the human genome 
reference (GRCh37/hg19). PCR duplicates and read pairs with only one end 
or neither end mapping to the genome were excluded. When ≥2 read pairs 
spanned the same rearrangement junction fragment they were included in 
the analysis. The Integrative Genomics Viewer (IGV) visualization program 
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(Broad Institute, Cambridge, Massachusetts, USA) was used to identify 
discordant paired end reads aligning to different chromosomes. 

4.2.1.2.2  Mate pair sequencing (II-III) 
The next-generation MPS method was used to identify the exact 
translocation breakpoints from genomic DNA extracted from the peripheral 
blood of patients. Mate-pair libraries were constructed at two laboratories 
using different preparation kits: the 5500 SOLiD™ Mate-Paired Library Kit 
(ThermoScientific, Waltham, MA USA) at the DNA Sequencing and 
Genomics Laboratory, Institute of Biotechnology, University of Helsinki, and 
the Illumina Mate Pair Library v2 (Illumina, San Diego, CA, USA) at the 
Wilhelm Johannsen Centre for Functional Genome Research, Denmark. 
Agarose gel electrophoresis was used to evaluate DNA integrity, and 
Invitrogen QubitTM fluorometer and Nanodrop ND-1000 spectrometer 
(ThermoScientific, Waltham, MA, USA) were used to quantify DNA 
concentrations. The CovarisTM System (Covaris, Inc., Woburn, MA, USA) was 
used to shear the genomic DNA to 1.5 kb and 2 kb fragments. After 
circularization, nick-translation, end-repair and A-tailing, Illumina TruSeq 
adapters were ligated. Final library quantification was done using Pico Green 
(Quant-iT, Invitrogen). For the final mate pair libraries, ~500 bp fragments 
were size-selected and subjected to paired end sequencing (2 × 100 bp and 2 
x 150 bp) using Illumina HiSeq2500 (Illumina, San Diego, CA, USA). 

Two strategies for MPS data processing were used. First, raw sequence 
reads were quality checked using FastQC, and then processed using Cutadapt 
againsts adaptors. The remaining pairs passing filtering were mapped to the 
human genome reference (GRCh37/hg19) using NovoAlign V2 software 
(Novocraft Technologies Sdn Bhd, Selangor, Malaysia) and the Burrows 
Wheeler Aligner (BWA) (Li and Durbin 2010).   

For the BAM files generated by NovoAlign, the Picard mark duplicates 
procedure was performed, and alignments were analyzed with Samtools 
genotyper (http://samtools.sourceforge.net) to call for single nucleotide 
variants and micro short indels. The called variants were then annoted using 
SnpEff (http://snpeff.sourceforge.net) and the Ensembl Variant Effect 
Predictor (VEP) (http://www.ensembl.org/info/docs/tools/vep). For 
structural variant (SV) detection, the bam files were then run through 
Breakdancer (http://breakdancer.sourceforge.net) and Pindel (Ye et al. 
2009) and the SVs were subsequently annotated using VEP.    

For the alignments generated by BWA, reads not aligning uniquely were 
removed, and those with unexpected orientation or aligning to different 
chromosomes were extracted using SVDetect (Zeitouni et al. 2010) 
(http://svdetect.sourceforge.net/) and Delly 
(www.korbel.embl.de/software.html).  
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4.2.1.3 Breakpoint detection (I-III) 
Read pairs with unexpected orientation or distances were defined as 
discordant. Discordant breakpoint spanning reads, and their approximate 
region of breakpoints were searched from the uniquely mapping read pairs 
using the IGV program for visualization. 

4.2.1.4 Breakpoint validation (I-III) 
The translocation junction fragments suggested by MPS were screened and 
validated by Sanger sequencing using ABI BigDye 3.1 chemistry and the ABI 
3730xl DNA Analyzer (FIMM Technology Centre, Helsinki, Finland). 
Primers were designed using Primer-BLAST 
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and sequences were 
analyzed with Sequencher 4.8 (Gene Codes Corporation, Ann Arbor, MI, 
USA). 

4.2.1.5 Copy number analysis (I) 
To study CNVs, genotyping was performed with Illumina’s HumanHap300 
BeadChip platform  (Illumina, San Diego, CA, USA) according to the 
standard protocol. The data was normalized using a commercially available 
proprietary algorithm implemented in the BeadStudio 3.1.0 software by 
Illumina (Peiffer et al. 2006). The genotype clustering was conducted with 
BeadStudio 3.1.0 ((Illumina, San Diego, CA, USA) using a large panel of 
normal population samples with a required >95% genotype success rate. The 
genotype signal intensity plots (B allele frequency and log R ratio) were 
visualized with BeadStudio 3.1.0, and breakpoint regions were inspected for 
CNVs with Illumina Genome Viewer. 

4.2.1.6 ACTA2 mutational screening (I) 
Sanger sequencing (ABI BigDye 3.1 chemistry and ABI 3730xl DNA 
Analyzer) was used for mutational screening of the coding and regulatory 
regions of the ACTA2 gene (Applied Biosystems, Foster City, California, 
USA). Primers were designed using UCSC Genome Browser 
(http://www.genome.ucsc.edu) and Primer 3 V.0.4.0. 
(http://frodo.wi.mit.edu), and their map locations were confirmed with 
UCSC In-Silico PCR, Fast PCR software (PrimerDigital Ltd., Helsinki, 
Finland) and Sequencher 4.8 software (Gene Codes Corporation, Ann Arbor, 
Michigan, USA). Sequences were analyzed with the Sequencher 4.8 software, 
and the results were checked against dbSNP 
(http://www.ncbi.nlm.nih.gov/projects/SNP/).  
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4.2.1.7 FOXP2 mutational screening (III) 
MPS data was used to investigate patient FOXP2 mutation statuses. The IGV 
visualization program (Broad Institute, Cambridge, Massachusetts, USA) was 
used to identify potential FOXP2 spanning deletions. From the uniquely 
mapping mate pair read pairs, we searched for read pairs that would have 
larger than expected inferred insert sizes indicative of possible deletions. 
Evenly distributed heterozygous common SNPs indicative of a diploid status 
along the FOXP2 gene we searched. An additional FOXP2 deletion analysis 
was conducted utilizing the SegMonk mapped sequence analysis tool (Simon 
Andrews, Babraham Bioinformatics, Cambridge CB223AT, UK). Read counts 
from the MPS data of the proband and two controls were compared against 
the reference to get measures of the read depth.  The deletion analysis data 
was exported to IGV in BedGraph format to visualize potential deletions as 
deviations in the read counts. Previously known FOXP2 mutations listed in 
the Human Genome Mutation Database (HGMD®) and the NCBI ClinVar 
database (https://www.ncbi.nlm.nih.gov/clinvar/) were also screened. To 
validate the FOXP2 mutation screen, additional whole exome sequencing 
was conducted using two approaches, NimbleGen MedExome (Roche 
NimbleGen, Basel, Switzerland) and the 10x Genomics Chromium System 
(10x Genomics, Pleasanton, CA, USA). 

4.2.1.7.1     WES using NimbleGen MedExome  
For library preparation, 150 ng of gDNA was fragmented with a Covaris E220 
evolution instrument (Covaris, Woburn, MA, USA). Sample libraries were 
processed according to the SeqCapEZ Library SR manual (Roche Nimblegen, 
Madison, WI, USA). Nine amplification cycles were used. Library 
quantification was performed using the Nanodrop system (ThermoFisher 
Scientific, Waltham, MA, USA) and the quality of the library was assessed 
with the 2100 Bioanalyzer DNA1000 kit (Agilent, Santa Clara, CA, USA). 
NimbleGen exome capture was performed according to the NimbleGen 
SeqCap EZ Exome Library SR User’s Guide. 10 cycles were used for post 
capture amplification. The amplified library was purified with 1.8x Agencourt 
AMPure XP beads and eluted to 200μl PCR grade water. The library was 
quantified for sequencing using the 2100 Bioanalyzer High sensitivity kit. 
Sequencing was performed with the Illumina HiSeq2500 system in High 
Output mode using HiSeq v4 kits (Illumina, San Diego, CA, USA). Read 
length for the paired-end run was 2x101 bp. 

