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Abstract

Airway mucus protects and maintains the healtlhefrespiratory tract. Its production
is orchestrated by environmental cues, thus imér+dual variation in mucus
composition, quantity and rheology is likely to éamdifferences in disease
susceptibility and response, and may also res@hinronmental specific suitability.

Glycoproteins known as mucins are considered tind@enajor components of mucus.
This project is concerned with the large secretetdlay mucins that are encoded by
MUCS5ACandMUCS5B, with the overall aim being to study their geneteiation in

relation to disease and demography.

Using a single base extension genotyping methasl ptioject reports for the first time,
significant associations between five dependest@l related respiratory outcomes,
including asthma, and a single nucleotide polym@mlof MUC5ACIn a European
longitudinal cohort. The cause of these associatomuld not however be refined and
therefore further characterisation of MM&C5ACgene is essential for understanding
the relationship between allergic airways and MUCS5A

Variants of theMUC5B gene have also been explored in relation to asthax@ation of
the MUC5B upstream promoter region has been characterig@gbiasthmatic disease
case-control cohorts by Sanger sequencing. Statiistisignificant associations are
reported here between regulatory variantsIofC5B, whereby the ‘high’ expressing

promoter haplotype is significantly underrepresértea sample set of severe asthmatic

cases as compared to their controls.

To further characterise variation within these gentleeMUC5B promoter has also been
sequenced in a sample set of eight African popratand the patterns of regulatory
diversity have been examined in relation to popohedifferentiation, geographic
demarcation and species conservation profiles. Mg frere for the first time, a
statistically significant overrepresentation of thigh’ expressing promoter haplotype
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in a collection of the Anuak peoples of Ethiopiacaspared to four other Ethiopian

sample sets of differing Ethnicity.

12



1 General Introduction

This thesis is about variation within genes encgdiighly glycosylated proteins known
as mucins, which are expressed at the interfacecest body and the environment. The
main focus of this general introductory section \wé on mucin characterisation,
assembly and function, with special emphasis ottty secreted respiratory mucins,
MUCS5AC and MUC5B. The potential role mucins playnflammatory airway disease
will also be explored and mucin gene associatiadiss will be reviewed. Please note
that more detailed background information is swgapht the beginning of each chapter.

It is however important to firstly discuss the veestources available to geneticists and
start here by describing the successful compleifadhe human genome sequence and
the current state of knowledge on the frequenayeoietic variation.

1.1 The Human Genome

“The human genome holds an extraordinary trovenédrimation about human

development, physiology, medicine and evolutibahder 2001- Nature

After a competitive race between the $3 billion gmment-funded project
(international human genome sequencing consortibi®@SC) and the privately funded
Celera consortium project headed by Craig Ventesugh draft of the human genome
was announced in 2000 and published in 2001 (Lastdr 2001; Venteet al. 2001).
Both drafts were consensus human genome sequestogesed of multiple individuals
and were ‘completed’ in 2003. While most of the laungenome has largely been read,
gaps scatter the sequence and highly repetitivenreguch as the centromeres and
telomeres remain unsequenced or incomplete. kg difficult to find official

estimates of genome completion, however an unaffsource suggests that 92.3% of
the genome has now been sequenced (Genome commstimates — see web citations
on page 206).
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The compiled human genome sequence known as tergphth, is publically
available in databases such as UCSC Genome Bimatars and Ensembl, where the
sequence is both extensively annotated with gem@sequence variants, and is
supplemented with additional information such ascggs comparison data. To date the
golden path length equates to 3.1 billion nuclesstidithin which 23,483 protein

coding genes are known to exist (Ensembl Assenidy@Genebuild — see web citations
on page 206).

1.1.1 Variation of the human genome

Genetic variation such as single nucleotide polyhmms (SNP), copy number
variants (CNV) and simple repeat sequences sodcalierosatellites and minsatellites,
are wide-spread throughout the human genome. Aiftielication of the draft sequence,
SNP density estimates suggested that one SNP 3 br rather 1.42 million SNPs in
total, could be found within the human genome (&kotandaret al. 2001). SNP
estimates are ever growing and the actual numbepofrted SNPs is close to 18
million (Ensembl Assembly and Genebuild — see wtdiions on page 206), but it
should be noted that frequency data are not avaifaball (some of which may be
errors) and a variation can only strictly speakiegclassed as a polymorphism if it is

present in at least 1% of the tested population.

Copy number variation (CNV) has recently gainedsoderable interest as a common
genetic marker and one comprehensive genome widésiidly has calculated that as

much as 12% of the human genome is affected by (Rédonet al. 2006).

A considerable fraction of the polymorphism is ftiocal for instance those within the
exome that result in amino acid variants or thosated within the exon-intron
boundaries that cause splice variants. Less is kraiwut the functional significance of
most other non-coding variation. However varianithiw regulatory regions, such as
the DNA sequences where transcription factors kang Jikely to alter expression. Due

to the degenerate nature of transcription factodibg sites, it is difficult to predict
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sequence involved in regulation thus making iticlifit to establish which non-coding
variants are likely to be functional. Experimermgebcedures are required to determine
functional regulatory variants which perhaps expavhy the vast majority of genetic
disease association studies to date have conamhwatvariants that disrupt amino acid

sequence rather than the expression levels ofrtteip.

1.1.2 Blocks of linkage disequilibrium

Genetic markers are said to be in linkage disdwyuiim (LD) if they are found together
in a test population more often than expected lanch. The extent of LD is variable
across the genome and reflects past recombinatEms Some sequence regions have
undergone more of these past events than othem®gnd are said to be recombination
rich or rather recombination hotspots.

A haplotype is defined as a set of alleles fromtipld loci that are inherited together on
a single chromosome. It has been suggested teathsts of recombination free
haplotype blocks are interspersed with narrow mregiknown as recombination hotspots
where the majority of the recombination events fallaee (Dalyet al.2001; Gabrieét

al. 2002; Jeffrey®t al.2001). The sizes of haplotype blocks vary andtasebeen
shown to extend as long as 804 kb in a Europeaulatgn (Dawsoret al. 2002).

In general the patterns of LD, or rather the posgiof recombination hotspots, appear
to be similar for all populations, however the sabé LD decay vary between
populations. African populations have been showmatee the highest rate of LD decay
which is consistent with an ‘older’ population loist and thus supports the out-of-
Africa origin of modern day humans (k¢ al. 2004). The HapMap project has built a

genome-wide map of LD and haplotype blocks foraasipopulations.
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1.2 Genetic distance between populations

Extensive genetic differences in allele frequenaiesknown to exist between
geographically distinct populations (&f al. 2008; Novembret al. 2008). These spatial
patterns of genetic variation are a result of papoih specific genetic drift,
demographic history, natural selection, and newatius. In the case of genetic drift,
the frequency of a genetic variant can change pa®h result of random sampling
within a population. New mutations may arise indejantly in geographically distinct
populations and may remain isolated in the absehoggration and admixture. The
demographic history of a population will impringedf within the genetic diversity of
contemporary populations, for example variants neagh a high frequency if a
population has undergone a bottleneck event whetebgenetic variants that were
available in the ancestral population are reduoetigubset of variants. Lastly, natural
selection is likely to play an important role ingutation differentiation since
geographically distinct inhabitants will be subggtto different environmental
conditions which will each favour particular hebka phenotypes. If possessing these
heritable traits increases an individual’s chanfcguovival and ability to reproduce,
then the trait is more likely to be passed onton#yet generation and is said to be more

successful.

1.3 Genetics and disease

As discussed previously (page 14) variation withim human genome is extensive.
Most genetic variants result in no detrimental oate, however some variants do cause
disorders. Monogenic diseases such as Huntingtoorea and sickle cell anaemia are
caused by mutations within single genes, Hunti(ih T) (OMIM entry #143100) and
B-globin HBB) (OMIM entry #603903) genes respectively. Thereeraany diseases of
complex etiology that are in part a result of geneariation. Such complex diseases
can be caused by variants within multiple geneskwhonfer susceptibility when in
combination with each other and/or specific envinental factors. Examples of such
complex disorders include, diabetes (OMIM entry38%3), and asthma (OMIM entry
#600807). For OMIM reference please see web citatan page 206.
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Various study approaches can be used to identiigtgevariants that either cause or
increase an individual’s susceptibility to disedsamily based linkage studies use
disease pedigree genotype data to identify makerather areas of the genome that are
linked with the disease in all affected indivdudspulation based association studies
look to identify genetic variants that are sigrafitly more common in a disease sample

set than in a population sample of healthy controls

Many genetic disease studies seek to identify #usal or susceptibility genetic
variants by methods which exploit LD within the game. Markers in LD with disease
causing alleles will pick up signals of associatm help to refine the true causal
variant. This means that in principle the wholeayee can be scanned by typing a
small number of variants since information from geaetic marker will be

representative for all other markers it is in LOiwi

1.3.1 Association studies

Population based association studies can eithkrdaecase-control or longitudinal
cohort sample sets. A case-control associatiorystadsists of approximately even
numbers of DNA samples from individuals with a mariar disorder and samples from
healthy controls. The best case-control study ve®k matched data set, whereby the
disease samples are matched with a correspondmgbteample of the same sex and
of similar age, ancestry etc. Case-control sangueslesirable since they are relatively
easy to obtain and allow the researcher to chdwsspecific disease they are interested
in. However disease description is often an issukecan lead to phenotypic
heterogeneity. While dataset sizes are also araang angst, independent association

studies involving the same disease can be accuedulaia meta analysis.

Longitudinal cohorts consist of individuals oftexcruited from birth and followed for a
lengthy period of time. Studies involving longitadl cohorts benefit from hindsight

and thus medical history and lifestyle informatame often available. This allows the
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researcher to combine genetic and non-geneticinlagats of interaction and permits

confounder adjustments to be included in testssbaation.

Until recently the candidate gene approach wasrgneised in most genetic studies.
This type of study is hypothesis driven and selgetses on the basis of the function of
their proteins in health and disease. In genelg@i@lariants that are thought to be
functional, such as amino acid altering or regulat@riants, are selected for
genotyping. Non functional genetic markers are ribeéess useful since they will
highlight regions of association as a consequeht®oThis has been the basis of the
SNP tagging approach whereby only a minimal nunob&NPs are needed to obtain
the maximum information (Chapmanal. 2003).

Recent association studies often utilise genetia theat are representative of the whole
genome, termed as genome wide association (GWAjestuWith the invention of high
throughput technologies such as microarrays, GWidists have become increasingly
accessible in genetic research. By scanning théengemome, regions significantly
associated with disease can be identified withnar pypotheses. However GWA
studies suffer notably from multiple testing sig@notyping platforms are now able to
test as many as one million variants simultanequsiy this figure is forever growing.
This increases the chance of obtaining false pesigsults and therefore more stringent
significance levels are applied which in themselnesease the risk of false negatives.
The low power of GWA studies mean only very strasgociation signals will be
correctly identified which is likely to be probleti@afor conditions involving multiple

genes even if their effect size is large.

1.4 Mucus

Mucus is produced at the epithelial surfaces atslasca primary innate defence
mechanism. It forms a protective barrier over thighelial surface preventing cell

desiccation and harm from environmental insultsctuis a complex mixture of water,
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inorganic salts, various immunological proteins argh molecular weight

glycoproteins known as mucins.

Epithelial surfaces are in direct contact with émeironment, and the epithelial cells
produce a plethora of defence proteins. For ingtéaxtoferrin, lysozyme and defensins
are produced with the intention to kill bacteria andividually do so in relatively
specific manners (Boyton and Openshaw 2002; FokardsScheeren 2000). The
mucus itself acts more crudely by entrapping coiriants and thus preventing the

offenders from permeating through to the underlyalis.

Mucins are the major component of mucus, and a&goresible for its viscoelastic
rheology. The biophysical properties of mucus \@@gending upon location within the
body. For example, the epithelia of the gastroiimiaktract must be protected from
gastric secretions and the mucus is viscous aneraah(Allenet al. 1993). However
the respiratory mucus is required to be ‘stickyd amobile in order to capture and
remove inhaled noxious agents via mucociliary tpanis(Thorntoret al 2008).

Location specific properties of the mucus are #slt of the differential expression

patterns of a diverse range of mucins with variearacteristics.

1.4.1 Mucins

Mucins share the common feature of a region ridimiaonine and serine, which is
heavily glycosylated in the mature protein, anknewn as the mucin domain. At
present 18 different genes have been given themsyenboIMUC (Hugo Gene
Nomenclature Commitee — see web citations on p@gedhd in most of these genes
the sequence that encodes the serine/threonineegoin is tandemly repetitive.
Although this region is extensively glycosylatedcalhmucins, the repeat units and their
organisation differ from mucin to mucin. The carpdrates attached to the mucin
domain usually make up more than 70% (Thorrmbal. 2008) of the total protein mass
and they aid in the lubrication and hydration af @pithelium. The carbohydrates have
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also been shown to directly interact with bactand thus prevent these pathogens from
entering the epithelial cells (Lindex al. 2002; Van de Bovenkangi al.2003).

1.4.1.1 Mucin glycosylation

Generally the mucin carbohydrate structures assaltrof O-glycosylation. During the
initial step of O-glycosylation aN-acetylgalactosaminyl peptidyltransferase adils a
acetylgalactosamine (GalNac) to serine or threores&ues in the mucin protein
backbone producing O-glycans. Elongation of thely@amns then occurs whereby
specific glycosyltransferases (GT) attach eithgiaic acid or hexose; galactose (Gal),
N-acetylglucosamine (GIcNAc), fucose. Studies otmuD-glycans have identified
four major core structures defined as follows;dore 1 and 2 O-glycans, galactose is
transferred to C-3 of the GalNAc which is elongatethe case of core 1. With the core
2 O-glycan branching occurs whereby the next texast adds to the GalNAc again. In
core 3 O-glycans a GIcNAc is added to the GalNAis &lso occurs with core 4 but is
followed by further additions to the GalNAc (Rosela/oynow 2006).

The core structures are then elongated by galaatu$&IcNAC transferases to form
GalB1, 3/4 GIcNAc units which can be terminated by @asi substances e.g. fucose,

sialic acid, sulphate and even the blood grouproetants (Rose and Voynow 2006).

Patterns of mucin domain glycosylation can varyrfirmolecule to molecule in many
different ways depending on; the precursor avditgbglycosyltransferase expression
patterns, the number of tandem repeats, differeincé® sequence of tandem repeat
units and allelic variation of the transferase esueos in the ABO Lewis and secretor

genes. Thus the mucin glycosylated domain prowadglethora of heterogeneity.
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1.4.1.2 Membrane tethered and secreted

There are two main types of mucin, membrane-tethanel secreted. The membrane
tethered mucins are comprised of three regionlp# sytoplasmic tail (CT), a single
membrane spanning region which passes through ¢ngbmane only once and a large
extracellular domain mainly composed of the glyd¢at®g tandem repeat region. The
transmembrane mucin is not a continuous proteinsbtieaved at a site close to the
membrane spanning region, producing two subunitsiwieattach via SDS-liable
bonds (Hattrup and Gendler 2008).

The sugar chains cause the transmembrane muagxsetod into the lumen as extended
‘bottle-brush’ structures which can stretch furtttean other cell receptors and
potentially prevent pathogens from interacting viita epithelial cells (Hattrup and
Gendler 2008).

There are two types of secreted mucin, polymerecramn-polymeric. MUCY7 is
considered non-polymeric because although it isesed it does not have the capacity
to oligomerise. The secreted polymerising mucingehthe ability to bond to each other
via the disulphide linkages that occur betweenrcisteine rich regions in the amino
and carboxyl terminal regions which flank the cahgfycosylated region and exhibit
extensive homology to human von Willebrand fact®WFE) domains (see section
1.4.2.2.2 for details). The disulphide links arepenportant for the mucus properties
since they are thought to give mucus its gel-likepprties (Thorntoet al. 2008).

1.4.2 Airway mucins

Both secreted and membrane-tethered mucins aressqat within the airways and the
relationship between the two mucin types is esakfar a healthy respiratory tract.
The large secreted oligomeric mucins form a visagmisvhich sits on top of the
periciliary liquid layer (PCL) where the membram¢ghiered mucins reside. The ‘sticky’

gel layer entraps noxious agents so that they eaernoved by ciliary beating within
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the low viscosity PCL bordering the epithelial sett a process known as the mucosal

ciliary escalator (Curran and Cohn 2009).

1.4.2.1 Membrane-tethered airway mucins

The membrane-tethered mucins MUC1, MUC4 and MUG#&@acated within the
airway PCL, on the apical surface of the epithal&ls. MUCL1 is generally localised to
the microvilli, whereas MUC4 and MUC16 tend to barid on the cilia (Hattrup and
Gendler 2008).

The membrane-tethered mucins of the airways aredefinitely attached to the
epithelial cells as both MUC1 and MUC4 can be idiert within mucus secretions
(Hattrup and Gendler 2008). Tumour necrasnverting enzyme (TACE/ADAM17)
has been shown to cleave MUCL1 from uterine epahelieasing the extracellular
domain (Braymaret al. 2004), and while this is a plausible explanationthe secreted
form of MUC1 in the airways, an alternatively splicform of MUC1 has also been
identified which lacks the CT and transmembrane aom(Hinojosa-Kurtzbergt al.
2003). Since 24 different MUC4 transcripts haverbeentified, alternative splicing is
also likely to result in the release of this muicito the airway lumen (Escaneéeal.
2002).

MUCA4 has the ability to interact with the oligoneemucins in mucus secretions via
disulphide linkages since it contains an extratalluWF cysteine rich D domain. In
some diseased airways, mucus has been seen tottethe epithelium, making
clearance difficult, causing the mucus to becoragr&int (Thorntoet al. 2008). It has
been suggested that tethering in this instancelbraaydirect result of interactions
between the D domains of MUC4 and the secretedmiggic airway mucins (Hattrup
and Gendler 2008).

MUC1 is known to participate in cell signalling. Fexample the bacterial protein
flagellin has been shown to interact with the eogtilar domain of MUC1 which is
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thought to activate signalling through phosphoiglabf the conserved tyrosine
residues in the CT. The MUC1 CT has also beenik®thin the nucleus where it is
thought to directly regulate transcription. It lea@n been suggested that this MUC1
signalling may upregulate the transcription of otfmeicin genes through B and
MAPK pathways (Hattrup and Gendler 2008).

1.4.2.2 The secretory airway mucins

MUCS5AC and MUC5B are the predominantly expresseaay mucins (Kirkhanet al.
2002) accounting for more than 90% of the total imé@und in sputum (Hattrup and
Gendler 2008), and it is therefore thought thay thige respiratory mucus its
characteristic gel-like and ‘sticky’ properties. BB is primarily expressed in the
mucous cells of the submucosal glands (Gronebead) 2002a) while the surface
epithelial goblet cells are the principle secretdrMUC5AC (Groneber@t al. 2002b;
Hovenberget al. 1996). However during airway disease MUC5B carobexaberrantly
expressed in the goblet cells (Gronebetrgl. 2002a; Kamiaet al. 2005).

In the airways MUC2 is expressed at only very lewels and is not easily detectable
but may also be aberrantly expressed during didéémeenberget al. 1996; Ordoneet
al. 2001).

The predictedMUC19 gene has been proposed to code for another lacgeted
oligomeric mucin (Chemet al. 2004). However there is little evidence to suggjest

this protein is present in human respiratory mydi®rntonet al. 2008).

1.4.2.2.1 The glycosylated domains of the secretory mucins

Mucin carbohydrate side chains are important iemheining mucus biophysical

properties since they are essential for mucin esipanvhen in solution, protease
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resistance, requisition of pathogens, water holdimgjion binding (Thorntoet al.
2008). Since the glycosylated central domain dsffegtween mucins, alterations in the

mucin composition of mucus will change its physieaiperties.

Within the colon, the major part of MUC2 appearstour as an insoluble form.
(Herrmanret al. 1999). Its central region is composed of two riépetdomains
separated by approximately 600bp. The first reg@mly contains a 16 amino acid
repeat motif (table 1.1). The second region iscaffeé by a polymorphism known as
variable number tandem repeat (VNTR). The repe@tofiz3 amino acids as seen in
table 1.1, has been shown to be present any nushlietes between 51 to 115
(Toribaraet al. 1991), and in addition some variation occurs witiie tandem repeats.

Thus the central glycosylated domain of MUC2 vage=atly between individuals.

Table 1.1 Amino acid repeat motif units within thecentral regions of MUC2, MUC5AC and
MUCS5B (Desseyret al. 1997b; Escandet al. 2001; Toribara et al. 1991).

Mucin Tandem repeat unit (amino acid)
MUC2 PPTTTPSPPPTSTTTL (region 1)
PTTTPITTTTTVTPTPTPTGTQT (region 2)
MUCS5AC TTSTTSAP (consensus)
GTTPSPVP (frequently occurs)
MUC5B ATGSTATPSSTPGTTHTPPVLTTTATTPT

The central domains of MUC5B and MUC5AC are somewdiféerent from MUC2.

While threonine and serine richness is again a prem feature of their central

domains, the glycosylated regions are interruptedyisteine rich domains termed cys
(see figures 1.1 and 1.2). Only one conserved piatgd-glycosylation site is present
within each of the cys domains meaning that theseigtually free from the constraints
inflicted by carbohydrate structures (Desseyn €1297b; Escande et al. 2001). The cys
domains are thought to act as hinges, allowingrtbeins to be flexible, a property
essential for airway mucus whereby it is requieté easily moved via mucosal ciliary
transport (Thorntoet al. 2008). However the very fact that these domaiesiah in

cysteine implies an additional role with respedbémd interactions. In fact a study of
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the yeast two-hybrid system has identified intecaxst between two of these central cys

domains and histatin 1 (lontcheva et al. 2000).

The glycosylated central region of MUC5B is commbe€&3570 amino acid residues,
coded for by a single exon of 10.7kb. The sequeninDesseyn et al (Desseyn et al.
1997b) led them to describe the central regiorneasly 19 subdomains (see figure 1.1).
Subdomains R01, R02 and R0O3 have no typical regpeatture but are rich in
threonine, serine and proline (TSP). The five sitisuRI to RV are also TSP rich, but in
addition exhibit a repeating structure composedanious numbers of the 29 amino
acid repeat motif shown in table 1.1. The R-endsvary similar to each other and are
again TSP rich.

The glycosylated subdomains of MUC5B are interrdfiitg seven cys subunits (Cysl1-
7). The cysteine residue positions within these @lamare highly conserved when
aligned with homologous domains from human MUC5A®use Mucb5ac, pig gastric
mucin, human MUC2 and the rat Muc2 homologue (Dgsstal. 1997b).

o 9 S
2 & g g
& & g N S S $
<& & & & <& & &
.
Cysl Cys2 Cys3 RI Cys4 RII Cys5 RIll Cysb6 RIV Cys7 RV
- Cysteine domain D Non-repeating R domain @ereat R domain E Repeating R domain ends

Figure 1.1 MUCS5B protein central region and the annotated subdmains.Deduced by Desseyn et al
(Desseyn et al. 1997b).

The glycosylated central region of MUC5AC is alsaled for by a single exon which is
thought to be approximately 10.5kb although it bialy been partially sequenced. This
central protein region has been deduced to inclifdeubdomains (figure 1.2) (Escande
et al. 2001). Nine of these subdomains are cysta@hgCys1-9) and have a high
degree of sequence identity especially with resfmettie cysteine residue locations
which are completely conserved. Four non-repeatorgains termed TSP 1-4 are rich
in threonine, serine and proline. TSP1 and TSPalanest perfectly identical while
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TSP2 and TSP4 are also completely homologous. fhaining four domains are also
TSP rich, however they each contain various numdietise MUCS5AC repeat unit of 8
amino acids (table 1.1).

5y v ) > 5
S & o & ¥

© A > o)
o o o Y
TR1 TR2 TR3 TR4

- Cysteine domain D Non-repeating TSP domain w Repeat domain

TSP1 TSP2 TSP3 TSP4

Figure 1.2 MUCS5AC protein central region with anndated subdomains (Desseyet al. 1997b;
Escandeet al. 2001).

1.4.2.2.2 Amino and carboxyl terminal regions

The amino and carboxyl terminal regions of the esect oligomeric mucins are rich in
cysteine residues and are therefore thought tbéentin sites of oligomerisation via
disulphide bonds which are of paramount importdacéhe gel-like properties of

mucus (Desseyat al. 1997b; Thorntoret al. 2008). Both regions exhibit high sequence
homology between the secreted mucins MUC2, MUC5A€MUCS5B, and also share
high sequence identity with the human vWF. The mosininent conservation is seen
with respect to the numbers and positions of tlseiye residues and also the

intron/exon boundaries.

Human vVWF is a multimeric glycoprotein found ingiaa. It plays an important role in
blood clotting, acting to stabilize clotting factélll and mediating platelet adhesion.
As shown in figure 1.3 the amino and carboxyl terahiregions of the oligomeric

mucin proteins have been divided into domains baseithose predefined for the
human vWF (Buisine et al. 1998; Desseyn et al. 89Désseyn et al. 1998; Escande et
al. 2001; Gum, Jr. et al. 1992; Offner et al. 1998)
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- D1 domain II]]]]] Mucin domain (threonine and serine rich) -4 domain

|:| D2 domain VWF A domains . B domain
D D' domain - C domain
I:l D3 domain E Cysteine Knot

Figure 1.3 Major domains of the secreted oligomezimucins and human von Willebrand Factora.
represents human vVWF protein divided into its mdjmmains. b. represents the domains of a generic
secreted oligomeric mucin (MUC2, MUC5AC and MUCHBErez-Vilar and Hill 1999; Thorntoet al.
2008; Verweijet al. 1987).

1.4.3 Mucin Assembly

It is difficult to study mucin assembly becausdhwd sheer size and complexity of the
proteins. Mucus gel can be solubilised by agentk si38 6M guanidium chloride, which
breaks down non-covalent bonds, and it is therdfayaght that the entanglement of

mucins gives mucus its gel-like properties (Thonmand Sheehan 2004).

After mucus denaturation, electron microscopy ré&s/gaicin monomers assembled in
linear chains held together end to end by disulphionds (Thornton and Sheehan
2004). However the procedures used to extract redodm mucus are very harsh and
disruptive. Therefore we cannot be sure that diaastate patterns of assembly have
been identified.

Protein studies of mucus generally show that sasripden healthy and diseased
airways largely differ in their mucin compositiddowever a single study of a mucus
plug obtained during autopsy from the airways sfadus asthmaticugatient, revealed
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unusual mucin architecture. A low charged glycofainMUC5B accounted for 96% of
the total mucin content within the viscid mucusglilectron microscopy of the
sample did not reveal the usual linear threadsnst¢ad entangled nodes of mucins
with emanating linear threads (Sheekaal. 1999). This is the only case of extensive
branching and cross-linking identified to date, leoer it successfully highlights the
severity caused by defects in mucin assembly.

A recent study has attempted to characterise thardics of MUCS5B by allowing
intact MUC5B molecules to interact with a variefysarfaces. They have shown that
MUCSB forms a structured and hydrated interface ithiages from 40-100nm thick.
The regions of the mucin proteins that are notagytated, referred to as the naked
protein, are responsible for attachment. The canth@te structures dominate the
interface, and it is this carbohydrate richness ¢bafers the absorptive properties of
the interface. Keismer and Sheehan have used nei@dstto show that this interface
selects what it absorbs based on size. Beads ofl @& allowed to enter through the
interface, however beads of greater than 100nnzéase excluded from the layer
(Kesimer and Sheehan 2008).

1.5 Hypersecretory airway diseases

In healthy airways the epithelial layer has adoptéadbmeostatic mechanism whereby
inflammation caused by various environmental irssafid pathogens results in the
upregulation of mucin expression (Gratyal. 2004b; Grayet al. 2004a; Kocet al.

2002) which consequently allows for greater amoohtaucus to be secreted. The
increased airway mucus helps to exclude the noxagest from the airways by
entrapment and removal via the mucociliary escakatd cough. When the
inflammatory inducer has been removed the mucgs#s reverts back to its balanced
state. However during chronic respiratory diseases as asthma, Cystic fibrosis (CF),
diffuse panbronchiolitis (DPB) and chronic obstivetpulmonary disease (COPD), this
mechanism persists at a greater intensity and llemger period of time causing this
protective mechanism to actually exacerbate disggs@toms. In fact mucus airway

occlusion can often be fatal and a recent studubjects, who had died status
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asthmaticushas shown that 95% of the patients had airwasomémng that ranged from

20-100% of the airway lumen due to mucus occlus(&ugperet al. 2003).

Although enlarged submucosal glands are evidesbine respiratory diseases (Bai and
Knight 2005; Fahy 2002; Kamiet al. 2005; Rogers 2004) the surface epithelial goblet
cells are thought to be the principal contribut@irexcess mucin production during
episodes of mucus hypersecretion because mucussant have been found in parts
of the airways where goblet cells are the only sewf mucus production (Evans and
Koo 2009; Turner and Jones 2009). Even in mildranderate asthmatic airways, the
mean volume of stored goblet cell mucin was thireeg higher in the cases than the
controls (Ordoneet al. 2001; Turner and Jones 2009).

In healthy humans goblet cells are rarely seemldistthe trachea i.e. the small airways
(Curran and Cohn 2009; Willianes al. 2006). However during episodes of
inflammatory disease, mucous cell numbers with@séregions are dramatically
increased (Gronebemry al. 2002b; Gronebergt al. 2002a; Kamicet al. 2005). The
excess secretory cells are thought to be a rekgtilbet cell metaplasia in which pre-

existing cells adopt an alternative phenotype (filset al. 2006).

Alteration of mucin composition within the airwayugus has been identified during
episodes of inflammatory respiratory disease. esaf asthma and COPD, MUC5B
has been shown to be the primary respiratory maritimn mucus plugs and sputum
respectively (Burgel and Nadel 2004; Gronebedrgl. 2002a), although in healthy
airways MUC5AC has been shown to predominate (Kanklt al. 2002).

1.6 Secretory oligomeric mucin gene complex

The genes that code the secreted oligomeric mudos;6, MUC2, MUC5ACand
MUCS5B are located within a 400kb region on chromosonEL®5. Pulse field gel
electrophoresis was used to determine the ordirest genes &UC6-MUC2-
MUC5AC-MUC5B(see appendix 4a), in a telomeric to centromaracton (Pignyet

al. 1996). The human genome browser annotations igténe complex are not correct

sinceMUC5ACandMUC5B are shown to overlap on the golden path sequence,
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implying that they are the same gene (see appehixt should also be noted here that
due to the difficult nature of the tandemly repdatJC5ACcentral region, a sequence
gap still remains in the golden path for this géfee gap can be partially supplemented
by sequencing data from the literature (Escaetdd. 2001) however some parts of the

central region remain unsequenced.

This secretory mucin gene complex is highly consérand has been identified in the
genomes of the mouse, dog, chimpanzee, rhesus matke and horse (Thorntaet
al. 2008).

Extensive LD is evident within thdUC gene complex since long ranging haplotypes
have been shown to extend frémJC2 to MUC5B (Rousseaet al. 2007). However,

no association betwednUCG6 variants and any of the other mucin markers hag be
identified within the 11p15.MUC complex, due to a recombination hotspot located
betweerMUC6 andMUC2 (Rousseaet al.2007).

1.6.1 Mucin gene associations with respiratory dise  ase

Significant associations have been noted betweeatiea inMUC7 andMUC2

VNTRs and asthma phenotypes. The MUC7 repeat doimammposed of units of 23
amino acids which can occur 5, 6 or rarely 8 tifadielesMUC7*5, MUC7*6 and
MUCT7*8 respectively). The short alleMUC7*5 has been shown to be significantly
underrepresented in a small asthmatic populatiarkifkide et al. 2001). This study has
also shown tha¥ilUC7 haplotypes carrying the short length allele agaificantly
associated with better lung function (higher FEVasweres and reduced FEV decline

where FEV is defines as forced expiratory volunigysseaet al. 2006).

In a small matched asthmatic cohort the distrimgiofMUC2 VNTR allele lengths
indicate that the larger alleles may protect atopieviduals from developing asthma
(Vinall et al.2000). Since the MUC2 protein has only been foainery low levels

within the airways it was proposed that the assimriadentified may in fact be due to a
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linked causal polymorphism withiUC5AC or MUC5B (Rousseaet al. 2007) which

code for the dominate airway mucins.

Length variation of the threonine and serine riehtcal region will affect the extent of
glycosylation and therefore VNTR polymorphisms geeerally accepted as the most
likely functional candidates with respect to digeassociation. However no length
variation has been noted filUC5B and only small differences have been identified fo
theMUCS5ACtandem repeat (Escanedeal. 2001; Vinallet al. 2000), thus we might
expect any disease association involving thesesgeniee due to different functional
variation. Variation in MUC5AC and MUCS5B glycosyilam may of course result from
sequence variants within the central region, angnporphisms of this kind have
previously been identified faiUC1 (Fowleret al. 2003) andMUC2 (Toribaraet al.
1991).

It is also highly plausible that variation withimet regulatory regions élUC5ACand
MUCS5B may be associated with hypersecretory respiratisgases. During chronic
airway disease the upregulation of mucin expressioasponse to insults is known to
be exaggerated and prolonged, which could in itsekh direct consequence of
regulatory variation. In fact polymorphisms withive MUC5B promoter have been

shown to be significantly associated with diffusaipronchiolitis (Kamicet al. 2005).

It is clear from the high levels of sequence covestgon in the amino and carboxyl
regions that these domains are important for mfugintion. We also know that the
corresponding cysteine rich regions in human vW&emsential for its assembly and
that mutations within these regions cause von Widad disease due to defects in
oligomerisation (Michiel®t al. 2006). It may therefore be proposed that missense
mutations within the amino and carboxyl termini kkely to influence normal

function.

Recently a non-synonymous SNP (Ala497Val) locatédimwexon 12 of théIUC5AC
amino terminal has been shown to be significardgoaiated with idiopathic interstitial
pneumonia. This SNP is located within an amino teafrD domain and it is therefore
thought that disease susceptibility may be a resussembly and oligomerisation
defects of the MUCS5AC protein (Bureh al. 2010).
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ENU-induced mutant mice have also highlighted thpartance of these regions.
Missense mutations within Muc2 have been showratse spontaneous ulcerative
colitis and chronic diarrhoea in mutant mid@nnieandEeyore A mutation resulting in
the substitution of a cysteine to a threonine édmino terminal D3 domain, and the
substitution of a serine to a proline in the cagd@d domain have been identified in
WinnieandEeyorerespectively. Both mice exhibit defects in muciig@merisation

and secretion, and ER stress in the goblet cetigaprotein misfolding has also been
noted (Heazlewoodt al. 2008).

1.7 Project Aims

The overall aim of this thesis is to describe w@awithin the mucin genes expressed
in the respiratory tracUC5ACandMUCS5B, and to examine this variation with
respect to disease and demography. This thesigided into four results sections

which aim to examine two specific hypotheses.

We firstlty hypothesise that inter-individual varibty of the predominantly expressed
respiratory mucins, MUC5AC and MUC5B, will confaffdring degrees of

suseptibility to respiratory disease.

« Chapter three aims to explore this hypothesis by studying theegje
variability of MUC5ACwith respect to allergy related respiratory digedhis
results section examines associations betweergkesincleotide polymorphism
within the 3 region ofMUC5ACand various respiratory outcome data, in a
longitudinal birth cohort. Tests of gene-gene iattions are also performed
between the samMUC5ACvariant and a variety of functional inflammatory

markers with respect to respiratory outcome.

» Chapter four aims to explore this hypothesis by studying bdthC5ACand
MUCS5B variability with respect to asthma. This resulist®n describes genetic
variation within theMilUC5AC3 region andMIUC5B regulatory regions in the
context of asthmatic case-control association ssuMUC5AC3' variation has
been explored within these sample sets in an attepplicate the associations

identified in chapter MUC5Bregulatory variation has been studied in this
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results section since haplotype variants have beewn to confer different
expression levels dMUCS5B in two independent studies (Kamabal 2005, Loh

et al2010). Taking into accouMUC5B promoter variant functional
information, we hypothesise that the high expreshiploptype will be
overrepresented in the asthmatic cases on thetbasiasthma is a characteristic

hypersecretory disease.

Chapter five aims to identify theIlUC5ACgenetic factor that may be
responsible for the disease associations identfiethapter three. This results
section introduces a sequencing strategy to ideobipy number variation and
applies this technique tdUC5ACsequence traces in order to explore the

possibility that this gene is affected by copy nemb

Since mucin expression is affected by environmenuak, we finally hypothesise that

the MUCS5B promoter variants will vary between geographicdiktinct populations

who have experienced different environmental pressduring their demographic

histories.

Chapter six aims to explore this hypothesis by characterigi@getic variation
within theMUCS5B promoter in African samples of varying geogragbaation.
Promoter variants are examined with respect to fadipn differentiation,

diversity measures and species conservation profile
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2 Material and Methods

2.1 DNA Samples

2.1.1 Laboratory volunteer samples

These anonymous samples were donated with consemidboratory employees and
students. The samples are not from a single papalat phenotypic group and were

used solely for optimisation purposes.

