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ABSTRACT

Cystic fibrosis (CF) is the most frequent disease inherited in an autosomal recessve fashion within
the Caucasian population. Though CF is considered to be a monogenic disorder transmitted by
lesionsin the cystic fibrosis transmembrane conductance regulator (CFTR) gene, the disease severity
is characterised by a high degree of variahility. This thesis reports on two studies addressng the
relative impact of the CFTR mutation genatype and other inherited factors on the course of CF
disease.

Patients participating in the study "rare genotypes and atypical CF" were recruited from the
Hannowr clinic. A total of 19 patients were investigated by intestinal current measurements (ICM),
nasal potential diff erence measurement (NPD) and a pil ocarpine iontophoresis sweat test to assess
the basic defect, being defined as an impaired CFTR transmitted Cl— conductance. Mutation analysis
of the CFTR gene was dore by singe strand conformation polymorphism analysis, direct
sequencing and Southern blotting. The two ddetions CFTRdeEX2 and CFTRdAEX2,3 were
identified by analysis of genomic DNA. Different residual Cl— conductances, distinguishable by their
sengitivity to DIDS and cAMP, were seen by ICM in patients participating in the study "rare
genotypes and atypical CF" but pancreatic sufficiency was found to be associated with a residual
current indcative of CFTR mediated Cl- conductance. The diagnasis of CF was confirmed by
investigation of the basic defect for three patients presenting CF symptoms but lacking evidence for
two CFTR disease causing lesions as judged by extensive mutation screening and, in two of these
cases, sustained by the family history or genetic analysis within the family.

In the "European CF twin and sibling study", disease severity and intrapair discordance for more
than 300 patient pairs was quantified by combining nutritional (weight for height %, wfh%) and
pumonary (FEV1%pred percentiles, FEVPerc) status. A significantly higher concordance of
monazygous twins in wfh% and FEV Perc compared to dizygous patient pairs ind cated the impact of
nonCFTR genetics on the CF disease phenatype. 38 patient pairs, sdected due to an extreme
phenatype whil e being homozygous for the most frequent CF causing alldle AF508 were analysed at
candidate gene loci. The typing of polymorphic markers employing multiwel PCR reactions and
continuous direct blotting eectrophoresis was optimised. Significant association of an aléde at the
marker locus D12S889 with a milder clinical phenatype was detected. Hence, SCNN1A, encoding
for the a-subunit of the amiloride-sensitive sodium channd (ENaC) and located near D12S889,
might modulate CF disease. The analysis of markers within the CFTR linkage group pointed to the
existence of hitchhiking genes which modulate the course of CF disease and thus might be
responsible for a heterozygate advantage among CF carriers. A significant influence on wfh% was
detected at MetH and at D7S495 due to an association of alldes at these loci with a milder
phenatype. Canddate genes for the modulation of the nutritional status located within the
investigated region are the receptor tyrasine kinase MET, the paternally imprinted gene PEG1 and
the human homologue of the murine obesity gene LEP. An assciation with the phenatype
"discordance" in FEVPerc, indicative of a modulation mediated by a gene encoded in trans, was seen
at J3.11. This effect was attributed to a trans encoded factor acting on a responsive eement linked to
J3.11, thereby regulating CFTR expresson. At the loci D7S514 and D7S495, an asciation of
alleles with the phenatype "discordant” was seen in wfh%. As serum leves of leptin, encoded for by
the gene LEP located near D7S514 and D75495, were shown to be in linkage to D2S1788 this
marker was analysed among CF twins and sibs. Sharing of alldes at D2S1788 was significantly
asociated with higher concordance in wfh%. Summarising these findings gained by genetic analysis
of AF508 homozygous CF twins and siblings, evidence for arole of the ENaC and hitchhiking genes
near CFTR in modulating CF disease severity has been provided.

KEYWORDS: Genotype-Phenatype Relation
Association Study
Moduating Genes




ZUSAMM ENFAS3UNG

Cystische Fibrose (CF) wird durch Mutationen im "Cystic Fibrosis Transmembrane Conductance
Regulator" (CFTR) Gen ausgeldst und ist die haufigste autosomal rezessv vererbte Erkrankung in der
kaukasi schen Bevdlkerung. CF wird als monogene Erkrankung angesehen, obwohl der Schweregrad der CF
durch eine hohe Variabilit & gekennzeichnet ist. Diese Dissertation beschreibt Ergebnise zweier Studien,
deren Zid es ist, den relativen Einfluld des CFTR Mutationsgenotypes neben welteren vererbten Faktoren
auf den Verlauf der Erkrankung zu erfasen.

19 Patienten der CF Klinik in Hannover wurden im Rahmen der Studie "Seltene Genotypen und atypische
CF" mithilfe der Mesaung der intestinalen Leitfahigkeit (ICM), der Nasal potential diff erenzmesaing (NPD)
und dem Pilocarpin-lontophorese Schweil3test hinsichtlich ihres Basisdefektes untersucht, der sich as
Stérung der CFTR vermittelten Chloridleitfahigkeit manifestiert. Mutationsanalyse des CFTR Gens wurde
mithil fe der Analyse von Einze strangkonformationspolymorphismen, Direktsequenzierung und Southern-
Blot Verfahren durchgefiihrt. Die Deletionen CFTRDelEx2 und CFTRDe Ex2,3 wurden auf genomischer
Ebene nachgewiesen. Verschiedene Restleitféhigkeiten, die aufgrund ihrer Sensitivitét gegeniiber DIDS und
CcAMP unterschieden werden konnten, wurden mit ICM im Rahmen der Studie "Seltene Genotypen und
atypische CF" beobachtet. Pankreasauffizienz war dabel mit CFTR vermittelter Restleitféhigkeit asziiert.
Durch die Analyse des Basisdefektes wurde die Diagnose der CF bei drei Patienten bestétigt, fur die eine
Anwesenheit von krankheitsauddsenden Léasionen auf beiden CFTR Allden nach ausfuhrlicher
Mutationsanalyse unwahrscheinlich schien. Fir zwei dieser Patienten wurde der genetische Befund durch
klinische oder genetische Analyse der Famili e unterstiitzt.

Im Rahmen der "Europdschen CF 2Zwillingsund Geschwisterstudie® wurde fir mehr als 300
Patientenpaae der Schweregrad der Erkankung und die Intrapaardiskordanz quantitativ durch einen aus
dem Erndhrungsdatus (wfh%) und dem pulmonalen Status (FEVPerc) zusammengesetzten Parameter
beschrieben. Monozygote Zwilli nge waren signifikant konkordanter in wfh% und FEVPerc as dizygote
Patientenpaae, so dal? der Einflufd des genetischen Hintergrundes auf den Schweregrad der Erkrankung
nachgewiesen werden konnte. Aufgrund eines extremen Klinischen Phanotyps wurden 38 Patientenpaae,
die fir das haufigte CF verursachende Alled AF508 homozygot waren, zur Analyse von
Kandidatengenorten ausgewahlt. Die Typisierung polymorpher Marker wurde mithil fe von Multiwell-PCR
Reaktionen und kontinuierlicher "Dired Blotting" Elektrophorese optimiert. Ein Allel des Marker Locus
D12S889 war mit einem milden klinischen Verlauf signifikant aswoziiert. SCNN1A, das Gen welches fir
die a-Untereinheit des Amilorid-sensitiven Natriumkanals codiert, liegt in der Nahe von D12S889 und
kénnte daher als Modulator der Erkrankung CF eine Rolle spielen. Eine Anayse von Markern innerhalb
der CFTR Kopplungsgruppe ergab Hinwelse auf die Existenz benachbarter Gene, die den Verlauf der CF
bedanflussen und daher auch fir den Heterozygotenvorteil von CF Gentrégern verantwortlich sein kénnen.
Eine Asoziation von Allelen der Loci MetH und D7S495 mit einem milden Krankheitsbild konnte fur
wfh% beschrieben werden. Kandidatengene dieser Region mit einer mdglichen Funktion bei der
Modulation des Erndhrungsgatus sind MET, PEG1 und LEP. Mit dem Phénotyp "diskordant" konnte eine
Aswrziation eines J3.11 Allds in FEVPerc gezeigt werden. Dieser Effekt stellt einen Hinweis auf den
Einfluld eines in trans kodierten Gens dar und wurde auf einen regulatorischen Faktor zurtickgefthrt, der
durch ein an J3.11 gekoppeltes Element die Expresson des CFTR Gens beanfluf. Eine Asziation von
Allelen der Loci D7S514 und D7S495 mit dem Phéanotyp "diskordant” wurde in wfh% beobachtet. Da der
Serumspiegel von Leptin — einem durch das zwischen D7S514 und D73495 liegende Gen LEP kodierten
Peptid — mit dem Marker D2S1788in genetischer Kopplung steht, wurde D2S1788bei den ausgewahiten
Patientenpaaen typisiert. Ein signifikanter Zusammenhang zwischen der Zahl gemeinsamer D2S1788
Allele und der Konkordanz in wfh% wurde beobachtet. Zusammenfasend &3t sich aus den Ergebnisen
der Typisierung von AF508 homozygoten Zwilli ngen und Geschwistern ein modulierender Einfluf3 des
ENaC sowie mehrerer Gene aus der CFTR Kopplungsgruppe auf den Schweregrad der Erkrankung ableiten.

SCHLAGWORTER: Genotyp-Phandyp-Beziehungen
Asoziationsdudie
Moduierende Gene
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INTIRODUCTICN

1 INTRODUCTION

Cystic fibross (CF) is the most common autosomal recessve disease within the Caucasian
population, exhibiting an incidence of 1 in 2500 births (Welsh et al. 1995 Davies et al. 1996. The
symptoms of the disorder are caused by an impaired function of exocrine glands in many organs,
predominantly within the gastrointestinal and respiratory trads. Major manifestations of the disease
are a consequence of chronic obstruction: bronchitis and bronchiedasis (obstruction of the airways)
combined with chronic infedion, pancreaic insufficiency (obstruction of the pancreaic duct),
meaonium ileus (obstruction of the intestine), biliary cirrhosis (obstruction of the biliary duct) and
reduced fertility or infertility in both genders (obstruction within the reproductive organs) (Welsh et
al. 1995 Davieset al. 1996.

The diversity of symptoms associated with CF and the variety of disease conditions which
exhibit comparable feaures provide a challenge to diagnosis, espedally when mild symptoms are
presented by the patient. Since the 19505, an elevated concentration of Cl~ in the swed is used to
discriminate CF from other disease conditions (Di Sant'Agnese et al. 1953 Gibson and Cooke
1958. The measurement of the ionic composition of swea gland seaetion is diredly linked to the
basic defed in cystic fibrosis, which was reaognised as impaired CI~ permeadility in swea glands
(Schulz 1969. Other diagnostic methods relying on the basic defea have been developed and
employed clinicdly for respiratory tissue (potential difference measurements on the epithelium of the
lower nasal turbinate, NPD; Knowles et al. 1981 and intestina tissue (short circuit current
measurement of redal biopsies, ICM; Veezeet al. 1991).

1.1 Terminology of human genetics. an application to cystic
fibrosis

The fiddd of human genetics examines the relationship between inherited fadors (comprising the

genotype) and the charactrs or trats of anindvidud (defining the phenotype; Johannsen 1909). Inthe

case of cystic fibrosis, the gene which causes the disease when both chromosomal copies are

impaired has been identified in 1989 and termed the Cystic Fibrosis Transmembrane conductance
Regulator (CFTR) gere (Rommenset al. 1989.

1.1.1 Chromosomes and genes

The human genome is organised on pairs of homologous chromosomes, ead of them harbouring
numerous genes. In the Guidelines for Human Gene Nomenclature (1997), a gene is defined as "a
DNA segment that contributes to phenotype/function”. The locdisation of a given gene can be
expressd in cytogenetic terms which are based on a band pattern generated by staining of the
chromosomal material that is spedfic for ead of the different chromosomes. For instance the CFTR
geneislocdised at 7931, an abbreviation for the gene's position at band 31 on chromosome 7 with g
referring to the longer of both chromosomal armsthat are separated by the chromosome's centromer.

—1—
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1.1.2 Theunidiredional flow of genetic information

The carier of genetic information is desoxyribunucleic add (DNA), a maaomoleaule consisting of a
linea sequence of nucleotides. The information content of the genome is encoded by the sequence of
the four different nucleotides A, G, C and T (an abbreviation of the monomer's bases adenine,
guanine, cytosine and thymidine) of the DNA moleaule. Spedfic base pairingof Ato Tand Gto Cis
not only a key element for the maintenance of genetic information through replicaion of the DNA
moleaule, but also for the expresson of the genetic information in the form of a linea sequence of
amino addsthrough transcription and trandation.

Transcription generates mMRNA  (messenger ribonucleic add), formed by aligning
complementary bases to the DNA strand, thereby ensuring that the nucleotide sequence between
DNA and mRNA contains the same information. During trandation of the nucleotide sequenceto an
amino add sequence, the successve bases of the MRNA are interpreted acording to the rules of the
genetic code: a sequence of three contiguous bases, the codon, is trandated to one out of a set of 20
amino adds. Eadh of the amino aads is linked to a spedfic tRNA (transfer ribonucleic add)
moleaule and spedfic base pairing between the three nucleotides of the mRNA codon and three
nucleotides of the tRNA anticodon again ensures that the genesinformationis preservedin the gerne-
product.

The CFTR gene sequence (Riordan et al. 1989 encompasses 240 000 bases (240 kb)
containing 27 sedions of coding sequences in sizes ranging from 38 to 724 bases (so-cdled exons)
separated by much larger stretches of non-coding sequences (so-cdled introns). Both, exons and
introns, are transcribed into primary mRNA. However, while the nucleotide sequence of the CFTR
exons determines the amino add sequence of the CFTR protein, introns are not trandated but
contain signals that are vital to the expresson of the CFTR gene, such as the splice site consensus
sequences at theexon/intron baundaries. In the splicing process introns areexcised from the primary
MRNA and exons are joined to form mRNA that consists of an uninterrupted coding sequence
Trandation of the transcribed exon sequences results in the chain of 1480amino adds of the CFTR
protein.

1.1.3 Nomenclature of DNA sequencealterations

The sequence of the four different nucleotides A, G, C and T of the DNA moleaule defines the
genetic information. Differences between two DNA sequences — so-cdled loci (Morgan et al. 1915
— can be described as either a deletion, an insertion or an exchange of nucleotides. A change of the
DNA gives rise to aternative sequences at a locus which are cdled alleles (Bateson & Sounders
1902 Johannsen 1909. Rules for naming different alleles were published by a Nomenclature
Working Group in Human Mutation 11: 1-3 (199§.
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By comparing the CFTR gene sequences of CF patients and non-CF controls, numerous DNA
sequence variations have been described (available at: http://www.genet.sickkids.on.calcftr/). They
were classfied as neutral paymorphisms if no influence on the CFTR protein was expeded as a
consequence of the DNA sequence alteration or as mutations whenever an impairment of CFTR
function seaned likely.

Even though the terms "sequence alteration”, "sequence variation" and "mutation” are all valid
to designate a change in the nucleic add sequence, most human geneticists am at a distinction
between sequence dterations that cause a change in phenotype — i.e. qualify as a cystic fibrosis
causing lesion of the CFTR gene — and sequence alterations which do not influence the phenotype.
Most frequently, this is based on comparisons of the amino add sequences that will result from the
two dleles. In other cases, the dedsion of whether a sequence dteration is cdled a neutral
polymorphism instead of a mutation is based on the observation that both aleles occur on CF-
chromosomes as well as on non-CF chromosomes. Analogously, sequence aterations have been
clasgfied as mutations if they were observed on a CF-chromosome, but not on non-CF
chromosomes.

1.1.3.1 Sequencealterations of the CFTR gene

The DNA sequence alterations are named acording to their position with resped to the CFTR
coding sequence nucleotide residues from the CFTR coding sequence and amino aadds from the
CFTR protein are enumerated conseautively. A change of a nucleotide of the coding sequence is
then described as, for instance, 2694 T/G (Zielenski et al. 1991 to denote that the residue 2694 of
the CFTR coding sequence was found to be T or G. Since the genetic code is redundant, not all
nucleotide exchanges leal to a change of the amino add sequence of the CFTR protein. In the case
of the neutral paymorphism 2694 T/G, the resulting CFTR protein is not altered by the exchange:
both resulting codons — ACT of the alele 2694T as well as ACG of the alele 2694G — encode for
the same amino aad threonine (T) at postion 854 within theamino acid chan of the CFTR protein.

Other nucleotide alterations within the CFTR coding sequence result in an amino add
exchange, such as the mutation E9Q2K (Nunes et al. 1993 which refersto an exchange at position 92
of the amino add sequence of glutamic add (E) to lysine (K). E92K is the consequence of the
nucleotide exchange from G to A at position 406 of the DNA coding sequence. Hence, the codon 92
is changed from GAA, trandated to glutamic add from alele 406G, to AAA trandated to lysine
from alele 406A. All sequence alterations that lead to an amino add exchange are termed misense
mutations. If a nucleotide exchange leads to an exchange of an amino add to a termination signal for
the trandation madinery (so-cdled stop codon), the mutation is cdled a nonsense mutation. An
example is the CFTR mutation G542X (Kerem et al. 1990 where a nucleotide exchange leals to a
stop codon (X) instead of the amino add glycine (G).
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The deletion of nucleotides from the CFTR gene sequence are described as frameshift mutations or
out-of-frame deletions when the reading frame of the CFTR coding sequence is disrupted due to a
deletion of one or two nucleotides from a codon due to alossof 3n+1 or 3n+2 (ne N
nucleotides, respedively. The most frequent CFTR mutation in central European populations is an
in-frame-deletion of three nucleotides resulting in a CFTR protein that laks the residue
phenylalanine (F) at position 508within the amino aad sequenceand isabbeviated AF508

Unless the full length genomic sequence is known, the nucleotides of the introns are not
enumerated . Consequently, nucleotide exchanges within the non-coding sequences are described in
relation to the nearest nucleotide of the coding sequence, e.g. the nucleotide exchange 1898+3A= G
(Ferrari et al. p.c.) which implies that the A following as athird nucleotide in wild type CFTR on the
nucleotide 1898 the last residue of exon 12 of the CFTR gene — was found to be exchanged to a G
in the patient's CFTR gene. Nucleotide exchanges nea the exon-intron junctions of the CFTR gene
may affed the splicing processby destroying the splice site consensus sequence and thus are cdled
splicing mutations. The first two nucleotides and the last two nucleotides of ead intron are highly
conserved and nucleotide exchanges at these positions within the CFTR gene are considered to be a
disease-causing lesion. However, even at a postion +5 the splicing medianism can be affeded, as
has been shown for the mutation 2789%5G= A (Highsmith et al. 1997). Nucleotide exchanges at less
conserved positions than +1, +2 or -1, — 2 are generaly assumed to be associated with the
generation of wild-type mRNA and alternatively spliced transcript. In contrast to the ateration of a
present splice site as in the case of 2789+5G= A, the splicing mutation 3849+10kbC= T generates a
novel splice site consensus sequence in intron 19 of the CFTR gene. Processng of the atered
transcript was shown to yield a truncated CFTR protein as the newly inserted exon beas a stop
codon (Highsmith et al. 1994).

1.1.3.2 Dimorphic and polymor phic mark ers

For pradicd reasons, loci at which nucleotide sequence alterations occur that can easly be
monitored by standard procedures are cdled a"marker". Two types of markers are discriminated by
the number of aleles observed: single nucleotide polymorphisms (SNP) refer to an exchange of
single nucleotides. SNP loci are charaderised by the occurrence of two alleles within the population
and thus are termed dimorphic markers. Insertions and deletions of more than one nucleotide are
observed at loci where short DNA sequence motifs are repeded and consequently, the number of
repeds varies between individuals. Most of these short tandem repea polymorphisms — so-cdled
microsatellites — are charaderised by the occurrence of more than two alleles within the population
and thus are termed poymorphic markers.

Most commonly used names of genetic markers contain little information with resped to the
nucleotide exchange involved. For instance, the intron polymorphism 4006-200A/G within the CFTR
intron 20 is known among reseachers within the CF field as TUB20. Other dimorphic markers
frequently used in CF reseacch are MetH, XV -2c, KM.19 and J3.11 which were named arbitrarily by
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the reseachers and therefore, these abbreviations are non-conclusive for most other scientists.
Restriction enzymes that cleave DNA spedficdly nea short sequence motifs such as TCGA
(reaognised by Taql), CTGCAG (reaognised by Pstl) or CCGG (recognised by Mspl or Hpall) are
employed in the detedion of these SNPs as the nucleotide exchange of the SNP dters a recognition
sequence for arestriction enzyme. The dleles are differentiated by the observations "sequence is not
cleaved" (defined as dlele 1) or "sequence is cleared" (defined as alele 2). SNPs that can be
deteded with restriction enzymes are termed "restriction fragment length polymorphisms' (RFLPs).
The sequence that differs between the alleles 1 and 2 at a dimorphic marker locus can be inferred if
the restriction enzyme used for detedion of the dimorphic marker is named, e.g. MetH/Mspl, XV -
2c/Tagl, KM.19/Pstl and J3.11/Hpall.

The genome database, a reference for information on the human genome accessble at
http://www.gdb.org, applies an unequivocd nomenclature for DNA loci: the letter D abbreviates the
source (DNA), followed by a number to denote the chromosomal assgnment and a symbol to
indicae the complexity of the DNA segment, whereby S denotes a single copy segment. Finaly, a
sequential number is assgned "to give uniquenessto the above charaders' (Guidelines for Human
Gene Nomenclature 1997). For example, threerepea polymorphisms investigated within this thesis
are D73495 D7S514 and D7S525 While the locdisation of these markers on chromosome 7 can be
inferred based on their name in the D-nomenclature system, neither their subchromosomal
locdisation nor the nucleotide sequence aterations that confer polymorphic charader to these
sequences can be percaved. These threerepea polymorphisms are locaed nea the CFTR gene in
the order 7cen — D7S525 — CFTR — D7S514 — D75495 — 7qtel, whereby D7S525 D7S514 and
D73495 have been assgned to the cytogenetic bands 79227931 79317932 and 79327033
respedively (Bouffard et al. 1997).

1.1.4 Geneticlinkage

While alterations of the DNA sequence that are classfied as a mutation infer a change of the gene
product's functionality, neutral polymorphisms do not influence a gene product by definition.
Nevertheless the study of polymorphic sequences has several applicaions in human genetics as it
provides information on the genomic region defined by the locaion of the polymorphism on the
physicd map.

Both sets of homologous chromosomes are passd from cdl to cdl at ead mitosis (divison of
somatic cdls). A reduction to one set of homologous chromosomes takes placeduring the meiosis
which forms the gametes. Prior to the separation of two chromosomes of a homologous pair during
meiosis, sedions of chromosomes are exchanged between the two homologous chromosomes in a
processcdled "crossng over" (Morgan & Cattrell 1912 which leadsto recombination (Bridges &
Morgan 1923. Due to the recombination events, the genome of gametes that is passed to the next
generation contains combinations of chromosomal sedions which do not exist in the parents somatic
cdls.
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The analysis of recombination events within families fadlitates the construction of a genetic map
(Hadane 1919. Most polymorphisms were identified without knowledge about their chromosomal,
much less subchromosomal locdisation. Recombination events between two loci were monitored by
analysing the inheritance of alleles of genetic markers at these two loci within a family. If the aleles
at both loci were not transmitted in paralel to the next generation, recombination has occurred.
Generally, recombination is expeded to occur more frequently between loci that are locaed in a
larger physicd distance Thus, the observation of recombination events between two loci in many
families can be taken as an indication of alarger physicd distance between them.

The term "genetic linkage" refers to loci which are not separated by a recombination event.
Alleles at two loci that are inherited in paralel are cdled "associated”. If two alleles are associated
more frequently than expeded due to the alele frequencies, they define a chromosomal region that is
in "linkage disequilibrium" (Kimura 1956. The combination of aleles at two or more linked loci is
cdled "hagotype" (Cepellini et al. 1967).

1.1.4.1 Mapping of the CFTR gene: linkageand association

Cystic fibrosis is often regarded as a model example among human geneticists of what is cdled
"reverse genetics'. The CFTR gene, causng CF when present in a defedive state on both
chromosomal copies, was identified by studying the transmisson of chromosomal regions within
large family pedigrees wherein one or more of the members were affeded by the disease. Monitoring
of the inheritance of chromosomal segments within these families was carried out by the analysis of
dimorphic markers.

Due to the fad that alleles at certain dimorphic loci such as MetH and J3.11 were transmitted
paralel to the disease in these families (Beaudet et al. 1986, reseachers were able to conclude that
the disease-causing gere waslocdised nea these markers: theinheritance of allelesata marker locus
in paralel with the disease implies that no recombination has occurred between marker locus and
disease locus. Consequently, marker loci MetH and J3.11 and the CF disease locus were assumed to
be located nea ead other on the physicd map, as the probabili ty of observing a recombination event
between two loci increases with the physicd distance between them. The identified chromosomal
region was further analysed by physicd cloning and examination of the DNA sequences for candidate
genes (Rommens et al. 1989. The identificaion of the CFTR gene among the candidates was due to
its predicted biochemicd properties based on the deduced amino aad sequence (Riordan et al 1989.
Analysis of the CFTR coding sequence in CF families provided another argument for the role of the
CFTR gene in CF disease: the threebase pair deletion AF508 was found to be associated exclusively
with CF disease anong CF families (Keremet al. 198%).
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1.1.4.2 An extragenic haplotype common to most CF chromosomes

In contrast to the stuation 15 to 20 yeas ago, the physicd map of the CFTR gere regionis now known
in detail. At four loci nea CFTR, the dimorphic markers MetH, XV -2c, KM.19 and J3.11 have been
studied within many popuations (Estivill et al. 1987 Schmidtke et al. 1987. At these three markers,
located on the genetic map in the sequence 7cen—-MetH-XV-2c-KM.19-CFTR-J3.11, an
asciation with CF of one out of the two possble alleles 1 or 2 has been observed. For instance, at
MetH 54% of normal chromosomes, but 70% of CF chromosomes, caried the alele 1. At J3.11,
43% of normal chromosomes but 60% of CF chromosomes caried the alele 1. The allelic
asciation is even more pronounced at the loci XV -2c and KM.19 which are closer to CFTR on the
physicd map: 89% of CF chromosomes, but only 45% of normal chromosomes, caried the allele 1
at XV-2c and 88% of CF chromosomes, but only 27% of normal chromosomes, caried the alele 1
a KM.19. The resulting MetH — XV-2¢c — KM.19 — J3.11 haplotype 1-1-2-1 is frequent on CF-
chromosomes but rather rare on non-CF chromosomes. The allele sequence 1-1-2-1 at these loci is
known as the "CF haplotype". Thus, CF chromosomes beaing the same haplotype can be considered
to share a common chromosomal badkground.

1.2 The CFTR protein and the basic defed in CF

The CFTR gene codes for a protein of 1480 amino adds (Riordan et al. 1989 which was, due to
sequence similarities and structure predictions, recognised as a member of the ATP binding casstte
(ABC) transporter protein family. Like other ABC transporters, CFTR is composed of two cytosolic
nucleotide binding domains and two membrane spanning domains containing 6 transmembrane
helices. Unique to CFTR is the regulatory domain (R-domain). In addition to being able to transport
a substrate aaoss a membrane, ABC transporters are known to impose regulation on other
membrane channels (reviewed by Higgins 1995. With resped to the modulation of the adivity of
other ion channels by CFTR, articles on interacion with the outwardly reaifying Cl~ channel ORCC
(Egan et al. 1992 Gabriel et al. 1993, theamiloride-sensitiveepithdial Na* channel ENaC (Ismailov
et al. 1996 Stutts et al. 1997 and the K* channel have been published (Loussouarn et al. 1996
McNicholas et al. 1997).

The CFTR protein was identified as a CAMP regulated Cl~ channel expressed in the apicd
membrane of epithelial cdls (Denning et al. 19923). The seaetory properties transmitted by CFTR
are regulated by the B, adrenergic pathway in exocrine tissues. The moleaular pathology, conneding
the basic defed to the symptoms of the disease, is described comprehensively for the swea gland
(Quinton 1990: the impermeabili ty of the apicd membrane of swea duct cdls resultsin a deaeased
reabsorption of CI~ and, paralel to this, a deaeased reabsorption of the counterion Na*. Reduction
of NaCl absorption thus leals to elevated NaCl concentrationsin sampled swed.
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The most frequent disease-causing lesion within the CFTR gene is the in-frame deletion AF508
(European Working Group on Cystic Fibrosis Genetics 1990. The moleaular phenotype of
AF508 CFTR protein was as®ssd in heterologous expresson systems (Chenget al. 1990 and
in AF508 transgenic mice (French et al. 1996 as a maturation defed. The absence of apicd CFTR
was aso demonstrated for patient tissue in swea glands (Kartner et al. 1992), but in nasal polyps no
difference between AF508 homozygous patients and non-CF controls was observed (Duput et al.
1995. Furthermore, missng or misocdised CFTR was deteded in non-CF lung biopsies (Breall on
et al. 1997 and remodelled non-CF nasal epithelium (Brezllon et al. 1995, depending on the
dedifferentiation status of the tisauie. The channel properties of AF508 CFTR were distinguishable
from wild type chanmsby a decreagd gpen probability (Hawset al. 1996.

For organs other than the swea gland, the link between the basic defed and the disease
symptoms is still not fully resolved. Basicdly, epithelia cdls expressng defedive CFTR have been
charaderised by failure to respond to stimulation of seaetion. The interdependence of ion and water
transport is thought to result in an atered composition of the fluid seaeted by the epithelia of the
gastrointestinal, respiratory and reproductive trads, which in turn leals to obstruction of the
excretory ducts of these organs. However, the vulnerability of CF lungs to opportunistic pathogens,
determining the life span of CF patients, cannot be explained solely on the basis of altered fluid
viscosity. Hypotheses aming at an explanation of the impaired protedion of CF airways were
focussd on the unspedfic host defence it has been suggested that a higher NaCl concentration in
the airway fluid, a condition presumed to exist in CF, impairs the antibaderia effed mediated by
epithelial beta-defensin-1 (Bensch et al. 1995 Goldmann et al. 1997).

Compared to the efforts spent on analysing the Cl— transport properties of the protein, few
reseach groups focussed on functions of CFTR other than involvement in ion transport. CFTR was
reported to play a role in regulation of plasma membrane recycling (Bradbury et al. 1992, water
transport (Hasagawa et al. 1992, efflux of neutra amino adds (Rotoli et al. 1994, membrane
endocytosis (Spilmont et al. 1996, transport of glutathione adducts of pro-inflammetory agents
(Lallemand et al. 1997, HCO3~ conductance (lllek et al. 1997), apoptosis (Maiuri et al. 1997 and

glutathione transport (Lindsdell et al. 1998.

In summary, the extent to which the disease symptoms can be derived from the basic defed
refleds the complexity of the tissue and the complexity of ClI~ conductances displayed by the
individual cdl: for the absorptive duct of the swea gland, expressng exclusively the CFTR
transmitted Cl— conductance, the observed deviations between CF and non-CF individuals can be
explained solely on the basis of defedive CFTR mediated Cl— conductance For organs like the lung,
displaying several cdl types and expressng Cl— conducting properties other than those mediated by
CFTR, the link between the pathophysiology of CF disease and the basic defed is not fully
understood.
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1.3 Therole of the CFTR genein disease

While the mode of inheritance for CF was in 1910first assumed to be autosomal recessve based on
the analysis of a consanguineous family (Garrod et al. 1912, this mode of inheritance becane a
generaly acceted fad in the 195G (Lowe 1949 Carter 1952. The disease is considered to be
monogenic due to alad of evidencefor the involvement of multiple loci (Scambler et al. 1985 Tsui
et al. 1985 Lander and Botstein 1986).

While no evidence for genetic heterogeneity was established, the impaa of the allelic heterogeneity
at the CFTR locus has been shown to contribute to the phenotypic variation as demonstrated by an
asvciation of CFTR spanning haplotypes with the pancredic status (Kerem et al. 198%) and swea
sodium values (Witt et al. 1991). Even before detailed analysis of the CFTR gene alowed the
identification of more than 700 sequence variants (The Cystic Fibrosis Genetic Analysis Consortium
1998, the variahility of the CF phenotype was attributed to allelic heterogeneity based on haplotype
analysis at the CFTR locus (Kerem et al. 198%, Gasparini et al. 1990. Based on the patient's
pancredic status, mutations are termed "mild" (e.g. A455E, R347P) or "severe" (e.g. AF508) with
pancredic sufficiency resulting as a consequence of at least one "mild" CFTR mutation. However,
even for a group of patients homozygous for the most common CF mutation AF508, phenotypic
diversity has been noticed (Johansen et al. 1991, Lester et al. 1994).

The in-frame deletion AF508 acounts for 60-80% of CF chromosomes within European
populations (European Working Group on Cystic Fibrosis Genetics 1990. The comparatively high
frequency of the AF508 alele has been attributed to genetic drift or to an advantage of the
heterozygous state. A complex effed on the family size of CFTR mutation cariers was shown
(deVries et al. 1997 and a reproductive advantage of AF508 heterozygotes was demonstrated (Dahl
et al. 1998). The benefit of the carrier state was ascribed to a longevity advantage due to resistance
to viral and baderia pathogens (Stuart and Burton 1974 Shier 1979 Meindl 1987 Hollander 1982
Cassano 1985 Rodman and Zamundio 1991, Gabriel et al. 1994 Fier et al. 1998.

Apart from disease-causing lesions, sequence variants are known within the CFTR gene. These
polymorphisms are termed neutral due to their occurrence in the non-CF population, but it has been
shown that polymorphic variants such as 1VS8-6(T) and the missense variant M470V dter the
splicing of CFTR mRNA, the processng of CFTR protein and the eledrophysiologicd properties of
the CFTR channel (Strong et al. 1993 Cuppenset al. 1998.

The role of CFTR in diseases other than CF is evident for congenital bilateral absence of the
vas deferens (CBAVD) as demonstrated by an increased frequency of CFTR mutant alleles among
CBAVD patients (Dumur et al. 199, Chillon et al. 1995. Similarly, it has also been suggested that
CFTR may play a role in dlergy (Warner 1976, chronic bronchial hyperseaetion (Dumur et al.
199(), alergic bronchiopulmonary aspergillosis (Miller et al. 1996, disseminated bronchiedasis
(Pignatti et al. 1996, sinopulmonary disease of ill -defined etiology (Friedman et al. 1997), asthma
(Dahl et al. 1998) and chronic parcreditis (Share et al. 1998.
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1.4 Analysis of complex inherited traits

Since the work of Mendel in 1865 reporting that charaders are transmitted from generation to
generation due to independently assorted entities cdled genes, the genetic basis of phenotypic
diversity has been studied. It was redised that groups of genes are ordered linealy aong
chromosomes and recombination events were taken as a measurement of the distance between genes
(Sturtevant 1913. The discovery of the moleaular basis of inheritance subsequently enabled the
direa investigation of chromosoma sequences, and the analysis of the inheritance of DNA
polymorphisms fadlitated the construction of genetic maps (Haldane 1919. Distance units on
genetic maps are based on observed recombination frequencies, assuiming that the recombination
frequency between two loci will increase with distance However, as recombination bre&kpoints are
not distributed equally throughout the genome, the relationship is not linea (e.g. aceunted for by
Kosambi 1944 and consequently, genetic distances and physicd distances between two loci are
different.

The genetic diversity is complex on the level of the isolated gene as well as within the 'gene
network' (reviewed by Tanksey 1993 Romeo and McKusick 1994 Frankel and Schork 1996.
Phenotypic variation based on isolated gene sequences occurs due to sequence variants (alelic
heterogeneity) which may expressvariability in their impad on the phenotype (penetrance) or mode
of transmisson (dominant or recessve). Considering several gene loci, they can either interad
synergisticdly (epistasis) or ad through independent pathways (genetic heterogeneity). Whether
interadion between genes will be reamgnised when studying a phenotypic trait depends on the
number of loci involved and on the impad of eat gene (figure 1): the inheritance is perceved as
monogenic when one locus acounts for nealy al variations of the phenotypic trait studied. If the
trait is modified by few additional loci, the role of the extragenetic bad<ground will be noticed in
phenotypic variation. When many loci have a smilar impad on the phenotype, the mode of
inheritanceis recognised as polygenic.

