From DEPARTMENT OF BIOSCIENCES AND NUTRITION
Karolinska Institutet, Stockholm, Sweden

INTERACTION AND
REGULATION OF ASTHMA
SUSCEPTIBILITY GENES

Christina Orsmark Pietras

YT INJ,/\

»e Karolinska
ﬁ G Institutet

4’VN0 1%\0

Stockholm 2011



All previously published papers were reproduced with permission from the publisher.
Published by Karolinska Institutet. Printed by Repro Print AB

© Christina Orsmark Pietras, 2011
ISBN 978-91-7457-308-4



ABSTRACT

Asthma is a disorder characterized by symptoms such as wheezing, shortness of breath, chest tightness or
coughing. It is a chronic inflammation in the airways and the inflammation is usually accompanied by
limitations in airflow as a result of hyper-secretion of mucus and broncho-constriction. Asthma
commonly coincides with other allergic diseases such as allergic sensitization and rhinoconjunctivitis.
The prevalence of asthma and allergy in children is highest in affluent countries with up to 20% in
English speaking countries. Asthma and allergic disease are complex disorders and have long been
known to be influenced by both heritable components and environmental factors.

The overall aim with this thesis was to investigate asthma susceptibility genes and their
genetic role, biological dependency, as well as how they interact in a context-dependent manner, either
with other genes (I) or with environmental factors (11). We studied the functional difference between
splice variants of a previously identified asthma susceptibility gene showing unigque expression patterns
in asthmatic patients (111). We also aimed to define global gene expression patterns in asthmatic children
that could reveal novel insight about characteristics of severe therapy-resistant asthma in children (1V).

In study I, we examined the biologically linked asthma susceptibility gene Tenascin C
(TNC) and its genetic role in asthma and allergy. We also investigated the biological and genetic
interactions between TNC and the previously genetically identified asthma susceptibility gene
Neuropeptide S receptor 1 (NPSR1). In study II, we investigated the interactive effects of NPSR1 and
environmental exposures related to farming lifestyle, as well as the effect of lipopolysaccharide (LPS), a
proxy for farm animal exposure, on NPSR1 expression. We provide data showing that TNC has an
independent genetic role in certain allergic diseases. We show biological interplay by a dose-dependent
upregulation of TNC expression upon NPS-NPSR1 activation, and we conclude that interaction occurs
between TNC and NPSR1altering the outcome of asthma and allergy. Genetic variations in NPSR1 are not
only dependent on other genes, but can also modify the effect of the environment, on the development of
allergic diseases. Farm animal contact and farm milk consumption, introduced early in a child’s life, has
been proven to show protective effects against development of allergic diseases. In study I1, we
demonstrate that the protective effect of farm animal contact can be further modified depending on
genetic variations in NPSR1, especially if the contact is initiated later in life. We also identified increased
NPSR1 expression upon LPS stimulation of human monocytes. From these two studies we can confirm
that interactive effects, both biological and genetic, are important in the development of asthma and
allergy. We could also see that the genetic dependency is most likely to occur when the main effect of the
individual genes, or environmental factors, investigated are not that dominant.

In study 111, we investigated the function of NPSR1 in more detail. The NPSR1 gene
encodes two functional receptor variants (A and B) with distinct intracellular C-termini. Previous studies
have illustrated different expression pattern, especially in asthmatic airways, between the two receptor
variants. We could in study Il demonstrate that, upon activation, both receptor variants A and B signals
through the same pathways and induces expression of in principal identical set of genes. However, with
few exceptions, variant A constantly induced stronger signaling effects than variant B. The effect was
seen on both second messenger level and on down-stream gene expression. These findings suggest an
isoform specific link to NPSR1s role in allergic airways.