2.1.2 1946 longitudinal birth cohort

The MRC National Survey of Health and Developmengitudinal study initially
recorded information about all United Kingdom b&thithin the week 3-9th March
1946. A social class stratified cohort of 5362 vmdiials was followed further. The
individuals within this cohort have been studiettal of 21 times, 10 during childhood
and 11 in adulthood. The last data collection farol we have collated information
was carried out at age 53 years, at which timed&al buccal samples were collected
from consenting participants. As a result, DNAvsaitable for 2939 of these individuals
(ethical approval reference MREC no 98/2/121). Haisiple is considered to be
representative of a European population sincettiidyysegan before mass immigration
into the United Kingdom.

2.1.3 Matched asthmatic cohort

The matched asthmatic disease cohort is composialahdividuals; 50 clinically
diagnosed asthmatics and 50 non-asthmatic contvbish were age and sex matched
details for which can be found in Vinat al 2000. Both asthmatic and control sample

sets are composed of atopic individuals. Atopy defthed by positive skin prick tests
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which were generally confirmed by elevated IgE IsvAll individuals are British with
northern European ancestry. DNA was extracted totood samples collected from St
Mary’s Hospital Chest clinic. Ethical approval Haeen obtained from Parkside Health
Authority (EC no 2893). DNA extraction proceduresé been described previously
(Kirkbride et al. 2001; Vinallet al. 2000).

2.1.4 Severe asthmatic cohort

The severe asthmatic disease cohort is comprisg¢dindividuals; 85 severe
asthmatics and 92 ‘*hyper’ normal non-asthmatic radsitall are thought to be of
northern European ancestry. The asthmatic diseasplas have been clinically
diagnosed and were defined as severe if they westep 4 or 5 of the British Thoracic
Society’s asthma treatment guidelines. All asthoiatilividuals were recruited from
Southampton general hospital in collaboration wthJohn Holloway.

The ‘hypernormal’ control sample is comprised adlttey, non-asthmatic individuals
believed to be of northern European ancestry.rlhiiduals are recruited blood donors
from around the Southampton area and have repoda@@rsonal or family history of

respiratory disease. No atopy information is avdédor either sample set.

For both the severe and control sample sets, DN&ex&racted from 10ml of blood
using the Qiagen Genomic DNA Maxi-prep kit. Ethiapproval was obtained from the

Southampton and S. W. Hants Joint Ethics Committee.

2.1.5 African samples

Eight African sample sets obtained from The Cefaré&senetic Anthropology, have
been examined during this project; Ethiopia (n 8)3&o0zambique (n = 51), Ghana
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(n =57), Malawi (n = 50), Cameroon Lake Chad @5¥, Cameroon Grassfields-Somie
(n = 65), Congo (n = 55), Sudan (n = 30). DNA wxisacted from buccal swabs taken
only from anonymous males, unrelated at the graedpal level. Informed consent was
given by all participants. Social and anthropolaydata are available for each
individual which include, participants first andcead language, mother and fathers first

and second language, birthplace, and self-dectaridral identification.

2.1.6 cDNA samples

The cDNA samples used during this project had Isgyathesised from RNA extracted
from a variety of subclones of the HT29-MTX mucesreting cells by Wendy Pratt.
For the cell culture protocol refer to Lesuffleral (Lesuffleuret al. 1993) and for

RNA extraction and cDNA synthesis procedures reféiVanget al (Wanget al. 1994).

2.2 Genotyping methods
2.2.1 Six SNP multiplex

The 1946 cohort samples were genotyped for sixnpoiphisms using a multiplex
technique. Three SNPs were genotypeMunC5B (rs2672785, rs2075853 and
rs2075859), and one each within the geMlekC5AC 1L4 andIL13 (rs1132440,
rs2070874 and rs1800925 respectively), the reledeti@ils are given in Chapter 3.

2.2.1.1 Multiplex PCR

Optimal polymerase chain reaction (PCR) conditmese defined by altering thermal
cycling and primer concentrations, and the finaRR®nditions used are as follows. To
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each 2ul DNA sample (mean concentration of 3@hghe following PCR reagents
were added: 1ul of 10X Abgene Buffer IV containMgCl, [750mM tris-HCI (pH8.8
at 25°C), 200mM (NE),SQ4, 0.1% v/v Tween 20 15mM MgCb], 0.1ul of 100X
dNTPs, 5 p moles of rs1132440, rs2070874, rs180@p5noles of rs2672785, 3.5 p
moles of rs2075853 and 2 p moles of rs2075859 psini#stilled water was added to
make a final reaction volume of 10ul. Table 2.1vestheMUCS5AC primer sequences.
Please note that primer sequences for all othesSidR be found in Andrew Loh, PhD
thesis (Loh 2007) and Black et al supplementaigrmation (Blacket al. 2009).

Thermal cycling of the samples was initiated byataration at 95°C for 5 minutes,
followed by 30 cycles of 30 seconds at 95°C, 3@sds at annealing temperature 60°C
and 30 seconds at 72°C. A final elongation step26C for 5 minutes was added to the

end of the thermal programme.

Post optimisation, two PCR products from each phagee run on a 12% 19:1
acrylamide gel and silver stained in order to Viisgahe multiplex product prior to the

next step of PCR product treatment.

4ul of each PCR product was treated, in orderrmore remaining primers and residual
dNTPs, by adding 1.33 units of Shrimp Alkaline Rifestase (SAP) (USB Corporation)
and 0.8 units of Exonuclease | (NEB, inc) Additiarighese reagents were followed by
1 hour incubation at 37°C and enzyme deactivatiofb&C for 15 minutes. The treated
PCR products were held at 4°C prior to -20°C sterag

2.2.1.2 Multiplex Single base extension (SBE)

Single base extension (SBE) was the chosen gemgtypethod for the multiplex. To
1l of purified PCR product, 1.67pl of SNaPsHomultiplex Ready Reaction Mix was
added along with 0.66pl of a SBE multiplex primek montaining equal volumes of all

six Primer Extension (PE) primers at the followoancentrations: 0.75 pM rs2075853
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PE primer, 3.6uM rs2672785 PE primer, 3uM rs20738B%rimer, 1.8uM rs1132440
MUCS5ACTforward primer, 0.2uM rs1800925 PE IL13 primed|2M rs2070874 PE IL4

primer (see table 2.2 for details).

The samples were then subjected to 25 thermal £p¢l86°C for 10 seconds, 50°C for
5 seconds and 60°C for 30seconds, before beingahditC.

In order to remove'hosphate groups from the unincorporated ddNTRsSBE
products were treated with the following mixture3®units of calf intestinal
phosphatase (CIP), 0.43ul of 10x CIP buffer an@0laf dHO. Samples were then
incubated at 37°C for 1 hour followed by an enzylaactivation step of 75°C for 15

minutes, and a final hold of 4°C.

10ul of Hi-Di formamide and 0.25ul of Genescan LIZ 1sdfe standard was added to
1ul of the SBE product, which were then detectedelectrophoresis on the ABI
3730xI Gene Analyzer.

2.2.2 Basic PCR protocol

The basic PCR protocol is used for each of theeyeent PCR reactions and the
omitted details regarding annealing temperaturgdecmumbers and primer sequences
are shown for each specific PCR reaction in talle 2

To each 2ul DNA sample the following PCR reagergsevadded: 1l of Abgene 10X
Buffer IV containing MgC4 [750mM tris-HCI (pH8.8 at 25°C), 200mM (NHS O,
0.1% v/v Tween 20®, 15mM Mgg]l 1ul of 10X dNTPs, 2.5 p moles of the forward
primer and 2.5 p moles of the reverse primer. Destiwater was added to make a final
reaction volume of 10ul. Thermal cycling of the gd@s was initiated by denaturation

at 95°C for 5 minutes, followed by cycling of 3@&eads at 95°C, 30 seconds at the
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optimal annealing temperature and 1 minute at 72°flhal elongation step of 72°C for
5 minutes was added to the end of the thermal progre. All PCR products were

visualised by agarose gel electrophoresis (1% t@8kas appropriate).

2.2.3 DNA sequencing - SNP discovery and genotyping

2.2.3.1 Purification of the PCR product

After amplifying the fragment to be sequenced,RIER product was purified in order
to eliminate excess primers, dNTPs and buffer. P@ucts were purified using a
method of a home made PCR clean up solution [40%-8800, 1 M NaCl, 2mM Tris-
HCI (pH 7.5), 0.2mM EDTA, 3.5mM Mg@], ethanol wash and centrifugation on the
ALC® PK120 (maximum RPM 4000). Subsequent purified P@Rlucts were air dried
and re-suspended in distilled water.

2.2.3.2 Sequencing reactions

To 4pl of purified PCR product the following reatgewere added: 2.4 p moles of
either the forward or reverse primer used in th&RB&p was added to a mixture
containing 5pl of sequencing buffer, 1l of ABI Bige® Terminator mix v1.1 or v3.1
and 0.37nl of DMSO. Each reaction was made up to 15ul voluvitk distilled water.
These sequencing reactions were then subjectegrimgeamme of 98°C for 10 minutes,
followed by 25 cycles of 10 seconds denaturing8a€95 seconds annealing at 50°C

and 4 minutes of elongation at 60°C.

The sequencing reaction products were purifiedtimcastep isopropanol and
centrifugation procedure (ALCPK120 maximum RPM 4000) to remove excess

terminator mix, primers and buffer. The resultingified products were air dried and
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re-suspended in Li0of formamide. Electrophoresis of the productslom ABI Gene

Analyzer 3730x| was used to detect the sequencdises

Sequencing reactions were mostly conducted witthéhe of Mari-Wyn Burley at the

Centre for Comparative Genomics.

2.2.4 Restriction fragment length polymorphism (RFL P)

2.2.4.1 Variant -614 restriction enzyme digest

PCR steps were in accordance with the described B&R protocol and specific
details for this assay can be found in table 2al3il of the PCR product 2.5 units of
Bsal enzyme (NEB, inc) plus Jubof NEB buffer 3 were added and the final reaction
volume was made up to gBusing distilled water and incubated for 16 hoatr§0°C.

2.2.4.2 Variant -988 restriction enzyme digest

Since this variant does not fall within a natunatymne restriction site, an allele specific
restriction site was introduced into the PCR pradhycengineering a site in the reverse
primer (see details in table 2.1) in order to penf(RFLP as the method of genotyping.
The PCR step was in accordance with the basic gobttescribed in section 2.2.2 and
specific details are given in table 2.1. Tid 8f the PCR product 2.5 units of Hinfl
enzyme (NEB, inc) plus 1ubof NEB buffer 2 were added and the final reaction
volume was made up to (Busing distilled water and incubated for 16 hoair87°C.
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2.2.4.2.1 Variant rs1132440 restriction enzyme digest

All repeat typings of thiMUC5ACvariant rs1132440, were performed using RFLP.
The PCR step was in accordance with the basic gobttescribed in section 2.2.2 and
specific conditions are shown in table 2.1. Td& the PCR product 2 units of Haell
NEB enzyme, 1.4 of NEB buffer 4 and 140y of BSA were added and the final
reaction volume was made up taul&sing distilled water and incubated for 16 hoairs
37°C.

2.2.5 RT-PCR

For each RT-PCR assay, the following reagents agded to each 2ul cDNA sample:
1pl of Abgene 10X Buffer IV containing Mg&l750mM tris-HCI (pH8.8 at 25°C),
200mM (NH,),SOy, 0.1% v/iv Tween 20®, 15mM Mgg} 1ul of 10X dNTPs, 2.5 p
moles of the forward primer and 2.5 p moles ofrtheerse primer (see table 2.1 for
primer sequences). Distilled water was added toenaafknal reaction volume of 10ul.
Thermal cycling of the samples was initiated byataration at 95°C for 5 minutes,
followed by cycling of 30 seconds at 95°C, 30 selsoat the optimal annealing
temperature and 30 seconds at 72°C. A final elomgatep of 72°C for 5 minutes was

added to the end of the thermal programme.

cDNA samples were previously made in the lab by tlydaratt and Jo Fowler.

2.2.6 Genotyping of non-mucin genetic markers

Genotyping of genetic markers within the geB€4-R IL13, IL1IRN, IL1B andTNF
were conducted by Lynne Vinall and details of pcots are given in the appendix
(appendix 1).
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Table 2.1 PCR assay conditions.

PCR assay Forward primer Reverse primer ?S?TI\SIZZ(): AnneaEI(g)g temp tgj;?;?
MUCS5AC rs1132440 5'ACACCGAGGTGGAAGAGTGC 3’ 5'CTGGACAGGGGCACAAGTTC 3 5.0 60 (multiplex) 30
59 (RFLP)
MUC5B promoter A 5'CCACGGAGCATTCAGGAC 3' 5'CCCTCCCACCACTGCTTAG 3 5.0 65 35
MUCS5B promoter B 5'CACAAGCCACCCAGACTG 3 5'GAGCCAACACCAGCGTC 3' 5.0 62 35
MUCS5B promoter A2 5'GTGCAGTCACAGCCACGA 3’ 5'ATACGGTTCAGCCGTGAAAA 3’ 5.0 56 35
MUCS5B promoter B2 5TCTCTGCGGGTTTCATGACT 3 5'ACCTCAGATGCTCCCACCT 3' 5.0 64 38
MUCS5B -614 validation 5'CCACGGAGCATTCAGGAC 3' 5'CTCAGTCTGGGTGGCTTGTG 3’ 5.0 64 38
MUCS5B -988 validation 5'CCACGGAGCATTCAGGAC 3' 5'ACAGCGTCATCTGCAGGAGAC 3' 5.0 58 38
MUCS5AC 3" exon 13 to 14 5'ATCAACGGGACCCTGTACC 3 5'TGCAGATCTGGGTCTCACAG 3 5.0 63 36
MUCS5AC 3'exon 18t0 19 | 5'CGACCTGTGCTGTGTACCAT 3 5'GACACTGGGACGCCTCTCT 3’ 5.0 63 36
MUCS5B distal promoter to 5'’ACGAGGCCACACCACCCGA 3 5'CTGCGGCACCACGAGCATG 3 5.0 65 34
exon 1 (RT-PCR)
MUCS5B distal promoter to 5'’ACGAGGCCACACCACCCGA 3 5'CCGCCATCCATGGTGTGCC 3 5.0 65 34
exon 2 (RT-PCR)
MUCS5B exon 1 to exon 2 5'GAGCGCGTGCCGGACGCT 3 5'CCGCCATCCATGGTGTGCC 3 5.0 64 30

(RT-PCR)

Details of conditions shown include primers segesnconcentration of primers used, optimal anngaémperatures and number of cycles used duringdiecycling.
The red underlined allele within the reverse prinngzd in the -988 variant validation PCR, represantengineered site.
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Table 2.2 Multiplex Single Base Extension (SBE) agtion details.

Gene SNP PCR Extension primer SO Froee:
colour
Identifier | Alleles | Product length | Annealing length Orientation
(bp) temp () (bp)

MUCS5AC rs1132440 CIG 243bp 59°C 25bp Forward Black/Blue

114 rs2070874 CIT 150bp 59°C 21bp Reverse Blue/Green

1113 rs1800925 CIT 201bp 59°C 29bp Reverse Blue/Green
MUCS5B (exon 2) rs2672785 AlG 221bp 61°C 15bp Reverse Red/Black
MUCS5B (exon 3) rs2075853 CIT 151bp 61°C 17bp Reverse Blue/Green
MUCS5B (exon 9) rs2075859 CIT 206bp 61°C 17bp Forward Black/Red




2.3 Statistical methods

2.3.1 Deviation from Hardy Weinberg Equilibrium (HW  E)

Tests for deviation from Hardy Weinberg EquilibrifedWE) generate theoretical or
expected genotype distributions from the allelgdiencies determined from the
observed genotype counts. Where p is the frequehitye common allele and 1-p = q is
the frequency of the rare allele, the equationesgmting expected genotype counts is as

follows;

pP+2pg+4=1

In general a chi-squared test is used to comparelikerved and expected genotype
distributions. High chi-squared values and assedi&dw p values indicate deviations
from HWE. However in cases where expected genatgpats are less than five, chi
squared tests are no longer sufficient and mayym®dpurious results. Thus
throughout this project, an exact test is usectoutate the departure from HWE, and

is based on that devised by Guo and Thompson (I82)mplemented in Arlequin
version 3.1.0.2. This test is said to be analogoasFishers exact test however the 2 by
2 contingency table is extended to a triangulatingency table, which is then

examined using a Markov-chain random walk algorithm

Deviations from HWE might be explained by factausls as a non-randomly mating
population, population stratification, presenceitént alleles, selection or technical
error. In general, tests of deviation from HWE ased to check data for technical

errors.

2.3.2 Pearson’s Chi squared test (X%

Pearson’s Chi-squareg’] can be used as a test for independence and gesodhfit. In

both cases the observed data must be in the fooourits e.g. genotype numbers in
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cases and control groups. The chi-squared valuexged are evaluated for

significance by comparing them with critical values chi-squared distribution. If the
critical value falls within the 95% confidence intal, the null hypothesis is accepted-
the two variables are independent and therefordigtabution of the observed events

in each category is not significantly differentrfradhat expected by chance.

In order to generate the chi-squared statisti@xqected distribution of the data must
firstly be defined which is the number of expeagetotypes we would expect to find in
each category if the variables were independerdsé& lexpected values are generally
calculated when all observed data has been entdred contingency table using the

formulae as follows:

Expected wakirow total X column total
grand total

Chi squared is essentially the sum of the squaféztehces between each observed and
expected value divided by the expected value agsepted by the formulae below
where O represents the observed frequency of aymand E represents the expected
frequency of a genotype. As the Chi squared valoeeases the chance of the null

hypothesis being rejected also increases.

¥ =2(0 - B)
E

P values for the appropriate number of degreeseefilbm can be looked up in chi

squared tables but have been primarily generate&®P885 software in this project.

2.3.3 Fishers Exact Test

As with Pearson’s chi-squared, the Fishers exatisaised as a test for independence.
It can be used for analysing small datasets, antb& commonly applied to 2 by 2
contingency tables. The test explores whether ther@on-random associations

between two categorical variables.
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The exact probability of obtaining the observedhdat is calculated. Probabilities are
also calculated for all possible contingency talléh data distributions more extreme
than the one observed. Two-tailed tests are used Wiere is no prior hypothesis,
meaning that probabilities are calculated for talh@re extreme than the observed in
both directions. All calculated probability valus® summed together to obtain a

significance value for the observed data.

2.3.4 Logistic Regression

Logistic regression attempts to predict a dependamndble from a combination of
independent variables (1V) or rather predictor dast The dependent variable (DV) is
usually a binary categorical variable for examgfeaded and unaffected disease status.
Logistic regression has been used during this prégeexamine the relationship

between genetic variables (IV) and disease outq@.

Logistic regression uses a combination of the ptedwvariables to predict the
probability of a case falling into a particular @¥tegory known as the odds of a
category. Any asymmetry of the odds are adjustetiyaising log(odds). All logistic

regression calculations were performed by Iman Shah

2.3.5 Permutation test

Permutation tests have been used in this projdesstdhe significance of the genotype
distributions and were performed by Dr Nikolas Msdis. Observed genotype data were
randomized one thousand times producing a theatdatistribution of empirical data.
These simulated genotype distribution were thekgdnThe observed data were then
compared to the ranked distributions and a probabihlue was assigned, indicating

the likelihood of obtaining the observed data bsrae.
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2.3.6 Mann Whitney U and Kruskall Wallis test

The Mann Whitney U and Kruskal Wallis test haverbaesed to compare distributions
of continuous data. Both tests are non-parametei@nimg that they do not assume
normally distributed data and make no assumptiahttie variances are homogenous.
The two tests convert raw data to ranked data amdtke ranks for each population.
While the Kruskal Walllis statistic can be usedetst any number of groups the Mann
Whitney U test can only be used to compare twoggolihe Mann Whitney U test is
favoured in the case of a two group test sincastdreater power.

The Mann Whitney U statistic is calculated by thkofving formula where nand n
are the sample sizes of group 1 and group 2 rasphcand R refers to the rank of the
sample:

U:%+%(I’a +1) iﬁ-

2 = H

The Kruskall Wallis test statistic is calculatedthg following formula where H is the
test statistic, n is the total number of observetifor all groups and;Refers to the rank
of the sample:

b ZR* ~3n+1)

T

(Formulae - see web citations on page 206 for eefsx).

2.3.7 Correspondence Analysis

Correspondence analysis is a statistical method ieseisualise the relationships
between the columns and the rows of a two-way ngaticy table that contains
numeric data for categorical variables. Correspoodeanalysis is a kind of multi-
dimensional scaling since it attempts to captueentlaximum extent of correspondence

within the contingency table in as few dimensiospassible.
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The cross tabulation of frequencies are firstipgtadised. This means that the relative
frequencies are calculated for each cell by digaach value by the sum of all entries.
The new table of relative frequencies is now cadledatrix. The row and column totals
within the matrix are known as the row mass androol mass respectively and the

mass in this sense can be viewed as a ‘cloud’ tajpdénts.

Mass is used to estimate inertia which is the ratlegf mass multiplied by the squared
distance from the centroid (the centre of the clolreertia is a measure of the spread of
points and each dimension is given an inertia pegagge. The percent of inertia details
how much of the interrelationship within the taldeaptured by each dimension. The
first dimension always captures the most and altessive dimensions, orthogonal to

the first, capture less.

The main purpose of correspondence analysis isajahgcally display the relationships
or rather distances between the row and/or coluoimts The distances are represented
by coordinates for each cell within the table. Bxiste is used to describe the difference
between the data distribution patterns across amduior each row and vice versa. The
coordinates are plotted onto a two dimensional arapit is usual to plot both row and
column points on the same map. However, distanesggen row and column points
may not be interpreted. Conclusions can only bevdrfar distances between column

points or distances between row points.

2.4 Genetic Analysis software

2.4.1 Arlequin version 3.1.0.2

Arlequin is a population genetics software packi@geoffier et al. 2005). It enables
the user to perform a variety of intra and intepydlation tests on genetic data. During
this project Arlequin was used to test for deviatimm Hardy Weinberg equilibrium
(HWE) by a fishers exact based method which has begussed previously in section
2.3.1.
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Arlequin analysis software has also been usedtimat® haplotype frequencies and to

calculate the exact test of population differerdia{ ETOPD).

The ETOPD calculates pairwise measures betweegrelif populations in order to test
whether they are significantly different from eanther with respect to the distribution
of haplotype frequencies. The ETOPD is analogowsRshers exact test however the
contingency table can be bigger. The contingenishe s built with haplotype
frequencies and its significance is determined Maskov-chain procedure as

previously mentioned in the HWE section (Raymond BRousset 1995).

2.4.1.1 Haplotype inference using the Expectation-M  aximisation
Algorithm

The expectation-maximisation algorithm is a tw@sterative method used to infer
haplotype frequencies from raw genotype data, witiaesumes the genotypes are in
Hardy-Weinberg equilibrium. In each step haplotiieguencies are calculated by
assigning definite haplotypes to individuals tha& @anambiguous, i.e. individuals that
are entirely homozygous or heterozygous at onlyloogs, and makes estimates for
those that are ambiguous. Since the real numbeabtypes in the ambiguous class is
not known, a variable identified as x, is incorgedainto the formula, which are used to
calculate haplotype frequencies. In this first steppalgorithm estimates haplotype
frequencies for the ambiguous category assumindprarassortment and therefore no
linkage disequilibrium between loci. Thus haplotymegiuencies are dependent only on
the allele frequencies. The overall haplotype fesguies calculated in the first step are
then used to estimate x in a second step. Thieers ised to re-estimate the haplotype
frequencies. These two steps are iterated untie@ence is established, haplotype

frequencies stabilize and likelihood is maximised.
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2.4.2 PHASE version 2.1.1 - Bayesian haplotype reco nstruction

PHASE analysis software (Stephetsl. 2001; Stephens and Donnelly 2003)
implements a statistical method to infer haplotyfpes genotype data at linked loci by
using a Bayesian algorithm. Bayes theorem is aghitity theorem that takes two
random events, in our case observed genotype astibarved haplotype data, and
produces a posterior probability i.e. the probapiif A (haplotypes), given B
(genotypes). Thus the posterior probability is glted from the prior information of

observed genotypes.

This haplotype reconstruction method regards &hown haplotypes as random
quantities. It combines prior information with obssd genotype information to
approximate a posterior distribution using Gibh®gling which is a type of Markov
chain-Monte Carlo (MCMC) algorithm. Individual hapypes are then estimated from
the posterior distribution by looking for the mékely haplotype pairs. The haplotype
inference method applied by PHASE differs from otBayesian methods with regard
to its ‘prior knowledge'. It uses an “approximatatescent prior” to generate expected
haplotype patterns, for the given population, basethe evolutionary assumption that
a haplotype is more likely to occur if it can beigagenerated from a known haplotype

i.e. they are closely related.

Essentially the PHASE haplotype inference programoeks as follows: After
conclusively defining unambiguous haplotypes, md@mly guesses the unknown
haplotype pairs. These ambiguous individuals aea tthosen at random and the most
likely haplotype pair estimations are made withassumption that all other haplotypes
have been resolved correctly. A defined numbetevétions are performed between
these two steps producing an approximate sampgleegiosterior distribution, from

which individual haplotypes are estimated.

The PHASE case-control permutation test has alea beed in this project. A p value
is calculated which confirms or rejects the nulpbthesis that cases and controls are
from the same population and there is no significiiiference between them in terms
of haplotype frequencies. The PHASE case-contstlitas also been used in this
project to examine haplotypic differences betwedfiergnt ethnic groups.
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2.4.3 Regulatory motif prediction - rVISTA version 2.0

rVISTA is a sequence analysis tool implementedaweeb server

(http://rvista.dcode.ordy/ It attempts to predict cis-regulatory elemenithin non-

coding DNA sequence by combining database seaeftesomparative analysis.
Homologous sequences from two species are entele8lSTA format. The input
sequences are firstly aligned using zPicture aaddgions of high conservation are
then scanned for sequences that correlate witsdrgation factor binding sites (TFBS).
The TRANSFAC professional V10.2 library is usedgéarch for TFBS. Regulatory
elements are notoriously difficult to predict siribeir DNA sequence is degenerate.
However, by utilising conservation information, B/IA is able to predict biologically

functional TFBS with a greater accuracy.

2.4.4 Phylogenetic shadowing - eShadow

eShadow is a web based tolit(://eshadow.dcode.ojghat implements a method

known as phylogenetic shadowing, whereby multiplguences from closely related
species are compared and a conservation proftie&ed from the combination of all
mutations. Previous methods of conservation amah@ve focused on comparisons
between distantly related species, for instancerds humans and mice. Although

such comparisons have proved invaluable for thetifiieation of critical regions of the
genome, they fail to identify functionally importaregions between closely related
species, for example between humans and other f@snfahylogenetic shadowing is
able to accurately predict functionally conservegions between closely related species
since the multiple sequence alignments (MSA) idgin increased number of
mutations relative to the base sequence. It canutikse this cumulative mutation

density to detect slowly mutating regions.

eShadow implements phylogenetic shadowing in thtegs. Multiple sequence
alignments (MSA) of the closely related sequencediestly generated by the EBI

alignment tool ClustalWhttp://www.ebi.ac.uk/Tools/clustalw2/index.hjimThese

MSAs are then visualised by eShadow as percentaugion plots, where the x axis
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refers to the nucleotide position of the base irgagjuence and the y axis refers to the
percentage mismatched nucleotides computed asuthbar of reference sequence
mismatches in a 15bps window divided by the lemdtthe window. It should be noted
that the percentage variation is inversely propogl to conservation thus 0% variation
indicates complete conservation. Lastly, eShadatissitally evaluates the MSAs to
indentify highly conserved regions. It does sofoplementing two statistical methods,
a Hidden Markov Model (HMMI) and Divergence Thregh(DT). DT utilises a sliding
window of predefined length, and calculates the Ipemnof matches within the window.
If the match number reaches a defined threshodah, the sequence within that window
region is identified as being significantly conssaty The HMMI does not use a sliding
window but rather examines the MSAs by analysimgderall match and mismatch

distributions.

2.4.5 Measures of sequence diversity and tests of n  eutrality -
DnaSP Version 5.10.00

DnaSP is a software package dedicated to analgsitygnorphisms from DNA
sequences. Input data requires full haplotype sempudata for each individual. During
this project DnaSP has been used for measuresjoésee diversityn) and tests of

neutrality (Tajima’s D).

2.4.5.1 Sequence diversity - Tr

Measures of nucleotide diversity) (fepresent the probability that two copies of a
specific nucleotide will be different if selecteshdomly from a population or rather a
set of sequences (Jobliegal. 2004). Values of zero indicate that all sites are

monomorphic. The formulae faris as follows:

T = n(Z XinT[ij)/(n-l)
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n represents the number of sequencesna x symbolise the frequencies of tie and
ith sequences, angl is the proportion of nucleotide differences betwtex; and x
sequences (Joblirg al. 2004). Plots oft have also been created in DnaSP using
sliding windows of user defined size.mvalue is calculated and plotted for the centre
point of each window. The x axis corresponds tontheeotide position within the input
sequence and the y axis refers to the value Beaks represent regions of high
sequence diversity and troughs indicate regioiewfsequence variation.

2.4.5.2 Test of neutrality - Tajima’s D

The expected diversity level of any stretch of ssgpe is defined &s(theta). Estimates
of 6 can be calculated by several different methodshvhtilise different observations
of diversity such as number of segregating sitetsl(humber of polymorphic loci),
number of singletons (variants found to occur amge within the population), level of
homozygosity, number of alleles or measures. @dnder neutral evolution or rather

neutrality, all estimates @fshould be equal.

Tajima’s D (Tajima 1989) is a statistical test usgdompare estimates @based on
and the number of segregating sites (S) and isieallg a measure of the difference
between them. If neutral evolutionary forces hastecupon the sequence in question,
Tajima’s D will be zero since and S estimates will be equal. However signifigant
positive values of D may represent balancing seledr population subdivision, and
significantly negative values may be indicativepositive selection or population
growth (Joblinget al. 2004).

2.4.6 Haplotype tree construction - Network version 4.5.0.1.

The Network software has been used in this pragestconstruct phylogenetic trees,
which are used to display the relationships betwesitotypes. The nodes of the tree

refer to a single haplotype and the node circumiszes proportional to the frequency
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of the haplotype, and the branches indicate redaligps between the nodes. It should
however be noted that phylogenetic trees constlugteng recombining autosomal data
should be viewed with caution since they do no¢ tako account recombination

events.

2.4.7 Linkage Disequilibrium - Ldmax

Loci are said to be in linkage disequilibrium ifdwlleles from the separate loci are

present together on the same chromosome moretbfiarexpected by chance.

The simplest measure of LD is a value known as iZhvbalculates levels of LD in
relation to allele and haplotype observed frequendiet us define two separate loci as
A and B. The loci are biallelic and therefore tixéeat of LD between these loci can be
examined. Under random segregation the observgddrey of the AB haplotype,
termed as k&, will be a product of the A and B allele frequaassitermed Pand B
respectively. However if the two loci are in LDetAB haplotype will be observed
more often than expected given the allele frequendihus the calculation of D is as

follows;

D = Pag — PaPs

If LD exists between the two loci then D valuesl\w# significantly different from zero
irrespective of a positive or negative sign. Itwddhowever be noted that measures of
D are no longer used since they are dependentala ilkquency and therefore

independent D values can not be compared.

Values of D can however be modified in order taokite a more robust measure of LD
known as D which is the measure used throughout this proi2ds calculated by

taking the absolute value of D and dividing byntaximum value given the frequencies
of the alleles. Pairwise’Ialues range from zero to one. A value of onecaigis that

no separation of the two loci by recombination basn noted and they are therefore

considered to be in complete LD. Neverthelessdarfrequency alleles a value of one
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for D’ can be obtained in the absence of statisticaijiyiicant association. Values less
than one indicate that recombination has takeregbatween the two loci assuming the

phase inference was correct.

Ldmax (University of Michigan. Center for StatigticGenetics) has been used to
calculate pairwise measures of LD and does sorbtyfiestimating haplotype
frequencies using the EM algorithm (Excoffier analti§n 1995).

2.4.8 Primer design - Primer3

Primer3 is a web based todiltip://frodo.wi.mit.edu/primer3/used to design primer

pairs from an input DNA sequence encompassing éseetl region of PCR
amplification. Parameters taken into account fampr design such as GC content, can
be altered manually. Generally the default parareetere deemed adequate for the

design of all primers used in this project.

2.5 List of web resources and tools

Pubmed http://www.ncbi.nlm.nih.gov/pubmed/

HapMap -http://hapmap.ncbi.nim.nih.gov/

UCSC genome browselttp://genome.ucsc.edu/
NCBI dbSNP -ttp://www.ncbi.nim.nih.gov/projects/SNP/
rVista 2.0 -http://rvista.dcode.org/

eShadow http://eshadow.dcode.org/

Primer3 version 0.4.0http://frodo.wi.mit.edu/primer3/

ClustalW2 -http://www.ebi.ac.uk/Tools/clustalw2/index.html

Heavens abovehttp://www.heavens-above.com/countries.aspx

Ethnologue -http://www.ethnologue.com/web.asp

World Health Organisationhttp://www.who.int/en/
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Center for Statistical Genetics, University of Mgdn (Ldmax)-

http://www.sph.umich.edu/csg/abecasis/qold/indemnl ht

Database of Genomic Variants (DGW)tp://projects.tcag.ca/variation/

2.6 List of Buffers and Solutions

Agarose gel loading buffer 15% Ficoll in dHO plus bromophenol blue and xylene

cyanol dyes.

Abgene Buffer IV (10X) containing MgChk: 750mM Tris-HCI (pH8.8 at 25°C),
200mM (NH,)2,SOy, 0.1% v/v Tween 20®, 15mM Mgl

TBE (5x): 0.44M Tris, 0.44M Boric Acid, 12.5mM EDTA, pH824.

Home made PCR clean up soluticrd0% PEG-8000, 1 M NaCl, 2mM Tris-HCI (pH
7.5), 0.2mM EDTA, 3.5mM MgGlI

Home made sequencing buffer200mM Tris HCI (pH9), 5mM MgGl

NEB buffer 2: 10mM Tris HCI, 10mM Mgd, 50mM NaCl, 1mM dithiothreitol (pH
7.9 at 25°C.

NEB buffer 3: 50mM Tris-HCI, 10mM MgCJ, 200mM NaCl, 1mM dithiothreitol (pH
7.9 at 25°C).

NEB buffer 4: 20mM Tris-acetate, 10mM magnesium acetate, 50ratdgsium
acetate 1mM dithiothreitol (pH 7.9 at 25°C)
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2.7 Commercial kits

ABI BigDye® Terminator mix v1.1 and v3.1
ABI Prism® SNaPshdt" Multiplex Kit: contents AmpliTa§l DNA polymerase,
Fluorescently labelled ddNTPs, Reaction buffer.

2.8 Suppliers

New England Biolabs (NEB)
Applied Biosystems (ABI)
Abgene

Sigma Aldridge (oligos)
USB Corporation
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Chapter 3

MUCS5AC variation in the 1946 Cohort
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3 MUCS5AC variation in the 1946 Cohort

Allergy related respiratory disease is primarilglmestrated by Th2 cells and it is the
pro-inflammatory cytokines secreted by these ¢bHls$ coordinate inflammation (see
sections 3.1.1.1 and 3.1.3.1). In response to gimfeammation, the body has
developed a homeostatic defence system wherebg dprgntities of airway mucus are
secreted in an effort to expel the inflammatorysiag agent (see section 3.1.2.1). In
chronic airway disease, this mechanism is intenaetiye for lengthy periods of time
and actually exacerbates disease symptoms. Thesnmgclusions commonly seen in
severe asthmatic airways (Kuyperal. 2003) are testament to the detrimental effects

that such a defence system can have when the kakatipped.

At the cellular level, this mechanism is thoughb&controlled by pro-inflammatory
cytokines such as interleukin 13 (IL13) and tumoecrosis factor (TNF), which are
known to upregulatttUC5ACexpression (see section 3.1.3.1), and are praséigh
levels within the asthmatic airways (Braddetgal. 1994; Broideet al. 1992; Humbert

et al. 1997; Naseeet al. 1997; Yinget al. 1997). It is thought that an increase in
MUCS5ACexpression in progenitor cells results in theangdifferentiation to goblet
cells in a process known as goblet cell metapkga@M) (see section 3.1.2.3). The
dramatic increase of goblet cells present in desgasrways results in the characteristic
mucous phenotype. It is clear that MUCS5AC playsnaportant role in allergy related
disease etiology, we therefore hypothesise thattgewmariation affecting the expression
of this gene and the properties of the glycopropeaduct may alter susceptibility to

and severity of asthma and related respiratoryadise

This chapter describes the use of a longitudinh lasiohort for identifying associations
between aMUC5ACmarker and various allergy related and respiratiisgase
outcomes. Associations are also tested betweea #agse outcomes and variations in
genes involved in the inflammatory response witlesv to ascertaining possible gene-
gene interactions betwedfiJC5ACand various inflammatory mediator genes.
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The introductory section will discuss known etiofagf allergy and asthma as well as

MUCS5AC and its relationships with various inflammat mediators.

