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Abstract

Entesarian, M. 2009. Molecular Genetic Studies of ALSG, Kostmann Syndrome and a
Novel Chromosome 10 Inversion. Acta Universitatis Upsaliensis. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Medicine 448. 57 pp. Uppsala.
ISBN 978-91-554-7493-5.

In summary, this thesis presents the localisation and identification of genetic variants of which
some are disease associated and some considered to be neutral. Knowledge of the basic
mechanisms behind human disorders is important both from a biological and medical point of
view.

The thesis is based on four papers of which the first two clarify the genetic basis of autosomal
dominant aplasia of lacrimal and salivary glands (ALSG). ALSG is a rare disorder with high
penetrance and variable expressivity characterized by dry mouth and eyes. In paper [, we located
the ALSG gene to a 22 centiMorgan region on chromosome 5 through a genome-wide linkage
scan with microsatellite markers in two families. Mutations were found in the gene encoding
fibroblast growth factor 10 (FGF10) situated in the linked chromosome 5 region. Mice having
only one copy of the FGFI0 gene (Fgf10” mice) have a phenotype similar to ALSG, providing
an animal model for the disorder. In paper II, we describe two additional patients with ALSG
and missense mutations in FGF10, providing further genotype-phenotype correlations.

The aim of paper I1I was to identify a gene involved in autosomal recessive severe congenital
neutropenia (SCN), also referred to as Kostmann syndrome. The disease is characterized by
a very low absolute neutrophil count and recurrent bacterial infections. Affected individuals
from the family with SCN originally described by Dr Kostmann were genotyped with whole-
genome SNP arrays. Autozygosity mapping identified a shared haplotype spanning 1.2 Mb on
chromosome 1q22. This region contained 37 known genes, of which several were associated
with myelopoiesis. Our finding contributed to the identification of the gene mutated in
Kostmann syndrome.

In paper IV a cytogenetic inversion on chromosome 10 was mapped and characterized.
Sequence- and haplotype analysis of carriers from four non-related Swedish families revealed
identical inversion breakpoints and established that the rearrangement was identical by descent.
A retrospective study of karyotypes together with screening of large sample sets established that
the inversion is a rare and inherited chromosome variant with a broad geographical distribution
in Sweden. No consistent phenotype was found associated with the inversion.

Genetic research increases the understanding of our genomes and makes it possible to
discover variants contributing to disease. Identification of such genetic variants further enables
studies of gene function and pathogenesis. The finding of the disease associated variants in this
thesis will eventually contribute to improved diagnosis, prognosis, risk assessment and a future
treatment of patients.
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LucKk is infatuated with the efficient.

Persian proverb
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Introduction

The human genome
History of genetics

Gregor Mendel is considered by many as the founder of genetics. He was
born in 1822 and resided as an Augustinian monk at St Thomas Monastery
near Briinn, Austria (now Brno, Czech republic)’. Between the years 1856
and 1863 he conducted experiments in plant hybridization in the
Monastery’s garden®. He studied transmission of dominant and recessive
characters in the annual garden pea, Pisum. A trait is dominant if it is
expressed in the heterozygote and recessive if it is not. In 1866 Mendel
published the paper “Experiments on Plant Hybrids” which contains
statistical analysis of his hybridization data and mathematical models of the
laws of heredity®. The two laws of heredity that he formulated (the law of
segregation and the law of independent assortment) are today known as
Mendel’s laws. In 1944 Oswald Avery, Colin McLeod and MacLyn Mc
Carty demonstrated through studies of bacterial transformation that genes are
made up of the chemical substance deoxyribonucleic acid (DNA)’. James
Watson and Francis Crick proposed the double helix structure of DNA in
1953*. Their model of specific base pairing suggested a possible replication
mechanism for the genetic material.

Chromosome structure

With the exception of some terminally differentiated cells, all cells in the
human body contain DNA. Most of the cell’s DNA is present in the nucleus
and a small amount is present in the mitochondria. Our DNA holds genetic
instructions that are fundamental for development and organ functioning. A
human cell contains about 2 meters of DNA®, which is efficiently packed
and condensed into the three dimensional structure of chromosomes (Figure
1). The middle of the chromosome is called the centromere and the regions
of repetitive DNA at the distal tips are called telomeres. Each chromosome
has two arms, named p (the short arm) and q (the long arm). The mixture of
DNA and proteins comprising the chromosomes is called chromatin. The
primary structure of chromatin consists of a fiber of 10 nm in diameter
which resembles beads on a string®. The beads are called nucleosomes
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containing octamers of histones onto which 147 base pairs (bp) of DNA is
wrapped around’. Adjacent nucleosomes are connected by a short segment
of spacer DNA. Mobilization and remodelling of nucleosomes are important
for processes such as DNA replication, recombination, repair and
transcription’. The nucleosomes are coiled into a condensed chromatin fiber
called the 30 nm fiber’. Biochemical and electron micrograph studies
indicate that the nucleosomes are arranged in a zigzag manner within the 30
nm fiber’. The chromatin is then even further compacted or “supercoiled”
through the folding in the chromosomes. Regions of highly condensed
chromatin are called heterochromatin whereas the open, extended
conformation is known as euchromatin.

Chromosome
Chromatid |Chromatid

Figure 1. Packaging of DNA in the cell. The DNA in the nucleus is condensly
packed at different levels (Illustration from Talking glossary of Genetic Terms,
National Human Research Institute (NHGRI)).
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The human karyotype

Most cells of our body are diploid and the normal human karyotype contains
22 pair of autosomes (nonsex chromosomes) and one pair of sex
chromosomes (either XY or XX) (Figure 2). Before a cell divides the
number of chromosomes is duplicated through DNA replication. There are
two types of cell division: mitosis and meiosis. Mitosis is the process in
which a cell separates the replicated chromosomes, into two identical sets in
two daughter nuclei. Meiosis is necessary for sexual reproduction and
involves two cell divisions to separate the replicated chromosomes into four
haploid gametes. Pairing and genetic recombination between homologous
chromosomes occur during meiosis. Sometimes chromosomal abnormalities
occur in cells. These abnormalities can be divided into two groups:
numerical and structural abnormalities. Numerical chromosomal
abnormalities include gain or loss of entire chromosomes, caused by
malsegregation during mitosis or meiosis. Structural chromosomal
abnormalities involve one or several chromosomes with deviant shape and
are caused by incorrect repair of chromosome breaks or recombination of
mispaired chromosomes. Examples of structural chromosomal abnormalities
are deletions, duplications, translocations, insertions and inversions.
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Figure 2. Human karyotype. Humans have 22 pair of autosomes and one pair of sex
chromosomes. DNA staining enables studies of the number, type, shape and banding
of the chromosomes (Illustration from Talking glossary of Genetic Terms, National
Human Research Institute (NHGRI)).
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Ribonucleic acid

The human genome is pervasively transcribed, which means that the
majority of its bases can be found in primary transcripts®. Transcription is
the synthesis of ribonucleic acid (RNA) from DNA by the enzyme RNA
polymerase. RNA transcripts have many different roles in the cell. They can
be biologically active molecules [eg ribosomal RNA (rRNA) or transfer
RNA (tRNA)] or be involved indirectly by encoding other active molecules
[eg messenger RNA (mRNA)J®. Mammalian genes are commonly composed
of several relatively small exons that are interspersed between much longer
stretches of non-coding DNA, introns. To accurately identify and join
together RNA sequences that code for proteins, the introns must be excised
from the pre-mRNA and the exons joined together. This is called splicing
and is catalyzed by the spliceosome which is a large RNA-protein complex.
Small nuclear RNAs (snRNAs) guide splicing of pre-mRNAs’. Some genes
can be alternatively spliced, which means that they can use different sets of
splice junction sequences to produce alternative transcripts. This gives rise to
different protein isoforms from the same gene. Alternative splicing is
responsible for much of the complexity of the proteome'’. Translation is the
process in which a protein is synthesized through the assembly of amino
acids using the information in mRNA as a template. Ribosomes are
complexes of proteins and rRNAs involved in translation. The rRNAs have a
catalytic function and provide a mechanism for decoding mRNA into amino
acids and also interact with the tRNAs during translation. The tRNAs guide
amino acids to the ribosomal site of protein synthesis during translation so
that a polypeptide is assembled.