4.2.1.7.2     WES using 10x Genomics Chromium System 
For library preparation, GEMs (Gel bead-in-EMulsions) were generated with 
1.2 ng of gDNA in the 10xgenomics Chromium Controller (Chromium TM 
USA) according to the Chromium Genome user guide, Exome Protocol 
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(Chromium TM, USA, Part Number CG00022 Rev C). The post GEM 
product was fragmented with the Covaris E220 evolution instrument 
(Covaris, Woburn, MA, USA).  Library preparation was processed according 
to the Chromium Genome user guide Exome Protocol (ChromiumTM, USA 
Part Number CG00022 Rev C). Library quantification was performed using 
the Nanodrop system (ThermoFisher Scientific, Waltham, MA, USA) and the 
quality of the library was assessed with the 2100 Bioanalyzer DNA1000 kit 
(Agilent, Santa Clara, CA, USA). Exome capture and sequencing were 
performed using the same protocols as in the NimbleGen MedExome 
approach. 

4.2.1.8 Relatedness testing (III) 
One individual per family and 700 population-representative controls were 
genotyped using the Illumina Human CoreExome-24_v1-1_A (Illumina, San 
Diego, CA, USA) at the FIMM Technology Centre. Identity-by-descent (IBD) 
calculation and multidimensional scaling (MDS) were used from the PLINK 
whole genome association analysis toolset version 1.07 for determining 
relatedness (Purcell and Purcell 2007).    

4.2.1.9 Haplotype analysis (III) 
Haplotyping was applied to determine the origin of t(1;12)(q43;q21.1) with 
identical breakpoint intervals. One individual per family was genotyped 
using the Illumina Human CoreExome-24_v1-1_A (Illumina, San Diego, CA, 
USA) at the FIMM Technology Centre. Beagle software packages v4.0 and 
v4.1 were used for IBD shared segment detection (Browning and Browning 
2013). The data was pruned using PLINK v1.9 software to exlude SNPs with 
pairwise genotypic r2 greater than 50% within sliding windows of 100 SNPs, 
with a 25-SNP increment between windows (Purcell and Purcell 2007). 

4.2.2 Atopic dermatitis study 

4.2.2.1 Phenotype measures 
Detailed data were collected on the course of disease, therapies used, clinical 
features, other manifestations of atopy and history of herpes simplex virus 
(HSV) symptoms from patients with dermatologist-confirmed AD. In more 
detail, the clinical features included in this study were palmar or dorsal hand 
eczema, keratosis pilaris, palmar hyperlinearity, and dermographismus. 
Other manifestations of atopy included asthma, allergic rhinitis and allergic 
conjunctivitis. 
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4.2.2.2 Genetic markers 

4.2.2.2.1  Variant selection 
The patient and control DNA samples were screened for the four most 
prevalent FLG null mutations in the European population (p.(R501*), 
c.2282_2285del4, p.(R2447*), p.(S3247*), two FLG mutations enriched in 
the Finnish population (p.(S1020*), p.(V603M), and the 12-repeat allele 
(rs12730241). In addition, we genotyped 59 functional variants predicted to 
be deleterious within 10 epidermal barrier genes (CLDN1, CLDN4, CLDN20, 
CLDN23, OCLN, IVL, FLG2, LOR, JAM-1, TJP1) (Table 5). Seven out of these 
59 genotyped variants, within FLG, FLG2 and CLDN20, were selected based 
on enrichment from a systematic survey of the distribution and medical 
impact of LoF variants identified as rare, likely deleterious, and markedly 
enriched in the Finnish population (Lim et al. 2014). 

4.2.2.2.2  Genotyping 
For genotyping, the Sequenom MassARRAY system and the iPLEX Gold 
assays (Sequenom Inc., San Diego, CA, USA) based on primer extension with 
single mass-modified nucleotides were applied, followed by matrix assisted 
laser desorption ionization-time of flight mass spectrometry for allele 
discrimination. The genotyping reactions were performed on 20 ng dried 
genomic DNA in 384- well plates according to the manufacturer’s 
instructions and using their reagents. MassARRAY Assay Design software 
(Sequenom) was used for the design of both PCR and extension primers. We 
collected the data with the MassARRAY Compact System (Sequenom), and 
called the genotypes with TyperAnalyzer software (Sequenom). 

4.2.2.2.3  Genotype quality control and validation 
The genotype calls were checked manually. The detailed quality control 
procedure consisted of success rate checks, identifying duplicated samples, 
using water controls and Hardy-Weinberg Equilibrium (HWE) testing. All 
significantly associated genotypes were validated by capillary sequencing. 

4.2.2.3 Filtering criteria of cases and controls 
 
The filtering of cases and controls was conducted based on the following 
criteria: removal of samples that were duplicates, had low genotyping success 
(>96.0 – 99.9%), were of foreign origin, had no family relatedness, were 
deceased, or had missing phenotype data. After we applied the filtering 
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criteria, the study comprised of 445 cases (32.3 ± 14.9 years) and 1,664 
controls (50.6 ± 10.7 years). In the association analysis, we used three 
subsets of the H2000 controls: AD-negative (n=1,243), asthma-negative 
(n=1,527) and asthma-positive (n=137) controls. AD and asthma statuses 
were retrieved from extensive questionnaires, interviews, and physicians’ 
clinical examinations conducted under written instructions and preset 
diagnostic criteria.  

4.2.2.4 Statistical methods 

4.2.2.4.1  Power calculations 
In the power calculations of the primary discovery analysis we used an 
estimated 10% prevalence for AD (Wolkewitz et al. 2007; Ronmark et al. 
2012). Using an individual FLG null mutation allele frequency of 0.01 we 
predicted that recruitment of 500 AD cases and 1,500 population controls 
would give a 97% power at a p-value of 0.001 to detect an allelic odds ratio 
(OR) of 3.  

4.2.2.4.2  Association analysis 
Allele frequency enrichment between cases and controls, and between 
different phenotypic groups was tested using Fisher’s exact test, logistic 
regression, and a linear model under the null hypothesis that there is no 
association with the genotype. The binary traits were tested with logistic 
regression and Fisher’s exact test, and the quantitative traits with the linear 
model. 

PLINK whole genome association analysis toolset version 1.07 and R 
software version 3.1.2 were used in the statistical analyses (Purcell and 
Purcell 2007; R Core Team 2013). Cases with one or two non-Finnish parents 
were excluded from the analysis. Bonferroni correction was applied to adjust 
for multiple testing and correct for occurrence of false-positives. The p-value 
cut-off was set to p=0.0016 for the initial discovery association analysis of 32 
variants, and to p=0.001 for the follow-up association analysis of three 
variants and 14 clinical features.  

The association analysis for palmar hyperlinearity and keratoris pilaris 
was performed within the clinical sample set (n=445). In the association 
analysis for early-onset AD, the H2000 supercontrols with no atopic diseases 
(n=1,243) and early-onset AD cases we used. In the association analysis of 
asthma, asthma-negative H2000 individuals were included as controls 
(n=1,527), and asthma-positive H2000 individuals as cases (n=137).  