FIGURE 1: MONOGENIC AND POLYGENIC INHERITANCE

The number of loci involved andthe impact of each locus on the phenatype determines whether a trait is perceved as
monogenic, influenced by geretic baclground @ polygeric.
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ANALYSIS OF COMPLEX INHERITED TRATS

Strategies to determine the genetic basis of a trait have been applied successully to map more than
500 genesto their chromosomal regions (Lander and Kruglyak 1995. Methods involved pursue two
different concepts, namely linkage and association (reviewed by Lander and Schork 1994). Linkage
studies rely on the observation of the inheritance of aleles and the transmisson of a phenotypic
charader within a pedigree If an alele is transmitted in concordance with the phenotype, linkage
between the locus studied and the gene involved in determining the charader is assumed.
Assciation studies compare alele frequencies between a group expressng a trait and a control
group. Allelic imbalance e.g. an increased frequency for an alele in one group, is considered as an
indication of association between the locus studedand the gere responsblefor shaping the trait.

Linkage and asciation methods deted the genetic distance between a marker and the gene
transmitting the phenotype under investigation. However, when either the influence of the gene on
the charader studied is too small or the marker locus investigated is too far away from the gene of
interest, neither method will provide evidence for the gene's locaion. Both elements can be taken
into acount by the study design: when analysing a quantitative trait, the influence of minor genes is
expeded to be more pronounced at the extremes of the distribution (reviewed by Tankdey 1993
and, consequently, seledion of extreme phenotypes can increase the number of individuals who
either possessor lack the gene of interest (Risch and Zhang 1995. The seledion of the marker locus
also varies. genome-wide screans, employing markers typicdly spacel in 20 cM intervals, cover the
entire genome but might miss a gene of interest due to the space between the loci tested.
Alternatively, markers can be placed with higher density in gene-rich regions of the genome
(Antonorakis 1994 Inglehean 1997, thereby deaeasing the distance between the marker locus
studied and the gene of interest when it is located within gene-rich regions. Finally, candidate genes,
seleded due to a hypothesis on their involvement in shaping the phenotype, can be tested diredly
when a sequence variant of sufficient informativenessis either intragenic or close to the candidate
gene.

1.5 Study designs and objedives

Within this thesis, results from two reseach trials investigating genotype-phenotype relations in CF
are presented: the study "Rare genotypes and atypical CF" analyses patients with uncommon CFTR
aleles while the "European CF Twin and Sbling study”, caried out under the auspices of the
European Working Group on Cystic Fibrosis, is focussed on the most common CFTR alele AF508
Both trials were designed as collaborative studies between the CF ceters of Rotterdam, The
Netherlands and Hannover, Germany. Recauitment of patients for the European CF Twin and
Shbling study involved CF clinics in Austria, Belgium, France, Germany, Italy, the United Kingdom,
Spain, Sweden, Switzerland and The Netherlands. Investigation of patient pairs was conducted in
Hannover, Germany; Innsbruck, Austria; London, United Kingdom; Rotterdam, The Netherlands
and Verona, Italy.
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For both studies, the investigation of the clinicd phenotype — as evaluated in acordance with the
guidelines of the BIOMED genotype-phenotype workshop in 1994 by pumonary function,
charaderisation of nutritional status by weight and height, serum analysis and identification of
baderia pathogens in sputum cultures — was combined with an investigation of the basic defed in
the swea gland and in the mgor affeded organs, that is the respiratory and intestina trads.
Respiratory tissue was analysed by nasal potential difference measurement (NPD) and redal tissue
was analysed by intestina current measurements (ICM). Both ICM and NPD are sensitive to the
basic defed in CF by assessng the chloride conductance defed transmitted by non-functional CFTR
protein. Expertise with these eledrophysiologicd methods was provided by the CF research group in
Rotterdam, as was the equipment to measure NPD and ICM.

151 Rare genotypes and atypical CF:. genotype-phenotype
correlation on a case-to-case basis

The term "atypicd cystic fibrosis' refers to an uncommon manifestation of the disease CF. This can
appea as a genera mild course of the disease or as a tissle spedfic expresson — as described for
CBAVD —where helpful diagnostic methods such as swed test and mutation analysis do not provide
clea evidencefor CF. A patient, presenting mild disease symptoms and a close-to-normal swed test,
might not be considered as a CF patient if the analysis of the CFTR gene does not sustain the
diagnosis. On the other hand, if the same patient is shown to cary two rare CFTR aleles with
unknown impad on the CFTR protein, he might be considered to be a CF patient even if the chain of
evidence between the moleaular lesion within the CFTR gene and the disease symptoms presented is
far from being conclusive. Thus, a charaderisation of the phenotype inflicted by uncommon CFTR
mutations and a charaderisation of the CFTR gene in patients with atypicd CF was attempted by the
study "Rare genctypes and atypical CF" with the am of correlating CFTR genotype and CF
phenotype on acas-to-cas lesis.

CFTR mutation genotypes have been categorised in acordance with the anticipated effea of
the moleaular lesion (reviewed by Zielenski and Tsui 1995: no CFTR protein is expeded for most
nonsense mutations, partly impaired regulation or function has been suggested for some missense
mutations and reduced amounts of wild type CFTR protein can result from some splice ste
mutations. Within the study "Rare genotypes and atypical CF", patients carrying uncommon CFTR
aleles that cover the broad spedrum with resped to the probability of resdua CFTR adivity were
investigated. A total of 19 patients were examined: 7 patients were homozygous for a non-AF508
mutation, 7 patients caried at least one rare CFTR allele and five patients were suspeded of beaing
a least one functiona CFTR dlele in spite of CF symptoms. Three of the patients analysed bea
sequence variations which have not previousy been found within the CFTR gene: two novel
deletions are presented in chapter 3.1.1.1 and a nove intronic sequence variant is described in
chapter 3.1.1.2.



STUDY DESIENSAND CBJECTIVES

A widely accepted approadh to correlating genotype and phenotype in cystic fibrosis is based on
explaining the latter only on the basis of the former, i.e. on deriving the clinicd outcome only from
the impaired chloride conductance of CFTR expressng epithelia and on deriving a defed in ion
conductance solely on the basis of the underlying CFTR genotype. This concept can only be
successully applied to explain a patient's clinicd state when the CFTR genotype is assumed to be
predictive for the basic defea in al affeded tissues and, likewise, when the impaired chloride
conductanceis assumed to be predictive for the clinica outcome. Two chapters of the thesis address
this issue: chapter 3.1.3.1 examines whether the basic defed in three tisaies — namely the swea
gland, the nasal tissue and the redal tissue — correlates due to the CFTR defed transmitted to all
tissues or whether other, tissue spedfic ion channels diminish this correlation. Chapter 3.1.3.2
inspeds whether the results from the basic defed measurements can be explained entirely on the
basis of the CFTR genotype and whether the disease severity can be based entirely on the observed —
if any — residual chloride conductarncein investigated tissues.

152 European CF twin and sibling study: genotype-phenotype
correlation through patient pair cohorts

The variahility of CF disease severity can be attributed to the CFTR genotype, epigenetic fadors and
disease modulating genes. The "European Cystic Fibrosis Twin and Sbling Study" pursues a
classcd approac to addressthe impad of ead fador by investigating affeded patient pars. The
influence of epigenetic fadors can be estimated by analysng monozygous twin pairs. Being
geneticdly identicd, they can only vary in phenotype based on non-inherited fadors. Dizygous CF
patient pairs harbour the same CFTR mutation, share mostly the same environment but only part of
their genetic badkground. Thus, when comparing monozygous twins and dizygous pairs with resped
to their intrapair variation —i.e. the difference between two siblings or twins of a pair in a phenotypic
charader — the impaa of the differences in the genetic badkground can be assessd. Furthermore, in
central European populations, approximately 70% of CF aleles bea the same CFTR mutation,
AF508 (European Working Group on Cystic Fibrosis Genetics 1990. Consequently, 50% of all
patient pairs are homozygous for the same disease-causing lesion, a fad that fadlitates analysis of
the disease severity in a group with a homogeneous mutation genotype in the mgjor disease-causing
gene. CF is the only disease where a sufficient number of patient pairs that fulfil these criteria can be
reauited, due to the prevalence of one mutation genotype in a so-cdled monogenic disease that
follows an autosomal recessve trait.

For identifying a gene involved in shaping a complex trait, the extreme phenotypes —
presenting either an extremely mild or an extremely severe clinicd picture — are considered to be
most informative. Threegroups of pairs can be defined based on the phenotype of the individual (see
figure 2): discordant pairs, composed of two sibs with highly different phenotypes (DIS), concordant
pairs, consisting of two sibs with mild phenotypes (CON+), and concordant pairs, comprised of two
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sibs with severe phenotypes (CON-). When seleding CF twin and sibling pairs exhibiting extreme
phenotypes, the clinicd phenotype, the basic defed — being accessble by nasal potential difference
and intestinal current measurement — and seleded candidate gene loci composing part of the geretic
badkground were investigated. This thesis reports on the following results from the study: the
seledion of CF twin and sibling pairs for analysis of seleded candidate genes is described in chapter
2.2.1. Conclusions drawn from the clinicd epidemiologicd data are shown in chapter 3.2.1. Results
of the ICM experiments are discussed in chapter 3.2.2. In chapter 3.2.3, the modulation of CF
disease severity by the genetic badkground is examined.

FIGURE 2: CONCORDANT AND DISCORDANT PATIENT PAIRS
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The pathophysiology of CF provides numerous opportunities to make an "intelligent guess' about
the involvement of a gene product in the modulation of this disease. However, to test the hypotheses
with a genetic approad, the locdisation of the gene must be known in order to seled DNA markers
for an asociation study: in order to deted the influence of a functional polymorphism within a
candidate gene on the phenotype by analysis of a closely linked neutral polymorphism, marker locus
and candidate gene locus must be in linkage disequili brium.

Within this thesis, the amiloride sensitive, epithelia sodium channel ENaC was analysed for its
role as a candidate gene. This sodium channel is a likely candidate for a modulation of CF disease
severity due to two observations. on the moleaular level, an interadion of CFTR and the ENaC has
been demonstrated. Furthermore, a disease cdled pseudohypoadosteronism type | (PHA) is caused
by mutations within the ENaC coding sequences. Some PHA patients share charaderistic symptoms
with CF, e.g. an incressed NaCl concentration in swea. Results from the assciation study on
polymorphic markers nea the ENaC coding sequences are reported in chapter 3.2.3.4.

— 14—
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Besides candidate genes locaed anywhere in the genome, sequences nea the CFTR gene might play
arole in the modulation of CF disease severity due to their physicd locaion which resultsin a tight
linkage between the CF disease causing gene and flanking sequences, the so-cdled hitchhiking genes.
Hitchhiking genes have been the subjed of discusgons as to whether they might confer an advantage
to the chromosomal badkground shared by many mutant CFTR alleles, as indicaed by the common
CF haplotype. 3.2.3.5 shows the results of the association study with markers locdised nea CFTR.
As will be illustrated in detail within chapter 3.2.3.6, the results obtained from markers within the
CFTR linkage group have pointed to a modulation mediated by the proopiomelanocorticoin gene
POMC that is most likely involved in the regulation of the expresson of one CFTR hitchhiking gere.

An association study primarily deteds an alelic imbalance, i.e. in the case of the "European
CF twin and sibling study" an overrepresentation of one alele at given marker locus among pairs
ranked DIS, CON+ or CON-. The modulation of the disease phenotype that can be inferred from an
dlelic imbalance is diredly accessble through clinicd parameters that describe the disease severity.
Parameters that describe the pumonary and the nutritional status were available for the AF508
homozygous patients typed. In chapter 3.2.3.7, the attempt to dissed whether a candidate gene
region influences the CF nutritional or the pumonary state — or both —was made.

Finaly, chapter 3.2.3.8 introduces hypotheses that might explain the observed results on the
genomic level. While the hypothesis is straightforward for the interpretation of the results gained on
markers nea the ENaC coding sequences becaise a dired hypothesis faalitated the choice of the
ENaC as a candidate gene, more than one gene within the CFTR gene region serves as a likely
candidate for the modulation of the CF disease phenotype within acompex gene retwork.

1.5.3 Aim of thethess

Cystic fibrosis is known as the most severe inherited disease that follows an autosomal recessve
trait. The course of the disease varies between "mild" and "severely affeded”. However, CF is a
lethal disease and the disease symptoms as well as the considerable therapeutic efforts definitely
reduce the patient's quality of life. Several implications for CF therapy arise from the fad that CF is
considered as a monogenic disease: most basic reseach of the last decale was focussed on the
CFTR transmitted defed, e.g. by somatic gene therapy (reviewed by Boucher 1999 or through
pharmamlogicd approadies attempting to corred spedfic mRNA or protein defeds of CFTR
mutants (reviewed by Zeitlin 1999. While substantiated by in vitro data and aiming at a permanent
cure for CF, both approades have run into technicd complications that might well jeopardise their
pradicability in vivo. Besides CFTR direded interventions, therapeutic measures concentrate on
spedafic CF symptoms, e.g. antibiotic treament of patients infeded by Pseudomonas aeruginosa or
supdementation of pancreaic enzymes for pancreaic insufficient patients. While these therapeutic
regimes have considerably lengthened the patient's life span, the clinicd outcome is charaderised by
an interindividual variability of which the basis is poorly understood. Thus, it is of interest to the CF
community to identify the basis of disease variahility, thereby enabling the identificaion of fadors
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which (a) might be more amenable to therapeutic intervention or (b) have to be taken into acount
when applying current therapeutic measures. However, a clinically significant impad on the CF
disease phenotype has to be verified. This thesis has the intention of evaluating whether besides the
CFTR gere the geretic badkground influernces the swverity of CF diseagin a substantial manrer.

The thesis reports on results from two clinicd studies which have been introduced in detail within the
last chapters, viz the study "Rare genotypes and atypical cystic fibrosis' and the "European cystic
fibrosis twin and sibling study”. While the former is focussed on a case-to-case-approad, the latter
is based on the study of patient pair cohorts. However, both studies aim at a correlation of the CF
disease phenotype to the underlying CFTR genotype, the extragenetic badground and epigenetic
fadors — three elements which can be considered to acount for the variability of CF disease
severity that charaderises this multi-organ disorder. The data obtained within ead study are
discussed separately in chapter 3 of this thesis. The final sedion of this thess, chapter 4, entitled
"Synopsis’, is given over to a discusson that links the results from both studies. In an attempt to
summarise and draw conclusions from the two studies of this thesis as well as material published by
many authors in the field of CF reseach, four questions are addressd in chapters 4.1, 4.2, 4.3 and
4.4 concerning the relative impad of the relative impad of the CFTR genotype, the genetic
badkground and epigenetic fadors on the course of CF diseas.

CFTR genotype- the basis of CF disease phenotype?

For a disease that is considered to be monogenic, a straightforward genotype-phenotype correlation
is expeded. If only one locus — the CFTR gene — plays a dominant role for the disorder CF, it should
be possble to predict the course of the disease on the basis of the disease-causing lesion. As CF is
charaderised by alelic heterogeneity, it has been speaulated that most of the variation observed
among CF patients results from compound heterozygous genotypes. Moreover, the basic defed of
impaired chloride conductance in CFTR expressng epithelia was often considered as the sole basis
of phenotypic variation since the impairment of CFTR function can be estimated from the underlying
disease causing lesion. The investigation of CF patients who are homozygous for rare CFTR
genotypes presents the opportunity to address the issuie of whether different CFTR mutation
genotypes predispose to a presentation of spedfic trademarks in CF diagnosis and clinica prognosis
—i.e. the swea chloride concentration, the pancredic status or the severity of pumonary disease.
This approad is targeted by the study "Rare genotypes and atypical cystic fibrosis' through an
analysis of the dlinicd picture andthe basc defed in CF of non- AF508 homozygous patients.

CF disease variabhilit y- the basis of non-CFTR genetics?

If the variation of CF disease severity cannot be explained on the basis of the CFTR mutation
genotype, the remaining elements which can be held responsible are epigenetic fadors and the
genetic badground. Evidence for the relative impad of inherited vs non-inherited elements can only
be gained by comparing the intrapair variation of CF disease severity in monozygous twins to
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dizygous patient pairs. as monozygous twins are geneticdly identicd, al variation observed when
comparing two twins of a pair has to result from epigenetic fadors. The "European CF twin and
sibling study” isat present the only clinica study whereinformation an thenutritional and pulmonary
status of a sufficient number of patient pairs has been colleded to pursue thisissue.

Advantage of CF carriers- none, CFTR transmitted or hitchhiking genes?

The frequency of CF causing aleles in the general population has often been the subjed of debate as
to whether a seledive advantage is associated with the carier state. Alternatively, a random fixation
by genetic drift — a medianism which does not rely on a hypotheticd benefit of mutant CFTR alleles
— has been taken into acount. If the maintenance of the alele frequency of CFTR mutants is based
on a seledive advantage, two alternative interpretations are possble: it has been speaulated that
mutant CFTR protein itself is advantageous by providing protedion against viral and baderial
infedions. In contrast, genes at loci nea CFTR which are transmitted in parallel to the mutant CFTR
dlele — the hitchhiking genes — were considered to transmit a seledive advantage. The latter is
sustained by the observation of a chromosomal badkground common to many frequent CFTR
mutations that is indicated by the CF haplotype. If a seledive advantage is conveyed by sequences
adjacent to CFTR, their effed should be seen not only in cariers, but aso in the affeded patients
who harbour two CF alleles. In order to test the hypothesis as to whether CFTR flanking sequences
influence the CF disease phenotype and thus may be able to convey a heterozygote advantage, the
genomic region nea CFTR was investigated in an asociation study on AF508 homozygous patient
pairs reauited for the "European CF twin and sibling study”. As AF508 homozygous patient pairs
have to be considered as identicd with resped to the CFTR gene itself, any association of alleles at
flanking loci with the disease phenotype hasto be caused by hitchhiking genes.

CF- monogenic disease or complex trait?

The state of a monogenic disorder, by definition caused by one gene locus, is opposed by two
conditions, i.e. genetic heterogeneity and polygenic inheritance. While genetic heterogeneity infers
that the phenotype can be caused independently by two loci, polygenic inheritance indicates that
many different loci are smultaneoudly involved in shaping the trait. Neither of the studies this thesis
reports on, examines CF as a strictly monogenic disease. Within the study "Rare genotypes and
atypical cystic fibrosis' causes for CF other than two defedive CFTR aleles are targeted by
investigating patients displaying CF symptoms while ladking evidence for — or even providing
evidence against — the presence of two disease-causing lesions within the CFTR gene. Whether CF
behaves as a monogenic disease or has to be considered as substantially influenced by the genetic
badkground is challenged by clinicd data from the " European CF twin andsibling study".

— 17—



2  METHCODS

2 METHODS

Unless described differently, all chemicds were purchased as p.a. substances from one of the
following companies. Boehringer (Mannheim), Fluka (Neu-Ulm), Merck (Darmstadt), Roth
(Karlsruhe), Serva (Heidelberg), Sigma (Deisenhofen). Composition of common reagents and buffers
suppied by the manufadurer of enzymes are listed in chapter 8.3.

2.1 Analysis of genotype

Most methods used within this thesis to analyse a genomic sequence rely on polymerase chan
reacion (PCR) methods, either to screen for and to identify a sequence variation of the CFTR gene
(chapter 2.1.2.1) or to identify alleles at a marker locus for multiple samples (chapter 2.1.2.2). A
deletion involving exon 2 and exon 3 of the CFTR gene was verified by Southern blotting (chapter
2.1.3).

2.1.1 DNA isolation

2.1.1.1 Preparation of high moleaular weight DNA

High moleaular weight DNA was isolated as described by GrossBellard et al. (1973. 5-10 ml K-
EDTA blood, either fresh or thawed on ice after storage at —20°C, were incubated with 40 ml lysis
buffer (50mM Tris-HCI, 1095 g/l sacdarose, 1% w/v Triton X-100) for 30 on ice Nucle of
lymphocytes were separated from cdl fragments by centrifugation (15, 600 x g). Upon incomplete
lysis of erythrocytes, detedable by the dark red colour of the pellet, the lysis procedure was
repeaed. The pellet was treaed with 5 ml of 0.25 mg/ml proteinase K, 0.5% w/v SDS in STE for 8
to 14h a 56°C in a shaking water bath. Digested proteins and high moleaular weight DNA were
separated by phenol/chloroform extradion: 3 ml chloroform/isoamylacohol (29:1) and 3 ml phenol
were added to the digest. After cautious mixing for 15 and centrifugation (10, 600 x g) the organic
phase colleded at the bottom of the tube was carefully removed. This extradion step was repeaed
once, followed by an extradion with 6 ml chloroform to remove phenol remaining in the agueous
phase. DNA was predpitated on ice by adding 1/10 of the volume of the aqueous phase of 3M
sodium carbonate (pH 5.5) and 30-40 ml of 70% ethanol premoled to -20°C. High moleaular weight
DNA was transferred to an Eppendorf cup containing 1 ml 70% ethanol and centrifuged (3,
12000x% g). The supernatant was discaded and the pellet washed twice with 70% ethanol. After
dislving DNA in 300ul TE (4°C, 1 wee), a 1:25 dilution of the stock solution was prepared and
the DNA concentration determined by OD at 260 nm.
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2.1.1.2 Chelex 100

A fast method yielding enough DNA to perform 20 to 40 PCR readions was employed using
Chelex 100 (Walsh et al. 1991), a caion exchanger binding divalent metal ions which are known to
cause DNA degradation at higher temperatures in agqueous solution. 3-10 pl of K-EDTA blood were
shaken at room temperature for 30 min. After centrifugation at 13000x g the supernatant was
discarded and the pellet dislved in 200 pl of a 5% w/v Chelex 100 suspension. The mixture was
incubated at 56°C for 30, vortexed for 10, incubated for 8' in a boiling water bath, vortexed for 10
and again centrifuged at 13000x g. 5-10 pl of the supernatant were used as a template for PCR
reagions.

212 PCRmethods

The polymerase chain readion is used for amplification of DNA sequences. The spedficity of the
reacion is ascertained by the predse binding of the primer moleaules to their target sites adjacent to
the sequence of interest. All fadors that determine the assciation and dissociation of
complementary DNA strands — base composition, salt concentration, temperature — have an
influence on the acairacy of the repetitive anneding procedure and thus on the formation of PCR
product.

The base composition of the primer moleaules is largely dependent on the target sequence site.
However, the 3' end of a primer, being elongated during PCR readions if bound to a template, is
preferably composed of a sequence unique to the chosen site and rare throughout the genome
studied. Griffais et al (1991 have provided an algorithm to assgn primer locaions on given DNA
sequences which takes the frequency of octamers throughout the genome into acount, favouring
rare octamers on the primer's 3' end. Primer binding can be fadlitated by providing counterions for
the negatively charged DNA badbone and thereby reducing the repulsion of phosphate groups. The
salt concentration within PCR readions is modified by MgCl, which is aso a cofador for the Tag
polymerase. Besides the buffer composition, the stringency of PCR readions is controlled most
rigidly by the temperature conditions governing the anneding step of primer to template. This
includes the anneding temperature itself as well as the temperature gradient applied when cooling
from the denaturation step to the anreding temperature.

Apart from the thermodynamic conditions, the probability of a primer binding to its target site
as opposed to binding at any other site with sufficient sequence similarity will depend on the ratio of
unbound primer to DNA sequences available. This is influenced by the amount of DNA used as a
template and changes rapidly during PCR amplification becaise products that contain the primer
sequences are formed.
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The standard protocol usng 400ng of DNA and 25pmol of eat primer in a50ul readion mix
containing 2 mM MgCl, and 200 uM of eaty dATP, dGTP, dCTP and dTTP was varied for different
applications. Less MgCl, (1-1.5mM) and less dNTP's (50-10CuM) lower the product yield but
hinder the formation of unspedfic primed by-products, which is used for amplifying SSCP-products
(chapter 2.1.2.1.1) and for PCR amplification of probes for Sithern hybridisation (chapter2.1.3).

The commercially available Tag polymerases differ in fidelity; consequently not all Taqg
polymerases are suitable for all applicaions. To reducethe experimental costs, a polymerase without
proof reading adivity was used when the size of the PCR product was analysed, such as RFLP and
microsatellite analysis (chapter 2.1.2.2). All methods relying on amplifying the exad sequence, such
as sequencing readions (chapter 2.1.2.1.2), were performed with a Tag polymerase possessng an 5
to 3' polymerisation dependent exonuclesse adivity (Dap Goldstar, Eurogenteg. Details of the
reacion conditions used for amplification and primer sequerncescan kefoundin chepter .

2.1.2.1 Identification of sequencealterations

Sequence variants within a gene can be identified by dired sequencing of the complete coding
sequence. However, depending on the equipment available, it may be more cost-effedive and less
time-consuming to screen the complete sequence for dterations and subsequently perform
sequencing only for those fragments which have provided evidencefor a sequencevariant.

The screening tedhnique used within this thesis is the single strand conformation polymorphism
(SSCP) analysis (chapter 2.1.2.1.1). The fragment of interest, encompassng the respedive exon and
its flanking intron sequences, was PCR amplified and the DNA strands separated by hea
denaturation. Rapid cooling to —20°C allowed ead single strand to form secondary structures which
depend on the nucleotide sequence When the sequence is changed, e.g. by a point mutation, the
resulting secondary structure will differ from the wild type moleaule when the change has occurred
a a podstion responsible for the formation of a secondary structure. If both single strand
conformations — assumed by the wild type strand and the corresponding mutant strand — are
sufficiently different from ead other to be separated on a non-denaturing polyaaylamide gel, the
resulting band shift will signal the presence of a mutant allele in a sample, thus leading to sequencing
of the fragment (chapter 2.1.2.1.2).

The size of the fragment studied and the gel conditions have been shown to influence the
resolution of the SSCP. Fragments of 100-15C bp have been reported to show the best results when
looking for band shifts in SSCP gels, low temperature (4°C to 10°C) and glycerol in the
polyaaylamide matrix stabili se single strand conformations. The sengitivity can be increased by using
two different restriction digests per andysed PCR fragment to increase the probability that a
nucleotide change is positioned within a sequence responsible for the formation of secondary
structures. An overall detedion rate of 100% for 134 known CFTR mutations, screened under
optimised SSCP conditions, has bean shown (Ravnak-Gladk et al. 1994).
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2.1.2.1.1 Analysisof single strand conformation poymor phisms

400ng of DNA, 25pmol of ead primer and 1 U of Invitag polymerase (Invitek) were placeal in a
total readion volume of 50 ul readion buffer (Invitek) containing 0.08 MM dATP, dGTP, dCTP,
dTTP and 5-7 mM MgCl.. The mixture was subjeded to 20 cycles of PCR amplification beneah a
paraffin oil overlay of 30ul. While incubating the read¢ion mixture at the anneding temperature,

20 pl were transferred on 1 uCi a**PdATP (Amersham) and 0.5 pl of 2 mM dGTP, dCTP, dTTP and
amplified for additional 15 cycles beneah a paraffin oil overlay of 20 ul. The remaining 30 pl of the
unlabelled readion mixture were aso amplified for another 15 cycles and the products were
separated on a 2% agarose gel and stained with ethidium bromide to accessthe quality. The labelled
products were digested with restriction enzymes giving fragments of 150-200bp. To obtain single
strands, the restriction digest was mixed 1:1 with loading buffer (0.2% w/v of xylenecyanol and
bromphenolblue in formamid), heaed to 95°C for 5 min and diredly cooled in an aluminium block
premoled to —20°C. Separation of single strand conformations was carried out on a40 cm gel casted
with 0.2-0.4 mmwedge space's, the matrix containing 6% aaylamide / bisaaylamide 29:1 and 10%
glycerol in TBE. One glassplate was precated with slane A-174 (BDH Chemicds) while the other
was precoated with repel silane (dimethyldichlorsilane, Merck).

Eledrophoresis was performed at 10°C with 1900V for 7-9 h. After eledrophoresis, the glass
plates were separated and the gel, adherent to the silane A-174 coated plate, fixed by incubation in
10% acdic add for 1 h and subsequent drying for 2 h at 80°C. X-Omat AR (Kodak) films were
exposed to the surfaceof the dried ge from between 12h to 3 days.

2.1.2.1.2 Sequencing of PCR products

The fragment of interest was amplified in a 100ul PCR readion with 50 pmol of upstream and
50 pmol of downstream primer employing a polymerase with high fidelity (DapGoldstar polymerase,
Eurogentec). The quality of the PCR product was evaluated and the concentration of the product
was estimated by loading 10ul of the readion mixture on a 2% agarose gel, then cheding for by-
products and assessng the signal intensity after ethidium bromide staining. Unincorporated primers
were removed from the readion mixture by ultrafiltration (UltrafreeMC filter unit, Milli pore)
acwrding to the manufadurer's instructions. The filtrate was adjusted to 10-20 ul, depending on the
intensity of the ethidium bromide stained band of the unpurified PCR product. 5-10 ul of the purified
PCR product were amplified in an 100 pl readion with 50 pmol of one primer only, resulting in an
excess of linealy amplified single stranded PCR product of one template strand. 10l of the
asymmetric product were chedked for badkground smea or by-products by agarose ge
eledrophoresis and the remaining 90 pl were purified with Ultrafree MC filter units and the volume
of the filtrate was adjusted to 10-20 ul. Sequencing was performed manually with the Sequenase 2.0
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kit (United States Biochemicd). 5-10 pl of purified asymmetricd product and 5 pmol of the primer
that was not used for the asymmetric amplification were mixed in a total volume of 20 pl readion
buffer. Anneding was done in a PCR thermocycler programmed to 2 min 80°C and cooling to 40°C

within 30 min. Labelling with a**PdATP (Amersham) and termination were caried out acording to
the manufadurer's instructions.

The products were separated on a 4%-6% aaylamide/bisaaylamide 29:1 gel with 50g urea
(Gibco BRL, eledrophoresis grade) freshly dissolved to make a total volume of 25 ml of aaylamide
solution in TBE. Eledrophoresis was performed at 55°C with 1900v for 3-6h. The radioadive
labelled products were visudisedas described in chepter 2.1.2.1.1, page 33.

2.1.2.2 Genotyping of polymorphismsin PCR multiwell plates

96 well PCR plates (multiwell plates) make it possble to processmultiple DNA samples in parallel.
However, compared to the conventional set-up in single tubes with 50 ul readions beneah an oll
overlay, several modificaions becane necessary as the standard protocol for severa PCR reacgions
falled to give rise to a product (figure 3a): conditions that have been shown to amplify a single band
within 50 pl tube readions produced multiple by-products that are charaderistic for a PCR with an
unbalanced primer to template relationship and high MgCl, concentrations when used on multiwell
plates.

Evaporation during the readion time is prevented in single tube readions even without paraffin
oil overlay when used in a thermocycler with a heaed lid. For multiwell plates, the following
approacdh was used (figure 3b): the outer wells were filled with 50ul of distilled water. After the
remaining inner 60 wells were set up for the PCR reacion, the outer rim of the multiwell plate was
coated with 100Cul of molten 1% agarose by pipetting a continuous trail surrounding al wells and
pressng thelid on the till i quid agarose.

The stringency of the anneding process in single tube readions mostly regulated by the
anneding temperature, was adjusted by modification of the MgCl, concentration (figure 3c). For a
reacion mixture containing 50 ng of DNA, 15 pmol of upstrean and 15 pmol of downstream primer
in a readion buffer containing 20uM dNTP's, products below 50Cbp could be amplified with
0.8 mM MgCl, at anneding temperatures between 50°C and 60°C. The same reacions failed to give
a product at higher MgCl, concentrations. Products of 100Cbp or larger were amplified with
2.5 mM MgCl, at anneding temperatures between 55°C and 65°C.

Multiwell plates were purchased from Greiner. Handling of solutions was done with an
Eppendorf eight channel pipette. A Hybaid thermocycler with a heded lid was used for PCR
reacions.
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FIGURE 3: GENOTYPING OF POLYMORPHISMSIN MULTIWELL PLATES

(a) Amplification in 96 well plate without agarose seal and outer well s fill ed with water as shown in (b). The PCR
condtions used to generate these products were previously optimised for single tube reaction. As is evident from
figure (a), these conditionswere found b be unsatisfactory for multiwell PCR.

(b) PCR set-up with agarose seal and water within outer wells of PCR plate
(c) Conditi ons optimised for multiwell reactions. RFLP markers within the CFTR linkage group

The analyses of dimorphic markers were carried out in the set-up described in (b) which all ows PCR amplification
of DNA in 60 wells per 96 well plate. To ensure that the patient's samples were PCR amplified and digested with
the restriction enzyme appropriately, 12 wells on each 96 well plate were used to amplify four sets of threecontrols
with known genotypes. The four sets of controls were used as follows: one set of three controls was tested prior to
digestion with the restriction enzyme in order to ensure that the DNA was PCR amplified (not shown). The
remaining threesets of controls were digested in parallel with the 48 samples of the CF patients and their parents
and products were separated on the same gel in order to facilitate the assgnment of marker genotypes to the
samples based on the pattern seen for the controls.

Please note that most of the 48 samples give signals suitable for interpretation as can be estimated by comparison
with the controls. A detail that explains the interpretation of the genotypes 1-1, 1-2 and 2-2 for dimorphic markers
isshown in figure 5 on page 39.

LEFT: 48 samples and 9 controls andysed at MetH. Products after restriction digest separated on a 4% agarose gel.
Allele 1: 240bp, allele 2 (two fragments): 100 bp

MIDDLE: optimised MgCl, concentration for PCR fragments of different size. J3.11, MetH, TUB20, andKM.19 were
amplifi ed with an anrealing tenrperature of 55°C, XV -2c was amplifi ed with an anrealing tenperature of 60°C
RIGHT: 48 samples and 9 controls analysed & XV-2c. Products after restriction dgest separated on a 2% agarose gel.
Allele 1: 1000bp, allele 2:600 bp and 400 bp
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2.1.2.2.1 Preaating of multiwell plates with DNA

Samples for typing were seleded as described in chapter 2.2.1.4. The DNA was diluted in 96 well
PCR plates to enable handling of the samples with a multichannel pipette. For ead well, the stock
solution of the sample was diluted by pladng an aiquot of 1ug DNA at the bottom of the well.
100l of distilled water were added and the DNA dislved and sheaed with a multichannel pipette
set to 80 ul. 5ul of the dilution were used as template for a readion. A set of 15 plates was prepared
and stored at 4°C.

2.1.2.2.2 Analysis of single nucleotide poymorphisms

The PCR was done with the set-up described in figure 3b. 30 pl of product were amplified using
0.3U per well of Invitag polymerase (Invitek) in a readion mixture containing 50ng of DNA,
15pmol of upstrean and 15pmol of downstream primer in a readion buffer provided by the
manufadurer containing 20puM dNTP's and 0.8 mM to 2.5 mM MgCl,. The PCR products were
digested on the multiwell plate used for PCR amplificaion by adding 10pul of restriction mix

containing 2-10U of the restriction enzyme (NE Biolabs) and 4 pl of the supgdied 10 x incubation
buffer. The multiwell plates were incubated at the appropriate temperature after a fresh agarose sed,
as described in chapter 2.1.2.2, was placal on the outer rim of the multiwell plate to avoid
evaporation of samples. Products were separated on 2% or 4% agarose gels casted with wells
spacel suitably for multichannel pipette loading of samples. For applicaion into the wells, 10 ul of a
40% vlv glycerol buffer containing 0.05% w/v of bromphenolblue and xylenecyanol were added to
the samples. 30 pl were loaded on the agarose gel, products separated by eledrophoresis of 10V/cm
and stained with ethidium bromide.

2.1.2.2.3 Analysis of simple sequencerepeat polymorphisms

Nucleotide repea polymorphisms were amplified using an asymmetric primer ratio of 5 pmol biotin
labelled primer and 25 pmol of unlabelled primer in an amplification volume of 15ul containing
1uM MgCly, 20uM dNTP's and 0.25U / well Invitag polymerase (Invitek) in the readion buffer
suppied. PCR was caried out with an oil overlay of 10 ul in the set-up described in figure 3. 8 ul of
PCR product were transferred to a new multiwell plate and dried by incubation for 6 h at 40°C
without an agarose sed (see figure 3) in a thermocycler. Products were disolved in 10l of
formamid containing 0.2% w/v bromphenolblue and xylenecyanol. Prior to loading the products onto
the gel, DNA fragments were denatured by heaing to 95°C for five minutes and subsequently
cooling the multiwell plates by plaang ead multiwell plate in a tight fitting form made of modelli ng
clay preaoled to —20°C and embedding the asembly inice.