Although there is a broad amount of transcription across the human
genome, a significant portion of the transcriptome has little or no protein-
coding capacity''. Transcripts which are not translated are called non-protein
coding RNAs (ncRNAs)®. These include structural RNAs (as the
aforementioned snRNAs, rRNAs and tRNAs) and more recently discovered
regulatory RNAs [eg microRNA and small interfering RNA (siRNA)].
MicroRNAs and siRNAs down-regulate expression of genes; microRNAs
mostly by binding to their mRNAs and thereby inhibiting their translation
and siRNAs through targeting mRNAs for degradation’. Twenty to thirty per
cent of animal mRNAs are considered to be targets of post-transcriptional
gene regulation by microRNAs, and individual microRNAs often have more
than 100 targets'’. Pseudogenes are considered to be non-functional copies
of genes, some of which are transcribed®. Pseudogenes can arise by gene
duplication or retroposition"’. Nonprocessed pseudogenes contain sequences
corresponding to exons and introns whereas processed pseudogenes contain
the exonic sequences of an active gene. Pseudogenes drift from their
ancestral sequence more slowly than expected by chance, implying some
pseudogene sequences are under evolutionary selection to retain the ability
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to produce antisense transcripts targeting their cognate genes'®. Another kind
of ncRNAs described in literature are long non-coding RNAs. These
ncRNAs are longer than 200 nucleotides and can regulate gene-expression
through a diversity of mechanisms, including chromatin modification,
transcription and post-transcriptional processing''. There are probably many
more RNA species yet to be discovered and classified.

Gene definition

The human genome project was initiated in 1990 with the goal of obtaining a
very accurate sequence of the euchromatic portion of the human genome
serving as a permanent foundation for biomedical research". The sequencing
of the human genome has proceeded in phases. The current genome
sequence consists of 3.09 Gbp (NCBI build 36.3) and encodes
approximately 20,000-25,000 protein-coding genes'. The concept of the
gene has been modified many times during the last century. The classical
view of a gene as a discrete element in the genome (each coding for one
protein) has been challenged by non-coding RNA and the ENCyclopedia Of
DNA Elements (ENCODE) project. The ENCODE project characterizes the
transcriptional activity and regulation of the genome using tiling arrays'® and
was launched in 2003 with the intention to indentify all functional elements
in the human genome'’. Aligning and comparing sequences makes it
possible to identify conserved sequence signatures and enrich for coding and
noncoding functional regions'™. Sequence conservation across large
evolutionary distances is often associated with a functional role. The new
findings give a much more complex picture of the human genome and create
the need for an updated gene definition. A proposed updated definition of a
gene is: “A gene is a union of genomic sequences encoding a coherent set of
potentially overlapping functional products™'®. With this new definition,
genotype still determines phenotype which means that the DNA sequence
determines the sequence of the functional molecule. In the simplest case
where the gene is continuous or there are no overlapping products, one DNA
sequence still codes for one protein or RNA molecule. According to the new
definition, different RNAs or proteins which overlap in their usage of DNA
sequence can be considered as one gene.

Interspersed repetitive DNA

Interspersed repeats, also known as transposable elements (TEs), are mobile
DNA sequences found throughout the genome. TEs were first discovered by
Barbara McClintock through her studies of corn in the 1940s and 1950s'.
Transposable elements constitute large fractions of most eukaryotic
genomes, composing nearly 50% of the human genome™. TEs affect the
genome by their ability to move and replicate. The high density of TEs
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jeopardizes our genome by causing genomic mutations and genomic
alterations when inserted. They can also cause genomic rearrangements
through recombination between nonallelic homologous TE sequences”'. TEs
can also act on neighbouring genes by altering splicing and polyadenylation
patterns, or by working as enhancers or promoters®’. TEs can be classified by
the presence or absence of an RNA transposition intermediate®. They can
also be classified according to their degree of mechanistic self-sufficiency™.
Autonomous transposable elements produce all the proteins that are required
for transposition. Non-autonomous transposable elements are dependent on
the proteins produced by autonomous elements of the same element family
to transpose. Class I TEs all transpose via an RNA intermediate”. The
original transposon is maintained in sifu, where it is transcribed. Its RNA
transcript is then reverse transcribed into DNA and integrated into a new
genomic position. Class I can be divided into five orders: long terminal
repeat (LTR) retrotransposons, DIRS-like elements, Penelope-like elements,
long interspersed nuclear elements (LINEs) and short interspersed nuclear
elements (SINEs)™. LTR retrotransposons range from a few hundred base
pairs up to, sometimes, 25 kb. They have flanking LTRs from a few hundred
base pairs up to 5 kb in size. LINEs can reach several kilobases in length and
do not have LTRs. SINEs are small (80-500 bp) and non-autonomous. Class
II TEs (DNA transposons) move through a cut and paste mechanism.

DNA variation in humans

Genetic variation

New estimates of interchromosomal difference in humans reveal that only
99.5% similarity exists between the two chromosomal copies of an
individual®. Differences in our genome are called genetic variations.
Genetic variants with a population frequency above 1% are considered as
polymorphisms. Variation in the human genome is present in many forms
(Figure 3). The most common polymorphism in the human genome is the
single nucleotide polymorphism (SNP). Almost all SNPs are diallelic and the
alleles are referred to as the “major allele” or “minor allele” based on their
observed population frequency. On average there is one SNP every 200 bp in
the human genome, although many of them are rare”. Most SNPs reside
outside the coding regions of genes or in intergenic regions. There are
approximately 6 million common SNPs (minor allele frequency of 5-20%) in
the human genome™. The International HapMap Project was launched in
2002 with the aim of providing a public resource of common genetic
diversity to accelerate medical genetic research®®. By mapping and
understanding the patterns of common genetic diversity in the human
genome the search for genetic causes of human disease can be facilitated’.
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HapMap currently contains SNP genotypes and common haplotypes from
eleven different populations (http://www.hapmap.org).