Among children with asthma around 5% suffer from chronic symptoms and/or severe
exacerbation despite extensive treatment. The causes of this severe, therapy resistant asthma in childhood
are poorly understood. In study IV we aimed to investigate global differences in gene expression in white
blood cells from patients with severe, therapy-resistant asthma (SA, n=20), patients with controlled but
persistent asthma (CA, n=20) and a group of healthy controls (Ctrl, n=19). We identified 1378 genes to
be significantly differentially expressed between any of the contrasts (CA-Ctrl, SA-CA, SA-Ctrl)
demonstrating that there are differences in gene expression between groups of asthma. Functional
annotation and enrichment analysis identified three significantly differentially expressed pathways; bitter
taste transduction, (upregulated mostly in SA), natural killer cell mediated cytotoxicity (upregulated in
CA) and N-glycan biosynthesis (downregulated in SA). The bitter taste receptor family (TAS2Rs) has
recently been shown to play a protective role in asthmatic airways e.g. by dilation of airways upon
stimulation with bitter substances. Our finding is the first to propose a role for TAS2Rs in asthma outside
the airway system. In conclusion our data indicates a separation in gene expression patterns between
children with severe, therapy resistent asthma and controlled asthma, and suggests pathways revealing
novel insight about the characteristics of severe therapy-resistant asthma.

From the finding in this thesis we can conclude and confirm that there is always a
complex interplay between several genes and environmental factors altering the outcome of allergic
disease. It is important to investigate these genes in more detail to unravel the functional mode of action.
We can also see that by investigating clear defined subgroups of asthma it might be possible to identify
new therapeutic targets for asthma.
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1 POPULARVETENSKAPLIG SAMMANFATTNING

I varje cell i var kropp finns forpackningar, kromosomer som bestar av DNA, som i sin
tur bestar gener. Av varje gen finns det tva kopior, av vilka halften kommer fran
mamman och halften fran pappan och vi har en uppsattning om ca 20,500 olika gener i
varje cell. I generna, och runtomkring dem, finns foérandringar som gor oss unika, dels
arvda fran manga generationer tillbaka, men dven nya.

Manga av vara vanligaste sjukdomar, sasom bipolara psykoser, hjért- och karl problem,
reumatism, diabetes och astma styrs bade av miljofaktorer och érftliga komponenter
(sasom gener). Dessa folksjukdomar &r sa kallade komplexa sjukdomar. I komplexa
sjukdomar ar det ett samspel mellan arv och miljé som utgor sjélva risken for att
utveckla sjukdom eller inte. Astma ar en kronisk luftvags sjukdom som kannetecknas
framforallt av svarigheter att andas. Astma férekommer ofta tillsammans med andra
allergiska symptom, s som hésnuva och allergi.

De faktorer som tros paverka utfallet av astma och allergi ar framst; (a) Miljofaktorer -
dar den mangfaldiga bakteriefloran man utsatts for pa ett jordbruk (kontakt med djur,
opastoriserad mjolk, etc.) anses ha en skyddande effekt och rokning, tidiga luftvégs
infektioner etc. medfor en storre risk. (b) Arftliga faktorer - runt 100 gener har
identifierats med mojlighet att 6ka risk for sjukdomen. Manga arftliga faktorer ar
kopplade till funktioner i immunférsvaret eller luftvédgarna, men flera gener har i
dagslaget en okénd koppling till astma. Vad vetenskapen kommit fram till de senaste
aren ar att det sannolikt ar forandringar i ett flertal gener som i samspel med flera olika
miljofaktorer, orsakar astma och allergi.

| denna avhandling har vi utforskat hur férandringar i gener kan paverka risken att
utveckla astma och allergi. Hur dessa forandringar i olika gener samarbetar med
varandra och med miljon for att antingen 6ka eller minska risken foér sjukdom, och hur
forandringarna paverkar genes funktion. Vi har dven undersokt om det finns skillnader i
genernas uttrycksnivaer mellan astmapatienter som ar svart sjuka, dér inte ens
behandling hjalper, och de som ar sjuka men svarar pa sin medicinering.