Genetic association was tested separately for the individual FLG null 
mutations, and for the combined FLG null genotype. The combined FLG null 
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genotype reflects the aggregate effect of those FLG null mutations with 
association in our original discovery analysis, namely p.(R501*), 
c.2282_2285del4, and p.(R2447*). 
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5 RESULTS AND DISCUSSION 

5.1 NTM DISRUPTED BY t(10;11)(q23.2;q24.2) IN A 
FAMILY WITH INTRACRANIAL AND THORACIC 
AORTIC ANEURYSM (STUDY I) 

Intracranial aneurysms (IAs), thoracic aortic aneurysms (TAAs), and 
abdominal aortic aneurysms (AAAs) contribute significantly to morbidity 
and mortality, and can lead to sudden death without proper follow-up 
examination and surgery (Lilienfeld et al. 1987; Sarti et al. 1991; Pande et al. 
2006; Kuivaniemi et al. 2008). These conditions have been regarded as 
distinct diseases, however recent studies suggest commonalities in some 
families (Kim et al. 2005; Helgadottir et al. 2008; Ruigrok et al. 2008). The 
chromosomal region 10q23-24 (Guo et al. 2007) has been previously 
associated with TAA, and region 11q23-24 (Vaughan et al. 2001) with both 
TAA and IA. While conducting our systematic survey of balanced 
chromosomal rearrangements in Finns, we detected a proband with 
t(10;11)(q23.2;q24.2) and a strong family history of both TAA and IA 
(Figures 18A and 19A). In this study, we aimed to employ genome-wide 
paired end mapping to sequence the chromosomal breakpoints in the family 
to reveal a novel candidate gene for aneurysm.  

5.1.1 Clinical summary 
The proband experienced shortness of breath on exertion after the age of 50. 
Echocardiography and angiography revealed a dilatation of the ascending 
aorta (68 mm) as well as aortic insufficiency grade III–IV. The proband 
received a prosthesis of the ascending aorta and aortic valve at the age of 55.  
    According to the death certificates, the proband’s two siblings died of 
cerebral haemorrhage at the ages of 69 and 50, respectively. A ruptured 
aneurysm in the left carotid artery was confirmed as the cause of death in the 
forensic autopsy of the first sibling (Figure 19). The cause of death of the 
second sibling was based on anamnesis, clinical examination and laboratory 
results; an autopsy was not performed. Based on the family history, the 
proband’s parent and parent’s sibling shared the same kind of manifestations 
and disease as the proband, and thus likely had an aortic dilatation: the 
causes of death were aortic ruptures at the age of 65 and 69, respectively. 
Unfortunately autopsies were not performed. However, we were able to 
exclude MFS based on the detailed medical records. Regular follow-ups of 
the child of the proband with MRI or echocardiography have thus far 
revealed nothing abnormal up to the age of 49.  

The t(10;11)(q23.2;q24.2) was initially observed in a routine prenatal 
screening of the proband’s child’s family (Figure 18A). The family was 
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referred to genetic counseling when ultrasonography had repeatedly failed to 
reveal an air bubble in the ventricle of the fetus suggesting oesophageal 
atresia. The examination of the fetal chromosomes revealed an unbalanced 
translocation with large excess of chromosome 11, after which the parents 
chose to terminate the pregnancy. Autopsy confirmed the oesophageal 
atresia, oesophagotracheal fistula and dysmorphic features (broad back of 
the nose, micrognathia, narrow palpebral fissures and single palmar creases 
in both hands). 
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Figure 18 Standard karyotyping results for all patients with breakpoint regions indicated 
(studies I, II and III). Aneurysm family with t(10;11)(q23.2;q24.2) (A), stroke and 
TOF families with t(1;12)(q42.3;q15) (B), and dyspraxia family with t(2;18)(q21;q21) 
(C). 
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5.1.2 Exclusion of copy number variation 
Balanced translocations are often not exactly balanced: unexpected 
complexity has been detected at breakpoint junctions (Gajecka et al. 2008; 
Howarth et al. 2011). Deletions, up to several megabases in extent, are most 
common at the breakpoints, but large duplications have also been identified 
(Howarth et al. 2011). To confirm that the translocation is truly balanced, 
and to study potential CNVs at the breakpoints, SNP genotyping was 
performed and the raw intensity plots several megabases up- and 
downstream from the breakpoint were assessed. No detectable aberrations, 
submicroscopic or large-scale CNVs were detected in the two translocation 
carriers.  

5.1.3 ACTA2 sequencing 
Pathogenic variants in ACTA2 have been observed in families with TAAD 
cosegregating with premature coronary artery disease, ischemic stroke, and 
moyamoya disease (Guo et al. 2009). ACTA2 variants are also known to 
cause patent ductus arteriosus, aortic coarctation, moyamoya-like 
cerebrovascular disease with stenosis and dilatation of cerebral vessels, 
retinal artery tortuosity, and brachial artery occlusion in patients with 
multisystemic smooth muscle dysfunction syndrome (Milewicz et al. 2010). 
ACTA2 (OMIM 102620) is located near the detected 10q translocation 
breakpoint (260.5 kb downstream). Systematic bidirectional mutation 
screening of the ACTA2 coding sequence revealed no previously 
uncharacterized variants nor splice mutations.  

5.1.4 Breakpoint mapping 
From the uniquely mapping paired end reads, discordantly mapping read 
pairs spanning the breakpoints were searched for. Five read pairs mapping 
consistently to chromosomes 10 and 11 across the translocation breakpoints 
were identified (Figure 20A). The junction fragments suggested by MPS were 
amplified by PCR and subsequently validated by bidirectional Sanger 
sequencing. The exact breakpoints were 90,973,081-90,973,082 on 
chromosome 10 and 131,778,234-131,778,235 on chromosome 11.  The 
chromosome 11 breakpoint truncates intron 1 of a splicing isoform of the 
neurotrimin (NTM) gene (http://genome.ucsc.edu/, NM_001048209) 
(Table 4). The chromosome 10 breakpoint maps to an intergenic region 
within a simple tandem repeat consisting of a tract of (GAAAA)n. The 
chromosome 10 breakpoint is flanked by the 3’ end of lipase A, lysosomal 
acid, cholesterol esterase (LIPA: 246 bp downstream) and the 5’ end of 
cholesterol 25-hydroxylase (CH25H; 6 kb upstream). No gain or loss of 
chromosomal material was detected around the chromosome 11 breakpoint 
junction, whereas within the chromosome 10 breakpoint junction three 
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breakpoint flanking microdeletions were identified (Figure 21A). Two were 1-
bp deletions at 90,973,081 and 90,973,078, and one a 5-bp deletion between 
nucleotides 90,973,049 and 90,973,055 (GRCh37). Neither apparent 
regional microhomology nor other significantly homologous sequence 
elements were observed around the breakpoint junctions on chromosomes 
10 and 11.  

The chromosome 11 breakpoint locus has emerged in three independent 
linkage studies suggesting an IA susceptibility gene between 125.8 and 133.7 
Mb on 11q (Onda et al. 2001; Ozturk et al. 2006; Worrall et al. 2009). The 
truncated NTM gene encodes a member of the immunoglobulin (IgLON) cell 
adhesion molecule family, which has been previously implicated in the 
promotion of neurite outgrowth and adhesion. Though mainly expressed in 
the CNS, NTM is also expressed in lung and heart. Thus its role in the 
mediation of cell-cell interactions may indicate additional functions in the 
human cardiovascular system (Liu et al. 2004). 

LIPA, flanked by the chromosome 10q breakpoint, encodes for lysosomal 
acid lipase, which has an important role in macrophage cholesterol ester 
homeostasis. Recent GWA studies have shown that SNPs within LIPA are 
associated with susceptibility to coronary artery disease (CAD) (Wild et al. 
2011). Atherosclerosis contributes to the development of both CAD and 
aneurysm, suggesting underlying common risk factors. Like LIPA, the 
CH25H gene flanked by the 10q breakpoint is also involved in cholesterol 
and lipid metabolism.  
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Figure 20 The discordant paired end (A) and mate pair reads (B and C) between derivative 
chromosomes with breakpoint junctions indicated (red dashed boxes). 
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5.1.5 Conclusions 
Our study suggests that NTM, disrupted here by t(10;11)(q23.2;q24.2), is a 
potential candidate gene for the IA/TAA phenotype. Two genes involved in 
cholesterol and lipid metabolism, LIPA and CH25H, are flanked by the 
chromosome 10 breakpoint. The translocation may cause dysregulation of 
LIPA or CH25H mediated by a position effect. The SNP array revealed no 
suspicious CNVs in our patients, but the subsequent Sanger sequencing 
identified three microdeletions on 10q and one 1-bp deletion on 11q. We 
detected no common interspersed elements or overlapping microhomology 
flanking the breakpoints, but the 10q breakpoint maps within a tract of 
simple tandem repeat (GAAAA)n . 