Microsatellites are another type of highly abundant polymorphism in
eukaryotic genomes®. They have high levels of heterozygosity and are
present at more than 100 000 regions in the genome®. Microsatellites are
tandem repeats of 1-6 bp motifs. Microsatellites are highly polymorphic and
have a high mutation rate (10* to 107 per locus per generation) due to
polymerase template slippage during DNA replication of adjacent repeat
motifs®,

Besides SNPs and microsatellites there is also structural variation in the
human genome. Structural variants are defined as genomic alterations that
involve DNA segments larger than 1 kb*’. Structural variation can be divided
into microscopic and submicroscopic variants. Variants which are 3 Mb or
larger in size are considered as microscopic structural variants while
submicroscopic variants range from 1 kb to 3 Mb in size’®. Microscopic
structural variants can be identified through chromosome banding or
fluorescence in situ hybridization (FISH) while submicroscopic variants
demands for techniques with higher resolution like comparative genome
hybridization (CGH) arrays or whole-genome SNP arrays. Examples of
structural variants are segmental duplications and copy-number variants
(CNVs). A segmental duplication is defined as duplication of a DNA
segment longer than 1 kb with >90% sequence identity’'. Segmental
duplications constitute approximately 4% of the human genome®'. A CNV is
a DNA segment of 1 kb or more present at a variable copy number in
comparison with a reference genome™. CNVs can be insertions, deletions or
duplications. CNVs can cause disease if the different copy number of a gene
influences the quantity of the gene product®. Studies of CNVs in mice show
that expression levels of genes within CNVs tends to correlate with copy
number changes and that the CNVs also have an effect on nearby genes®”. A
population analysis of large CNVs established that variants larger than 500
kb are present in 5-10% of individuals, and variants greater than 1 Mb in 1-
2%”. The same study found that rare CNVs contain more genes than
common ones and that homozygous deletions are especially gene poor. This
is consistent with the theory that large CNVs are deleterious in relation to
both their size and gene content™.
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Chromosome 1
SNP Microsatellite CNV

G TATATATATATATATA

Chromosome 2

SNP Microsatellite CNV

C TATATATATATA

Figure 3. Examples of human genetic variation. Chromosome 1 has the G allele for
the SNP while chromosome 2 has the C allele. Chromosome 1 has a longer
microsatellite (TA-repeat) allele than chromosome 2. In chromosome 2 the orange
sequence is duplicated, compared to chromosome 1.

Whole genome sequencing

The development of new sequencing techniques like the 454 pyrosequencing
technology, Solexa sequencing-by-synthesis technology and the Supported
Oligonucleotide Ligation and Detection (SOLiD) platform technology can
make whole genome sequencing a standard component of biomedical
research and patient care®*. Whole genome sequencing of human genomes
will also give a clearer picture of the genetic variation in our genomes and
allows for detection of rare variants. The new techniques have improved
speed, accuracy, efficiency and cost-effectiveness compared to Sanger
sequencing®. They allow for cloning-free amplification, and the use of
single-molecule templates enables the detection of heterogeneity in a DNA
sample®. A limitation with the next-generation sequencing techniques are
the short read lengths which are difficult to align if the read is repeated
elsewhere in the genome or if the read harbours variations compared to the
reference sequence”.

Different forms of mutations

Mutations are changes in the nucleotide sequence of human DNA which can
be responsible for both normal DNA variation of our species and disease’’.
Over the past decades the development of novel DNA technologies has led
to a great advance in the analysis and diagnosis of inherited human disorders
through the cloning of many new disease genes. Various types of mutations
have been detected and characterized in a large number of different human
genes’’. Databases of mutations that summarize information and contain or
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point to original or other sources of data play a relevant role in research as
well as in diagnostic and general health care®®. There are two large databases
that record mutations associated with human phenotypes: Online Mendelian
Inheritance in Man (OMIM)® (http://www.ncbi.nlm.nih.gov/omim) and the
Human Gene Mutation Database (HGMD)*’ (www.hgmd.org). McKusick’s
Online Mendelian Inheritance in Man, a knowledgebase of human genes and
phenotypes, originated with a book, Mendelian Inheritance in Man
published in 1966°°. The content of OMIM is based exclusively on published
biomedical research literature and is updated daily’’. HGMD contains data
from more than 500 different life-science and medical journals, of which
Human Mutation and The American Journal of Human Genetics make up the
major part”’. Single base pair substitutions (missense, nonsense, splicing and
regulatory mutations) represent the majority (68%) of mutations recorded in
the HGMD as of February 6" 2009 (Professional version). Of these,
missense nucleotide substitutions comprise 45% of the total entries. Small
deletions (16.5%) and small insertions (6.5%) are also frequent. Gross
lesions (deletions, insertions and duplications), repeat variations and
complex rearrangements are also found in the database.

The correct classification of mutations is important for understanding the
structure-function relationships in the affected protein, for estimating the
phenotypic risk in individuals with familial disease predispositions and for
developing new therapies'®. For most genes the correct coding of each
nucleotide in the DNA sequence is essential for the correct assembly,
property and function of the gene product. Single nucleotide substitutions in
the coding regions that do not alter splice site consensus sequences are
generally considered as missense, nonsense or silent mutations. Single
nucleotide substitutions that occur in introns and that affect the classical
consensus splice-site signals are regarded as splicing mutations'’. Splicing
mutations can induce exon skipping, intron retention, activation of cryptic
splice sites or alter the balance of alternatively spliced isoforms and thereby
cause disease phenotypes’'. Mutations in regulatory regions can also affect
transcription, splicing and translation. Mutations that modify the pre-mRNA
secondary structure can alter the display of target RNA sequences and
thereby have an affect on the splicing efficiency®'. Nonsense mutations are
commonly assumed to produce truncated proteins, whereas missense
mutations are presumed to identify functionally or structurally important
amino acids'®. Small insertions and deletions can cause frameshift mutations,
which alter the normal translational reading frame if they are not a multiple
of three. Premature termination codons, whether they arise from nonsense or
frameshift mutations or as a result of exon skipping usually trigger nonsense-
mediated mRNA decay'’. This cellular mechanism ensures mRNA quality
by degrading mRNAs that contain a premature termination codon.
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Epigenetics

Epigenetics is the study of heritable changes in gene expression that do not
involve a change in DNA sequence. The changes can be transmitted through
meiosis or mitosis to daughter and progeny cells. Examples of epigenetic
mechanisms are DNA methylation, imprinting and changes in chromatin
conformation.

In mammals cytosine methylation is almost exclusively limited to CpG
dinculeotides’. About 80% of CpG dinucleotides in mammals are methylated
at the carbon atom 5 of cytosine. Unmethylated CpG dinucleotides are
mainly found in CpG islands close to promoters*™. Cytosine methylation
patterns have roles in many different processes including development and
silencing of parasitic elements and at least a portion of cytosine methylation
is heritable®. After DNA replication the newly synthesized strand will
receive the same CpG methylation pattern as the parental strand, making it
possible to transmit the methylation pattern to the daughter cell.

Genomic imprinting involves differences in allele expression according to
parent of origin. Either the maternally or paternally inherited allele is
repressed. This leads to unequal expression of the maternal and paternal
alleles for a diploid locus*. An important factor in maintaining the imprinted
status during cell division is allele-specific DNA methylation. In addition to
serving as an allelic mark to distinguish parental alleles, DNA methylation
can also repress transcription and play a role in allele-specific silencing of
imprinted genes™®.

Chromatin conformation can also affect gene transcription. In general,
acetylation of the nucleosomal histones is associated with unfolding and
accessibility of chromatin making it transcriptionally active”. In
transcriptionally active chromatin the gene promoter regions are typically
unmethylated. Deacetylation of histones promotes repression of gene
expression through condensation of chromatin. Condensed and
transcriptionally inactive chromatin is often also associated with DNA
methylation.

Monogenic disorders

Monogenic disorders, also called Mendelian disorders, are caused by
mutation in a single gene and follow the laws of inheritance described by
Gregor Mendel. There are five basic Mendelian inheritance patterns (Figure
4):

Autosomal dominant disorders affect both males and females and can
be transmitted through either sex. Affected individuals are seen in each
generation and these are heterozygous for the mutated allele. Examples of
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autosomal dominant disorders are achondroplasia® and Huntington's
disease™.