I studie I har vi undersokt forandringar i gener som &r kopplade till astma. Vi har
studerat hur dessa forandringar pa DNA niva (exempelvis SNPs) i sig sjalva kan
paverka risken att utveckla astma och andra allergiska sjukdomar. Aven hur generna
kan samarbeta med varandra, gener emellan, och med olika miljo faktorer for att
antingen ge en skyddande effekt eller en 6kad risk for sjukdom. Med vara
forskningsresultat kan vi bekrafta att detta samarbete pagar i kroppen. Vi visar pa nya
kombinationer av gener (Tenascin C, TNC och Neuropeptide S receptor 1, NPSR1) vars
forandringar bade kan 6ka och minska risken for astma och allergiska sjukdomar.

Tidigare studier har pavisat att barn som bor pa en bondgard, har regelbunden kontakt
med djuren pa garden, och dricker opastoriserad mjolk utvecklar ett skydd mot astma
och allergi. Detta géller speciellt om denna kontakt inleds redan under fosterstadiet,
dvs. den blivande mamman vistas i dessa miljoer, eller under de forsta aren. Vi kan i
studie Il visa att, i kombination med vissa forandringar i genen NPSR1, har dessa



miljofaktorer dven en skyddande effekt ndr de kommer in senare under ett barns
uppvaxt.

I studie 111 studerade vi funktionen av genen NPSR1 i mer detalj. NPSR1 &r en
mottagare, en s.k. receptor, som sitter pa cellens yta, och tar emot signaler fran
omgivningen och genom receptorn férmedlas dessa signaler in i cellen. Detta startar en
kedja av handelser som talar om vad cellen ska gora. Det finns tva varianter av NSPR1,
A och B, och det som skiljer dem at &r den biten av receptorn som befinner sig inne i
cellen. A varianten ar den vanligaste forekommande i kroppen av de tva men i studier
pa patienter med astma har man sett att B varianten &ar vanligare pa vissa celler i
luftvagarna. I cellkulturer pa laboratoriet har vi studerat om "svaret” (aktivering av
andra proteiner och gener inne i cellen), som cellerna ger nar de olika
receptorvarianterna signalerar in till cellen, skiljer sig at. Vad vi har kunnat pavisa ar att
variant A ger ett starkare svar &n B varianten.

Inom astma finns det olika svarighetsgrader av symptom. Vissa patienter uppvisar
mildare symptom, andra svarare symptom, och ytterligare nagra ar svart sjuka och
svarar inte pa behandling. For den sistnamnda gruppen ar det viktigt att undersoka vad
det & som gor att de inte svarar pa behandling. Det langsiktiga malet ar att identifiera
faktorer som skulle kunna leda till nya lakemedel for denna patientgrupp. | studie 1V
har vi analyserat skillnader i genernas uttryck i vita blodkroppar fran de astmatiker som
ar svart sjuka och inte svarar pa behandling, och de som har nagot mildare symptom
och svarar bra pa behandling. Vad vi kunde pavisa var att det fanns skillnader i
genernas uttryck mellan grupperna. Patienter med mildare symptom hade i regel ett
hogre uttryck av de gener som ar kopplade till immunférsvaret. Den svart sjuka
gruppen visade i stéllet ett hdgre uttryck av en grupp gener som hor till gruppen av
smakreceptorer som i munnen kanner av bittra substanser. Denna grupp av receptorer
har nyligen identifierats &ven i luftvdgarna och tros ha en skyddande effekt mot astma.
Vad dessa receptorer har for funktion i vita blodkroppar aterstar att se, men dessa fynd
kan ge oss ledtradar om vad som orsakar terapiresistens hos svart sjuka astmatiker.

Sammanfattningsvis kan vi i denna avhandling pavisa ytterligare bevis for att
forandringar i gener samarbetar med varandra och med olika miljofaktorer och darmed
paverkas utfallet av astma och allergiska sjukdomar. Vi visar pa funktionella skillnader
mellan tva varianter av en receptor som tidigare kopplats till astma. Genom att jamfora
olika patientgrupper med astma, de som svarar pa behandling mot de som inte svarar pa
behandling, kan vi identifiera nya natverk av gener som skiljer dessa grupper at. Pa sikt
skulle dessa resultat mojligen kunna leda fram till nya lakemedel mot astma.