3.1 Introduction

3.1.1 Allergy

The term ‘allergy’ was coined by Von Pirquet in 89@llergy comes from the Greek
word allos meaning "other" andrgonmeaning "reaction". Over time allergy has been
used interchangeably with the term atopy which gaherefers to immunoglobulin (1g)

E mediated disease. In definition, an allergic tieads an unnecessary immune
response to harmless stimuli. Gell and Coombes3)1@i§ided these inappropriate
Immune responses into 4 hypersensitivity reactrongs. Categories are based on the
time between stimulus trigger and symptom manitestaand the nature of the
response. General use of the term allergy oftersdb a hypersensitivity 1 reaction.
This type of reaction is defined as an immediaspoase to otherwise harmless proteins

known as allergens.

Asthma and hayfever (seasonal or perennial conporbinitis) are both
hypersensitivity 1 allergic disorders. Other allerdisorders categorised in this way
include; food anaphylaxis and some intolerancésrgy-related skin disorders such as

urticaria and atopic eczema.

The prevalence of allergic disease has been inageasan alarming rate (Peat and Li
1999) and is primarily thought to be a disordethaf westernized world (Colet al.
2004). However recent epidemiological studies Haghlighted a significant increase

in prevalence of allergy in Africa (Oberrg al. 2008). This rapid increase in prevalence

can only be explained by changing environments.
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3.1.1.1 Cellular and Molecular Mechanisms of Allerg y: The Importance of
Cytokines.

Allergic reactions begin with the processing anelspnting of allergens by antigen
presenting cells to T helper 2 (Th2) cells in thready sensitized individual. In
response, the Th2 cells secrete a defining profilytokines, Interleukin (IL) 3, IL4,
IL5, IL6, IL9, IL10, IL13 and GM-CSF, which orcheates the allergic reaction.
Infiltration of these Th2 cells into the affectesisue is the “immunological hallmark” of

an atopic response (Kay 2000b).

IL13 and IL4 stimulate programmed B cells to progladlergen specific antibody IgE.
The allergen then induces cross-linking of the biglind to mast cells and subsequently
causes these cells to degranulate, releasing pretbmflammatory mediators such as

histamine which result in chronic inflammation (Beanet al. 1996).

IL3, IL5 and GM-CSF cytokines stimulate the prodoigtand maturation of eosinophil
colonies in the bone marrow. These cytokines “pfithe eosinophils by increasing
their metabolic activity which is characteriseddyyotoxicity enhancement and
mediator release (Beirmagt al. 1996; Kay 2000a).

The circulating eosinophils are attracted to theezti location by the cytokines IL3,

IL5 and GM-CSF which are consequently known as datractants. Recruitment to
the correct location is initially achieved by adtere of the eosinophils to the
endothelial cells near to the site of inflammati®he endothelial cells close to
inflammation become more adhesive for the eosirgphie to the local production of
cytokines such as IL4 and IL13, which upregulategiroduction of proteins responsible

for this specific adherence (Kay 2000a).

The eosinophils enter into the sites of inflammatiy transendothelial migration. This
process appears to only occur if the eosinophie liastly been matured by the
cytokines IL3, IL5 and GM-CSF (Moset al.1992).
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The mechanisms by which the eosinophils degranudabain uncertain. However the
mediators released, Major Basic Protein (MBP) Emsiril catonic protein (ECP)
Eosinophil-derived neutrotoxin (EDN) and Eosinopgdeloxidase (EPO), are cytotoxic
to the bronchial epithelial cells and potent inflaatory substances.

3.1.1.2 Immune system priming

While allergen exposure is universal, individuahome responses to common
allergens differ. Non-atopic individuals mount adest T helper 1 (Th1) immune
response to stimuli. They produce Immunoglobulg) & antibodies and interferon-
(IEN-y), a cytokine secreted by Th1l cells. Atopic induats respond to allergens with
an exaggerated Th2/IgE mediated immune response.

The type of immune response we mount against altergs thought to be determined
during early childhoodn uterothe T helper lymphocytes of the fetus are weakly
primed against common allergens. As a result teéboen demonstrates a Th2
dominated immune response. Critical immune devetyal stages appear to occur
during childhood before the age of 5 years (Keng Bjorksten 2003) which define
future immune response profiles. Normally, a predesown as ‘immune deviation’
should occur in the infant. Where the immune syslemates towards a Th1l dominated
allergen response. One possible trigger for thigadien event is thought to be

microbial exposure which forms the basis of theiéyg hypothesis, whereby it is
believed that the increasing obsession of the Wi@sezl world to prevent child contact
with bacteria is thought to be the driving forcénipel increases in allergy prevalence. In
atopic individuals, childhood ‘immune deviation’shbeen averted, and their Th2
immunity has been programmed to respond with greaist and specificity to the
allergens (Holet al. 1999; Kay 2000a).
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3.1.1.3 Environmental Factors and Allergy Developme  nt

Several allergy-protective lifestyle factors andeatudies have been used as proof of
principle for the ‘*hygiene hypothesis’. It has bedrserved in Europe that children who
live on a farm in close proximity to animals, havdog or have an older brother,
achieve a greater degree of protection againsygtpokson 1999). Rural living
appears to confer allergy protection in Africa adlvas Europe, whereby the prevalence
of allergic diseases is observably divided betweeal and urban Africa, with a far
greater incidence of allergy in the cities (Obengl.2008).

There are other environmental factors that coufax why some individuals have a
better chance of obtaining immune deviation. Theedaf the allergen and age at
exposure could be deciding factors for an individusubsequent immune profile. In
fact Scandinavian children born within three morgbsounding the birch pollen

season are more likely to become allergic to thitep in life (Cookson 1999).

3.1.1.4 Genetic Variation and Allergy Development

In concert with environmental factors, genetic &aon is also likely to play a pivotal
role in the development of allergy. It is thereforgortant to study polymorphisms in
genes known to be upregulated or altered in exjpresiring allergic episodes.

Inflammation is the defining symptom of allergy ahérefore pro-inflammatory
substances will obviously play an important rola@llergic disease etiology. In fact,
variation in a range of pro-inflammatory cytokinengs has previously been shown to
be associated with allergic disease (Albuqueefusd. 1998; Apteret al. 2008; Blacket
al. 2009; Choiet al.2009Db).
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It is also important to look at proteins that apeagulated by pro-inflammatory
cytokines or are involved in the inflammatory pa#tyTamuraet al. 2001). Thus
MUCS5ACIs a good candidate gene for studies of respiyatibergic diseases such as
asthma, since its expression is upregulated imitmeays during inflammation. Thus the
next part of this introductory section will focus asthma and the role MUC5AC plays

in asthmatic pathology.

3.1.2 Asthma

Asthma is a chronic inflammatory disease of thevays. Periodic bronchoconstriction,
inflammation and mucus hypersecretion are all f@ctchich lead to tightening of the
airways and reduced airflow. Symptoms include whnegdreathlessness and
coughing. Such intermittent inflammatory episodeskaown as asthma attacks. These
attacks can be very short and last for just minddessome last for hours and even
days. Long severe attacks are consistent witleahifeatening condition known as
status asthmaticusvhich can be characterised by mucus pluggingraptliring of the

alveoli.

Stimuli such as respiratory viral infection, exsggiemotional stress, air pollutants and
ozone are known to trigger asthma attacks. Howievers been suggested that 80-90%
of cases are allergy related and triggered by i@tyanf common allergens such as those
from the house dust mite, grass pollen and anirmadidrs (Cohet al. 1998; Cookson
2002). When inhaled, the airborne allergens evdiplaasic allergic reaction in the
sensitized asthmatic airways. During the initialtaephase, allergens induce an
inappropriate Th2/IgE mediated immune responsanately leading to chronic airway
inflammation (Holtet al. 1999). In the late-phase of the attack, the Thaksges

activate and recruit eosinophils. Mucus pluggingd perivascular oedema are also

conditions characteristic of the late-phase (ldokl. 1999).
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3.1.2.1 Mucus Hypersecretion in Asthmatic Airways

Mucus airway occlusion can often be fatal and amestudy of subjects who had died
in status asthmaticyushowed that 95% of the patients had airway nangwhat

ranged from 20-100% of the airway lumen due to rsumeclusions (Kuypest al.
2003). Mucus plugging is thought to be a markeasthmatic severity, and it is
therefore essential to understand the process ofisnqproduction in both healthy and

diseased airways.

3.1.2.2 Cellular Source of Mucus Hypersecretion

MUCS5AC and MUCS5B are the major secretory mucinsregged in the airways
(Kirkham et al.2002). They give the respiratory mucus its charstic gel-like and
sticky properties. MUC5B is primarily expressedhe submucosal glands (Groneberg
et al. 2002a) while the surface epithelial goblet cetistae principal secretors of
MUCS5AC (Groneberget al. 2002b; Hovenbergt al. 1996). However during airway

disease MUCS5B can become aberrantly expressea igalet cells.

Although enlarged submucosal glands are evidesbine respiratory diseases (Bai and
Knight 2005; Fahy 2002; Kamiet al. 2005; Rogers 2004) the surface epithelium goblet
cells are thought to be the principal contributbexcess mucin production during
episodes of mucus hypersecretion. This is supptitetie fact that the small and
medium airways o$tatus asthmaticuspecimens have been shown to be occluded by
mucus (Evans and Koo 2009), and within these reagigoblet cells are the only source
of mucin production (Turner and Jones 2009). Evemiid and moderate asthmatic
airways, the mean volume of stored goblet cell muas three times higher in the
cases than the controls (Ordomal. 2001).
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3.1.2.3 The Mucous Phenotype

In healthy human and murine airways, goblet celtsrarely seen distal to the trachea/in
small airways (Curran and Cohn 2009; Williaetsal. 2006). However during episodes
of inflammatory disease, mucous cell numbers withase regions are dramatically
increased. Abnormally large numbers of goblet agithin the small and medium
airways is the defining characteristic of a ‘mucpbgnotype’. This condition could be
ascribed to either goblet cell *hyperplasia’, defirby proliferative events, or goblet cell
‘metaplasia’ in which pre-existing cells adopt dtemative phenotype (Williamst al.
2006).

Mouse models of airway inflammation have been esttey used to attempt to solve
the conundrum of ‘hyperplasia’ or ‘metaplasia’. @&mce at present appears to favour
goblet cell metaplasia (GCM) as the primary cadgbe@mucous phenotype. Epithelial
proliferation is not significantly increased inaaljen challenged mice at the point in
which excessive numbers of goblet cells first appgaggesting that no increase in cell
number is taking place and mucin production hasetbee been initiated in resident
cells (Evanst al. 2004). A mouse study has also reported that theoosuphenotype
following sensitization could not be explained lyiacrease in epithelial cell numbers
since the number of cells per unit surface remaguedtant. This expansion in mucous
cell number could be entirely compensated for l®ydtamatic decrease in Clara and
ciliated cells (Readest al. 2003), implying a process of ‘transdifferentiatiomhereby
the Clara and ciliated cells have assumed a gtikéephenotype. The idea of Clara
progenitor cells has also been demonstrated in hiemekers. Smoker airways have
shown an increase of mucous cell number in locatisually occupied by Clara cells
(Lumsderet al. 1984).

Both clara and ciliated cells have been implicatggrogenitor cells in mouse airways
with mucous phenotypes. Direct evidence of airn@ghelial cell transdifferentiation
has been obtained by ultrastructural analysislefggn challenged mice, whereby cells

exhibit both Clara and goblet characteristics. Qmalization of the ciliated cell marker
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beta-tubulin and MUC5AC has also been seen in infeeted by the Sendai virus
(Turner and Jones 2009).

Cells staining positive for MUC5AC are defined asaous cells, and therefore
increased expression of MUCS5AC is the marker of G&id transdifferentiation (Fahy
2002). MUC5AC has been shown to be the mucin mastgulated in the asthmatic
airways of both humans and animals (Kirkhahal. 2002; Ordoneet al.2001; Young
et al.2007) and it is therefore important to understahgt MUC5ACbecomes

aberrantly expressed in progenitor cells.

As mucins give mucus its rheological propertieterations in thévlUC5ACexpression
patterns are likely to change the consistencypsgisg and stickiness of the mucus.
Therefore any genetic variation that affedid C5ACexpression or protein structure is

likely to be functional.

3.1.3 Mediators of GCM and MUC5AC Expression

3.1.3.1 Th2 cells mediate GCM

Th2 cells mediate inflammation and are also knawvmédiate mucus
hypersecretion/GCM. A mucous phenotype results witgéhcells are transferred into
the lungs of naive mice (Colet al. 1997; Cohret al. 1998). Thus Th2 mediated GCM
in humans is likely to have a profound effect ithagatic airways where a significant
enrichment of Th2 cells has been noted in bronsteatdr lavage fluid (BALF)
(Robinsoret al. 1992).
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3.1.3.2 Th2 cytokines regulate MUCS5AC expression

Various pro-inflammatory cytokines such as, IL1B4 Bnd IL13 have been shown to
upregulateMUC5ACexpression (Gragt al. 2004b; Grayet al. 2004a; Koaet al. 2002)
and GCM. A mouse study has suggested that IL-13beaie only cytokine essential
for allergy mediated GCM. Whittaker et al adminieteIL-13 +/+ or IL-13 -/- Th2 cells
to both IL13 wild type and IL13 knock out mice, lfmed by antigen challenge. Only
the mice with a complete IL13 blockade showed nthepal cell mucus staining in

their otherwise inflamed airways. Increased mucoslgction was evident after antigen
challenge in all mice that were either IL13 wildéypr had been administered IL13
positive Th2 cells (Whittakeet al. 2002). Thus the elevated IL13 levels seen in human
asthmatic lungs (Humbeet al. 1997; Naseeet al. 1997; Yinget al. 1997) are likely to

exacerbate mucus production.

3.1.3.3 1L13 signalling

IL13 and IL4 transduce their signals through a cammeceptor which is a heterodimer
composed of the chains IL4 RecepiqiiL4Ra) and IL13 Receptoxl (IL13Ral).

When cytokine attachment occurs the chain assacggmalling intermediates Janus
kinase (JAK) 1 and Tyrosine kinase (TYK) 2, are gpptwrylated and subsequently
activated. Phosphorylation of other tyrosine resglimcated within the intracellular
domain of IL4R: occurs allowing Insulin receptor substrate (IR&J 8ignal transducer
and activator of transcription 6 (STAT6) to asste@t these sites. IRS and STAT6
themselves become phosphorylated leading to tlation of further downstream
signalling pathways. IRS activates the phosphatidgitol 3 kinase (PI3K) and
Ras/MAPK pathways important for cell survival/pfetation and transcriptional
regulation respectively. Phosphorylated STAT6 alstivates transcription but does so
directly by firstly dimerising and then translocggito the nucleus (Hershey 2003;
Kasaian and Miller 2008).
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The IL13Rx1 60 amino acid intracellular domain does not appealay a very
important role in IL13 signal transduction, howettds region in highly conserved with
98% amino acid sequence homology between humanseedand is therefore likely

to be of functional importance (Hershey 2003).

IL13 also interacts with another receptor, IL13 &#ora2 (IL13Ra2), which is 37%
homologous to IL13R1. IL13Ra2 binds IL13 with a much greater affinity than
IL13Ral and it appears that it does not require the fahother chain for efficient
cytokine attachment, although this remains to lowgul (Hershey 2003).

IL13Ra2 has no obvious role in signal transduction argltharefore been proposed as
a decoy receptor, acting to absorb excess IL13owitinducing changes within the cell.
A mouse study has shown that in the absence ofiturat IL13Rx2, IL13-mediated
inflammation, mucus cell metaplasia and mucin gexgression are increased (Zhatg
al. 2008). This supports the idea that the IL&23Rcts as a sink for excess IL13, and in
its absence IL13 induces pathways that increasexpiession of inflammatory

response genes such as mucins.

A recent study has however suggested that Ilb®3¢duld mediate signalling through
AP1 (Fichtner-Feigét al.2006). An AP-1 binding site has been noted inMt#&C5AC
promoter region between nucleotides -3576/3570 lwisikknown to be involved in the
upregulation oMUCS5ACtranscription duringdaemophilus influenza@ THi)

infection (Cheret al. 2004).

This AP-1 binding site is also thought to medisltd C5ACtranscriptional upregulation

in response to cigarette smoke. Gensch et al Heoxersthat the increased mucus
production in the lungs of smokers is paralleleclervatedMIUC5ACMRNA levels
(Genschet al.2004). Using a luciferase reporter gene attach&¥00 nucleotides of

the immediate upstreaMUC5ACsequence, Gensch and colleagues were able to show
thatMUCS5AC promoter activity is significantly increased bgaiette smoke. A major

smoke response element was subsequently iderdifie3¥00/-3337 nucleotides relative
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to the transcription start site and mutagenesalafanscription factor binding sites
within this refined region identified AP-1 as theake response element (Genstlal.
2004).

Interestingly it has been implicated that AP-1 glovith the glucocorticoid response
element (GRE) and nuclear factor kappa B«{RFbinding motifs are the sites at which
glucocorticoids/receptor complexes bind to suppgese expression. As all three
motifs have been identified in thdUC5ACregulatory region (Gensdat al. 2004, Liet
al. 1998), so inhaled glucocorticoid treatment coutdatly repress MUC5AC

production.

Large intracellular pools of IL13# have been identified within a small subset ofscel
including respiratory epithelial cells. The intrakar IL13Ra2 is able to mobilise to
the cell surface after treatment with the Th1 defjrcytokine IFNy (Daines and
Hershey 2002).

Cell surface mobilisation has also been notedemptiesence of IL4 and IL13 at high
concentrations (Yoshikawet al. 2003). This could possibly explain why bronchial
epithelial cell cultures grown at air liquid intade (ALI), exhibit increased goblet cell
density (GCD) when exposed to low concentratioriiotihigher concentrations of
IL13 (Athertonet al. 2003).

3.1.3.4 Pathways involved in IL13 mediated MUCS5AC upregulation- MAPK

Subject to IL13 binding to its receptor locatedtba respiratory epithelial cells, the
exact mechanisms by which IL13 indud@¢s5lC5ACgene expression and subsequent
GCM remain unclear. However much evidence suggleatshe MAPK pathway plays
a pivotal role. By inhibiting key components iretMAPK and PI3K pathways (the
IRS activated pathways) in human bronchial epighéli_| cultures during IL13
treatment, GCD in these cultures was significareuced (Athertoet al.2003). A
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similar result was obtained by inhibiting the p3&RK pathway in mouse ALI culture
cells (Fujisawaet al. 2008). Using western blotting Fujisawa et al shbat STAT6 is
phosphorylated during the first 20 minutes aftek3lireatment and lasts for 48 hours.
However p38 MAPK phosphorylation is delayed andsdoat occur until 36-48 hours
post treatment. The upregulationMUC5ACgene expression was also delayed with a
significant increase in transcription not occurringil 48 hours post IL13 treatment.
The synchronisation of p38 MAPK activation atlC5ACupregulation identifies a
potential direct link between the p38 MAPK pathveayl MUCS5ACtranscriptional

regulation (Fujisawat al. 2008).

It has been suggested that STAT6 may directly niedlid 3-inducedMUC5ACgene
expression. This notion is supported by the faat BTAT6 deficient mice who
overexpressed IL13 did not possess a mucous phmn(ityipermaret al. 2002), and a
knockdown of STAT6 expression in human ALI cultesdls prevented IL13 from
inducing GCM (Turner and Jones 2009). However STA®és not appear to bind
directly to theMUCS5ACpromoter because there is no STAT6 binding matiiw the
MUCS5ACimmediate promoter (Let al. 1998) and no conserved STAT6 motifs could
be located within the wholRIUC2-MUCS5ACintergenic region (Youngt al. 2007).

Why therefore is IL-13 unable to induce GCM in STeAHhock out mice? In an attempt
to answer this problem, Fujisawa and colleagues kaggested that in order for
MUCS5ACgene expression to be upregulated by IL13, STAT®&ation must initially
occur which is followed bye novagprotein synthesis of an unknown protein which
results in p38 MAPK activation (Fujisaved al. 2008). This hypothesis is supported by
the timing of pathway activation whereby STAT6nsmediately activated by IL13
followed by a delay in p38 MAPK activation aMlJC5ACtranscriptional

upregulation.

3.1.3.5 Other pathways involved in MUC5AC regulatio n- EGFR

Exogenous stimuli such as cigarette smoke, andhiatenediators such as the pro-
inflammatory cytokines IL13 and TNF (Schmiegelal. 1993; Takeyamat al. 1999),
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have been shown to increase the expression offepEpidermal growth factor
receptor (EGFR) ligands. Thus one may expect sagmifly elevated EGFR levels in
the lungs of smoke-induced COPD sufferers andl@ngt asthmatic airways where
IL13 and TNF are thought to be in abundance (Braglet al. 1994; Broideet al. 1992,
Humbertet al. 1997; Naseeet al. 1997; Yinget al. 1997).

EGFR is a membrane glycoprotein that plays a pivale in airway epithelial cell
repair and differentiation (Curran and Cohn 200@FR and its ligands, Epidermal
Growth Factor (EGF) and Transforming Growth Faetpha (TGFe), are scarcely
found in the adult respiratory epithelium, howethary have been shown to be more
abundantly present in asthmatic airways (Amishanal. 1998). EGFR activation by its
ligands has been shown to stimuletd C5ACgene expression and MUCS5AC protein
production in human epithelial cell cultures (Takmaet al. 1999). This has been
supported in am vivo study in which EGFR and a homologous transmembrane
receptor ErbB3, were shown to be significantly gptated along with MUCS5AC in the
epithelial cells of smokers compared with non-smekK®'Donnellet al. 2004).

3.1.4 MUC Asthma Association

There is previous reported evidence of associditgiween thélUC2 tandem repeat
polymorphism and asthma. In a small asthmatic ddinor 100) atopic individuals with
longer length alleles appeared to be at lowerafgkeveloping asthma (Vinadit al.
2000). Biologically this association appears todtber unlikely since MUC2 is found
at extremely low levels in the airwaydlUC?2 gene expression does appear to be
upregulated in asthmatic airways although mRNA Ikaee still 20-fold less than that
of MUC5AC (Evans and Koo 2009). MUC?2 is not easily deteetablprotein level
(Hovenberget al. 1996; Ordoneet al. 2001).

The MUCS5ACgene is located directly adjacentMd&C2 on chromosome 11. Linkage
disequilibrium has been shown to extend figidC2 to MUC5B in the 11p15.5 mucin
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gene complex (Rousseatial. 2007). Thus the association seen between MUC2 and
asthma could in fact be a consequence of linkaggqdilibrium between thlUC2 TR

and a causative allele MUC5AC

3.1.5 Inflammatory Mediators — Polymorphisms and as  thma
association

Several inflammatory response proteins, for exartiderh2 cytokines and EGFR, are
known to upregulate MUC5AC. Therefore risk polymagms within these
inflammatory mediators may act in combination WtkiC5AC variation to enhance
disease risk and/or severity. The final part of thiroductory section will therefore
explore previously identified genetic associatibetveen asthma and other

inflammatory response genes.

3.1.5.1 IL13

Two IL13 SNPs have been extensively studied with respeaofllonmatory disease.
IL13 rs1800925 is located within the promoter (-4G2T) andiL13 rs20541 is a non-
synonymous SNP located within exon 4 (Arg110GIi)hdugh a high level of LD
(Black et al. 2009) has been reported between these SNPs, enajéime exonic SNP

has been shown to exhibit a greater degree of iaseocwith inflammatory diseases.

ThelL13 exonic SNP alters an amino acid and therefore@iniae or glutamine can be
present at position 110. Computer modelling suggbstt this amino acid substitution
is likely to be functional as the amino acid atipos 110 appears to be important for
IL13 tertiary structure. Modelling also shows tha residue at this position directly
interacts with the IL13 receptor, and it is thoutjfdt a glutamine at this position would

enhance binding (Heinzma al. 2000). Functional studies have confirmed glutamine
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enhanced binding by showing that having a glutaratn@osition 110 is significantly
more active in inducing STAT6 phosphorylation witempared to the ‘wild type’
IL13 (Vladichet al.2005).

ThelL13 exonic SNP is significantly associated with IgiEuse levels and
homozygosity of the glutamine allele results in highest total IgE levels (Gravesal.
2000; Leunget al.2001; Maieret al. 2006; Wanget al. 2003). As previously
mentioned, enhanced IgE levels are characterisastmatic airways, it is therefore
not surprising that the glutamine allele confers@ased risk of asthma (Blaekal.
2009; Heinzmanet al. 2000).

In a Dutch study, significant association was shietween thél. 13 promoter SNP (-
1024C>T) and asthma, however the Arg110GIn SNhdicghow association (Howard
et al.2001). The rare TT promoter homozygote has bekemoadedged as the risk
genotype for allergic asthma. The potential fun@didy of this promoter SNP has also
been highlighted in a study of T cells. The celerafirstly stimulated to produce high
amounts of IL13 and then anti-CD2 was added tdoibkhis production. Treated T cells
from TT homozygote individuals, significantly retgid this inhibition compared to the
CT and CC cells (van der Pouw Kraan &al. 1999). This indicates that thiel3
promoter SNP is located within a functionally imgamt site and the risk genotype TT

somehow results in a more robust expression pattern

3.1.5.2 EGFR

A CA microsatellite is located within the CpG rictiron 1 of EGFR Repeat numbers
range from 8 to 30, and the transcriptional agtieit EGFRappears to decline with
increasing numbers of repeats. In fact the preseh2& CA repeats has been
demonstrated to redu&gsFRtranscription by 80% (Gebharet al. 1999).
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The shorter alleles<(16 repeats) have been identified as risk factodapanese

asthmatics and in particular severe asthmatics ¢/&aal.2006).

The EGFR extracellular region is functionally im{aot because this is where binding
of the ligands, EGF and TGF-a, occurs. A SNP (rg283) at codon position 521
results in an arginine to lysine substitution lecktvithin the extracellular subdomain
IV. Functional studies have shown that the presentee lysine allele weakens EGFR
growth response to its ligands (Moredial. 1994).

3.1.5.3 TNF

TNF is a pro-inflammatory cytokine and its genéisated within the class 11l region of
the Major Histocompatibility Complex (MHC) on chrosome 6p21.

The TNF promoter SNP rs1800629, more commonly referreabteB08 in the literature,
is biallelic with alleles frequently term&@iNF1(common G) andNF2 (rare A). Many
studies of various ethnic groups, have noted it INF2 allele confers asthmatic risk
and theTNF1allele is protective (Chagaat al. 1999; Guptaet al. 2005; Shiret al.
2004; Wanget al. 2004; Witteet al. 2002; Wuet al. 2007b), and this has been
confirmed in a meta-analysis (Gabal.2006). In one study thHENF11genotype is
shown to be significantly protective of wheeze &bl &s asthma (Let al. 2006), and
theTNF2allele has also been identified as a risk allath vespect to chronic
bronchitis (Huangpt al. 1997). This pattern of association is not howeneversal and
in a study of Australian Caucasian childif@dF1was identified as the risk allele
(Albugquerqueet al. 1998).

In a study of Mexican childreRNF2was again shown to be significantly associated
with asthma, however this association was only egpypan the subgroup of cases that
did not have parents who smoked (RR = 2.06 p =9¥pQNuet al.2007b). This

76



finding interestingly highlights the fact that erommental exposures such as cigarette

smoke have a profound effect on the outcome ofegidality polymorphisms.

3.1.5.4 IL1RN and IL1B

The IL1 cytokines, IL1A, IL1B and IL1Ra (Interleuwkil receptor antagonist) are
produced by cells such as monocytes and macroplaagetheir genes are located in a
cluster on chromosome 2g14.2. IL1a and b are gtanmmatory cytokines, which bind
to IL1 receptor 1 (IL1R1) located on target celtslanduce signal transduction. IL1Ra,
coded for by théL1RN gene, also binds to ILIR1. However IL1Ra is ar-ant
inflammatory cytokine and on binding to its receptoes not induce a signal and
therefore behaves as a natural antagonist of th@idb-inflammatory cytokines, by
competitive inhibition. Achieving an optimal ratid pro and anti- inflammatory
cytokines is likely to be of the great importandéhwm the airways and it seems
probable that during respiratory disease the delicalance has been tipped in favour of
the pro-inflammatory cytokines. The elevated IL1¥Raum levels seen during asthma

attacks (Yoshidat al. 1996) are thus likely to be a natural responseftammation.

An 86 base pair VNTR has been identified withimont2 of theLLRN gene. In
Europeans the repeat commonly occurs four timeseter five alleles have been
identified ranging in size from 2-6 repeats (sd@et®.1 for allele nomenclature). This
polymorphism is a good candidate for functionahgigance as it contains predicted
protein binding sites for am-interferon silencer, p-interferon silencer and an acute

phase response element (Tarlewal. 1993).

ThelLLRNVNTR has been shown to be significantly associatighl asthma. The
ILLIRN¢2 allele is significantly associated with non-atopsthma in a Japanese adult
population (OR =5.71 p = 0.0018). This study atmtifies a significant association
betweenL1RN2 and lower IL1Ra serum levels in atopic and ntopa asthmatics

(Maoet al. 2000). However studies of healthy IL1Ra serumlkehave shown the

77



opposite effect, that is tHe1RN-2 allele is associated with significantly highewréls
of IL1Ra (Daniset al. 1995; Hurme and Santtila 1998). These discrepamuggy be
explained by the fact that thielRN2 allele only appears to confer a plasma level
enhancing affect if it is in combination with there allele of théL1B -511 promoter
SNP (rs16944) (Hurme and Santtila 1998), or byedht interactions of trans

activators/inhibitors in asthma and non-asthma.

The importance oL1RNandIL1B haplotypes has also been noted in a study of smoke
lung function. ThdL1IRNVNTR was not shown to be independently assocmaitdda
decline in lung function, but when combinedlasRNVNTR/ IL1B -511 haplotypes,
associations were noted. Thd RN¢1/IL1B -511T was significantly increased in the
smokers with rapid decline in lung function, whitere was a significant decrease of
thelLIRN2/IL1B -511T haplotype in this group (Joesal.2001).

ThelLLARNVNTR andIL1B -511 SNP have been shown to be independently iassdc
with asthma in a study of childhood asthma in &iBlr population (Zeyrekt al.

2008). However the VNTR genotype A1A1 was identifées the risk genotype whereas
the A1A2 genotype was shown to be protective ards#me result was seen in an

Egyptian population (Settiet al. 2008).

Table 3.1 ILIRN intron 2 VNTR allele nomenclature and frequencies.

Allele Name Altl\el;nr;lgve # of Repeats PCR(bPFrSdUCt Frequency
ILIRN*1 Al 4 410 0.736
ILIRN*2 A2 2 240 0.214
ILIRN*3 A3 5 500 0.036
ILLIRN*4 A4 3 325 0.007
ILIRN*5 A5 6 595 0.007

Adapted from (Tarlovet al. 1993)
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3.2 Hypothesis and Aims

Since inflammatory mediators abundant during allesdated respiratory disease have
been shown to alt&lUC5ACexpression (see section 3.1.3), the general atmof
chapter is to investigate the relationship betwd&rC5ACvariation and allergy related

outcomes in a European longitudinal birth cohort.

We hypothesise that MUCS5AC variants will responifiedently within allergic airways
and therefore propose that functionally significsitdC5ACgenetic variants might

confer altered susceptibility to or severity okadly and respiratory disease phenotypes.

This chapter focuses on a sinfl&JCS5ACSNP, typed in the 1946 birth longitudinal
cohort and studied in relation to allergy and resgpry outcomes. This SNP was
choosen since it has a high minor allele frequemeywas one of the few well
established SNPs at the start of the study. Gene-geractions are also explored to
further characterise the relationship between mfffeatory markers anbllUC5ACwith

respect to these same disease outcomes.

3.3 Results

3.3.1 MUCS5AC data

In order to investigate the relationship betwdBAC5ACvariation and allergic
respiratory disease, 2 polymorphisms have beertypihin this gene in the 1946
Longitudinal Birth Cohort; thiMUC5ACVNTR, previously typed by Southern blotting
and a synonymous SNP located in exon 19 of thedgson (rs1132440). As described in
the main introduction of this thesis, it is alredatpwn that there is variation in the
tandem repeat region MUC5ACwhich is thought to affect the length of the

glycosylated domain (VNTR). However even now in @@ie human genome sequence
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is not complete foMUC5AC and due to a paucity of SNP data at the outstiti®f
project, a single SNP (rs1132440) was selectedriatysisMUC5ACrs1132440 does
not cause an amino acid substitution, thus we damtcipate functionality. However
this SNP was chosen because of its high minoredlitefuency and since it is not in
complete linkage disequilibrium with the VNTR polgnphism it was predicted to
capture more of the overdlUC5AC diversity. Genotyping was performed during this
project as part of a single base extension (SBH)piex assay (see figures 3.1 and 3.2)
and genotypes were inferred from observed phenst{eGC and C were interpreted
as GG, GC and CC respectively).

3.3.2 Other mucin data within the 11p15.5 gene comp  lex

The cohort has also been typed for other polymasrpkiwithin the 11p15.5 gene
complex;MUC2 VNTR was genotyped by Southern blotting; threenexMUC5B
SNPs (rs2672785, rs2075853 and rs2075859) genoagpdrt of the SBE multiplex.
TheMUC5B data has been used as part of a previous PhDcpfagen the laboratory
(Loh 2007) and will therefore only be discusseéfby.

.‘:“-%w

—
b
LW MUCS5AC rs1132440 (243bp)
Nt / MUCS5B rs2672785 (221bp)
e :“..E.Hh-dz'_: :ﬁ o ol it e --i-4-""’4/
" el - - [ — e
— Wy e et el A :':-l - [ = RS P . ‘< MUCsB r5207585€x206bp)
IL13 rs1800925 (201bp)
— e -
S et vt vt el i e - ‘Vs MUC5Brs2075853 (151bp)
IL4 rs2070874 (150bp)
L ]

Figure 3.1 Silver stained 12% acrylamide gel, used to visuaksPCR multiplex. 1.5ul of multiplex
PCR product loaded. Corresponding PCR productsdoh polymorphism are labelled. Each lane
corresponds to the multiplexed PCR products ofinderidual.
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Figure 3.2 Typical chromatogram showing SBE results for the mltiplex (genotype data for six

SNPs).The sample represented in this figure is heterozgdor all six SNPs.

3.3.2.1 Allele Frequencies: 11p15.5 polymorphisms

rs2672785

/A allele

rs1800925

/ T allele

A minor allele frequency (MAF) of 0.42 (G) (seel@B.2) was obtained f&dUC5AC

rs1132440 in the Cohort sample. This frequencyndar to European CEPH data
submitted to the NCBI SNP database which repoM#\& of 0.39.There was no

significant deviation of observed genotype frequenfrom those expected under

Hardy Weinberg Equilibrium (HWE).

Table 3.2 Minor Allele Frequencies (MAF) for the MUC5AC and MUC5B polymorphisms typed on
the 1946 cohort.

Gene SNP location SNP ID MAF Total
MUCS5AC | exon 19 (3' region) rs1132440 0.42 (G) 2910
MUC5B exon 2 (5' region) rs2672785 0.20 (G) 2800
MUC5B exon 3 (5' region) rs2075853 0.07 (T) 2801
MUCS5B exon 9 (5' region) rs2075859 0.38 (T) 2797
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The MUC5ACVNTR has two common alleles (a and b), and sevarallength alleles
(termed c-k) which are both longer and shorter th@ncommon repeat lengths. To
simplify analysis a triallelic model was establidHer the tandem repeat genotypes: a, b
and r with allele frequencies of 0.77, 0.22 and.@dspectively, where r includes all

rare alleles.

ThreeMUC5B exonic SNPs were genotyped on the cohort as ptrteGBE multiplex.
SNPs in exons 2 (rs2672785) and 3 (rs2075853)@resynonymous causing amino
acid changes glutamic acid to glycine and argitingyptophan respectively. The
minor allele frequencies obtained in this cohortdlb three SNPs are in good

accordance with the HapMap CEPH frequencies.

TheMUC2 VNTR has many alleles ranging from 3.21 to 11.@®i#this data set with
mean and mode lengths of 7.33 and 7.61 Kb resd¢tiVhis was therefore treated as
a continuous variable. The allele length data is-normally distributed thus non-
parametric analyses will be performed on this \deia

3.3.2.2 LD within the 11p15.5 complex

Pairwise LD measures were determined for theMAWCSACand threeMUC5B
markers and are presented in the table 3.3 andchi squared p values. As reported
previously adjacent SNPs are in tight LD and far plurpose of this study it should be
noted that highly significant LD exists within tMJJC5ACgene and only a small
amount of recombination seems to have occurreddsztvthe tandem repeat and
rs1132440 SNP (Dof 0.941).

LD also extends across the tMbJC5 genes aMUC5ACrs1132440 and the furthest
MUCS5B SNP in exon 9 rs2075859 are significantly assedig = 0.009). However,
the very small Dvalue (0.071) indicates that considerable recosatlmn has occurred

between these two markers.
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Table 3.3 Pairwise linkage disequilibrium (LD) forMUC5AC and MUC5B markers.

rs1132440 0.000

rs2672785 0.751 0.000

rs2075853 0.047 0.264 0.000

rs2075859 0.803 0.009 0.968 0.000
SACTR [ rs1132440 | rs2672785 | rs2075853

rs1132440 0.941

rs2672785 0.014 0.198

rs2075853 0.065 0.062 0.910

rs2075859 0.016 0.071 0.001 0.950
SACTR | rs1132440 | rs2672785 | rs2075853

LD measures were calculated by LDmax using the X@ddrt data (n = 2920). Significance of
association is shown in figure a, as chi squarealpes. Measures of recombination are shown’as D
values in figure b. Where 5ACTR refers to MEIC5ACVNTR. SNP rs1132440 is located within
MUCS5AC SNPs rs2672785 and rs2075853 are located withi@5B.