Autosomal recessive disorders also affect either sex. Affected
individuals are usually born to healthy parents who are carriers. Only
individuals homozygous for the mutated allele are affected. Consanguinity
increases the risk of a recessive disorder. Cystic fibrosis*’, phenylketonuria*
and Kjellin syndrome*’ are examples of recessive disorders.

X-linked recessive disorders affect mainly males and the disorder is
transmitted through healthy female carriers. None of the offspring of an
affected male are affected but all his daughters are obligate carriers.
Anhidrotic ectodermal dysplasia®® and hemophilia® are inherited in an X-
linked recessive fashion.

An X-linked dominant disorder affects either sex, but more females
than males. An affected male passes the disorder to all his daughters. An
example of X-linked dominant disorder is vitamin-D resistant rickets™.

In Y-linked disorders only males are affected, with transmission from
father to son. There are probably no Y-linked disorders apart from disorders
of male sex determination®' and function®.

Most Mendelian disorders are rare but since they are so many different
ones, the monogenic phenotypes have a tremendous power in helping to
classify and understand human diseases™. The identification of genes
involved in human disease in combination with the study of their regulation
as well as their pathogenic mutations help elucidate their function. This also
enables better diagnosis and treatment for the patients. Many disorders that
were initially characterized as being monogenic have later proven to be
either caused or modified by a small number of loci**. There probably exists
a conceptual continuum between classical Mendelian disorders and complex
traits”’. In complex traits both genes and environment are involved. A
mutant gene that gives rise to a monogenic disorder can contribute to the
understanding of a similar complex disease. One example is the discovery of
mutations in the adenomatous polyposis coli gene in hereditary colon cancer,
which led to the discovery of mutant alleles of additional genes that also
cause or predispose to colon cancer’. Common genetic variations detected
in genes causing rare genetic disorders (often severe and early-onset types)
have been found to be risk factors for common diseases with similar
phenotypes. One example is autosomal dominant mutations in six genes
causing maturity-onset diabetes of the young, where variations in the same
genes are associated with the susceptibility to type 2 diabetes®.
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Figure 4. Mendelian inheritance patterns. Squares depict males; circles depict
females. Filled symbols denote affected individuals; open symbols denote
unaffected individuals; spotted symbols denote carriers. (a) Autosomal dominant. (b)
Autosomal recessive. (c) X-linked recessive. (d) X-linked dominant. (e) Y-linked.
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Methods

Linkage analysis

Genetic markers can be used to map an inherited disorder to a specific
chromosomal location. The inheritance of markers in healthy and affected
members of a family with the disorder is then studied. Polymorphic
microsatellites (di-, tri- or tetranucleotide repeats) and single nucleotide
polymorphisms (SNPs) can be used as genetic markers. These are numerous
in the human genome, often informative and easy to genotype. If a marker is
close enough to the disease locus it will be inherited together with it, because
of the low chance of recombination between the loci. This phenomenon is
called linkage. In the case of an autosomal recessive disorder you search for
a marker for which the affected individuals are homozygous and all the
carriers are heterozygous. When mapping an autosomal dominant disorder, a
marker allele present in all the affected family members but not in the
healthy is required for linkage. There are statistical tests for linkage that use
assumptions such as mode of inheritance, allele frequencies and
penetrance™®. Logarithm of the odds (LOD) score analysis is a popular and
efficient way to analyze pedigrees for linkage. The method originated in an
article by Morton in 1955”. LOD score (Z) is a measure of the likelihood of
genetic linkage between two loci. Two loci are linked if they are inherited
together more often than expected by chance. LOD scores are a function of
the recombination fraction (0). The best estimate of 0 is that which
maximises the lod score function, the maximum lod score®®. Positive LOD
scores suggest linkage while negative LOD scores suggest no linkage.
Typically, a Z = 3.0 is the threshold for accepting linkage with a 5% chance
of error (Z = 3.0 corresponds to 1000:1 odds that two loci are linked)
whereas linkage can be excluded if Z< -2.0. Values between -2.0 and 3.0 are
considered inconclusive.

Polymerase chain reaction

The polymerase chain reaction (PCR) was invented by Dr Kary Mullis’ for
which he was rewarded with the Nobel Prize in chemistry 1993. PCR is
probably the most widely used molecular genetic technique. It has numerous
applications and almost all molecular tools include a PCR step in one way or
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another. The technique is robust, sensitive and rapid. It allows selective
amplification of a specific target sequence, and needs only small amounts (in
the nanogram range) of sample DNA. PCR requires template DNA, buffer,
deoxynucleotides, oligonucleotide primers complementary to the sequence
of interest and DNA polymerase. The usage of two primers permits
exponential amplification. PCR 1is often composed of three steps repeated
25-35 times in a thermal cycler. The first step is DNA denaturation at about
95°C which allows dissociation of double-stranded DNA to single-stranded
DNA. In the second step the primers are allowed to anneal to the single-
stranded DNA, usually at temperatures between 50°C and 60°C. In the final
step DNA synthesis takes place at a temperature of approximately 72°C,
which is optimal for a heat-stable DNA polymerase. In theory, the number of
DNA molecules is doubled after each cycle.

Sanger sequencing

Sequencing of PCR products can be done with cycle sequencing. This
approach is similar to regular PCR but with two differences, only one primer
is used and the reaction includes a fraction of dideoxynucleotides (which
lack the 3" hydroxyl group). Dideoxynucleotides are terminators of chain
extension, which means that when they are incorporated into the growing
strand no further synthesis is possible. DNA sequencing with chain-
terminating inhibitors was first described by Sanger et al in 1977°*. The four
types of dideoxynucleotides can be labelled with different fluorophores.
Cycle sequencing then gives a mixture of fragments of different lengths and
fluorophores. These fragments are separated according to size by gel or
capillary electrophoresis. During this separation, a laser excitation causes the
four fluorophores to emit light of different wavelengths detected by a
monitor. The output is a chromatogram displaying the sequence of individual
bases with their corresponding colour code. Two common applications of
DNA sequencing are SNP genotyping and mutation screening.

Mouse models

The mouse has been used as a model organism in biomedical research since
the early 1900s, serving as a powerful tool in clarifying the genetic basis of
human physiology and pathogenesis™. One reason for the use of the mouse
as a model is that there are relatively small genomic differences between
human and mice. They also exhibit inherited disorders, both Mendelian and
polygenic”. Other advantages with using mouse models include short
generation times and easy maintenance. Mouse models are useful in the
study of gene expression and function, understanding of human disorders,
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and drug development. It is however important to keep in mind that human
and mice are different in many ways. A good mouse model should
nonetheless resemble the human disease phenotype in most aspects to
confirm that the correct gene has been identified. To prove that a gene is
involved in a human disorder, a transgenic mouse model or knockout mouse
can be constructed. A transgenic animal contains artificially introduced
exogenous DNA, whereas a knockout mouse has a targeted gene
inactivation. Three major mouse knockout programs (KnockOut Mouse
Project, European Conditional Mouse Mutagenesis Program and North
American Conditional Mouse Mutagenesis Project) are ongoing worldwide,
working together to mutate all protein-encoding genes in the mouse and so
far about 9000 mouse genes in total have been knocked out®. Mario R
Capecchi, Martin J Evans and Oliver Smithies received the Nobel Prize in
medicine or physiology 2007 for their discoveries of principles for
introducing specific gene modifications in mice by the use of embryonic
stem cells.