2 BACKGROUND

2.1 INHERITANCE

Many diseases, as well as characteristics of our body rely mainly or partially on our
inheritance. Each individual has the same set of genes but there are some distinct
changes in the genome that make us unique. These changes can be passed on from
generation to generation, and are thus inherited. In some cases, variations in one gene
are both necessary and sufficient for a character to be expressed. Such characteristics
are called Mendelian, or monogenic. Cystic fibrosis is an example of a monogenic
disease caused by alterations in the gene CFTR.* However, most of our traits are non-
Mendelian and determined by a combination of alterations in several genes and also
influenced by environmental factors. Such characters are called multifactorial or
complex traits/disorders. Asthma is a typical complex disease where the features of the
disease are influenced both by the genetic make-up composed of alterations in several
genes, as well as by exposure to various environmental factors. Other common
complex disorders are bipolar mental disorders, coronary artery disease, Crohn’s
disease and diabetes. In this thesis | will discuss disease, inheritance, identification and
consequences of inheritance in the context of complex disorders.

2.2 ASTHMA AND ALLERGIC DISEASE IN CHILDREN

2.2.1 Definition and prevalence

Allergic disease is a broadly defined term that includes several phenotypic
characteristic such as allergic sensitization, asthma, wheeze, and rhinoconjunctivitis
(hay fever). Some of these features commonly coincide. Allergic sensitization is a
response in the immune system against, in normal cases, harmless substances such as
certain food or other allergens, and usually defined by an increase in specific IgE
antibodies (in plasma), or a positive skin prick test. Asthma is characterised by chronic
inflammation in the airways. The inflammation is usually accompanied by limitations
in airflow as a result of hyper-secretion of mucus and broncho-constriction causing
symptoms like wheezing (a whistling sound during breathing), shortness of breath,
chest tightness or coughing. Asthma occurs in different degrees of severity and as
allergic (combined with allergic sensitization) or non-allergic asthma. Currently,
asthma can roughly be classified clinically as mild, moderate, or severe based on the
presentation of symptoms in relation to the level of medication.> *Asthma in children is
closely related to wheeze and the severity of asthma is often defined by the number of
reoccurring wheezing episodes.* Rhinoconjunctivitis is characterised by sneezing, nasal
congestion and itching of the nose, eyes or throat and is in children usually associated
with an allergic sensitization to pollen or pets. The cause of asthma and allergic
disorders is currently unknown. However, it is very likely that genetic and
environmental factors interact with each other to determine the outcome of asthma.”

The prevalence of asthma and allergic disease has increased in developed countries
over the last century and asthma is now one of the most common chronic diseases of



childhood. The International Study of Asthma and Allergies in Childhood (ISAAC)
demonstrates that the prevalence of asthma symptoms varies worldwide, with English
speaking countries and Latin America having the highest prevalence, up to 20%. In
Africa, the Indian Sub-continent and in the Eastern Mediterranean, the disease appears
to be less often recognized but more severe. The trend seen is an increased prevalence
in more affluent countries but a more severe phenotype in less affluent countries.”
Among children with asthma, around 5% suffer from severe asthma, characterized by
chronic symptoms and/or severe exacerbations despite drug treatment.® The prevalence
of rhinoconjunctivitis in the same study was on an average 15% for current symptoms.’

The clinical diagnosis of asthma is usually based on patterns of symptoms, response to
therapy, together with clinical testing of e.g. lung capacity.? Lately it has been
discussed if clinically defined asthma is one disease or composed of several sub-
diseases. Proposed classifications based on combined data on clinical features,
physiology, immunology, pathology, genetics, environment, response to treatment and
other factors might in the future lead to new, more specific definitions.” *° Currently, all
available treatments, e.g avoidance of allergens and irritants together with medications
such as inhaled corticosteroids and bronchodilators, are non-curative and only provide
symptom prevention or relief.

2.2.2 Factors influencing the development of asthma and allergic

disease

Asthma is a complex disorder and thought to be influenced by several different factors.?