Balanced chromosomal rearrangements occasionally have strong 
phenotypic effects. Sequencing the breakpoint regions of the patient with 
aneurysm and a balanced translocation facilitated the identification of a 
potential candidate gene which had not been previously associated with IA or 
TAA. For the first-degree family members, potential indications for surgical 
intervention are based on the aortic dilatation expansion rate. As a limitation 
of the study, biological samples from the deceased relatives could not be 
obtained, thus their carrier status could not be confirmed. Follow-up studies 
will establish conclusively whether the phenotype is caused by the disruption 
of NTM or other genetic factors nearby.  

In this study, genome-wide PES enabled us to delineate the chromosomal 
breakpoints to a <1000 bp region, which could be covered by a single PCR 
primer pair. Our results demonstrate that PES is a feasible, timely and cost-
effective approach for the characterization of DBCRs. 
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Figure 21 The translocation breakpoint junctions for patients: aneurysm (A), stroke and TOF 
(B), and dyspraxia (C). The reference sequences and the breakpoint junction 
fragment sequences and are labeled in blue and magenta. Deleted nucleotides are 
marked as gaps in the sequence. Insertion and duplication are bolded. A breakpoint 
spanning microhomology in (C) is marked with a box.  
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5.2 BREAKPOINT MAPPING AND HAPLOTYPE 
ANALYSIS OF t(1;12)(q43;q21.1) IN TWO 
APPARENTLY INDEPENDENT FAMILIES WITH 
VASCULAR PHENOTYPES AND NEUROLOGICAL 
SYMPTOMS (STUDY II) 

Study II demonstrates an identical translocation t(1;12)(q43;q21.1) in two 
independent families with distinct vascular phenotypes and neurological 
symptoms, including stroke and tetralogy of Fallot (TOF) (Figures 18B and 
19B). The families were identified as an outcome of our systematic survey of 
balanced chromosomal rearrangements in Finns. 

Cardiogenesis is controlled by a highly conserved network of genetic and 
molecular pathways. The genetic etiology underlying cardiovascular 
anomalies is therefore complex. Cerebral infarction (stroke) is a 
multifactorial ischemic condition of the brain that causes a persistent 
neurologic deficit in the affected area. It is a major cause of death and serious 
disability for adults in developed countries. Family history and twin and 
candidate gene studies have supported the role of genetic factors in the 
pathogenesis of stroke, and various Mendelian stroke syndromes have been 
identified (Flossmann et al. 2004; Jeffs et al. 1997).  

TOF is a complex congenital heart condition caused by a combination of 
four heart defects present at birth:  a ventricular septal defect, pulmonary 
stenosis, right ventricular hypertrophy and an overriding aorta. It can be 
caused by mutations in the JAG1, NKX2-5 and GATA4 genes (Eldadah et al. 
2001; Benson et al. 1999; Tomita-Mitchell et al. 2007). TOF is also a 
recognized feature of the 22q11 microdeletion syndrome and trisomy 21. 
About 15% of TOF patients have a deletion of chromosome 22q11.2 
(Goldmuntz et al. 1998; Chessa et al. 1998). 

To study the genetic background of the vascular phenotypes observed in 
these families, we set out to characterize the exact chromosomal breakpoints 
of t(1;12)(q43;q21.1) utilizing MPS. Additionally, we analyzed the breakpoint 
flanking haplotypes to determine the origin of the translocation in these two 
families. 

5.2.1 Clinical summary 
In family A, the proband, all three children, and 2/5 grandchildren are 
carriers of t(1;12)(q43;q21.1) and share similar symptoms not manifested in 
other family members (Figures 18B and 19B1) inclucing specific learning 
problems in childhood, chronic headache, balance problems, tremor, and 
fatigue in middle age. The oldest had early retirement, and the proband and 
the eldest child have had strokes at the age of 53-58. The youngest child was 
hospitalized at the age of 44 due to suspected TIA. The oldest grandchild has 
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been examined due to hyperkinetic disturbance of attention, and the 
youngest for special development and attention difficulties. Both have 
attended rehabilitation and are progressing well to normal school. In spite of 
extensive examinations by several specialists, including neurologists, 
otorhinolaryngologists, pediatric neurologists, psychologists, general 
practitioners, and clinical geneticists, no specific diagnosis has been reached 
and the translocation is referred to as causative. Predisposing factors 
including alcohol use, tobacco use, hypercholesterolemia, coagulation 
abnormalities, and neurological, psychiatric, and otorhinolaryngological 
disease have been excluded. 

 
In family B, the proband was identified as a carrier of t(1;12)(q43;q21.1) after 
recurrent miscarriages (Figures 18B and 19B2). The proband was otherwise 
healthy, but suffered from migraine. The proband’s mother was a carrier for 
the translocation and had tetralogy of Fallot. The proband conceived for their 
second child, and the fetus was also a carrier and had tetralogy of Fallot. The 
proband’s grandparents are not known to have had heart conditions. The 
proband’s great-grandparent died under 40 years of age and had a 
dysmorphic child who deceased neonatally. The proband’s parent’s sibling is 
a carrier, has suffered from TIA and hypertension, and has had two 
miscarriages with the same spouse. Their second child has mitral 
regurgitation and arrhythmia, but the carrier status of the child has not been 
examined and is not available for analysis.  

5.2.2 Breakpoint mapping 
Based on the MPS findings, the breakpoint junctions were narrowed down to 
6 bp on chromosome 1 and to 42 bp on chromosome 12 (Figure 20B). The 
karyotype was subsequently delineated to 46,XY,t(1;12)(q43;q21.1) for 
patients A1 and A2,  and to 46,XX,t(1;12)(q43;q21.1) for patient B1. The exact 
breakpoint positions were mapped by Sanger sequencing to chr1:239,567,377 
- 239,567,379 and chr12:73,989,462 - 73,989,463. The breakpoint junctions 
were identical at base pair level in all patients (Figure 21B). When analyzing 
the flanking sequences, a breakpoint intersecting SINE/AluY element on 
chromosome 1 and a SINE/AluSz element nearby the chromosome 12 
breakpoint (71 bp upstream) were identified. A simple repeat (GA)n maps 63 
bp upstream and another (GAAA)n simple repeat maps 232 bp downstream 
from the chromosome 1 breakpoint. No apparent regional microhomology 
was detected between the breakpoint junctions. The chromosome 1 
breakpoint contains a 3-bp duplication (ACG) present in both der(1) and 
der(12), and the chromosome 12 breakpoint contains a 1-bp insertion (A) 
present on der(12) (Figure 21B).   

Both breakpoints are located within intergenic regions. The chromosome 
1 breakpoint is flanked by two protein coding genes at 1q43: the 5’ end of 
cholinergic receptor muscarinic 3 (CHRM3, 225 kb upstream) and the 3’ end 
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of ryanodine receptor 2 (RYR2, ~1.6 Mb downstream). The chromosome 1 
breakpoint disrupts a CHRM3 GENCODE processed transcript (Table 4). A 
previous linkage study has suggested a susceptibility gene for episodic ataxia 
type III (EA3) at 1q42 (Cader et al. 2005). The symptoms of EA3 include 
vestibular ataxia, vertigo, tinnitus, and myokymia (Steckley et al. 2001).  

CHRM3 is widely expressed e.g. in the smooth muscles, the endocrine and 
exocrine glands, the lungs, the pancreas and the brain. This receptor’s 
functions include modulation of potassium channels that contribute 
fundamentally to the regulation of membrane potential and neuronal 
signaling and prevent the neuronal hyperexcitability believed to trigger 
ataxia and seizures. 