Autozygosity mapping with SNP arrays

Autosomal recessive disease gene loci can be identified by autozygosity
mapping in consanguineous families where segregation of a founder
mutation is expected®'. One then searches for a chromosomal region where
all the affected individuals are homozygous for an allele identical by
descent. Whole-genome SNP genotyping arrays are an efficient and rapid
method for autozygosity mapping. These are high-density synthetic
oligonucleotide microarrays developed to generate large quantities of genetic
information in a single experiment. Through a one-primer assay requiring
only a small amount of DNA, hundreds of thousands SNPs can be genotyped
simultaneously®*.

Fluorescence in situ hybridization

Metaphase or interphase chromosomes can be visualised in a fluorescence
microscope by DNA-binding fluorescent agents®. FISH is a powerful
cytogenetic technique in which a labelled DNA probe is hybridized to a
microscope slide prepared with e.g. denatured metaphase chromosomes. The
results are then scored by eye using a fluorescence microscope. FISH has
high sensitivity and resolution compared to e.g. Giemsa (G) banding. It
enables both chromosome classification and detection of structural and
numerical chromosome aberrations®. Bacterial artificial chromosomes
(BACs) with human inserts or PCR products in the 3-5 kb range (mini-
FISH)® can be used as probes for FISH analysis.
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Southern blot hybridization

Southern blotting is an excellent method to test for DNA rearrangements in
the 1-25 kb range. The method is named after its inventor Edwin Southern®'.
Genomic DNA is digested with one or several restriction endonucleases,
size-fractionated by agarose gel electrophoresis, denatured and transferred
by capillary blotting to a nitrocellulose or nylon membrane. The membrane
containing the DNA is subsequently hybridized with a radioactively or
fluorescently labelled probe specific for the DNA region of interest. After
washing, the pattern of hybridization is visualized on X-ray film by
autoradiography, or in the case of a fluorescently labelled probe by a
fluorescence scanner. By simultaneous use of patient and control samples,
restriction fragments altered by DNA rearrangements can be identified.

27



Aims of the thesis

Paper I

Paper 11

Paper I1I

Paper IV
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To map autosomal dominant aplasia of lacrimal and salivary
glands (ALSG) to a chromosomal region. To identify,
evaluate and screen candidate genes in the linked region for
mutations. To search for mutations in the gene causing ALSG
in individuals with similar or overlapping phenotypes, such as
dry eyes and/or dry mouth. To study the phenotype of mice
heterozygous for the gene mutated in ALSG.

To analyze the mutation spectrum in the FGFI0 gene in
patients with ALSG. To predict how these mutations cause
disease.

To identify the chromosomal region for Kostmann syndrome
by autozygosity mapping. To identify and evaluate potential
genes in the candidate region.

To map and characterize an inversion of chromosome 10 and
establish its frequency in the Swedish population. To analyze
the breakpoint sequences and identify possible genes
disrupted by the inversion breakpoints. To develop a PCR
based assay to screen other populations for the same
rearrangement.



Aplasia of lacrimal and salivary glands

Background

Aplasia of lacrimal and major salivary glands (ALSG; OMIM 180920) is a
rare congenital disorder. Familial occurrence of absent salivary glands was
first described by Ramsey in 1924%”. The following year, Blackmar reported
the first case of congenital absence of salivary glands associated with atresia
of lacrimal puncta, aptyalism (deficiency or absence of the saliva) and
decreased lacrimation®. ALSG is inherited as an autosomal dominant trait
with variable expressivity”. Aplasia of the major salivary glands and
lacrimal glands may be associated with absence of lacrimal puncta (Figure
5). The clinical manifestations vary, but involvement of the lacrimal glands
results in irritable eyes and recurrent infections as well as epiphora (constant
tearing) if the nasolacrimal ducts or lacrimal puncta are missing. Aplasia or
hypoplasia of the major salivary glands causes xerostomia (dryness of the
mouth) and increases the risk of dental erosion and dental caries’’. Other
complications include periodontal diseases, oral soft tissue inflammation and
disorders of smell, chewing and swallowing®. The incidence of
aplasia/hypoplasia of lacrimal and/or major salivary glands is unknown and
difficult to estimate since symptoms in many cases are considered mild.
Typically, the patients are first observed and diagnosed by a dentist or by an
ophthalmologist. Individuals affected with ALSG are sometimes confused or
misdiagnosed with the more prevalent disorder Sjogren’s syndrome, an
autoimmune disorder affecting exocrine glands which is characterized by
keratoconjunctivitis sicca and xerostomia’".

When we started our genetic analysis of ALSG, no previous linkage
analyses or molecular investigations had been performed on ALSG patients,
although several sporadic cases and families had been described in the
literature®"*"*"
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Figure 5. The lacrimal apparatus and the three major salivary glands. 1, lacrimal
punctum; 2, lacrimal gland; 3, sublingual gland; 4, submandibular gland; 5, parotid
gland.

Paper I: Subjects

We have identified two Swedish multi-generation families affected by
autosomal dominant ALSG with no additional abnormalities. The clinical
examination consisted of oral examination, ophthalmologic examination and
magnetic resonance imaging (MRI). Individuals were considered as affected
when they presented symptoms from both the lacrimal apparatus (lacrimal
glands and/or lacrimal puncta) and the salivary glands.

Paper I: Results and discussion

We performed a genome-wide linkage scan with approximately 400
microsatellite markers in family 1. Evidence of significant linkage was found
for ALSG to a continuous pericentric region on chromosome 5. The same
region was linked to ALSG in family 2. We obtained a maximum cumulative
LOD score of 5.72 (6 = 0) at the marker locus D5S398 for both families.
Haplotype analyses of the two families restricted the linked region to a 22
centiMorgan (cM) interval on chromosome 5p13.2-q13.1 flanked by markers
D5S395 and D552046. Different haplotypes were inherited with the disorder
in the two families.
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The gene encoding fibroblast growth factor 10 (FGF10) is situated in the
linked region. FGF10 maps to 5p12-p13 in human’® and is necessary for the
formation of several organs in mouse, including lacrimal- and salivary
glands’”™®. The FGFs are important regulators of cellular proliferation,
differentiation, migration and survival. They interact with fibroblast growth
factor receptors (FGFRs), which are members of the tyrosine kinase receptor
family”®. The FGF protein family comprises at least 20 members’®. FGF10
consists of three exons and encodes a 208 amino acid protein which binds to
fibroblast growth factor receptor 2b (FGFR2b) with high affinity”. Fgf70™
mice display a complex phenotype and die at birth due to lack of lung
development™. These mice also have absent lacrimal- and salivary glands,
absent fore- and hind limbs, agenesis of pituitary and thyroid glands,
dysgenic teeth, kidney, thymus, stomach, pancreas and inner ear as well as
abnormal hair and skin’®. Abnormal external genitalia development®’,
anorectal malformations® and abnormal mammary gland formation® have
also been reported.

From our linkage analysis and from the previously described Fgfl0™
mice, the human gene encoding FGF10 became an obvious candidate for
ALSG. Mutation screening of FGFI10 revealed a 53 kb deletion including
exon 2 and 3 in family 1 and a nonsense mutation in exon 3 (p.Argl93X;
¢.577C>T) in family 2. If a truncated protein is synthesized at all in family
2, two predicted sites for post-translational modification® and two amino
acid residues involved in interaction with FGFR2b* are abrogated. We
propose that ALSG in these two families is caused by haploinsufficiency of
FGF10 and that the level of FGF10 derived from one allele is sufficient for
the development and homeostasis of other organs dependent on it. This may
explain the specific phenotype restricted to the lacrimal and salivary glands
of these patients. No abnormalities had previously been described in Fgf70™"
mice so we decided to thoroughly examine these. Macroscopical and
histological examination demonstrated aplasia of lacrimal glands and
hypoplasia of salivary glands in Fgfl0"" mice. Other internal organs were
macroscopically normal. We therefore propose that the response to FGF10 is
dosage-sensitive, at least at the embryonic stage and at the site of lacrimal
and salivary gland formation.