— 24—
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Amplified products were separated by dired blotting eledrophoresis (Bedk and Pohl 1984). The
apparatus (GATC, Konstanz) consists of a verticd eledrophoresis gel — anode in upper buffer
chamber and cathode in lower buffer chamber — with a conveyor belt diredly beneah the lower edge
of the aaylamide gel (figure 4a). A membrane is mounted on the conveyor belt and transported
beneah the lower edge of the aaylamide gel. Products that are separated on the gel exit the matrix
a the lower end and are diredly transferred onto the membrane. The resolution depends on the
matrix used for separation but also on the \docity used for the transport of the manbrare.

The dired blotter provides an opportunity for the processng of multiple samples in paralel: once a
set of products is blotted on the membrane, the gel can be used for the next set of samples. The
microsatellites described in this work had product lengths of 100-20Cbp, providing a unique
occasion for the conseautive blotting of 210 PCR products on a membrane of 50 cm in length within
5 h (figure 4b). One set of samples was loaded on the gel and separated by eledrophoresis. When the
bromphenolblue marker readed the lower edge of the gel after 50min, the eledrophoresis was
stopped and a second set of samples was loaded. After restarting the eledrophoresis, the products of
the first set of samples were transferred to the membrane while the second set of samples was
separated in the matrix. The blotting of the first set of samples was finished when the
bromphenolblue marker of the second set of samples has readied the lower edge of the aaylamide
gel. Then, eledrophoresis and transport of the membrane was stopped and a third set of samples was
loaded. This continuous dired blotting was possble for five to seven conseautive sets of samples
with alength of 100-200 bp, equivalent to atime of five to seven hours eledrophoresis.

The aaylamide gel was casted and mounted into the apparatus as described in the manufadurer's
manual. Microsatellites were separated with 3.5% to 4% aaylamide gels. The velocity of the
conveyor belt was set to 17 cmvh when products were transferred to the membrane. Membranes
were dried and stored at 4°C until processng.

Biotinylated products were deteded employing chemoluminescence detedion. The membrane
was incubated on a horizontal shaker for 5 minin 2L00mM Tris pH 7.5 with 150mM NaCl, twicefor
30-60min in 100mM Tris pH 7.5 with 150mM NaCl containing 1.5% w/v Blocking reagent
(Boehringer) and for 1-4 h in 200mM Tris pH 7.5 with 150mM NaCl containing 1.5% Blocking
reggent and 1 pl/10ml anti-Biotin Fab fragments, alkaline phosphate conjugate (Boehringer).
Detedion was caried out after equili brating the membrane in readion buffer (100mM Tris pH 9.5
with 100mM NaCl and 50 mM MgCl,) for 5 min. Next, the membrane was placel flat in a container
and the surface covered with readion buffer containing 10% v/v Sapphirell (Tropix) and
300 /50 ml CDPstar (Tropix) for 5 min. The solution was retained and the membrane briefly rinsed
in readion buffer containing 1% v/v Sapphirell and 30ul/50ml CDPstar. The membrane was
wrapped in plastic foil and immediately exposed to X-omat AR films (Kodak) for 1 min to 60 min.
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FIGURE 4: CONTINUOUSDIRECT BLOTTING ELECT ROPHORESIS

(a) Dired blotting appaatus. The vertical eledrophaesis gel isin contact with a conveyor belt at the lower edge of
the acrylamide matrix. A membrane is mourted on the conveyor belt and transported beneath the lower edge of the
acrylamide gel. Products separated on the gel ext the matrix and are diredly transferred onto the membrane. The
resolution dependson the matrix used for separation but also on the veocity used for thetransport of the membrane

(b) Transfer of three out of five sets of 36 samples to the membrane in a continuous dired blotting eledrophaess

experiment.

(c) 180 samples of D2S1788 blotted with continuows DBE protocol. ¢: set of three control samples employed to
calibrate the size of the alleles between the successve sets. The 180 samples represent the total number of CF twins
and siblings and their parents andysed at paymorphic loci. A detail of samples 73-108 that demonstrates the
assgnment of all elesisshown in figure 8 on pag 43.

All time points given in this figure refer to minutes of eledrophaesis time. The time needed for loadng of the
samplesat 45, 90, 135, 180 and235 isnot included in this time protocol.
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2.1.2.2.4 Marker analysis and interpretation

The PCR based study of genetic markers finds multiple implementations in human genetics: pedigree
analysis aids in genetic counselling, it may be used for identification of parentage and allows the
mapping of inherited traits. As all methods rely on the comparison of PCR generated signals between
different individuals, the key to al applications of marker analysis is the unequivocd assgnment of
the allelesidentity irrespedive of the genomic source.

FIGURE 5: RFLP PATTERNS OF PON2

(a) PON2 sequence variant typed by Dpnll digest of PCR product. The protocol by Adkins et al. (1993 was modifi ed:
a mismatch in the forward primer was generated to destroy a second Dpnll site within the amplifi ed sequence (see
chapter 8.3) thusallowing easier discrimination of cleavedand uncleavedproductts ona 4% agaro gd.

LEFT: 54 sanplesseparatedafter in-well digest asdescribed inchaper 2.1.2.2.2

RIGHT: detail showing the threepasdble genotypes 1-1, 1-2 and2-2 for this dimorphic marker

1111 2112

1112 112

H

ALLELE 1: 209bp(GIn at pos. 191)

m@a \ ALLELE 2: 159bp(Arg at pos. 191)

Single nucleotide polymorphisms (SLPs), typed as restriction fragment length polymorphism (RFLP)
when a dte for an restriction endonuclease is either generated or destroyed upon nucleotide
exchange at the SLP locus, are analysed by digestion of the PCR product and separation of the
resulting fragments. The pattern can be interpreted unequivocdly when the digested and the
undigested product are separable under the gel conditions used and when the homozygous condition
for the presence of arestriction site can te discriminated a@inst the heterozygous state (figure 5).

— 27—



2  METHCODS

Microsatelli tes normally present more than two alleles and, consequently, more than three genotypes
can be observed. Furthermore, PCR amplification of repetitive sequences can give rise to by-
products which differ by even numbers of repea units in size, as do aleles at a polymorphic locus.
The resulting pattern of aleles and by-products of both chromosomes studied can obscure the
underlying genotype. Within this thesis, repea polymorphism patterns were interpreted in two steps
as described within the next two paragraphs. first, aleles and by-products were distinguished by
analysing genotypes within pedigrees (figures 6 and 7). Next, the size of aleles was cdibrated in
arbitrary repea units (ARU) by assgning a repea unit of 10 to an allele and successvely deducing
the sizeof smaller or larger alleles throughout the ¢d (figure 8).

All figures shown are eledronic images generated from X-ray films. However, the interpretation of
band patterns was caried out solely on the basis of the autoradiograms and not of any photographic
or eledronic copy thereof. The eledronic images presented within this chapter were adjusted for
contrast and brightnessto mimic the band pattern observed on the X-ray films after reproduction on

ahigh resolution ink jet printer.

[ nterpretation of repeat polymorphism patterns (1): Identification of alleles

The pattern observed depends upon the products generated by PCR, which in turn will depend on
the sequence of the repea itself: repetitive sequences can be aligned asymmetricaly by causing small
segments of one DNA strand to form aloop. However, only structures with sufficient stability during
the temperature conditions used for amplificaion that form a template-bound 3' end allowing
elongation by the Taq polymerase will lead to PCR product formation (PCR artefads). Additionally,
the conditions used for separation of PCR products will determine the product pattern: sharp bands
are produced by DNA fragments of equal size and identicd conformation. Incomplete denaturation
of products or resseembly of complementary sequences after denaturation, occurring espedally when
high concentrations of product are loaded on the gel, can form smeaed bands due to
inhomogeneous structural compostion of the products (gel artefads).
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FIGURE 6: PREDICTED PATTERNS OF MICROSATELL ITE GENOTYPES
Genatype patterns expeded for repets anmplifyingwith ore band ger all e e (left) andtwo bandsper allele (right).

Examplesfor both condtionsare shown in figure 7, page 42

D7S495 figure 7 (a), (b), (c) PCR amplifi cation yielded one bandper allele
D12S889  figure 7 (d), (e), (f) PCR amplifi cation yielded two bandsper allele
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Within this thesis, polymorphic markers were studied using dired blotting eledrophoresis enabling
simultaneous processng of 180 samples (seechapter 2.1.2.2.3 for details). This allowed the analysis
of band patterns for severa families and monozygous twin pairs, having been PCR amplified and
separated under comparable conditions, thus bang prone to similar RCRarnd gel artefads.

First, the number of bands representing an alele was determined. It was assumed to be one
(observed for D73495 BENaCGT and D7S525, respedively) unless more than two bands were
deteded in nealy all lanes (observed for D12S889 and D7S514, respedively). Next, the resulting
pattern was predicted for genotypes composed of two alleles of identicd size, two alleles differing by
one repeda unit in size, two alleles differing by threerepea units in size and genotypes with larger
size differences between the aleles (figure 6). Comparison of predicted patterns to genotypes
observed yielded rules used for the interpretation of all samplestyped at that |ocus.
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FIGURE 7: BAND PATTERN OF TWO DINUCLEOTIDE REPEATS

Band patterns for 180 samples in (a) (locus D7S495) and (d) (locus D12S889) were generated by continuous dired
blotting eledrophaesis asdescribed in chapter 2.1.2.2.3.

D73495 (b) pedigreeshowing two bandsper allele (§ bandpatterns br different genotpes
D12S889 (e) pedigreeshoning one bandoer allele (f) bandpatternsfor different genotypes

Figure (a)-(c): pattern asdisplayed in figure 6, page 41 for satellites amplifyingwith one bandper allele
Figure (d)-(f): pattern asdisplaye in figure 6, page 41 for satellites anplifyingwith two bandsper allele
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Eadh microsatellite studied showed individual charaderistics in terms of by-products and
badkground smea. Two examples are shown in figure 7: the dinucleotide repea D7S495 was
predominantly amplified with one band per alele (shown by the pedigreein figure 7b) while the
dinucleotide repea D12S889 continuously showed two bands per alele (as shown by the pedigreein
figure 7e). Consequently, as predicted by figure 6, the number of bands observed for genotypes
composed of two identicd aleles or aleles differing one, two or more repea units in size was
different for D7S495and D12S889.
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Genotypes with size differences between the aleles of 0 to 5 repea units are displayed in figure 7c
and figure 7f, for D7S495and D12S889 respedively. The detail of figure 7f shows for D12S889the
four band pattern predicted for a genotype composed of two alleles with a difference in size of 2
repea units. D7$495 however, showed an exception to the pattern predicted for a repea where an
dlele is represented by one band only: whenever two alleles differing 2 reped units in size were
observed (detail of figure 7c), threebands were obtained insteal of the expeded two bands. For all
D73495 band triplets encountered within a pedigree the pattern of inheritance was consistent with
the hypothesis of the largest and the smallest band being the allele™.

| nterpretation of repeat poymorphism patterns (11 ): Assgnment of arbitrary repeat units

Two aleles at a polymorphic locus are generaly believed to be identicd if they are of smilar size As
the allelic diversity at a polymorphic locus is assumed to result from omisson or insertion of one or
more repea units during DNA replication events, the size difference between any two aleles will be
an even number of repea units. Consequently, as long as all aleles that have to be compared in size
are compared to the size of the same control alele(s), the natural dimension for sizing aleles at
microsatellite loci is "number of repea units'. These can be arbitrarily cdibrated by defining the size
of acontrol allelefor exampe as10 arbitrary reped units (ARU) (figure 8).

FIGURE 8: ASSGNMENT OF ARBITRARY REPEAT UNITS (ARU)

(a) Separation of D2S1788CR sanplesin 35lanes.
(b) Assgnment of arbitrary repeat units 12-24 to bandsof alleles and by-products of the samples displayed in (a).
Desmiling linesareshown at [@2] , [291 and [22] arbitrary repeat units.
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1 A speallative explanation for the dependence of observable by-products on the size difference between the alleles
typed is based on the observation that isolated D7S495 signals were accompanied by faint smears emerging
upwards and downwards from the focussed band. If two all eles are separated by 2 repeat unitsin size, the "upward
smear" of the lower band and the "downward smear" of the upper band would bath be of equal size and might get
focussed during eledrophoresis.
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2.1.3  Southern blotting

Southern blotting was performed to confirm a deletion of exon 2 and exon 3. EcoRI (NEBiolabs)
and Hindlll (NEBiolabs) were used to digest genomic DNA. In the readion buffer supgied, 10 pg
of DNA and 20 U of restriction enzyme were incubated overnight at 37°C. Restriction fragments
were separated on a 1% agarose gel (2 V/ecm, 4°C, 16-18 h) and stained with ethidium bromide to
control for the loading of smilar amounts of DNA in al lanes and the absence of non-spedfic
degradation. The DNA was denatured by incubation in 1.5 M NaCl 0.5 M NaOH for 2 h. Transfer of
DNA to a Hybond N+ membrane (Amersham) was caried out overnight with 0.4 M NaOH in a
capill ary blot device

The exon2 and exon 3 probes, encompassng the respedive exons and its flanking intron
sequences (Zielenski et al. 1991), were separately PCR amplified with a high fidelity polymerase
(DapGoldstar Polymerase, Eurogentec) in two conseautive rounds. 50ng of DNA were amplified
with a stringent protocol (anneding at 57°C-65°C and MgCl, 1.5mM or lesg with 25pmol of
upstrean and downstream primer (see appendix 8.3.1 on page 171) in a readion volume of 50 pl.
10l of the product were chedked by agarose gel eledrophoresis for absence of by-products. For

labelling with a*PdATP, 5ul of the PCR product were used as the template for the second
amplification in 50 pl with 65°C anneding temperature and 1 mM MgCl,. The probe was labelled in
a PCRreadion: 10 pmol of ead primer, 1 nmol dGTP, 1 nmol dCTP, 1 nmol dTTP, 25 nmol MgCl,
and 2 pl 10 x readion buffer provided by the supgier were mixed in a total volume of 8 pl and

placel on ice 6 ul a*PdATP (500CCi/mmol, Hartmann Analytic) and 6 pl of PCR product were
mixed in a separate tube. Both mixtures were combined, 2 U DapGoldstar Polymerase (Eurogenteg
were added and the mixture was immediately placed in a 95°C preheaed block of a PCR
thermocycler. Labelling of the probe was caried out by PCR amplificaion with an anneding
temperature of 65°C for 30 cycles. Unincorporated nucleotides were removed by ultrafiltration with
a Sephadex G-50 (Pharmada) column. The volume of the filtrate was adjusted to 1500 pl.

The hybridisation concentration of the probe was optimised prior to analysis of patient material
on a set of control blots (figure 9). Next, the samples were processed using the optimised probe
concentration. lonic composition of the hybridisation and washing solutions were identicd for
control blots and sample blots: membranes were equilibrated at 67°C in a shaking water bath using
200 pl/cm? of 5 x SSC containing 1% Blocking reagent (Boehringer), 6% SDS and 100 pg/ml DNA
from fish sperm (Boehringer). For hybridisation, aliquots from 50ul to 500ul of the purified probe
were diluted in a fina volume of 1 ml with TE. The probes were denatured by 5' incubation in a
boiling water bath and cooled on ice Ead control blot was hybridised in a different hybridisation
bag with 200 pl/cm? prehybridisation solution containing an aliquot of the probe. Hybridisation was
acomplished overnight at 65°C in a shaking water bath. After hybridisation, the membranes were
briefly rinsed in 2 x SSC at 65°C (1 ml/cn? membrane), washed 5 min in 2 x SSC at 65°C (2 mlicm?
membrane) and finally 5 min in 0.2 x SSC at 65°C. The wet membranes were seded in plastic folil
and exposed to X-Omat-AR films (Kodak) for 18 h upto 14 days.
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FIGURE 9: SIGNAL TO NOISE RATIO FOR DIFFERENT PCR GENERATED PROBES

The signd to noise ration was depending on (a) the concentration of the template used for the PCR labelli ng reaction
and on (b) the concentration of the probe used for the hybridisation. Both were optimised empirically on test blots
prior to andysis of paient sanples.

The probes and hybridisation conditions used for test blot 1V shown below were used to
perform the hybridisation shown in figure 16, page 62.

Four probes (A1, B1, A2, B2) were labelled by PCR according to the protocol described in the tex. A1 and A2 were
probes of exon 2, B1 and B2 were probes of exon 3. For Al andB1, 5ul of a PCR reaction was used as a template for
labelli ng. To gererate probes A2 andB2, 5pl of a 1:10 dlution d the samePCR templates were used.

Probe Al A2 B1 B2
Template for labelling PCR of exon 2 PCR of exon 2 PCR of exon 3 PCR of exon 3
Template PCR diluted 1: 10 prior to labelling? no yes no yes

The probes Al, A2, B1 and B2 were tested on a set of 12 control blots (I-XI1). For this experiment, 8 different DNA
control samples (named "control DNA 1" to "control DNA 8") were digested with EcoRI or Hindlll. 12 hybridisation
condtions, differingin (a) probe labelling condtions and (b) hybridisation concentration of the probe were tested on
12 blots. Probes were purified as described in the tex and TE buffer was added to a fina volume of 1500 ul. The
experiments I- X1l were hybridised in parallel and washed with the same protocol (see texfor details).

Il (AY VI VIl IX X Xl Xl
genomic DNA cz = Tk B3 3 S ops e
H H . o o o o o (o]
digested with: £ g = 8 £8 : £8 &Ef &%
exon 2
fragments: g ‘
exon 3 N - !
fragments: > : > > be | | > &
- > <
non-specific
bands: > >
Blot | Il I} [\ \ \! Vil Vil IX X Xl Xl
50l 100l 500ul 50l 100yl 500l
Vggemseﬁsog dlef‘g?”l%d Al Al Al A2 A2 A2 1:10 1:10 110 1:10 1:10 1:10
pml hvbridisation 50 pl 100yl 500 pl 50 pl 100yl 500yl dilution dilution dilution dilution dilution dilution
solugi/on Bl Bl Bl B2 B2 B2 of (1) of (2) of (3) of (4) of (5) of (6)
=(1) =(2) =(3) =(4) =(5) =(6)
Control DNA used Control Control Control Control Control Control Control Control Control Control Control Control
DNA1 DNA1l DNA3 DNA3 DNAS5 DNAS5 DNA7 DNA7 DNA7 DNA7 DNA7 DNA7
for EcoRI and
Hindill digest and and and and and and and and and and and and
respectively ' Control Control Control Control Control Control Control Control Control Control Control Control

DNA2 DNA2 DNA4 DNA4 DNAG6 DNAG6 DNA8 DNA8 DNA8 DNA8 DNAS8 DNAS

7 Assgnment of EcoRI andHindll fragments accordingto the physical map by Romnens et al. (1989.
The size was estimated relative to the bandpattern of a BStEII- Digest of lambda DNA (data not shown).

Two bands are expeded within each lane, one correspondng to exon 2 (») and one correspondng to
exon 3 (»).

> non-spedfic band
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2.2 Analysis of phenotype

For both studies described in this thesis, a charaderisation of the clinicd phenotype acording to the
guidelines established at the Biomed genotype-phenotype workshop in 1994 (Association Francaise
de la Lutte contre la Mucoviscidose 1994 Genotype-Phenatype correlation in CF. AFLM, Paris.
pp 4-6) was attempted. This included assessment of pancredic status by elastase from stool samples,
measured in the Department of Gastroenterology, MHH acording to standard laboratory
procedures. To explore a baderial colonisation of the patient's lung, sputum or throat swabs were
obtained. Pathogens were analysed by the Department of Microbiology, MHH. Interventions and
adivities permitted only to medicd professonals, such as the anamnesis and clinicd investigation of
the patients, were performed by the participating physcians of the study.

Parameters used to quantify the disease severity were derived from weight and height of the
patient — used to charaderise the nutritional status — and forced expiratory volume in 1 s — used to
charaderise the pumonary status— by employing age correcedpercentiles(chaper 2.2.1).

The basic defed, as defined by a defed in Cl— conductance in CFTR expressng epithelia, was
investigated by a swea test (carried out acwrding to the procedure used at the hospital where the
reseach was performed), by nasal potentia difference measurement (chapter 2.2.2.1) and by
intestinal current measurement (chapter 2.2.2.2).

2.2.1 Evaluation of disease seveity and seledion of pairs with
extreme phenotypes

For CF twin and sibling pairs, information on age, sex, weight, height, the lung function parameters
forced expiratory volume in 1 s [FEV1] and vital cgpadty, pancredic status and colonisation with
Pseudamonas aerugincsa was required. Out of a total of 54Cpairs reaquited from more than
200 different European CF centers, complete information could be obtained for 324 pairs.

2.2.1.1 Seledion of twin and sib pairs

The quantification of disease severity and overal clinicd status was asessd using an unbiased
mathematica approadh. The aim of this procedure was to seled pairs with an extreme phenotype. If
this seledion is not made by an objedive approach but by manual evaluation, the pairs seleaed will
expressextreme phenotypes, but the seledion will not be complete — smply because it is most likely
that a pair displaying feaures similar to a manually seleded pair will escape notice when reviewing
clinicd data of more than 300 patient couples. Consequently, evaluation done on manually seleded
pairswill result in describing merely a subgroup of al pairswith likewise feaures.

On the other hand, the computed approach demands the use of smplified data. As will be
illustrated in chapter 2.2.1.2, the disease severity was quantified by equally weighing nutritional
status and pulmonary status, achieved by a diagram with a parameter representing ead status on one
axis. The overall disease severity was then defined as distance from origin within that diagram,
ignoring the information of diredion that is contained within a vedor. This was compensated for as
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described in chapter 2.2.1.3. The result of the ranking procedure applied was the description of a
pair's phenotype with five rank numbers, ead taking into acount disease severity and intrapair
discordance Seledion of twin and sib pairs — for investigation of the basic defea and for candidate
gene testing — was carried out based on these computed rank numbers and reveded pairs possessng
non-average properties for their nutritional status, their lung function or the intrapair variation of one
or both of these charactrs.

For evaluation of candidate genes, the seleded pairs were caegorised to define the most
extreme AF508 homozygous pairs in the sequences with resped to the trait "discordant” or the
combined traits "concordant/mild disease® and "concordart/sevee disease'. Pairs ranked
smultaneoudly in two conflicting caegories were caegorised separately as "discordart and
concordart mild disease”" (DC) and "non-discordant” (ND) as described in chapter 2.2.1.4.

2.2.1.2 Definition of age independent parameters used to describe disease
severity

Patients and pairs, who were heterogeneous in both age and age difference, were compared using
centiles. This allowed an age-independent description of disease severity and consequently enabled
comparison of disease severity between patients of different ages, within as well as between pairs.
The nutritional status was represented by weight expressd as a percentage of expeded weight at the
patient's height percentile (wfh%). wfh% was cdculated on the basis of age and sex dependent
centiles for weight and height published by Prader et al. (1989. Data for the complete patient cohort
are shown in figure 10b. Lung function was evaluated from predicted values for FEV 1 as described
by Knudson et al. (1983 and converted to CF population centiles (FEVPerc). FEVPerc was
computed from FEV 1%pred on the data basis of the European CF registry report of 1995 which
compiles lung function data from more than 20.000 CF patients. Figure 10a displays all data of the
CF patients lung function parameter FEV 1%pred whereby the measured FEV 1 value is normalised
for height, sex and age in a hedthy non-CF population. Figure 10b shows the distribution of
parameter FEV Perc that correds for the CF spedfic dedine in FEV1%pred with age. Regresson
formulas used for the calculation of wfh% and FEV Perc ae li sted in the appendix 8.3.3.

2.2.1.3 Ranking of pairsaccording to disease severity and discordance

The seledion of twin and sib pairs with extreme phenotypes was based on the combination of
nutritional and pulmonary status, represented by wfh% and FEV Perc, as defined in chapter 2.2.1.2.
Disease severity was defined as "overal clinicd shape' with equal weight on nutritional and
pumonary status. Nutritional status and pumonary function were described non-parametricdly by
assgning ranking numbers for wfh% and FEVPerc within a group of 324 patient pairs. Both
parameters were used to display a diagram with rank numbers of wfh% on the x-axis and rank
numbers of FEV Perc on the y-axis (figure 10c). Each patient, represented as a point in that diagram,
was then charaderised in terms of disease severity by the distancefrom origin (DfO) in the plot. Low
DfO corresponded to severe disease and high DfO corresponded to mild disease. Likewise, intrapair
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distance was quantified by cdculating the distance of the two data points representing two members
of a pair within the same diagram. This parameter was named DELTA, with low values for DELTA

corresponding to concordant pairs and high values of DELTA corresponding to discordant pairs
(figure 10c).

FIGURE 10: RANKING OF PATIENT PAIRS(I)
DEFINITION OF COMPOSITE PARAMETERS

The disease seveity was quartified by equdly weighing nutritional gatusandpumonary status

(a) raw data obtained from participating CF centers

(b) parameters with age independst centil esrepresenting nutritional gatusand ungfundion

(c) definition of conposite parameters DELTA (= intrapair discordarnce) and DfO (2 disease sevity)
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Alternatively, the intrapair discordance was judged by the difference in DfO for both members of a
pair. Two definitions for the intrapair discordance were employed becaise some pairs, being
concordant and in good clinicd status in their weight for height but discordant in their lung function,
were scored as discordant when usng DELTA. Discordance within a pair implies one sib being
mildly diseased while the other is severely affeded. In contrast, these pairs with high values for
DELTA showed equally high DfO for sb A and sib B, demonstrating that both sibs are in good
hedth. These pairs were scored as concordant when the difference between the distances from origin
was chosen to define the intrapair discordance’.

When plotting the parameter DfO on the y-axis against the parameter DELTA on thex-axisfor
al patients (figure 11a), pairs could be ranked acording to their degree of discordance and their
degreeof disease severity by successvely traang pairs from the lower left edge (concordant severe
pairs) or the upper left edge (concordant mild pairs) or the right rim (discordant pairs) of the
diagram towards the middle of the plot where both, disease severity and degreeof discordance were
average. However, this manual assgnment was only reliable when ranking pairs acerding to their
discordance For the concordant — mild or severe — pairs, the emphasis can be put either on
"disease severity" or on "discordance'. Hence, both attributes of a pair were combined in a diagram
with a parameter describing the discordance on the x-axis and a parameter describing disease everity
on the y-axis. The rank of concordant pairs was derived from their distance from originin
that plot. With this definition, the impad of concordance and the disesse severity were
identicd for the definition of the combined properties "concordant / mild disease” and
"concordant / severe disease”.

To sort al pars acording to the traits "discordant”, "concordant / mild diseese” and
"concordant / severe disease”, atotal of five rank numbers were assgned to ead pair (figure 11b-f).
The rank defining the position of a pair acwrding to its discordance (DISC) was the reverse rank
number of the parameter DELTA, with DISC = 1 being assgned to the most discordant pair (figure
11b). The rank number defining the position of a pair acording to its concordance and its disease
mildness(CON+A) was cdculated as rank number for the distancefrom origin in the plot of the rank
number for DELTA on the x-axis and the inverse rank number for the sum of the DfO for both sibs
on the y-axis. CON+A =1 is referring to the most concordant and most mild pair (figure 11c).
Likewise, the rank defining the position of a pair acwrding to its concordance and its disease
severity (CON-A) was cdculated as rank number for the distance from origin in the plot of the rank
number for DELTA on the x-axis and the rank number for the sum of the DfO on the y-axis. CON-
A =1 is referring to the most concordant and most severe pair (figure 11d). While CON+A and
CON-A both employ the parameter DELTA for quantifying the discordance, in an aternative

2 An example for such a pair is given by the following data set for an adult sib pair: sib A had a wfh of 120 %,
corresponding to a rank of 578for the nutritional status (maximal rank 648 within the evaluated 324 pair cohort).
The lung function of Sib A revealed an FEV 1%pred of 17% resulting in a rank number of 12 for the pumonary
status. The overall disease severity based on DfO was ranked as 502 Sib B showed a wfh of 120%, ranking 582in
the nutritional status. The lung function of Sib B was 91%pred in FEV1, resulting in a rank of 526 for the
pumonary status. The overall disease severity evaluated via DfO was ranked 558,

This pair was categorised as"DC", asdescribed in figure 12,
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approac the difference in DfO for both members of a pair was used to define discordance in
otherwise similar plots as described for CON+A and CON-A. Rank numbers derived from differences
in DfO were cdled CON+diff and CON-diff with CON+diff =1 corresponding to the most
concordant and most mildly diseased pair (figure 11e) and CON-diff = 1 corresponding to the most
concordant and most severely diseased pair (figure 11f).

FIGURE 11: RANKING OF PATIENT PAIRS(II)
DEFINITION OF RANK NUMBERS
(@) plot of disease seveity vs discordance for all AF508 honozygouspairs
left: ® Sibling Aof par; - Sibling Bof par
right: areasrepresenting discordart pairs (m), concordant/mild disease pairs (®) concordart sevee disease pairs (m)

(b)-(f): diagrams used to define ranknumbers by ranking a pair's distancefrom origin in these plots

(b) discordance DISC (discordance defined by DELTA)

(c) concordarnce/mild disease CON+A (discordarnce quartified by DELTA)

(d) concordarnce/sevee disease CON-A (discordance quartified by DELTA)

(e) concordarnce/mild disease CON+diff (discordance quartified by difference letween DfO[ SbA]and DfO[ SibB]
(f) concordarce'sevee disease CON-diff (discordance quartified by difference letween DfO[ SbA]and DfO[ SibB]
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2.2.1.4 Categorising of pairs selected for candidate genetyping

Based on the ranking described in chapter 2.2.1.3, al AF508 homozygous pairs with rank numbers
lower than 20 in any of the sequences CON+A, CON-A, CON+diff or CON-diff or lower than 25in
the sequence DISC were seleded for PCR typing if DNA samples were available by Decanber 1997,
A tota of 38 AF508 homozygous pairs could be seleded. The rank numbers for the seleded AF508
homozygous pairs are shown in table 1.

For ranking pairs, disease severity was defined by DfO with nutritional and pulmonary status
balanced. As a combined parameter, DfO does not contain the information whether it was based on a
more than average wfh%, a more than average FEV Perc, or both. Likewise, the parameter DELTA,
defining the discordance of a pair, can be large even if both members of a patient pair have a equally
high DfO as for pairs concordant in one parameter — e.g. wfh% — but highly discordant for the other
parameter — e.g. FEVPerc. Furthermore, in defining rank numbers for concordant pairs, disease
severity and discordance was given equal importance Consequently, pairs being extremely
concordant recaved comparably low rank numbersin CON+A and CON-A.

To asarre that al pairs grouped within the same caegory are comparable with resped to both
the intrapair difference of the wfh% and FEV Perc, the five rank numbers were combined toidentify a
caegory as displayed in figure 37:

— All pairs categorised as discordart pairs (DIS, 12 couples) had a low rank number for DISC,
but not for CON+A, CON-A, CON+diff and CON-diff.
— 4 pairs seleded based on the rank number for CON+diff also displayed a low rank number for

DISC and were categorisedas discordant and concordant/mild disease (DC, 4 coupes).

— All pairs caegorised as concordart mild (CON+, 8 couples) had low rank numbers for

CON+A and CON+diff but not for CON-A, CON-diff and DISC.

— All pairs caegorised as concordart sevae (CON-, 8 couples) had low rank numbers for

CON-A and CON-diff, but high rank numbers for CON+, CON+diff and DISC.

— 6 pairs had low rank numbers for CON+A, CON-A, CON+diff and CON-diff but a high rank
number for DISC and were caiegorisedas non-discordart (ND, 6 couples)®.

The similarity of intrapair difference for wfh% and FEV Perc within ead of the resulting categoriesis

demonstrated in figure 28. Diagrams displaying DELTA, DfO, wfh% and FEVPerc for al pairs

within the caegories DIS, CON+ and CON- are shown in figure 29 (Chapter 3.2.3.2, page 99 and

page 100).

3 Todiscriminate pairs"CON+" and "CON-"from pairs"ND", the foll owing borders were employed:
CON+ vs ND: {Rank CON+A —RankCON-A} <30 OR {Rank Contif —Renk Conrdifff <30 O pair clasdfied as

"CON+"
CON- vs ND: {Rak CON+A — Rank CON-A} < 20 OR { Rark Cont+diff — Renk Condifff <20 0 pair classfied as"CON-"
whereby
{CON+A — Rank CON-A} was used if the pair was seleced based on Rank CON+ A or Rank CON-A
and

{Rank Con+diff — Rank Con-diff} wasused if the pair was seleced based on rank CON +diff or CON-diff.

The borders employed to distinguish concordant mild or severe pairs from non-discordant pairs by the rank number
differences, { Rank CON+A — Rank CON-A} and { Rank Con+diff — Rank Con-diff}, were set to 10, 20, 30 and 40.
Other borders than those used in the definition abowe resulted either in omisson of most pairs (e.g. border 40) or no
pair (e.g. border 10).
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TABLE 1: PAIRSSELECTE D FOR GENETIC ANALYSIS (1)
RANK NUMBERSAND CATEGORIES

38 AF508 homozygous pairs were seleded for genetic andysis (DNA avail able by December 1997) based on a rank

number of 20 or lower (CON+A, CON+diff, CON-A, CON-diff) or 25 or lower (DISC). Rank numbers leading to the
seledion of apair are printed in colour.

Categaries DIS, CON+, CON-, DC and ND were defined asshown in figure 12,

For discriminating pairs "CON+" and"CON-" frompairs "ND" see tex.

DISC CON+ CON+ CON- CON- DISC CON+ CON+ CON- CON-
A diff A diff A diff A diff
LOW HIGH HIGH HIGH HIGH HGH LOW LOW HIGH HIGH
DIS3 3 114 114 99 85 CON+2 106 2 7 78 81
DIS5 5 110 106 103 100 CON+5 99 5 8 65 68
DIS6 6 106 105 104 104 CON+6 105 6 13 38 44
DIS8 8 102 88 105 87 CON+7 78 7 24 82 93
DIS9 9 113 112 91 82 CON+10 84 10 25 57 69
DIS14| 14 112 113 79 75 CON+15 74 15 33 77 96
DIS15| 15 78 80 97 103 CON+16 68 16 19 90 89
DIS16| 16 85 91 96 97 CON+19 79 19 17 51 62
DIS18| 18 80 44 95 50
DIS19| 19 81 83 92 94 HIGH HIGH HGH LOW LOW
DIs21| 21 98 98 75 77 CON-2 113 68 73 2 4
DIS24| 24 103 109 62 67 CON-5 103 65 66 5 2
CON-7 104 59 68 7 11
CON-8 97 79 89 8 15
CON-10 107 37 40 10 6
CON-12 86 50 53 12 10
CON-14 77 67 75 14 27
CON-25 76 45 35 25 8
LOW HIGH LOW HIGH LOW HGH LOW LOW LOW LOW
DC(1) 7 70 10 114 99 ND(1) 95 17 21 35 41
DC(2) 17 51 2 111 70 ND(2) 85 39 47 19 19
DC(3) 38 33 1 110 83 ND(3) 110 13 14 28 28
DC(4) 31 46 15 102 59 ND(4) 102 20 26 26 34
ND(5) 96 27 49 17 38
ND(6) 93 11 12 40 40
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FIGURE 12 RANKING OF PATIENT PAIRS(IIl)
CATEGORISING OF SELECTED PAIRS

(@) rank number patterns defining the categories DIS (discordart), DC (discordart and concordart/mild disease),
CON+ (concordart mild disease), CON- (conmrdart/sevee disease), ND (non-discordart)

(b)-(f): examples of pairs within each category represented by plots of ranknumber of wfh% vs ranknumber of
FEVPerc. This diagram was used to define the parameters DfO and DELTA representing the disease seveity andthe
intrapair-discordance (figure 10c).