3.3.2.3 LD between the MUC5AC and MUC2

This dataset was also used to examine LD betwesMWtC2 VNTR and both
MUCS5ACmarkers. Because of the multiallelic nature ofM¢C2 TR lengths, LD
analysis could not be performed with the Ldmaxwafe. Therefore th®IlUC2 TR
allele distributions were compared betwdddC5ACrs1132440 genotype groups and
betweerMUC5ACVNTR genotype groups (see figure 3.3 not showrVidmTR). A
Kruskal-Wallis test was used to compare the medshtise different distributions.
Using the binnedMUC2 VNTR data, as seen in figure 3.3, a significaisbagtion with
MUC5ACrs1132440 was identified (p = 0.013), althougmi$igance was not reached
when theMUC2 VNTR was treated as raw data (p = 0.084). Ste&ibiyi significant
association was however noted betweerMiC2 TR and thelUC5ACTR markers
tested as raw data. Thus a general pattern ofiaisoccan be seen to extend from
MUC2 to MUC5AC which is supported by a previous study from aoug (Rousseau
et al.2007).
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Figure 3.3 Bar chart to show the distribution ofMUC2 TR binned allele lengths with respect to
MUCS5AC rs1132440 genotypes.-he medians of the three distributions (one fahddUC5AC
genotype group) were shown to be significantlyatiéht with a p value of 0.013 (Kruskal-Wallis test)
This shows that markeMUC2 TR andMUC5ACrs1132440 are significantly associated which is
reflective of linkage disequilibrium.

3.3.3 Respiratory Measures and Outcomes

Respiratory outcomes and measures available askifi@ohort data are detailed in
table 1 shown in appendix 2. TNEJC5B SNP data had been previously analysed in
the cohort for association with respiratory outcenfssociations of marginal
significance were observed with hayfever, allerggt wheeze (Loh 2007). However in
this project the recoded ‘ever and ‘never’ resarg variables, taken from Black et al,

were used and none of tMJC5B associations remain statistically significant.

TheMUC2VNTR data set was analysed using a Mann-Whitngtyfée association
with bronchitis, wheeze, hayfever, allergy and astltoutcomes. The data are shown in
histogram form in figure 3.4. It is noteworthy tlathough significance is not reached

in any comparisons, there is a trend towards loMj¢€2 TR alleles in the asthma and
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wheeze affected groups, which is not in agreemdéhtavprevious study whereby the

longer alleles were shown to confer protection rgfaasthma in an atopic sample set.

Thus all further association analyses detailethig ¢chapter will concerMUC5AC
variation, and in particulalUC5ACrs1132440. All tested phenotypic variables were

non-independent and concerned solely with respyatisease, function and allergy.
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Figure 3.4 Histograms oMUC2 TR allele lengths in the affected and unaffectedrgups of the five

outcomes, bronchitis (bron89r), wheeze (wzy89c), thsna (evasthm), hayfever (evhay) and allergy
(evallerg). The distributions oMUC2 TR allele lengths in affected and unaffected gsoligve been

analysed using a Mann-Whitney U test of associaignificance was not reached for any outcome.
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3.3.3.1 Contingency tables - goodness of fit test

Contingency tables were constructed in order topamthe distribution of genotypes
between the; ‘affected’ and ‘unaffected’ groupshwitspect to disease variables, and
‘yes’ or ‘no’ groups for the confounder variables.

As shown in table 3.MUC5ACrs1132440 genotypes counts (coded as M5ACX) show
statistically significant association with bronahifbron89r), wheeze (wzy89c),

hayfever (evhay) and allergy (evallerg), and isgmelly associated with asthma
(evasthm) (Pearsons Chi squared). HowdeC5ACrs1132440 allele counts were

only shown to be significantly associated with kmfoitis and wheeze (p = 0.026), with

an underrepresentation of the rarer allele (Ghen'affected’ groups. No significant
associations were identified between rs1132440wrglfunctions measures such as
FEV.

The MUCS5ACTR genotype variable (coded as M5ACTRY) only shovesginally
significant association with the hayfever outcoiheaust be noted that tidUCS5AC

TR data set is smaller than the rs1132440 datd ketdiscrepancy in n values is due to
the fact that the Southern blot method used totypedhe VNTR requires good quality
DNA and therefore blood DNA had to be used, whetkasSNP could be genotyped
with standard buccal DNA. Fewer participants gaeerssion for the usage of blood

and thus the VNTR sample size is substantially Emnal

The twoMUC5ACmarkers (TR and rs1132440) are in LD, and we ntigétefore
expect the significant rs1132440 associations tefected by the TR variable, which
is not the case (see table 3.4). Therefore anabyssl 132440 was repeated on the
smaller VNTR data set in order to assess whetleeaskociation remained significant
on the smaller dataset. All outcomes previouslyshto be significantly associated
with rs1132440 in the full data set were indeell Statistically significant in the
reduced seMUCS5ACrs1132440 appears therefore to show stronger iatisocand
thus by inference greater power to detect the peta¢al functional variant. Therefore
MUCS5ACrs1132440 will be the only mucin variable consgtkfrom this point on.
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Table 3.4 Tests of association betwedmUC5AC variables and respiratory outcomes

Outcome | Outcome code | MUCS5AC rs1132440 MUC5AC TR

p value n p value n
Bronchitis Bron89r 0.016 2733 0.377 2517
LRTI Lripy 0.859 2700 0.555 2482
Wheeze Wzy89c 0.019 2641 0.216 2433
Bronchitis Bronc 0.111 2909 0.909 2673
Wheeze Wzyc 0.178 2909 0.321 2673
Asthma Evasthm 0.061 2734 0.583 2518
Hayfever Evhay 0.003 2729 0.044 2515
Allergy Evallerg 0.006 2720 0.445 2505

Pearson Chi squared p values are shown for associasts betweeRUC5ACrs1132440 genotypes
(M5ACX) and theMUC5ACTR genotypes (M5ACTRY) and various respiratorycontes. Significant
results are indicated in bold and identify statety significant differences in genotype distriiout
between ‘affected’ and ‘unaffected’ groups. Forcome details please refer to table 1 in appendix 2.
Where LRTI refers to lower respiratory tract infeat

3.3.3.2 Permutation test of association

Since in genetic studies of this kind there isssué of multiple testing, another
approach was used to test the significance of énetype distributions. This was a
permutation test in which the observed genotypa de¢ randomized one thousand
times producing a theoretical distribution of engail data. The observed data were
then compared to the ranked ‘simulated’ genotyggidutions and a probability value
was assigned, indicating the likelihood of obtagnihe observed data by chance.

All outcomes shown to be significantly associatethws1132440 as defined by the
contingency table test remained associated, théreadchi squared p values being
very similar to the chi squared nominal p valuez(gble 3.5).
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respiratory outcomes.

Outcome Outcome code NEIGIED | Eifellies!
p value p value
Bronchitis Bron89r 0.016 0.020
Wheeze Wzy89c 0.019 0.017
Asthma Evasthm 0.061 0.066
Hayfever Evhay 0.003 0.003
Allergy Evallerg 0.006 0.007

Table 3.5 Permutation tests of association betwe®hUC5AC rs1132440 genotypes (M5ACX) and

Permutation tests were used as an independent rieeaosfirm the significant association results
between the M5ACX variable and respiratory outcopresiously identified by chi squared testing of
contingency table data.

3.3.3.3 Logistic Regression: Adjusting for Confound ers and risk

genotypes

Confounders are defined as any factors which cactdunt for, or dilute the
association observed between the genetic mark&phenotypic outcome. In this study
the potential confounders were chosen on the lizgighey were significantly
associated with one or more of the outcome varsatmeconsidered to be of biological
relevance. In addition, region of birth was useddfust for geographical and
population stratification. Table 3.6 shows eacktheke potential confounders tested
against rs1132440, note the significant associdteiweerMUC5ACrs1132440 and
father’s social class. In order to adjust for camfders and verify the robustness of
previously identified associations between rs1182&dd respiratory outcomes, a
model of multiple logistic regression was appliedhese data. Crucially, as seen in
table 3.7, all previously identified associatioamain significant after adjustments for
potential confounders.
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Table 3.6 Tests of association betwedmUC5AC rs1132440 genotypes (M5ACX) and potential

confounders.
Confounder ComeEy p value n
code
Cigarette smoker Cig89cr 0.687 2730
Cigarette smoker Cig99cr 0.848 2909
Father’s social class Fsc50r 0.031 2672
Region of birth Reg46ar 0.896 2910
Own social class Scl89r 0.667 2570
Own social class Scl99r 0.647 2618
Sex Sexxr 0.341 2910

Pearson chi squared p values are shown for testssotiation between the M5ACX variable and various
confounder variables. Significant result shownatdbsignifies non-independent distributions of
genotypes amongst confounder categories.
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Table 3.7 Tests of association betwedhUC5AC rs1132440 genotypes (M5ACX) and respiratory outcoes before and after confounder adjustment.

Outcome ClEneuee Before adjustments After adjustments n
(CC versus)

OR (95% CI) p value OR (95% CI) p value

Bronchitis GC 1.042 (0.83-1.30) | 0.717 1.033(0.83-1.29) | 0.779 2361
GG 0.689 (0.50-0.94) | 0.019 | 0.683 (0.50-0.93) | 0.017

Wheeze GC 0.938 (0.64-1.37) | 0.739 | 0.898 (0.61-1.32) | 0.582 2285
GG 0.382 (0.20-0.74) | 0.005 | 0.372(0.19-0.73) | 0.004

Hayfever GC 1.220 (0.99-1.51) | 0.068 | 1.242(1.00-1.54) | 0.049 2357
GG 0.930 (0.70-1.23) | 0.614 | 0.949 (0.71-1.26) | 0.721

Allergy GC 1.277 (1.05-1.56) | 0.016 | 1.290 (1.06-1.58) | 0.013 2351
GG 0.971 (0.75-1.26) | 0.826 | 0.977 (0.75-1.27) | 0.863

Asthma GC 0.975(0.73-1.31) | 0.865 | 0.979(0.73-1.31) | 0.887 2362
GG 0.614 (0.40-0.94) | 0.025 | 0.615 (0.40-0.94) | 0.026

Logistic regression odds ratios (OR) and p valuesshown for tests of association betwdHC5ACrs1132440 genotypes (M5ACX) and respiratory ouesboth before
and after adjusting for the possible confoundarglgng status, region of birth, father’s socialsslaown social class, sex. Significant associa@washown in bold and OR
95% confidence intervals are in parentheses.
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Logistic regression was used to calculate oddesd@®R) by comparing each genotypic
variable separately with the reference genotyp#higicase the common homozygote.
An OR significantly less than 1 implies that theiable in question confers protection
from the outcome being tested, in comparison tatdmmon homozygote. While an
OR significantly greater than 1 suggests an ine@aisk of having the disease if you
carry the genotype in question as compared todhenon homozygote. Thus while
multiple logistic regression has primarily beendikere to adjust for possible
confounders, it has also facilitated in identifyjmgtective and risk genotypes.

As seen in table 3.7 the bronchitis (bron89r), wlee@vzy89c) and asthma (evasthm)
rare homozygote genotypes appear to confer proteatjainst the tested outcomes with
an OR significantly less than 1 (OR = 0.689, 0.38d 0.614 respectively, p values
0.025). This is reflected by the fact that ther@ensgnificantly less rare alleles in the
bronchitis and wheeze ‘affected’ groups, a patteimored in the asthmatic allele count

data, but statistical significance was not reached.

The hayfever (evhay) and allergy (evallerg) logiségression results (table 3.7) show
that the heterozygote genotype confers risk. N©32440 allelic association was
identified with either of these outcomes and thaneethe logistic regression confirms
that any association is due to genotype alondiisncase heterozygosity. This result is
unexpected as in a model of disease associatiomout usually expect the risk allele

to confer a dominant or additive effect.

It appears from the logistic regression results titwa patterns of genotypic association
differ between the bronchitis/wheeze/asthma outcoamel the hayfever/allergy
outcomes. However as seen in bar charts of thetg@maontingency tables (figure 3.5)
there is always an overrepresentation of heterdeggend an underrepresentation of
rare homozygotes in the ‘affected’ groups for i foutcomes.
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3.3.3.4 Unexpected heterozygote distribution

Because of the unusual heterozygote associatidmaiérgy and hayfever, HWE
calculations were performed for the ‘affected’ amohffected’ groups separately.
Although no significant deviation from HWE was obss for theMUCS5AC

rs1132440 cohort data as a whole, deviation wasreed for the segregated affected
and unaffected allergy (Evallerg) and hayfever @gtsamples (table 3.8). For both
outcomes the rs1132440 heterozygotes are signifycaverrepresented in the affected
groups, whereas the unaffected group has a defibiterozygotes, and results are

shown in detail in table 3.9 a and b.

Table 3.8 HWE p values when considering affectechd unaffected groups separately for all five
outcomes previously shown to be associated withUC5AC rs1132440 (M5ACX)

Outcome Dlge | ez & Affected | Unaffected
code Unaffected
Bronchitis Bron89r 0.40 0.20 0.10
Wheeze Whzy89c 0.50 0.07 0.30
Asthma Evasthm 0.40 0.10 0.15
Hayfever Evhay 0.40 0.01 0.01
Allergy Evallerg 0.50 0.03 0.02

Bold font signifies significant deviation in genptydistribution from that expected under HWE at the
95% confidence level.
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Table 3.9 Comparison of observed and expect&dUCS5AC rs1132440 genotype counts for

‘affected’ and ‘Unaffected’ groups with respect toa. Hayfever (Evhay) and b. Allergy (Evallerg).

a. Genotypes Hayfever Affected Hayfever Unaffected
Observed | Expected | Observed | Expected
CC 201 216.99 718 690.84
CG 352 320.02 958 1012.31
GG 102 117.99 398 370.84
Total 655 655.00 2074 2073.90
Genotypes Allergy Affected Allergy Unaffected
Observed | Expected | Observed | Expected
CC 259 274.38 650 625.57
CG 449 418.24 862 910.86
GG 144 159.38 356 331.57
Total 852 852.00 1868 1868.00

In order to exclude the possibility that the diffiece in the pattern of association
observed for the non-independent outcomes wasttmiiugiable to the exclusion of
different people in the analysis sets becausecoimplete outcome data, the regression
analyses were repeated on a specific set of inadiNsdwho provided data for all five
significantly associated outcomes (n = 2263). dswallts in table 3.10 show that the
genotype association patterns remain, althougbrechitis variable (Bron89r) no

longer reaches statistical significance (p = 0.0p&)bably due to the reduced power of
the smaller sample size.
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Table 3.10 Tests of association between tMUUC5AC rs1132440 genotype (M5ACX) variable and respiratgr outcomes only on samples with full data, beforeral
after confounder adjustment.

Variable ClEneiuee before adjustment after adjustment
(CC versus)

OR (95% CI) p value OR (95% CI) p value
Bron89r GC 1.081 (0.86-1.36) 0.508 1.07 (0.85-1.35) 0.551
GG 0.742 (0.54-1.02) 0.065 | 0.737 (0.54-1.01) 0.060
Wzy89c GC 0.947 (0.65-1.39) 0.781 | 0.912 (0.62-1.34) 0.638
GG 0.386 (0.20-0.75) 0.005 | 0.379 (0.19-0.74) 0.004
Evhay GC 1.233 (0.99-1.54) 0.062 | 1.249 (1.00-1.56) 0.049
GG 0.962 (0.72-1.29) 0.792 | 0.978 (0.73-1.31) 0.881
Evallerg GC 1.268 (1.04-1.55) 0.021 | 1.282 (1.05-1.57) 0.017
GG 0.957 (0.73-1.25) 0.747 | 0.961 (0.74-1.26) 0.772
Evasthm GC 0.978 (0.73-1.32) 0.881 | 0.982 (0.73-1.32) 0.903
GG 0.642 (0.42-0.99) 0.044 | 0.642 (0.42-0.99) 0.044

Logistic regression odds ratios (OR) and p valueshown for tests of association betwbBIC5ACrs1132440 genotypes and respiratory outcomeshgftre and after
adjusting for possible confounders. The same sigiddfiduals with full data has been tested forteaatcome, thus all n values = 2263. Significasbamtions are shown in
bold and OR 95% confidence intervals in parentheses
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3.3.4 Inflammatory Mediators, MUCS5AC and possible gene-gene
interactions.

The next step was to consider the role of otheegefs outlined in the introduction, a
variety of proteins have been shown to regult8C5ACexpression via allergy
mediated pathways, and others have been suggegtéad/ta functional role within the

inflamed airways that result from these allergierss.

The particular polymorphic markers typed were gelktecause they had been
significantly associated with allergic respirataligease in previous studies and/or have
been shown to have a direct functional effect ggtion 3.1.5). Typing had been done
previously by a variety of methods mainly by Lyriieall (see appendix 1 for details
and acknowledgments). Data were available for spegymorphic markers within, or

in the regulatory regions of, five inflammatory pesse gene€£GFR 1L13 IL1B,
ILLIRNandTNF (see table 3.11 for marker details).

3.3.4.1 Allele and genotype data

The MAFs for the seven inflammatory response markange from 0.17 to 0.49 (table
3.11) and genotype distributions were in accordavite HWE, with the exception of
IL1B rs16944 (p ~ 0.01).

It should be noted that tiEGFRmicrosatellite andL1RNVNTR are multiallelic. In
each case, to simplify analysis, the allelic da¢genbinned into 2 appropriate
categories. Derived variable categories were définereviewing the literature for
allelic functional relevance. With respect to B8FRmicrosatellite, repeat numbers
were defined as either short (S) or long (L). ®reto repeat numbers between 8-18
and repeats of 20 or greater have been denotedTdselL 1RNtandem repeat lengths

were categorised as 2 or X; 2 referring tolthHERN+2 allele and X includes all other
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alleles (L1RN+1,3,4 and 5). This categorisation was chosen lsxatevious studies
have identifiedL1IRN2 as the risk allele.

Table 3.11 Details of inflammatory mediator markes.

Polymorphism Location | Marker Nomenclature | Alleles MAF
EGFR Microsatellite Intron 1 none L>Ss |0.49(S)
EGFR rs2227983 Exon 13 R497K, R521K G>A |[0.26 (A)

IL13 rs1800925 Promoter C-1024T, C-1111T C>T 0.18 (T)
C-1112T, C-1055T +

IL13 rs20541 Exon 4 R110Q, R130Q G>A |[0.17 (A)
IL1B rs16944 Promoter G-511A G>A |0.34 (A)
ILIRN VNTR Intron 2 none X>2: | 0.29 (2)
TNF rs1800629 Promoter G-308A, G-488A G>A [0.19(A)

Note that the marker names refer to physical postiwithin the gene or its regulatory sequence (for
references see introductionys1800925 is a promoter SNP and therefore variotstions have been
used to describe the believed start of transcrptiX represents alleldt 1RN1,3,4 and 5. Please note
that theEGFRSNP ID rs2227983 was previously rs11543848 in mtzme with the NBCI SNP
database; S represents repeat lengths of 8-18 and L refdengths of 20-30 repeats. N values range
from 2788-2918.

3.3.4.1.1 Allelic association

Prior to investigating gene-gene interactionsirdlhmmatory mediator gene
polymorphisms were tested for association withdieomes previously shown to be
significantly associated witlhlUC5ACrs1132440; bronchitis, wheeze, asthma,
hayfever and allergy (bron89r, wzy89c, evasthmag\dnd evallerg respectively).

2 by 2 contingency tables of allele counts wereegated for each polymorphism in
combination with each of the five outcomes. Thesthiared tests performed for each
table identified significantly different allelic stributions between the affected and
unaffected groups for; tHe13 promoter SNP (rs1800925) in asthma and allergy (p
0.038 and 0.024); thé& 13 exonic SNP (rs20541) in asthma and allergy (p08@7 and
0.0104); theeGFRSNP (rs2227983) in bronchitis (p = 0.007). Pleaste that the
associations between bdttil3 SNPs and the asthma and allergy outcomes ondtas d

set have been observed previously and are publ{&iadk et al. 2009).
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For bothIL13 SNPs the rare allele confers risk and is theredoegrepresented in the
asthma and allergy affected groups. In contrastraheEGFRSNP allele is
significantly underrepresented in the affected bhatts group, which implies a

protective property, and is shown for the firsteim

3.3.4.1.2 Logistic Regression: Genotypic association and confounder
adjustment

Logistic regression analysis was performed usingptges. As seen in table 3.12 all
significant associations identified between marlegrd outcomes with respect to allele
counts are also shown to be significantly assodiaiéh respect to genotype

distribution.

All significant results remain significant afterjasting for confounders in a multiple
logistic regression. The confounders used in thefestments were the same as those
used in thelUC5ACanalysis (table 3.6).
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Table 3.12 Tests of association between inflammayomediator markers and the five respiratory outcones previously shown to be associated with UC5AC

rs1132440.
Variable EGFR EGFR IL13 IL13 IL1B ILARN TNF
(Land S) | (rs11543848) (rs1800925) (rs20541) (rs16944) (TR) 2 and X (rs1800629)
1 2 1 2 1 2 1 2 1 2 1 2 1 2
Bron89r | 0.96 | 0.99 | 0.86 | 0.55* | 1.19 | 0.85 | 1.10 | 1.04 | 098 | 097 | 1.09 | 1.02 | 0.91 | 0.98
(0.77- | (0.76- (0.70- (0.35- (0.97- (0.48- (0.89- (0.60- (0.80- (0.70- (0.90- (0.72- (0.74- (0.59-
1.21) 1.29) 1.04) 0.86) 1.47) 1.49) 1.35) 1.83) 1.19) 1.34) 1.32) 1.44) 1.12) 1.62)
Whzy89c | 1.03 {086 | 0.74 | 1.03 | 098 | 0.79 | 0.78 | 1.08 | 1.06 | 1.22 | 1.13 | 155 | 0.87 | 1.65
(0.69- | (0.53- (0.52- (0.55- (0.68- (0.29- (0.54- (0.43- (0.75- (0.71- (0.80- (0.90- (0.61- (0.81-
1.52) 1.40) 1.05) 1.93) 1.41) 2.21) 1.16) 2.73) 1.50) 2.08) 1.60) 2.64) 1.26) 3.37)
Evasthm | 1.09 | 1.01 | 0.89 1.02 | 1.49* | 0.89 | 1.55* | 1.73 1.23 1.42 1.17 1.39 0.97 1.51
(0.81- | (0.71- (0.68- (0.61- (1.14- (0.40- (1.19- (0.70- (0.94- (0.94- (0.90- (0.904- (0.74- (0.84-
1.48) 1.45) 1.16) 1.68) 1.95) 1.96) 2.03) 3.34) 1.60) 2.14) 1.53) 2.13) 1.28) 2.71)
Evhay |1.02 096 | 1.17 | 1.05 | 1.17 | 1.20 | 1.07 | 148 | 1.18 | 096 | 1.05 | 1.06 | 0.85 | 1.25
(0.83- | (0.75- (0.97- (0.73- (0.96- (0.73- (0.88- (0.90- (0.98- (0.70- (0.87- (0.77- (0.70- (0.80-
1.27) 1.23) 1.41) 1.52) 1.42) 1.95) 1.30) 2.43) 1.43) 1.31) 1.26) 1.47) 1.03) 1.97)
Evallerg | 1.06 | 1.16 | 0.96 | 0.97 | 1.25* | 1.19 | 1.29* | 1.21 | 1.00 | 1.24 | 094 | 1.18 | 0.88 | 1.34
(0.87- | (0.92- (0.80- (0.69- (1.05- (0.75- (1.08- (0.75- (0.84- (0.94- (0.79- (0.88- (0.74- (0.88-
1.30) 1.47) 1.14) 1.36) 1.50) 1.89) 1.55) 1.97) 1.18) 1.63) 1.11) 1.59) 1.06) 2.04)

ORs from logistic regression analysis representehel of outcome risk associated with each ger@atyffne common homozygote has been used as themrrefegenotype in
all cases. 1 refers to common homozygote versesdmtgotes. 2 refers to common homozygotes veesashomozygotes. Bold font indicates significants@iRd 95%
confidence intervals are in parentheses. Adjustsneste performed using all confounders previouskdufor adjustment in M5ACX variable multiple Idigsregressions.

N values range from 2526-2733.
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3.3.4.2 Tests for gene-gene interactions

Since there are potential biological interactioasaeen the inflammatory mediators
typed andMIUC5ACgene expression, we tested for statistical intemas between each
of the inflammatory loci anMUC5ACrs1132440. It was hypothesised that the
functional variants of the inflammatory mediatorayninteract with MUC5AC to
enhance disease association by a combinatoriateffbe possible interactions were

tested using the likelihood ratio test with logistegression.

As can be seen in table 3.E&FRrs2227983|L1RNVNTR andTNF rs1800629 show
significant interactions witMUC5ACrs1132440 with respect to bronchitis (p = 0.019,
0.009 and 0.046 respectively).

When one displays the data as bar charts (seef®)@) we can see that the usual
pattern ofMUC5ACrs1132440 association with bronchitis is only appain the
sample set of non-carriers for theé RN+2 risk allele. This suggests that the& RN*2
risk allele abolishes any affect MUC5AC may havelmbronchitis outcome.
Although thelLLRN+2 allele has been shown to be significantly assed with asthma
(Mao et al. 2000), the functional consequences of this abtel¢he plasma levels of the
protein it codes for (IL1LRa) appear to be compédafThelLLRN2 allele has been
associated with both elevated and decreased sewats lof IL1Ra (Danist al. 1995;
Hurme and Santtila 1998; Mad al. 2000). The Hurme and Santtila study has also
suggested that tHe1RN+2 allele only appears to have a plasma level ecingraffect

if in combination with théL1B promoter variant (-511). It is however clear taat
increase in IL1Ra serum levels will be beneficiats this protein is an anti-
inflammatory cytokine. Thus we might expect anyaffof MUC5AC on bronchitis to
be more detrimental within airways that contairslesthis natural antagonist to
inflammation. With this in mind, one might propdbe IL1RN+2 allele to be associated
with increased IL1Ra serum levels in this datasate the MUC5AC affect on

bronchitis is only apparent in thielRN2 non-carriers.
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The bar chart in figure 3.7 shows that the pattefressociation seen between
MUC5ACrs1132440 and bronchitis (bron89r) are only appamaen in combination
with theEGFRrs2227983 genotype that does not contain theatbale (GG). The rare
EGFRallele codes for a lysine which has been showa psevious study to weaken
EGFR response to its ligands. Therefore we migpeeixthis weakened response to
reduce inflammatory responses and therefore reslusmeptibility to respiratory
disease. Th&IUCS5ACEGFRInteraction pattern appears to support this fomneti

study by showing that the association betwiC5ACrs1132440 and bronchitis only
exists if theEGFRrare allele is not present. TRE&FRallele that codes for lysine,

apparently dampens any effectJC5ACvariants in relation to bronchitis.

A statistically significant result was also obtalrfer an interaction betwedUC5AC
rs1132440 and thie13 promoter SNP rs1800925 with respect to the wheamme
(p = 0.013). By plotting th&.13 promoter risk allele carriers and non-carriers
separately (figure 3.8) it can be seen thaMhBEC5AC pattern of association with
wheeze (wzy89c) is evident when in combination WeitithIL13 rs1800925 risk allele
carriers and non-carriers. This is stronger wherombination with théL13 rs1800925

risk allele but is not statistically significant.
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Table 3.13 Possible interactions betwedvl UC5AC rs1132440 and various polymorphisms found in inflaamatory response genes.

MUCS5AC & MUCS5AC & MUCS5AC & MUCS5AC & MUCS5AC & MUCSAC & MUCS5AC &
Outcome EGFR EGFR IL13 IL13 IL1B IL1IRN TNF
(L&S) rs2227983 rs1800925 rs20541 rs16944 rs1800629
Bronchitis 0.582 0.019* 0.333 0.273 0.909 0.009* 0.046*
Wheeze 0.335 0.244 0.013* 0.099 0.324 0.983 0.519
Asthma 0.385 0.592 0.781 0.933 0.346 0.637 0.495
Hayfever 0.459 0.476 0.933 0.587 0.052 0.246 0.397
Allergy 0.671 0.562 0.663 0.608 0.340 0.872 0.935

All p values in bold font indicate a statisticaflignificant gene-gene interaction with respectutcome tested.
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Figure 3.6 Bar charts showing the interaction betwenl L1RN VNTR and MUC5AC rs1132440,

with respect to Bronchitis (Bron89r). Both show unaffected (NO) and affected (YES) bror@8come
clusters defined bMUC5ACrs1132440 genotypes. Graph a only includes thdtsefsom non-carriers
of thelL1RNrisk allele (34, 44, 45, 46, 55). Graph b onlyliles the results from carriers of thd RN
risk allele (22, 23, 24, 25, 26). Cross tabulatioosstructed for each data set (with respeMtC5AC
rs1132440 genotypes) and tested using Pearsonudiiex!, show that the distribution of unaffected an
affected cases is only significantly different e thon-carriers of the ILLRN*2 allele (p = 0.00#his
gene-gene interaction is confirmed in a formal tesstnteractions (see table 3.13). NS refers tb no
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Figure 3.7 Bar charts showing the interaction betwenEGFR rs2227983 andMUCS5AC rs1132440,
with respect to Bronchitis (Bron89r). Both show unaffected (NO) and affected (YES) bror@8come
clusters defined bMUC5ACrs1132440 genotypes. Graph a only includes thdtssfsom carriers of the
rareEGFRallele (AA and AG). Graph b only includes the fé&sérom non-carriers of thEGFRrare
allele (GG). Cross tabulations constructed for edatih set (with respect MUC5ACrs1132440
genotypes) and tested using Pearson chi squamad,tbht the distribution of unaffected and affected
cases is only significantly different in tE®&SFRGG homozygotes (p = < 0.001). This gene-gene
interaction is confirmed in a formal test for irdetions (see table 3.13). NS refers to not sigguific
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Figure 3.8 Bar charts showing the interaction beteenlL13 promoter rs1800925 andMIUC5AC
rs1132440, with respect to wheeze (wzy898oth show unaffected (NO) and affected (YES) wzy89c
outcome clusters defined BJUC5ACrs1132440 genotypes. Graph a only includes thdtsefsom non-
carriers of thdL13 rs1800925 risk allele (CC). Graph b only includesults from carriers of tH&13
rs1800925 risk allele (CT and TT). In neither casee the distribution statistically significant£0.254
p = 0.102 for a and b respectively). NS refersabsignificant.
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3.4 Discussion

In this study of a longitudinal birth cohort we leamdentified statistically significant
associations betweeMdJC5ACSNP (rs1132440) and five non-independent
respiratory/allergy related outcomes; asthma, @flewheeze, hayfever and bronchitis.
In order to safeguard against type | errors (fpls&tives) we have utilised two
independent goodness-of-fit tests using contingéalches and permutation testing. In
both cases the null hypothesis could be rejectéid mvore than 95% certainty showing
that the rs1132440 genotypic distributions areifigantly different between affected

and unaffected groups.

Confounders are also a source of type 1 error Isectere is the possibility that
environmental, population or lifestyle factors Hre true cause of the association rather
than the genetic variable. Therefore all initiginsficant associations between
rs1132440 and outcome were retested using a mbdailaple logistic regression

which incorporated confounder adjustment. All agstans previously shown to be

statistically significant remained so after adjogtfor confounders.

The associations identified betwediy C5ACand the respiratory/allergy related
outcomes appear to be robust. Although LD has bkRewn to span frortMUC2 to
MUCS5B, theMUC5ACmarker rs1132440 is the only one to show significa
association with the five non-independent respiyaémd allergy related outcomes. The
previously identifiedMUC2 TR association with asthma (Vinail al. 2000) was not
replicated in this study, however it must be ndtet in this case, tests for association
only took into account those affected by asthmauwgthose unaffected. No atopic
information was incorporated and therefore the @asion seen in the small asthmatic

cohort could be in direct relation to asthmatictpetion in atopic individuals only.

AlthoughMUC5ACrs1132440 has been shown to significantly assewigh various
respiratory and allergy related outcomes, we danttipate that this is a causal SNP

as it does not alter an amino acid residue. It sdily that this SNP is in very high
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LD with the causal genetic factor. What this faataay be is not obvious because of the
unusual excess of heterozygotes, seen in all affegtoups but exaggerated with
respect to the hayfever and allergy outcomes. @ssiple explanation for this pattern
of heterozygote association might be copy numbeatian (CNV), which will be

explored in chapter 5.

Statistically significant associations have beaently noted between two non-
synonymousMUCS5ACSNPs and the respiratory diseases familial inteigbneumonia
(FIP) and idiopathic pulmonary fibrosis (IPF) (Boet al. 2010). Burch et al
hypothesise that these common variants lead tandshed MUCS5AC function which
leads to an increased susceptibility to FIP and Btfh variants result in an amino acid
change, Ala497Val and Ala4729Lys. The Ala497Valaatris located within exon 12
of the amino terminal in a vVWF-like D domain, arailel therefore play an important
role in the oligomerisation of MUC5AC. This SNP haat been identified at the outset
of this study but is certainly an attractive carmdiéfor future studies involving the 1946
cohort.

The 11p15 chromosome has also been significamtked to asthma in a genome wide
linkage study of Caucasian families (CSGA 1997).lé/tiis result has not been
replicated in any asthmatic genome wide associatioties (GWAS), methods used to
analyse GWAS data are notoriously conservativethakfore type Il errors are likely
to be extensive. The conservative approach takehebgtandard analyses is essential
because of multiple testing, but it should be recsed that many important genes will
be missed as a result of this low sensitivity esdlgowith respect to complex diseases
where many genes are thought to be involved inepitxlity and etiology. The
extensive data obtained from GWAS are a goldminafofmation and it is therefore
important that we adopt more sensitive analysed) as linkage disequilibrium unit
(LDU) maps (Andrewet al. 2008).

Perhaps one of the most interesting findings reylart this results chapter is the
evidence of interactions betweBRtJC5ACand various inflammatory functional
variants. Although these interactions are not ewaoisty strong, they are consistent with
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what is known aboulUC5AC expression during inflammation and its regulatign
the inflammatory mediators studied. There is sommettainty as to whether thiel3
promoter SNP (rs1800925) is actually functionaivbether significant association
between this SNP and asthma are in fact due taorthiker being in LD with the non-
synonymousdL13 exonic SNP (rs20541) which is considered to bgrifscant
asthmatic risk factor (Blacst al. 2009). There is however some evidence of intevacti
between theéL13 promoter SNP and smoking status with respectd@tergy outcome
in this 1946 birth cohort (Blacgt al. 2009). These two interactions involving thé 3
promoter SNP, be it gene-gene or gene-environrpeirif to a functional role for this
variant which could impact updilUC5ACexpression. It is noteworthy that IL13 may
be acting in two different ways, firstly to increalgE levels and subsequently enhance
allergy risk, and secondly to incredd& C5ACexpression.

The newly described interaction betweenEH&-RSNP andMUC5ACrs1132440 is of
particular interest. ThBIUC5ACassociation is only apparent if taB&FRvariation
favours a stronger response to its ligands whidhswbsequently cause enhanced levels
of inflammation. It makes biological sense to sigjdlkat bronchitis associated
MUCS5ACvariants will have a more detrimental affect ospieatory disease

susceptibility and/or severity if present withiflamed airways.

Although the function of thE.1RN*2 genetic risk allele on the serum levels of its
encoded protein appears to be complicated, we dw krom this study that the
MUCS5AC effect on bronchitis is only apparent in tireup ofLLRN‘2 non-carriers. If
we suggest that the basis of this interactionatogically similar toMUC5ACEGFR
interaction, then we might predict that the norrieas of thelLLRN*2 allele have
increased levels of airway inflammation. Thus byraxolation, this would suggest that
theILLRN+2 allele is associated with higher levels of th&Ra protein in this sample
set, since the carriers of this genetic variantld/tiave reduced levels of inflammation

due to an increased abundance of this anti-inflarmmaytokine.
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Chapter 4

MUCS5AC and MUCS5B variation in asthmatic

case-control cohorts
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4 MUCSH5AC and MUCS5B variation in asthmatic
case-control cohorts

In the previous chapterMUC5ACSNP (rs1132440) located within ther8gion was
shown to be significantly associated with asthma loangitudinal birth cohort. Here
MUCS5ACrs1132440 and other SNPs within close proximityehlaeen typed in two
small asthmatic disease cohorts collected in acdlirsetting, in an effort to replicate

this association and to further charactehi8¢C5AC variation.