The ryanodine receptor (RyR) 2 is found in cardiac muscle sarcoplasmic 
reticulum where it functions as a component of a calcium channel that 
supplies calcium to cardiac muscle. RyR2 is required for embryonic heart 
development and its mutations are associated with stress-induced 
polymorphic ventricular tachycardia and arrhythmogenic right ventricular 
dysplasia. All three RyR isoforms are expressed in the brain, with RyR2 being 
the most abundant. These receptors are highly expressed in the cerebellum, 
hippocampus, olfactory region, basal ganglia, and cerebral cortex. The 
cerebral expression of RyRs is tighly regulated and undergoes changes 
throughout development from embryonic to adult. RyR dysregulation has 
been implicated in neurodegenerative disorders such as Parkinson’s disease 
and Alzheimer’s disease (Abu-Omar et al. 2017). 

Three genes are adjacent to the chromosome 12 breakpoint: thyrotropin 
releasing hormone degrading enzyme (TRHDE, 930 kb upstream), potassium 
voltage-gated channel subfamily C member 2 (KCNC2, 1.5 Mb downstream), 
and ataxin 7 like 3B (ATXN7L3B, 942 kb downstream) (Table 4). TRHDE is 
mainly expressed in the brain. The thyrotropin releasing hormone degrading 
enzyme cleaves and inactivates the neuropeptide thyrotropin-releasing 
hormone (TRH), which is thought to have neuromodulatory functions that 
affect neuronal excitability (Metcalf and Dettmar 1981). When used 
therapeutically, TRH and its stable analogues improve neurologic 
dysfunctions, such as ataxic gait in spinocerebellar ataxia (SCA) (Urayama et 
al. 2002; Sobue et al. 1983).    

The potassium voltage-gated channel encoded by KCNC2 (KV3.2) is an 
integral membrane protein that mediates the voltage-dependant potassium 
ion permeability of excitable membranes. KCNC3 (KV3.3), a member of the 
same subfamily closely related to KCNC2, has been previously associated 
with SCA13 (Herman-Bert et al. 2000; Waters et al. 2005; Waters et al. 
2006; Pyle et al. 2015; Parolin Schnekenberg et al. 2015). KCNA1 mutations 
(KV1.1) underlie EA1 (Browne et al. 1994). 

ATXN7L3B, encoding for ataxin 7 like 3B, is a gene of unknown function. 
Mutations in ATXN1, ATXN2, ATXN3, and ATXN7 are known to cause 
SCA1, SCA2, SCA3, and SCA7, respectively. KCNC2 and ATXN7L3B are both 
expressed in the brain. A 670-kb deletion including both KCNC2 and 
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ATXN7L3B has been previously identified at 12q21 in a family with cerebellar 
ataxia and varying degrees of delay in attaining motor and cognitive skills 
(Rajakulendran et al. 2013). 

5.2.3 Exclusion of relatedness 
Based on IBD testing and MDS, relatedness between families A and B 
carrying the identical balanced t(1;12)(q43;q21.1) was excluded. The PI_HAT 
value between patients A2 and B1 was 0.0006. We estimated that the 
PI_HAT value between average Finns is ~0.006 (IBD testing included 
several Finnish population cohorts, data not shown), thus our families are 
genetically more distant than average Finns. 

5.2.4 Haplotype analysis 
Three possible explanations exist for the same translocation breakpoints in 
more than one proband: (1) the breakpoints are genuinely recurrent and have 
arisen on more than one occasion; (2) the breakpoints are IBD with a single 
origin; (3) the breakpoints seem similar, but they are not identical at a higher 
level of resolution. In this study we used haplotype analysis to differentiate 
between these options. 

Our analysis showed that the t(1;12)(q43;q21.1) seen in two apparently 
independent families was IBD with identical breakpoint intervals and 
conserved haplotypes over considerable distances around both breakpoints. 
For chromosome 1, the haplotype extends approximately 1.8 Mb upstream 
and 1 Mb downtream from the breakpoint. For chromosome 12, the 
haplotype is conserved for approximately 1.4 Mb upstream and 2.5 Mb 
downstream from the breakpoint. 

5.2.5 Conclusions 
While building our systematic survey of balanced chromosomal 
rearrangements in Finns, we observed two apparently unrelated families 
carrying the same balanced tranclocation t(1;12)(q43;q21.1) with identical 
breakpoint junctions at the base pair level. Study family A manifests with a 
complex neurological phenotype including stroke, and study family B 
manifests with a vascular phenotype including tetralogy of Fallot. 

Relatedness was excluded by IBD testing. We applied haplotyping to 
determine the origine of the translocation. The analysis revealed that the two 
t(1;12) translocations were IBD, sharing the same ancestral haplotype for 
considerable distances beyond the translocation breakpoints. Thus it is 
plausible that the translocation is not recurrent and has arisen only on one 
occasion. However, it is also possible that some identical sequence features 
within the shared haplotypes have facilitated a breakpoint formation twice. 
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When we examined the breakpoint flanking regions we detected sequence 
changes likely originating from the rearrangement formation, including a 1-
bp insertion of ‘A’ in der(12), and a 3-bp duplication of ‘ACG’ present in both 
der(1) and der(12). No apparent regional microhomology was detected 
between the breakpoint junctions, but an AluY element intersects the 
chromosome 1 breakpoint and an AluSz element maps 71 bp upstream from 
the chromosome 12 breakpoint. The identified Alu elements share a 68.7% 
sequence similarity, indicating that the translocation formation may be Alu-
mediated via illegitimate homologous unequal recombination. Three features 
imply NHEJ as a possible mechanism of translocation formation: the lack of 
a higher level regional microhomology, the proximity of diverged Alu-
elements, and the insertion of DNA ‘scars’ at the sites of repair (Sargent et al. 
1997; Pfeiffer et al. 2000; Jeggo 1998).  

The breakpoints map outside the putative genes, which points to a 
malfunction caused by a position effect. The chromosome 1 breakpoint flanks 
the protein coding CHRM3 gene at 1q42, and truncates a GENCODE isoform 
of CHRM3. TRHDE, KCNC2, and ATXN7L3B lie adjacent to the 
chromosome 12 breakpoint. 

Our study demonstrates a translocation t(1;12)(q43;q21.1) that seems to 
result in both vascular phenotypes and neurological symptoms, potentially 
through dysregulation of CHRM3, RYR2, TRHDE, KCNC2, and/or 
ATXN7L3B function. The pathogenic mechanism may be mediated by the 
truncation of the CHRM3 GENCODE isoform, or alternatively through a 
long-range position effect on CHRM3, RYR2, TRHDE, KCNC2, and/or 
ATXN7L3B.  
 

5.3 SLC14A2 DISRUPTED BY t(2;18)(q21.2;q12.3) IN A 
FAMILY WITH DEVELOPMENTAL VERBAL 
DYSPRAXIA AND DELAYED SPEECH 
DEVELOPMENT (STUDY III) 

Developmental verbal dyspraxia is a disorder characterized by severe 
orofacial dyspraxia. Affected individuals manifest with largely 
incomprehensible speech due to abnormal development of several brain 
areas essential for orofacial movements and sequential articulation (Fisher et 
al. 1998; Vargha-Khadem et al. 1998). Extensive investigations of the English 
family known as the KE family with severe speech and language disorder 
finally led to the isolation of the forkhead box P2 (FOXP2) gene (Lai et al. 
2001; Fisher et al. 1998). The underlying mutations may affect FOXP2 only 
(sequence variant within FOXP2); alternatively there can be large deletions, 
structural variants (translocation or inversion), or maternal UPD7 involving 
FOXP2. 
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Our aim in this study was to investigate the balanced translocation 
t(2;18)(q21.2;q12.3) observed in a family with special difficulties in the 
production of speech, dyspraxia, and delayed speech (Figures 18C and 19C). 
For breakpoint mapping, we utilized genome-wide MPS.  