(@) RANK NUMBERS ASDEFINED IN FIGURE 11
DISC CON+A CON-+diff CON-A CON-diff

DIS LOW HIGH HIGH HIGH HIGH
DC LOW HIGH LOW HIGH HIGH
CON+ HIGH Low Low HIGH HIGH
CON- HIGH HIGH HIGH Low Low
ND HIGH LOW LOW LOW LOwW

(b-f)
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2.2.2 Assssnent of the basic defea

The impaired Cl— permeability, regarded as the basic defed in CF, was assessd in three different
tissies: in the sweda gland (by measuring ClI- concentrations of the swea in a pilocarpine
iontophoresis swed test acording to Gibson and Cooke 1959, in the respiratory trad (by
measuring the permeability of the epithelium of the lower nasal turbinate, chapter 2.2.2.1) and in the
intestina trad (by measuring the permeability of redal suction biopsies, chapter 2.2.2.2). Gibson-
Cooke-swed test were performed by the tedhnician of the pediatric clinic of the MHH acording to
approved guidelines (National committee for clinicd laboratory standards [1994 Sweda testing:
sample colledion and quantitative anaysis - approved guideline. Document C34-A. Wayne,
Pennsylvania.). The expertise and the equipment to measure NPD and ICM was provided by the
Rotterdam group. All NPD measurements were performed by |. Bronsveld, Rotterdam. The results
discussed within this thesis refer to the study "rare genotypes'. ICM measurements were done by H.
Veeze Rotterdam for all casesin the study "rare genotypes' and several cases of the "European CF
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twin and sibling study”. ICM results from both studies are presented and discussed within this thesis.
Quantitative evaluation of ICM tradngs was acomplished computer asssted, employing INTEG,
programmed by J. Greipel, Hannover.

2.2.2.1 Nasal potential difference (NPD) measurement

Nasal potentia difference measurements were performed with a protocol adapted from Knowles et
al. (1981). The reference eledrode was conneded to a salinefilled needle which was placed
submucosally in the foream. The epithelium of the lower nasal turbinate was accessed by a catheter
used to superfuse the nasal epithelium with different solutions. Both eledrodes were conneded to
the voltage measuring device via a salt bridge and Ag/AgCl eledrodes. The nasal epithelium was
superfused subsequently with the solutions displayed in table 2.

TABLE 2: NPD PROTOCOL

1.2x 101 M NaCl

2.5 x 102 M NaGluconate pH
(1) Basal 4% 104 M NaHzPO4 74 basal value

2.4 x 103 M NayHPO,

(2) Amiloride (2) with 104 M amiloride blocking of Na* channels

1.45x 10-1 M NaGluconate

4 x 104 M NaH,PO, pH
2.4 x 103M NayHPO, 7.4
104 M amiloride

(4) Isoproterenol 104 M isoprenalinein (3) stimulation of CFTR CI- channels

(3) Chloridefree block of anion permeability by gluconate

NPD is employed as a sendtive method for diagnosing CF. The condition CF, charaderised by a
reduced Cl- permeability of the nasal epithelium, was identified by a high* basal value compared to
non-CF controls (CF. PD = -39mV £ 14mV, non-CF. PD = -20mV = 9mV). In borderline cases of
basal PD values between -25 mV and —35 mV, the spontaneous Cl~ conductance assesed by
superfusion of the nasa epithelium with chloride free solution after blocking of Na+ channels with
amiloride was employed to discriminate between CF and non-CF condition: alarge hyperpolarizaion
(APD = 16 mV) was consdered confirmatory for the non-CF status; CF patients exhibiting low basal
values showed a smaller response (APD < 7 mV; Bronsveld et al. 1996. The protocol alows the
asessment of resdual chloride seaetion in CF patients by measuring the responses to chloride-free
solution and isoproterenol. Within chapter 3.1.2, the conditions "normal”, "CF" and "CF-res' are
distinguished acardingly.

4 A "high" basal refersto a negative potential differencewith high absolute value by convention. -50mV istermed a
high basal PD compared to —20mV.
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2.2.2.2 Intestinal current measurement (ICM)

Short circuit currents were measured in amicro Ussng chamber as described by Veezeet al. (1991]).
Two samples were analysed in paralel. Freshly obtained redal biopsies were mounted within 5
minutes in the Ussng chamber. Tissue was incubated in Meyler solution at 37°C and gassed with
carbogen (95% O,, 5% CO,). After stabili sation of the basal current, the protocol shown in table 3

was implemented.

TABLE 3: ICM PROTOCOL
Seaetagogies (2)-(6) were added to the mucosal (M) or seosal (S side.

(1) glucose 102M M+S 10-20  <abili sation of basal current

(2) amiloride 104 M M 5 blocking of Na* channels

(3) indomethacin 105M M+S 5 blocking of prostaglandin synthesis
raising intracdlular Ca2+ concentration: T

(4) carbachal 104 M S 5'-30 transent activation of conductance eg., through
basolateral K*+-channelsand apical Cl— - channels

(5) cAMP/forskolin 103 M/105M M+S 5'-30 raising intracdlular CAMP

(6) DIDS 2x104M M 10 e.g. blocking of Ca2* activated Cl- channels
raising intracdlular Ca2+ concentration: T

(7) histamine 5x 104 M S 5-30 transient activation of conductance eg., through

basolateral K+-channelsand apical Cl- channds

Alternatively, DIDS was added prior to carbachol when two working biopsieswere obtained as
judged by the amiloride response.

$DIDS acts on multi ple amponents of the ion transport system (Gogelein 1989

T carbachaol and histamine act throughdifferent, though both Ca2+ dependent, pathways

The employment of ICM as a diagnostic toal in CF was based on the response to carbadol (Veeze
et al. 1991). In non-CF tiswe, the CFTR mediated Cl~ seaetory current provoked a transient

increase in short circuit current while in most CF tissues a transient deaease in short circuit current

was observed due to the efflux of K+ ions through K* channels. In some CF patients a response in

the non-CF ClI~ seaetory diredion was seen but the size of the responses diff erentiates between non-

CF (mean pe& response 26 pA/cm?) and CF (mean pedk response 3 pA/cm?) conditions. Residual

Cl~ seaetion was also observed by CF patients exhibiting both the K+ mediated reversed and the CI~

mediated residual response.

The protocol permits a disedion of resdua Cl~ seaetion in proportions mediated by CFTR
and mediated by alternative, Ca2+ adivated Cl- channels by the employment of DIDS which is
known to inhibit the Ca2* adivated seaetory currents (reviewed by Gogelein 1988. In order to
asEss the presence of aternative seaetion, the residual component of responses obtained with
cabadol (in the absence of DIDS) and histamine (after 10' incubation with DIDS) were compared.
Finadly, CFTR mediated chloride conductance was considered to be adivated by addition of cCAMP
and forskolin.

Representative tradngs for the CF and the non-CF condition are displayed in figure 13.
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FIGURE 13 ICM RESULT STYPICAL FOR NON-CF AND CF PATIENTS

(a) Idealised ICM results for non-CF controls and CF patients with protocol shown in tale 3.

(b) Example for a non-CF ICM. The result wasobtained on paient O (nonCF, described inchaper 3.1.2.5).
(c) Example for a CF ICM. The result was obtained on patient D (CF, described in chaper 3.1.2.1).

(b) and(c): scalesfor Isc andt are adjusted for better viewing.
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Carbadol-evoked responses with substantial proportions of aresidual Cl— seaetory component have
been shown to correlate with a mild CF phenotype in a group of unrelated CF patients with severd
CFTR mutation genotypes (Veezeet al. 1994). Within this thesis, two approadches towards the
evaluation of ICM results were pursued: in chapter 2.2.2.2.1 the responses obtained by carbadol-
stimulation were analysed qualitatively based on the shape of the response in order to evaluate the
results of the study "rare genotypes and atypical cystic fibrosis' (chapter 3.1.2). A quantification of
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the residual component was attempted as described in chapter 2.2.2.2.2. The results gained on
patients participating in the "European CF twin and sibling study” were evaluated quantitatively as
shown in chapter 3.2.2.

2.2.2.2.1 Shapes of carbachol-induced short circuit currentsin redal biopsies

Idedly, the baseline is supposed to be constant during a response. However, when studying redad
biopsies by ICM, most responses displayed either a change of the baseline level during the response
(defined as offset) or a change in the baseline dope during the response (defined as drift). The nine
shapes of carbadhol- and histamine responses observed on analysing 66 tradngs are displayed in
table 4. A clea distinction between presence and absence of residual chloride seaetion isfeasible for
five out of nine shape types observed (type I, II: without residual component; type VII, VIII, IX:
with residual component). These unequivocdly interpretable shapes were assgned to 22 out of 43
cabadol-induced peds and for 26 out of 39 histamine-induced pe&ks. In some cases, results for
two biopsies were obtained and different shape types were displayed by both biopsies. Espeaally
type I, charaderised by its broadness, was found in combination with other shapes displaying a
residual component (type VII and VI, respedively). Type lll was observed only for carbadhol- but
not for histamine-induced responses.

Figure 14 displays some uncommon response shapes. Ead of the four patterns was seen in
only one patient, but was reproduced in both hiopsiesinvestigated.

FIGURE 14: UNUSUAL, BUT REPRODUCIBLE RESPONSE SHAPESIN ICM

Sleded examples for unuwsually shaped ICM resporses. Each of the four pairs of responses was obtained by
measuring two biopsies from the same patients. All resultswere obtainedby stimulation with carbachol.

Patient 1 Patient 2 Patient 3 Patient 4

2.2.2.2.2 Quantitativeevaluation of ICM signals

In order to evauate al carbadol- and histamine-induced responses regardless of their shape, a
computer-asssted approach was taken: for eat ped, a linea baseline was assgned prior to the
response and — independently of the former — following the response. The course of the baseline
during the response was cdculated as a spline function, defined by a third degree polynomia
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equation starting with dope and baseline of the linea function defining the baseline prior to the
response and ending with slope and baseline of the linea function defining the baseline after the
response. After the spline function has been assgned as baseline to the response, height and area
above and below the baseline were cdculated and considered representative for the reversed and the
residual proportions of the signal (data shown in figure 15, page 59).

TABLE 4. COMM ON SHAPES OF CARBACHOL AND HISTAMINE INDUCED PEAKS

Definition of shape types| to I X by offset anddrift condtions Offset: change of baseline leve during resporse, either
towards the revesed diredion (to rev) or towards the residud diredion (to res). Drift: change of baseline dope
duringresporee. Shag Il isdiscriminated againstshape Il on thebasis of the peak broadress

reversed |yes yes yes yes yes yes yes yes no
residual |no no unknown unknown unknown unknown yes yes yes
off set torev no no no tores tores tores no no
drift no no no yes no yes no no no
I I 1 v Y VI VI VIl IX

“ryr vy vt

CARBACHOL-INDUCED SIGNALS

Shaes of carbachd-induced signds observed in ICM tracings of 66 patients. In 7 cases, no conclusive signd was
seen. 10 results were exduded from shape type andysis because of a high drift or too small resporse. Of the
remaining 49 patients, 43 results were obtained from either one biopsy only or both measurements showed the same
carbachad-induced shape. The number of observed shapes I-1X are displayed in the table below. In 6 cases, different
shapes were observed in both biopsies. Of these 6 cases, three displayed a combination of shape Ill in one
measurement and shape VIII in the other measurement. The foll owing combinations of shapes were observed only
once shape lll andshape VII, shape VI andshape VIII, shape V andshape VIII .

SHAPE I 1] 1 v \Y VI VII VIl IX
no. of
tracings 2 4 6 6 4 5 5 6 5
(n=43)

HISTAMINE-INDUCED SIGNALS

Shayes of histamine-induced signds observed in ICM tracings of 66 patients. In 19 cases, no conclusive signd was
sean. 3resultswere exduded from shape typeandysis beause of a Hgh drift or too srall regporse. Of theremaining
44 patients, 39 results were obtained from either one biopsy only or both measurements showed the same histamine-
induced shape. The number of observed shapes|-1X are displayed in the table below. In 5 cases, different shapeswere
observed in both biopsies. Of these 5 cases, threedisplayed a combination of shape Il in one measurement and shape
VIl in the other measurement. The foll owing combinations of shapes were observed only once shape V and shape VI,
shape Il andshape VI.

SHAPE I I 1 v Y VI Vi VI IX
no o

tracings 1 3 — 2 7 3 9 9 4
(n=39)
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FIGURE 15: RELATION OF PEAK AREA AND PEAK HEIGHT
OF CARBACHOL — AND HISTAMINE — INDUCED S GNALSINICM

All data displayed were obtained using baselines calculated by INTEG as described in chapter 2.2.2.2.2. For each
resporse, four values were calculated: peak height below the baseline (parameter a), peak area below the baseline
(parameter A), peak height above the baseline (parameter b) and peak area above the baseline (parameter B); see
greybox for definition. Units are given asdivisions onscale for short circuit current (Isc) andtime (t).

(@), (b) Values below zero refer to the revesed propartion of a resporse (height a, area A) and values above zero
refer to the residud propartion of a resporse (height b, area B).
- : histamine-induced resporses
: average height to area ratio for carbachal-induced peaks (2nd degreepaynamial fit)
: average height to area ratio for histamine-induced peaks (2nd degreepolynomial fit)

(c) Propartion of the revased comporent of area (PDA%) and height (PDH%). Peaks displaying exdusively the
revased comporent have values of 100% PDH and100% PDA.
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3 RESULT SAND DISCUS3ON
3.1 The study " Rare genotypes and atypical Cystic Fibross'

The study "Rare genotypes and atypical CF" aims at correlating CFTR genotype and CF phenotype
by investigating the effed of uncommon moleaular lesions in the CFTR gene on the basic defed and
the dinicd phenotype. The patients seleded for this sudy can bedivided into threegroups

(@) compoundheterozygouspatients carrying arare CFTR allele

nonsense mutations: G542X/Y 1092X; R553X/L1059X

splice mutations: AF508327226 A= G; AF50838503 T= G; 40002 A= G/1VS8-6(5T)

complex alele: AF508-R553Q/R553X; AF508V1212/AF508

(b) patientswith honmozygous CFTR genotypes other than AF508

R553X, CFTRdelEx2@; CFTRdelEX2,3®; E92K; 1898+3 A= G; 3849+10kb C= T

(c) patientswith atypical CF suspeded to carry atleast one functiond CFTR allele

patient P, Q, R, S (table 5)
All genotypes but thoseindexed by footnote and describedin chapter 3.1.1 were resolved previoudy.

The states of CFTR mutation screening of the participants of unknown mutation genotype at the day
of entry are listed in table 5.

TABLE 5: SSCP SCREENING CARRIED OUT UNTIL 19940N PATIENTS PARTICIPATING IN

THE STUDY "RARE GENOTYPES AND ATYPICAL CF"
D, |, P, Q, R, S: patient identification S: exonwas sequencd after SS@ anadysis
1: SSCP andysis performed with one restriction dgest; 2: SSCP andysis performed with two restriction digests

SCP Screening of CFTR Exons
1 2 3 4 5 6a6b 7 8 9 10 11 12 13 14 14 15 16 17 17 18 19 20 21 22 23 24

a b a b
D 1 1 S s s 2 1 2 1 s 1 s 1
| 2 1 2 1 2 s S 2 1 2 1 2 s 1 s 1
P 2 1 s 2 1 2 2 2 1 2 S 2 2 2 2 2 1 2 11 1 1 2
Q 2 s 1 2 1 2 2 2 1 1 s 2 1 1 2 2 2 1 1 1 1 2 2 2 1
R 2 1 s 2 1 2 2 2 1 S 1 S 2 1 2 2 2 1 1 1 S8 s 2 2 2
S 2 S s 2 1 1 s 1 S s s 2 1 2 2 2 2 2 1 8 s s 1 1

These patients suspeded of carrying at least one functional CFTR allele were seleded on the basis of
the work of T. Dork who has analysed more than 350 CF patients without being able to identify both
disease-causing lesions in some cases. Within this thesis, SSCP screening of al CFTR exons and the
promoter region was completed for these 6 cases and another 14 patients who were diagnosed as
having CF but did not carry two mutations, as was known after mutation screening of most CFTR
coding sequences and flanking intron sites until 1994

(a) Thismutation wasidentified in patient | (table 5).
(b) Thismutation was identified in patient D (table 5).
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3.1.1 Resultsof the genotype analysis

3111 CFTRDeEx2and CFTRDe Ex2,3

Among the 770 CF mutations submitted to the Cystic Fibrosis Genetic analysis consortium,
(http://www.genet.sickkids.on.calcftr/), only seven large deletions have been reported. This is partly
based on the method employed for mutation analysis. the common screening methods rely on SSCP
or DGGE, which are both PCR based. Any deletion encompassng the analysed PCR fragment will
not be deteaed by PCR unlesspresented in the homozygous state.

In two patients, both children of a consanguineous marriage, deletions of complete exons
could be identified. The missng exons were first noticed during SSCP analysis where no product for
exon 2 (patient 1) or exon 2 and exon 3 (patient D) was amplified.

Amplification of exon 3 from patient D under optimised conditions did not show a product of
the expeded size, but showed several bands, the most prominent among them having a size of
450bp, as judged on a 2% agarose gel. However, analysis of the excised band on a 12%
polyaaylamide gel reveded a composition of more than one band. Dired sequencing of the 45Cbp
band excised from the agarose gel was caried out and the band pattern could be interpreted at
severa stretches of 10-20 bp length, none of them composed of exon 3 sequences (data not shown).
Consequently, the PCR results were interpreted by asauming a deletion of exon 3 in patient D
leading to anon-spedafic angificaion of other genomic squences unrelated to exon 3.

Amplification of exon 2 with optimised PCR conditions in patients | and D failed to amplify
any product. The amplicon was further anadysed by PCR employing protocols of increasing
stringency by subsequently rising the anneding temperature (figure 16a-c). At 45°C, 50°C and 55°C,
PCR product was amplified from DNA of a control, both parents of patient | and the father of
patient D. The same samples failed to amplify exon 2 product at anneding temperatures of 60°C and
65°C. From the DNA of patients | and D, no exon 2 band could be amplified under any condition.
However, an identicd by-product pattern was generated when amplifying the DNA of either patient |
or D at low anneding temperatures or the DNA of the control, of both parents of patient | or the
father of patient D at higher anneding temperatures. The results were explained by assuming a
deletion of exon 2 in patients | and D, resulting in binding of PCR primers to sites within sufficient
homology to the target sequences to allow product formation. The same secondary binding sites are
present in patients and controls, resulting in an identicd band pattern when the target sequenceis not
available — either by deletion of the target sequence in the patient or by increasing the anneding
temperature above optimum conditionsin control sampes.

Both deletions were confirmed by Southern blotting as described in chapter 2.1.3 (figure 16d).
Since the PCR probe used for hybridisation was generated with exon-flanking intron primers
(Zidlenski et a 199)), it is evident that complete exons are missng in the deletions and that the
respedive deletion bre&kpoints are located within the introns upstrean and downstrean of the
oligonucleotide primer sequences. The sequence of the exorn/intron boundaries from exon 1, 2, 3,
and 4 as published by Zielenski et al. (1991 predicts that the deletion of exon2 is an in frame
deletion while the deletion of exon 2 and exon 3 will produce aframeshift (figure 16e).
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FIGURE 16: ANALYSISOF THE DELET IONS CFTRDeEx2 AND CFTRDeEx2,3

(@) Anadysis of exon2 deletion with PCR, Assgnment of exon 2 product was dore by size comparison with a 100 bp
ladder (lane S) anda lambdaDNA B<EIl digest (lane A)

(b) Detail showing similarity of by-product patterns between (left )sample withou exon 2 target sequence and
(right) sample with exon 2 target sequerte.

(c) Temperature profil e of 35 exension cydes used to anmplify products shown in figure (a).

(d) Detedion of CFTRDelEx2 (patient 1) and CFTRDeEx2,3 (patient D) by Souhern blotting as described in
chaper 2.1.3. The PCR generated genomic probe encompasses the full exon and flanking intron sequences
(Zielenski et al. 1997). Fragments were assgned according to the physical map of Romnens et al. (1989:
the expeded fragments are 7.3 kb (correspondng to exon2— Hindlll fragment) and 3.1 kb (correspondng
to exon3—Hindlll fragment).

(e) Predicted mRNA sequences for expresson of CFTR-DelEx2 (in frame deletion) and CFTR-Del Ex2,3 (out of
frame deletion) based on the published exn/intron structures of the CFTR gene (Zielerski et al. 1991)

a
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CFTR mRNA: wt
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CFTR mRNA: DelEx2,3 (out of frame)
EXON 1 EXON 4
[..Trcacfeaa .. |

PATIENT I
PATIENT D

3.1.1.2 Polymorphismsin intron 14aand intron 14b

A novel intronic sequence variant was deteded in intron 14b in patient P. The mutation was deteded
by SSCP in two different digest. Upon sequencing, two sequence aterations encompassng exon 14b
were deteded: 275222A= G in intron 14& and 2789+32T=C in intron 14b (this work). Both
nucleotide exchanges were located on the maternal chromosome. SSCP and sequencing analysis is

showninfigure 17.

5 described by Marrigo et al. (personal communication)
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FIGURE 17: EXON14b SSCP AND SEQUENCING

(a) SCP andysis of exonl4band flanking intron sites.

The arr ows dencte bandshifts observed comparing control ( C) andpatient P ( P) samples.
(b) Sequencing of 2789+32T=> C andcontrol sample. The arrow indicates the nucleotide exchang in the patient (x)
(c) Location of two sequence dterations of maternal chromosome in paient P.
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3.1.2 Resultsof the phenotype analysis

The CFTR mutation genotypes have been caegorised in five clases acording to the anticipated
effea of the moleaular lesion (reviewed by Zielenski and Tsui 1995. Mutations which are expeded
to avert protein synthesis, such as nonsense and frameshift mutations, are combined in classl. The
phenotype of four patients homozygous for class| mutations is described in chapter 3.1.2.1. Classi|
mutations are presumed to fail in producing functional CFTR based on a processng defed, with the
most prominent class!l mutation being AF508 Three patients carrying a second sequence variant on
a AF508 chromosome were examined and the results are shown in chapter 3.1.2.2. Results on two
patients homozygous for mutations which might give rise to proteins defedive in processng
(classill), regulation (classill) or to CFTR with an dtered conductance (classliV) are reported in
chapter 3.1.2.3. ClassV mutations are defined as moleaular lesions leading to misglicing of RNA
implying reduced amounts of wild type CFTR. In chapter 3.1.2.4, data on patients carrying one or
two splice mutations is reported. The last paragraph of this sedion deds with CFTR genotypes that
fit into none of the above caegories. for 5 patients participating in this study, only one or even no
disease-causing lesion could be identified in the CFTR gere (Chapter 3.1.2.5).
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3.1.2.1 Nonsense mutation and out of frame deletion

The four adult patients carrying two nonsense mutations (A, B, C) or a frameshift mutation caused
by a deletion (D, see figure 16 for details’) are all pancreaic insufficient and al showed highly
elevated swea Cl~ values. While their nutritional status, shown by wfh%, was average for all
patients, the lung function parameters of patient A to D ranged from norma (A) to severe
impairment (D). Patients B, C and D were colonisedwith P. aeruginosa. Patient A had S. aureus.

TABLE 6: NONSENSE MUTATION AND OUT OF FRAME DELETION
Pl: parcreatic insufficient

ICM intestinal current measurement Classfication of ICM results asdescibed in chaper 2.2.2.2.1, page 57
CF: carbachd responrse displays only rever'sed comporent. n.c.: nonconclusive.

NPD nasal patential difference measurement Clasdfication of NPD results as described in chapter2.2.2.1, page 54:
CF: noresidud seaetion. CF-res: residud seaetion.

Sweat
FEV1 FVC
AGE CFTR GENOTYPE WFH% Cl- ICM NPD
%pred  %opred
[mval/l]
Al24y m Pl G542X Y1092X 94 111 98 115 nc.  CFres
B|23y f Pl R553X L105% 116 68 87 106 CF CF
C| 25y f Pl R553X R553X 103 44 71 96 CF  CFres
D| 18y f Pl | CFTRDeEx2,3 CFTRDeEx2,3 92 46 64 103 CF  CFres

References: Kerem 1990et al. (G542X),  Shoshani et al. p. ¢. (Y1092X), Bozonetal.p.c.(Y1092X), Cuttingetal. 1990(R553X), Ddérk et
al. 1994 (L105%), thiswork (CFTR DelEx2,3)

The investigation of the basic defed in redal tissue showed no evidence for resdual seaetion in any
of the four patients: the responses of the reda tissue to cabadol and histamine showed only the
reversed response typicd for CF. With NPD, residual seaetion was deteded in patients A and D
upon superfusion of the nasal epithelium with chloride free solution in the presence of amiloride
(APD of 3 mV in patient A and 4 mV in patient D, respedively). In patients A and C, chloride
seaetion was stimulated by isoproterenol in chloride-free solution in the presence of amiloride (APD
of 2 mV in patient A and 6 mV in patient C, respedively). Patient B did not show any resdual
seaetion in nesal tisue.

3.1.22 Complex alleles

Two adult siblings carrying the complex alele AF508V1212 (E, F) and one patient beaing AF508
R553Q (G) have been investigated. On the day of clinicd investigation, al patients had highly
elevated swea ClI-, were pancredic insufficient and had a normal wfh%. Patient G had swea
chloride values of 50-70 mval/l in childhood. The siblings E and F were discordant with resped to
lung function parameters FEV1%pred and FVC%pred. Patients E, F and G showed no (E),
moderate (F) or severe (G) impairment of pumonary function. Siblings E and F were colonised with
P. aeruginosa. The sib pair was discordant in pulmonary status and swed Cl— concentration.

6 Shown in chapter 3.1.1.1 on page 62
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TABLE 7: COMPLEX ALLELE S
Patients E andF are siblings.

PI: parcreatic insufficient

ICM intestinal current measurement Classfi cation of ICM results asdescibed in chapter 2.2.2.2.1, page 57
CF-res: carbachad response shows residua component

NPD nasal patential difference measurement Classfication of NPD results as described in chaper2.2.2.1, page 54
CF: noresidud seaetion.

Sweat
FEV1 FVC
AGE CFTR GENOTYPE WFH% cl- ICM  NPD
%pred  %Yopred
[mval/l]
E|22y f PI AF508 AF508V1212 115 92 114 87 CFres CF
F|24y m P AF508 AF508V1212 104 52 77 104 CFres CF
G| 17y f PI R553X AF508R553Q | 101 49 66 117 CFres CF

References: Rommenset al. 1989(AF508), Macek Jr p.c. (AF508V1212), Cuttingetal. 1990(R553X), Dork et al. 1991 (AF508R553Q)

Patient E and F both showed residual seaetion measured by ICM. The carbadol responses were
composed of equal proportions of reversed and residual seaetion in patient E. Patient F displayed
only the residual component. In both siblings, no CAMP response was seen and the residual chloride
conductance was inhibited by DIDS. In reda tissuie, patient G showed upon stimulation with
cabadhol and histamine a reversed response with a pronounced offset towards the residual diredion
indicaing underlying residual seaetion. No effeda of cAMP or DIDS was observed. The
investigation of nasal tissue by NPD did not give evidence for residual seaetion in patient G. The
ICM tradngs of patients E, F and G are shown in figure 18, page 68.

3.1.2.3 Mis®nse mutation and in frame deletion

Two patients homozygous for mutations that might give rise to non-wild-type CFTR protein were
charaderised. The patient carrying the missense mutation E92K (H) was pancredic sufficient.
Patient | caried the in-frame deletion of exon 2 (see figure 16 for details’) and was pancredic
insufficient. Both patients had highly elevated swea ClI—, a more than average wfh% and a normal
lung function. On the day of clinicd investigation, P. aeruginosa was deteded for the first time in
patient H. Patient | had S. aureus.

In patient H, resdual seaetion was deteded in ICM and NPD. The redal tissue showed
resdual seaetion upon stimulation with cabadol and cAMP. The residual component was
insensitive to DIDS. By NPD, a hyperpolarization of 11 mV was deteded after superfusion with
chloride-free solution in the presence of amiloride. In patient I, evidence for residual chloride
seaetion was seen by ICM, but not by NPD. In reda tissue, a CAMP stimulated residual seaetion
was sea in the absence, but not in the presence, of DIDS. The ICM tradngs of patientsH and | are
shown in figure 18, page 68.

7 Shown in chapter 3.1.1.1 on page 62



8 RESULTSAND DISAUSSCON

TABLE 8: MISENSE MUTATION AND IN FRAME DELET ION

PS: parcreatic sufficient, Pl: parcreatic insufficient

ICM intestinal current measurement Classfication of ICM results asdescibed in chapter 2.2.2.2.1, page 57:
CF-res.carbachd resporse shows residua component (H) or cAMP resporse present (1).

NPD nasal patential difference measurement Clasdfication of NPD results as described in chaper2.2.2.1, page 54:
CF: noresidud seaetion. CF-res; sportaneous residud seaetion.

Sweat
FEV1 FVC
AGE CFTR GENOTYPE WFH% Cl- ICM NPD
%pred  %Yopred
[mval/l]
H| 12y m PS E92K E92K 141 101 99 118 CF-res CF-res
{16y m M CFTRDedEx2  CFTR DdEx2 121 133 130 102 CFres CF

References: Nuneset al. 1993(E92K), thiswork (CFTR DelEx2)

3.1.24 Splicemutations

Four adults and an infant, being homozygous for a splice site sequence ateration (J, K, N) or
heterozygous for splice mutation and AF508 (L, M) were investigated. Except for patient J, all had
elevated swea ClI~ values. All patients had a normal wfh%. Only patient M was pancredic
insufficient. All adult patients showed moderately (patient K) to severely impaired (patient L)
pumonary function. No lung function data was available for patient N. All adult patients J, K, L, M
were P. aeruginosa colonised. Swea test values for siblings J and K were discordant on the day of
clinicd investigation, but for patient K, lower values have been reported: swea chloride values were
non-pathologica until the age of 21. When diagnosed as CF, patient K had a swed test of 68 mval/l.
By the age of 28 yeas, four swea tests were within the borderline range (46, 51, 53 and 46 mval/l
respedively. Patient K receved alung transplant.

TABLE 9: SPLICE MUTATIONS

Patients J andK are siblings.

PS: parcreatic sufficient, Pl: parcreatic insufficient

ICM intestinal current measurement Classfication of ICM results asdescibed in chapter 2.2.2.2.1, page 57:

CF-res. carbachd resporse shows residud comporent (J, K) or cAMP-resporse (L,M) CF: carbachd resporse
displaysreversd diredion. n.c..: non-conclusive

NPD nasal patential difference measurement Clasdfication of NPD results as described in chaper2.2.2.1, page 54:
CF: noresidud seaetion. CF-res: sportaneous residud seaetion.

AGE CFTR GENOTYPE WFH% FEV1 FVC | Sweat ICM NPD
%pred  %Yopred Cl-
[mval/l]
J|20y m PSS |384%10kbC= T 3849+10kbC=T| 98 44 59 20 CFres CF
K|{31ly m PS |3849%10kbC= T 3849+10kbC=T| 97 82¢ 68t 93 CF-res CF-res
L| 58y f PS AF508 327226 A= G 99 29 55 81 CF-res CF-res
M|{ 36y m P AF508 38503T=G 103 32 39 116 CFres CF
N| 3y f PS | 1898+3A=G 18983 A= G 112 — — 74 nc.  CFres
*Patient K receved a lung transplant.
References Highsmith et al. 1994 (3849+10kbC>T), Rommens et al. 1989 (AF508), Fanen et al. 1992 (327226A G),
Dérk et al. 1993(38503T>G), Ferrari et al. p.c. (1898+-3A> G)

— 54—
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In patients J, K and L, ICM measurement showed DIDS-insensitive residual seaetion upon
stimulation with carbadol and histamine. The residual seaetion was stimulated by cCAMP for patient
L and M. The cAMP response of patient M was seen in the absence, but not in the presence, of
DIDS. With NPD, spontaneous chloride seaetion was deteded in patients K, L and N upon
superfusion of the nasal epithelium with chloride-free solution in the presence of amiloride (APD of
12mV inpatient K, 2 mV in patient L and 3mV in patient N, respedivdy).

3.1.25 Unresolved CFTR genotypes

Mutation analysis is carried out to confirm the suspeded diagnosis of CF. For the recessve inherited
disease, the identification of two mutant CFTR alleles is considered to be diagnostic. However, for
most populations a detedion rate of 100% is not achieved due to the alelic heterogeneity of CF
disease-causing lesions. For the German population, extensive screening has enabled identification of
54 mutations on 94% of 700 CF chromosomes (Dork et al. 1994). In the Spanish CF population,
75 mutations were identified on 90% of the CF chromosomes from 640 families (Casals et al. 1997).
47 mutations were reported to acount for 86% of CF chromosomes from 600 CF patients within
the French non-cdtic population (Chevalier-Porst et al. 1994).

The failure to identify disease-causing lesionsin all CFTR alleles of CF patients may be due to
technicd reasons, as most screening protocols ardyse the coding region andthe flankingintron sites,
but not the entire CFTR gene encompassing 240 kb. Hence, sequence variants at regulatory elements
within the non-coding sequences might remain unnoticed. Further, deletions of entire exons cannot
be deteaed by PCR based methods in the heterozygous state becaise the non-deleted copy on the
other chromosome will always be amplified. Consequently, if a patient is diagnosed as having CF but
a leasst one CFTR alele appeas to be normal after thorough mutation screening, it cannot be
distinguished whether a sequence variant within the CFTR gene has been missed due to tedhnicd
reasons or whether the disease is caused by another entity.

Within this chapter, the clinicd phenotype and the basic defed is described for four patients
who do not cary two disease-causing CFTR mutations as judged by SSCP screening of all CFTR
exons and flanking intron sites (patients P, Q, R, S; table 10). A case of atypicd CF carying a splice
gte ateration and the 1V S8-6(5T) alele (patient O) is discussed in comparison to patient P. Patients
O - S were pncredic sufficient. The diagnosis of CF was unclea for patients O, P and Q.

TABLE 10:. UNRESOLVED GENOTYPES
s: Exonwas sequencd after SS@® anadysis
1. SCP andysis performed with one restriction dgest 2: SSCP andysis performed with two restriction digests

SSCP SREENING OF CFTR EXON
1 2 3 4 5 6a6b 7 8 9 10 11 12 13 14 1b4 15 16 17 1b7 18 19 20 21 22 23 24| GENOTYPE
a a
P 21 s 21222 128S2 2222221221111 2 2VS865T):[1]
0 2 s 12 1222118221222 211212221 2| 1883A=G
R 2 1S 212 22 28Ss18S212222111ss222?2 _
S 2SS 211S128SSS 21222222 1sss11?2 _

[1] : 275222A= G —278932A= G
References: Chu et al. 1991(IVS8-6(5T)), Ferrari etal. p.c. (1898+3A>G), Marigoetal.p.c. (275222A>G), thiswork (2789+32A-> G)
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FIGURE 18 ICM RESULT SFOR SELECTED PATIENTS
WITH RARE GENOTYPES OR ATYPICAL CF

Examples for residud seaetion in 6 CF patients. CAMP-sensitivity is assumed if a residud current is stimulated by
addtion of cAMP andforskolin. The DIDS-sensitivity is assessed by comparison of the carbachd- and the histamine-
induced resporse when DIDSwas added 10' prior to stimulationwith histamine

TYPE OF RESIDUAL SECRETION TYPE OF RESIDUAL SECRETION

CAMP-sensitive DIDS-inhibitable cAMP-sensitive DIDS-inhibitable
PATIENT E NO YES PATIENT F NO YES
PATIENT G NO NO PATIENT H YES NO
PATIENT I YES NO PATIENT R NO NO

Scalesfor Isc andt are identical for all tracings digplayed in this figure.

//@Sl DUAL
0 , 1: AMILORIDE 2: INDOMETHACIN
5 pA/em 3: CARBACHOL 4: cAMPIFORSKOLIN
5: DIDS 6: HISTAMINE
REVERSED —
15 min
PATIENT E PATIENT F
PATIENT G PATIENT H
PATIENT | PATIENT R
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TABLE 11: PHENOTYPE OF UNRESOLVED GENOTYPES

PS: parcreatic sufficient
ICM intestinal current measurement Classfication of ICM results asdescibed in chapter 2.2.2.2.1, page 57:
normal: all valueswithin range of non-CF controls. CF-res. carbachad resporse showsresidual component.