Since MUCS5B is also a prominent airway mucin likJ@5AC, it is also an attractive
candidate gene for respiratory disease associstimhes. In the second part of this
chapter, variation within thRIUC5B promoter will be described in these same disease
cohorts. Studies have shown MUCS5B expression tgpbeegulated at the mRNA and
protein levels during chronic respiratory disedar@elet al. 2007; Caramoret al.
2004; Gronebergt al.2002a; Kamiaet al. 2005; Kirkhamet al. 2002). We therefore
hypothesise thalUC5B regulatory variation, and in this case specificalithin the
immediate promoter, will result in altered intedividual susceptibility to and severity
of respiratory disease. This hypothesis is supddstea study on the hypersecretory
disease diffuse panbronchiolitis (DPB) in whichngiigant association has been
identified betweeiMUCS5B promoter variation and the disease in a Japarsgsdaiion
(Kamio et al 2005).

Since the relationship between MUC5AC and asthnsaalraady been explored in
detail in chapter 3 this short introductory sectwah focus on gene regulatory regions
and more specifically thelUC5B promoter with respect to hypersecretory airway
disease.
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4.1 Introduction

4.1.1 MUCS5B expression in hypersecretory airway disease

MUCS5B has been shown to be significantly up-regdait mRNA and protein levels in
asthmatic, COPD, CF and DPB airways (Burgehl. 2007; Caramoret al. 2004;
Groneberget al.2002a; Kamicet al. 2005; Kirkhamet al.2002). In sputum obtained
from COPD airways, the abundance of MUC5B excelalsdf MUCS5AC, a pattern
which is reversed in healthy airways (Kirkhatal. 2008). In the case of asthma and
COPD, MUCS5B has been shown to be the primary ragpy mucin within mucus
plugs and sputum respectively (Burgel and Naded2@loneberget al. 2002a). It is

therefore important to understand the patternsnaachanisms dfIUC5B expression.

MUCS5AC and MUCS5B are the predominant mucins founthe respiratory mucus
(Kirkham et al.2002). In healthy airways the MUC5 mucins are egped in different
cells, MUC5AC in surface epithelial goblet cellsr¢@eberget al. 2002b; Hovenbergt
al. 1996) and MUCS5B in the mucous cells of the subreatglands (Gronebegrg al.
2002a). However during hypersecretory respiratssgabeMUCSB is expressed in the
goblet cells as well as the submucosal glands (@rermet al. 2002a; Kamicet al.
2005). This aberrant expression coincides with gotell metaplasia (GCM) and
submucosal gland hypertrophy but the mechanismsghigh ectopidMUC5B goblet
cell expression occurs remains unknown. We do hewkwow that the pattern of
mucin expression seen in diseased airways mirhatsaf human tracheobronchial
epithelial cells cultured at air liquid interfacedais also reminiscent of the patterns of

expression in fetal airways at 13 weeks of gestaBuisineet al. 1999).

There is however the possibility that MUCS5B protpmduction occurs at baseline
levels in the goblet cells but can only be ideatlfin the cells when expression levels
exceed secretion. A mouse mutant has been idehtifeg has a defect in the mucin
secretion pathway. Examination of this mouse hastified MUC5B protein in the
Clara cells where it was thought previously nobéoexpressed. The study concludes
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that this is not aberrant expression but rather B Gad not been previously detected

because it is secreted as fast as it is made €zhli2008).

4.1.2 Gene promoters

Since this chapter includes characterisatioMBiC5B promoter genetic variants, it is
appropriate to discuss here the properties and amésrns of human gene promoters

and regulatory regions.

The Promoter of a gene describes a region of DNAaining the cis-acting regulatory
motifs needed for the gene to be transcribed. Rbhljuperase Il is the enzyme that
transcribes all protein coding genes. In ordentiiate and maintain transcription at a
basal level, RNA polymerase Il and a variety ofgahtranscription factors bind to
DNA motifs upstream of the gene and within closexpnity to the transcription start
site (TSS).

Basal promoter sequence motifs such as the TATAamalkthe initiator element (INR)
have been shown to be essential for transcriplibe. TATA box is located 25-30
nucleotides upstream of the TSS. The exact nunftgeree promoters that contain a
TATA box is not known however estimates range fibl®bo (Bajicet al. 2004) to 32%
(Suzukiet al.2001). Estimations are difficult to make since gpnpromoters have not
been experimentally defined and bioinformatics radghfor motif predictions are not
altogether reliable since the motif sequences egerkerate. It is however known that
the TATA box is sufficient for the initiation ofdnscription. The initiator motif (INR) is
also sufficient for transcriptional activationsjpans across the TSS and can act
independently to initiate transcription, or in certowith the downstream core promoter
element (DPE) located at +28/+32bp relative tolt8&, providing that the space

between the two elements is optimal.

112



While the basal promoter is essential for genestraption it confers low transcriptional
activity and therefore regulatory regions are nddde adequate expression. Upstream
regulatory elements (URES) and enhancer sequentfs nhacated approximately 100-
200 nucleotides and up to thousands of nucleotigegeam of the TSS respectively,
provide the binding sites for the transcriptionteis required to stimulate expression

levels. UREs and enhancer motifs often overlapr{guet al. 2000).

4.1.3 MUC5B Promoters: proximal and distal

The basal promoter of a gene ensures baselinessxpne while the URE’s and
enhancer elements respond to challenges causittgdtions in expression levels. For
example, a Creb response element (CRE) locatdtiB tipstream region dfilUC5B

at -956 relative to transcription start site, hasrbshown to respond to the E2 sex
hormone causing the upregulatiolMJC5B expression (Chat al.2009a). Thus we
would expectMUCS5B expression to be higher in cells expressing BRithrin

hormonal rich microenvironments. As opposed to lmrah challenge, diseased airways
will be subjected to inflammatory challenge and ¢f@re anyMUCS5B regulatory
inflammatory response elements will calldC5B expression levels to increase during
disease. It can also be proposed that geneticticariaithin theMUCS5B inflammatory
response elements could result in aberrant expres$ithe gene and may therefore be

associated with increased disease susceptibildjoaseverity.

Genetic variation within the one kilobase sequanteediately upstream of the
MUCSBTSS, referred to as tiMUC5B proximal promoter from now on, has been
shown to be significantly associated with diffusapronchiolitis (DPB). DPB is a
predominantly Asian hypersecretory disease whidymsptomatically similar to CF but
does not appear to have the same genetic causeMbIC5B polymorphisms located
within the proximal promoter region were shown &dignificantly associated with
DPB. This variation is likely to be functional sendifferentMUCS5B proximal promoter
haplotypes which include these three associatedmmwphisms, have been shown to

confer varied expression levefsvitro (Kamioet al.2005) andn vivo (Loh et al.
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2010). The low expressing haplotype shows sigmficeegative association with DPB
and the high expressing haplotype is overrepredentthe disease group, although

statistical significance is not reached in thisecas

Much of the literature refers to a singfJC5B promoter, which we call here the
proximal promoter, however a study by Perrais ¢Patraiset al. 2001) has identified a
second promoter which is very active in a gastiecer cell line. This additional
promoter is located directly upstream of the pradipromoter and is referred to as the
distal promoter. Using a primer extension methddARranscripts corresponding to the
distal TATA box were identified abundantly in thasgric cancer cell line and were also
shown to be present in human trachea indicatingthigis an active promoter (Perrais
et al.2001).

4.2 Hypothesis and Aims

The first aim of this chapter was to replicate fiheings of significant association seen
between th&MUC5AC3 SNP and asthma identified in the longitudinaltbobhort
(chapter 3). We aim to do this by initially chaextsing 3 MUCS5ACvariation by
Sanger sequencing in two asthmatic case-contreadéescohorts.

Since GCM is characteristic of asthma and MUC5A& imsarker of GCM (see chapter
3) it could be hypothesised tHdtJC5ACvariation leads to alter susceptibility to
asthma and/or may result in varied asthmatic sgveri

The second aim of this chapter is to explore theticmship betweeMUC5B

regulatory variants and asthnMUC5B regulatory variants have been shown to be
significantly associated with the hypersecretorway disease DPB (Kamiet al 2005)
and promoter haplotype variants have been showartter different gene expression

levels by two independent studies (Kamio et al 200H et al 2010). We therefore

114



hypothesise that the high expressing haplotypebeilbverrepresented in the asthmatic

case sample set since asthma is a characterigtrdecretory disease.

4.3 Results

The results section will be divided into three pagnalysis of variation within thé 3
end of MUC5AC MUCS5B proximal promoter variation and an account of the
preliminary findings with regard to the putatiVlJC5B distal promoter. Note that all

sections report data from asthmatic disease caohorts

4.3.1 MUC5AC genetic variation

In chapter 3 a statistically significant associatietweerMUC5ACrs1132440 and
various allergy related respiratory outcomes iarayitudinal birth cohort is reported.
Here we describe this SNP and others located witloise proximity in the ‘3nd of
MUCS5ACIn two small asthmatic disease cohorts referregbstthe matched and severe
asthmatic cohorts. The first sample set known asrthtched asthmatic cohort (n =
100), is composed of clinically diagnosed atopthm@mtic individuals accompanied by
sex and age matched atopic nhon-asthmatic confrbéssecond sample set will be
referred to as the severe asthmatic cohort (n F &7 consists of individuals with
clinically diagnosed severe asthma (n = 84), ampehyormal controls with no personal
or family history of respiratory disease (n = 92should be noted that no atopy data is
available for the severe cohort. The two cohorigehzeen treated separately for all
analyses in this chapter unless otherwise stagder(fo materials and methods section
for sample detalils).
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4.3.1.1 Allelic data and analysis

Sequence was obtained for tMJC5AC 3’ end regions: fragments spanning from exon
13 to 14 and exon 19 to 20, the previously testéd32440 being located within exon
19. Because of the unusual patterns of associatidrdeviations from HWE seen with
rs1132440 in the 1946 cohort (chapter 3), thesenwighbouring fragments where
chosen in order to investigate whether SNPs witlose proximity also exhibited

similar patterns of association

In total, 7 polymorphisms were identified withirethegion spanning exon 13 to 14 and
8 SNPs were noted within the exon 18 to 19 regsee figures 4.1 and 4.2 for
annotated sequences) in the two asthmatic colsanugyal of these SNPs have been
reported previously. Details and MAFs for all idéatt SNPs are shown in table 4.1,

All MAFs are evidently similar for both the matchadd severe cohorts.

Table 4.1 Details of thelUC5AC 3’ end SNPs typed in the matched and severe asthmatichorts,
including minor allele frequencies.

Matched Cohort | Severe Cohort
SNP ID SNP location MAF n MAF n

novel 116 Intron 13 0.01 (T) 88 0.03(T) | 161
rs2075843 Intron 13 0.20 (A) 89 0.22 (A) 164
10bp VNTR Intron 13 0.03 (3) 88 0.06 (3) 161
novel 245 Intron 13 0.01 (T) 88 0.01 (T) 161
rs34666042 Intron 13 0.16 (T) 88 0.12 (T) 161
novel 287 Intron 13 0.03 (G) 88 0.05(G) | 161
rs34831688 Exon 14 0.17 (T) 83 0.13(T) | 140
rs35968147 Intron 18 0.19 (C) 88 0.18 (C) | 169
rs2075844 Intron 18 0.40 (G) 87 0.41 (G) | 170
novel 420 Intron 18 0.01 (T) 88 0.00 (T) 170
novel 422 Intron 18 0.01 (A) 88 0.00 (A) | 170
rs28728088 Intron 18 0.19 (T) 88 0.18 (T) 170
novel 514 Intron 18 0.00 (T) 88 0.01 (T) 170
novel 527 Intron 18 0.00 (T) 88 0.003 (T) | 170
rs1132440 Exon 19 0.38 (G) 99 0.41 (G) | 170

MAF refers to minor allele frequency and SNP lomatiletails the intron/exon location of the SNP.IBot
exonic SNPs are synonymous and thus do not altermamo acid. N = number of individuals from whom
data was obtained. The SNPs reported previouslg bag identifier number. The novel polymorphisms
discovered during this project have not been preshioreported and therefore have no existing
identifiers, thus each has been assigned a numipelation to the location within the PCR fragment.
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None of the SNPs in table 4.1 are representeceitiipMap project. The MAF of
rs1132440 in the larger of the two cohorts (seeeteort), is in good agreement with

that of the 1946 cohort sample set (chapter 3).

All polymorphic markers identified in these sampégs are annotated in figures 4.1 and
4.2 and the novel variants, which have no rs ifienéi, have been assigned numbers in
accordance with their nucleotide position withie fCR fragment. Three novel SNPs
and a 10bp VNTR were identified within intron 1B 116, SNP 245 and the VNTR
were confirmed by sequencing in both orientati®@$P 287 was specific to samples
typed as heterozygotes for the tandem repeat amakinot therefore possible to
confirm this SNP in the forward orientation dudhe overlapping peaks generated by
the insertion of an extra 10 base pairs.

Four novel SNPs were also identified within intd#hand confirmed by sequencing in
both orientations, however all but one are reprieskon only one chromosome
(singletons). All confirmed novel polymorphisms atdow frequencies (table 4.1) and
only two genotypes were identified for each (comrhomozygote and heterozygote).
The intron 13 VNTR is the most frequent of the ngaymorphisms with MAFs of
0.03 and 0.05 (3 repeats) in the matched asthraaticevere asthmatic cohorts
respectively, and is therefore the only novel payphism included in th®IUC5AC3

haplotypes subsequently generated in this chapter.
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GGCECAGGCTGGACAGTGTGCAGCIATCAACGGGACCCTGTARBEASGECCACGGAG
CTCAGACCCCCT CAGCCATAGGGACGGAGCT TCCCACT GACCCT GAGGCCCAGGTAGACT

TTGGAGCAACT GCCAACT CYGGECCAERGECCAGGEGACT CGAGT CTCTGCAGACACAGCCCA
116 rs2075843
CTATCAAGT GTGGCT GAGGCCCGAGGT CGBCCCCAGGT CCCGGAAATATGGACATCTACA
10bp tandem repeat
CCCTGECCTCCCTGGCTCCGGGGGGCTBOBGGACTTTGCCTCTCY TGGCACCACAGCA
245 rs34666042
CAGCCAGGCCKGGATCCCACGECTCTGT CCTGAGCCGECTGAGTATGT GECCCTGCAGAG
287
TGTGTGGCCTTGT TGGGCACCCCAT CCAAGGGGEGT GCAGCGTGGGECTCTGCTCTAGGGA

TGGEEGACCCT GEGCT GT GECCT CT GCACCAAGAGGT GCCACCACGAGT CACCCCAGGEEGT
GCAACT CGEGECCT GGTAGGAAGCGEECCT GRAGEEEGAT GT CTGCEGAAGT TGEGEEGECAGCAA
GCCAGT GEEGAGGCAGEEECAEEET CTCCCCAGEECCCAAGCCTCATGAGT GTCTGCTGCCC
TGGCTCTCCCCAGCCCGGCGCCGTGGTCTCCTCGAGCCTGTGCGAAACCTGCAGGTGTC
GCTGCCGGGTGGCCCCCCATCGGAYGCGTTTGTGGTCAGCTGTGATATECA

rs34831688
ACACACACTGCCCTGTG

Figure 4.1 Nucleotide sequence of tHdUC5AC 3' terminal region spanning from exon 13 to exon 14.
Exons are highlighted in grey. Square bracketandeiCR fragment boundaries. Yellow highlight shows
positions of novel polymorphisms and the numbentifiers for these polymorphisms are defined retati
to the start of the PCR fragment. Green highligptesents locations of previously reported SNP$e Kt
all polymorphisms annotated in this sequence haesa lsonfirmed in this study. Nucleotide abbreviadio
K=GIT;R=A/G;Y =CIT.
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TGGECTGGTCCTAAACCCTGTGI TCCTCTCCAGAGT[CGACCTGTGCTGTGTACCATAGG
AGCCTGATCATCCAGCAGCAGGGCTGCAGCTCCTCGGAGCCCGHGTTALIIEC
CGGGGGAACTGTGGGGACAGCTCT BIaBGT GCCTGGEECAGCAGECAGEGAGACEC

GATTGGCT GT GEGGT GCAGT CAGGGCCCCCAGGGECTCYAGGT GCCAGATAGACGAGGEGEGEC
rs35968147
AGGACCAT GAGGGGECCAGRCAAAGGGCT CT GAGGGT GAGGCGGGAAAGGGGT CCTGAGAT
rs2075844
GGCAAGGGT GGEGECTGEEGTAACTACAT CCCCAGAGCCT GTGT CGECATCACGCTCTCCT

GITTACTGAGCT CCGCCAGGAACT TGCCGCAGCCGCCCCGAGT CTCCCTCCCTCCCATCA
422
GCACGGAGCCGEEGET CEECCCTGGT GGGACT GI TGEYGVICT GGGGAACT GGCAAAGGAGA
420
GCTGGT TGT CAGACACT GGCAGCAT GCCTCCAGGAGCAGGGAACACGAT GAGGECCGECCCA
514
GAGCTYGGECAYGGECGECCGECT TAY GGCAGGAGECT GEGEGT GGCGCAGCAGCTGGTGCTGA
rs28728088 527
GCAGCCCCTGCCCACAGGTACTCGCTCGAGGGCAACACGGTGGAGCACAGGTGCCAGTG

TGCCAGGAGCTGCGGACCTCGCTGAGGAATGTGACCCTGCACTGGAICGAGC

CGGGCCTTCAGCTACACCGAGGTGGAAGAGTGCGGCTGCATGOEHEUGHIBES
rs1132440
CCGGGCGACACCCAGCACTCGGAGGAGGCGGAACCCGAGCCCHGEGAGALE

GGGAGCTGGGAGAGAGGCGTCCCAGTGTC]CCCCATGCACTGA

Figure 4.2 Nucleotide sequence of tHdUC5AC 3' terminal region spanning from exon 18 to exon 19.
Exons are highlighted in grey. Square bracketandefiCR fragment boundaries. Yellow highlight shows
positions of novel polymorphisms and the numbentifiers for these polymorphisms are defined refati
to the start of the PCR fragment. Green highligipresents locations of previously reported SNP e Mt
all polymorphisms annotated in this sequence haea lsonfirmed in this study. Nucleotide abbreviadio
K=GIT; M=A/C; R=A/G; S=CI/G; Y =CIT.
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4.3.1.2 Data analysis

The allelic distribution of all SNPs was comparetiteen the cases and controls in
both disease cohorts. 2 by 2 contingency tables w@nstructed and examined using
chi squared tests. No statistically significanteténce between cases and controls was

noted for any SNP in either cohort.

Because of low expected cell counts, genotypeibligions were analysed in two
separate ways; by grouping genotypes into commamolggotes versus the
heterozygotes and rare homozygotes; by combin@dvtb cohorts in order to increase
expected cell counts to sufficient numbers in otdgrerform chi squared tests. No
statistically significant difference in genotypestiibution was observed between the
cases and controls in either of the analyses paddr

The only significant difference noted between tases and controls with respect to
genotype counts were deviations from HWE for twd?SMs34666042 and rs34831688
(p = 0.01 and 0.02 respectively) in the asthmatio@e set of the severe cohort; no
deviation from HWE is noted within the hypernorroahtrols. Marginal significant
deviation (p = 0.05) from HWE equilibrium was alsated for rs34666042 in the
asthmatic sample set of the matched cohort and age@ no significant deviation was
seen for any SNPs in the matched controls. Howeveontrast to the observations in
the 1946 cohort (chapter 3), there are less hetgodes than expected in this disease
sample. Genotype distributions for all other SNfesret shown to deviate from those

expected under HWE.
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4.3.1.3 Measures of linkage disequilibrium

spanning from exon 13 to exon 19 in asthmatic a. ses and b. controls.

rs34666042 1.000

rs34831688 1.000 1.000

rs35968147 1.000 1.000 1.000

rs2075844 1.000 1.000 1.000 1.000

rs28728088 1.000 1.000 1.000 1.000 1.000

rs1132440 0.914 1.000 1.000 1.000 1.000 1.000
rs2075843 | rs34666042 | rs34831688 | rs35968147 | rs2075844 | rs28728088

rs34666042 1.000

rs34831688 1.000 1.000

rs35968147 1.000 1.000 1.000

rs2075844 1.000 1.000 1.000 1.000

rs28728088 1.000 1.000 1.000 1.000 1.000

rs1132440 1.000 1.000 1.000 1.000 1.000 1.000
rs2075843 | rs34666042 | rs34831688 | rs35968147 | rs2075844 | rs28728088

Table 4.2 D measures of pairwise LD for polymorphisms within he MUC5AC 3' end region

Only polymorphisms with a frequency greater tha#bltave been included in these LD analyses. a.
Cases include asthmatic samples from both the mdtahd severe cohorts. b. Controls include control
samples from both matched and severe cohorts.

In order to study the patterns of LD across thisrgl regionLdmax was used to
compute pairwise measures of LD for cases and aisrgeparately. The two disease
cohorts were combined in order to amalgamate aasgsontrols; cases include the
matched asthmatic samples plus the severe astlsimatide the controls are
represented by the matched atopics plus the hypeat@ontrols from the severe
cohort. As shown in table 4.2 a and b there is atmomplete LD across this region as
all pairwise associations are statistically sigmfit ( with p values of < 0.05 as tested
by chi squared) and nearly all havev2lues of 1. The patterns of LD between cases
and controls are almost identical except for thedlues between SNPs rs2075843 and
rs1132440, where there appears to have been aamalint of recombination in only

the sample set of cases.

121



4.3.1.4 Haplotypes inference and analysis

Haplotypes were inferred by PHASE with a certawit®.99 or greater for the
MUC5AC3 terminal region spanning from exon 13 to exon 4i@githe genotype data
for 6 of the previously described SNPs and the hioweon 13 VNTR. Data for SNP
rs34831688 has been removed from the haplotypiysiaaince this marker could not
be typed in the individuals who were heterozygddeshe intron 13 TR which could
result in uneven dropout due to the complete liekagted within this region. The
inferredMUCS5AC3 region haplotypes are detailed in table 4.3. Thaeegfour major
haplotypes (HA-HD) which account for all haplotypésntified in the severe asthmatic
cohort and 98 per cent of the matched asthmatilotyges. The rare haplotypes (HE-
HG) appear to be recombinants of the common hgméstyPlease note that the
haplotype frequencies obtained from Arlequin (rfaiven) are almost identical to the
PHASE results shown in table 4.3.

The rare novel alleles were assigned to a haplotypckground by firstly identifying a
carrier of the novel allele who was also homozydous particular haplotype. It was
subsequently assumed that the rare allele waspoegent on this haplotype since it is
unlikely that the mutation will have occurred inéapently more than once. Novel
SNPs 287 and 245 are exclusive to the HD haplotype 287 is always present on the
HD haplotype while 245 is present occasionally. &alleles 116 and 514 only occur
on the most frequent haplotype HA. The other nalleles cannot be assigned to

haplotypic backgrounds since they have only beentified on a single chromosome.
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Table 4.3 Details and frequencies of theIlUC5AC 3 region haplotypes for all case and controls

sample sets.

" Q 1S <] 3| o o o

S B3 |28|28(3|8|3|88|8,|eF ey
o Slcsrx|lo|lo|lr| || S5E|S5L|5E| 58
g |S|2E|13 8|83 |55|88|35| ¢
T2 | 2|eS| ¢ ||| 2 |=q|=T|nad|nsd
HA | G 2 C| T|]A|[C]|C/|059]|062]|057]|0.63
HB A 2 C| T |G| C| G| 016 | 021 | 0.23 | 0.22
HC G 2 T | C |G| T |[G]|019 | 013 | 0.16 | 0.09
HD G 3 C|C|G|[T]|G/|003]|0.02]|0.04]0.06
HE A 2 C| T |G| C|C|0.02]|000]0.00 | 0.00
HF G 2 C| T |G| C| C 001 000]0.00 | 000
HG G 2 C| T|]A|[C| G |000]0.01]|0.00]| 0.00

SNP rs34831688 has been removed from haplotypgsisdlecause we were unable to type this variant
in the heterozygous intron 13 TR individuals. Thading in this table indicates likely recombination
events that may have occurred to produce the hagotypes.

Haplotype frequencies are shown in table 4.3, hayg show that the rare recombinant
haplotypes have only been identified in the matcdmgtimatic cohort and are found in
both the cases and controls. It is noteworthytihetare allele of the SNP showing
significant deviation from HWE in the cases (rs38642), is only found on the HC
haplotypic background. Haplotype distribution beawe&ases and controls are
represented graphically in figure 4.3 for both skegere and matched asthmatic cohorts.
The distributions of haplotypes with respect tedse status, are fairly similar for both
asthmatic cohorts. Notably the controls have atgrgeercentage of HA and the cases

have a greater percentage of HC.

The differences in haplotype distributions betweases and controls were tested three
separate ways, chi squared test, PHASE case-camady}sis and the exact test of
population differentiation (ETOPD) implemented bgleuin. A significant difference
was noted between the haplotype frequencies ddhere cohort case and control
sample sets (p = 0.021) when examined with the HT.GR®wever the PHASE case-
control analysis and a chi squared test indicdtatithe difference was not statistically
significant. No statistically significant differeadn haplotype distributions could be

identified in the matched asthmatic cohort.
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Figure 4.3 Bar chart representing the distributionof MUC5AC 3’ region haplotypes between cases
and controls of the a. severe asthmatic cohort b. atiched asthmatic cohort.

4.3.2 MUC5B proximal promoter

As discussed in the introductory section of thigptlr, variation in th1UC5B
immediate promoter region appears to be of funationportance in the hypersecretory
disease DPB. Therefore tM&JC5B proximal promoter (+97 to -1097 with respect to
the TSS) was sequenced in our two small asthmesgasge cohorts with a view to
examining the corresponding Kamio haplotypes (Kaatial. 2005). We hypothesised
that the high expressing H1 haplotype would be r@peesented in the asthmatic
populations based on the notion that like DPB,rastls a hypersecretory disease of the

airways.

4.3.2.1 Allelic data

Six polymorphic SNPs were identified (see figur¢)&and typed by sequencing in the
matched asthmatic and severe asthmatic diseasedWmor allele frequencies
(MAF) range from 0.05 to 0.24, all shown in tablé.£nly two of these SNPs are
included in the HapMap project, rs885454 and rsB3688and the MAFs identified for
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these two European disease cohorts are in gooddarue with the HapMap CEPH
dataset. It should be noted that the proximal ptemiadel (rs17235353) which defines
the low expressing H2 haplotype is monomorphic mithis European sample, with
only the insertion allele being represented.

Table 4.4 Details of theMUC5B proximal promoter SNPs typed in the matched and sere
asthmatic cohorts, including minor allele frequenats (MAF).

SNP SNP Matched Cohort | Severe Cohort
ID location MAF n MAF n

rs885455 -919 0.19 (G) 96 0.19 (G) | 135

rs885454 -906 0.05 (A) 96 0.06 (A) | 136

rs7115457 | -237 | 0.09(A) | 96 | 0.09 (A) | 156
rs7118568 | -217 | 0.09(G) | 96 | 0.09 (G) | 156
rs56235854 | -100 | 0.05(A) | 96 | 0.05(A) | 154
rs2735738 78 021(C) | 96 | 0.24(C) | 155

SNP location refers to base position relative angcription start site and n refers to number of
individuals.

In order to compare allelic distributions betweases and controls within each cohort,
2 by 2 contingency tables of allele counts werestroicted and tested with chi squared
or Fishers exact tests under the null hypothesisasthmatic and control samples come
from the same population and are therefore notfggntly different with respect to

MUCS5B promoter allele counts.

Analysis of the severe asthmatic cohort identif&atistically significant associations
between the two SNPs rs7115457 and rs7118568 a&edesasthma with a chi squared
p value of 0.015 for both. It should be noted thase SNPs are completely linked and
therefore any significance is due to the same &assmt. For both SNPs the rare alleles
are underrepresented in the asthmatic disease,gaodpt should be noted that these

rare alleles define the high expressing H1 hapktyp

This association could not be confirmed at the @8%fidence level in the matched
asthmatic cohort however rs56235854 showed margigaificance with a p value of
0.054.
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-1097
CCACGGAGCATTCAGGATUGGT GACCAGEGAGCCAGGAGGT GGGAGCATCTGAGGT GCA

GGT CACACGGEGECAGGAGGT GT' TTGCAAGAGGT AT TGCAGCGCGGACGGAGT GTCCTGCAGA
-919
TGACGCTGI CTGT CCTGI AGATGACGCT CGT CAAGGAGGT TTACCACATAGCCCCCRGGAA
-906 rs885455
GCCCACCCRACACCAGCCGGAGGT GCTAGECT TCTGCGEECT CCCACCT GGEECAGECGEAG
rs885454
GACCCCGEECAGGT CCAGGACCCCCCGGAGCAGCT GCT TCCTCAACCCT GCCAGGGT TAAT

GAGGAGGCCCCAGAGT GAGGT GGAGGCCAAAT GGGACT CAGGGECCCGAGCCT CTGECCT GG

CTGGAT CAGGGCTGGCAT TGGACAAGCGCAGCTGACT CCCGAT GT GCATGGCCAGGAGACA
-659/660

CTCTGGGCCTCAGT TTCCCCTTGAATGT GAACCTTGAAACAGAT CAGCCCAGAGACCTCCC
rs17235353

ACGGTCTTCAAGGGGECT CTGGT CAGCTGGEGECT GGGGT CTCTGGAAATAGAGCCTCCTCCAG

GGACCCODACAAGEEABEEABABIIGATOCT GGOCAT GT GCATGCCT GAGCT CAGCAGG

AGCCTCCCGGe CTCCCCGTGEELTAAGCAGTGGTGGGAGEET CCAGCCTCGTGEGECC
CTCCCCGEEECCT CAGEGACCCAT GGT CAGT GECT GEGEGT GCTGCCCAGAGECTGGGATTC
CCTTCCAGCAGGAGCCGCAGT GEEGECT GAGT GT GAGGCAGGECTGECTGACCACTGI TTCCA

TGGACCCT GCGT CCAAGGCCAGCCCT GCCTTCCAGCGEECT TTGCCATCTAGGACGGEGTGCC
-237 -217
AGGTGERGTAGGCCCTTCTCTCCCT TSCGAT TCT CAGAAGCT GCT GGEGEGT GEGEEGECGT CC
rs7115457 rs7118568
TGGEECCT CAGGECACAGAGCTGCAAATCCT TCCTGAT CCAGGECCT CTCCCCTGCCACAGCC

-100 -78
CCTCCCCGAGAGCAAACACACRT GGCTGRAGCGGEEGAAGAGCAYGGT GCCCT GCGT GECCT
rs56235854 rs2735738

GGCCTGGCT TGEEGECCAAGGCT CCCTGCTACATAASCT GGBGCCCCCAGGGGAGCAAGCA]
+1 PROXIMAL TATA BOX
CCCGECCCEECTCCCTCCCTAECCCGT CCCCGT CCCCCCACCCGT GCCAGCCCCCAGGATAS
TSS +97

GT GCCCOGAGOGCGT GCCCBACEEIGEISIIGEC TC

Figure 4.4 Annotated sequence corresponding to thelUC5B proximal promoter. Grey highlight
indicates forward and reverse primers for the fragi\. Pink highlight indicates forward and revepsiners
for fragment B. All SNPs typed in the two asthmatiohorts are highlighted in green, note thatrall a
polymorphic within these sample sets with the ekoepof the indel rs17235353. Transcription stétd &
indicated b)l . The TATA box is highlighted in yellow and the dtaf translation codon (ATG) is underlined
and in bold
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4.3.3 Allelic variants and transcription factor bin ding sites

Figure 4.5 shows predicted transcription factodiig sites (TFBS) within th®1UC5B
proximal promoter most of which have been previgpdsgscribed in the literature (Chen
et al.2001; Wuet al. 2007a). Only the two Spl TFBS have been experiafignt
determined (Wt al.2007a). Wu et al have shown that binding of thagcription
factor Sp1 to the binding sites located in MieéC5B promoter region, is induced by
phorbol 12-myristate 13-acetate (PMA). PMA is usedhodel inflammation and it is
therefore proposed that the Sp1 TFBS might plaiyguortant role during airway
inflammatory disease. It should be noted thatthiep TFBS reported by Chen et al and
Wu et al have only been predicted using the TRANSHEAtabase and are thus
considered to be putative. Three additional predittinding sites (STAT -919/-912,
HNF4 and AP2) were identified during this project using the wesed tool rVista
(see materials and methods for details and webkeadyjrwhich predicts cis-regulatory
elements by combining TFBS database searches (TRAR$rofessional V10.2
library) with comparative sequence analysis. I8 thetance the mouse homologous
MUCS5B promoter sequence was used as the comparisonneeqUdie rodent promoter
sequence was chosen as opposed to a primate seilece the human and mouse are
more distantly related and therefore high consemdietween these species is likely to
be indicative of function. In order to maximise gtangency of the predictions, the
matrix similarity was set at 90% and only high-speity matrices were selected. The
rVista tool was also able to predict the MYC (-196) and Spl (-124/-114) TFBS that
had previously been identified in the literatureul@ al.2007a).

On examining SNP positions with respect to prediGiEBS, SNPs rs56235854,
rs7115457 and rs885455 were shown to fall within®/¥FB and STAT binding
sites respectively (see figure 4.5).
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rs885455 rs7115457 rs56235854

(-919) (-237) ;
rs17235353 (-100)
rs885454 (-6509 to -660) 157118568 rs2735738
-906 217 -78
l( ) l !( ) 1 ¢ )'rss; EXON 1
STAT  HNFa AP-1 NFkB NFkB STAT SP1 SP1 MYC TATA AP2—uI

+1

Figure 4.5 Diagrammatic representation of thevlUC5B proximal promoter with annotated
transcription factor binding sites (TFBS) and identfied allele variants. The annotated binding sites
are located at the following positions relativehe transcription start site; STAT -919/-912, HINHB66/-
861, AP1 -500/-493, N&B -373/-364, NikB -238/-229, STAT -213/-205, Sp1 -196/-185, Sp14/1P14,
MYC -106/-95, TATA -32/-26, AP +49/+57. Note that STAT -919/-912, HNF4 and ARinding sites
were identified during this project with rVista ngithe human and mouse conservation profile. Alépt
TFBS had been previously identified by either Cheal or Wu et al (Cheet al. 2001; Wuet al. 2007a).
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Percentage

4.3.3.1 Genotypic data

Because of the small size of the data sets, thetgess for all SNPs were grouped into
two categories, common homozygotes and carriettseofare allele (heterozygotes and
rare homozygotes). In the severe asthmatic coher8NPs shown to significantly
associated with asthma at the allelic level, alsmsstatistically significant association
with respect to the grouped genotypes. In facstpeificance is increased with a chi
squared p value of 0.008 for both rs7115457 antll®8368 and as can be seen in the
bar charts in figure 4.6 the severe asthmatic csts@s an underrepresentation of the
genotypes carrying the rare allele and have agreabportion of common
homozygotes as compared to the hypernormal cosdraple set. This pattern of

association suggests that the rarer alleles cpni¢ection irrespective of genotype.
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Figure 4.6 Grouped genotype distributions for rs7115457 and i&118568 between cases and
controls in the severe asthmatic cohortSignificant association has been noted for the d¢oeaab
genotypes of both SNPs with a p value of 0.00&fiih (2-tail Pearsons chi squared).

In the matched asthmatic cohort the SNP exhiblimglerline significance with respect

to allelic distributions rs56235854, is shown tosignificantly associated with asthma
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in this sample set when analysed as grouped ges®tyjth a chi squared p value of
0.038. It is noteworthy that the pattern of assamiefor the genotype distributions of
rs56235854 are very similar to rs7115457 and rs3@88§figure 4.7) in the severe

cohort, in which the common homozygotes are oveessmnted in the cases and the

heterozygotes/rare homozygotes are underrepresientee disease sample set.

100.0% disease Figure 4.7 Grouped genotype
distribution for rs56235854
between cases and controls in
the matched asthmatic cohort
The grouped gentotype
distributions are significantly
associated with the asthmatic
phenotype with a a p value of
0.038 (Pearsons 2 tail chi
squared).

B controls
cases

Percentage

common homs hets and rare homs

rs56235854 grouped genotypes

4.3.3.2 Haplotypic data

MUC5B proximal promoter haplotypes for both disease dshweere constructed using
the haplotype inference software PHASE. Haplotypeie assigned identifiers in
accordance with those previously identified by Kari al. A total of 8 proximal
promoter haplotypes were identified in the matcasithmatic cohort and 7 in the severe
asthmatic cohort (see table 4.5).
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Table 4.5 MUC5B proximal promoter haplotype details and frequencis in the matched and severe
asthmatic cohorts.

(92] <

o || B | 5|33 o 9
2 DILIB | 3| B8 5|88 ¢ 08| o2
o Ol N A4l || FS5E|S5L| €| o
g | @2|B|S|R|S|B|N|8E|5S8|35]| 35
T2 | 2|e|le|leo|l2l |3 | =8 |na|nd
H3 Al G I G C| G T | 0.74 | 0.66 | 0.67 | 0.67
H1 G| G I Al G |G C | 0.07 | 0.11 | 0.05 | 0.13
H8 A G I G C G C | 0.07 ] 0.04 | 0.09 | 0.10
H4 G| A I G C| G C | 0.03 ] 0.06 | 0.07 | 0.04
H3a | A G I G C A T | 0.02 | 0.09 | 0.07 | 0.02
H6 G G I G C G T | 0.03 | 0.02 | 0.04 | 0.04
H5 G| G I G C| G C | 0.03 ] 0.01 | 0.00 | 0.00
H9 G A I G C G T | 0.00 | 0.01 | 0.00 | 0.00

? Al A I G| C |G T | 0.00 | 0.00 | 0.009 | 0.00

Haplotype IDs are in accordance with the Kamio bgyples (Kamio 2005). H3a is a novel haplotype as it
includes the rare allele of the SNP rs56235854 kwhias not identified in the Japanese populatiorieNo
that the rs56235854 rare allele only occurs orHBdaplotypic background. A severe asthmatic sample
SAO053 also contains a novel haplotype not previpig&ntified. SNPs in bold have been shown to be
significantly associated with asthma in eithergbgere or matched asthmatic cohorts.