These can either act as risk factors, or protect against developing the disease. Examples
of such factors are: a) The local environment- living on a farm and consumption of
farm-produced products is believed to have a protective effect™, whereas smoking,
pollution, and exposure to molds is negative for the outcome?; b) Genetics- early twin
studies™® '* to modern genome wide associations studies (GWASs)™ all point towards a
high heritable factor in asthma; ¢) Infections- since the early 1970s and up to now,
studies have shown a relationship between viral lower respiratory tract infections and
asthma later in childhood™ *°; d) Gender, age, family size, obesity, ethnicity, and
antibiotics during early infancy are also factors thought to influence the development of
asthma.lz’ 17,18

There has been an accelerated increase in the prevalence of asthma and allergies in the
Western societies over the past decades. To explain this phenomenon the term “hygiene
hypothesis” was coined in 1989.%° The hygiene hypothesis states that due to the
“Westernized” lifestyle, e.g. smaller family size, improved living standards and better
personal hygiene, children are exposed to a “cleaner” environment, with fewer
infections resulting in an increased risk of developing allergic diseases. Recent data still
show an increase of asthma and allergy in the affluent world. * However, this may not
be the consequence of a “cleaner” environment in the previous sense, but rather due to
a deficiency in exposure to a diverse microbial environment in.?>*> The main proposed
cellular mechanism behind asthma and allergy is thought to be a skewed balance in the
immune response between the two white blood cell groups T helper cells 1 and 2 (Ty1-



Tw2). Shifts in balance towards Tylwould lead to autoimmune disease whereas a shift
towards Ty2 would lead to allergic disorders. A positive exposure to a diversity of non-
pathogenic microorganisms, together with other factors, is now suggested to regulate
the immune system and to maintain the balance between T1 and T2 cells.? Since the
protective effects are no longer believed to be due to an “unhygienic” environment, but
rather due to a diverse exposure to a beneficial bacterial flora the term “hygiene
hypothesis” gloas been proposed to be replaced by the “microbial deprivation

hypothesis”.

2.3 THE HUMAN GENOME

2.3.1 Composition of the genome

The human genome is made up of strings of deoxyribonucleic acid (DNA) molecules
consisting of unique nucleotide bases, i.e. adenine (A), cytosine (C), guanine (G) and
thymine (T). Continuous variation of the composition of these four bases is what makes
up all our genes. DNA normally occurs as a double helix, comprising two
complementary strands where a distinct stretch of DNA, used as a template to
synthesize a functional complementary ribonucleic acid (RNA) molecule (which in
most cases encodes for a protein), is called a gene. According to the latest estimate
there are around 20,500 protein coding genes in the human genome. 2* The double helix
DNA structure is rolled up on histones and twisted and twisted until it is packed into a
chromosome. There are 23 chromosome set in the human body and most cells (except
the sperm and egg cells, which only have one) carry two copies of each chromosome
(44 and XX for females and 44 and XY for males). Each unique gene is used as a
template to synthesize (RNA). RNA molecules can be divided into two broad classes,
messenger RNA (mMRNA); that serves as templates for protein production, and
noncoding RNAs (ncRNA); which are RNA molecules that do not translate into
proteins. Included in the group of ncRNA are among others, ribosomal RNA (rRNA),
transfer RNA (tRNA), small nuclear RNA (snRNA), microRNA (miRNA). The
ncRNA have important functions in building blocks in ribosomes, perform functions as
carriers of amino acids during translation and regulating the expression of other
genes.? Genes, usually, consists of both exons and introns which make up the template
for RNA. The introns are however removed by splicing and it is only the exons that
constitute the final MRNA (or ncRNA), which in turn can be translated into a protein
(Fig. 1). The proteins constitute the cornerstones in building the body and provide the
functional machinery that is utilized by all cells to perform their tasks.
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Figure 1. DNA is made up by combinations of nucleotides with either an A, C, G or T base attached to it.
A stretch of DNA makes up a gene which in turn is split up in exons and introns. The exons serve as the
template for mRNA which codes for the proteins.