NPD nasal patential difference measurement Classfication of NPD results as described in chaper2.2.2.1, page 54
normal: all values within range of nonCF controls. CF: no residud seaetion. CF-res. sportaneous residud
seaetion

Sweat
FEV1 FvC
AGE CFTR GENOTY PE WFH% Cl- ICM NPD
%pred  %Yopred
[mval/l]
O| 8y f PS IVS8-6(5T) 40002 G=> A 88 82 83 20 norma normal
P28y m PS IVS8-6(5T) [1] 103 101 102 55 normal normal
Q 32y f PS | 1898:3A=G — 84 18 40 7 normal CFres
R|37y m PS — — 131 69 104 59 CF-res CF
S(24y m PS — — 127 83 87 97 normal normal

[1] : 275222A= G - 278932A= G

Patients O and P

CLINICAL HISTORY OF PATIENT O Patient O presented a history of alergy, wheezang and
bronchiolar obstruction. She was referred to the CF clinic Hannover for differential diagnosis of
asthma/neurodermitis vs CF with pumonary manifestations. CFTR mutation analysis had reveded
the splice mutation 40002 G= A and the variant 1V S8-6(5T) on the two chromosomes, respedively.

CLINICAL HISTORY OF PATIENT P Patient P was born as a child of unrelated parents of
German descent. Respiratory symptoms were known for paternal members of a three generation
pedigree the grandfather of patient P suffered from chronic bronchitis. The brother of the patient's
grandfather died of tuberculosis before the age of 10 yeas. The father of patient P suffered from a
chronic cough with sputum production. On the occasion of his son's diagnosis, a swed test of 80
mval/l Cl~ was reported. The patient's father was underweight and small in childhood, but gained
normal weight in adolescence. Patient P was diagnosed at the age of 14 yeas by swea eledrolytes®
of 74 mval/l Nat and 76 mval/l Cl-. The clinicd course during infancy and childhood was
charaderised by growth retardation with poor nutritional status: by the age of 7 yeas, patient P had
the height and weight of a 5-yea old child. Reaurrent pulmonary infedions were treaed by threeto
four courses of antibiotics per yea. By the age of 24 yeas, he presented normal weight, height and
lung function parameters and a spermiogram was within the normal range.

GENETIC ANALYSISOF PATIENT P The CFTR gene was screened for mutations in al exons
and flanking intron sites. No disease-causing lesion was identified. The patient caried intronic
sequence variants surrounding exon 14b on the maternal chromosome (figure 17, page 63). His
paterna CFTR gere cariiesthe 1V S8-6(5T) vanant. Heis heterozygous & M470V and T854T.

8 Thevaluereported in table 11 was oltained on the day of investigation at the age of 28years. Sweat tests of patient
P have been reported Nat 74 mval/l and Cl- 76 mval/l; Na* 62 mval/l and CI- 65 mval/l; Cl- 55mval/l

— 57—
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BASIC DEFECT OF PATIENTS O AND P  The investigation of the basic defed did not provide
evidence for CFTR dysfunction in patients O and P: with ICM, normal ion seaetion was seen upon
addition of carbadhol and histamine. Results of NPD were consistent with non-CF based on the
basal PD (-34 mV and — 14 mV for patients O and P, respedively) and hyperpolarizaion (APD
19and 15 mV for patients O and P, respedively) upon superfusion with chloride-freesolution in the
presence of amiloride. An additional chloride seaetory response was stimulated with isoproterenol
(APD 8 and 3mV for patients O and P, respedively).

Patient Q [casereport pulished in Thorax 54: 278-281(1999]

CLINICAL HISTORY OF PATIENT Q Patient Q was the third child born to hedthy German
parents who are first generation cousins. Both elder siblings of patient Q are deceaed: one sibling
was born preterm with meaonium ileus and died at the age of 10 days. The other sibling died before
the age of 6 months. CF was suspeded from the autopsy. Patient Q had a history of pulmonary
complicaions with reaurrent lower airway infedions, chronic cough and sputum production.
Chronic nasal polyposis was surgicdly treaed by 13 polypedomies between 5 and 23 yeas of age.
She underwent a lung biopsy at the age of 21 which reveded bronchiedass, locdised purulent
bronchitis and surrounding fibrosis. The diagnosis of CF was discarded due to repetitive swed
eledrolyte values within the normal range (7-32 mval/l). Nine out of ten throat swabs were positive
for S aureus. Antibody titer against P. aeruginosa oprF were elevated though no P. aerugincsa
were cultured. Bronchodilators and antibiotics were prescribed, but the patient generally
discontinued medicaion after a few days. At the age of 32, the patient presented severe clubbing and
required continuous oxygen. The patient has been underweight since adolescence but pancredic
sufficient as determined by normal chymotrypsin, stool elastase and ultrasound of the pancress. She
did not receve enzyme or vitamin supdements and had normal vitamin A and E levels in serum. The
differential diagnosis of allergy was excluded by normal spedfic IgE levels in serum and skin test.
The microscopic appeaiarnce of a msd biopsy dl owedexduson of immotile ciliasyndrome.

GENETIC ANALYSIS OF PATIENT Q Mutation analysis of the CFTR gene reveded
heterozygosity for the splice site consensus transition 1898+3 A- G. Mutation analysis of the CFTR
gene did not reved other disease-causing lesions within the exons or the non coding region up to
4Kkb 5' in front of the gene. No evidence for a large genomic deletion was found by Southern blot
analysis of an Apal digest hybridised with a CFTR cDNA probe encompassng exons 7 to 24. The
patient is homozygous for the (TG), T,-M470V-T854T haplotype (TG)11T7-2-1.

BASIC DEFECT OF PATIENT Q  The analysis of the basic defed in redal tissue showed no
evidence for defedive CFTR as demonstrated by normal ion currents after stimulation with
cabadol and histamine in ICM. However, in nasal tissue CF conditions were deteded by NPD:
patient Q had a basal of —52 mV. Evidence for residua chloride seaetion was provided by a
hyperpolarizaion of 3 mV upon superfusion with chloride-freesolution in the presence of amiloride.
An additional chloride seaetory response of 4 mV was simul ated with isoproterenol.
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Patient R

CLINICAL HISTORY OF PATIENT R Patient R was diagnosed as having CF during adulthood
at the age of 28 based on pumonary symptoms. He suffered from pneumonia in childhood and
aways had nasal polyps. Swea tests have been reported to be borderline or within the lower
pathologicd range. On the day of clinicd investigation at 37 yeas of age, he had an impaired lung
function and clubbing was noticed. Pseudamonas aeruginosa was deteded in sputum culture and the
antibody titer against P. aerugincsa oprF was elevated. He was treaed with inhalation of B,
adrenergic agonists, oral n-acaylcystein and antibiotics. Patient R was pancredic sufficient. He
recaved vitamin suppgements. Serum vitamin A and E levels have been within the normal range. He
did not show any signs of liver disease. Patient R isthe father of two hedthy children.

GENETIC ANALYSIS OF PATIENT R Mutation analysis of the CFTR gene did not provide
evidence for disease-causing lesions within the exons or the non coding region up to 4kb 5' in front
of the gene. The CFTR gene was investigated for deletions by pulsed field gel eledrophoresis.
Detedion of restriction fragments after an Apal digest (fragment size 30 kb and 65 kb), Fspl digest

and Sdl digest (fragment size = 500 kb) did not show any deviation compared to control samples

when hybridized to a CFTR cDNA probe containing exons 7 to 24. Patient R is homozygous for the
M470V-T854T haplotype 2-1.

BASIC DEFECT OF PATIENT R Theinvestigation of the basic defed confirmed the diagnosis of
CF in patient R. In redal tissue, carbadol and histamine stimulated a resdual current without the
reversed component typicd for CF. However, the magnitude of the responses was only afifth of the
size encountered in non-CF controls (figure 18, page 68). DIDS did not have an effed on the
resdual currents provoked by carbadol or histamine. In nasal tissue, a basal PD of -39 mV was
sea. In the presence of amiloride, neither the superfusion with a chloride-free solution nor the
stimulation with isoproterenol provoked a hyperpolarization.

Patient S [casereport published in Hum Genet 102: 582586 (1998]

CLINICAL HISTORY OF PATIENT S Patient S had a history of respiratory symptoms. from the
age of 6 yeas, he has suffered from reaurrent bronchitis and chronic cough with excessve sputum
production. At the age of 17 yeas he was diagnosed as having CF on the occasion of a severe
pneumonia by highly elevated swea Cl~ of 102 mval/l. Since then he has been treaed by daily
inhalation of salbutamol and oral n-acaylcystein and antibiotics. The patient had three to four
two-week courses of antibiotic therapy per yea. S. aureus was deteded occasionally in throat swabs
or sputum cultures. He is pancreaic sufficient and receved no vitamin supdements. Reduced
fertility was diagnosed by spermiogram. The differential diagnoses of pseudohypoaldosteronism and
Lidde's disease were excluded by normal blood presaure and serum eledrolytes as well as plasma
renin and aldosterone levels prior to and after administration of furosemide.

GENETIC ANALYSIS OF PATIENT S AND HIS SISTER Mutation analysis of the CFTR gene
did not reved any disease-causing lesions. Furthermore, the CFTR genes of the patient and his
hedthy sister are identicd by descent as demonstrated by haplotype analysis of polymorphisms
within the CFTR gene including the fully informative microsatellite marker IVS17bTA. No
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recombination event was deteded within a 40 cM region encompassng the CFTR gene, ranging
from the markers PON2 to D73495 (figure 19). The patient is carrying the (TG), T,-M470V-T854T

aleles (TG)11T7-2-1 and (TG)10T7-2-1.

BASIC DEFECT OF PATIENT SAND HISSISTER The investigation of the basic defed did not
provide evidence for CFTR dysfunction in patient S or the patient's Sister in intestinal or nasal tisaue:
with ICM, normal ion seaetion was seen upon addition of carbadol and histamine. Results of NPD
were consistent with non-CF based on a low basal PD (-21 mV and —12mV for patient S and the
patient's sster, respedively) and hyperpolarizaion (APD 28 and 21 mV for patient S and the
patient's sister, respedively) upon superfusion with chloride-free solution in the presence of
amiloride.

FIGURE 19 HAPLOTYPES OF PATIENT SAND HIS SISTER
(a) Map showing 40 cM region enonmpassng the CFTR gere investigated in family of paient S.
(b) 16 marker hapotype for patient S (indicated by arrow) andhissister.
[J : noncorclusive(PCR-failure)
Informative phase: all elesidentical by descent are marked in red.
Nortinformative phase:_alleles identical by state are printed in Hack
Alleles at dimorphic marker loci (PON2, MetH, XV-2c, KM.19, J44, GATT, M470v, T854T, TUB20, J3.11) are
named acoording to standard nonendature (seefigure 5 on pag 39).
Alleles at paymorphic loci are named according to their size in repeat units (GATT, IVS8CA, IVSL7bCA,
IVSL70TA) or in arbitrary repet unts asdefined in chapter 2.1.2.2.4 (D7S525 D7S514, D7$495).

The all eles of patient Sand his sister at J3.11 are identical by descent unlessa doulde recombination event flanking
J3.11, with brealpoints between TUB20and D7S514, is asumed.

(@) CEN (b)
PONZ2
:: 124cM
PON2 U1 = lr 1l
D7S525  10/|9 10/[10 10/|10 10|10
D7S525 MetH —|— 1|1 1|1 4
141cM XV-2¢ U1 2 12 2
KM.19 U1 2l 1jr 1
Jaa 22 12 22 22
GATT 17 87 77 77
ﬁ';(r:';l . IVS8CA 17|16 16|16 17/(16 17||16
M470V 22 12 22 22
E T854T U1 2l 1jr 1
O/ Ivs17bTA 46|30 7|27 46|27 46/|27
IVS17bCA 14|13 17|13 14|[13 14|13
TUB20 22 12 22 22
J3.11 U2 12 12 12
D7s514  10|9  11/|9  10/|]9 10/|9
D7S514 D7S495 15110 10ll15 15115 15ll15
153cM
\\
\\
D75495
166 cM
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FIGURE 20: RESIDUAL CHLORIDE SECRETION IN CF AND ATYPICAL CF

Residud chloride seaetion in patients A-S as ases®d by nasal potential difference (PD) measurement, sweat test
andintestina current measurement (ICM).

NPD: resporse to superfusion with chloride-freesolutionin the presence of amil oride given as APD[mV]
m : CF- typical basal potential difference |PD| < 40mv
: nonCF or borderline basal PD |PD| = 40mv
Patient B probaldly hada oold onthe day of investigation andhencea low basal PD.

Sweat chloride:
: sweat chloride concentration given as [10 x mval/l]
(< 40mval/l: non-CF range, 40-60 mval/l: borderline range, > 60 mval/l: CF range)

ICM: a : tracing non cortlusive

clasgfication of carbachol-response:
m, m, W, = %revesed comporent of carbachad inducel signal
maximum 100% (only revesed resporse), patient B, C, D, I, L, M
minimum 0% (only residud resporse), patient F, K, O, P, Q, R, S

amplitude of chloride seaetory component of the carbachol-r nse (Veeze et al. 1991, 1994:
: carbachd-response within nonCF range
B, m, m : carbachd-resporse within CF range

type of residual chloride seaetion:

B : no clasdfication of residua component or noresidual component observed
» : DIDSsenstiveresidud chloride seaetion
: CAMP-sensitive chloride secetion

|-I o
12 10]10 10 12 .
7
: Eﬂﬂ s

A B CD E F G H | J KL MN OP QRS
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3.1.3 Discusson of genotype-phenotype relations

The basic defed in cystic fibrosis is defined by an absence of CFTR mediated chloride conductance
in CFTR expressng epithelia. Within the study "rare genotypes andatypical cystic fibrosis", patients
have been investigated with resped to their basic defea expressed in the epithelium of the lower
nasal turbinate (considered representative for the respiratory epithelium), of the swea gland and of
redal tissue (considered representative for the intestina epithelium). The results obtained are studied
intwo approades. chapter 3.1.3.1. aims at correlating the basic defed in the threetissies examined,
regardless of the underlying CFTR genotype. In chapter 3.1.3.2, the patient's CFTR genotype is
taken into acount: the basic defed phenotype is evaluated on the basis of the CFTR genotype and
the dinicd phenotypeis evduated on the kasis of the kasc defed results.

3.1.3.1 Correlation of the basic defed in three different tissies

Given the hypothesis that the basic defed in cystic fibrosis relies solely on the inability of mutant
CFTR to conduct chloride, CFTR expressng epithelia from different tissies but from the same
patient should express a comparable picture as the underlying CFTR mutation is identicd for all
tisaues of one CF patient. Alternatively, the defed in ion conductance observed in one tissue would
not be predictive for the expresson of the basic defed in other CFTR expressng tissues from the
same patient due to tissue spedfic, but CFTR gene independent fadors. This chapter confronts this
hypothesis in threesedions: first, cases of typicd CF are discussd. Then, patients with atypicd CF
are evaluated. Finally, a brief survey of published data on CFTR as®ciated ion seaetion in epithelial
cdls is presented as a ladk of correlation between the impairment of ion conductance of the swea
gland, the intestinal and the respiratory tissue cannot be kased on the CFTR mutation genotype.

3.1.3.1.1 Cysticfibrosis patients A-N

Given the hypothesis that the defedive ion conductanceis mainly determined by the CFTR genotype,
the expresson of the basic defed is supposed to be concordant in the three examined tissues taken
from the same patient. Figure 20 clealy demonstrates that this is not the case: resdua chloride
seaetion deteded in the redal tissue (patient E, F, G, H, |, J, K, L, M) was not always indicaive of
resdual seaetion in the nasal tissue (no residud seen in NPD in patients E, F, G). Neither was the
evidence for residual seaetion in nasal tissue (patients A, D, H., K, L, N) indicaive in all cases of
resdua seaetion in the reda tissie (no residud seen in ICM in patient D). Swea chloride
concentrations in the borderline range on the day of clinicd investigation (patient J) were not
matched by a higher content of residual chloride seaetion in nasal tissie compared to patients with
higher swea chloride concentrations (no residud seaetion seen in NPD of patient J, the low basal
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PD displayed by patient J was likenise observed in patients K, L and N° which all showed sweat
chloride concentrations in the pathological range). Two patients (patients G and K) were reported
to have increasing swea chloride concentrations with increasing age. This indicaion of residual
chloride seaetion is concordant with the residual seaetion deteded by NPD and ICM in one of the
two patients only (patient K, no evidence for chloride seaetion was seen by NPD of patient G). In
conclusion, when reduced to the presence or absence of residual chloride seaetion, the basic defed
in the three tissues examined seams to be independently expressd. Hence other chloride
conductances than those mediated by CFTR itself must contribute to the effeds observed in atissue
speafic manner. Evidence for different sources of residual chloride seaetion have been provided by
ICM (figure 189): three chloride seaetory currents, differing with resped to their sensitivity to
DIDS and cAMP, could be discriminated in CF patients.

3.1.3.1.2 Atypical cystic fibrosis patients Q-S

Among the five patients with unresolved CFTR genetics (patients O-S) investigated in the study
"rare genotypes and atypical CF", the diagnosis of cystic fibrosis was rejeded for two patients
based on normal ICM and NPD values (see chapter 2.2.2.1 and 2.2.2.2 for details) and swea
chloride concentration in thenormd (patient O) or lower pathologica range (patient P).

Complete discordance of the basic defea between the two organs affeded mainly in CF was
observed in patient Q: no evidence for CFTR dysfunction was seen in redal tissue, but the nasal
tissue displayed the CF-typicd condition. Residual seaetion was deteded by NPD. The swed test of
patient Q was non-pathologicd. In patient R, the basic defed was expres=d in al three tisaies
investigated, but while no evidence for residual chloride seaetion was seen in nasal tisaue, the redal
tissue showed the chloride seaetory component. Patient R had a swed test compatible with the
diagnosis of CF. Patient S had sweda chloride concentrations in the pathologicad range, but neither
NPD nor ICM indicaied dysfunctional CFTR in nasal or redd tisue

In summary, the tissue-spedfic expresson of the basic defed that was observed for patients
with a clea diagnosis of CF (patients A-N) was seen more distinctly for patients with atypicd CF.
This is consistent with the definition of atypicd CF as based on the condition CBAVD, wherein the
manifestation of the disease is asciated with moleaular lesions in the CFTR gene (Dumur et al.
199Q Chillon et al. 1995 and leals to symptoms within ane organ only.

9 Patient B also had a low basal, presumably due to a cold.
10 Figure 18isshown in chapter 3.1.2.5 on page 68.
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3.1.3.1.3 lontransportin epithelial cels

The ion transport in CFTR expressng epithelial cdls (reviewed by Anderson 1992 is complex on
the level of the regulation pathways and with resped to the \ariety of themdeaular entitiesinvolved:
different chloride seaetory responses have been attributed to Ca2* mediated and cCAMP mediated
pathways in HT29 cdls (Banath et al. 1992, T84 cdls (Vaganaphanich et al. 1994 and cultured
colonic epithelia (MacVinish et al. 1993. Both intracdlular mediators are considered to be linked
(Vaanaphanich et al. 1995. Moleaular entities, contributing to the chloride transport of epithelial
cdls, have been described as outwardly readifying chloride channel ORCC (Egan et al. 1992 Gabriel
et al. 1993 and, distinguishable from the ORCC (Fischer et al. 1992, the outwardly-redifying
depolarisation induced channel ORDIC (reviewed by Thinnes and Reymann 1997). The transport of
counterions, as mediated by the amiloride-sensitive Nat channel and the basolateral K+ channel, has
been demonstrated to be controlled by CFTR (Ismalov et al. 1996 Stuttset al. 1997, Loussouarn et
al. 1996 McNicholas et al. 1997). The adivation of CFTR by extracdlular ATP in airway cdls
(Stutts et al. 1995 is consdered to be mediated by P2Y2 recetors and CFTR-associated ATP
chanrels (Sugita et al. 1998 Watt et al. 1998. The cytoskeleton is considered to regulate the
interadion of CFTR and the ENaC (Ismailov et al. 1997 and the regulation of CFTR mediated
chloride transport itself (Naren et al. 1998. Recently, the PDZ protein motif, known to bind fadors
interading with for example the 32- adrenergic receptor, the purinergic receptor, components of the
cytoskeleton (Short et al. 1998 or proteins diredly involved in ion transport such as the Nat/H*
exchanger, has been identified in CFTR (Hall et al. 1998 and thus provides evidence for the link of
CFTR to otherreguatory pathways.

Regarding the complexity of this network, the ladk of correlation between the basic defed in
the tisaues examined seans obligatory: nasal tisaue, intestina tissuie and the swea gland represent
different organs and consequently, the regulation of ion transport can be expeded to refled the
individual charaderistics of the differentiated tissues. Furthermore, while CFTR is expressed in all
threetisaues examined, this is most likely not the case for other ion pathways. In conclusion, while
non-functional CFTR may be regarded as the basis of the basic defed of defedive ion conductance
in swea gland, nasal and redal tissue, various tissue-spedfic elements can be expeded to modulate
the ion conductance properties of CFTR expressng epithelia.

— 64—
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3.1.3.2 Correlation of CFTR genotype, basic defed and disease ®verity

Since the moleaular analysis of the CFTR gene has allowed the identification of more than 700
sequence variations with presumed functional consequences for the CFTR protein, correlation of
CFTR mutation genotype and disease severity has been attempted (reviewed by Zielenski and Tsui
1995. Figure 21 illustrates the concept employed: the prediction of the moleaular phenotype for a
given CFTR allele is used to assess whether functional CFTR protein can be expresed. A severe
disease phenotype is then assumed to result from non-functional CFTR mutants while CFTR alleles
alowing the generation of wild type protein are generaly expeded to result in milder phenotypes. In
chapter 3.1.3.2.1, data from the literature on the mutations displayed by patients A to P is
summarised. The patient's genotypes are grouped acording to whether their CFTR genotype is
expeded to result in no CFTR protein, some mutant CFTR protein or reduced amounts of wild-type
CFTR protein. The genotype-phenotype correlation for the patients investigated in the study "rare
genotypes and atypical cystic fibrosis' is discussed in two steps. the relation between the CFTR
mutation genotype and the basic defed is discussed in chapter 3.1.3.2.2 and the correlation of basic
defed and diseas phenotypeisinvestigatedin chapter 3.1.3.2.3.

FIGURE 21: CFTR GENOTYPE — CF PHENOTYPE CORRELATION: A CONCEPT

CF disease seveity viewed as a consequence of the CFTR genotype. Sevae CF disease is considered to be the result
of absent CFTR function, while mild CF disease issurmised to result fromresidud CFTR activity.

HAPTER HAPTER
CFTRGENOTYPE ~ =——» BASICDEFECT — DISEASE SEVERITY
3.1322 3.1323
NO EXPRESSON . NO RESIDUAL |
OF FUNCTIONAL CFTR | CHLORIDE SECRETION SEVERECF DISEAS |

EXPRESSON OF RESIDUAL
———> —>
FUNCTIONAL CFTR POSSBLE CHLORIDE SECRETION MILD CF DISEASE |

3.1.3.21 Themolealar phenotype of mutant CFTR alleles

Generally, no functiona CFTR protein is expeded to arise from frameshift mutations, as for
CFTRdelEx2,3 investigated in patient D. Most nonsense mutations — such as G542X, R553X,
Y1092X, studied in patients A, B and C — have been associated with mRNA reduction and/or exon
skipping (Hamosh et al. 1991 Hamosh et al. 1992, Hull et al. 1994, Wil et al. 1995. However,
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not all nonsense mutations can be considered to result in null phenotypes: wild type mRNA levels,
possbly trandated into a truncated CFTR protein, have been deteded for R1162X (Rolfini et al.
1993 Will et al. 1995.

Like most CFTR aleles, AF508-CFTR has been charaderised as a protein with defedive
maturation (Cheng et al. 1990. Semndary missense mutation R553Q or R553M or R55%K have
been shown to revert this maturation defea (Teem et al. 1993 Tean et al. 1996. The PatientsE, F
and G carried one AF508allele with a seaond missense mutation.

Rare CFTR misense mutations have been investigated in heterologous expresson systems
with resped to the processng of the protein and its eledrophysiologicd properties. Most
investigated missense mutations have been shown to result in a maturation defed or altered chloride
conductance properties (Smit et al. 1995 Seibert et al. 1996, Seibert et al. 199, Seibert et al.
1997, Vankeaberghen et al. 1998, Vankeaberghen et al. 199&). Milder CF phenotypes,
charaderised for example by pancredic sufficiency, were assumed to correlate with residual adivity
(Champigny et al. 1995 Sheppard et al. 1995, corred processng (Seibert et al. 1996) or
unimpaired interacion with the CFTR regulated ORCC (Fulmer et al. 1995. However, not all
mutations classfied as correlating with pancredic sufficiency show cAMP stimulated chloride
conductance (Fanen et al. 1997. The relation between defedive maturation and chloride
conductance phenotype is unresolved, as most mutant CFTR proteins are processd inefficiently and
most CFTR mutants exhibit chloride conductanceto some degreewhen locdised corredly. Different
functional properties for CFTR proteins underlying the same degree of maturation impairment have
been shown for CFTR-R1066H, CFTR-R1066C and CFTR-R1064. (Cotton et al. 1996. Mutations
expeded to belong in the category of mutant CFTR proteins with atered conductance or processng
were investigated in patient H and | in the homozygous condition.

CFTR mutations which generate or delete mRNA splicing consensus sequences have been
shown to give rise to incorredly spliced mRNA (Hull et al. 1993 Zielenski et al. 1993. However,
reduced levels of corredly spliced mRNA have been shown for some nucleotide substitutions
affeding less conserved positions distinct to the splice site consensus sequence (Highsmith et al.
1994 Highsmith et al. 1997). Consequently, wild type CFTR protein might beformed in those caes,
asciated with a milder CF phenotype. Patients J, K, L, M and N are carrying mutations which are
known (J, K, L) or expeded (M, N) to yield reduced amounts of wild type mRNA.

Defedive splicing, lealing to the insertion or omisson of single or multiple exons for a part of
the CFTR mRNA, has also been observed in non-CF tissues (Chu et al. 1991, Slomski et al. 1992
Melo et al. 1993 Yoshimura et al. 1993 Hull et al. 19947). The most prominent aternatively
spliced transcript results from exclusion of exon 9 (Chu et al. 1991), which gives rise to non-
functiona CFTR protein (Strong et al. 1993. The amount of mispliced mMRNA was shown to
correlate with the length of a preceling (TG),,T-reped (Chu et al. 1993 Cuppenset al. 1999. The

condition (TG),Ts, termed IVS8-6(5T) (Chillon et al. 1995, was shown to be overrepresented in
severa disease conditions exhibiting symptoms of CF or atypicd CF (Chillon et al. 1995 Pignatti et
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al. 1996 Friedman et al. 1997, Sharer et al. 1998 and hence, the allele IV S8-6(5T) is considered as
a risk adlele. Two patients (O, P) beaing the 1VS8-6(5T) alele on one chromosome, were
investigated.

3.1.3.2.2 Caorrelation of CFTR mutation genotype and basic defed phenotype

The relation of CFTR mutation and basic defed phenotype is discussd in four subsedions in which
patients are grouped acwording to whether their CFTR genotype is expeded to result in no CFTR
protein, some mutant CFTR protein or reduced amounts of wild-type CFTR protein. Theredter, the
few cases where at least one CFTR allele appeaed to be functional acerding to the CFTR mutation
analysis on the genomic level, are evauated on a cae-to-case basis.

3.1.3.221 NoCFTR protein expeded: patients A, B, C,D

Consistent with the hypothesis of nonsense-mutations resulting in functional knock-outs, all patients
homozygous for stop-mutations had highly elevated swea chloride concentrations and none showed
residual chloride seaetion in the intestinal tissue. However, in three out of the four cases evidence
for residual seaetion was sean by NPD in respiratory tissue. This points to the existence of non-
CFTR chloride chanrels in airway tissue in these patients. Residual chloride conductances mediated
by non-CFTR chanrels in patients homozygous for a nonsense mutation have been described before:
two patients homozygous for G542X have been reported as showing residua seaetion in redal
tissie (Veezeet al. 19949.

3.1.3.2.2.2 Expresson of mutant CFTR protein possble: patientsE, F, G, H, |

Three patients, beaing a secnd misense mutation on the AF508 dlele, all showed swed chloride
concentrations within the pathologicd range. No evidence for residua chloride seaetion was
deteded in nasal tissue, but clea evidence for residual seaetion was deteded by ICM (figure 18).
However, the chloride seaetory component was sensitive to DIDS, indicaing that this current is not
CFTR mediated but due to alternative, Ca2* adivated channels. DIDS has been shown to inhibit
CFTR only when having accessto the intracdlular, cytosolic domains of the protein (Linsdell et al.
1996. For patients H and |, who are homozygous for a misense mutation or an in-frame deletion,
CFTR adivity cannot be excluded on the basis of the CFTR genotype. However, both patients had
highly elevated swea chloride concentrations indicaive of a ladk of CFTR mediated chloride
transport in the swea duct. Residual chloride seaetion adivity was seen in both patients, either by
NPD and ICM (patient H) or only in redal tissue (patient 1) upon stimulation with cAMP. This
discrepancy might refled the opposing roles of CFTR in the swea gland (reabsorption of chloride)
compared with nasal and reda tissue (chloride seaetion), indicaing that aterations like E92K in
patient H impair the role of CFTR in regsorption, but not in seaetion of chloride. Alternatively, the

— 67—
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resdual seaetion observed by ICM or NPD might be mediated by an aternative channel not
expressd in the swea gland. For patient |, a CAMP adivated chloride conductance was seen in the
absence but not in the presence of DIDS indicaing its origin by aternative, non-CFTR chloride
chanrels.

3.1.3.2.2.3 Low amountsof wild type CFTR expeded: patients J, K, L, M and N

All patients with splice mutations showed residual chloride seaetion in nasal or reda tissue: in
NPD, four out of the five patients showed a basal PD in the borderline or non-CF range, indicaing
resdual chloride seaetion. Furthermore, a response to superfusion with chloride-free solution was
sean in three of the four patients. Apart from the elevated swea chloride concentrations in patients
K, L and N, the data obtained by NPD and ICM for the patients J, K, L and N are consistent with
the hypothesis of CFTR-mediated residua chloride conductance For patient M, a non-CFTR
mediated chloride conductance can be surmised: the highly elevated swed chloride concentration,
the CF-typicd basal PD and the ladk of residual seaetion in nasal tissue points to defedive CFTR in
this patient, being compound heterozygous for 38503 T= G. Even though this mutation is affeding
the not obligatory conserved —3 position and thus has been presumed to yield more wild type CFTR
transcript than aleles beaing mutations at the highly conserved positions —2 and —1 (Dork et al.
1993, no evidence for CFTR mediated chloride conductance was found in patient M. The cAMP
stimulated chloride conductance in redal tissue of patient M was seen in the absence, but not in the
presence of DIDS and hence is most likely not CFTR-mediated. An inadivation of a—3 splice site
has also been shown for 297-3 C= T (Bienvenue et al. 1994).

3.1.3.2.24 Normal amountsof wild type CFTR expeded: patients O, P, Q,Rand S

Five patients suspeded of carying at least one wild type CFTR allele have been investigated in three
tissues with resped to the basic defed. In two out of the five cases, none of the tissues examined
showed a pattern typicd for CF (patients O and P). A pathologicd condition restricted to one of the
threetisaues investigated was observed in two patients (Q and S). Only for one out of the five cases
with unresolved CFTR genotypes were conditions consistent with the diagnosis CF seen in nasd
tisaue, redal tissuie and the swea gland (patient R).

Heterozygosity for 1VS8-6(5T) and nan-CF condition in threetissies (patients O and P)

Based on the basic defed measurements, the diagnosis of CF was rejeded in patients O and P even
though patient O was compound heterozygous for a mutation affeding a splice site at the conserved
—2 position and the 1VS8-6(5T) variant. Patient P, whose CFTR alleles were screened throughout
the complete coding sequence (table 10"), likewise caried the IVS8-6(5T) variant but except for
two nucleotide exchanges encompassng exon 14b (described in detail in chapter 3.1.1.2), patient P

11 Table 10isshown in chapter 3.1.2.5 on page 67.
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did not cary any sequence variations. Presumably, the alterations of introns 14a and 14b were
without consequence for the transcription of the CFTR gene as they did not introduce a novel
splicing signal nor did they destroy the splice site consensus sequences of exon 14a. Hence when
comparing the CFTR alleles of patients O and P under the assumption that all sequence variations
have been deteded, patient P can be considered as heterozygous for awild type alele and the 1V S8-
6(5T) variant and patient O can be considered as heterozygous for a disease-causing leson and the
IVS8-6(5T) variant. Though 1VS8-6(5T) is established as a sequence ateration modulating the
penetrance of a mutant CFTR alele (Kiesewetter et al. 1993 and can be considered as arisk alele
for pumonary disease (Pignatti et al. 1996 Friedman et al. 1997), CBAVD (Chillon et al. 1995 and
pancreditis (Sharer et al. 1998, neither the isolated 1VS8-6(5T) condition nor compound
heterozygosity with a CFTR disease-causing lesion was sufficient to transmit the basic defed typicd
for CF to nasal or rect tisaue, as demonstrated by patients P and O, respedivdly.

Carriership for a disease-causing lesion and CF condition in nasd tisaue (patient Q)

Patient Q showed a CF-typicd NPD but no evidencefor defedive CFTR in redal tissue or the swea
gland. All CFTR exons and flanking intron sequences were screened by SSCP (table 10) and the
CFTR gene was investigated for large genomic dterations by PFGE, but only the splice ste
consensus transition 1898+3 A= G was identified on one chromosome. This sequence variation can
be consdered to be a disease-causing lesion since patient N, being homozygous for this allele,
exhibited clinicd symptoms and showed an impaired chloride conductance in nasal tissue and the
swed gland compatible with CF. The carrier status of patient Q was sustained by the family history:
a sibling died presumably of meanium ileus and CF and thus, the CFTR alleles within the family of
patient Q were most likely associated with pancredic insufficiency. However, patient Q was
pancredic sufficient and hence, carriership of patient Q seams more likely than the condition of her
carying two CFTR mutant aleles causing a severe gastrointestina phenotype.

The tissue-dependency of the CF typicd chloride conductance defed seen in patient Q can be
explained asauming an impaired regulation of CFTR expresson in the respiratory epithelium,
mediated by tissue spedfic regulatory elements. The manifestation of the basic defed is probably
eased by the consanguineous badkground yielding an excess of homozygous genotypes at many loci
throughout the genome, induding seqence \ariants with an unfavourable dfed.

No disease-causing lesion identified and CF condition in Sweat gland (patient S)

Patient S showed highly elevated swea eledrolytes but no evidence for defedive chloride
conductancewas seen in ICM or NPD. Screening of al CFTR exons and flanking intron sites did not
reved any disease-causing lesion (table 10') and consequently, patient S was suspeded of carying
two wild type CFTR aleles. Furthermore, patient S shares the CFTR spanning haplotype with his
asymptomatic sister and hence any disease-causing leson missed by screening the CFTR gene of
patient S should be present in the patient's sister unlessa de novo mutation has occurred.

12 Table 10isshown in chapter 3.1.2.5 on page 67.
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As for patient Q, the chloride conductance defed observed in the the swea gland in patient S, but
not by ICM or NPD, could be explained by tissie spedfic regulatory elements being defedive in
patient S but unimpaired in his sister. Another hypothesis involves a defed in the transport of the
counterion Na* via the amiloride-sensitive Nat channel ENaC: as in CF, the condition
pseudohypoaldosteronism type | can lead to elevated swea chloride and sodium values (Hanakoglu
et al. 1994 Marthinsen et al. 1998. The ENaC coding genes SCNN1A, SCNN1B and SCNN1G
have been shown to cause pseudohypoaldosteronism (Chang et al. 1996 Strautnieks et al. 1996a).
Within the family of patient S, the polymorphisms D12S889 — locaed nea SCNN1A (Baens et al.

1995 — and B-ENaCGT — locaed in in SCNN1B (Shimkets et al. 1994 and nea SCNN1G
(Vollley et al. 1995 — have bee investigated. Patient S and his sister share at both loci only one
alele. Thus, it is posgble that different alleles for the a, g and y subunits of the ENaC were inherited
by the siblings, presumably related to different Nat conductance properties of the resulting channel.