It has previously been showmvitro by reporter construct assays, that H1 haplotype
confers the highest expressional activity of the¢hhaplotypes H1, H2 and H3 (H2 not
identified in this population), which has been soped by ann vivo study (Loh et al.
2010). Thus our prior hypothesis was that the Hildtgpe would be overrepresented

in the asthmatic samples and therefore all hapéstypere grouped into two categories;
H1 or not H1. 2 by 2 contingency tables were carcséd in order to compare haplotype
counts in asthmatic and control samples and charegutest were used to test the tables
for deviations in haplotype count distributionsatitical significance was noted in the
severe asthmatic cohort with a p value of 0.0&i{[2d) whereby there is a decrease of
H1 haplotypes in the asthmatic sample comparedtivéin controls (see figure 4.8). A
similar pattern can be seen in the matched astbroaliort where the H1 haplotype
frequency is greater in the atopic controls (Otha) in the asthmatic cases (0.07),
though statistical significance is not reached.sTaignificant association between the
H1 haplotype and asthma has been noted althougtehgfied pattern of association is

opposite from that which we had hypothesised.
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Figure 4.8 Bar charts showing the distribution of H1 and non H. haplotypes between the cases and
controls of the a. severe asthmatic cohort b. mateld asthmatic cohort.The distribution depicted in
chart a was shown to be statistically significaithva p value of 0.03 (2 tail Pearsons chi squar€dg
distribution shown in chart b was not shown to igmificantly different.

4.3.4 MUCS5B distal promoter

A preliminary study of th&é1UC5B putative distal promoter (-2268 to -986 relatige t
the TSS) reported by Perrais et al (Peretial. 2001) has been conducted during this

project.

Within this region 24 SNPs have been reportede¢d\i@BI SNP database, however
only 9 of these SNPs are accompanied by suppgbhgnorphic data within a
European population. The aim of this preliminarydstwas to characterise all sequence
variants within the putative distal promoter reginrboth asthmatic cohorts. However
due to limited DNA supply only the matched asthmathort has been included in this
preliminary study. RT-PCR was also used to evaltreesalidity of this region as an
active promoter, since this promoter has been teganly once in the literature and

therefore little functional information is availabl
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4.3.4.1 Allelic data

Within the putative distal promoter region 7 polymplaic SNPs were identified in the
matched asthmatic sample set (see appendix 3 hatated sequence), all of which
correspond to previously reported SNPs. Allele diextpies range from 0.006 to 0.49
(table 4.6) and only rs868903 is represented irHdg@Map project for which the MAF
for the CEPH sample is in good agreement with theage cohort reported here. All

genotypic distributions were in accordance withsthexpected under HWE.

Table 4.6 Details of theMUC5B SNPs located within the putative distal promoter.

SNP ID =i MAF
Location
rs11042646 | -2019 | 0.16 (T)
(s55974837 | 2002 | 0.03 (T)
1535619543 | _-1996 | 0.26 (T)

rs12804004 | -1947 0.44 (T)

rs868902 -1738 0.45 (A
rs868903 -1556 0.49 (T
rs868904 -1437 0.006 (T)

MAF is minor allele frequency, minor alleles arepgrentheses, SNP location refers to base position
relative to transcription start site. Data for I8Bomosomes were available for rs11042646, rs5597,48
rs35619543, rs12804004 and rs868902. Data for hihtosomes were available for rs868903 and
rs868904.

2 by 2 contingency tables of allele counts werestroigted to compare allelic
distributions between asthmatic and atopic corsaohples and tables were tested using
a Fishers exact test. No statistically significasgociations could be identified between

allelic counts and asthma.
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4.3.5 Looking for the putative = MUCS5B distal promoter: RT PCR

A previous study has identified actiMlJC5B distal promoter activity in the Kato I
gastric carcinoma cell line and has also identiigdanscript corresponding to the distal
promoter in tracheal RNA using a primer extensiathud. However no other study
has addressed the activity of this distal promatethis preliminary study we have used
RT-PCR to look for transcripts corresponding taaativeMUCS5B distal promoter in
clones of a mucus secreting colon cancer cell imemal human bronchial epithelial

(NHBE) cells grown at air liquid interface (ALI) drietal lung tissue samples.

In an effort to identify distal promoter activitthree different RT-PCR assays were
performed. Two assays were designed to amplifysakyT R that may correspond to a
distal promoter transcript, while the third assaswlesigned as a control fdiJC5B
expression; assay 1 aimed to amplify from thee§ion of the reported transcript to
exon 1; assay 2 from the same region to exon Z;dht&ol assay from exon 1 to exon
2.

Access was available to cDNAs from the followingaerces; various subclones of the
mucus secreting HT29-MTX cell line, at both exparerand stationary phase (n = 8);
fetal lung tissues (n = 2 ); NHBE cells grown atl@uid interface (n = 1). The PCRs
were conducted on these cDNAs andC5B expression was validated in all HT29-
MTX subclones, fetal lung tissue and NHBE ALI celowever, no transcripts
corresponding to expected transcripts from thetmaet®UC5B distal promoter (assays
one and two) could be identified for any cDNA saenligure 4.9 shows a
representative experiment and figure 4.10 dephetdUC5B5 UTR sequence which
has been annotated for all primers and importartifsno
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Figure 4.9 MUCSB putative distal promoter RT-PCR product visualisaion. a. RT-PCR products
aimed to amplify from the’'Segion of the reported transcript to exon 1. b-FROR products aimed to
amplify from the 5region of the reported transcript to exon 2\itIC5B control RT-PCR, product
visualisation corresponding to a transcript spagfiom exon 1 to exon 2. The colonic cell line HT29
was differentiated into the two clones 5M21 and 2\by treatment with IOM methotraxate. 5M21 has
a mucus secreting phenotype. 5M12 has a enterqayticotype. E refers to exponential phase. S refers
to stationary phase. All RT-PCR products were \lisad on 2% agarose gels,
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r
CTGTGACGTAAATAAACAACAGACCT GGﬁlACCACCCT AGGGT CCCCATGEEECCG
distal TATA box distal TSS

C_IGKEFGCTTCCTGCCTGGCG'I’CTGCGCCACGGAGCA

T - GAGGAGGT GGGAGCAT CTGAGGT GCAGGTCAC
NAU 647 (PE REV)- Perrais et al

ACGGGCAGGAGGT GT' TTGCAAGAGGT AT TGCAGCGCGGACCGAGT GTCCTGCAGATG

AGCATGGTGCCCTGCGTGECCT GECCT GECT TGGGGECCAAGGECTCCCTGCTACATAA
proximal TATA box

r
GCT GBEECCCCCAGGRGAGCAAGCABCCGECCCGERCTCCCT CCCTGCCCGT CCCCGT

proximal TSS

CGCGAGBRGAGCCCCCCACTCCG

CCCCCCACCCGT GCCAGCCCCCAGGATGGGTGCC

exon 1

GTTGGCTCTGGC
exon 1 RE

CCCCCTCTCGATCGCTGI CTTCACGECAEEEEGET CTCTGCAGGT CGCTTGCCTGGEGAGC

CATTCCCTCTTCCCACAGAGACCCAGGGCCCTGTGGAGCCGAGCTGGGAGAATGCAG

-G(G[CII:CAGGT TCGEEEGETGEEEEGET TCCTGACCAG

GCTGGAGGEEECTGGAAT TTGCEECT GEGEECAGECAGACGCCT CTCCAAGCAGCCATGC

Figure 4.10 AnnotatedMUC5B sequence spanning from the putative distal TATA boto exon 2.
Boxed sequences shaded in grey represent primedfasthe RT-PCR, where FOR is forward and REV
is reverse. Bold and underlined sequence represgats. Proximal and putative distal transcripstart
sites (TSS) are highlighted in red. Proximal anthfive TATA boxes are highlighted in yellow.
Sequence highlighted in purple represents the seyatimer elongated by primer extension in order to
establish the distal TSS in the Perrais et al s{RPdyraiset al2001).
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4.3.6 MUC5AC and MUC5B extended haplotypes

Significant disease associations were reportethapier 3 between d 8ndMUC5AC

SNP and in this results chapter we report sigmtieessociations between severe asthma
and 3 MUC5B promoter SNPs, and some evidence of significasd@ation between
severe asthma atMdUC5AC 3 haplotypes. A previous study has identified aificgmt
occurrence of an extended haplotype spanning M2 to MUC5B in people of
European ancestry (Roussesal. 2007), and it was therefore postulated that the
significant associations reported in this thesig@@ossibly reflect a single risk
haplotype with respect to respiratory disease, éxtisnded haplotypes spanning from
MUCS5ACto MUC5Bwill be studied in this section with respect teadise status.

Extended haplotypes were inferred fromMWC5ACandMUC5B markers, except for
the indels, the frequencies for which are showtalole 4.7. Three extended haplotypes
dominate (E1, E2 and E3), although EL1 is very feaqjumaking up 46% and 45% of the
haplotypes seen cases and controls respectively cohfirms the findings of the
Rousseau et al (Roussezial. 2007) study though it should be noted that thereded
haplotypes examined in this project are smalleresthey do not includelUC2 marker
data.

The high expressinglUC5B promoter haplotype H1 (shading in blue in tabl® 4.
occurs on four of the extended haplotypes andnbtsworthy that in each case the H1
carrying haplotype is at a greater frequency incir@rol sample, the most extreme
examples of this being E9 and E17. This findingassistent with the results reported
in section 4.3.3.2 whereby the H1 haplotype iggtiicantly increased levels in the

severe asthmatic control group.

The distribution of théMUC5AChaplotypes examined in section 4.3.1.4 showed some
evidence of significant difference between casescamtrols in the severe asthmatic
cohort and from viewing these data graphicallyyfeg4.3) it appeared that the HA and
HC distributions were the cause of this association
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It is evident that both the HA and HEIUC5AChaplotypes (orange and red
respectively) mainly occur with the HBUC5B haplotype (shaded pink in table 4.7).
Only the extended haplotype E17 includes both theakid H1 haplotypes, both of
which have been shown previously in this chaptdraat increased numbers in the
control sample set. Thus the statistically sigafitilUC5ACandMUCS5B haplotype

associations reported with asthma in this chaptelikely to be independent.
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Table 4.7 Extended haplotypes ranging fro-MUC5AC to MUCBSB, in asthmatic cases and controls

MUC5AC MUC5B
o ol S[8|S <80 ~ ||| o - o
o S | Q|90 | d | |9 | T | WO || WL|O©|®| ™ ) 5
2 (B38| |3|B|Q|J|2XILID|B|8 |06 S| B85
2 51219359 |8|8|d|a|o|R|gz2|E2
Fo 22|22 |2|2|2|8 (8|2 |2|8|2|58|88
E1 |G| C|C|T|A|C|C|A|G|G|C |G| T]| 116 119
E2 [HCH T [ITNNCONCHINTINGN A (G [G[Cc[G[T]| 34 | 16
ES|]A|]C|C|T|G|C|G|A|G|G|C|G|T 24 32
E4a|A|C|C|T|G|C|IG| A|G|G|C|G|C 9 6
ES|A|C|C|T|G|C|G|G|A|G|C|G|C 9 5
E6e | G| C|]C|T|A|[C|IC|A|G|G|C|G|C 9 10
Er| G| C|C|T|A|C|C| A G|G|C|A|T 8 10
E8 | G| C|C|T|A|C|C | G|G|G|[C|G|T 8 8
EO|A|C|C|T|G|C|G|G|G|A|G|G|C 5 15
ELo [NCH T [NENNCRRCIINNGN c (G [A[G[G[Cc| 5 [ 6
El1|A|C|C | T|G|C |G| A|G|G|C|A|T 4 2
E12| G| C|C|T|A|C|C| G| G| G|C|G]|C 3 0
El13| G|C|C|C |G| T|G|A|G|G|C|G|T 3 6
EL4[NGH T NNNCHNCHINNNGN c (A |G[c[G[C]| 3 | 6
ElS5|A|C|C|T|G|C |G| G| G| G|C|G]|C 2 0
El6|l A|C|C | T|G|C|C|A|G|G|C|G|T 2 0
El7| G| C|C | T|A|C|C|G|G|A|G|G]|C 2 9
El8 G| C|C|C |G| T|G|G|G|A|G|G]|C 2 3
El9 G| C|C| T|G|C|C|A|G|G|C|G|T 1 0
E20l G| C|C | T|A|C|C| G|A|G|C|G|C 1 2
E21 T A|lA|G|C|G|T 1 0
E22 T G| G|G|C |G| T 1 1
E23 T A|lG|G|C|G|C 0 3
E24 c|fc|T|A|lC|C| G|A|G|C|G|T 0 1
E25| G| C|C | T|A|C|G|A|G|G|C |G |T 0 1
E26  A|C|C|C |G| T|G|A|G|G|C|G]|C 0 1

All previously describedMUC5ACandMUCS5B variants have been included in the haplotype
construction except for tHdUC5B promoter indel since it is monomorphic in thisadaét. Haplotypes
were inferred using PHASE. Blocks shaded pink dod kefer to theUC5BH3 and H1 haplotypes
respectively. Blocks shaded orange, green andefed to theMUC5AChaplotypes HA, HB and HC. The
case sample set includes asthmatic individuals fsoth the matched and severe disease cohorts. The
control sample set includes the non-asthmatic otsfrom both the severe and matched disease ohort
The difference in haplotype distributions betwesthaatic cases and controls was not shown to be
statistically significant when examined by PHASE&&ontrol (p value = 0.4).
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4.3.7 LD across MUC5AC and MUC5B

It was also of interest to examine whether there avdifferent pattern of LD between
cases and controls. Measures of pairwise LD wdpeileded using data from only the
MUC5ACandMUC5B SNPs with minor alleles greater than 10 per CEme. pairwise
D’ measures shown in table 4.8 were calculated sebafar case and control groups,
which represent an amalgamation of both the mataehddsevere asthmatic disease

cohorts.

The first analysis was performed using the stangesdedure LDmax, and the results
are shown in table 4.8a. In general, complete L&en acros8IUCS5AC Breakdown

of LD between thé&MUC5ACmarkers rs35968147 and rs34666042 is howeveriseen
both the cases and controls. This apparent breakiorather unexpected since the rare
alleles of these two SNPs appear together on otteeahost frequent haplotypes, HC
(see table 4.3).

D’ values less than one are usually interpreted idemse of historic recombination.
However, this assumes correct haplotype inferendda the markers to be in HWE.
Since these SNPs have minor allele frequenciesegrdean 10 per cent and no
significant deviation from HWE, this unexpecteddiimg is unlikely to have resulted
from a frequency issue and in this case it seerhs @ product of the EM algorithm

used by LDmax in order to infer phase.

In order to examine these inconsistencies, an wedional approach was taken by
applying the PHASE inferred individual haplotypeshe software HaploXT which is
generally used for families. As can be seen inetdlBb, the breakdown of LD between
rs35968147 and rs34666042 is no longer an isstieeiklaploXT pairwise results. Thus
the pairwise LD measures generated by HaploXT appdae more reliable. Significant
association can be seen betweenMikBC5B markers and several of tMlJC5AC

SNPs, however there is no obvious suggestion tiattffers between cases and

controls.
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Table 4.8 Pairwise LD measures foMUC5AC and MUC5B markers.

Controls LDmax
“Trs34666042 | 1.000
o |rs34831688 | 1.000 1.000
é rs35968147 | 0.998 0.664 1.000
3 | rs2075844 1.000 1.000 1.000 1.000
=i |rs28728088 | 1.000 1.000 1.000 1.000 1.000
rs1132440 1.000 1.000 1.000 1.000 1.000 1.000
E" 1885455 0.070 0.127 0.046 0.151 0.232 0.094 0.224
5i | rs2735738 0.120 0.309 0.271 0.183 0.320 0.184 0.313 0.737
=" 152075843 | rs34666042 | rs34831688 | rs35968147 | rs2075844 | rs28728088 | rs1132440 | rs885455
MUC5AC MUC5B
Cases
rs34666042 | 1.000
rs34831688 | 1.000 1.000
1s35968147 |  1.000 0.722 1.000
152075844 1.000 1.000 1.000 1.000
rs28728088 |  1.000 1.000 1.000 1.000 1.000
rs1132440 0.915 1.000 1.000 1.000 1.000 1.000
1885455 0.178 0.001 0.018 0.038 0.431 0.058 0.422
1s2735738 0.243 0.424 0.338 0.332 0.376 0.186 0.351 0.792
152075843 | rs34666042 | rs34831688 | 1s35968147 | rs2075844 | rs28728088 | rs1132440 | rs885455
Controls Hap|OXT
“Trs34666042] 1.000
o | rs34831688| 1.000 1.000
G |rs35968147 ] 1.000 1.000 1.000
2 rs2075844 1.000 1.000 1.000 1.000
1s28728088 |  1.000 1.000 1.000 1.000 1.000
e rs1132440 1.000 1.000 1.000 1.000 1.000 1.000
8 rs885455 0.267 0.163 0.163 0.163 0.375 0.163 0.370
20 rs2735738 0.357 0.297 0.297 0.297 0.475 0.297 0.471 0.715
1s2075843 | rs34666042 | rs34831688 | rs35968147 | rs2075844 | rs28728088 | rs1132440 | rs885455
Cases MUCS5AC MUC5B
1s34666042 | 1.000
rs34831688 | 1.000 1.000
rs35968147 |  1.000 1.000 1.000
rs2075844 1.000 1.000 1.000 1.000
rs28728088 | 1.000 1.000 1.000 1.000 1.000
rs1132440 0.914 1.000 1.000 1.000 1.000 1.000
rs885455 0.364 0.008 0.008 0.008 0.483 0.008 0.498
rs2735738 0.549 0.130 0.130 0.130 0.675 0.130 0.684 0.814
rs2075843 | rs34666042 | rs34831688 | rs35968147 | rs2075844 | rs28728088 | rs1132440 | rs885455

Pairwise D measures of LD for cases and controls have bdeunlaged for markers acrod8UC5ACand
MUC5B using two different methods, LDmax and HaploXTirR&se measures of Bhown to be
statistically significant with p values less thaf®are in bold. Cases include the asthmatic aftect
groups from both the severe and matched cohortsir@s include the non-affected groups from both th
severe and matched asthmatic cohorts.
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4.4 Discussion

This chapter has explored variation within the gethat code for the respiratory
mucins, in relation to asthma. However the mosg¢wotthy finding involves variation
within theMUCS5B promoter, whereby the high expressing H1 haplotymhown to be
significantly underrepresented in the severe adficrnases as opposed to their controls,
a pattern of association opposite from that hypotesl. It appears to be counter-
intuitive that the H1 expressing haplotype showddaba significantly lower frequency
within a sample set of hypersecretory disease chkmgever it should be remembered
that although mucus hypersecretion is likely tocexbate asthmatic symptoms, the
cause of asthma is likely to be allergy related thietlefore under some circumstances,
higher airway mucus levels may even confer prateciigainst the development of
asthma by preventing penetration of insults arefgdins into the epithelial cells with a

greater efficiency.

The rare alleles of variants rs7115457 and rs718.88&fine the H1 haplotype. These
two variants were shown to be significantly asseciavith severe asthma, associations
that are likely to be dependent since the SNPs@rletely linked. Variant rs7115457
is located within the putative nuclear factor-kap@NF«<B) binding site located at -
238/-229 within thelUC5B promoter. NIkB is said to be a prominent transcription
factor in chronic airway disease (Barnes 2006)adts/e form is located in the nucleus
where it binds directly to NEB promoter motifs. NkB binding sites can be found on
various target inflammatory genes and since thainasry mucins genes are known to
be upregulated by inflammation, the predictedBnotifs within theMUC5B

promoter are likely to be functional.

NF«B is thought to be activated by various stimulanuish as, cytokines, viral
infections and oxidants such as ozone (Barnes 2@0&)f which are known to
exacerbate asthmatic symptoms. Variation withinNEeB binding sites of the
MUCS5B promoter may therefore confer susceptibility tthasa or increase asthmatic
severity since the variants could alter bindingNékB to its motif. For instance, during

chronic inflammatory airway disease the epithdiafface is immersed in inflammatory
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cytokines which will in turn lead to the activatiohNF«B. In essence this could be the
causal event dAUC5B aberrant expression in the goblet cells duringwitrairway
disease. The extent of this aberrlstdC5B expression may however by dependent on
variation within the NkB regulatory motif in the promoter.

At the outset of this project it was hypothesideat factivation of the putative distal
promoter may be the causal evenMifC5B aberrant expression in the goblet cells,
and therefore preliminary experiments were condltdecharacterise and validate the
putativeMUCS5B distal promoter proposed by Perrais et al (Peetads. 2001).

However all attempts to isolate transcripts coro@siing to an active distal promoter
proved unsuccessful and correspondence with tloed&dry who had proposed this
second promoter proved unsatisfactory. It was sys#ly concluded that no evidence
supported the activity of a distal promoter anddfare investigations were not

furthered.

Although the significant association betweenMi@C5AC SNP rs1132440 identified in
chapter 3 could not be confirmed with either astiicr@hort, the negative results may
be a result of reduced power since both diseasartsoire much smaller than the three

thousand samples genotyped in chapter 3.

A potentially very interesting finding was made idgrthe analyses in this section with
regard to calculating measures of pairwise LDpfiears that some of the breakdowns
in LD identified in the LDmax output, may in facy Bpurious and a direct result of the
EM algorithm used to infer haplotypes prior to L2asure calculation. This issue

could pose a great problem since the EM algorithalso used by Haploview outputs,

made publically available by the HapMap project.
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Chapter 5

Exploring copy number variationin ~ MUC5AC
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5 Exploring copy number variation in MUCS5AC

5.1 Introduction

This chapter considers the possibility thatMigdC5ACgene is affected by copy
number variation (CNV). This introductory sectidma to illustrate how wide-spread

CNV is thought to be throughout the human genome.

5.1.1 Genome-wide methods for the detection of CNV

Copy number variation or rather a copy number vdyia defined as a DNA segment

of 1kb or greater that is detected at different hara of copies when comparing at least
two genomes. A CNV can either be a duplicationedetion but defining which of

these categories it belongs to is difficult sinee CNV detected is relative to a
reference genome (Schestral.2007). A CNV becomes a copy number polymorphism
(CNP) if the frequency of the variant reaches 1%jreater in a population.

Overlapping CNVs are generally merged to produc& @gions (CNVR). The
publically available Database of Genomic Varia&{) contains all reported CNVRs
which number 8410 at present (February 2010).

Genome-wide microarrays have been very importarthi®advancement in
understanding the extent of copy number diversitiiwthe human genome. A method
known as array comparative genomic hybridisati@@GHhl) is widely used to detect
CNV at the genome-wide level. Test and referencé& BAmples are differentially
labelled with fluorescence and simultaneously rdibed to the probes present on a
microarray. The fluorescence ratio of each probmeasured in order to compare the
DNA dosage for each sample at the specific genoegion represented by that probe.
Therefore when defining a CNV it can only be shiat the test genome has more or
less of the DNA segment in comparison to the ref@egenome, the actual structure of

the variant can not be defined by this method.
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Various probes have been used for aCGH such ge-ilasert clones (40-200kb), and
oligonucleotides (25-80bp). Large-insert clone ysraave the best coverage of the
genome and the hybridisations are generally tha rebable i.e. low-noise (Carter
2007). However since the DNA inserts are so laingg provide low-resolution because
it is difficult to refine the CNV boundaries andcetiefore CNV sizes are likely to be
overestimated (Redaet al. 2006). Oligonucleotide probes give a much higher
resolution, but this is accompanied by high-noisgctv increases the risk of false
positive CNV calls. In order to reduce noise anpaeld procedure has been developed
known as representational oligonucleotide microaaralysis (ROMA). The test and
reference DNA are first digested with a restrictesrzyme and then the fragments are
amplified by PCR. Small fragments are preferentiathplified and the selected
oligonucleotide probes correspond to these amglifi@gments (Carter 2007; Seleht

al. 2004).

The experimental methods described above deteenhpait CNV by directly comparing
the hybridisation intensities of reference and BISA samples which are indicative of
DNA dosage. However methods have also been dewkiopehich the hybridisation of
a single test DNA sample to a microarray is suffitifor CNV detection, such as
genotyping array platforms. SNP arrays are primaisied for high-throughput
genotyping. Both matched and mismatched probe$ db2es are present on the array
for each allele of a SNP. Thus the intensitiesaahgorobe will indicate which alleles
are present for that specific SNP in the test sanfd with ROMA, the test DNA is
digested and amplified prior to hybridisation. Thensity data can also be used to
detect CNV, and special algorithms are used inrdaeake more reliable calls.
Algorithms used such as PennCNV, make calls basegEpnotyping signal intensities,
allele frequencies, distance between neighbouriigss and allelic intensity ratios
(Wanget al.2007).
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5.1.2 The surprising extent of CNV in the human gen ome

Although CNV has been associated with disease (@set al. 2008; Holloxet al.

2008) whole genome microarray studies have idedti©@NV as a considerable source
of genetic diversity in the genomes of healthywndlials (lafratest al.2004; Jakobsson
et al. 2008; Levyet al.2007; Perryet al. 2008; Redoret al. 2006; Sebag¢t al. 2004). A
comprehensive study (Redehal.2006) examining a HapMap collection of 270
individuals from four populations (Yoriba, Japandsan Chinese and European), has
suggested that as much as 12% of the human gemsaaffected by CNV. This study
also highlights that many genes are encompass#teli47 discrete CNVRs
identified.

The extent of CNV in the healthy genome is surpgsHowever it must be
remembered that such alterations in genome arthitewill not always alter function.
Many CNVs will have a neutral affect on gene exgi@s levels since duplication or
deletion events may not even affect a gene. Evémeicase of genes, a deletion will not
be detrimental if the remaining gene copy is sidfitfor normal function and if a gene
is duplicated, expression levels will only incredsgppropriate regulatory elements are
acting on the duplicate and if the new chromatintext allows expression (Henrichsen
et al. 2009).

5.1.3 Does CNV affect MUC5AC?

The aim of this chapter is to explore the posgibthat CNV affect$lUCS5AC The
notion thatMUCS5ACTfalls within, or at least partially within a CNWRas introduced in
chapter 1. In chapter 1 genotype data for rs113248NP in exon 19 of ttHdUC5AC
3’ region, was analysed in the 1946 longitudinahbadhort and was shown to be
significantly associated with five non-independesgpiratory outcomes. However the
causative genetic component remains unclear sieattbns from HWE highlighted

an excess of rs1132440 heterozygotes in the hayéewkallergy affected sample sets.
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Unexpected numbers of heterozygotes could be itidgecaf CNV since the variant
alleles would no longer be present at only two es@ind as can be seen in figure 5.1
various copy number scenarios will result in ‘heygote’ genotyping. It was therefore
proposed that copy number affects dC5ACgene, rs1132440 falls within this
CNVR and thaMUC5ACCNV may be the true causal genetic component nggpect
to the risk of hayfever and allergy phenotypes.

MUCSAC G
MUCSAC C
MUC5AC (1 MUC5AC G —
MUC5AC C
MUC5AC C MUC5AC G —
MUCS5AC C MUC5AC G —

Figure 5.1 True and artificial heterozygotesAlternative types of possible diplotypes for rs143Q if
located within a CNV region. Three diploid genoraes depicted here with two, three or four copies of
the entire or partial MUC5AC gene. For all threersarios genotyping methods will infer heterozygosit

At present four genome-wide studies have reporfdds<Cand CNVRs within or
including, the 11p15.MUC gene complex (see figure 5.2). In one study uaindnole
genome tile path approach, a CNVR that encompaiseeshole 11p15.5 MUC gene
complex, has been identified in a single individ{Re¢donet al. 2006). However this
approach uses BAC clones as probes and thus thletres of this method is low and
we are unable to refine the CNV call. Another sthdg also identified a CNVR within
theMUC5ACandMUC5Bregion using the array comparative genomic hybaition
approach with 60mer oligo probes (Pegtyal. 2008).
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Figure 5.2 Representations oMUCS5AC with the reported CNVRs. The top half of this figure shows
a graphical representation of the MUC5AC gene iiclg the sequence golden path (May 2004
NCBI35/hgl7) sequence gap (provided by Ralph Bwgdadergraduate project student, G.E.E). The
coloured blocks aligned beneath the gene diagranfram database of genomic variant (DGV) output,
and indicate independently reported CNVRs withmNHJC5ACregion. bttp://projects.tcag.ca/cgi-
bin/variation/gbrowse/hg1g/

5.1.4 Sequencing strategy for CNV detection

Here we introduce a sequencing strategy for thectien of CNV and report its
application with respect tlUC5AC DNA sequencing has been widely used
throughout this project as a direct method for $Ieovery and typing. In sequence
traces, overlapping peaks present at single lecirderred as heterozygous genotypes,
and it is the examination of these heterozygoug patterns that forms the basis of this

CNV detection approach.

When amplifying regions of sequence that contaie treterozygous loci, equal
quantities of fragments containing each allele &lamplified and therefore when
sequenced we might expect to see equal peak sitles traces at the polymorphic
position. Although the entire trace pattern is dediy reproducible, the size of every
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peak depends on the local sequence context anchégaondye incorporation rates,
therefore peak sizes will vary throughout the trg@ensequently the peaks representing
each allele at a heterozygous position will notessarily be equal. However the

relative peak heights are constant from samplarnape in sequence traces from
amplified products of the same DNA segment (Dobizs@ee 2002; Kwok 2010).

5.2 Hypothesis and Aims

This chapter aims to establish a novel methodherdetermination of copy number
variant regions by studying the relative peak pagat heterozygote loci. We
hypothesise that the relative peak heights or ralleepeak patterns for heterozygous
loci will in fact vary from sample to sample if tipelymorphic locus resides within a
CNVR due to the unequal amplification of allelebu$ sequencing and subsequent
heterozygote peak examination will be used as a&gaantitative method and first port
of call, to highlight potential CNVR.

5.3 Results

5.3.1 MUC5AC fragments sequenced

Two fragments were chosen in thikJC5AC3' region for subsequent sequencing. The
first amplified fragment spans from exon 18 to e48rat the 3end of the gene. This
region was chosen for sequencing since rs11324id0ased within exon 19. The

second sequenced fragment spans from exon 13 tolgk@nd was chosen as a second
3’ region fragment since a high number of SNPs haes beported here which
increases the chance of obtaining heterozygousspédliprimers were designed within
exons rather than introns because exonic sequaneésss likely to accumulate

variants if the proposed duplication remains fuocai.
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Sequencing and peak pattern examination of the3tfragments were performed for
176 samples composed of 84 severe asthmatics amela®By controls (refer to
materials and methods). Details of SNP discovedytgping data are given in chapter 4
and therefore this results section will only disctise heterozygote peak examination of

sequence traces.

5.3.2 Examining heterozygous peak patterns

Heterozygote peaks were examined at six SNP 92045843, rs34666042,

rs34831688 within the exon 13 to 14 fragment, &3%968147, rs2075844,

rs28728088 within the exon 18 to 19 fragment. Gralyples heterozygous for at least
one SNP could be included in this analysis andhe$e¢ only clean sequence traces were
considered, reducing the total number of samplaséxed to 96 (severe asthmatic and
healthy controls). Unfortunately the peaks corresiiag to rs1132440 heterozygotes
could not be examined since this locus was tocedogshe end of the trace where peaks

are low in quality.

For all loci inspected, the heterozygote peak padtelearly varied from sample to
sample. Peak patterns were assessed for theiredebomevenness and were recorded
as ‘even’, ‘slightly uneven’ or ‘very uneven’ aadecord made of which allele
predominated. Figure 5.4a and b shows examplestefdrygote peaks classified as
‘very uneven’ and figure 5.4c gives an exampleeoen’ peak pattern.

As shown in the figure 5.3 example the observedasgtric peak patterns were
generally similar for all heterozygous loci withiime same amplified product, as would
be expected if this did indeed represent more sopi@ne allele than the other.
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rs35968147 rs2075844 rs28728088

AW V/ /.

/4 V/4
/L /L
V/4 V/4

Figure 5.3 Sequence traces for two triple heterozygote indivighls. These traces represent three loci
within the same fragment spanning from exon 18&tmel9. Corresponding traces are shown for two
individuals, sample HO6 in the top row (a) and skn@06 in the bottom row (b), note that both acarfr
the “hypernormal” control sample set. The grey tsoxientify SNP loci.

The SNP rs2075844 showed the most exaggeratedivarnia heterozygote peak
patterns and a sample with even peaks and onevenyhuneven peaks are shown in
figure 5.4 as examples. In different individuale tielative peak heights at this locus
varied from even (n = 23) to quite uneven (n = 28y the peak patterns oscillate with
respect to which allele peak is the highest; inchse of the ‘quite uneven’ peaks the A
allele peak is higher in 16 samples, and the Gegfieak is higher in 12 samples.

If this CNV detection method is viable, one coulter from the peak patterns shown in
figure 5.4 that these three individuals have défercopy numbers of the sequence
region that contains this locus. For instance wghinpredict that sample AW16 (a) has
a duplicate copy of this region containing allelat®he rs2075844 SNP locus and vice
versa for sample DS003 (b). Intuitively sample DS(QS8 appears to possess an even
number of copies however as explained in the gfyadection 1.1.4 all peak heights
depend on local sequence context and terminatomdgeporation and therefore even
peak patterns may not be indicative of an even murabcopies. Thus no direct
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inference can be made with regard to the numbepssdible copies, and inference of

DNA dosage is merely relative.

rs2075844

A

W
N ol

Figure 5.4 Sequence traces of the rs2075844 locus for thregdmzygous samplesSamples AW16
(a), DS003 (b), and DS033 (c) are shown here. Matieall three individuals are from the severe
asthmatic sample set.

5.3.3 The importance of repeats

In order to inspect the robustness of this CNV cteia method, both the amplification
and sequencing steps were repeated for the eatisgesasthmatic sample set (n = 84),
with all reaction conditions kept constant. All ggéypes were confirmed and
heterozygous peak patterns were compared in oalgamples that had very
asymmetric or entirely even peak patterns and hesd sequence traces for both the
first and second sequence runs. Two SNPs wereestirdetail as being ones with the
clearest variability. A total of 20 comparisonsrevenade between first and second run
sequence traces, of these 8 were discrepant, Giohwvere very discrepant (see table

5.1). These results thus show no evidence of coacae for experiment to experiment
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results leading to the conclusion that examiningkdeeights in this region of the

MUCS5ACgene does not give an indication of copy number.

However it should be noted that in discrepant saspi which there was

heterozygosity at more than one position, the isistencies were true for each

polymorphic locus within the same amplified prod(sse figure 5.5). Thus it might be

implied that the observed variance in peak patterasproduct of the PCR

amplification step.

Table 5.1 Peak pattern descriptions of rs2075843d rs2075844 heterozygous samples for two
separate sequence runs.

rs2075843

Sample 1% run 2" run

AW22 Very uneven A peak bigger | Very uneven A peak bigger
DS003 Very uneven A peak bigger | Very uneven A peak bigger
DS020 | Very uneven G peak bigger | Very uneven G peak bigger
DS033 | Very uneven G peak bigger | Very uneven G peak bigger
SA038 Even peaks Even Peaks

SA137 Very uneven A peak bigger Even peaks

rs2075844

Sample 1% run 2" run

AWO01 Very uneven G bigger Very uneven A bigger
AWO02 Even peaks Even peaks

AW14 Very uneven G peak bigger Uneven G peak bigger
AW16 Very uneven A peak bigger Almost even

AW?23 Even peaks Uneven G bigger
AW27 Very uneven A peak bigger | Very uneven A peak bigger
DS003 | Very uneven G peak bigger Uneven G bigger
DS020 Even peaks Even peaks

DS030 Even peaks Even peaks

DS033 Even peaks Even peaks

SA035 Even peaks Uneven A bigger
SA043 Even peaks Very uneven G peak bigger
SA050 Even peaks Even peaks

SA137 | Very uneven G peak bigger | Very uneven G peak bigger

Samples whose peak patterns were very differemideet sequencing runs have been shaded in blue.
Samples whose peak patterns differ but to a letesgnee are shaded in pink.
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Figure 5.5 Comparison of first run and repeat segence traces for two samples AWO0L1 (a) and
SA043 (b) heterozygous at for rs2075844 and rs28T&88.
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5.4 Discussion

This results chapter used a sequencing strategly aitempt to examine whether the
MUCS5ACgene was affected by CNV, however this techniqoega to be unreliable
since the findings could not be replicated. An peledent method of CNV detection,
multiple ligation probe assay (MLPA), was used iialipninary experiments as part of a
MSc project in the lab. DNA specific probes aratay to genomic DNA and the
ligated DNA/probe complex is then amplified. PCRdguct quantities are considered to
be proportional to the number of copies to whiah phobe had bound tMUC5AC

CNV could not be detected by the MLPA method ireaperiment which used 43
samples. However the technique was not well suaddUC5ACsince probes could

not be designed with the specified levels of G@neass, due to the high GC content of
this gene. It should also be noted here that oiglly uality DNA could be used for
MLPA, thus DNA from lymphoblastoid cell lines wasad for this experiment, rather

than DNA from our disease cohort.