To investigate whether mutations in FGF10 are a common cause of dry
eyes/dry mouth, we screened DNA samples from 74 patients with dry mouth
and/or dry eyes not fulfilling the criteria for Sjogren’s syndrome***. No
sequence alterations in the FGF10 gene were found in these patients, which
implies that mutations in FGF10 are uncommon in patients with unspecific
sicca syndromes.

Since our initial publication of FGFI0 mutations associated with ALSG,
independent studies have confirmed our findings. A disorder quite similar to
ALSG is Lacrimo Auriculo Dento Digital Syndrome (LADD syndrome)
(OMIM 149730) which is an autosomal dominant disorder characterized by
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abnormalities of the face, ears, eyes, mouth, teeth, digits and genitourinary
organs™. There is a significant clinical overlap between ALSG and LADD
syndrome, through the aplasia of lacrimal and salivary glands and absence of
lacrimal puncta. In 2006 it was established that LADD syndrome is
genetically heterogeneous and may be caused by heterozygous missense
mutations in FGFI0 as well as mutations in the fibroblast growth factor
receptors 2 and 3 (FGFR2, FGFR3)¥*. The same year a nonsense mutation
in FGF10 was reported in a mother with ALSG and her daughter with
LADD syndrome”.

Paper II: Subjects

We identified two patients with symptoms concerning their lacrimal and
salivary glands. Patient 1 had dry mouth, reduced lacrimal fluid production,
absent lacrimal puncta and caries at a very young age. The father of the
patient had similar features and went through MRI showing absence of the
lacrimal glands and several of the major salivary glands. Patient 2 had dry
mouth and caries. He was born with absent inferior lacrimal puncta and did
not produce tears when crying. He also had hypospadias. MRI revealed
hypoplastic lacrimal, parotid and submandibular glands. Sublingual glands
were present and of normal size.

Paper II: Results and discussion

Sequence analysis of the coding region of FGF10 as well as the exon-intron
boundaries was performed in the patients and their parents. FGFI0 gene
analysis of patient 1 revealed two missense mutations. The first was a
heterozygous ¢.240A>C nucleotide transversion in exon 1 that was also
present in the affected father. This nucleotide transversion is predicted to
result in a chemically non-conservative (basic to neutral) amino acid
substitution from arginine to serine at position 80. The arginine at position
80 in FGF10 is known to interact with the D3 region of FGFR2b™. Second, a
heterozygous ¢.620A>C nucleotide transversion was identified in DNA of
the proband that was inherited from the mother. This nucleotide transversion
is located in exon 3 of FGFI0 and is predicted to result in a non-
conservative amino acid change from histidine to proline (basic to neutral) at
position 207. This residue is not predicted to be evolutionary conserved.
Sequence analysis of FGFI0 in patient 2 and his parents disclosed a
heterozygous de novo nucleotide transition, c.413G>A, in exon 2, resulting
in a non-conservative substitution from glycine to glutamic acid (neutral to
acidic) at position 138 of FGF10. The glycine at position 138 in FGF10 is a
highly conserved amino acid residue of predicted functional importance.
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These findings indicate that ALSG may be associated with missense
mutations as well as nonsense mutations or deletions.

Future perspectives

The number and types of described FGF 0 mutations continues to increase.
Recently, Scheckenbach et al. identified a splicing mutation in intron 2
(c.430-1G>A) in two brothers with ALSG’'. Identification of FGF10 as the
gene causing ALSG and some cases of LADD syndrome will hopefully
result in increased diagnostic accuracy and will reduce the number of
undiagnosed or possibly miss-diagnosed patients. We therefore suggest
mutation screening of FGFI(0 when any of these two syndromes are
suspected. Comparison of three FGF10 LADD syndrome mutants (C106F,
I156R and K137X) to wildtype FGF10 revealed that haploinsufficiency due
to impaired biological activity causes the disorder’>. The C106F mutant has
reduced protein stability, the I156R mutant has decreased FGFR2b binding
affinity and there was no expression of the K137X mutant. The reason for
why some patients with FGFI10 mutations have ALSG and some have
LADD syndrome remains to be elucidated. It is possible that modifier genes,
gene-gene interactions, environment or stochastic events play a role.
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Kostmann syndrome

Background

Severe congenital neutropenia (SCN) was first described as an autosomal
recessive disorder by the paediatrician Rolf Kostmann in 1956. He reported
a large inbred Swedish family where the disorder was inherited””. There is
evidence that a single founder from the parish of Overkalix is responsible for
the genetic defect in this family”*. Kostmann syndrome is characterized by a
very low absolute neutrophil count (ANC) (<0.2x10”), caused by maturation
arrest of the myelopoiesis at the promyelocyte/myelocyte stage in the bone
marrow’". A common symptom of SCN is recurrent bacterial infections
which appear early in life. Before the discovery of antibiotics, affected
children died during the first year of life. Treatment with granulocyte colony
stimulating factor (GCSF) bypasses the maturation arrest and thereby
restores the ANC to normal levels. This reduces the number of infections in
the patients”. GCSF injections must be administered throughout life. The
only cure for the syndrome is haematopoietic stem cell transplantation. SCN
has an estimated prevalence of 1-2 cases per million individuals®®. SCN is a
heterogenous disorder with different forms of pathogenesis and inheritance.
Many patients with sporadic or dominant SCN have mutations in elastase 2
(ELA2) or in growth factor independent 1 (GFII)”"*®. When this study
started no gene had yet been associated with autosomal recessive SCN.

Paper I1I: Subjects

We have obtained DNA from members of the original Kostmann family. A
second family with SCN not known to be connected to the Kostmann
pedigree but from the same geographical region was also included in the
study. Diagnosis was established in the patients within the first 6 months of
life. All patients had an ANC lower than 0.2x10°. Bone marrow examination
confirmed the typical maturation block at the promyelocyte/myelocyte stage.
The clinical findings in the patients were skin abscesses, otitis, gingivitis,
tonsillitis, sinusitus, pneumonia and septic infection.
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Paper III: Results and discussion

ELA2, GFIl, GCSF and granulocyte colony stimulating factor receptor
(GCSFR) had previously been excluded through mutation analysis, as the
gene causing the disorder in this family. A genome scan with 370
polymorphic microsatellite markers (Weber screening set version
6/Cooperative Human Linkage Center) had also been performed. No linkage
was found and the reason may be that the average intermarker distance of 10
cM was too small to detect linkage. The theoretic estimate of the region
shared by the affected individuals is 1.9 cM. This value is based on the
number of meioses separating the individuals in the pedigree. To get a better
genomic coverage we first used the GeneChip Human Mapping 10K array
and then the GeneChip Human Mapping 100K set from Affymetrix®*®. The
100K set allowed simultaneous genotyping of 116 000 SNPs on two
oligonucleotide arrays and only required a total of 500 ng genomic DNA.
The mean intermarker distance was 23.6 kb. Four patients from the original
Kostmann family were genotyped with the arrays. The resolution of the
100K set allowed us to identify a region on chromosome 1q22 that was
confirmed with microsatellite markers in three of the four patients. The
fourth patient did not share a continuous homozygous SNP pattern within
this region and was later found to have a heterozygous de novo ELA2
mutation®. At this time of the study DNA was extracted from formalin fixed
paraffin embedded autopsy specimens from a fifth patient from the original
Kostmann family. The minimal haplotype shared by the patients covered 1.2
Mb and contained 37 known genes of which several were associated with
myelopoiesis. The haplotype also segregated with the disease in the second
family not connected to the original Kostmann family. This indicated a
common founder mutation for SCN in the two families.