5.3.1 Clinical summary 
A balanced translocation t(2;18) segregating in the family was identified 
through the proband’s karyotype analysis (Figures 18C and 19C). The 
proband manifested with delayed speech with first words at the age of 3. The 
proband’s cousin’s child also manifested with delayed speech. The proband’s 
child spoke first words at the age of 1, and sentences at the age of 3. The child 
started regular speech therapy at the age of 4. By the age of 6, the child had a 
referral to a neuropediatric clinic by a phoniatrician due to unclear speech. 
The child’s speech was described by the doctor and the psychologist as 
incomprehensible to the naïve listener. The family members were the only 
ones able to comprehend the child’s communication. The child was 
diagnosed with special difficulty in production of speech and dyspraxia, and 
motor clumsiness as a co-occurring characteristic. Auditory verbal memory, 
general knowledge, and mathematical reasoning were delineated as a little 
below the average. Medical, psychological, speech therapeutic, occupational 
therapeutic, and phoniatric examinations concluded the overall capacity as 
normal, and the child was able to start school normally. The other 
translocation carriers in the family were not consulted by a physician as  
children, thus data on their speech development could not be obtained. 

5.3.2 Breakpoint mapping 
Based on the MPS data, we were able to narrow down the breakpoint 
junctions to 385 bp on chromosome 2 and 537 bp on chromosome 18 (Figure 
20C). The karyotype was reassessed and delineated to t(2;18)(q21.2;q12.3). 
Using Sanger sequencing we mapped the exact breakpoint positions to 
chr18:42912695 - 42912696 and chr2:134611370 - 134611371. While 
analyzing the breakpoint flanking sequences, we detected a MER2 repeat 
element in the close vicinity of the chromosome 18 breakpoint (203 bp 
downstream). A breakpoint intersecting SINE/AluJr4 repeat element, and a 
breakpoint flanking MER5A repeat element (665 bp upstream) were detected 
on chromosome 2. The analysis of the breakpoint junction fragment 
sequences revealed an identical 5-bp microhomology of ‘CTTGG’ shared by 
der(2) and der(18). An additional 1-bp deletion of ‘T’ was identified on 
der(18). The der(2) breakpoint junction fragment sequences were balanced. 
The translocation junction fragments are illustrated at the base pair level in 
Figure 21C. The chromosome 2 breakpoint maps to an intergenic region, 
whereas the chromosome 18 breakpoint truncates intron 1 of the solute 
carrier family 14 member 2 splicing isoform SLC14A2-003 (Table 4). The 
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protein encoded by SLC14A2 belongs to the urea transporter family. It is 
expressed in the inner medulla of the kidney where it mediates rapid 
transepithelial urea transport across the inner medullary collecting duct. 

5.3.3 Exclusion of FOXP2 mutations 
FOXP2 was the first ‘speech and language’ gene discovered (Lai et al. 2001). 
The gene is located at 7q31, and is expressed in the fetal and the adult brain, 
heart, lung and gut (Lai et al. 2001; Fisher et al. 1998). Functional studies of 
FOXP2 in mice (Groszer et al. 2008) and songbirds (Haesler et al. 2007) 
have indicated an important role for modulating plascticity of neural circuits 
(Fisher and Scharff 2009). Heterozygous FOXP2 knockout mice have 
significantly reduced vocalization as pups (Shu et al. 2005). Fifty-two 
percent of individuals affected with FOXP2-related speech and language 
disorder have a large non-recurrent contiguous gene deletion that includes 
FOXP2. About 29% have a FOXP2 sequence variant,  ~11% have maternal 
uniparental disomy of chromosome 7 that reduces FOXP2 expression, and  
~8% have a structural variant (e.g. translocation, inversion) that disrupts 
FOXP2. 

In this study, we used MPS data to investigate patient FOXP2 mutation 
status. We did not detect read pairs that would have inferred insert sizes 
larger than expected. In addition, identified heterozygous common SNPs 
were evenly distributed along the FOXP2 gene. The additional deletion 
analysis also showed normal read counts, thus we were able to exclude large 
deletions in the FOXP2 region (Figure 22). We also screened for previously 
known FOXP2 mutations listed in the Human Genome Mutation Database 
(HGMD®) and the NCBI ClinVar database 
(https://www.ncbi.nlm.nih.gov/clinvar/). No HGMD mutations were 
identified in the patient. Of those nine ClinVar variants that were identified 
in the patient, seven were classified as benign or likely benign, and two were 
of unknown significance. One low-frequency (Finnish MAF = 0.00533) 
coding synonymous ClinVar variant (rs146945410, A>G), predicted to be 
benign or likely benign, was validated by the WES data. 
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Figure 22 FOXP2 deletion analysis. The MPS read depth between the dyspraxia patient and 
two controls show no significant deviations (i.e. no CNVs) in the FOXP2 region. 

5.3.4 Conclusions 
Through our systematic survey of balanced chromosomal rearrangements in 
Finns, we found a carrier with t(2;18)(q21.2;q12.3), verbal dyspraxia and 
delayed speech development. Based on MPS data, we were able to redelineate 
the karyotype and map the exact breakpoints. The chromosome 18 
breakpoint disrupts the SLC14A2 gene at 18q12.3. The SLC14A2 gene 
encodes a renal tubular urea transporter, UT2. Urea is the end-product of 
nitrogen catabolism with a central role in the urinary concentration 
mechanism.  

Excessive ammonia is neurotoxic and it may damage the developing brain 
to varying degrees, depending on the maturational stage and the duration 
and magnitude of ammonia exposure (Braissant et al. 2013). Urea cycle 
disorders (UCD) result from deficits in the metabolism of nitrogen. Ammonia 
and other precursor metabolites accumulate as a result of severe defiency or 
total absence of activity of any of the five urea cycle enzymes 
(carbamoylphosphate synthetase I, ornithine transcarbamylase, 
argininosuccinic acid synthetase, argininosuccinic acid lyase, N-acetyl 
glutamate synthetase) leading to hyperammonemia.  Some Finnish children 
with UCD have been diagnosed with delayed speech development, dysphasia, 
or dysphonia (Siitonen and Salo 2004).  

Abnormally high levels of urea and other nitrogenous waste compounds 
can affect all major organs including the brain. Neurologic manifestations of 
uremia include both CNS complications (e.g. lethargy, encephalopathy, 
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seizures, acute movement disorders, and coma) and peripheral nervous 
system complications (e.g. neuropathy and myopathy) (Hocker 2017). Our 
findings suggest that the disruption of SLC14A2 by a translocation may lead 
to a reduced activity of the renal tubular urea transporter UA-5 in the kidney. 
Unfortunately, clinical data on plasma urea levels were not obtained from the 
patients at the time of the presentation of the symptoms. Slightly elevated 
blood urea levels could imply a possible neurotoxic effect on the developing 
brain, potentially explaning the DVD phenotype of the family. 

 
 

5.4 FILAGGRIN NULL MUTATIONS IN PREDICTING 
TREATMENT RESPONSE IN ATOPIC DERMATITIS 
(STUDY IV) 

Prevalent FLG LoF mutations are the most consistently replicated risk 
factors for AD (Palmer et al. 2006; Ekelund et al. 2008; Chen et al. 2011). 
The essential impact of epidermal barrier dysfunction in AD pathogenesis is 
clear: in AD the epidermis of a patient is significantly impaired, subsequently 
leading to increased susceptibility to microbial infections and colonization as 
well as allergic sensitizations (Lin et al. 2007; Elias and Wakefield 2014). 
Filaggrin is one of the key proteins involved in epidermal barrier 
homeostasis. It is initially expressed as a large polyprotein precursor, 
profilaggrin, which is then subsequently proteolytically processed into 
individual functional filaggrin molecules (Gan et al. 1990). 