While neither CNV detection method was able to conMUC5ACCNYV, both assays
had drawbacks. We hope to follow up this study witier CNV detection techniques
in an effort to conclusively confirm or disproveesthresence of CNV. At present, blood
and sputum samples are being collected from patigith severe asthma. We propose
to use the high quality blood DNA for more compnetiee MLPA studies which will
include high density probe coverage of the 11pMLEC gene complex. Sputum
samples will be analysed for different MUC5B isaifisrand quantities by our
collaborator Karine Rousseau (Manchester Mucinriaiooy) to determine whether
aberrant mucin isoforms are detected in the sarents

Unfortunately MUC5ACCNYV could neither be confirmed nor disproved hig gtudy,
and thus there is no evidence that the deviaticome HWE reported in chapter 3, are

due to variations in copy number.
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The deviations from HWE could be a consequencéance, however we would be
unlikely to see the differences we do between tfeeteds and unaffected groups since

all samples were randomised and located togeth#reosame plates.

SNPs under primers would result in strand speBiidR or primer extension dropout
that might produce spurious results if the SNP asarirequent in either the affected or
the unaffected group. Since genetic variants uagermer would result in more
homozygous typings, this is unlikely to have beemsaue because the greatest
deviation in theVlUC5ACrs1132440 genotype distributions was an increaties
number of heterozygotes in the allergy and hayfaffected groups.

We have no reason to suspect incorrect genotyditttedIUC5ACrs1132440 variant
in chapter 3 because some samples were also type#LP and all heterozygote

examples were confirmed.

If this region ofMUC5ACIs not affected by CNV then we are unsure why the
sequencing peak heights are so unstable. Fromierperand personal correspondence
with other researchers, it is unusual for heteromggpeak patterns to shift so
dramatically in the opposite directions. The GQiniess of the sequence could
somehow be causing the heterozygote peak pattecrepancies. If the degree of allele
detection is reliant on the sequence context thisncould pose a problem for CNV

results in the literature.
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Chapter 6

Characterisation of the MUC5B promoter in the

context of Africa
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6 Characterisation of the MUC5B promoter in
the context of Africa.

As the continent of the origin of modern humangjaaf has the deepest human history
and thus harbours much more human genetic divelsty anywhere else in the world.
Nevertheless, studies of autosomal genes on ABicamain limited and most SNP
discovery projects until very recently have beeawvig biased towards non-African
populations. Very little mucin research has invdlyarticipants of African ancestry
and thus the primary aim of this study was to atéithe characterisation of potentially
functional variants within th®IUC5B promoter region in several African populations,

with particular emphasis on those of Ethiopianiarig

In the introductory section of this chapter, thstdiy of African populations will be
explored in relation to genetic diversity and theant African origin theory.

6.1 Introduction

6.1.1 The theory of Recent African Origin

Charles Darwin was the first to propose that “canhyeprogenitors lived on the African
continent” (Descent of man 1871- Chapter VI - Om A&finities and Genealogy of
Man). It is now generally accepted that all noni#dns are descendants of
anatomically modern humans originating in Africaidlis known as the recent African
origin theory (RAO).

Genetic analysis of contemporary human populath@sssignificantly aided in
deciphering the origins of modern humans. Studhieslving mitochondrial DNA
(mtDNA) and the Y-chromosome have proved to beliradale for studying the past

due to their inability to recombine. Simple phylogess can be constructed based on
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sequential mutations. Phylogenetic analysis hattifted that the most recent common
ancestor of the patrilineal Y chromosome and mia&dl mitochondrial DNA lines,
originated in Africa (Canet al. 1987; Underhillet al. 2000; Vigilantet al. 1991).

The population of modern humans that migrated b#ffiica is likely to have been
small and thus it is postulated that a bottlenexdompanied the out-of-Africa
migratory event. By comparing genetic variatiormetn African and non-African
populations, evidence has accumulated in favoarRAO and subsequent bottleneck.
Studies have shown that African populations haeatgr levels of allelic and
haplotypic diversity and more private allelic vautisithan non-African populations,
which only contain a proportion of the African disgy (Campbell and Tishkoff 2008;
Tishkoff et al. 1996; Tishkoffet al. 1998; Tishkoffet al. 2000). This extensive African
diversity is mirrored by linguistic diversity: agpdmately 2000 ethnolinguistic groups
have been identified within the African contine@ampbell and Tishkoff 2008).

Studies of linkage disequilibrium (LD) have alsebeaised to reflect the age and
demographic history of African and non-African ptgiions. Older populations show a
greater breakdown in LD, whereas relatively ‘youpgpulations or populations, that
have undergone a recent bottleneck event, will asreased levels of LD. It has been
shown that the extent of LD increases with incregsiistance from East Africa
(Jakobssoet al. 2008), consistent with the notion that East Aingare of the most

ancient of all human populations.

6.1.2 The importance of East Africa

While it is generally accepted by the scientifiercounity that anatomically modern
humans originated in Africa, the anticipated migratroutes out-of-Africa remain
ambiguous. One proposed route suggests that mbdarans first left from Ethiopia
and migrated to East Asia and Oceania via the Babaadeb of the Red sea. Several

genetic studies support a migratory route origmgafrom East Africa. It has been
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shown that a mtDNA haplogroup originally thoughbtan ancient East Asian marker,
actually originated in East Africa (Quintana-Muetial. 1999) and is at high
frequencies in contemporary Ethiopian populations.

The most ancestral Y-chromosome has been identifiéthiopians, East African
Sudanese and the South African Khoisan (Tishkadf\afilliams 2002). It is thought
that the Khoisan may have once inhabited EastericaA(Passarinet al. 1998). If this
Is the case then Y-chromosomal data certainly pdmtan East African patrilineal

origin.

6.1.3 Back migrations into Ethiopia

Back migrations have also played a prominent moléae history of Ethiopia which is in
fact thought to have been the first state developeatdb-Saharan Africa (Cavalli-Sforza
et al. 1994). Past migrations into Ethiopia have caukedtthiopian gene pool to
become a mixture of non-African as well as Africgames (Cavalli-Sforzat al. 1994).
Past major external influences into Ethiopia hawae from the Sudanese and Semitic
peoples. Levine states that the Sudanese influstmared in two waves, the first in
approximately the third millennium B.C and the setm the first millennium. It is this
second wave that is thought to have greatly intteelnthe Western Ethiopian Anuak

ethnic group (Levine 2000), who will discussed datethis introductory section.

Just as the Bab-el-Mandeb is thought to have peavitle route out-of-Africa for the
first Modern Humans, it is also thought to haverbiee route by which the peoples of
Arabia back migrated into Ethiopia. Levine suggéisés a small continuous wave of
Arabian influence has occurred in Ethiopia for plast 3 millennia involving Jews,

Syrian Christians and Arabian Muslims (Levine 2000)
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6.1.4 Ethiopian ethnic groups

Eighty-five different ethnic groups reside in Ethi@ (Ethiopian census 2007 — see web
citations on page 206), and although admixturedeasrred, it is still possible to
identified distinct populations due to linguistazjitural and geographic disparities. In
this project five of these groups have been andlytbe Afar, Amhara, Anuak, Maale

and Oromo.

6.1.4.1 Afar

The Afar people are herders (Murdock 1959) andtitate 1.7% of the overall
Ethiopian population and 90% of this ethnic grounipabit the Afar region (see figure
6.1) (Ethiopian census 2007 — see web citationsage 206). Many of the Afar live in
the Danakil depression (Murdock 1959) which isltvweest point in Africa (CIA world
factbook — see web citations on page 206) ancc@ded as having the world’s highest
average temperature (NASA — see web citations ge @6). The relative humidity of
the depression is 70% (Leroux 2010), a high vatuesiclering that rainfall within this
region is very scarce (Leroux 2010).

As can be seen in figure 6.2 Afar is a Cushitigleage which branches from the Afro-
Asiatic family (Ethnolgue — see web citations og@&06). Cushitic languages are
spoken by farmers and pastoralist herders in therityaof Ethiopia and are also
spoken in the republic of Sudan (Cavalli-Sfoetal. 1994), and in other parts of the

horn of Africa.
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6.1.4.2 The Amhara

The Amhara ethnic group live mainly in the highlarad the Amhara region (see figure
6.1) where they mainly subsist on agriculture, pidg crops like cotton, different
cereals and oll plants. The Amhara constitute b pgycentage of the Ethiopian
population (26.9%) (Ethiopian census 2007 — seeaitabions on page 206). As can be
seen in figure 6.2, Amharic is a Semitic languadpectv branches from the Afro-Asiatic
language family (Ethnologue — see web citationpage 206). Semitic languages are
spoken in Northern Ethiopia, in all of Arabia ahé imiddle East (Cavalli-Sforz al.
1994).

6.1.4.3 The Anuak

The Anuak mostly live in settlements on the rivanks of the Baro river in the
Gambella region (13suns - see web citations on pagg(see figure 6.1) and make up
only a small percentage of the overall Ethiopiapyation, 0.12% (Ethiopian census
2007 — see web citations on page 206). Duringdhny iseason the Anuak subsist on
agriculture, producing crops such as cotton, sarghod various fruit and vegetables.
Fishing is prominent during the dry season andihgns also practised (Murdock
1959; Woube 1998) 13suns — see web citations oa pag). During the rainy season,
humidity levels are between 72-78% (Woube 1998)c#sbe seen in figure 6.2 Anuak
is a Nilotic language which comes from the Nilo-&am family (Ethnologue — see web

citations on page 206).
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Figure 6.1 Map of Ethiopia’s administrative regiors. The region/state boundaries displayed on this
map are based on those defined by the United Na&arergencies unit for Ethiopia and the United
Nations Office for Coordination of Humanitarian Aiis (UN OCHA-Ethiopia).
http://www.africa.upenn.edu/eue_web/eue_mnu.htmhdipd/www.ocha-eth.org/Maps/Maps.htm. Note
that SNNPR refers to Southern Nations Nationaldied Peoples’ Regional States, and that Addis Ababa
and Dire Dawa are chartered cities.

6.1.4.4 The Maale

The Maale (also spelt Male, Marle, Malle) are aanity ethnic group making up only
0.13% of the Ethiopian population, and mostly residthin the Southern Nations
Nationalities and Peoples’ Regional States (SNNRB&9 figure 6.1) (census 2007). As
can be seen in figure 6.2 Maale is an Omotic laggwehich branches from the Afro-
Asiatic language family (Ethnologue — see web iateg on page 206). This language is
spoken in only a small region of Ethiopia (Cav&iforzaet al. 1994).
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6.1.4.5 The Oromo

The Oromo people, previously called the Galla,pastoralists (Murdock 1959) and
mostly inhabit the highlands of the Oromia regised figure 6.1) and are the largest
ethnic group in Ethiopia, making up 34.5% of the@ation of the country (Ethiopian
census 2007 — see web citations on page 206).mbecaeen in figure 6.2 Oromo is a
Cushitic language which branches from the Afro-Aisilanguage family (Ethnologue —

see web citations on page 206).
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Figure 6.2 African language treeLanguage tree of a subset of African languagelfasniextended to
show only languages that correspond specificalthioproject. Figure kindly provided by Bryony &@n
PhD student, GEE.

6.1.5 Other African populations considered in this project

Seven other African populations have been studiddmthis project and are defined
here by the country/place in which they were coldcCongo-Brazzaville, Ghana,

Cameroon Grassfields-Somie, Cameroon Lake ChadawilaMozambique and Sudan.

165



The sample collection was made by The Centre foreGe Anthropology (TCGA), to
represent countries influenced by the Bantu expangome 58% are speakers of a

Bantoid language.

Although the Malawi sample is entirely composea@iofethnic group called the Chewa
(n = 50), the remaining populations are composeadigéd ethnicities. Because of this,
the groups have been divided by country. HoweveiGhmeroon sample is divided into
two geographic locations, Grassfields-Somie ancel@kad, and it should be noted that
these two sample sets are ethnically and lingakyiwery different. Of the Somie
sample 59 out of 63 speak a Bantoid language, \akere Bantoid derived languages

are spoken by the Lake Chad individuals.

6.2 Hypothesis and Aims

The main aim of this study is to characteidgC5B promoter variation in the context
of African populations. The initial aim is to idégtany novel variants and to
investigate their potential to alter function, fiestance whether they are located within
a TFBS or within a region highly conserved betwspecies. We also intend to explore
the overall pattern of upstreaviiUC5B variation with respect to species conservation

and measures of selection.

The final aim of this chapter is to stulyJC5B promoter variation between
geographically distinct populations. Since the espron of MUCS5B is orchestrated by
environmental cues, we hypothesise that the pastomments inhabited by populations
are likely to have specifically shaped tM&C5B promoter variation of the population
due to environmental selective pressures. One queldict that frequencies of the
MUCS5B promoter haplotype variants are likely to refleavironmental pressures since
they have been shown to confer different expredsiogls (Kamioet al 2005; Lohet al
2010).
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6.3 Results

In this results section, genetic data will be répdfor theMUC5B proximal promoter
(as described in chapter 4) and analysed in theegbaf Africa. TheMUC5B promoter
region spanning from -1097 to +97 nucleotides netato the transcription start site was
sequenced in a total of 748 African individualsireight main geographic populations;
Ethiopia, Congo, Ghana, Cameroon Grassfields-Sdd@meroon Lake Chad, Malawi,
Mozambique, and Sudan. The Ethiopian sample wadivadbd into five ethnic groups,

and studied in detail.

6.3.1 Allelic variants

A total of 15 allelic variants were identified inet African sample as a whole, eight of
which had been previously described. Details od¢heariants, including minor allele
frequencies, are shown in table 6.1 and are aretiatthe sequence shown in figure
6.4. It should be noted that population specifioaigpe distributions for all SNPs are in
accordance with those predicted under HWE.

14 out of 15 of the variations are present in ttredpians; eight and six of these were
identified in the Mozambique and Cameroon Lake G3adple sets respectively and
only seven could be identified in the Congo-BrazvGhana, Cameroon Grassfields-
Somie, Malawi and Sudan samples.

All previously reported SNPs (rs885455, rs8854547235353, rs7115457, rs7118568,
rs56235854, rs2735738) were present in both Afrazahnon-African (European
and/or Japanese) populations, except for rs563682Bdsition -560, which is African

specific.
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Seven allelic variants identified in this study Bawot been previously reported and
have therefore been termed ‘novel’ variants. Sixadseven (-988, -946, -614, -420, -
221, -89) are private to Ethiopia, and one ouhefgeven (-194) has been identified
only in the Congo, Ghana, Malawi, Mozambique anda&usamples. The -194 novel
appears to be a Niger-Congo specific allele asaatiers of the derived allele (except
for one individual) speak languages that belontp¢oNiger-Congo family. All novel

variants are however at low frequencies.

Examination of all novel SNPs in relation to tramsiton factor binding sites, shows
that variant -194 falls within the putative Sp1diirg site located at -196 to -185 (see
figure 6.3).

-194 variant

TSS; EXON 1
STAT  HNFa AP-1 NFk NFkB STAT SP1 SP1 MYC TATA |AP2-a

Figure 6.3 Diagrammatic representation of thevlUC5B proximal promoter with annotated
transcription factor binding sites (TFBS) and identfied allele variants. The TFBS’s denoted in this
figure have either been predicted by rVista duthig project or have been previously identifiedHa
literature (Cheret al. 2001; Wuet al.2007a). The humaklUC5B promoter sequence and the
homologous mouse Muc5b promoter sequence, wetalfighed by zPicture and the generated
alignment was then used as an input file for rVista
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Table 6.1 MUCS5B proximal promoter African allelic variants.

Position relative to transcription start site and r s identifier
Country Ethnic Sample |[-988 (G) [-946 (A) |-919 (G) [|-906 (A) 659t 0-660 (D) | -614 (T) -560 (G) | -420 (A) | -237 (A) | -221 (T) | -217 (G) | -194 (T) -100 (A) -89 (A) -78 (C)
group number oo oo rs885455 | rs885454 | rs17235353 oo rs56366237 oo rs7115457 ooe rs7118568 oo 156235854 oo 1s2735738

Ethiopia 380 0.013 0.001 0.238 0.038 0.021 0.011 0.017 0.011 0.125 0.011 0.139 0.030 0.007 0.332
Afar 76 0.027 0.187 0.067 0.013 0.020 0.007 0.020 0.073 0.007 0.087 0.013 0.293

Amhara 76 0.020 0.184 0.033 0.020 0.020 0.007 0.020 0.092 0.007 0.099 0.059 0.250

Anuak 76 0.309 0.007 0.066 0.250 0.296 0.033 0.487

Malle 76 0.276 0.033 0.026 0.013 0.013 0.105 0.040 0.105 0.026 0.349

Oromo 76 0.020 0.007 0.237 0.053 0.046 0.007 0.105 0.112 0.053 0.283

Congo-Brazzaville 52 oo oo 0.423 0.115 oo oo 0.067 oo 0.212 oo 0.225 0.048 oo oo 0.373
Ghana 56 oo eoo 0.375 0.116 oo eoo 0.080 eoo 0.140 oo 0.184 0.009 oo oo 0.325
Cameroon Grassfields-Somie 65 oo eoo 0.344 0.109 0.008 eoo 0.065 eoo 0.177 oo 0.223 eoe oo eoe 0.354
Cameroon Lake Chad 63 eoe eoo 0.198 0.079 eoe eoo 0.016 eoo 0.083 oo 0.117 eoo oo eoe 0.331
Malawi 49 eoe eoo 0.439 0.133 eoe eoo 0.122 eoo 0.117 oo 0.170 0.010 oo eoe 0.298
Mozambique 51 eoe eoo 0.370 0.110 0.010 eoo 0.153 eoo 0.157 oo 0.225 0.020 oo oo 0.392
Sudan 29 oo eoo 0.328 0.069 eoe eoo 0.069 eoo 0.190 oo 0.224 0.017 oo oo 0.414

Table of population specific minor allele frequessxc{MAF) for all allelic variants identified in thiproject.

«ee denotes a MAF of zero
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-1097
CCACGGAGCATTCAGGATUGGT GACCAGEGAGCCAGGAGGT GGGAGCATCTGAGGT GCA
-988
GGTCACACGGEGECAGGAGGT GT TTGCAAGAGGT AT TGCAGCGECGEGACGERGT GT CCTGCAGA
-946 -919

TGACGCTGI CTGI CCTGTAGAT GACGCT CRTCAAGGAGGT TTACCACATAGCCCCCRGGAA
-906 rs885455

GCCCACCCRACACCAGCCGGAGGT GCTAGECT TCTGCGEECT CCCACCT GGEECAGECGEAG
rs885454

GACCCCGEECAGGT CCAGGACCCCCCGGAGCAGCT GCT TCCTCAACCCT GCCAGGGT TAAT

GAGGAGGCCCCAGAGT GAGGT GGAGGCCAAAT GGGACT CAGGGECCCGAGCCT CTGECCT GG

CTGGATCAGGEGECT GGECAT TGGACAAGCGCAGCT GACT CCCGAT GT GCATGECCAGGAGACA
-659/660 -614
CTCTGGGECCTCAGI TTCCCCT TGAATGT GAACCT TGAAACAGAT CAGCCCAGAGACYTCCC
rs17235353 -560
ACGGT CTTCAAGGEEGECTCTGGET CAGCT GEECTGEEGET CTCTGGAAATAGRGCCT CCTCCAG
rs56366237

GGACCCODACAAGEEABEEABABIIGATOCT GGOCAT GT GCATGCCT GAGCT CAGCAGG

AGCCTCCCGGe CTCCCCGTGEELTAAGCAGTGGTGGGAGEET CCAGCCTCGTGEGECC
-420
CTCCCCRGGECCT CGEEGACCCATGGT CAGT GECT GEEEGT GCTGCCCAGAGECTGEGATTC

CCTTCCAGCAGGAGCCGECAGT GEEECT GAGT GT GAGGCAGECTGECTGACCACTGT TTCCA

TGGACCCT GCGTCCAAGGCCAGCCCT GCCTTCCAGCGEECT TTGCCATCTAGGACGGEGTGCC
-237 -221  -217 -194
AGGTGERGTAGGCCCTTCTCTCYCTTSCGAT TCT CAGAAGCT GCT GEEEKT GEGEEGECGT CC
rs7115457 rs7118568

TGGEECCT CAGGECACAGAGCTGCAAATCCT TCCTGAT CCAGGECCT CTCCCCTGCCACAGCC
-100 -89 -718 -72

CCTCCCCGAGAGCAAACACACRT GGCTGGAGCRGEGAAGAGCAYGGT GCYCT GCGT GECCT
rs56235854 rs2735738 r

GGCCTGGCT TGEEGECCAAGGCT CCCTGCTACATAACT GGBGCCCCCAGRBGGAGCAAGCAR

+1
CCGECCCEECTCCCTCCCT GCCCGT CCCCGT CCCCCCACCCGT GCCAGCCCCCAGGATAG
+97

TGOCCCGAGCGOGT GCCCGEACEEIEEISIISS 1C

Figure 6.4 MUCBSB proximal promoter sequence annotated with Africaralleles.Grey highlight indicates
forward and reverse primers for the fragment AkRiighlight indicates forward and reverse primens f
fragment B. All previously identified SNPs highligid in green. All novel SNPs identified by this jea are
highlighted in yellow. Transcription start sitehighhlighted in red and is described as positionTie TATA
box is highlighted in turquoise and the start ahslation codon (ATG) is underlined and in bold.
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6.3.2 MUC5B promoter haplotype

Haplotypes were inferred for all previously repdr&@&\Ps with a certainty of 0.9 or
greater using PHASE. All novel rare alleles werenoadly allocated to haplotypic
backgrounds by identifying individuals who weretlbbbmozygous for a particular
haplotype and carriers of the rare novel allelevds thereafter assumed that the novel
rare allele always fell on that particular haplatypackground since it is unlikely that
the mutation will have occurred more than once. pitexiously identifiedVUC5B
promoter haplotypes and their identifiers (Karaial. 2005) were used as the basis for
naming the African haplotypes. Additional haplotys®en in the African populations
that had not been seen in the Japanese popul&@mni@ et al. 2005) were given new

identifiers.

A total of 23MUCS5B promoter haplotypes were identified in the Africample as a
whole, of which 20 were found within the Ethiopjaopulation and between 8 and ten
could be identified in each of the other Africamgéde sets (see table 6.2). It should be
remembered that onlyMUCS5B promoter haplotypes were identified in the healthy
European controls typed in chapter 2. Table 6.2rdess all haplotypes and includes
haplotype frequencies for each African populatidany haplotypes are however rare
and therefore the population specific pie chartsaghin figure 6.6 represent only the
percentages of the three major haplotypes (H3,idl1IH8) plus a category described as
‘other’ which contains all rarer haplotypes.

The phylogenetic tree shown in figure 6.5 was eeat order to display the
relationships between haplotypes (Network 4.516)eamination of the tree it is
apparent that several of the mutations have to begerred more than once (labelled
with stars), and since this is rather unlikelyuggests that several of the haplotypes

have occurred by recombination.
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Figure 6.5 MUCSB promoter haplotype network. All African haplotypes have been included in this
network. The circumference of each node is relativine haplotype frequency. The orange node
identifies the chimpanzee haplotype. Haplotypetifiers are indicated in black font, while red font
signifies the mutation. Mutation identifiers arewed with respect to their location relative to the
transcription start site. Mutations that are shdéavoccur more than once on the tree are labelldd w
stars. Network 4.516 was used to construct the arétw
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Table 6.2 Sequence details and frequencies of thJC5B proximal promoter haplotypes identified in eight African sample sets.

S o | |~ _ _ s © b - g

(Sl |8|E|8|8|g|8|8I8lglz|El = |.53 32 | 82 ]

gl2|leglglglale|lgleg|lalg|x|2|a|8|yg| & | oF s |§%e| §0 | = = c
s (8lel8|3|5|3|g|8|c|q|R|3|8|a|lN| & |E8| 2 |58/ 62| & | § | S
T ([2|o|e|le|le|le|g|F|e|v|e|lv|e|®|2| B |[Ca| 6 |064| S| = = @
H5 a|g|G|G | c |Alg|G|c[C|lg|G|g]|C|0035]0.010]o0.010 vee i oo 0.034 | 0.038
H5a |'a | g | G| G | c | G|g|G|c([C|lg|G|g]|C| 0004 | 0.042] 0.030 | 0.016 i 0.049 | 0.068 | 0.038
H4 |alg |G | ALl |lc|Alglclclclglc|glc]|oo2a]| e« s | 0.019
H10a a g G G | Cc G g G C G g G g C ooe ooe ooe 0.016 ooe ooe ooe ooe
H1 a|g|G|G | c|A[lg|A|lc | G|g|G]|g]|C]|O0124 | 0.208 | 0.160 | 0.186 | 0.073 | 0.122 | 0.148 | 0.173
H3 a | g|[A]|G I c |A[lg|G|c|[C|g |G| g | T]|O0551 [0448 | 0.510 | 0.500 | 0.564 | 0.488 [ 0.489 | 0.538
H3a a g A G | Cc A g G Cc C g A g T 0.031 oo oo oo oo oo oo oo
H3b a a A G | C A g G c C g G g T 0.001 oo oo oo oo oo oo oo
H3c g g A G | Cc A g G c C g G g T 0.013 oo oo oo oo oo oo oo
H3d a g A G | t A a G Cc C g G g T 0.011 oo oo oo oo oo oo oo
H3e | a [ g | A| G I c|Alg|G]|c|C t G|lg [T vee 0.052 | 0.010 vee i 0.012 | 0.023 | 0.019
Hi5S |a [g | A|G | D|c|Af[fg|G|c|[C|lg]|[G]|g]|T/|[O0.005 oo vee 0.008 oo i 0.011 soe
H8 a|g|[A]|G | c|Alg|G|c|[C|lg|G|g]|C|O0114 [ 0072 | 0.090 | 0.113 | 0.200 | 0.049 [ 0.045 | 0.077
H8a a g A G | c A g G C C g G a C 0.007 oee Y Y ooe ooe Y Y
H8b a g A G | C A g G t C g G g C 0.011 .o eee .o .o .o .ee .o
H8c a g A G | c G g G C C g G g C ooe ooe ooe ooe ooe 0.012 ooe ooe
Hi4 |a | g |A|G|l I |lclAlglcelcl|lclglG|glC|o000L]| e e | 0.009 | oee
Hild4a| a [ g | A | G | c | G|lg|G|c | G|g|G|g]|C|0013]|0.010 | 0.030 | 0032 | 0018 | 0.037 [ 0.068 | 0.038
H13 |a | g |A|G| I |lclAlg|lAlc|G|lg| G| g|C]| 0003|0010 e ws | 0.018 | oo
H7 a g G G D Cc A g G Cc C g G g T 0.005 oee Y Y ooe ooe Y Y
H6 a | g|G|G | c|Alg|G|c|[C|lg|[G]|]g | T]|O0035]|0.021 | 0030 0016 | 0.027 | 0.085 oee 0.019
H2 a g G A D Cc A g G c C g G g T 0.008 oee Y Y ooe ooe Y Y
H9 a | g|G|A I c |Alg|G|c|[C|lg|G]|g | T]|O0005]|0125 | 0130 | 0.113 | 0.091 | 0.146 | 0.114 | 0.038

Blue shading represents the ancestral/chimpanzdeplbtype. Pink shading represents the most frechegplotype H3. White cells signify single steptations. eee
represent frequencies of zero. Alleles in loweeaapresent those variants discovered for thetfimg by this project.
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The shading in table 6.2 illustrates the possiblationships between the haplotypes.
The blue shading signifies the ancestral (chimpankaplotype H5 or haplotypes
relating to H5, and pink shading denotes the mesjuent haplotype H3 or haplotypes
relating to H3. Cells left unfilled represent siagtep mutations. In table 6.2 the
haplotypes shaded with one colour and interspexstbdsingle unfilled cells, can be
accounted for by single step mutations on the backgl of pre-existing haplotypes,
whereas haplotypes containing blocks with 2 col@ars be accounted for by
recombination events. For instance H3a, H3b, H3= &hd H15 can all be accounted
for by single step mutations occurring on the HBlbypic background, and haplotypes
H8 and H6 appear to be the direct recombinantsderiii3 and H5 but it is not

possible to accurately describe the recombinatiockis.

As can be seen in the pie charts of figure 6.6 &3the highest frequency in all African
populations as is the case in European samplesi@etral. 2005)(chapter 4). The
percentage of the high expressing haplotype H1 doktappear to vary much between
most of the African populations but does seem tatlselower frequency in the
Cameroon Lake Chad sample set. As will be seemeiméxt section however, there are
differences between ethnic groups within the Etlangample. H8 seems to be at an
increased frequency in western Africa, where treteza and south eastern populations,
Ethiopia, Malawi and Mozambique have more rare dtgpkes, exhibiting greater
haplotypic diversity.

The tabulation of haplotype counts amongst thetéidiican populations shown in
figure 6.7b has been used to create the correspoadmalysis 2-dimensional map
shown in figure 6.7a. correspondence analysis Bas bised in this instance to
represent the interrelationships between singléohgye distributions across
populations and the haplotype composition of eaxgufation. The correspondence
analysis map first and second dimensions captu@l%®and 15.04% of the inertia
respectively. The most noteworthy observation &f torrespondence analysis is that
the first axis clearly separates Ethiopia from ather population, largely attributable to
the existence of more derived haplotypes due tosteemutations from old
haplotypes.
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Lake Chad

ozambigue

Figure 6.6 Pie charts to depict haplotype percentges for each African population.Each pie chart
represents the three major haplotypes H3, H1 angld8 a group containing all ‘other’ haplotypes.
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CO[GH | SO | LC | MA [ MO [ SU | ET
Haplotype H1 | 20 | 16 | 23| 8 | 10 | 13 | 9 | 93
H2 0 0 0 0 0 0 0 6
H3 | 43 51 62 62 40 43 28 | 414
H3a| O 0 0 0 0 0 0 23
H3b| O 0 0 0 0 0 0 1
H3c| O 0 0 0 0 0 0 10
H3d| O 0 0 0 0 0 0 8
H3e| 5 1 0 0 1 2 1 0
H4| O 0 0 0 0 0 1 18
H5 | 1 1 0 0 0 3 2 26
H5a | 4 3 2 0 4 6 2 3
H6 | 2 3 2 3 7 0 1 26
H7| O 0 0 0 0 0 0 4
H8 7 9 14 22 4 4 4 86
H8a | O 0 0 0 0 0 0 5
H8b | O 0 0 0 0 0 0 8
H8c| O 0 0 0 1 0 0 0
H9 | 12 13 14 10 12 10 2 4
H10a| O 0 2 0 0 0 0 0
H13 1 0 0 2 0 0 0 2
H14 0 0 0 1 0 0 0 1
Hl4a 1 3 4 2 3 6 2 10
H15 0 0 1 0 0 1 0 4

Figure 6.7 a. Correspondence analysis 2D map repenting the interrelationships between the
African populations and the MUC5B promoter haplotypes shown in the contingency tablé). CO
Congo, GH Ghana, SO Grassfields-Somie, LC Lake ChatlA Malawi, MO Mozambique, SU

Sudan, ET Ethiopia.Blue filled circles represent the row coordinated eed filled squares represent the
column coordinatesCorrespondence analysis performed by Statisticsiore®.
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6.3.3 Ethiopia in detail

In this section genetic differences between the Ethiopian ethnic groups will be

examined by analysing further tMeJC5B proximal promoter data described above.

6.3.3.1 Haplotype distributions

In order to explore genetic differences betweerfitleeEthiopian ethnicities, the
MUCS5B promoter haplotype distributions for each ethnmimug (see table 6.3) were
firstly examined by the exact test of populatioffedentiation implemented by Arlequin
(see materials and methods section for detailajisBtally significant differences in
haplotype frequencies were identified between thaak and all other ethnic groups

with p values ranging from 0.01 to 0.00001.

The vast difference between the Anuak and all a¢ti@mic groups can be seen in the
correspondence analysis shown in figure 6.9. ltiio-dimensional map the first and
second dimensions capture 56.82% and 20.72% dabtakinertia. It is the first axis

that clearly separates the Anuak from all otheniethes.

Because of the previous association identified betwasthma and the H1 haplotype,
the percentage of H1 haplotypes versus all othglohges were compared between the
ethnic groups. A statistically significant Pearsohssquared p value < 0.0001 was
obtained and from figure 6.8 it is evident that Areiak group have a significantly

greater percentage of the H1 haplotype than ther etinnic group.
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. All haplotypes except H1

Anuak Rﬁ

Figure 6.8 Pie charts to show H1 haplotype perceage versus all other haplotypes for five
Ethiopian ethnicities.
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Table 6.3 Sequence details and frequencies of thBJC5B proximal promoter haplotypes identified in the five Ethiopian ethnic groups.

(9] <

A A A A AR R AR AR < o
(@) c c <t <t (%2] c c c Lo c (e 0] ™ o L0 — v o o
= 0 | 0| N — AN 2| » © © 9 = -5
s 81§88 |123|18(8|F|R|TY|8|glS| & | E| 2| § | g | &<
T @ @22 2|9 Vv|e s 2|2 %< < < < = O ~ W
H1 alg|G|G| I cla|lg|A]|]c|G|G]|]g]|C]|0.074 ]| 0.092| 0.243 | 0.107 | 0.100 | 0.124
H2 alg|G|A|D|J]c|la|g|G|c|C|G]|g]|T]O0.014 oo oo 0.007 | 0.020 | 0.008
H3 alg|A|G]| I clal|lg|G|c|C|G]|g|T]|059 | 0605/ 0487 | 0.527 | 0.540 | 0.551
H3a | a | g | A| G| | clal|lg|G|]c|C|A]|g]|T]|O0.014 | 0.059 0.027 | 0.053 | 0.031
H3b |a|a | A |G| I cla|lg|G|lc|C|G|g]|T ooe ooe ooe ooe 0.007 | 0.001
H3c g | g | A |G| I clal|lg|G|]c|C|G]|]g]|T]|O0.027 | 0.020 0.020 | 0.013
H3d | a | g | A| G| | t|lala|G|c|C|G]|]g]|T]|O0.020 | 0.020 0.013 0.011
H4 alg|G|A]|I clal|lg|G|]c|[C|G]|]g]|C]|O0.047 | 0.026 0.020 | 0.027 | 0.024
H5 al|lg|G|G| I clal|lg|G|]c|C|G]|]g]|C]|0.020 ]| 0.026 | 0.020 | 0.067 | 0.040 | 0.035
Hsa | a | g | G| G| | c|lg|lg|G|lc|C|G]|g]|C ooe oo 0.020 oo oo 0.004
H6 alg|G|G| I clal|lg|G|]c|C|G]|]g]|T]|0.027 | 0.020 | 0.020 | 0.060 | 0.047 | 0.035
H7 al|lg|G|G|D|J]c|la|l]g|G|lc|C|G|g]|T oo 0.013 oo 0.013 ooe 0.005
H8 al|lg|A]|G| I clalg|G|lc|C|G]|g|C]|0135 ] 0.092 | 0.118 | 0.120 | 0.107 | 0.114
H8a | a | g | A| G| | cla|lg|G|lc|C|G]|]a]|C oo oo 0.033 ooe oo 0.007
H8b | a | g | A| G| | clalg|G|]t|C|G]g]|C/|O0.007 | 0.007 0.040 0.011
H9 alg|G|A|I c|lalg|G]|]c|C|G]|g|T]0.007 | 0.007 | 0.007 0.007 | 0.005
H13 |a | g | A| G| | cla|lg|A]|]c|G|G]|]g]|C 0.007 0.007 | 0.003
H14 | a | g | A| G| | cla|lg|G|c|G|G]|g]|C]| 0.007 oo oo ooe oo 0.001
Hlda | a | g | A | G| | c|lglg|G|]c|G|G]|]g|C]|0.007 | 0.007 | 0.046 0.007 | 0.013
H15S |a|g|A|G|D|c|ja|lg|G|lc|C|G]|g]|T oo 0.007 oo oo 0.020 | 0.005

Population specific frequencies are included faheaf the five ethnic groups. Number of chromosomekided in these descriptions are as follows;y Afd448, Amharic =
152, Anuak = 152, Malle = 150 and Oromo = 150represent frequencies of zero. Haplotypes and $iPgolymorphic in Ethiopia have not been includalieles in
lower case represent variants found for the finsetby this project.
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Figure 6.9 a. Correspondence analysis 2D map regenting the interrelationships between the five
Ethiopian ethnic groups and theMUCS5B promoter haplotypes shown in the contingency tabléb).

AF Afar, AM Amhara, AN Anuak, ML Maale, OR Oromo. Blue filled circles represent the row
coordinates and red filled squares represent thenctocoordinatesCorrespondence analysis performed
by Statistica version 9.
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6.3.3.2 H1 status and elevation

There is evidence that the differéadUC5B promoter haplotypes vary in function
(Kamio et al. 2005) andMUC5B promoter haplotypes have also been shown to be
significantly associated with respiratory diseas&urope (chapter 4) and Japan (Kamio
et al. 2005). It therefore seems possible that the diffee in haplotype frequencies

between the ethnic groups has resulted from setees opposed to demography.