No disease causing lesion identified and CF condition in three tssues (patient R)

The investigation of patient R clealy demonstrated CF conditions in the reda and nasal tissue and a
swed test consistent with CF. Thus, an impairment of the CFTR protein has to be assumed and
acwordingly, a defed of the CFTR gene, aregulatory element in cis or aregulating element ading in
trans has to be inferred. Both CFTR alleles of patient R have been screened extensively by PFGE for
large genomic alterations and by SSCP for small sequence variationsin all CFTR exons and flanking
intron sites (table 10) including 4 kb of sequence preceading exon 1. The 4 kb sequence exceeals the
charaderised promoter region (Chu et al. 1991, Koh et al. 1993. Though sequence alterations
within the CFTR promoter sequence have been described (Bienvenue et al. 1995, they sean to be
rare; extensive screening of interspedes conserved regions of the CFTR promoter in 205 patients
with CF, atypicd CF or CF-like conditions conditions without an identified mutation on both CFTR
dleles failed to reved disease-causing lesions (Verlingue et al. 1998. Hence, unless both CFTR
mutations were missed in patient R becaise the respedive sequence was not screened for — as in
the case of a sequence alteration generating a cryptic splice site as described for 3849+10kbC= T
(Highsmith et al. 1994 or in case of a regulatory element located within anintron as described
for intron 1 (Smith et al. 1999 — the molealar lesions causing the ladk of CFTR related
conductance measured in patient R have to be locaed in trans, presumably mediating the expresson
of the CFTR gene through a regulatory element. A defedive regulation of CFTR expresson of at
least one allele can be considered equivalent to a splice site mutation that allows the generation of
minor proportions of wild type transcript and thus should lead to a basic defed pattern comparable
to that displayed by patients J, K, L, M and N. Indeed, patient R showed residual chloride seaetion
inredal tissue similar to patient K (homozygous for 3894+10khbC= T) and had a moderately elevated
swed chloride concentration.
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3.1.3.2.3 Caorrelation of basic defed phenotype and seveity of CF disease

Out of the 19 patients who participated in the study "rare genotypes and atypical cystic fibrosis', a
non-conclusive ICM result was obtained for patients A and N. Patients O, P and S are not discussd
within this chapter due to their non-CF condition displayed in nasal and redal tissue. The remaining
14 patients were grouped with resped to their basic defed: no residual chloride seaetion was seen
in both, ICM and NPD, for one patient. Discordance when comparing nasal and redal tissie was
observed for 2 patients (residual in NPD only) and 8 patients (residua in ICM only). 3 patients
displayed residual chloride seaetion in both tisaues. Within this chapter, threeattempts were mace to
relate the clinicd phenotype — as accessble by pancredic status, wfh% and FEV Perc — of these 14
patients to the results of the basic defed measurements. Chapter 3.1.3.2.3.1 examines if discordant
basic defed phenotype is refleaed by the clinicd status. In chapter 3.1.3.2.3.2, pancredic sufficient
and pancredic insufficient patients are compared with resped to their ICM results. Chapter
3.1.3.2.3.3 discusses whether the patient's pulmonary status is refleded by the presence or absence
of residual chloride seaetion as measured by ICM or NPD.

3.1.3.2.3.1 Disease severity and expresson of thethe basic defea in 14 CF patients

No residual chloride seaetion in nasal and redal tissie

Among the 14 patients investigated with a conclusive result for ICM and NPD, only one patient did
not show any evidence for resdual chloride seaetion in both tissues investigated with resped to the
basic defed. Patient B was pancreaic insufficient, had a norma wfh%, but an impaired lung
function.

Residual chloride seaetion in nasal, but not in redal tissie
In two patients, (C and D), resdual chloride seaetion was deteded by NPD, but not by ICM. These
patients al had a normal wfh%, an impaired pumonary status and were parcredic insufficient.

Residual chloride seaetion in redal, but not in nasd tissie

In seven patients, (E, F, G, |, J, M, and R), residual chloride seaetion was seen in redal tisaue, but
not in nasal tissue. Patient Q was likewise discordant comparing ICM and NPD: while the CF-
condition was deteded in nasal tisaue, the redal tissue displayed a non-CF condition. Patients E, F,
G, 1, J, M and R al had a normal wfh%. Patients E, F, G, | and M were pancredic insufficient while
patients J and R were pancredic sufficient. An impaired pumonary status was seen in patients F, G,
Jand M (severely affeded) and patient R (moderately affeded), but not in patients E and |. Patient
Q was parcredic sufficient, hada reducel wfh% and the pumonary status wasseverdy impaired.
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Residual chloride seaetion in nasal and redal tisue

Threepatients (H, K, L) showed residua chloride seaetion by NPD and ICM. The patients were all
pancredic sufficient and had a normal wfh%. An unimpaired pulmonary status was seen in patient H,
patient K recaved alung transplant and patient L hada sverdy affeced puimonary status

3.1.3.2.3.2 Pancreatic status and residual chloride seaetion in redal tisaie

6 of the 14 patients discussed here were pancreaic sufficient (H, J, K, L, R and Q). In all cases,
chloride seaetion was deteded by ICM. Considering the reda tissle as representative of the
gastrointestinal trad, the correlation between pancredic status and residual chloride conductance is
evident as described by Veezeet al. (1994). However, of the remaining 8 pancredic insufficient
patients (B, C, D, E, F, G, | and M), resdual chloride seaetion was deteded by ICM in 5 patients.
Interestingly, in four of these five cases, evidence was seen for a non-CFTR origin of the deteded
chloride conductance (patients E, F, | and M). In contrast, a chloride seaetory pattern in ICM
consistent with the hypothesis of CFTR mediated conductance was seen in patientsH, J, K, L, R and
Q. Hence it is tempting to speaulate that pancredic sufficiency is not solely determined by any
resdual chloride seaetion, but based on resdua CFTR adivity. This finding suggests that
aternative chloride channels, deteded by NPD and ICM, are not expressed in pancredic tissue and
hence do not proted against pancredic disesse. Sustaining this hypothesis, it was recettly
demonstrated that CLCA1, the Ca2+ adivated chloride channel, is not expressed in pancredic tissue
(Gruber 1998).

3.1.3.2.3.3 Pulmonary statusand resdual chloride seaetion in nasal tisaue

Various degrees of impairment of pulmonary function were observed regardless of the presence or
absence of residual chloride conductance in nasal or redal tissue (chapter 3.1.3.2.3.1). In Six cases
among the 14 patients discussed here, resdua seaetion was deteded by NPD (patients C, D, H, K,
L and Q). As shown in table 12, no correlation between FEV1%pred and presence of resdual
chloride conductance was observed. Likewise, no correlation of residual chloride seaetion measured
in redal tissue and FEV 1%pred was deteded (table 13). This observation is consistent with the
concept of high variability of the pumonary status, described for patient groups carying the same
CFTR genotype (Kerem et al. 199Q Gasparini et al. 1992 Rozen et al. 1995 de Braekelea et al.
1997).

The patients examined within the study "rare genotypes and atypical cystic fibrosis' represent
asmall seleded panel of elderly patients. Thus, even though no correlation between FEV 1%pred and
the presence of residual chloride seaetion in nasal or intestinal was noticed, the advanced age of
most patients investigated indicates an advantage of residual seaetion for the survival. Sustaining
this hypothesis, the five patients (K, L, M, Q and R) who were older than 30 yeas on the day of
investigation all showed residual chloride seaetion detedable by ICM.
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The complexity of CF lung disease is the subjed of other chapters within this thesis wherein the
results of the "European CF Twin and Sbling study" are presented: the influence of genetic vs
epigenetic fadors on CF lung disease is discussed in chapter 3.2.1. Modulation of CF lung disease by
the candidate gene locus D12S889, close to the SCNN1A gene encoding the a subunit of the ENaC,
is discussed chapter 3.2.3.8.1. The modulation of disease severity due to modulating fadors within
the CFTR linkage group is discussed in chapter 3.2.3.8.2.

TABLE 12: RESIDUAL SECRETION IN NASAL TISSUE AND PULMONARY STATUS

Pulmonary status, judged by FEV1%pred andthe patient's age andresidual dhloride searetion in nasal tisale.
noresidud chloride seaetionin NPD  PATIENT (agein years)
resdud chloride seaetionin NPD PATIENT (age in

years)
FEV 1%pred PATIENT (agein years)
> 100% H(12y) | (16y)
80%-100% E (22y) K ($)
60%-80% B (23y) R 37y)
40%-60% C (25y) D (18y) F(24y) G(@17y) J(20y)
< 40% L (58y) M (36y) Q (32y)

¥ patient K recaved alung transplant

Table13: RESIDUAL SECRETION IN ICM AND PULMONARY STATUS

Pulmonary status, judged by FEV 1%pred and the patient's age, and residual chloride seaetion in
redal tisaue.

noresidud chloride seaetionin ICM
residud chloride seaetionin ICM

PATIENT (agein years)
PATIENT (age in

years)
FEV 1%pred PATIENT (agein years)
> 100% H (12y) | (16y)
80%-100% E (22y) K (%)
60%-80% B (23y) R (37y)
40%-60% C(25y) D (18y) F(24y) G(17y) J(20y)
< 40% L (58y) M (36y) Q(32y)t

¥ patient K recaved alung transplant
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3.2 The European CF Twin and Sibling study

Within this chapter, the analysis of the clinicd data (chapter 3.2.1), of the basic defed as accessble
by intestinal current measurement (chapter 3.2.2) and of the genotype at seleded candidate gene loci
are presented (chapter 3.2.3).

3.21 Analysisof clinical phenotype

The data colleded on twins and sibs were used to analyse the effed of sex, age difference, CFTR
genotype, pancredic status, monozygosity and colonisation with Pseudamonas aeruginosa on the
severity of the disease (chapter 3.2.1.1). The parameters employed were weight for height (wfh%),
percentiles for FEV 1%pred (FEVPerc) and, derived thereof by combination, the quantity DfO™.

FIGURE 22 SCHEMESFOR STATISTICAL TESTS

Patients are symbdlised as grey figure or black figure to dencte the attribute andysed, e.g. gender (comparison of
males andfemales) or parcreatic status (comparison of parcreatic sufficient and parcreatic insufficient patients).
PATIENTSINCLUDED: pairs used for evaluationin scheme |, Il andlll

GROUPS COMPARED: patients compared using schene |, 1l and Il

SCHEME |: comparison of individud patients with different attributes regardlessof kinship
SCHEME II: comparison of individud patients with different attributes within onepair
SCHEME 11l : comparison of pairs with different attributes

PATIENTSINCLUDED GROUPSCOMPARED

con | AE Ak A% | 2 4
1 PO

socn | Ak A% | M 44

Three different approaches were used to cdculate the influence of an attribute (e.g. monozygosity
status or pancredic status) on the parameters (e.g. wfh% or FEV Perc): ignoring the relationship of
the patients within their pairs, patients were sorted into two groups with different attributes (figure
22, scheme I). To evaluate the effed of the attribute on the parameter, a Mann-Whitney rank test
was applied. Alternatively, only pairs composed of two sibs differing in the attribute studied were
considered (figure 22, scheme Il). A Wilcoxon rank test was used to evauate the effea of the

13 Defined in figure 10 on page 48 as distance from origin of a data point representing a patient in the diagram of
rank number of FEV Perc plotted against rank number of wfh%.
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attribute on the parameter in this intrapair comparison. When grouping pairs composed of two
patients with identicd attribute (figure 22, scheme 1), a parameter refleaing the intrapair variance
was studied (e.g. the intrapair difference of wfh%). A Mann-Whitney rank test was employed for
statisticd analysis of the effed of a pair's charaderistic on the intrapair differencein a parameter. In
chapter 3.2.1.2, an approad is shown to estimate the number of modulating fadors involved in
shaping the disease phenotype. Non-parametric ardlysis wascartied aut acoording to:

E. Weber "Grundrissder biologischen Staistik" 8th ed. Fischer Verlag, Stuttgart; 1980

3.2.1.1 Non parametric analysis of disease severity and discordance

GENDER

Comparing al males and females from sib pairs regardless of their kinship (figure 22, scheme 1),
males and females did not differ in their wfh% (273 males, 270 females; p = 0.46) or FEVPerc (284
males, 278 females; p = 0.34). Within the group of monozygous twins (figure 22, scheme 1), males
had a better wfh (18 males, 18 females; p = 0.05) and a dlightly better FEV Perc (18 males, 18 females;
p = 0.16). The combined parameter DfO readed significance (18 males, 18 females; p = 0.04). An
intrapair comparison of the disease severity for males and females was made (figure 22, scheme II)
for al dizygous patient pairs composed of a male and a female sbling. Males and females were
significantly different in wfh% and FEV Perc, but not in the combined parameter DfO. While females
were significantly better in wfh% (203 pairs, p = 0.05), males were significantly better in FEVPerc
(143 pairs, p = 0.05). Upon combining the parameters to DfO this crosswise relationship resulted in
nonsignificance (137 pairs, p = 0.8). Table 14 summarises the findings on the influence of the gender
in CF twinsand sibs.

TABLE 14: INTERPAIR- AND INTRAPAIR INFLUENCE OF GENDER
p-values classfied as: p > 0.05 2> nonsignificant (n.s); p < 0.05 2> significant (sig)

SCHEME (figure 22) GROUP g'?hg:?_:?éz?g p PARAMETER PH?EIIE\ITO-I—TE\?PE
I ALL SIB PAIRS INTERPAIR n.s. FEVPerc, wfh% —
I MONOZYGOUSTWINS  INTERPAIR sig DfO, wfh% males
— I — INTERPAIR n.s. FEVPerc males
I SIB PAIRS INTRAPAIR sig wfho% females
— /) — INTRAPAIR sig FEVPerc males
— /) — INTRAPAIR n.s. DfO —

The influence of the patient's gender on the nutritiona status, as represented by wfh%, seems
inconsistent comparing the results of the intrapair- and interpair analysis: while males and females did
not differ in wfh% when all twins and sibs were compared, irrespedive of their kinship (interpair
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comparison; figure 22, scheme |), females were significantly better in wfh% than males when only
sibpairs of brother and sister were compared (intrapair comparison; figure 22, scheme Il). In order to
asessthe influence of age, four classes of patients and patient pairs were dfined (age beow 7 yeas,
age 7to 12yeas, age 12to 16 yeas, age 16 to 21 yeas) and the statistica tests were repeded for
ead age classto dl ow a crosssedional andysis.

FIGURE 23: CROSSSECTIONAL ANAL YSISOF GENDER INFLUENCE

The influence of gender on nutritiond status (Wfh%, top row) and pumonary status (FEVPerc, bottom row) is
quartified by the parameter u obtained from the non-parametric test statistics. u depends on the sample size andysed
andthe number of patients or patient pairs used for the test are given in the tables on the right. Sgnificance (p<0.05)
isreachel for |u| < 1.65 (one-tail ed test).

Interpair-comparisons (employing scheme I, figure 22):

Intrapair-comparisons (employing scheme 11, figure 22):

wfh% 30 -
a no o no o
e patients| pairs u> 0 .
better phenotype |
<7y m 112 58 of female patients 1.5 » /
f 9 /
m 111 ®
7-12y 45 TEST PARAMETER U| 0,0 -
f 103
12-16 m 80 30 e
-10y better phenotype i
f 65 of malepatients 1.5 ¢
m 82
1621y 36
f 76 3.0
1,57
FEVPerc ®
u> 0:
age no o no o better phenotype
patients| pairs of female patients °

m 67
7-12y 39

P TEST PARAMETER U| o -

m 67 /
1216y | 26

57 u<o:
better phenotype

m 80 of male patients
1621y ¢ - 34

The x-axis represents the age 1,57
andysed. The following age-
classes were defined:
<7y (Wfh% only)
7-12y
12-16y
1621y

age
<7y
age
7-12y
age
12-16y
age
16-21y
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Results are displayed in figure 23: while males had a better wfh% than females within the age group
of 7 to 12 yeas, the stuation was reversed among patients with an age of 16 to 21 yeas. This
observation is consistent with the data published by Morison et al. (1997, reporting an increased
mortality among females in the age of 5 to 15 yeas, but a n increased stability of the weight of
grown-up females compared to grown-up males. As displayed in table 14, both effeds compensated
ead other when the compete group of patients (all ages) wasardysed.

As observed for wfh%, the influence of gender on FEV Perc changed with the patient's age. A
discrepancy between intrapair and interpair comparison of females in the age of 7 to 12 yeas was
cdculated. As the measurement of pulmonary function requires compliance and pradice of the
patient, the deviation might be due to the fad that siblings are trained for lung function at the same
CF center and hence, brother and sister are performing equally while the results of unrelated males
and females are subjed to different errors.

It is a generally acceted fad that females with cystic fibrosis have a worse prognosis than
males (Corey et al. 1996 charaderised by poorer survival and poorer nutritional status (Corey et al.
1988. This effead could not be attributed to a different caorie uptake or energy management
comparing CF males and females, but it was hypothesised that the onset of menarche and the change
in the hormonal balance interferes with "immunologicd defence medanisms in the lung of CF
females fadlitating progressve pulmonary involvement and subsequent mortality” (Corey et al.
1988. Even though the data presented here was not sampled to allow a longitudinal study, the cross
sediona analysis of wfh% and FEVPerc in age groups provides evidence for this hypothesis. the
influence of the gender on the nutritional status changes dramaticaly during puberty and correlates
with a dightly delayed change in gender influence on FEVPerc, leading to an overal worse
pumonary status for female CF patients. This hypothesis is sustained by the impairment of CFTR
function by progesterone and estradiol (Swee et al. 1996.

CEFTR GENOTYPE

The influence of the CFTR genotype on the disease severity was evaluated by comparing AF508
homozygotes to cariers of other genotypes (table 15). When comparing all patients (figure 22,
scheme 1), AF508 homozygous patients were significantly worse in wfh% (933 patients, 332 thereof
AF508 homozygous; p = 0.01) and FEVPerc (745 patients, 264 thereof AF508 homozygous; p < 0.0001).
When testing the same hypothesis for monozygous twins, no difference between AF508
homozygotes and patients with other genotypes was observed (36 patients, 20 thereof AF508
homozygous; wfh: p = 0.18; FEVPerc: p = 0.13). The intrapair difference of wfh% and FEV Perc did not

differ between AF508 homozygous pairs and pairs with other genotypes (figure 22, scheme Il ;
wfh%: 404 pairs, 166 thereof AF508 homozygous; p = 0.11; FEVPerc: 356 patient pairs, 114 thereof AF508

homozygous; p = 0.22).

— 77—



8 RESULTSAND DISAUSSCON

TABLE 15 INFLUENCE OF AF508HOMOZYGOSITY
p-values clasdfied as: p > 0.05 = nonsignificant (n.s.); p < 0.05 2 significant (sig)

SCHEME (figure 22) GROUP COMPARISON p PARAMETER
| SIB PAIRS PATIENTS sig FEV Perc, wfh%
| MONOZYGOUSTWINS  PATIENTS n.s. FEVPerc, wfh%

INTRAPAIR DIFFERENCE IN

lla ALL PAIRS PAIRS n.s.
FEV Perc, wfh%

AGE DIFFERENCE IN SIB PAIRS

All sib pairs were tested for differences of disease severity caused by the age difference of the two
sibs (figure 22, scheme I1). The older and the younger sib were not significantly different in wfh%
(396 pairs, p = 0.13) or FEV Perc (282 pairs, p = 0.80).

PANCREATIC STATUS

An effed of the pancredic status on the disease severity but not on the intrapair variation thereof
was observed: pancreas insufficient patients were significantly worse in wfh% (figure 22, scheme I;
933 patients, 787 thereof pancreas insufficient; p < 0.0001) and FEVPerc (656 patients, 538 thereof
pancreas insufficient; p < 0.0001). The intrapair differences of wfh% and FEVPerc did not differ
statisticdly between pairs with two pancreas sufficient sibs and pairs with two pancreas insufficient
sibs (figure 22, scheme Il ; wfh%: 426 pairs, 63 pairs thereof composed of two pancreas sufficient sibs; p
= 0.33; FEVPerc: 307 pairs, 52 pairs thereof composed of two pancreas sufficient sibs; p = 0.23).

MONOZYGOSITY

The disease severity did not differ comparing patients derived from monozygous twin pairs and
patients derived from dizygous patient pairs (figure 22, scheme |; wfh%: 933 patients, 83 thereof from
monozygous twin pairs, p = 0.27; FEVPerc: 657 patients, 62 thereof from monozygous twin pairs, p = 0.27).
When comparing monozygous and dizygous patient pairs, the intrapair difference was significantly
lower for wfh% and amost significantly lower for FEV Perc (figure 22, scheme Il ; wfh%: 464 pairs,
27 thereof monozygous twins, p < 0.0001; FEVPerc: 328 pairs, 18 thereof monozygous twins, p = 0.06).

COLONISATION WITH Pseudomonas aeruginosa

Patients colonised with Pseudamonas aeruginosa had a significantly lower wfh% and FEV Perc than
those without P.a. (figure 22, scheme I; wfh%: 933 patients, thereof 504 P.a. colonised, p < 0.0001;
FEVPerc: 657 patients, 403 thereof P.a. colonised, p < 0.0001). This was not observed within the
subgroup of monozygous twins where wfh% and FEV Perc were not significantly different between
colonised and non-colonised patients (figure 22, scheme |; 36 patients, thereof 25 P.a. colonised; wfh%:
p =0.20, FEVPerc p =0.25).

— 78—
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3.2.1.2 Estimation of the number of disease modulating factors

Within chapter 3.2.1.1, the following results can be interpreted as evidence for the influence of the
genetic badkground on the CF disease phenotype:

() Monozygous twins are significantly more concordant than dizygous patient pairs. This is
espeddly of interest because only haf of the monozygous twin pairs are AF508 homozygous
whereas the other half of the pairs displays other CFTR genotypes. Hence, a group of patient pairs,
non-homogeneous with resped to the mgor disease-causing gene, displayed the highest degree of
concordanceamong dl groups of pars ardysed.

(1) Comparing groups of pairs sorted acerding to their CFTR genotype, no higher degree of
concordance was observed when a group of AF508 homozygous patient pairs (being homogeneous
with resped to their CFTR genotype) was compared to al other patient pairs (being non-
homogeneous with resped to ther CFTR genotype). Likewise, no higher degreeof concordarnce was
observed comparing pairs composed of two pancredic insufficient patients (displaying
predominantly severe CFTR mutation genotypes) to pairs composed of two pancredic sufficient
patients (displaying mostly mild CFTR mutation genotypes).

(1) Within most sib pairs, the time point of diagnosis is the same for both siblings and
consequently, the older sibling is diagnosed at a later age. However, no significant difference
between the disease severity of the older and the younger sib was observed.

In order to assess the influence of modulating effeds on the concordance of CF twins and sibs, a
quantitative description of the intrapair-concordance was defined: the difference of rank numbers
between sibling A and sibling B of a patient pair was cdculated for wfh% and FEVPerc. The
resulting distributions of these intrapair-rank number differences (IRND), obtained for al patient
pairs (non-homogeneous CFTR mutation genotype) or the subgroup of AF508 homozygous patient
pairs (homogeneous CFTR mutation genotype) was than compared to the distribution of IRND
expeded for agroup of unrelated couples.

The IRND distribution expeded for a group of unrelated couples was deviated based on the
following considerations: the probability of obtaining a spedfic rank number difference depends on
the magnitude of the rank number difference"m" and the total number of pairs "n/2". n/2 pairs result
in the rank numbers 1, 2, 3, 4, -+, n-1, n. The rank number difference m=1 can be obtained by
occupying rank numbers 1 and 2 or similarly rank numbers 2 and 3 or similarly rank numbers n-1 and
n. This results in 2x(n-1) probable constellations to obtain the rank number n=1. In contrast, there is
only one constellation to obtain the maximal rank number differencen-1, by occupying rank numbers
1 and n, respedively. The mean expeded frequency f for any rank number difference m is therefore
given by the normalised expresson f = (n-m)/(n-1).

For comparison of expeded and observed IRND distribution, classes of equally sized IRND
were estimated based on the expeded IRND distribution (minimal size of the IRND classs:
expedancy value E = 10 couples per IRND clasg. The occupation of these IRND classes was than
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cdculated for the observed IRND distribution (CF twin and sibling pairs). Random fluctuations of
the IRND classoccupation were minimised by raising the size of the IRND classes (E = 20, 30, 40
couples expeded per IRND clasg. Statisticd comparison was donewith a x2 test.

FIGURE 24: INTRAPAIR-RANK NUMBER DIFFERENCESFOR CF TWINS AND SIBS

The digribution of intrapar - rank number differences for CF twins and sibs was compared to a distribution of
intrapair - rank number differencesfor a group d unrelated cougdes. See haper 3.2.1.2 for detail s.

Parameter: i = number of intrapair - ranknunber difference classes used for calculation
E = number of pairs expeded within each of the n dasses

Deviation from expedancy value : difference between the number of pairs expeded within a classand the number of
pairs observed within each classexpressd as% of E

intrapair rank number differerce was expressed as% of maximal ranknumnber difference

(a) Distribution of intrapar - rank number differencesin wfh% for all CF twinsand sbs

:i1=47,E=10 OoooOg :i=9E=50
(b) Distribution of intrapar - rank number differencesin FEVPerc for all CF twinsand sbs
:i1=32,E=10 ooog :i=7,E=50
(c) Distribution of intrapar - rank number differencesin wfh% for all AF508 honozygous twins andsibs
:i=11,E=10 OooOg :i=4,E=30
(d) Distribution of intrapar - rank number differencesin FEVPerc for all AF508honbzygous twins andsibs
:i=11,E=10 ooog :i=4E=30
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Figure 24 displays the results in normalised form: the x-axis represents the IRND, expressd as % of
the maximal IRND n-1. The y axis represents the occupation of the IRND class expressd as % of
the expeded occupation E. The IRND distribution for wfh% and FEVPerc rank numbers differs
significantly when comparing all CF twins and sibs to a group of unrelated couples (wfh%: 9 IRND
classes, p << 0.001, figure 24a; FEVPerc: 7 IRND classes, p << 0.001, figure 24b). Analysing the
subgroup of AF508 homozygous patient pairs only, a significant difference between observed IRND
distribution compared to a group of unrelated couples was obtained for wfh% (4 IRND classes, p =
0.025, figure 24c), but not for FEV Perc (4 IRND classes, p = 0.9, figure 24d).

CF twins and sibs carry identicd mutations within the CFTR gene, live in a similar environment
and share sequences from the genetic badkground. Hence, it can be expeded that the patient pairs do
not resemble a set of unrelated couples. When analysing pairs representing all CFTR genotypes, the
difference between wfh% and FEV Perc IRND distributions of CF twins and siblings compared to a
group of unrelated couples demonstrates the influence of the major affeded gene on the intrapair
concordance In contrast, the CFTR gene cannot be held responsible for the deviation of IRND
distributions when AF508 homozygous patient pairs are analysed. Any deviation of observed from
expeded IRND distribution is caused by shared — i.e. inherited — fadors besides the CFTR gene
itself.

Considering the results obtained on AF508 homozygous twins and siblings, the number of
modulating fadors detedable by this approach must be taken into acount: when a class shows an
excessof pairs compared to the expected number of coupes, another classmust in alikewise manrer
display lesspairs than expeded as both, the group of unrelated couples and the analysed group of
patient pairs are equally sized by definition. Thus, the maximal number of independent modulating
fadors detedable due to an occupation of an IRND class deviating from the expedancy value is
given by half of the number of IRND classes analysed. Hence the nutritional status, represented by
wfh%, is most likely to be regulated by a small number of modulating fadors besides the CFTR gene
— otherwise, no difference between the IRND distribution of AF508 homozygous twins and siblings
compared to a group of unrelated pairs would have been observed. For the pumonary status, alarge
number of modulating fadors besides the CFTR gene can be estimated, as the IRND distribution of
AF508 homozygous twins and siblings resembles the group of unrelated couples. While the
concordance of monozygous twins in FEVPerc points to the existence of inherited fadors,
modulation of lung disease by epigenetic fadors cannot be excluded. It seems most likely that
inherited fadors which determine the ability of an individual to ded with the environment are the
basis of the variation observed.

In conclusion, the analysis of the intrapair variance of wfh% and FEV Perc has demonstrated an
influence of shared fadors on the nutritional status in CF while the modulation of the pumonary
status appeasto be dominated by individual fadors.
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3.2.2 Intestinal current measurement

The basic defed in CF, i.e. the impaired chloride conductance of affeded tisues, is accessble by
short circuit current measurement of redal suction biopsies (Veezeet al. 1997). In addition, resdual
chloride seaetion has been observed among CF patients, predominantly when genotypes associated
with a milder course of the disease have been analysed (Veezeet al. 1994. Within the "European
CF twin and sibling study”, patients homozygous for AF508 have been seleded for investigation if
they expressan extreme phenotype with resped to their nutritional status, their pumonary status or
the intrapair concordance of one or both parameters (seechapter 2.2.1 for detail s on the seledion of
patient pairs).

Carbadhol has been demonstrated to stimulate the basolateral and apicd K+ channels through
an increase of the intracdlular Ca2* concentration (Schultheiss and Diener 1997). Cl- seaetion is
then supported by the hyperpolarization of the cdl membrane. In CF patients, the ladk of CFTR
mediated chloride seaetion was shown to result in a net K+ efflux ("reversed response™), which can
be followed by a small current compatible with Cl~ seaetion ("residual response’, Veezeet al.
1994. Figure 25 displays the intrapair variation of carbadol-induced signals for the investigated
patient pairs. Signals are given as PDH% (defined in figure 15, page 59) representing the reversed
proportion of the response with PDH% = 100 corresponding to a signal composed of only the K+
seaetory response. In the plot eat data point represents one patient pair, by assgning the PDH%
value obtained for one sib on the x axis and by assgning the PDH% value obtained for the other sib
on the other axis.

Pairs who are concordant with resped to their seaetory response are to be found nea the 45°
diagonal axis in figure 25. Monozygous twins, being geneticdly identicd, are expeded to be
concordant unlessenvironmental fadors or the experimental variance obscure the result. Estimating
an error of £ 20% PDH, monozygous twins are found in 6 out of 8 pairs in a concordant status. For
the remaining two cases, the influence of epigenetic fadors may have to be taken into acount.
Indeed, one of the two monozygous twins discordant with resped to ICM is likewise discordant in
clinicd state and general appeaance as these twins do not look monozygous, but resemble rather a
sb pair.

Non-monozygous patient pairs demonstrated various combinations of a residual component
and the intrapair variation thereof. Interestingly, for 1/ of the AF508 homozygous patients, residual
seaetion could be observed. This is consistent with the analysis of the shape types (table 4,
likewise indicating the presence of residual chloride seaetion in /5 of the patients.

14 Table 4 isshown in chapter 2.2.2.2.2 on page 58.
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FIGURE 25 INTRAPAIR VARI ATION OF CARBACHOL-INDUCED SIGNALS

PDH% as defined in figure 15, page 59 for Sb A andSib Bof apair (®). ® : monazygoustwin pair.
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In cases of discordant residual seaetion within atwin or sib pair, fadors other than the CFTR gere —
shared by both sibs — have to attribute for the modulation of the basic defed. Nevertheless
discordance might be assgned to the CFTR protein, as a modulation of CFTR expresson mediated
by afador ading in trans could lead to a discordant CFTR expresson when comparing two sibs.

As described in chapter 2.2.2.2, the protocol employed makes an attempt to discriminate between
resdual currents with resped to their DIDS-sengitivity. CFTR is considered DIDS-insensitive unless
DIDS is added to the intracdlular side (Lindsdell and Hanrahan 1996. In contrast, the Ca2*
regulated chloride channel CLCA1 was shown to be sensitive to DIDS (Gruber et al. 199&). To
allow comparison of seaetory currents in the presence and the absence of DIDS within one tisue
sample, the signals obtained upon stimulation of the biopsy by cabadol (without DIDS) and
histamine (after an incubation with DIDS) are compared. However, cabadol and histamine are
considered to ad through non-identicd pathways. both carbadol and histamine have been
demonstrated to raise the intracdlular Ca2* levels. But, in contrast to histamine, the stimulation with
cabadhol could not be repeaed immediately due to elevated levels of an inositol tetrakis phosphate
spedes with an inhibitory effed (Vajanaphanich et al. 1994).

In figure 26, the effed of DIDS on the residual current is shown. Within the plot, eat data
point represents a patient. No effed of DIDS on the residual component was seen for all cases
plotted nea the 45° diagonal axis. However, several points within the upper left corner
demonstrated a Cl~ conductance sensitive to DIDS indicaing the presence of a non-CFTR mediated
conductancein these patients.
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FIGURE 26: DIDSSENSITIVITY OF RESIDUAL CURRENTS

Comparison of revesed propartion of carbacha- and histamine stimulated signds after 10 incubaion with DIDS,
PDH% as defined in figure 15, page 59. The pictograms show idealised tracings representing the data points
indicated by thearrows. C: carbachdl, D: DIDS, H: histamine
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In summary, resdua ClI- seaetion was deteded among AF508 homozygous patients. This
conductance was sensitive to DIDS in a subset of these patients indicaing the presence of a non-
CFTR mediated conductance, possbly based on the Ca2* regulated chloride chan@l CLCAL.

3.2.3 Analysisof seleded candidate genes

3.23.1 Seledion of patient pairsfor genotyping

The phenotype of AF508 homozygous patient pairs was analysed in order to identify pairs with an
extreme course of the disease. Patients were ranked acording to ther nutritional status —
represented by wfh% — and their pumonary status — represented by percentiles for FEV 1%pred —
and pairs were seleded based on non-average properties for the nutritional status, the pulmonary
status or the intrapair discordance of one or both parameters (chapter 2.2.1).

The quantitative description of both the intrapair discordance and the disease severity enabled
the ranking of pairs in sequences expressng the trait "discordance' (DIS) or the combined traits

— 84—
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"concordart/sevae disease® (CON-) and "concordant/mild disease” (CON+). 114 AF508
homozygous patient pairs were ordered in ead sequence and all pairs with rank numbers lower than
20 (concordant pairs) or lower than 25 (discordant pairs) were seleded for genetic analysis'™. Pairs
ranked smultaneoudly in two conflicting caegories were caegorised separately as "discordant and
concordant mild disease” (DC) and "non-discordant” (ND) as described in chapter 2.2.1.4. In totdl,
38 non-monozygous AF508 homozygous patient pairs, 19 thereof with both parents sampled, were
seleded. In addition, 5 monozygous AF508 homozygous twin pairs and 9 dizygous non-AF508
homozygoustwin pairs, 3 thereof with both parents sasmped, were typed (figure 27).

FIGURE 27: SELECTION OF PAIRSFOR GENOTYPING
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3.2.3.2 Seledion of markersnear candidate geneloci

With an increasing number of genes mapped during the process of the human genome projed, a
candidate gene approadch becmes feasible in accessng a gene's role in shaping the course of a
disease. For CF, several groups of geneswith exampleslisted in table 16 can be consdered:

(a) ion channels having the capabili ty of dtering the CF basc defea

(b) gene products which might be involved in processng of CFTR protein as most CFTR

mutants have been described to be defedive in maturation in in vitro systems

(c) gene products involved in determining the mgjor clinicad manifestations

(d) gene products which maintain the integrity of polarised, CFTR expressng epithelial cdls

(e) gene products which mediate the response to therapeutic drugs.

Within this thesis, results on the candidate gene ENaC are presented (chapter 3.2.3.4). The role of
the obesity-related gene LEP on chromosome 7 is addressed by investigating a 40 cM region
encompassng CFTR (chapter 3.2.3.5).