FLG null mutations are also well-known risk factors for comorbid AD and 
asthma (Palmer et al. 2007; van den Oord and Sheikh 2009), and they have 
been associated with palmar hyperlinearity, keratosis pilaris, hand eczema, 
and more persistent AD symptoms (Chen et al. 2011; Brown et al. 2008; 
Thyssen et al. 2010; Margolis et al. 2012; Landeck et al. 2013). The 
profilaggrin gene is polymorphic with respect to allele size. Three copy 
number variants (FLG length alleles) have been identified in normal 
European populations, with 10, 11 or 12 FLG repeat alleles present (Gan et al. 
1990). It has been suggested that extra filaggrin repeats may have a 
strengthening effect on the epidermal barrier, and thus a dose-dependent 
effect on AD disease severity (Brown et al. 2012; Li et al. 2016; Quiggle et al. 
2015). The tight junctions (TJ) within the epidermal barrier regulate the 
movement of substances between epithelial cells (De Benedetto et al. 2011). 
Claudins are the most essential components of the TJ, where they control the 
TJ permeability. Reduced expression of CLDN1 and CLDN23 and mutations 
of CLDN1 have been associated with an increased risk of AD (Mitic et al. 
2000; De Benedetto et al. 2011). The possible contribution of several TJ 
proteins and other proteins involved in the structural integrity and function 
of the skin cell envelope remain unclear in the pathogenesis of AD. 



 

 95

The significance of FLG null mutations in predicting AD treatment response 
has not been elucidated, nor has it been previously studied in the Finnish 
population. This study represents the first analysis of the effect of FLG null 
and other epidermal barrier gene mutations in relation to AD in the Finnish 
population. Our primary aim was to assess the allele frequences and effect of 
the 4 most prevalent European FLG null mutations, 2 FLG mutations 
enriched in the Finnish population, and the 12-repeat allele. Our secondary 
aim was to assess the effect of an additional set of variants within 10 essential 
epidermal barrier genes on the risk of AD. The complete list of genotyped 
epidermal barrier gene variants is presented in Table 5. 

5.4.1 FLG allele frequencies 
We investigated FLG allele frequencies in Finnish AD cases and two separate 
population data sets: The Health2000 GenMets cohort (genotype data, n = 
1,710) (http://www.terveys2000.fi/indexe.html) and the SISu data set (WGS 
data, n = 1,941) (http://www.sisuproject.fi). In addition, FLG allele 
frequencies were retrieved from the Exome Aggregation Consortium (ExAC) 
database (http://exac.broadinstitute.org/gene/ENSG00000143631) (Lek et 
al. 2016). The investigated FLG mutations included the four most prevalent 
European mutations p.(R501*), c.2282_2285del4, p.(R2447*), p.(S3247*), 
two mutations enriched in the Finnish population (p.(S1020*), p.(V603M), 
and the 12-repeat allele (rs12730241).  

In line with earlier studies, the allele frequencies for p.(R501*) and 
c.2282_2285del4 were significantly higher in our study group consisting of 
mostly (88%) adult AD patients compared to controls (Palmer et al. 2006; 
Ekelund et al. 2008; Weidinger et al. 2008).  However, the combined allele 
frequency for p.(R501*), c.2282_2285del4, p.(R2447*), and p.(S3247*) was 
only 5.62%. We had expected to observe higher frequencies based on 
previous findings indicating that FLG null mutations increase the persistence 
of AD symptoms, and that the majority of adult AD patients have persistent 
disease (Margolis et al. 2012).  

In line with other European populations, p.(R501*), c.2282_2285del4 
and p.(R2447*) were the most prevalent LoF mutations in the Finnish 
population sample of 3,300 individuals. Interestingly, the population carrier 
frequencies for p.(R501*), c.2282_2285del4 and p.(S3247*) were remarkably 
lower compared with other European populations, in spite of the high 
prevalence of AD in Finland. We did not identify any further FLG null 
mutions enriched in the Finnish population from the ExAC data search, 
suggesting that additional FLG LoF null mutations are not expected to have 
major effect on AD in Finland. 
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5.4.2 Association analysis 
Of the 59 genotyped variants, we excluded 26 due to their monomorphic 
status or unreliable clustering. One CLDN20 marker failed HWE test in 
controls with p = 0.0007 and was excluded from the analysis. A total of 32 
variants were screened successfully from 445 cases and 1664 controls (Table 
5). 

When we tested for the association of individual FLG null mutations, 
p.(R501*) and c.2282_2285del4 had significant associations while 
p.(R2447*) showed a suggestive association with the risk of AD.  For testing 
the FLG null aggregate effect we chose those FLG null mutations with 
association in our original discovery analysis: p.(R501*), c.2282_2285del4, 
and p.(R2447*). Variants p.(S3247*), p.(S1020*) and p.(V603M) with low 
allele frequency and no association were not included in the combined FLG 
null genotype. Having any of the three FLG null mutations was significantly 
associated with AD in the combined analysis. 

In addition to the overall risk of AD, genetic association was tested for 
response to treatment, clinical features, and the risk of other atopic diseases. 
The mean length of follow-up period of the AD patients was 1.4 years. Early-
onset AD (<2 years of age), asthma, and palmar hyperlinearity showed 
significant associations with the combined FLG null genotype, whereas 
keratosis pilaris showed suggestive association. Even though the numbers of 
mutation-positive carriers for the individual FLG null mutations were low, 
c.2282_2285del4 was significantly associated with early-onset AD and 
suggestively associated with asthma.  p.(R501*) associated significantly with 
early-onset AD and asthma, and suggestively with keratosis pilaris. 
p.(R2447*) was suggestively associated with early-onset AD. No association 
was observed with IgE, atopic hand eczema, dermographism, or HSV 
infections. However, the baseline IgE values were higher in FLG null 
patients. The combined and individual FLG null p-values for AD and 
different phenotypic features of AD are presented in Table 6. 

The baseline AD severity (assessed by EASI, Rajka & Langeland score or 
IGA) did not differ significantly between FLG null and wild-type groups. The 
main skin treatment regimens included topical calcineurin inhibitors, topical 
corticosteroids, and their combination. Only ~2% of the patients were treated 
with systemic therapy in combination with topical therapy. There were no 
significant differences in treatment between FLG null and wild-type patients. 
Neither the individual FLG null mutations nor the combined FLG null 
genotype correlated with treatment response. Positive treatment response 
was similar in the FLG null (70.9%) and wild-type (72.2%) patient groups. 

The screening of the additional set of variants within ten genes implicated 
in epidermal barrier function did not yield significant associations with AD. 
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Table 6 Combined and individual FLG null p-values for atopic dermatitis (AD) and different 
phenotypic features of AD. 

 

5.4.3 FLG intragenic copy number variation 
Unexpectedly, and deviating from previous findings (Brown et al. 2012; Li et 
al. 2016; Quiggle et al. 2015), having two FLG 12-repeat alleles (24 copies) 
was more common in AD patients (3.6%) than in controls without AD 
(2.8%). Furthermore, it was significantly associated with the risk of AD. 
Early-onset AD was suggestively associated with having two 12-repeat alleles. 
The observed association may be caused by linkage of the 12-repeat allele to 
an unrecognized Finnish-specific FLG null mutation. It is worth noting that 
rs12730241 is known to tag the 12-repeat allele in the Irish population 
(Brown et al. 2012), thus mutation screening by sequencing would validate 
the linkage also in Finns. Sequencing could also reveal the existence of a 
potential unrecognized FLG null mution in Finns. Furthermore, additional 
size variant alleles may exist in the Finnish population. 