Since the respiratory mucins are critical for l[dagction and elevation is known to
affect lung function, we hypothesise that differmtctionalMUC5B promoter variants
will be favoured at different elevation levels. Fastance at higher elevations the air is
drier and thus mucin compositions that maximiseswedtention may be selected for in
order to maintain airway hydration. Elevation les/efithin Ethiopia vary greatly
ranging from -125 metres in the Danakil depressiof, 533 metres in Ras Dejen (CIA
World factbook — see web citations on page 206)thackefore the Ethiopian data set
provided an opportunity to examilJC5B promoter haplotypes with respect to

ancestral homeland elevation.

At the outset of this project the idea had beestudy the presence or absence of H1 at
different elevation levels within the Ethiopian gaenas a whole. For each individual,
data were available for the location of DNA sanmgm#ection and birthplace. In this
analysis, birthplace elevation values (obtainethfideavens Above — see web citations
on page 206) were used since they are likely aiegehore closely to the geographic
location of the ancestors of the participants. Hegvginitial observations made this
analysis problematic. The overall Ethiopian sanggleis stratified with respect to
haplotype frequencies due to its composition aé #¥hnic groups. It was therefore
important to determine whether there were sigmnifichfferences in birthplace elevation
levels between the different ethnic groups andaasbe seen in figure 6.10 this tends to
be the case especially for the Anuak and Maale@tdroups whereby all individual
birthplace elevation levels are highly clusteredisTneans that any analyses involving
birthplace elevation and genetic data, in this &ilan sample set, will be confounded

by ethnicity.
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This problem was circumvented by including only irehara and Oromo samples in
the analysis. As can be seen from the scatter piditgure 6.10, birth place elevation
levels within these two ethnic groups are variedkimg it possible to analyse H1
presence or absence in relation to elevation.derdio maximise sample number, the
Amhara and Oromo have been pooled together (n ¥si@de no significant difference

could be identified between these two populationthé previous haplotypic analysis.

Firstly, each individual was assigned as eithedaé&trier or H1 non-carrier, which
simply refers to a typing of at least one H1 hagetor no H1 haplotype respectively.
Initially the 2 by 2 contingency table shown inl&b.4 was constructed to express the
H1 status distribution with respect to a high amal birth elevation, defined using the
cut off point of 2,400 metres, which is medicakkgognised as high altitude (Medicine
Net — see web citations on page 206). The distdbudf these data was not

significantly different (Pearsons chi squared Zdig value of 0.555).

Table 6.4 Contingency table of the H1 haplotype diribution amongst individuals born at high and
low elevation levels.

H1 Status High | Low | Total
H1 carrier 9 14 23
H1 non-carrier | 33 68 101
Total 42 82 124

Data includes a pooled sample of the Amhara andnOrethnic groups (n = 124). The high and low
categories have been defined by a cut off poi, 490 metres. H1 carrier status is not signifigantl
different between the high and low elevation sanspks. (Pearsons chi squared 2-sided p value of
0.555).

However significance may have been dampened bgategorisation of birthplace
elevation levels and therefore a Mann Whitney Uisttaal test was used to compare
the distributions of raw elevation measures betwéemarrier and H1 non-carrier
sample sets (see figure 6.11). Once again no gignifassociation between H1 status

and elevation could be identified (p value of 0.824
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Figure 6.10 Scatter plot of birth elevation levelsvithin each ethnic group.Each data point represents
the birth elevation level of a single individuah&red dotted line represents the cut off poir,400
metres, used to categorize high and low elevations.
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6.3.3.3 The high incidence of H1 in the Anuak

The most noteworthy observation of this study eshigh incidence of H1 in the Anuak
sample. The Anuak have also been noted to be gignify different with respect to
other regulatory genetic markers studied in ouofatory, the lactase enhancer and
UGT1Alpromoter TATA box (unpublished - Bryony Jones &adra Horsfall). This
difference may be entirely attributable to the dgmaphic history of the Anuak, whom
we know are linguistically different from the otHethiopian ethnic groups tested
within this study since they speak a language daeezefrom the Nilo-Saharan family
and all other populations speak languages thahbdtmthe Afro-Asiatic family.
However the geography of Ethiopia varies greatyrfhigh mountainous plateaus to
inhospitable lowlands and deserts (Levine 2000 Ahuak are the only group in this
study that live in a lowland environment on theeribanks, and functional genetic
variants that may be favourable in such an enviemtmight reach higher frequencies

under selective pressures.

Disease prevalence within Ethiopia is also knowwaky geographically. For instance,
malaria is generally rife in lowland regions sushGambella where the Anuak originate
from, but the highlands (>2,500 metres) are makagia (WHO). The Gambella region
in which the Anuak live has also been reportedaeetthe highest rate of TB and HIV,
with prevalence levels only comparable with theémain urban areas, Addis Ababa,
Dire Dawa and Harari, plus the Afar region in tlse of HIV (WHO Ethiopian TB and

HIV reports — see web citations on page 206).

The CIA world fact book (see web citations on pa@6é) states that meningococcal
meningitis is a major respiratory infectious disgetsat affects Ethiopia, spreading
between people via respiratory droplets. Therdhaee clinical manifestations,
meningeal syndrome, septicaemia and pneumongalvery serious disease which
often results in morbidity or mortality. The badten responsibl@&eisseria
meningitidisinhabits the nose and throat mucosal membrandekpc levels often
accompany the dry seasons or droughts and asymiitacaeriers of the bacteria (5-

10% of the population) are thought to play a laxge in spreading the disease.
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Respiratory inflammation and infection are consedeio be risk factors and the highest
incidence of this disease occurs throughout theca&fir'meningitis belt’ shown in

figure 6.12 (WHO meningococcal meningitis fact shesee web citations on page
206).

As can be seen in figure 6.12 the ‘meningitis bettends from Senegal to western
Ethiopia. Western Ethiopia includes the Gambeltpare which is inhabited by the
Anuak, and it is tempting to speculate that thénlirgquency of the H1 haplotype
within this ethnic group could in fact be in resperio the selective pressures of
meningococcal meningitis. The higher levels of MBG&oduced by the high
expressing H1 haplotype might possibly confer pribte properties against
meningococcal meningitis and that the Anuak mapdwara greater number of

asymptomatic carriers.
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Figure 6.12 African ‘meningitis belt’. Map of Africa displaying the ‘meningitis belt’,éharea across
sub-Saharan Africa that harbours the highest buolemeningococcal meningitis
(http://ehp.niehs.nih.gov/docs/2009/117-1/belt-lgpgs.
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6.3.3.4 Nucleotide diversity, tests of neutralitya  nd conservation profiles

In order to investigate the possible effects oeésibn on thelUC5B promoter,
nucleotide diversity has been measured and testsutfality have been conducted on
the Ethiopian data set. These data have also mdad opportunity for examining the
properties of the curiously high level of promgbetymorphism with respect to

nucleotide sequence conservation profiles.

The expected diversity level of any stretch of ssme is defined ak(theta) (see
materials and methods section 2.4.5). Estimatéscah be calculated by several
different methods which utilise different obsereas of diversity such as number of
segregating sites, number of singletons, levebohdzygosity, number of alleles or
measures of (described below). Under neutral evolution or eatheutrality, all

estimates 06 should be equal.

A measure of nucleotide diversity)((see materials and methods section 2.4.5.1) was
calculated for the 1194 nucleotide promoter seqe@meach population using analysis
software DnaSP (see materials and methods). Meastitaepresent the probability
that two copies of a specific nucleotide will be game if selected randomly from a
population. Values of zero indicate that all s&es monomorphic. Alk values obtained
were similar for the five Ethiopian ethnic groupshal1.3x 107, 11.3x 10, 16.2x

10% 12.4x 10* and 12.1x 10 for Afar, Amharic, Anuak, Maale and Oromo
populations respectively. Although it should beaabthat the Anuak have the largest

value.

Sincer was similar for all ethnicities, nucleotide divigysmeasures were calculated for
the Ethiopian population as a whole, using slidingdows of 100 nucleotides to cover
the entire input sequence in one nucleotide stHpsz value of each window was
plotted at the central point of that window (fig@d 3a). Peaks in the plottad/alues
represent regions of increased nucleotide divensityereas troughs indicate a lack of

heterozygosity.
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Figure 6.13a shows thesliding window plot for the Ethiopian populatios a whole.
The sequence close to the transcription staregitéits high levels of diversity as does
the sequence between approximately -800 to -106€lapve to the transcription start

site.

In order to inspect where these high levels of i are with respect to potentially
functional regions, a primate conservation profiees constructed for tHdUC5B
proximal promoter (figure 6.13a). Below the diver$lot is a histogram representing
sequence conservation between the human, chimpaaegutan and rhesus monkey
MUCS5B proximal promoter sequences, created by phylogesieadowing (see
materials and methods section). There are two peaks of conservation. By
comparing the two aligned plots in figure 6.13aah be seen that the peak furthest
from the TSS (approximately -550 to -800), corresjsoto a region of little sequence
diversity in humans. This is what is expected &gions that are functional, purifying
selection having acted upon this region. Howeversécond highly conserved region
corresponds to sequence of high diversity in theotan population, implying that
while this region contains functionally importameéments, which had been conserved
over primate evolution, selective pressures haveuigd diversity in this Ethiopian

human population.

It should however be noted that the high levelioérsity closest to the TSS is
interrupted by a steep drop in diversity. This aarband of low diversity aligns with
the highest point of conservation, implying thathan this short narrow band of
sequence (approximately -159 to -139) variantatdolerated and therefore this
segment of promoter sequence could be considesedte forMUCS5B expression.
This narrow band of sequence lies in between tloeprtative Spl binding sites (-196
to -185 and -124 to -114). The high degree of acdated diversity either side of this
narrow band could indicate that these variants somenodulate the functional
activity of the highly conserved region. As canseen in figure 6.13b, this narrow band
of sequence exhibits a high level of homology (6€4gn when the species
comparisons are extended to also include the matnosrse, dog and mouse.
However, a potential TFBS has yet to be identifrethis region.
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>0 _L Figure 6.13 Nucleotide diversity and species consation of
40 - ln“ the MUCSB proximal promoter. a. Aligned plots of nucleotide
diversity (t) and sequence conservation profiles forig¢C5B
b proximal promoter. The plot of values constructed using a
o 04 sliding window approach (DnaSP), depicts regionkigh
‘; (peaks) and low (troughs) sequence diversity witheMUC5B
20 1 promoter sequence for the whole Ethiopian samgie. T
histogram below shows a conservation profile fertihman,
10 4 chimpanzee, orangutan and rhesus mohkEC5B promoter
sequences, whereby peaks represent regions ofaiglence
0o . - . = ) — conservation and troughs represent regions of Eguance
-1047  -865 -683 -501 -319 -137 +47 conservation (eShadow). The x axis refers to tlotentide
position relative to the transcription start sit&E). The y axis is
07 a measure of percentage variation, whereby 0 %fig&gn
complete conservation. b. Multiple species alignitfelustal\W2)
for the sequence region corresponding to the nabaovd of high
s conservation and low sequence diversity at apprateiy -159 to
8 6ol -139. Grey highlighted sequence corresponds tputetive Sp1l
c binding sites (-196 to -185 and -124 to -114). Riighlighted
; sequence corresponds to the narrow band.
13.8 1
-1047  -865 -683 -501  -319 -137
nucleotide position relative to TSS 114
Human GCGT GCEEECGICCT GEGCCT CAG- GGCACAGACCT (GCCCCTCCCCG
Chimp GCGT GGGEECT TICCTGEGCCTCAG- GGCACAGAGCT (GCCCCTCCCCG
Rhesus (GGGT GBGEECGIICCTGEGECCT CAG- GGCACAGAGCT (GCCCCTCCCCG
Marmoset (GGGCCEEEECATICTTGG CCTTAG AGCACAGAGCT (GCCCCTCCCCG
Dog GEGCG GEGEGTACCGTGAAGCTGG G- CCCACA (GCCCCTCCCCA
Horse GCCGAAGGGEGTACTGCATCTCTGG- GGCCCAGAGCCA JGCCCCTCCCCA
Orangutan (GCGT GCGGEGECGICCTGGACCT CAG- GGCACAAACGCT (GCCCCTCCCCG
Mouse ICCACAAGGGGT GCGAGCACT CTGGTGGCACAGT GAT JGCCCCTCCCCA
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6.3.3.5 Test of neutrality- Tajima’'s D

Tajima’s D is a statistical method used to comgetenates o6 based om with those
calculated from the number of segregating siteslddiconditions of neutrality Tajima’s
D will be zero. However significantly positive valsiof D may represent balancing
selection and significantly negative values maynokcative of positive selection
(Joblinget al.2004).

Values of D were calculated for the Ethiopian grasm whole and for all ethnic groups
individually using DnaSP version 5.10.00. No valsgmificantly deviated from those
expected under neutrality, though the Anuak watte population to give a positive

result (1.2), all other ethnic groups having negafiajima’s D values.

Tajima’s D values were also calculated in slidingdows of 100 nucleotides and
plotted in the line graphs shown in figure 6.14sltlear from this figure that the
patterns of Tajima’s D values across MBC5B promoter sequence are noticeably
different in the Anuak as compared to the othenietgroups. The most noteworthy
observation of the Anuak Tajima’s D plot is the ifwe double peaks at approximately
-300 to -150 and -150 to -30 nucleotides relatovéhe transcription start site. The steep
drop to a Tajima’s D value of zero at approximatédly0 corresponds to the narrow
band of high conservation and low nucleotide divgdiscussed previously (section
6.3.3.4). Either side of this region are two pesiffajima’s D peaks which represent
balancing selection or rather a maintenance ofipielalleles. Thus balancing selection
may explain the high sequence diversity (htgralues) seen either side of the narrow
band. It should therefore be noted that while thexall Tajima’s D value for the
promoter sequence of the Anuak was not signifigguakitive, the pattern observed in

the sliding window plot is suggestive of balancsajection for these two small regions.
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Figure 6.14 Plots of Tajima’s D values for théMUC5B promoter sequenceValues of D were
calculated for sliding windows of 100 nucleotidagangth. The value of D for each window was plbtte
at the windows centre point. Steps between eactiomirwas 25 nucleotides. The y axis refers to the D
value and the x axis denotes nucleotide positidhiwthe sequence relative to the TSS.
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6.4 Discussion

This study is the first to characteriggJC5B promoter variation within the context of
Africa. Approximately 1kb of the sequence direatpstream of th&AUC5BTSS has
been characterised in 748 individuals of Africamntity, originating from eight main
geographic locations. All seven allelic variantsypously identified in European
(chapter 4) and Japanese (Kamial. 2005) data sets have also been identified within
Africa. However eight additional variants have bédetovered within the African
populations that were not shown to exist in the-Afnican samples, which therefore
shows that the non-African populations contain @abubset of the AfricallUC5B
promoter diversity. These results highlight the amance of genetic studies involving
African populations, since African diversity wikpresent the full spectrum of human

genetic variation.

Allelic diversity within theMUC5B promoter region appears to be rather extensive.
Preliminary characterisation of theUC5ACproximal promoter in the Ethiopian
sample set (n = 378) gives a very different pictlimehe case dIUC5ACwe have
identified just two SNPs within the 1kb region upaim of the TSS, rs28469016 and
rs17859812 with minor allele frequencies of 0.04 &r89 respectively. Thus the low
level of MUC5ACupstream diversity indicates that the extensiwenmter variability is
not a generalisation for the predominantly expréssspiratory mucins. Although, no
functional studies have been performed onMidEC5AC promoter and we can not
therefore exclude that this arbitrary 1kb upstreagion is not the complete promoter of
the gene. It is interesting to speculate thatMhEC5B promoter variation allows
variable MUCS5B expression because it is an evahatip adaptation with some
haplotypes being favoured in one environment amgeso another. Future functional
studies will however be required to elucidate whethe novel variants identified

during this project have an effect BMUCS5B expression levels.

Of all the African specific allelic variants, thé&B located at position -194 relative to

the TSS, is perhaps the most interesting sinseldiciated within a putative Spl binding
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site. As discussed in section 6.3.3.4, the regamaining the two Spl binding sites
appears to possess the greatest sequence cormehettveen primates. Spl is a zinc
finger transcription factor and the two Sp1 moliisated within the\MUC5B proximal
promoter (-196/-185 and -124/-114) have been shovine functional. In a study using
site-directed mutagenesis followed by transfecsitudlies, the Spl TFBS at -124/-114
was shown to be essential for basal transcriptidlldC5B (Wu et al.2007a). The
importance of this site is reflected by the conplatnservation of the TFBS between
human, chimpanzee, orangutan, rhesus monkey, matnuug), horse and mouse
sequences. Increased Sp1l binding at the -196/if8#&as shown to responsible for
phorbol 12-myristate 13-acetate (PMA) indud#dC5B expression (Wet al.2007a).
PMA is a protein kinase C activator used in celtures as an inflammatory stimulant,
and has been shown to be a potent enhandlU@I5B expression in primary human
bronchial cell cultures grown at air liquid intesé&(ALI). Binding of Sp1 to this site
may therefore be important for the upregulatioMafC5B by environmental
respiratory responses. The -194 variant is likelige functional since it is located
within this environmental response motif and thisleotide position is conserved
between the human, chimpanzee, Orangutan, Rhesugeganarmoset, dog and horse

genome.

On comparindUC5B promoter nucleotide diversity with a primate canaéon

profile, an interesting pattern was observed ferrdgion approximately 270
nucleotides upstream of the TSS (see figure 6.18dhin this region two peaks of

high sequence diversity correspond to highly coresesequence, an unusual pattern
since high conservation indicates functionalitypiymg that diversifying selection or
some kind of adaptive selection, has acted upardégion of the human promoter.
However the sliding window nucleotide diversityy plot shown in figure 6.13a is based
only on the Ethiopian sample set and therefordn&urinvestigations with regard to
possible diversifying selection would benefit froine inclusion oft measurements for

various populations around the world.

The sliding window plots created for nucleotideatsity (t) are very effective for
studying the patterns of diversity across a lemgtbequence since the an overall
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calculation ofr for the whole sequence will not be truly repreamé of sequence
segments that confer different functions. For ineég the first 100bp upstream of a
genes TSS is of great importance for basal trgptsani of the gene and therefore
sequence variants within this region are moreyikelbe damaging (Bucklaret al.
2005). The sliding windows are also very benefitoalcalculations such as Tajima’s D

since they highlight sequence regions that are maseeptible to selective pressures.

The elevated incidence of the high expressing Hildtype within the Ethiopian Anuak
ethnic group was an interesting but quite unexplhiinding. However it is not clear
why this divergence between the Anuak and otherietroups has occurred and
therefore further studies will be needed to deteemvhether demographic histories or
environmental selective pressures have causedlheplotype to reach an elevated
frequency in the Anuak. It could be interestingxplore and compare the frequency of
this high expressing haplotype in other linguidticaimilar populations since the
Anuak were the only group in this study that spa&klo Saharan language. The
ultimate goal for the future will be to collect spl@s of Anuak ethnicity that have been
phenotyped for a particular respiratory diseasé s13cTB or phenotyped fdteisseria
meningitidiscarrier status. These sample sets will form a-casérol cohort which will
be typed for théMUC5B proximal promoter haplotypes. Significant assocre could
then be explored with respectNiJC5B promoter variation and respiratory disease

susceptibility.

193



7 General Discussion

The principal aim of this project was to examineaje variation withirMUC5ACand
MUCS5BIn relation to respiratory disease and demografince these genes code for
the major components of airway mucus, they are @aandidates for genetic studies on
susceptibility and severity of inflammatory resporg disease.

The first results chapter of this thesis reporgsigicant associations between a
synonymous SNP in tH# end ofMUC5ACand five allergy related respiratory
outcomes, bronchitis, wheeze, allergy, hayfeverastdma, in a European longitudinal
birth cohort. Since these outcomes are not indep@rzecause their symptoms are
overlapping, it is not surprising that several stsgnificance. It is important to

highlight here that the allergy and hayfever outesrshowed the highest level of
significance with thisMUC5ACvariant. It should however be noted that ¥idC5AC
exonic SNP does not alter an amino acid and i€tbe¥ not considered to be causative,
but was chosen at the outset of this project deepaucity of validated SNPs. The
original plan had been to selédtUC5ACmarkers likely to be functional or that would
give greater coverage as tagging SNPs, to typb®t©946 cohort. However this aim
could not be fulfilled during the course of thioarct since there has been a slow
progression oMUC5ACTresearch in the literature and a slow accumulaifon
interesting SNPs in the database. It thereforeaepeo be more beneficial to explore
the causes of the deviations from HWE that had inecevident when the datasets were
segregated into affected and unaffected groupsmesibect to allergy and hayfever,
since these results are indicative of CNV which tredpotential to be the undiscovered
genetic factor causing the significant associatlmetsveerMUC5ACand allergic

phenotypes. However the notion of CNV could nosbpported experimentally.

In any genetic association study like this, thera risk of false positive results. This
risk is amplified when testing multiple loci simatteously and the significant
associations we see would not stand up to Bonfecamection. However this issue is
of less concern in this project than for examplgenomewide studies, since all the

research is hypothesis driven, for instance, thiéipreiMUC5ACinflammatory gene-
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gene interaction studies reported in chapter 3sidened only polymorphisms with
evidence of functional effect and of genes encogiageins with likely biological
effect on MUCS5AC.

As an independent test for the robustness of thecagions reported between
MUCS5ACand the various allergy related respiratory outesna permutation test was
used which confirmed the significant associati@iace the sample set under
investigation was longitudinal, information wasaaéssailable for various lifestyle and
environmental factors such as social class, smdkistgry, sex and region of birth.
These factors are potentially ‘confounders’ sirfegythave the ability to influence the
outcomes under study and may cause false pos#sacetions. They were therefore
included in the regression models as a methodjts&fbr these potential confounders.

The mucin genes directly upstream and downstreaiulsE5AC MUC2 andMUCS5B,
were also typed for variants in the longitudinahaxd and tested for association with
various respiratory outcomes. However, very lighedence was obtained for any

association oMUC2 or MUC5B even though LD across this region was confirmed.

The saméMUC5ACvariant (rs1132440) has also been typed in twdlssthhmatic
cohorts in the second results chapter, but no &gswtcould be detected in either case-
control disease cohort. This is hardly surprisimge the effect size is much smaller
than the longitudinal birth cohort which thereftwass more power. The reduced power
of these asthmatic cohorts may have lead to fagative results especially when
considering that associations with asthma had edghed borderline significance in
the large longitudinal cohort. It is however cusdhat some evidence of association

was noted between tMUC5AC3' end haplotypes and severe asthma.

Although the disease cohorts are considerably emidan the longitudinal cohort, they
have the added benefit of being collected in aadirsetting. While the longitudinal
cohort provides a wealth of data of relevance $piratory history and possible

confounders, outcomes are self declared, wherkasthmatic disease cohort
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participants have been clinically diagnosed whauces the problem of phenotypic

heterogeneity.

Even though there was no significant associatiaddC5B exonic SNPs and
respiratory outcomes in the longitudinal cohort¢bafirmation that promoter SNPs are
associated with altered expressioMiC5B (Kamioet al. 2005; Loh et al. 2010) led
us to test these as functional variants in thegwall asthmatic disease cohorts. This
project reports here for the first time, significassociations betwedUC5B

promoter variants and severe asthma. MIREC5B H1 haplotype which appears to
direct high expression both vivo (Loh et al.2010) andn vitro (Kamioet al.2005), is
significantly underrepresented in the severe adficrnases as compared to the non-
asthmatic control samples, implying that the Hllbigpe confers protection against
the development of asthma. This association is sdraecounter-intuitive since one
might expect an increase in the incidence of higiressing haplotypes in
hypersecretory disease sample sets. However, prenieivo studies on th&lUC5B
promoter have been based only on constitutive espe levels in fetuses (Loét al.
2010) and therefore may not be true for the adsipiratory epithelium particularly
after environmental challenge. In order to furthederstand facultative expression
levels of the differenmMUC5B promoter haplotypes, one might perform similar RT-
PCR experiments on surgical biopsy tissue fromtaduth asthma and controls,
though such tissue is hard to obtain. It would &lsanteresting to culture cells grown at
air liquid interface, from individuals (asthmatiecanot) with the variouMUC5B
haplotypes and compakUC5B expression levels upon exposure to various chgdien
or rather known asthmatic triggers. It could begasged that a subtle enhancement of
MUCS5B production may give the airway mucus gregtetective properties and
produce a mucosal barrier that is more efficiea@iuding inflammatory stimulators,

while perhaps over-production clogs the airways

It should be noted that tMUC5Brs7115457 variant which determines the H1
haplotype and is significantly associated with se\asthma (chapter 4), is located
within a suggested N#B transcription binding site (Cheat al. 2001). If the genetic
variant abolishes the MB binding site then we might expect the facultafiwwemoter
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dynamics to become rather complicated when chatiéiy environmental insults. For
instance, by reducing the binding of dB-to the promoter, other transcription factors
may be able to bind to the DNA more efficientlysiitould be remembered that the
transcription factors driving expression of a gdonenot act independently but instead
act in concert with each other and environmentakcin a complexed dynamic process.
Thus theMUC5B haplotype expression data collected from constiun vivo fetal
studies andh vitro reporter construct assays may not be represeaaitithe complex
dynamics of the aduMUCS5B promoter response. Nevertheless the observation of

difference in expression in fetuses implies that 8NP can be functionat vivo.

In the final results chapter, the distribution loé tH1MUCS5B promoter haplotype was
also shown to be significantly different betweehi&pian ethnic groups. The western
Ethiopian Anuak peoples have a significantly greateidence of H1 compared to four
other Ethiopian ethnicities. The Anuak live on lamtl river banks in western Ethiopia
which is a distinct geographic region from all atgeoups examined and it is therefore
interesting to speculate that environmental spepifotective properties of this
haplotype have lead to high levels of H1 throughitpee selectionMeningococcal
meningitisand tuberculosis endemics are known to be paatigubrevalent in the

region inhabited by the Anuak and since infect®hkely to drive selection it is
interesting to speculate that the high incidencebinay be a consequence of adaptive

protection against respiratory infection.

Characterisation of thdUC5B promoter in an African sample set (n = 745) has
identified a total of 15 variants within the 1klgsence upstream of the transcription
start site, 7 of which have not been previouslyidied and are reported here for the
first time in this study. This would appear to beeay high level of diversity, and
contrast with a preliminary study of tMlUC5AC promoter in an Ethiopian sample (n =
378), whereby only two SNPs were discovered witheaupstream one kilobase
sequence. However the functional significance es¢éhnovel regulatory SNPs is not
known and therefore functional studies such addtase assays, electrophoretic
mobility shift assays, chromosome immunopreciptabrin vivo heterozygote exonic
SNP tagging methods using RNA transcripts, willcheefollow.
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Perhaps the most interesting novel SNP is the maaigposition -194 since it falls
within an experimentally determined Sp1l binding sit is also noteworthy that the
high levels of nucleotide diversity within the fdwindred bases directly upstream of the
TSS, corresponds to high levels of primate spemeaservation which indicates a
region of functional importance. The accumulatiod anaintenance of variants within
this functional region is indicative of balancinglextion which might suggest that
MUCS5B promoter diversity has been beneficial. This pimegaon is typical of genes
that respond to infectious agents, since diffepathogens are prevalent in different
geographic regions and thus changes are ofterratiglavith alterations in
environment over time. Also pathogens are contislyoevolving and it is therefore
advantageous for genetic diversity to exist witthi@ population in order to maximise

the chance of survival for at least a small nundéendividuals.
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8 Appendices

Appendix 1- Genotyping of non-mucin genetic markers —
conducted by Lynne Vinall

IL1B rs16944

Genotyped using standard PCR conditions with RFitR Bsobl.
PCR primers

Forward 5GATTGGCTAGGGTAACAGCACC 3(1946-IL1B-C)
Reverse 56GGGACAAAGTGGAAGACACACA 3

ILIRN (tandem repeat)

Standard PCR conditions were used for this assayianalisation of the PCR product
by agarose gel electrophoresis was used to indealizes.

PCR primer

Forward 3CTCAGCAACACTCCTA 3
Reverse 5TCCTGGTCTGCAGGTAA 3

TNF-a rs1800629

A tetra primer arms PCR was used for this assawesuglisation of the PCR product
by agarose gel electrophoresis was used to infé ghhotypes. The four primers,
A,B,C and D were added at a ratio of 20:1:1:2 respely.

Outer PCR primers
Forward — TNFA-C ACCCAAACACAGGCCTCAGGACTCAACA 3
Reverse — TNFA-D BGTTGGGGACACGCAAGCATGAAGGATA 3

Inner PCR primers

Forward — TNFA-A 5TGGAGGCAATAGGTTTTGAGGGGCAGGA 3
Reverse — TNFA-BSTAGGACCCTGGAGGCTGAACCCCGTACC'3

EGFR SNP (rs2227983) and EGFR microsatellite

The EGFR SNP and microsatellite/CA repeat were typeal as a multiplex.
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Primers for SNP PCR product
Forward 5 CAAGGTCATGGAGCACAGG 3(CY5)
Reverse SCTGACATTCCGGCAAGAGAC 3

Primers for the CA repeat
Forward 5 CTCAAGGTTGGAATTGTGC 3
Reverse 5GCTGTTTGAAGAATTTGAGC 3 (CY5)

RFLP using AlwNI was used to genotype the SNP. CAgepeat could be genotyped
on the basis of PCR product size.

The SNP digest product and the CA repeat PCR ptodere visualised together on the
ALF Express™
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Appendix 2

Original Question asked Original outcome codes Recoded Recoded outcome codes
Variable Variable
ALLGS89 Have you ever had an allergy (1946-1989)? 0-No EVALLERG 0 — Never (original code 0)
1-Yes, once 1 — Ever (original codes 1 or 2)
2 — Yes, recurring
ASTHB89 Have you ever had asthma (1946-1989)? 0-No EVASTHM 0 — Never (original code 0)
1-Yes, once 1 — Ever (original codes 1 or 2)
2 — Yes, recurring
BRONC89 | Have you ever had bronchitis (1989-1999)7? 0-No BRONCB89R | 0 — Never (original code 0)
1-Yes, once 1 — Ever (original codes 1 or 2)
2 — Yes, recurring
HAY89 Have you ever had hay fever (1946-1989) 0-No EVHAY 0 — Never (original code 0)
1-Yes, once - 1 — Ever (original codes 1 or 2)
2 — Yes, recurring -
HAYF In the last ten years (1989-1999), did you have 1-Yes
hay fever? 2—No
LRIP Have you ever had a lower respiratory infection 0 — No attacks of LRI LRIPY 0 — Never (original code 0)
(i.e. bronchitis, broncho pneumonia or 1 — One attack; no treatment sought 1- Ever (original codes 1-6)
pneumonia) in early childhood (0 to 24 mths)? 2 — One attack; saw private doctor
or was hospital out-patient
3 — One attack; was in-patient at
hospital/nursing home
4 — More than one attack; no
treatment sought
5 — More than one attack; saw
private doctor or was hospital out-
patient
6 — More than one attack; was in-
patient at hospital/nursing home
WZzZY89 Has your chest ever sounded wheezy or whistling | 0 — No WZzY89C 0 — No or not most days or nights
(1946-1989)? 1-Yes 1 - Yes, most days or nights
Did you get this most days (or nights)? 0-No
1-Yes
FEVM89 Max FEV1 reading when participant was 43 yrs - FEVM89C Outliers removed: 0.01 — 1.00
old. litres
FEVM99 Max FEV1 reading when participant was 53 yrs - FEVM99D Outliers removed: 0.00 - 0.07,

201



old. 0.31 - 1.00, 9.70 — 9.99 litres
FEVM89C Difference in Max FEV1 over 10 years - DELTA -
- (1989-1999).
FEVM99D
ALLERGY In the last ten years (1989-1999), have you had 1-Yes - -
any allergies? 2—-No
ASTHMA In the last ten years (1989-1999), did you have 1-Yes -
asthma? 2-No
BRONC During the past 3 years (1997-1999), did you 1-Yes - -
have any chest iliness, such as bronchitis or 2—-No
pneumonia, which kept you off work or indoors for
a week or more?
wWzy Has your chest ever sounded wheezy or whistling | 1 — Yes WzyC 0 — No or not most days or nights
(1946-1999)? 2—-No 1 - Yes, most days or nights
Did you get this most days (or nights)? 1-Yes
2—-No

Table 1 Respiratory measures and outcomes studied ih9he birth cohort. Questionnaire data was convddexitcome codes for analysis.
Some of these codes were recoded, both are shatlva table. Table adapted from Andrew Loh’s thésid 2007).
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Original Variable Question asked OQriginal outcome ¢ odes Recoded Recoded outcome codes
Variable
ClG89C Do you smoke cigarettes? Question was | 1 — Currently smoking CIG89CR Never (code 3) - 0
asked in 1966, 1971, 1977, 1982 and 2 — Ex-smoker Ever (codes1or2) - 1
1989. 3 — Never smoked
CIG99C Do you smoke cigarettes? Question 1 — Currently smoking CIG99CR Never (code 3) - 0
asked in 1966, 1971, 1977, 1982, 1989 | 2 — Ex-smoker Ever (codes1or2) - 1
and 1999. 3 — Never smoked
FSC50C Participant’s father’s social class at age | 1— Professional FSC50R Non-manual job (codes 1- 3) - 0
4, inferred from father’s occupation 2 — Intermediate Manual job (codes 4-6) — 1
3 — Skilled (non-manual)
4 — Skilled (manual)
5 — Partly skilled
6 — Unskilled
REG46AR Participant’s region of birth 1 - Scotland - -
2 — North
3 — Central
4 — London + S.Eastern
SCL89C Participant’s own social class at age 43, | 1- Professional SCL89CR Non-manual job (codes 1- 3) - 0
inferred from subject’s occupation 2 — Intermediate Manual job (codes 4-6) — 1
3 — Skilled (non-manual)
4 — Skilled (manual)
5 — Partly skilled
6 — Unskilled
SEXX Sex of participant 1 - Male SEXXR Male — 0
2 — Female Female — 1
SCL99C Participant’'s own social class at age 53, | 1- Professional SCL99CR Non-manual job (codes 1- 3) - 0

inferred from subject’s occupation

2 — Intermediate

3 — Skilled (non-manual)
4 — Skilled (manual)

5 — Partly skilled

6 — Unskilled

Manual job (codes 4-6) - 1

Table 2 Potential confounder variables studied in the61i94th cohort. Questionnaire data was convertezlitoome codes for analysis. Some

of these codes were recoded, both are shown italie Table adapted from Andrew Loh’s thesis (L2007)
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Appendix 3

ggggagt ct ggcccaccct ccagaccat cct caaggcccact ggcccaggcat ccccgec

cacccct cccaccgt geegt gect gcagecgggt ct accggcect ggat gt gaaagagagct t

ggagaccccagagacct cggaacct t cagct t t ggaagt gacgt cggt ggggt gggt ggg

-2019 -2002
gggggcacaggct ct ggagt cccggaagt gagcggggagcet a¥gct gagat ct gggagalY
rs11042646 rs55974837
-1996 -1947
cccct Keccccacccaggt acagggccaggcagaagecccgaggt gt gccct gagKt aaag
rs35619543 rs 12804004

aaaccgt cacaaagaacaaagggagaaggcgggtt ccagcct ccaccacagcecct cgege
t ct gaggagccacct gggggcect cagccat gaggggt gacaggt ggcaaaacgggccagce

tccgttcacgt cgct gt gcagcet gt ct ccgecct ccat ct ccagaacgttct cacattcc
-1738

caagct gaaaccct gt ccccat gMaacaccagct caccat cccct ct gccageccct gge
rs868902

gcccaccgt ccacact ccgt ct ct gcgggt t t cat gact ccaggggcagcacacgagt gg

cccctcetgectttgtcctct gt gt ccacct gect cact ct gcacagt gt ccccagettce
-1556

ccccat ggagcagcct gggccagcc¥ct cctttt cacggcet gaaccgt att ccaccgcac
rs868903

ggat cagcct cacgat gct gacccagt cct ccgcccagggacacat gggcagcett ct gec

-1437

ttt gt cagt gat gct gct gt ggacW gggt gt gcaaat gt ccct caggacccgectt cag
rs868904

ttcttctggggacagacccagagt ggagtt gct ggt cacccccaccagcagggcacaggg

ct ccgggt ccccacgt ct ct gccaacacttcctacttcctgtgtttcttgat ccccgeca
t cct at t gagcgt gagacaggt cagaagct tt gaagat gggctttcgt ctt gt cccagaa
at cccacct ct aagaat tt aact t cagaaagacaaacgcgggggagct ggt gcagggcecce

gt gacggggact gt gacgtaaata aaacaacagacct ggacaccaccct agggt ccccat
DISTAL TATA BOX

PutativeMUCS5B distal promoter annotated sequence. The nucleohigdlighted in
green have been identified in the matched asthroahiort. The putative TATA box has
been highlighted in yellow.
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