15 based on DNA avail ahility by Decanber 1997
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TABLE 16 EXAMPLES FOR CANDIDATE GENES

gene productswith the capalility of altering the basic defea
alternative CI~ channels
outwardly redifying chloride chand ORCC
outwardly redifying depolarisation inducedchloride dhannel (ORDIC)
Ca2* adivated chloride chan@ (CLCA1)
chanrelsinterading with CFTR
amiloride-sensitive Nat channel ENaC
gene productsinvolved in processng maturing CFTR proteins
chaperones: HSP70, HSP0, cdnexin
gene productsinvolved in determining the major clinical manifestations
modulation of nutritional status/ obesity related geres, eg. LEP
modulation of pumonary status
gene productsinvolved in host defence
against chemicds/ xenobiotics
glutathione S transferases (GST-Genes)
cytochrome P450 Enzymes (CY P-Genes)
against baderial pathogens: HLA
antiproteases
gene products maintaining integrity of the epithelium
cdl differentiation, e.g. hepatocyte growth facdor HGF
gene products mediating response to therapeutic drugs
e.g. response to bronchodilators: B, adrenergic recegtor

TABLE 17: LOCI NEAR CANDIDATE GENESANAL YSED WITHIN THISTHESIS

Marker Candidate Gene

D125889
CHAPTER 3.2.34 BENaCGT ENaC
TEST OF POLYMORPHIC PON2
LOCUSFOR D7S525

ALLELIC ASSOCIATION MetH

CHAPTER 3.2.3.5 B11 Linkage group/obesity

D7S514
D75495

CHAPTER3.23.6  D25S1788 POMC/obesity

CORRELATION OF CHAPTER 3237.1 D12S889
GENOTYPE TO CHAPTER 32372 D7S525 MetH, J3.11 D7S514 D7S495
CLINICAL PHENOTYPE CHAPTER3.237.3 D2S1788
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FIGURE 28 PAIRS EELECTED FOR GENETIC ANALYS S INTRAPAIR DIFFERENCES

Within this figure, each patient pair is represented by a plot of the ranknumber for wfh% on one axis and ranknumber
for FEVPerc on the other axis. This diagram was used to calculate the parameters DfO and DELTA quartifying the
disease seveity and the intrapar-discordarce, respedivey (seefigure 10c, page 48). The categories DIS, CON+,
CON-, ND and DC were defined based on the rank numbers for the respedive pairs which were displayed in table 1,
page 52 (seealso in figure 12 on page 53 or refer to chapter 2.2.1.4 for details on the ranking procedure). The
following pictograms are representative for the five categories:
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FIGURE 29 PAIRS SELECTED FOR GENETIC ANALYSIS: CLINICAL DATA

Figures (a) - (d) display DELTA (the composite parameter quartifying discordarnce, seefigure 10c, page 48), DfO
(the compasite parameter quartifying disease seveity, seefigure 10c, page 48), wfho (representing the nutritiond
status) and FEVPerc (representing the pumonary status) for the patient pairs ranked DIS, CON+ and CON-. Within
each diagram, rank number deaeases from left to right, hence the pairs fulfilli ng the criteria best are found closest
to the y-axis. Clinical data br thepairswith the following ranknunbers are displayed:

DIS: 3,506,809, 14, 15, 16,18, 19, 21, 24
CON+: 2,5,6,7,10 15 16, 19
CON-: 2,5,7,8,10, 12 14, 25

(@), (b) composite parameters as defined in chaper 2.2.1.3

(a) DELTA describing the discordarce (b) distance fromorigin (DfO) describing the severity of disease
(c) weight for height (wfhoo) (d) percentil es for FEV1%pred (FEVPerc)

(b), (c), (d): ® Sibling Aof par; - Sibling Bof par

600 T+ 600 600
00 e al 400 - 400 -
(a) DELTA | ' | ]
200 A 200 - - .. 200 -
0+ D 0
1000 1000 T 1000
7501 o 7501 . 750 -
(b) DfO 500 - ’ 500 | 500 |
250 - ’ 250 250 1 +
0 e 0 0
120 120 T 120
100 « 0 .o« 1004 ee e 100 -
(c) WFH%
80 1 80 80
60 T 60+ 60
100 T 100 . 100
75 L 75 1 . 75
(d) FEVPERC 50 - . 50 1 ° T 50
25 - 25 - : 25
0 4+t P N o b 0 +——
(@) - (d) RANK DIS " RANK CON+ RANK CON-
3,5,6,8, 9 14,15 16,18,19,21,24  2,5,6,7, 10, 15, 16, 19 2,5,7,8, 10,12, 14,25
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3.2.3.3 Evaluation of genotype data of pairsin ranked in cohorts

Rank numbers for al seleded non-monozygous AF508 homozygous patient pairs were shown in
table 1'°. The diagrams in figure 28 represent ead pair used in candidate gene analysis by displaying
the clinicd parameters wth% and FEVperc as defined for evaluation of the composite parameters
DELTA (describing the intrapair discordance by the distance of both patients to ead other within that
diagram, figure 10c'") and DfO (describing the disease severity as the distance from origin in that
diagram; figure 10c). Within ead of the caegories DIS, CON+ and CON-, pairs are arranged by
deaeasing rank number corresponding to a dedine in the representation of intrapar discordance
(sequence DIS), disease mildnessandintrapar concordance (sequence CON+) and disease seveity
andintrapar concordance (sequence CON-). The deaease in DELTA within the sequences of pairs
ranked DIS and the increase in DELTA within the sequences of pairs ranked CON+ and CON- is
shown in figure 29%. As expeded, siblings from discordant pairs (DIS) differ markedly in wfh%,
FEVPerc and DfO while siblings from concordant pairs (CON+ and CON-) are comparable in all three
parameters (figure 29, ¢, d). The groups of pairs scored "concordant” (CON+ and CON-) and
"discordant” (DIS) pairs differ completely with resped to the parameter DELTA : none of the seleded
pairs ranked CON+ or CON- have values of DELTA larger than 300 while all seleaed pairs ranked
discordant have values of DELTA larger than 300. Likewise, the groups of pairs with mild disease
(CON+) and severe disease (CON-) differ completely with resped to DfO: none of the siblings from
pairs ranked CON- have values of DfO larger 500 than while al of the siblings from pairs ranked
CON+ have values of DfO larger than 500. Hence, the seleded patient pairs compose three groups
with extreme and non-overlappng phenotypes.

Data on DNA polymorphisms was analysed by an association study: alleles were counted for the
extreme ranking pairs within ead group and the allele frequencies were compared. For 114 AF508
homozygous pairs, the 10% most extreme pairs correspond to 11 couples, defined by a rank number
border of 11. However, DNA for lessthan 6 pairs was available if that cut-off border was used
resulting in numbers too small to be evaluated statisticdly. Hence for an initial comparison of
genotype data the rank number 15 — enabling typing of 6 or more pairs for al markers studied —was
employed. Upon detedion of an allelic imbalance for any of the three groups, the complete cohort
typed was evaluated involving the following sequences (pairs defined as extremes are underli ned)*®:

14 discordant pairs
—rank number DIS 3,5, 6, 8, 9, 14, 15, 16, 18, 19, 2124
— 2 parsfrom combined categories DC(1), DC(2)

16 Shown in chapter 2.2.1.4 on page 52.
17 Shown in chapter 2.2.1.3 on page 48.
18 dizygosity status of DC(4) and ND(2) not confirmed by July 1998 these pairs were excluded from evaluation
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13 concordant/mild disease pairs
—rank numbers CON+ 2, 5, 6, 7, 10, 15, 16,19
— 5 pairsfrom combined categories ND(1), ND(3), ND(4), ND(6), DC(3)

9 concordant/sevee disease pairs
—rank numbersCON- 2,5, 7, 8, 10,12, 14, 25
— 1 pair from combinedcategory ND(5)

Analysis of the data for complete cohorts was caried out as follows. starting with the 6 most
extreme ranking pairs, allele frequencies were determined. Subsequent inclusion of the next ranking
pair with genotype data lead to groups of cumulatively pooled couples with a size of 7, 8, 9 pairs
etc. up to 14 pairs (al discordant pairs if al patients successully typed), up to 13 pairs (all
concordant / mild diseese pairs if al patients succesdully typed) or up to 9 pairs (al concordant /
severe disease pairsif al patients successully typed).

When data on expedancy values for aleles were available, the observed allele frequencies were
compared to the values expeded for the cohort of the respedive size [frequencies for AF508
chromosomes were published for MetH and J3.11 (TUmmler et al. 1990, Xv-2c, KM19 and TUB20
(Dork et al. 1992]. For chromosome 7 markers PON2 (Adkins et al. 1993, D7S525, D7S514 and
D7S495 (Dib et al. 1996, no alele frequencies were available for AF508 chromosomes. For these
markers all equally sized cohorts were compared to deted an alelic imbalance between pairs ranked
DIS, CON+ or CON-. A smilar approach was necessry for the markers D125889 (Baens et al.
1995 and BENaCGT (Shimkets et al. 1994): these markers were seleded due to their position
relative to the candidate genes but are not integrated into common marker sets and, consequently, no
expeded alele frequencies are known.

Results on polymorphic markers are reported in the foll owing format:

locus name - size in arbitrary repeat units, €.g. D7S514 - 13
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3.2.3.4 Resaultson ion channel ENaC

The amiloride sensitive sodium channel ENaC is related to CF disease in two ways:. the channel was
reported to be regulated by CFTR (Ismailov et al. 1996 Stutts et al. 1997) and mutations within the
genes encoding for ENaC subunits have been demonstrated to cause pseudohypoaldosteronism
(Chang et al. 1996 Strautnieks et al. 1996), a disorder described as mimicking the clinicd
appeaance of mild CF lung disease (Hanakoglu et al. 1994 Marthinsen et al. 1998. The ENaC is
composed of three subunits. SCNN1A, coding for the a subunit, was mapped to chromosome
12p13 A complex repea polymorphism, D12S889, has been mapped within a 40kb distance to
SCNN1A on a cosmid clone (Baens et al. 1995. The satellite is composed of a (CA)«(GT)m core
repeda. Five aleles were identified among 10 unrelated Caucasians (Baens et al. 1995. The genes
SCNN1B and SCNN1G, encoding the 3 and y subunits of the ENaC, are both located within a
400k fragment on chromosome 16p12p13(Voilley et al. 1995. Within SCNN1B, the dinucleotide
repea polymorphism B-ENaCGT was described (Shimkets et al. 1994. Five different alleles have

been typed at 3-ENaCGT in 50 unrelated Caucasans.

FIGURE 30: ALLELE SNEAR SCNN1A, SCNN1B AND SCNN1G
D12S889- near SCNN1A

Left: allele distributions for 33 typed pairs (132 diromosomes)
Right: all eles displayed by the 6 most extreme pairs ranked
CON-
ARU 8 9 10 12 13 14 15
DIS
(13 — — 19 2 23 8 —
CON+
(11) 2 — 27 — 10 5 —
CON-
2 1 10 3 14 4 2
(9)
z 4 1 56 5 47 17 2 8 9 10 13 14 15

BENaCGT - near SCNN1B and SCNN1G

Left: allele digtributions for 35typed pairs (140 diromosomes)
Right: all eles displayed by the 6 most extreme pairs ranked
CON-
ARU 6 7 9 10 11
DIS
(13 2 13 4 33 —
CON+
(13 2 17 3 29 1
CON-
3 5 — 28 —
C)
z 7 35 7 90 1
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3.2.3.4.1 Alldicassociation at D12S889and BENaCGT

For al CF pairs typed, 7 different alleles were deteded at D12S889 and 5 different aleles were
deteded at B-ENaCGT. The most frequent alleles were D12S889-10, on 38% of chromosomes typed,
and B-ENaCGT-10, on 63% of chromosomes typed. At D12S889, for 24 out of 44 pairs a different
genotype was observed between sib A and sib B. For B-ENaCGT, only 16 out of 46 pairs displayed

non-identica genotypes for both sibs. For both, D125889 and 3-ENaCGT, no noticeale differences
were observed comparing the number of pairs sharing one or more alleles identicd by state within
the groups of extreme pairs DIS, CON+ and CON-.

At D12s889, an association of the alele D12S889-10 with the phenotype "concordart / mild
disease" was observed (figure 30). On al AF508 chromosomes, the two alleles D12S889-10 and
D12S889-13 were presented on equal proportions of chromosomes (40% D12S889-10 and 38%
D12S889-13, respedively). Within the extreme DIS and CON- pairs, both alleles were distributed as
described for the complete cohort, but CON+ pairs ranking 15 or lower displayed D12S889-10 on 16
out of 24 chromosomes and D12S889-13 on 3 out of 24 chromosomes. The allele distribution at
D12S889 for the 6 pairs with lowest rank numbers differed most noticedle between groups DIS and
CON-+.

The marker B-ENaCGT showed no evidence of an allelic imbalance as judged by comparing the
groups CON+, CON- or DIS (figure 30): within ead group of extreme pairs ranking 15 or lower,

the alele B-ENaCGT-10 was found on equivaent proportions of typed chromosomes (15 out of 24
extreme DIS, 12 out of 24 extreme CON+ and 21out of 28 extreme CON- pairs, reedivey).

3.2.3.5 Resultson thelinkage group on chromosome 7

The high frequency of cariers for CF causing aleles — 1 in 22 hedthy persons, as deduced from an
incidence of 1 affeded person in 2000newborns (Romeo 1989 — has been the subjed of speaulation
as to the underlying medanisms leading to the prevalence of the CF causng aleles. The
maintenance of a high frequency of mutant CFTR alleles was attributed to genetic drift or a
reproductive advantage of the heterozygous state, the latter being ether transmitted through the
CFTR gene itself or by genes within linkage disequili brium to CFTR. Evidence for so-cdled "hitch-
hiking genes’, detedable through markers locdised in the CFTR gene region, has been reported by
three authors. Santis et al. (199(b) has reported an association of J3.11-2 aleles with milder
pulmonary disease among AF508 homozygotes. Tummler et al. (1990 has described an association
of MetH and J3.11 alleles with growth parameters in CF patients. Mace et al. (1997 has reported an
increased proportion of CS.7/Hhal-2 aleles in elderly female individuals within the Czed population.
Within this chapter, allele frequencies at loci PON2%°, MetH/Mspl, XV-2c/Tagl, KM.19/Pstl, TUB20/Pvull,
J3.11/Mspl, D7S514 and D7S495 — locdised ina40 cM interva surrounding the CFTR gene as showed
infigure 31— are eported for CF twin and Sb pars with selecied phenotypes.

19 Sequencevariant Arg191GIn in PON2 as shown infigure 5in chapter 2.1.2.2.4 on page39.
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FIGURE 31 INTEGRATED MAP OF 40 cM REGION AROUND CFTR

The relative positi ons of the map elements are consistent with mapping data generated by Tsui et al. 1985 Romnens
et al. 1989 Green et al. 1995 Hoglundet al. 1995 Bouffard et al. 1997, Fisher et al. 1998 Li et al. 1998 Positions
in cM are given as puldished by Bouffard et al. 1997 Colours refer to positions on the genetic map or the physical

CFTR
CRTR P
PON2 D75496]| D7S525 D7S514 D75495
124cM 139cM || 141 cM 153cM 166cM
CEN I IIII I ‘ ‘ I ‘ I ‘

: '|1Mb'|
I | L
AF508
MET [xvac|[kmig] |TuB20|  [33.11

TABLE 18 ALLELE FREQUENCIESFOR D7325 D73514 ANDD7$495
Expeded frequencies are derived fromthe GDB for 56 Caucasian chromosomes (CEPH).

D7S525 (34 AF508 homozygous pairsand 8 non-AF508homozygous dizygoustwin pairs typed)

Size [bp] 219 221 223 227 229 231 233 235
Freguency [% ] non-CF chromosomes (CEPH) 2 2 7 10 30 43 4 2 ‘
Size [ARU] 4 6 8 9 10 11 12
Frequency [% ] AF508 homozygous pairs — 1 7 4 26 57 4 —
Number of alleles
(8 Non-AF508 homozygous pairs) - 3 - 2 9 T

D7S514 (34 AF508 homozygous pairsand 6 non-AF508homozygous dizygoustwin pairs typed)

Size [bp] 147 149 151 153 155 157 159
‘ Frequency [% ] non-CF chromosomes (CEPH) 3 3 17 41 28 5 — ‘
Size [ARU] 8 9 10 11 12 13 14
Frequency [% ] AF508 homozygous pairs — 15 6 42 35 1 1
Number of alleles
(6 Non-AF508 homozygous pairs) _ 3 4 13 4 -

D7S495 (36 AF508 homozygous pairs and 8 non-AF508homozygous dizygoustwin pairs typed)

Size [bp] 150 152 154 158 160 162 164 166 168

‘ Freguency [% ] non-CF chromosomes (CEPH) 7 — 14 18 — 20 27 5 5
Size [ARU] 8 9 10 12 13 14 15 16 17

Frequency [% 1 AF508 homozygouspairs 5 19 23 1 25 21 4 1

Number of alleles
(8 Non-AF508 homozygous pairs) 1 2 5 10 - 10 1 _ 3

— 93—
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3.2.3.5.1 Alldedistributionsat D7S525 D7S514and D7$495

Allele frequencies for D7S525, D7S514 and D7S495 were published for non-CF families (references
see chapter ). The alele distributions for AF508 chromosomes and non-CF chromosomes matched
with regard to the most frequent alleles. Additionally, smilar "gaps' in the sequence of D7S495
aleles arranged by size — alleles D7S495-9, D7S495-11 and D7S495-13, respedively — were discernible
for both the CEPH panel and the typed AF508 chromosomes. However, the most frequent and the
second most frequent alleles were observed in different proportions for al polymorphic markers,
most pronounced at D7S525 and least pronounced at D7S495. Furthermore, the alele spedrum at
D7S525 and D7S514 appeaed to be smaller for typed CF chromosomes than for typed non-CF
chromosomes: the shortest and the largest D7S525 allele observed on non-CF chromosomes was not
observed among AF508 homozygous patients and the shortest D7S514 dlele on non-CF
chromosomes did not occur on typed CF chromosomes. A small set of non-AF508 CF chromosomes
was analysed for dizygous twin pairs. The differences of the alele distributions between AF508
homozygous and non-AF508 homozygous pairs were again most striking at D7S525 and nealy
unnoticedle at D7S495.

3.2.3.5.2 Alldicassciation at loci between PON2 and D795

3.235.21 MeHand J3.11 +1 Mbnear CFTR

No difference between the al ele distributions among CON+, CON- or DI S pairs have been observed
at the loci Xv-2c, KM.19 and TuB20. Allele frequencies for the markers Xv-2c, KM.19 and TUB20
observed in the groups of CF twins and sibs did not differ from the expeded frequencies (TUmmler
et al. 199Q Dork et al. 1992 for AF508 chromosomes. Genotypes at XV-2c and TUB20 were
identicd for both sibs within a pair for al patient couples investigated. Non identicd genotypes
within a pair were observed for one pair at KM.19.

FIGURE 32 ALLELE DISTRIBUTIONSAT MetH AND J3.11
L eft: allele digtributions for 32 typed pairs (64 all eles) at MetH and 34typed pars (68 alleles) at J3.11
Right: : all eles displayed by the 6 most exreme ranking pairs [BIS] JE@NS CON-

MetH J3.11
Allele 1 2 Allele 1 2
DIS DIS
17 9
a | B 6 (13
CON+ CON+
14 10
ay | 20 2 (12)
CON- CON-
14 4
@ | B 3 )
> 51 13 1 2 > 45 23 1 5
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At MetH, an asciation of MetH-1 with the phenotype "concordant / mild disease" was deteded
(table 19 and figure 32). The deviation of observed alele frequency to the frequency expeded for

AF508 chromosomes was significant for the extreme CON+ pairs ranked 15 or lower (X? = 3,81 with
p =0.05 at Xx*=3.84). The dlele frequencies for CON- pairs and DIS pairs were as expeded for
AF508 chromosomes. In one pair, sib A and sib B carried diff erent genotypesat MetH.

At J3.11, an asciation of alele J3.11-1 with the phenotype "discordant” was noticed (table 20
and figure 32). Among DIS pairs the deviation from the dlele frequency expeded for AF508
chromosomes was significant for the 6 pairs ranked 14 and lower (X* =3.81 with p=0.05 at
X? = 3.84). The alele frequencies for the CON+ pairs and the CON- pairs at J3.11 were as expeded

for AF508 chromosomes. For all patient pairs studied, the same genotype was observed for sib A and
sib B at J3.11.

TABLE 19: GENOTYPESAT METH FOR CONCORDANT / MILD DISEASE PAIRS

pair ND(1) showed a remmnbination evat: genotypesib A1-2, sib B2-2
expedaed allele frequeries for AF508 chromosomes. MetH allele 1 0.7, allele 2 03

Pair: CON+2 CON+5 CON+6 CON+7 CON+10 CON+15 CON+16 CON+19 ND(1) ND(3) ND(6)
MetH 1—1 1—1 1—1 1—1 1—1 1—1 1—1 1—2 rec 1—1 1—1

OBSERVED IN  CON+2-15 CON+2-16 CON+2-19 ALL CON+
ALLELE 1 12 14 15 195
ALLELE 2 0 0 1 25

EXPECTED FOR  n=12 n=14 n=16 n=24
ALLELE 1 8.4 9.8 112 154
ALLELE 2 3.6 42 4.8 6.6

X2 3.8 47 3.2 4.4

TABLE 20: GENOTYPESAT J3.11FOR DISCORDANT PAIRS

expeaed allele frequerties for AF508chromosomes. J3.11allele 1 0.6, allele 2 04

Pair: DIS3 DIS5 DIS6 DIS8 DIS9 DIS14 DIS16 DIS18 DIS19 DIS21 DIs24 DC(1) DC(2)
Bs1 1-1 1-1 1—-1 1—1 1-1 1—2 1—2 1—2 1—2 1—2 2—2 1—2 12

OBSERVED IN DIS3-14 DIS3-16 DIS3-18 ALL DIS
ALLELE1 11 12 13 17
ALLELE 2 1 2 3 9

EXPECTED FOR n=12 n=14 n=16 n=26
ALLELE1 7.2 8.4 9.6 156
ALLELE 2 4.8 56 6.4 104

X2 38 29 2.2 0.1
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FIGURE 33 ALLELE DISTRIBUTIONSAT D7S525AND D7$514

D7S525
Left: allele digtributions for 32 typed pairs (128 diromosomes)
Right: all eles displayed by the 6 most extreme pairs ranked
% CON-
ARU 6 7 8 9 10 11
DIS
(12) — 6 2 6 30 4
CON+
(11) 2 2 2 18 19 1
CON-
— 1 2 6 27 —
9)
p2 2 9 6 30 76 5
D7S514
Left: allele digtributionsfor 32 typed pairs (128 diromosomes)
Right: all eles displayed by the 6 most extreme pairs ranked
% CON-
ARU 9 10 11 12 13
DIS
(13 8 3 18 23 —
CON+
(10) 4 — 22 14 —
CON-
9 3 14 8 2
(9)

9 10 11 12 13

b2 21 6 54 45 2

3.2.35.22 D7S525and D7S514 10cM and closer to CFTR

Locdised further towards the centromer than MetH, D7S525 was studied. 6 alleles were identified on
al chromosomes typed, with alele D7S525-10 being most frequent on AF508 chromosomes (57% of
aleles were D7S525-10 and 26% were D7S525-9) while allele D7S525-9 was most frequent for non-
AF508 homozygous dizygous twins tested (D7S525-9 was found on 20 out of 36 chromosomes, and
D7S525-10 was observed on 9 out of 36 chromosomes). For 9 out of 43 pairs, a non-identicd
genotype was observed between both sibs. Aszciation of a D7S525 allele with the phenotype
"concordart / mild disease" was noticed (figure 33): chromosomes from pairs ranking 15 or lower
were typed D7S525-10 on 19 out of 24 dleles for DIS pairs, on 20 out of 28 aleles for CON- pairs,
but only on 8 out of 24 dleles on CON+ pairs. The alele distribution at D7S525 was different
comparing six pairs with lowest rank numbers between CON+ and DIS or between CON+ and
CON-. Allele distributions between DIS and CON- pairs did not differ at D7S525.

Locaed further towards the telomer than J3.11, D7S514 was investigated. On all chromosomes
typed, 6 aleles were identified. On AF508 chromosomes, alleles D7S514-11 and D7S514-12 were
most frequent (42% and 35%, respedively). The proportion of both alleles was different for non-
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AF508 homozygous dizygous twins typed: D7S514-11 was found on 13 out of 36 chromosomes and
alele D7S514-12 was observed on 4 out of 36 chromosomes. In 3 out of 42 pairs, the genotype at
D7S514 was different for ssb A and sib B. Allelic imbalances at D7S514 were found comparing all
threegroups of pairs, DIS, CON+ and CON- (figure 33). The differences in allele distributions were
most pronounced between DIS and CON+ pairs: for the six pairs with lowest rank numbers, 6 alleles
showed D7S514-11 and 12 alleles showed D7S514-12 on DIS pairs, while on CON+ pairs 14 alleles
caried D7S514-11 and 6 aleles caried D7S514-12. Interestingly, an assciation between
heterozygosity at D7S514 and the phenotype "concordart/sevee disease” was observed: for 5 out of
12 pairs ranked CON+ or DIS with rank number 15 or lower, both sibs were homozygous for a
D7S514 genotype. In contrast, 8 out of 9 pairs ranked CON- showed a heterozygous D7S514
genotype for both sibs (table 21).

TABLE 21: HETEROZYGOSITY AT D7314
NUMBER OF SIBLINGSWITHIN A PAIR WITH HETEROZYGOUS GENOTYPESAT D7$514

Extreme DIS, CON+, CON- pairs 0 1 2 |All DIS CON+, CON- pairs 0 1 2
DIS (6 pairs) 2 — 4 |DIS (13 pairs) 4 1 8
CON+ (6 pairs) 3 — 3 |CON+ (10pairs) 5 — 5
CON- (6 pairs) —_ - 6 |CON- (9pairs) 1 — 8

3.2.35.2.3 PON2and D7495 further away than 10cM from CFTR

Localised further towards the centromer than D7S525, PON2 was andysed. No difference was
observed when comparing alele frequencies between pairs ranked DIS, CON+ or CON-.
Comparison of PON2 alde frequencies expeded for non CF chromosomes to those observed for
CON+, CON- or DIS pars $owed a dgnificant deviation in dl three cases, indicaing the expected
linkage disequilibrium for the CFTR region (Eiberg et al. 198). In 4 out of 36 typed pairs, a different
genotypefor sb A and sib B was observed at PON2.

Located further towards the telomer than D7S514, D7S495 was andysed. 10 dfferent aleles were
observed at D7S495. The dlde spedrum differed between pairs ranked DIS, pairs ranked CON+ and
pairs ranked CON- (figure 34): for pairs ranking 150r lower, the most frequent alele was D7S495-15 for
DIS pairs, D7S495-12 for CON+ pairs and D7S495-14 for CON- pairs (observed on 8 out of 24, 9 out
of 24 and 10 out of 28 chromosomes, respedively). The difference between dlele frequencies was
pronounced when comparing DIS and CON+ pairs or CON+ and CON- pairs. Non-identical D7S495
genotypes for both sibs within a pair were observed for 15 out of 46 pars. For 3 out of 11 pars
ranked DIS, no identical D7S495 dlele was found when comparing sb A and sb B. This condition
was not observed among 8 pairs ranked CON+ or 8 pairs ranked CON-. For 13 out of 22 pairs
ranked concordant (CON+ or CON- or ND), both dleles of both sblings a D7S495 were identical by
date (table 22). In three cases, a double recombination event resulted in a different D7S495 dlele on
both chromosomes for both sbs of a pair (0 identicd aleles between sb A and sb B). These three
pairs were ranked discordant and this condtion was not observed on any concordant pair.

— 97—
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FIGURE 34: ALLELE DISTRIBUTIONSAT D73495

D7$495
Left: allele digtributions for 34 typed pairs (136 diromosomes)
Right: all eles displayed by the 6 most extreme pairs ranked
% CON-

ARU 8 9 10 12 13 14 15 16 17
DIS
(13 5 — 9 6 2 8 21 1 —
CON+
(12) 2 1 17 16 — 9 3 - —
CON-

—- - — 11 — 16 3 4 2
9)
s 7 1 26 33 2 33 27 5 2 8 9 10 12 13 14 15 16 17

TABLE 22: ALLELE SIDENTICAL BY STATE AT D7395
NUMBER OF ALLELESIDENTICAL BY STATE WITHIN A PAIR

Extreme DIS, CON+, CON- pairs 0 1 2 |All DIS CON+, CON- pairs 0 1 2
DIS (6pairs) 3 — 3 |DIS (13 pairs) 3 4 6
CON+ (6 pairs) — 2 4 |CON+ (12pairs) — 4 8
CON- (6 pairs) — 4 2 |CON- (9pairs) — 5 4

3.2.35.24 Rewmmbination eventsat loci between PON2 and D75495

The probability of observing a recombination event increases with the physica distance between the
loci studied as well as with the number of alleles displayed by the locus investigated. Consequently,
more non-identica genotypes were observed at polymorphic markers D7S525, D7S514 and D7S495
compared to PON2. As shown in table 23, the most recombination events were observed at D7S495: a
third of all pairsdid not display two alelesidenticd by state.

When comparing the genetic map of the region encompassng the CFTR gene and the observed
frequency of recmbination events, a crosswise relationship between the genetic distances of
polymorphic markersto CFTR and the number of recombination events among the typed pairs were
observed. Regarding the positions on the genetic map of D7S525 and D7S514, displaying a similar
alele spedrum, D7S514 is locaed at twice the distanceto CFTR compared with D7S525. However, a
fifth of the pairs typed had non-identicd genotypes at D7S525 but lessthan a tenth of the pairs typed
at D7s514 provided evidence for recombination events between the CFTR gene and D7S514 (table
23).
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TABLE 23: RECOMBINATION AT LOCI BETWEEN PON2 AND D7395

(@) number of pairs displaying lessthan2 all elesidentical by state when genotypes of sib A andsib B were conpared.

(b) Graphcal representation of nonpropartiond relationship, observed at D7S525and D7S514 between the
distance on genetic map and number of recombination events observed among seleded twins and sibs with extreme
phenatypes.

PON2 is a diall elic marker, thus lessrecombination events are observable at PON2 compared to polymorphic marker
loci. In contrast, D7S525and D7S514are comparable with resped to the allele digtribution (seefigure 17 on page
63). Howeve, only a minority of patient pairs showed recombination events at D7S514whil e a fifth of the typed pairs
displayed lessthantwo all eles identical by state at D7S525 This is unarticipated when taking the genetic map into
acoount: D7S525is located closer to the CFTR gene than D7S514 (Bouffard et al 1997 indicating that on
chromosomes of the general popuation, a lower recombination frequency has been observed between CFTR and
D7S525compared to CFTR andD7S514

(a) PON2 D7S525 MET J3.11 D7S514 D75495
PAIRSTYPED 36 43 38 31 42 46
NO OFPAIRS # 2 IBS 4 9 1 0 3 15
#B)IBS lessthantwo alleles identical by state comparing sb Ato sbB within a par
I JI 10cM 'I |
\ \ \ CFTR \ \
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PN
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DISTANCE ON 21cM 4 cM 8 cM 21 cM

GENETIC MAP

% of pairs #2 alleles IBS
OBSERVED AMONG 12% 21 % 7% 33 %
SELECTED PATIENT PAIRS

3.2.3.6 Resultson D251788

D2s1788 was evaluated due to the results gained on markers J3.11 and D7S514: |ocated further
towards the telomer than CFTR, obesity related traits have been mapped linking D7S514 to extremity
skinfolds and D7S495 to waist circumference (Duggrala et al. 1996. The human homologue of the
murine obesity gene, the leptin gene LEP, maps within 1 Mb of D7S514 (Green et al. 1995 and isa
candidate gene for the modulation of CF disease via the nutritiona status. The results gained on
J3.11 and D7S514 show an alelic imbalance in pairs ranked discordant which points to a trans
conducted influence on a gene located further towards the telomer than CFTR: CF twins and sibs
have inherited the same CFTR gene region up to D7S514, demonstrated by the fad that two D7S514
dleles are identicd by state for all but 3 out of 42 pairs. Hence any influence at a locus close to
D7S514 evoking discordance within a CF sib pair cannot be caused by the gene transmitted with
D7S514 itself, but by a gene for which both discordant siblings carry different aleles. A candidate
region influencing serum leptin levels has been identified nea D2S1788 (Comuzze et al. 1997), close
to the POMC gene encoding for proopiomelanocorticoin, which gives rise to hormones inducing
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glucocorticoid seaetion. Glucocorticoids have been shown to regulate the expresson of leptin (De
Vos et al. 1995. An influence on the expresson levels of a gene qualifies as a trans influence and
acordingly, D2S1788 was investigated in the panel of CF twins and sibs.

3.2.3.6.1 Alldic association at D2S1788

At D2S1788, a tota of 13 dleles have been observed on 34 typed AF508 homozygous pairs. The
most frequent alleles were D2S1788-12, D2S1788-19, D2S1788-20 and D2S1788-22 on 11%, 13%, 14%
and 21% of chromosomes, respedively. Comparable proportions of these alleles were observed for
subgroups of CON+ and CON- pairs, but among DIS pairs, other alleles were dominant (figure 35):
D2S1788-18 was typed on 8 alleles out of 14 pairs ranked DIS while D2S1788-18 was found on no
chromosome from 12 CON+ or 8 CON- pairs. D2S1788-21 was identified on 13 chromosomes from
14 pairs ranked DIS but only 3 chromosomes from 12 pairs ranked CON+ and no chromosome from
8 pairs ranked CON- were typed D2S1788-21. For atotal of 10 out of 14 pairs caegorised as DIS, at
least one sib carried one of the alleles D2S1788-18 or D2S1788-21 on either one or both chromosomes.
Based on the observation of the assciation of D2S1788-18 and D2S1788-21 dleles with the
phenotypic trait "discordance’, pairs sharing one or both of these dleles identicd by state were
excluded from the analysis of allele sharing among concordant and discordant pairs® (table 24, row
DIS*: al pairswith one or both alleles D2S1788-18 or D2S1788-21 identicd by state excluded). 7 pairs
ranked discordant and 20 pairs ranked concordant remained. A fifth of the concordant pairs had no
identicd allele comparing genotypes of sib A and sib B. This condition was observed in 4 out of 7
DIS* pairs. In athird of the pairs ranked concordant, both alleles were identicd by state. This was
observed for one out of 7 DIS* pairs.

TABLE 24: ALLELE SIDENTICAL BY STATE AT D2S1788
NUMBER OF ALLELESIDENTICAL BY STATE WITHIN A PAIR

Extreme DIS, CON+, CON- pairs 0 1 2 | All DIS CON+, CON- pairs 0 1 2
DIS—all genotypes (6 pairs) 3 1 2 |DIS (14 pairs) 4 4 6
DIs (4 pairs) 3 1 — (DI (7 pairs) 4 2 1
CON+ (6 pairs) 2 2 2 |CON+ (12 pairs) 3 6 3
CON- (6 pairs) 1 2 3 [CON- (8 pairs) 1 4 3
CON+ and CON- (12 pairs) 3 4 5 |CON+and CON- (20pairs) 4 10 6

*7 out of14 pairs rankel DISwith ore or two alleles D2S178818 or D2S178821 IBS extuded;
this condition wasnotobserved for pairs ranked CON+ or CON-

20 The hypotheses tested by (a) comparison of the number of aleles identica by state between pairs ranked
concordant and pairs ranked discordant or (b) analysing al €lic association with the phenotypes concordant and
discordant are incompatible when an allelic asociation with the phenotype "discordance' is deteded: when
analysing a gene modulating the phenotype, discordance is expeded when bath sibs of a pair carry non-identical
genotypes at the gene locus. If a marker locus analysed is linked to the gene, non-identical genotypes at the marker
locus indicate non-identical genotypes at the gene locus. Overrepresentation of one allele in the subgroup of
discordant pairs points to the hypothesis that an allele at the gene locus is itsalf causing the phenotype
"discordance’, even if —or, caused by the fact that — both sibs are carrying that dlele identical by descent.
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FIGURE 35 ALLELE DISTRIBUTIONSAT D2S1788

D251788
Left: allele digtributions for 34 typed pairs (136 diromosomes)
Right: all eles displayed by the 6 most extreme pairs ranked
% CON-
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3.2.3.7 Correlation of genotype and clinical phenotype

In chapters 3.2.3.4, 3.2.3.5 and 3.2.3.6, the overrepresentation of one allele was described at loci
D12S889, D7S525, MetH, D7S514, D7S495 for pairs ranked "concordart / mild disease" (CON+), at
locus D7S495 for pairs ranked "concordart / sevee disease” (CON-) and at loci J3.11, D7S514,
D7S495 and D2S1788 for pairs ranked "discordant” (DIS). The effeds are summarised in table 25.
This chapter aims at correlating a pair's genotype and the phenotypic trait suspeaed to be influenced
by the allele stud ed.