5.4.4 Conclusions 
Several studies have shown the essential role of FLG null mutations in AD, 
allergic sensitization, rhinitis, and asthma with comorbid AD (Ekelund et al. 
2008; Palmer et al. 2006; Palmer et al. 2007; van den Oord and Sheikh 
2009; Brown et al. 2009; Thyssen et al. 2010; Margolis et al. 2012; 
Weidinger et al. 2008; Flohr et al. 2010). It has been demonstrated in several 
European populations that 14-42% of AD patients carry FLG null mutations 
(Irvine 2007; Rodriguez et al. 2009; Baurecht et al. 2007). Our study 
represents the first analysis of FLG null and other barrier gene mutations in 
Finland.  
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The recent discovery of the enrichment of rare and low-frequency variants in 
isolated populations encouraged us to test whether LoF variants in selected 
epidermal barrier genes enriched in the Finnish population might have 
pathogenic effects in AD. Altogether seven LoF variants in FLG, FLG2 and 
CLDN20 were selected from the recent study by Lim et al (Lim et al. 2014). 
However, the selected variants did not provide significant results in the 
context of AD in this study. 

Our study managed to replicate the association of FLG null mutations 
with asthma and comorbid AD. FLG null mutations were also confirmed as 
risk factors for early-onset AD, as reported previously (Flohr et al. 2010; 
Rupnik et al. 2015). In the Finnish AD population, FLG null mutations did 
not show association with other atopic comorbidities, allergic rhinitis or 
allergic conjunctivitis.  

Comorbid asthma can be considered a sign of a more severe atopic 
disease. However, when we defined disease severity as the severity of skin 
symptoms, higher IgE values, and hospitalization due to AD, we did not see 
associations with FLG null mutations. It is possible that the primary 
epidermal barrier defects do not play as significant a role as the 
immunological changes in the atopic march. 

The contribution of FLG null mutations to AD treatment response was a 
central question in this study. Surprisingly, long-term treatment outcome 
was not associated with patient FLG null status. Thus, the FLG null 
mutations assessed in this study do not seem to be useful as treatment 
response-predicting biomarkers in the clinical follow-up of AD patients. 
However, the contribution of FLG null mutations may be obscured by variety 
in treatment modalities and compliance as well as external factors. 

In spite of the significant effects of FLG null mutations in the Finnish AD 
patients, they cannot explain the total burden of AD. Considering the 
observed notably lower overall FLG null mutation frequency in both AD 
patients and population controls, we suggest the possibility of contributions 
from other skin barrier or immunological genes to the Finnish FLG-
independent cases (Ekelund et al. 2008; Venkataraman et al. 2014; 
Weidinger et al. 2008; van den Oord and Sheikh 2009; Brough et al. 2014). 
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6 CONCLUDING REMARKS AND FUTURE 
PROSPECTS 

Mapping of disease-associated balanced chromosomal rearrangements 
(DBCRs), which can truncate or otherwise inactivate specific genes, has been 
instrumental for identifying genomic regions associated with human disease, 
including both monogenic and complex diseases. Balanced chromosomal 
rearrangements are heterogeneous and associated with a plethora of traits 
and abnormal phenotypes. Therefore an optimal exploitation of DBCRs 
requires large-scale concerted efforts, and both nation-wide and 
international networks of participating laboratories. In Finland, our research 
group has contributed to this effort by establishing a systematic survey of 
balanced chromosomal rearrangements in Finns. In addition, we are 
members of the International Breakpoint Mapping Consortium (IBMC), 
organized by the Wilhelm Johannsen Centre for Functional Genome 
Research, Denmark.  Through these projects, a large number of balanced 
chromosomal rearrangements have been collected and are now accessible as 
a unique resource for the identification of human genotype-phenotype 
associations. Currently fifty Finnish balanced translocation samples are 
being mate pair sequenced in Denmark by the IBMC consortium. The 
collaboration will likely continue, thus we are expecting to identify novel 
DBCRs in the future. 

The essential role of balanced chromosomal rearrangements in disease 
has been established since the identification of the Philadelphia chromosome 
in chronic myelogenous leukemia almost 60 years ago (Nowell and 
Hungerford 1960). Ever since, structural variations (deletions, duplications, 
insertions, inversions and translocations) have been recognized as causative 
or susceptibility factors to a number of traits referred to as genomic disorders 
(Stankiewicz and Lupski 2010). However, because balanced chromosomal 
rearrangements do not result in large gains or losses of genetic material at 
the breakpoint, they have gone undetected in routine clinical genome-wide 
microarrays (aCGH, SNP genotyping arrays). Moreover, even though 
balanced chromosomal rearrangements are visible with the light microscopy, 
clinical mapping methods, including karyotyping and FISH, are too 
imprecise for the exact characterization of the breakpoints. The development 
of the NGS-based whole-genome mate pair sequencing (MPS) method has 
allowed large-scale systematic mapping of balanced chromosomal 
rearrangements at reasonable cost and throughput, and essentially unlimited 
resolution. Importantly, rapidly accumulating data from MPS delineation of 
rearrangement breakpoints to base pair resolution has revealed unexpected 
sequence complexity as an underlying feature of karyotypically balanced 
alterations. One major challenge with BCRs is that they have targets beyond 
the coding part of the genome, including genomic landscapes associated with 
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long-range position effects, and recently identified topologically associating 
domains.  

The spatially, temporally and quantitatively correct expression of genes 
requires not only the presence of an intact coding sequence, but also 
correctly functioning regulatory control. A position effect is a deleterious 
change in the level of gene expression brought about by a change in the 
position of the gene relative to its normal chromosomal environment, but not 
associated with an intragenic mutation or deletion. Cases associated with 
rearrangement outside the transcription and promoter region, as discovered 
also in this thesis (study II), may provide important insights into the 
mechanisms of gene regulation and transcriptional control.  

The function of the vast majority of the three billion base pairs of the 
human genome still remains unknown. A seminal large-scale project for the 
systematic delineation of regions of transcription, transcription factor 
association, chromatin structure and histone modification has been the 
Encyclopedia of DNA Elements (ENCODE) (ENCODE Project Consortium et 
al. 2012). The ENCODE Project has assigned biochemical functions for over 
80% of the genome, in particular outside of the protein-coding regions, 
providing a valuable resource to the scientific community. 

Similar to balanced translocations, LoF variants can have a dramatic 
effect on gene function through gene knockouts. Recent studies have 
demonstrated that isolated populations with recent bottlenecks have 
deleterious low-frequency (0.5-5%) variants present at higher frequencies, 
and a substantial reduction in rare neutral variation when compared to the 
general population worldwide. Reflecting upon these findings, in this thesis I 
studied the effect of a set of Finnish enriched epidermal barrier gene LoF 
variants in the context of atopic dermatitis. The LoF variants were chosen 
from a systematic survey of the distribution and medical impact of LoF 
variants identified as rare, likely deleterious, and markedly enriched in the 
Finnish population  (Lim et al. 2014). As one might have expected, 
considering the unique genetic structure in Finland, we observed notably 
lower allele frequencies for certain AD susceptibility variants in comparison 
to non-Finnish Europeans. This finding suggests the existence of 
susceptibility variants unique to the Finnish population. In following work, 
we will focus on specific immune system genes implicated in AD, and address 
this question from the point of view of immune system dysregulation 
utilizing a targeted exome sequencing approach. 

The ultimate aim of genetic studies is the clinical translation of basic 
research discoveries into better ways to prevent, diagnose and treat disease. 
New insights are becoming available as current human genomic 
methodologies are developing at a breathtaking pace. During the past few 
decades, genome-wide GWAS and NGS technologies have revolutionized 
gene discovery in both complex and Mendelian diseases. Thus, the 
application of WGS and WES approaches in the routine diagnosis of clinical 
patients is on the horizon. Yet WGS and WES studies are challenged by the 
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allelic heterogeneity, modest effect sizes and large numbers of neutral 
variants. Currently, interpretation of the clinical significance of both coding 
and non-coding genetic variation is one of the biggest challenges to 
overcome. Sophisticated statistical approaches and novel genome editing 
tools, such as CRISPR-Cas9, have the potential to elucidate the function of 
specific genes and regulatory elements. 
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