Future perspectives

In 2007, HSI1-associated protein X1 (HAXI), localized to chromosome
1921.3, was identified as the gene causing SCN in the original Kostmann
family as well as in three Kurdish pedigrees and a cohort of sporadic and
familial individuals'®. HAX1 participates in B cell receptor mediated signal
transduction'’' and is associated with the actin cytoskeleton'*. Quantitative
reverse-transcriptase PCR established that transcript variants I and II of
HAXI are ubiquitously expressed'”. HAX1 is needed for maintaining the
inner mitochondrial membrane potential and protects against apoptosis in
myeloid cells which suggests that it is a major regulator of myeloid cell
homeostasis'”. The affected individuals from the original Kostmann family
and the second family, linked to chromosome 1q22, were homozygous for a
nonsense mutation (p.Ql190X; ¢.586C>T) affecting both transcript
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variants'"”'®. These individuals developed neurological disease with

decreased cognitive function and three of the four individuals developed
epilepsy'®. The clinical phenotype of HAX1 deficiency seems to depend on
the localization of the mutation and its effect on the transcript variants'®. It
is now established that mutations affecting only transcript variant I are
associated with SCN whereas mutations affecting both transcript variants
cause SCN and neurological symptoms including developmental delay and
epilepsy' ™", This suggests a pivotal role of the HAX1 isoform b in neural
development. Mutation screening of HAXI is recommended in all
individuals with autosomal recessive SCN. Identification of HAXI as the
gene causing Kostmann syndrome will help in the understanding of the
genes and factors involved in myelopoiesis as well as neurodevelopment.
Hopefully in the long run it will also provide better care and therapy for
patients.
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Inversion mapping

Background

Information about the human genomic sequence in combination with
techniques such as FISH has made molecular cytogenetics an evolving and
easily accessible approach to identify structural and numerical chromosome
aberrations. Inversions are the most common type of human constitutional
karyotype alteration'”™. A chromosomal inversion involves two breaks and
the reinsertion of the chromosome segment in the opposite direction
compared to the original chromosome'?””. There are two forms of inversions:
1) pericentric inversions where a break and reunion occur between the short
and long chromosome arms and 2) paracentric inversions where both the
break and the reunion occur within the same arm'' (Figure 6). Inversions are
relatively common in the human population with estimated frequencies of 1-
2% for pericentric inversions and 0.009-0.049% for paracentric inversions''".
A large proportion of inversions have recurrent break-points and could either
have arisen through multiple unrelated events or be identical by descent''*.
Most inversions (both paracentric and pericentric) are without direct

phenotypic effects unless they disrupt genes''%.

a b
Figure 6. Chromosome inversions. Black, p arm; yellow, centromere; purple and

blue, q arm. (a) Pericentric inversion. (b) Paracentric inversion.
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Paper IV: Subjects

Four non-related Swedish patients with a chromosome 10 inversion were
identified through standard G-banding. They were each referred to
cytogenetic analysis because of a clinical phenotype. Patient 1 had ADHD
and learning deficits, patient 2 had developmental delay and autism, patient
3 had mild mental retardation and patient 4 had Feingold syndrome. Cell
lines were established for FISH analysis from three of the subjects through
Epstein-Barr virus (EBV)-transformation of B-lymphocytes.

Paper I'V: Results and discussion

FISH analysis with bacterial artificial chromosome clones from 10q
demonstrated a 12 Mb inversion between bands 10q11.22 and 10q21.1. The
presence of large intra-chromosomal segmental duplications on 10q11.22
made the mapping difficult. Through mini-FISH analysis the distal
breakpoint was further restricted to a 36 kb region on 10g21.1. This region
was narrowed down to a 3 kb region by Southern blot analysis. Once the 3
kb sequence surrounding the distal breakpoint was identified inverse PCR
was used to clone the proximal breakpoint. Inverse PCR allows rapid
amplification of regions of unknown sequence flanking a DNA segment of
known sequence'”. The sequences immediately spanning the breakpoints
were determined and this revealed that the breakpoints were identical in the
three subjects. The inversion was approximately 12 Mb in size. No genes or
predicted transcripts were disrupted by the inversion. The proximal
breakpoint was situated within a LTR and the distal breakpoint is situated
900 bp downstream of a SINE. Sequence analysis of 10 kb of DNA at each
breakpoint revealed that the breakpoint regions were AT-rich and enriched
for interspersed repeats. An assay based on multiplex PCR was developed
for easy detection of the inv(10)(q11.22;g21.1). The assay confirmed that the
four subjects were heterozygous for the inversion. Samples from five parents
were available for screening with the assay and three of them were identified
as carriers. The PCR assay was also used to screen 154 Swedish blood
donors, 2400 Icelandic blood donors and 454 patients with unspecific mental
retardation. These samples were all negative for the inv(10)(q11.22;q21.1).

Rearrangements that are identical by descent can be distinguished from
recurrent events by studying polymorphic markers that are close to the sites
of breakage and exchange. In independent events, the marker alleles would
be expected to be different whereas if the rearrangement is identical by
descent the alleles would be expected to be identical''*. Genotyping of 15
microsatellite markers along the inversion was done on DNA from the four
subjects and available parents. Haplotype analysis indicated that the
chromosome 10 inversion was identical by descent.
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Table 1. Incidence of inv(10)(q11.22q21.1) in Swedish blood samples and
amniocenteses.

Inversion 10 Normal 10
Blood samples 11 7428
Amniocenteses 7 8889

A retrospective study of karyotypes performed between 1996 and 2007 at
two Swedish cytogenetic laboratories was carried out and the
inv(10)(q11.22;q21.1) was found in 11 out of 7439 blood specimens and in 7
out of 8896 amniocenteses (Table 1). The incidence of the chromosome
inversion was not significantly different between the blood specimens and
the amniocenteses (chi square test, p = 0.18). This gave an overall carrier
frequency of 0.11%, suggesting the rearrangement to be widely distributed
in the Swedish population. The inversion carrier frequency in the Icelandic
samples did not differ significantly from the carrier frequency in the Swedish
samples (chi square test, p = 0.10) (Table 2). Nevertheless, the absence of
the inversion in the Icelandic cohort may imply a variation in frequency
among Europeans.

Table 2. Incidence of inv(10)(q11.22q21.1) in the Swedish and Icelandic
populations.