2.3.2 Sequence variations in the genome

A unigue chromosomal location defining the position of a gene or a DNA sequence is
termed a locus (or several loci). An alternative version of a gene is called an allele. For
one gene there are two alternative alleles in each cell, one on each chromosome, i.e. one
inherited from the father and the other from the mother. An allele does not have to be
the entire gene but can be designated to one specific nucleotide. The human genome
contains numerous variations which can occur both within and among human
populations. These variations are named single nucleotide polymorphisms (SNPs).
Currently there are 12 million SNPs deposited in the GenBank® database
(http://www.ncbi.nlm.nih.gov/genbank). A SNP can occur within an exon (coding
SNP) or elsewhere in the genome (non-coding SNP).

A person is homozygous (HoZ) if it has the same base in a specific position (e.g. a “C”
or a “T” on both alleles). A person is said to be heterozygous (HeZ) if the base in a
specific position differ between the alleles (e.g. a “C” in one allele and a “T” on the
other) (Fig. 2). Alternatively, the individual is said to have a “CC”,a“CT” ora “TT”
genotype. If “C” is the common allele then “T” will consequently be the least frequent,
rare allele (Fig. 2). The frequency of this rare or minor allele in the population is
termed minor allele frequency (MAF). There are other variations in the human genome
as well; copy number/neutral variations (CNVs), which is when a gene/part of a gene is
deleted, duplicated, inverted or translocated, and epigenetic changes, which can be
defined as “the structural variation of chromosomal regions so as to register, signal or
enable altered activity states”.”® The epigenetic changes do not affect the underlying
DNA code but rather modifies how it is expressed.
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Figure 2. lllustrating three possible combinations of the two alleles. A person can either be homozygous
(HoZ) or heterozygous (HeZ) for a genetic variation. The least frequent genotype (i.e. TT) will be the
combination of the rare alleles (i.e. T).

When a particular genotype present at one locus is independent of a genotype at a
second locus, the genotypes are said to be in linkage equilibrium. When, on the other
hand, a particular genotype present at one locus is dependent of a genotype at a second
locus, the genotypes are said to be in linkage disequilibrium (LD). LD is a non-random
association of genotypes. The genotypes within such a region form blocks called LD
blocks. LD blocks are separated by hotspots of recombination and the genotypes in an
LD block are most likely inherited together.

Although many of the variations discussed above do not lead to any visible phenotypic
distinction between people, taken together all these variations result in a human-to-
human genetic variation of approximately 0.5%.%” As a result, each person carries an
exclusive genome with a unique risk for each developing diseases, respond to the
environment and respond to drug treatment. Of note, we are still 99.5% alike each
other.

2.3.3 Finding disease genes: from past to presence

In 1953 the DNA double helix was discovered by Watson and Crick and the findings
made way for new research in the field of genetics.?® Since then, the field has simply
exploded. In1990, the international Human Genome Project (HGP) was launched, with
the goal to sequence the entire human genome. The project was completed and
published in 2004%, even though drafts of the human genome sequence, now
performed as a race between the publically founded HGP and the private company
Celera Genomics, were published already 2001, presenting roughly 90% of the total
sequence.® * The drafts suggested that the genome contained 30,000-40,000 genes,
not 100,000 as previously estimated.** However this number has been revised after
compltzation of the project and is now estimated to ~20,500 distinct protein-coding
genes.”*

2.3.3.1 Linkage analysis

During the past years, linkage studies and candidate gene association studies have been
the main approach to identify susceptibility genes for complex genetic disorders.
Linkage studies are performed on families with affected individuals. Each family
member is genotyped for genetic markers that are evenly spread throughout, a
candidate gene region or the whole genome covering all chromosomes. If a region is



identified that contains a higher than expected number of shared alleles among the
affected individuals, the region is said to be linked to the disease in question. The main
advantage of this approach, when used at the whole genome level, is that it is
hypothesis-free. The disadvantage is that the regions identified are quite large and
requires further fine-mapping, i.e. positional cloning. Even when fine-mapping is
performed, the identified region might 