Inversion 10 Normal 10
Sweden 18 16317
Iceland 0 2400

Future perspectives

The inv(10)(q11.22;q21.1) was not found to disrupt any gene or transcribed
sequence and it does not seem to be associated with any consistent
phenotype. The intrachromosomal segmental duplications at 10q11.22, the
high percentage of repetitive sequence at the breakpoints and/or the presence
of the LTR at the 10q11.22 breakpoint might once have mediated the
inversion. The majority of chromosomal rearrangements are non-random
events, which may result from predisposing elements or sequence motifs in
the genome'"”. Analysis of inversion breakpoint regions shows that repetitive
elements, high sequence similarity to the opposite breakpoint, pseudogenes,
gene deserts, segmental duplications and co-localization with fragile sites are
over-represented'®®. Many prevalent inversions are regarded as polymorphic
variants since they do not disrupt any genes. These are stably transmitted and
are without any disease association or detected phenotype. Still a subtle
effect on the carrier can not be ruled out, for example by the inversion
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influencing the expression of nearby genes. Further studies are required to
shed light on any subtle genotype-phenotype correlations for the inversion. It
remains to be determined how abundant inv(10)(ql1.22;q21.1) is in
additional European populations and other ethnic groups. The developed
inv(10)(q11.22;921.1) screening assay allows for efficient and accurate
analysis of large sample sets, which can be used for this purpose.
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Concluding remarks

In the last decades there have been tremendous breakthroughs in human
genetics. The completion of the human genome sequence, targeted
resequencing, discovery of transcription factor binding sites, ncRNA
expression profiling, CGH arrays, the HapMap project and chromatin
profiling are just a few of the things that have increased our understanding of
the very dynamic human genome. The breakthroughs have also changed our
way of thinking when it comes to what can be considered as normal genetic
variation compared to disease related deviations. Genetic variation plays a
role in phenotypic diversity and genome evolution. Future studies will give a
clearer view of the genetic variation in our genomes and allow for detection
of rare variants. The recent sequencing of the entire genome of
individuals®*"'""® has opened the doors for personal genomics where
genome sequences may become a standard form of personal information.
The development of novel DNA technologies has also accelerated the
cloning of many new genes associated with inherited human disorders. The
identification of human disease genes makes it possible to study their
function and learn more about the pathophysiology. In the long term view
this can improve diagnostics, risk assessment and therapy, and sometimes
also help to develop medicine. It will be very interesting to see how the
human genetic analysis and biomedical research will advance in the years to
come.
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Populirvetenskaplig sammanfattning

I alla vara celler finns langa DNA molekyler som bildar strukturer som
kallas for kromosomer. I varje cell har man normalt 46 kromosomer, 22 par
autosomer och ett par konskromosomer (XX eller XY). DNA i véra celler
bér pé livsviktig information for kroppens funktioner. Denna utgdrs av den
genetiska koden som Dbeskriver hur informationen Overfors fran
nukleotidsekvens i mRNA till aminosyrasekvens i proteiner. Fel i den
genetiska koden (mutationer) samt fel i antalet eller strukturen pa
kromosomer kan orsaka sjukdom. Ett lokus dr en specifik plats pa en
kromosom didr en gen (arvsanlag) eller annan typ av DNA-sekvens é&r
lokaliserad. For varje lokus har en individ tvé alleler (alternativa anlag), en
drvd frdn mamman och en drvd fran pappan. En egenskap &r dominant nér
det ricker att individen har en allel av den for att egenskapen ska uttryckas
medan en egenskap dr recessiv om det krivs att individen har tva alleler for
att den ska uttryckas. Tva lokus som sitter nira varandra pad en kromosom
har en tendens att neddrvas tillsammans, detta kallas for koppling. En
genetisk markor dr en DNA-sekvens med kidnd kromosomposition som har
flera olika alleler. Genetiska markdrer kan anvéindas for att lokalisera anlaget
och 1 bésta fall identifiera genen for en genetisk sjukdom. Man studerar da
hur de genetiska markdrerna nedérvs i friska och sjuka individer inom en
familj. Man letar efter ett kromosomomrade dér de sjuka individerna ser
likadana ut pd DNA-niva for en eller flera genetiska markérer. Om detta
omrade ligger tillrdckligt nédra sjukdomslokuset for att de ska nedérvas
tillsammans, kan man genom att hitta ett kromosomrade kopplat till
sjukdomen ocksa hitta sjukdomsorsaken.

Bittre forstaelse av orsakerna bakom érftliga sjukdomar &r viktiga bade ur
medicinsk och ur biologisk synvinkel. Genom att identifiera genen for en
arftlig sjukdom kan man studera dess funktion och pé sa sitt f4 kunskap om
hur genen é&r inblandad i sjukdomen. Identifiering av sjukdomsgener kan pa
lang sikt ge forbattrad diagnostik, prognos, riskbedémning samt behandling
av patienter och 1 bésta fall ocksé leda till ett botemedel. I denna avhandling
presenterar jag arbetet for identifiering av de genetiska orsakerna bakom
avsaknad av tar- och spottkortlar (ALSG) och Kostmanns sjukdom samt
identifieringen av en ny kromosomvariant.

ALSG ér en mycket ovanlig autosomalt dominant sjukdom. Normalt
avsondrar spottkortlarna saliv som héller slemhinnorna i munnen fuktiga och
underléttar tuggande och svidljande av mat. Saliven minskar ocksa

42



bakteriefloran i munnen. Tarkorteln producerar tarvétska som skyddar, renar
och fuktar Ogat. Symptom pa avsaknad av tar- och spottkortlar ar
muntorrhet, karies, tandlossning och torra 6gon. Genom analys med
genetiska markorer 1 tvd stora svenska familjer med ALSG kunde vi
identifiera en region pa kromosom 5 kopplad till sjukdomen. Genen FGF10 i
detta omréde valdes ut for mutationsanalys och visade sig vara muterad.
Efter den ursprungliga studien fick vi tag pé ytterligare tvd patienter med
ALSG och sekvensanalys visade att ocksa dessa hade mutationer i FGF10.

Kostmanns sjukdom &r en autosomalt recessiv neutropeni. Denna
karakteriseras av ett vildigt lagt antal vita blodkroppar. Vita blodkroppar ar
en viktig del av immunforsvaret som hjilper kroppen att bekdmpa
infektioner. Bristen p& vita blodkroppar gor att patienterna drabbas av
upprepade bakterieinfektioner. Innan det fanns antibiotika dog patienterna i
spadbarnsaldern. Idag behandlas patienterna med en tillvdxtfaktor som
aterstéller neutrofilnivderna till det normala och dirmed minskar antalet
infektioner. Patienter frdn den ursprungliga familjen, beskriven av Dr.
Kostmann 1956, deltog i studien och ett omrade pad kromosom 1 kunde
kopplas till sjukdomen. I en annan studie med familjer och patienter med
samma sjukdom identifierades HAX1 som sjukdomsgenen. HAX1 ligger pa
kromosom 1 och visade sig vara den defekta genen dven i Kostmann
familjen.

En inversion dr en strukturell kromosomforidndring som innebér att en bit
av kromosomen brutits av pd tva stéllen och &terinsatts i motsatt riktning.
Med hjélp av olika cytogenetiska metoder kunde en inversion pa kromosom
10 och dess brottpunkter identifieras och karakteriseras. Ingen specifik
sjukdom eller egenskap kunde associeras till inversionen. Ett diagnostiskt
test utvecklades for inversionen som kan anvindas till snabb och enkel
analys av stora prover for att faststdlla dess forekomst i en population.
Genom en retrospektiv studie av flera tusen kromosomuppséttningar kunde
det faststillas att inversionen dr en ovanlig kromosomvariant med bred
spridning i Sverige.

Studierna i denna avhandling leder till dkad forstaelse av genetiken
bakom bildandet av tar- och spottkortlar samt neutropeni. En annan lardom
ar att kromosomforiandringar utan negativ inverkan pa bédraren dr vanligt
forekommande.
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