TABLE 25 SUMM ARY OF OBSERVED ALLEL IC ASSOCIATIONS

LOCUS ALLELE OVERREPRESENTED FOR PAIRS RANKED
D7S525 D7S525-9 CON+
MetH MetH-1 CON+
J311 J3.11-1 DIS
D7S514 D7S514-11 CON+
D7S514 D7S514-12 DIS
D75495 D7S495-10 CON+
D75495 D7S495-14 CON-
D75495 D7S495-15 DIS
D125889 D12S889-10 CON+
D251788 D2S1788-18 DIS
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For al aleles overrepresented in one of the three patient groups DIS, CON+ and CON-, a dired
relationship of intrapair-discordance (allelic imbalance observed for DIS pairs) or disease severity
(alelic imbalance observed for CON+ or CON- pairs) was conjedured. The maximal effed was
presumed for the condition when al four chromosomes of both patients of a pair were carying the
dlele that was suspeded as modulating the phenotypic appeaance The smilarity of a pair's
genotype to this genotype with inferred maximal influence was estimated by counting the number of
chromosomes of a pair carrying the allele that was overrepresented in one patient pair group DIS,
CON+ or CON-. In detall, the following genotypes of a pair are posshle when assssng the
influence of an alele a a alocus displaying more than two alleles:

NUMBER OF ALLELESa NUMBER OF ALLELES

GENOTYPE SbA GENOTYPE SbB OBSERVED IN PAIR IDENTICAL BY STATE
a—a a—a 4 2
a—a a — other 3 1
a—a other — other 2 0
a — other a — other 2 lor?2
a — other other — other 1 0,1or2
other — other other — other 0 0,102

The condition "two alleles a observed within pair" does not discriminate between pairs where one sib
cariesboth dleles a and parswhere eat sb cariesone allele a.

The dllélic imbalances were deteded within groups of patient pairs which were caegorised
employing parameters that combine nutritional and pulmonary status. In order to analyse the
influence of an allele on the nutritional and the pumonary status, the genotypes were correlated to
parameters describing either disease severity or the discordance based on wfh%, FEV Perc and the
combined parameters DfO and DELTA#. To describe the disease severity, the sum of rank numbers

of both sibs within a pair (ZRANK) was cdculated for wfh%, FEVPerc and DfO respedively. The
intrapair discordance was asses®d using the intrapair rank number difference (ARANK) of wfh% and

FEVPerc as well as the rank number for DELTA. Statisticd analysis was caried out with a Mann-
Whitney rank test.

3.23.7.1 Near SCNN1A: D12S889

Figure 36 displays the similarity of a pair's genotype to the condition of homozygosity for the alele
D12S889-10, found associated with the phenotype concordant / mild disease (chapter 3.2.3.4). An
increasing wfh%o, FEV Perc and DfO was seen with an increasing number of D125889-10 alleles. The
effed was sgnificant comparing pairs where ead sib caries at least one D125889-10 al€ele to pairs
where one or no sib carries a D125889-10 allele (p < 0.01 for FEVPerc and p < 0.05 for wfh%).

21 Defined in figure 10 on page 48.
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FIGURE 36: MODULATION OF DISEASE SEVERITY AT D125S889

>RANKwfh%, XRANKFEV Perc and ZRANKDfO vs number of D12S889-10 alleles per pair
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3.2.3.7.2 40cM region encompassng the CFTR gene

At two loci locaed further towards the centromer than CFTR and at three loci located further
towards the telomer than CFTR an alelic imbalance was observed for pairs ranked concordant.
Figure 37 and figure 38 display the relationship between aleles D7S525-9, MetH-1, D7S514-11,
D7S495-10 and D7S495-14 and the disease severity for al pairs ranked CON+ or CON-. The influence
of alleles J3.11-1, D7S514-12 and D7S495-15 on the intrapair discordance is shown in figure 39. The
effeds are summarised in chapter 3.2.3.8.2.

3.2.3.7.2.1 Modulation of disease severity among concordant pairs

The asciation observed for MetH-1 and disease mildness was mediated by the nutritional status as
demonstrated by incressing 2RANKwfh% comparing 1 or 2 alleles MetH-1 for a patients genotype
(p < 0.01). ZRANKFEV Perc and MetH-1 showed no correlation. The combined parameter XRANKDfO
displayed a less pronounced relationship to the number of MetH-1 aleles than ZRANKwfh%
(figure 37b). At D7sS525, |locaed further towards the centromer than MetH, a similar trend was
observed: with an increasing number of D7S525-9 alleles, X RANKwfh% but not ZRANKFEV Perc was
higher. Pairs with no D7S525-9 alleles displayed the broadest spedrum of ZRANKwfh%,
2RANKFEV Perc and 2RANKDfO (figure 37a).

Further towards the telomer than CFTR, the relationship of the genotype to the clinicd
severity was observed at D7S495: while pairs carrying D75495-10 aleles had higher *RANKwfh% and
2RANKDfO than pairs carying no D7S495-10 allele (p < 0.01), pairs with D7S495-14 dleles had a
lower ZRANKwWFh% and 2RANKDfO than pairs carrying no D7S495-14 dlele (p < 0.01). The number
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of D7S495-10 or D7S495-14 dleles did not correlate with ZRANKFEVPerc. Again, the broadest

spedrum of ZRANKwWfh% and ZRANKDfO was observed for pairs without the aleles deteded in
dlelic imbalance at locus D73495 (figure 38b, €). At D7S514, the influence of D7S514-11 alleles on

disease severity was week: the 5 pairs displaying four D7S514-11 aleles had a higher ZRANKwfh%

than most pairs with other genotypes. The mean ZRANKFEV Perc and ZRANKDfO increased with the
number of D7S514-11 alleles (figure 383). At D7S514 and D7S495, both alleles found assciated with
CON+ pairs occurred nealy exclusively on ether O or 2 or 4, but not on 1 or 3 chromosomes of
pairs ranked concordant. In four cases, D7S495-14 — observed most frequently among CON- pairs —
was found on one out of four chromosomes within a pair. All cases with 2 dleles D7S514-11 or
D7S495-10 or D7S495-14 were composed of genotypes wherein eat sb caried one of the dleles.

FIGURE 37.MODULATION OF DISEASE SEVERITY (I): CENTROMER

(@) ZRANKwfh%, ZRANKFEV Perc and ZRANKDfO vs number of D7S525-9 alleles per pair
No of D7S525-9 all eles per pair 0 1 2
No o pairsranked CON+ or CON- 11 2 2

(b) ZRANKwfh%, ZRANKFEV Perc and ZRANKDfO vs number of MetH-1 alleles per sib
No o MetH-1 all eles per pair 0 1 2
No o pairsranked CON+ or CON- 0 7 13
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FIGURE 38 MODULATION OF DISEASE SEVERITY (Il): TELOMER
(8) ZRANKwfh%, >RANKFEV Perc and XRANKDfO vs number of D7S514-11 alleles per pair
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(b) ZIRANKwfh%, XRANKFEV Perc and XRANKDfO vs number of D7S495-10 alleles per pair
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FIGURE 39 ALLELE SOBSERVED PREDOMINANTLY FOR PAIRSRANKED DIS
(a) ARANKwfh%, ARANKFEVPerc andDELTA vs number of J3.11-1 all eles per sib
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3.2.3.7.2.2 Modulation of intrapair discordance

The asociation found for J3.11-1 was seen to have a larger influence on the discordance of the
pumonary status than on the discordance of the nutritional status. This was demonstrated by higher

ARANKFEV Perc and DELTA for pairs homozygous for J3.11-1 compared to the heterozygous state

(p < 0.01). No asciation between J3.11-1 aleles and ARANKwWIh% was observed (figure 39a). At
D7S514 and D7S495, the most frequent alleles for discordant pairs were D7S514-12 and D7S495-15.
However, no correlation between the number of D7S514-12 or D7S495-15 alleles within a pair and
ARANKwWfh%, ARANKFEV Perc or DELTA was deteded (figure 39,c) for all pairsranked DIS.

When analysing the sharing of allelesat D7S495after exclusion of pairs with one or two alleles
D73495-15 identicd by state, intrapair discordance in wfh% and FEV Perc was found to deaease
with an increasing number of alleles shared by both gblings.

3.2.3.7.2.3 Remnstruction of haplotypes surmised to transmit extreme phenotypes

So far, the genotype-phenotype correlation was investigated for single loci within the CFTR linkage
group within this chapter. Next, the additive effed of all loci for which alleles have been observed in
asciation with an extreme phenotype is assessd. The resulting alele combination, i.e. the
haplotype for the chromosomal region, was considered to transmit the phenotype for which the
dlelic asciation was noticed. As in the case of single loci, the maximum effed was presumed to
occur when all four chromosomes of both patients of a pair were carrying the haplotype considered
to transmit theextreme henotype

In order to compare a pair's genotype to these proposed haplotypes, the similarity of a pair's
genotype to homozygosity for a haplotype has to be described. In order to do so for a single marker
locus "m" exhibiting an association of the allele "a" with a phenotypic trait, the genotype of a pair
was construed to the number of alleles"a" encountered within the genotypes of both patients within
apair. In order to quantify the smilarity of a pair's genotype to homozygosity for a haplotype "a;-a,
-az- ... -a," composed of multiple marker loci "my-my-ms- ... -m,", a Smilar approach was taken: at all
loci composing the haplotype the number of adleles"a;", "ay", "a3", ... ,"a," observed in the genotype
of both patients within a pair was counted.

This approadch considers ead locus composing the haplotype as equal. However, neighbour
loci are linked and consequently alleles at adjacent marker loci are not independent of ead other.
The probability of encountering a definite allele at locus "m," depends on the allele observed at locus

22 The hypotheses tested by (a) comparison of the number of alldes identical by state between pairs ranked
concordant and pairs ranked discordant or (b) analysing al elic association with the phenotypes concordant and
discordant are incompatible when an allelic asociation with the phenotype "discordance' is deteaed: when
analysing a gene modulating the phenotype, discordance is expeded when bath sibs of a pair carry non-identical
genotypes at the gene locus. If a marker locus analysed is linked to the gene, non-identical genotypes at the marker
locus indicate non-identical genotypes at the gene locus. Overrepresentation of one allele in the subgroup of
discordant pairs points to the hypothesis that an alde at the gene locus is itsdf causing the phenctype
"discordance’, even if —or, caused by the fact that — both sibs are carrying that dlele identical by descent.
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"my" or "m3". The smilarity of a pair's genotype to homozygosity for a given haplotype as defined
above ignores this fad: deviations from the definite haplotype are weighed equally, irrespedive of
the marker position showing the deviation. Furthermore, al loci considered within this chapter are
nea CFTR and consequently, both siblings within a patient pair have a higher probability of sharing
their aleles than of carying non-identicd genotypes. Linkage is only taken into acount at loci
J3.11 and MetH: no recombination was observed at either loci locaed withinal Mb rangeto the
CFTR gene (seetables 26 and 27 for details). Finaly, the probability of encountering a definite alele
at a marker locus depends on the frequency of that alele and on the number of alleles displayed at
that locus. Allelic distributions are not taken into acount within this chapter.

TABLE 26: D7S525M etH-D7S514-D7S495HAPLOTYPE 9-1-11-10

The map displays all markers for which the alleles shomn were deteded in asciation with the phenotype
"concordant/mild disease" (seechapter 3.2.3.5). The table displays the maximum number of these all eles encourtered
per genatype of a pair at each locus. For the markers D75525, D7S514 and D7S495, a maximum of four alleles
D7S525-9, D7S514-11 and D7S495-10 can compose the genatype of the pair. At MetH, genotypes were, in all but
one case investigated, identical between sib Aandsib B of apair. Thislack of recombination was compensated for by
arbitrarily courting only the alleles observed per single genaotype, yielding a maximum of two alleles MetH-1 per

CEN ‘ | | ‘
|D7s525-9|Meth-1|

\ \
D7S495-10

pair.

(1) Marker D7S525 MetH D7S514 D7S495

2 Alleles a loci (1) aswciated with D7S525-9 MetH- D7S514-11 D7S495-10
phenotype "concordant / mild disease" 1
Maximal number of aleles (2) observed 4 2 4 4 3
per genotype of apair: 14

Observed nunber of dleles D7S525-9, MetH-1, D7S514-11 and D7S495-10 for pairs ranked DIS, CON+ and CON-

n: number of alleles 9, 1, 11, 10 atloci D7S525 MetH, D7S514, D7S495 observed per pair
av. : average number of alleles D7S525-9, MetH-1, D7S514-11 and D7S495-10 observed per pair
av. ={Z (n x number of pairs carrying n al eles)}/{sum of all pairs}

n
number of alleles 9, 1, 11, 10atloci D7S525 MetH, D7S514, D7S495
observed per pair
1 2 3 4 5 6 7 8 9 10 11 12 | av.
number of pairs ranked| — 1 — 1 1 1 1 1 — 1 1 1 7
CON+ with n alleles
number of pairs ranked| — 1 4 3 — 1 —_ = = = = = 4
CON- with n alédes
number of pairs ranked 2 2 2 2 1 1 — 1 1 —_ = = 4
DISwith n alees
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Based on the results summarised in table 28 haplotypes were remnstructed for the traits
"discordant” (involving loci J3.11, D7S514 and D7S495) and "concordant / mild diseese" (involving
loci D7S525, MetH, D7S514 and D7S495): taking the observed assciations of the alleles D7S525-9,
MetH-1, D7S514-11 and D7S495-10 with the phenotype "concordant / mild disease”" into acmunt, the
concluding D7S525-MetH-D7S514-D7S495 haplotype is 9-1-11-10. Likewise, the asciation of alleles
J311.-1, D7S514-12 and D7S495-15 with the phenotype "discordant” leads to the J3.11-D7S514-D7S495
haplotype 1-12-15.

The results are displayed in table 26 for the D7S525-MetH-D7S514-D7S495 haplotype 9-1-11-10
(surmised as transmitting the phenotype "concordant / mild disease"). Homozygosity for the
haplotype 9-1-11-10 corresponded to a total of 14 matching alleles encountered at these 4 loci. On the
average, a pair ranked CON+ displayed 7, but a pair ranked DIS or CON- only 4 matching alleles.
Genotypes with 10, 11 or 12 aleles encountered in the haplotype 9-1-11-10 were found only in pairs
ranked CON+. The correlation of the genotype — interpreted as smilarity to homozygosity for the
D7S525-MetH-D7S514-D7S495 haplotype 9-1-11-10 — to the clinicd phenotype is displayed in figure 40
for al pairs ranked CON+ or CON-. An increasing number of matching aleles was found to
correlate with a better wfh%, but not FEV Perc.

FIGURE 40: SIMILARITY TO "CON+ HAPLOTYPE" AND DISEASE EEVERITY

Smilarity of a pairs genotype to hamnozygasity for the hapotype 9-1-11-10 (D7S525MetH-D7S514-D7S495)
All pairs ranked CON+ or CON-with information onall four loci are shown (18 pars).
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Table 27 displays the results for the J3.11-D7S514-D7S495 haplotype 1-12-15 (suspeded as
transmitting the phenotype "discordanc€'). A tota of 10 matching aleles corresponded to
homozygosity for the haplotype at these 3 loci. On the average, a pair ranked DIS displayed 5, but a
pair ranked CON+ or CON- only 3 matching alleles. For pairs ranked concordant, a maximum of 5
matching aleles was observed while pairs ranked DIS also displayed 6 or 7 aleles matching the
haplotype. The correlation of the genotype — converted into similarity to homozygosity for the J3.11-
D7S514-D7S495 haplotype 1-12-15 — to the intrapair discordancein the clinica parametersis displayed
in figure 41 for all pairs. No quantitative relationship was observed between the number of matching
aleles and the intrapair discordancein wfh%, FEV Perc or the combined parameter DELTA.

TABLE 27: J3.11-D7S514D7S495HAPLOTYPE 1-12-15

The map displays all markers for which the alleles shown were deteded in assciation with the phenatype
"discordant" (seechapter 3.2.3.5). The table displays the maximal number of these all eles encourtered per genatype
of a pair at each locus. For the markers D7S514 and D7S495, a maximum of four all eles D7S514-12 and D7S495-
15 can compose the genotype of the pair. At J3.11, genotypes were, in all but one case investigated, identical
between sib A and sib B of a pair. This lack of recombination was compensated for by arbitrarily courting only the
alleles observed per one gectype, yielding amaximum of two alleles J3.11-1 per pair.

CEN ‘

| |
D7S495-15

Q) Marker J3.11 D7S514 D7S495

(20 Alldes a lod (1) aswciated with J3.11-1 D7S514-12  D7S495-15
phenotype "discordant"
Maximal number of aleles (2) observed 5 4 4 2.
per genotype of a pair: 10

Observed nunber of dleles J3.11-1, D7S514-12 and D7S495-15 for pairs rankel DIS, CON+ and CON-

n: number of alleles 1, 12, 15atloci J3.11, D7S514, D7S495 observed per pair
av. : average number of alleles J3.11-1, D7S514-12 and D7S495-15 observed per pair
av. ={Z (n x number of pairs carrying n al eles)}/{ sum of all pairs}

n
number of alleles J3.11-1, D7S514-12 and D7S495-15
observed per pair

0 1 2 3 4 5 6 7 av.
number of pairs ranked
CON+with n aldes | * 2 1 2 3 1 - 3
number of pairs ranked
CON-with n aldes | — 1 4 1 2 1 - 3
number of pairs ranked
DISwith n aldes - 1 1 2 1 3 4 ! 5
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FIGURE 41: SIMILARITY TO "DISHAPLOTYPE" AND DISCORDANCE

Smilarity of a pdrs genotype t homozygosity for the hapbtype 1-12-15(J3.11-D7S514-D7S495)

e : parsranked DIS (13 pairs) e : pairs ranked CON+ or CON- (19 pairs)
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3.2.3.7.3 LocusD2S17/88

At D2S1788, an alelic imbalance was noticed: allele D2S1788-18 was noted only for pairs ranked DIS
and allele D2s1788-21 was deteded predominantly for pairs ranked DIS. The analysis of genotype-
phenotype relations with resped to locus D2S1788 was performed by comparing the number of
dleles identicd by state with the intrapair discordance in the clinica parameters wfh% and FEV Perc
and the combined parameter DELTA. As shown in figure 42, a deaease of the intrapair discordance
in wfh% with an increasing number of identicd alleles between siblings was noted only when pairs
sharing the aleles found associated with the phenotype "discordance' were excluded (marked by red
data pointsin the top row in figure 42 and omitted in the bottom row; p < 0.01 comparing pairs with
O alelesIBSto pairswith 1 or 2 allelesIBS in wfh%).

The hypotheses tested by (a) comparing the number of aleles identicd by state between pairs
ranked concordant and pairs ranked discordant or (b) analysing alelic association with the
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phenotypes concordant and discordant are incompatible when an alelic assciation with the
phenotype "discordance’ is deteded: when analysing a gene modulating the phenotype, discordance
is expeded when both sibs of a pair cary non-identicd genotypes at the gene locus. If a marker
locus analysed is linked to the gene, non-identica genotypes at the marker locus indicae non-
identicd genotypes at the gene locus. Overrepresentation of one allele in the subgroup of discordant
pairs points to the hypothesis that an dlele at the gene locus is itself causing the phenotype
"discordance’, even if —or, caused by the fad that — both sibs are carrying that alele identicd by
descent. Consequently, the correlation of intrapair discordance and allele sharing was caried out
after omitting pairs sharing alleles assciated with the ghenotype "discordance’.

FIGURE 42 IBS AT D251788
(@), (b) ARANKwfh%, ARANKFEVPerc and DELTA vs number of D2S1788all eles IBS per pair

Top row: al pairs

No o D251788 allelesIBS 0 1 2
No o pairs 8 14 12
e : pairssharing oneor two alleles 18or 211BS e : Other pairs

Bottom row: pairs sharingoneor two allelesD2S178818 or D2S178821 ex¢uded
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3.2.3.8 Discusson: CF disease severity modulation by non-CFTR genetics

3.2.3.8.1 Hypoathesis: CF disease seveity is modulated by ENaC

As shown in chapter 3.2.3.7.1, a D12S889 allele was observed to be associated with a mild clinicd
course in CF twins and siblings : AF508 homozygous patient pairs had a better wfh% and FEV Perc
when both siblings carried at least one allele D125889-10.

D12S889 is locaed within a 40kb distance to SCNN1A (Baeset al. 1995, encoding
for the a subunit of the amiloride sensitive sodium channel ENaC. Presumably, the observed effed
is transmitted by the ENaC itsdlf: the amiloride-sensitive sodium channel was reported to be
regulated by CFTR (Ismailov et al. 1996 Stutts et al. 1997) and thus, sequence variations within the
o subunit that convey a different phenotype to the channel might compensate for the regulatory
defed in the CF condition. For the ENaC, alelic variants leading to a "gain of function " and allelic
variants leading to a "loss of function" have been described: mutations resulting in increased Nat
reabsorption have been discovered in SCNN1B and SCNN1G in patients with Liddle's disease
(Shimkets et al. 1994 Hansoon et al. 1995 Schild et al. 1995 Jeunemaitre et al. 1997). Sequence
variations leading to deaeased Nat reabsorption have been identified in patients with
pseudohypoaldosteronism type 1 in SCNN1A, SCNN1B and SCNN1G (Chang et al. 1996
Straunieks et al. 199@).

Apart from a postulated benign effed transmitted by an alelic variant of the a subunit of the
ENaC (presumably linked to the allele D125889-10), the amiloride-sensitive Na+ channel can aso be
considered to be arisk fador as patients with pseudohypoaldosteronism type 1 have been described
as exhibiting symptoms of lung disease compatible with mild CF (Hanakoglu et al. 1994), including
colonisation with Pseudamonas aeruginosa (Marthinsen et al. 1998. Nevertheless no D12S889
dlele was identified in assciation with a severe phenotype in CF twins and sibs. Finaly, an
asciation of a benign phenotype was observed with a D125889 allele (located close to SCNN1A),
but not with a BENaCGT adllele (locaed nea SCNN1B and SCNN1G), inviting speaulation on a
dominant role of the a subunit in modulating CF disease, distinct from the 3 and y subunits of the
ENaC.

Generdlly, the detedion of an asociation of an alelic variant at a polymorphic marker locus
with a phenotypic charader is eased (@) if aleles at the candidate gene locus transmitting the same
phenotype are linked to the same allele at the marker locus investigated and (b) if two alleles at the
candidate gene locus conveying the opposite phenotypes are linked to different aleles at the marker
locus investigated. Hence, the ladk of association between any D12S889 allele with severe CF disease
among the twins and sibs typed and the lad of asciation of any BENaCGT allele with an extreme
disease phenotype fail to exclude arisk alele aa SCNN1A or the modulating role of SCNN1B and
SCNN1G for CF disease severity.

In conclusion, the observed effea of an association of mild CF disease with the allele D12S889-
10 can be explained by asuuming a benign SCNN1A alele. However, other dlelic variants at
SCNN1A, conveying arisk for lung disease, might be existent. Likewise, a modulating effed of the
SCNN1B and SCNN1G loci cannot be excluded.
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3.2.3.8.2 CF disease seveity modulated by CFTR linked loci

As described in detail within chapter 3.2.3.7.2, three effeds on the clinicd phenotype could be
described as being asociated with loci close to the CFTR gere (table 28):

(1) Locaed further towards the centromer than CFTR, modulation of wfh% was observed at MetH
and D7S525. The effed was seen in an alelic association of allele MetH-1 and, less pronounced,
alele D7S525-9 with the phenotype "concordant / mild disease". Pairs of sibs whose genotype
was composed of the alele MetH-1 had a significantly better wfh% than sibpairs with other
genotypes (p < 0.01).

(1) Locaed further towards the telomer than CFTR, an influence on the pumonary status was
noticed at J3.11. The effed was deteded by an as®ciation of the alele J3.11-1 with the
phenotype "discordant”. Pairs of sibs homozygous for J3.11-1 were dgnificantly more
discordant in FEVPerc (p < 0.01), but not in wfh%, compared to other Sbpairs.

(111) An influence on the nutritional status was deteded at D7S495 by an asciation of allele D75495-
10 with the phenotype "concordant / mild disease”, of the alele D7S495-14 with the phenotype
"concordant / severe disease" and of the allele D7S495-15 with the phenotype "discordant”. Pairs
where eat sib caried at least one allele D7S495-10 had a significantly better wfh% (p < 0.01)
and pairs of sibs carying at least one alele D7S495-14 had a significantly worse wfh% (p <
0.01) than pairs of sibs with other genotypes. When excluding pairs composed of sibs carrying
one or two alleles D7S495-15, those pairs whose sibs were sharing two D7S495 alleles were less
discordant than sbpairs carying one or no allele IBS at D7S495.

All effeds observed are not diredly mediated by CFTR: both patients of a pair share the CFTR
aleles as CF isinherited in the recessve condition and all pairs have been typed AF508 homozygous.
Consequently, unless recombination events have taken place both siblings will have identicd
sequences a loci nea CFTR as well. Hence, an observed all€lic association can only be mediated by
a sequence close to the marker typed — i.e. by an element encoded in cis — if the asciation is
observed for pairs ranked concordan (allele MetH-1 asociated with "concordant / mild disease” (1),
allele D7S495-10 associated with "concordant / mild disease” (111) and allele D7S495-14 asociated with
"concordant / severe disease” (111) ).

However, at two loci locaed further towards telomer than CFTR, an asciation of an alele
with the phenotype discordan has been deteded (allele J3.11-1 aswciated with "discordant™ (1) and
alele D7S495-15 asciated with "discordant™ (I11)). At J3.11, no recombination event was observed
among the pairs typed (table 23%). At D7S495, with an observed recombination frequency 1/3,
discordant sibs shared the allele D7S495-15 which was observed predominantly for pairs ranked
discordant in absence of evidence for a recombination event between CFTR and D7S495 (table 23).
As this dlelic asciation cannot be related to either a recombination event or an element encoded in

23 Table 23isshown in chapter 3.2.3.5.2.4 on page 111
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cis, the modulating effea has to be located outside the CFTR linkage group, probably on another
chromosome. In conclusion, an alelic association with the phenotype discordan observed at loci
linked to CFTR indicaes a modulating fador encoded in trans ading on a sequence close to the
locus studied.

TABLE 28 MODULATION OF WFH% AND FEVPerc AT LOCI NEAR CFTR

ALLELIC +: strong 6}“6“0
IMBALANCE assciation EFFECT ON PAIRS
ALLELE o . ) PHENOTY PE *
BSERVED FOR (+): faint alelic OBSERVED FOR ANALYSED
MetH-1 CON+ + S RANKwWfh% CON+, CON- p< 0.01*
J3.11-1 DIS + ARANKFEV Perc DIS p<0.01*
D7S514-11 CON+ (+) SRANKDfO CON+, CON- p>0.05*
D7S514-12 DIS +) — DIS —
D7S495-10 CON+ + S RANKWIh% CON+, CON- p<0.01*
D7S495-14 CON- + SRANKWIh% CON+, CON- p<0.01*
D7S495-15 DIS + — DIS —
D75495 Analysis of IBSat D7S495 shows deaeasing intrapair rank number al pairs p>0.05*
differencein wfh% with increasing number of shared all eles.

% quartitative influence of allele on clinical parameter judged by MannWhitney rank test of
values shown in figures 37 (a), 37 (b), 38 (b), 38(c), 39 (a), 39 (d)

— no quantitative influence observed
p>0.05: quantitativeinfluenceobserved, but not statistically significant
p<001l: datigticallvy sianificant quantitative influence deteded

3.2.3.8.21 Seleded genesmapped near CFTR

Figure 43 shows a map of the investigated 40 cM region encompassng the CFTR gene, displays the
effeds observed and gives the postion of some seleded candidate genes. Based on the known
functions of the gene products, the candidate genes were dassfied with regped to their roles:

A) Involved in energy metabdism and/or bioenerqgetics

PRKARZB (protein kinase, CAMP-dependent, type I, beta)

PRKAR2B knock-out mice have been described as "hedthy, lean and proteded against developing
dietary induced obesity and fatty livers' with reduced leptin mMRNA and plasma levels (Cummings et
al. 1996. PRKAR2B was mapped to 7922 nea MET (Solberg et al. 1992 and locaed on a
physicd map 600Mb further towards thecentromer than DRA (Hoglung et al. 1995.
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LEP/OB (leptin; human honologueof murine oles)

The human homologue of the murine obese gene LEP was physicdly mapped at 7q313 (Green et al.
1995. The involvement of leptin in the long term regulation of energy baance has been
charaderised (reviewed by Woodsa et al. 1998 the gene product leptin is seaeted in proportion to
the adiposetisale. Low plagnaleptin levels result in increased food intake and weight gain.

PEGLUMEST (paternally expresed cene 1; mesody m spedfic transcript)

PEGLMEST was identified as an imprinted gene nea D7S649 (Kobayashi et al. 1997 with
homology to a gene known to be imprinted in mice. Imprinting was verified by demonstrating that
the paternal allele of PEG1 was expressed. A role of PEG1 in energy metabolism is inferred based on
the observation that maternal isodisomy 7 leads to growth retardation (Spence et al. 1988 Vosset
al. 1989 Spotilaet al. 1992 Eggerding et al. 1994 while paternal isodisomy 7 does not (H6glund
et al. 1994.

NRF1 (nuclar respiratory factor 1)

NRF1 has been identified as a transcription fador for mitochondria proteins (Gopalakrishnan and
Scarpulla 1995. The genes responsive to NRF1 have been identified as components of the oxidative
chain. The gene was mapped to 7932

B) Tissue diff erentiation, integrity and devdopment

MET/HGER (met proto oncogee; hepatocyte growth factor receptor)

The proto oncogene MET encodes for a receptor tyrosine kinase (Dean et al. 1985. The ligand of
MET is the hepatocyte growth fador HGF (Bottaro et al. 1991). MET and HGF are involved in the
mediation of motility, invasivenessand proliferation of targetcdls (reviewed by Weidner 1993.

PAX4 (paired boxhomeotic gened)

The PAX4 gene product was described as a regulator for the differentiation of pancreaic cdls
(Sosa-Pineda et al. 1994). It hasbea locdised between CFTR and LEP (Green et al. 1995.

CASP2/NEDD?2 (caspase 2; apogosisrelatedcysteine protease)

Caspase-2 deficient mice have been demonstrated as exhibiting a dual apoptosis defed: while some
CASP2 deficient cdls — such as motor neurons — showed an accéerated cdl deah, other CASF2
deficient cdl types — such as B lymphoblasts — demonstrated resistance against apoptosis signals
(Bergeron et al. 1998. CASP2 wasmappeal to 7g35(Tiso et al. 1996.

C) Involved in host defence, modulation of infedion or inflammation

NM (neutrophl migration)

NM, presumed to encode for the surface glycoprotein GP130 was mapped to 7q9227qter (de la
Chapelle et al. 1979. Granulocytes that are defedive in locomotion, chemotaxis and chemokinesis
were shown to expressreduced amounts of GP130 (de la Chapelle et al. 1982. Thus, NM is most
likely to be involved in general host defence
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FIGURE 43 INTEGRATED MAP OF SELECTED GENESNEAR CFTR

The relative paositions of the map elements are consistent with Tsui 1985 Romnens 1989 Green 1995 Héglund 1995

Bouffard 1997, Fisher 1998 Li 1998 Positionsin cM are given as publshed by Bouffard 1997

MARKER: of the displayed markers, all but D7S496 and D7S649 have been typed.

MODULATION OF PHENOTYPE: representation of ohserved effeds as summarised on page 126 association of

alleles at METH, J3.11, D7S514 and D7S495 with disease seveity. CIS designates an effed disclosed for pairs

ranked concordart while TRANS refers to an effed obsewed for pairs ranked discordant

SELECTED GENES: the genes displayed are ablreviated according to the HUGO/GDB approved nomenclature.
Map positions are inferred from cytogenetic locali sation using PON2 at 7g213, DRA/CLD at 7q2279311 (mapped

near D7S496), LEP at 7q313 (mapped ear D7S514) and D7S495 at 7q327g33as referencepoints.

Role of gene product Symbol Localisation

NM neutrophil migration 7q22qter

D MUC3 mucin 3 7922
AZGP1 alpha-2-glycoprotein 1, zinc 79221
CYP3A4 cytochromeP450, subfamily Ill A, polypeptide 4 79221

A PRKAR2B  protein-kinase, cCAMP-dependent, type Il, beta 7922
PDS pendred syndrome (prostaglandin-h2 d-isomerase precursor) 7931
CLD/DRA congenital chloride diarrhoea/down-regulated in adenoma 792279311

B MET met proto ancogene (hepatocyte growth factor reaeptor) 7931

B PAX4 paired box homeotic gene4 7q22qter

A LEP leptin (murine obesity homol og) 79313

A PEG1 paternally expressed gene 1 (mesoderm specific transcript) 7932
ABP1 amil oride-binding protein 1 70317932

A NRF1 nuclea respiratory factor 1 7932

D PIP prolactin-induced protein 7932936

B CASP2 caspase 2 (apoptosis related cysteine protesse) 7935

T Functiond classfication of geneproducts (detail s see hapier 3.2.3.8.2.1):

] A rolein energy metabdismandor bioenergetics
] B rolein tisae differentiation, integrity and devdopment
involved in host defence, modulation d infedion or inflammation
] D CFTR-like expresson pattern or relation to G- pathoptysiology
basic defed: iontransport
L I I
10 cM
MARKER CFTR - =
145 cM
| MetH JS.lll
PON2 | | D7496|| D7S525 D7S514 D7S649 D73495
124cM | |139cM || 141 cM 153 cM 158 cM 166 cM
CEN I ,I,I ‘ I ‘ ‘ I
MODULATION wfh? EVPerc wfh%
OF PHENOTYPE CIS TRANS CIS and TRANS
A4
) - B
CYP3A4 I_
AZGP1
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AZGP1 (alpha2-glycorotein-1, zinc)

AZGP1 was locdised to 79221 (Ueyama et al. 1993 and shown to encode for a soluble
glycoprotein. AZGP1 is partly homologous to class| MHC genes and an involvement in intracdlular
recognition processes hasbean proposed for the AZGP1 gene product (Freije et al. 1993.

PDS/PGHD (pendred syndrome; prostaglandn-h2 d-isomerase preaursar)

PDS was identified as a gene causing pendred syndrome and mapped in a locaion 300Ky further
towards the centromer than DRA (Coyle et al. 1998. PDS was identified as prostaglandin
isomerase.

CYP3A4 (cytochrome P450, subfamily 111 A, pdypeptide 4; nifedipine oxidase)

CY P3A4 encodes for a member of the cytochrome P450 family (reviewed by Wrighton and Stevens
1992 and was mapped to 79221 (Inoue et al. 1992. CF patients and their parents were described
as poor metabolisers for the CYP3A4 substrate nifedipine compared to non-CF adults (Daly et al.
1992.

ABP1 (amiloride binding protein)
ABP1 encodes for a diamine oxidase (Novotny et al. 1994 and was mapped to 793436 (Barbry et
al. 1990.

D) CFTR like expresson pattern or relation to CF pathophysiology

MUC3 (mucin 3)
MUCS3 was described by Gum et al. (1990 as an intestina mucin. The gene has been locdised to
70922(Fox et al. 1992. The pathophysiology of CF makes a modulation of intestinal disease through
MUCS3 plausble.

PIP (prolactin induced protein)
The PIP gene product is expressed in several exocrine organs and was mapped to 79327936 (Myal
et al. 1989.

E) Basic defed: ion transport

CLD/DRA (congenital chloride diarrhoea; down-regulated in adenonms)

The gene transmitting congenital chloride diarrhoea(CLD) was mapped nea D75496 (Hoglund et
al. 1995. DRA (down regulated in adenoma), locaed at a distance of 230kb to D75496 (H6glund
et al. 1996) was identified as the gene responsible for CLD (Hoglund et al. 1996). CLD was
described as a disease with impaired eledrolyte transport and hence DRA qualifies as a candidate
gene for the modulation of CF disease.
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3.2.3.8.2.2 Hypothesis. modulation of pulmonary statusby CFTR linked loci

Regulation of CFTR transcription near J3.11: a trans effed

The existence of a modifier gene nea J3.11 for the severity of CF lung disease was noticed before in
a group of unrelated patients (Santis et al. 199(b) where alele J3.11-2 was found to be associated
with mild lung disease. Within this thesis, an alelic assciation of J3.11-1 with the phenotype
"discordant” has been identified. AF508 homozygous patient pairs homozygous for J3.11-1 were
significantly more discordant in FEV Perc than pairs with other J3.11 genotypes. As both siblings,
though discordant, must share the same sequence at J3.11, an effed mediated by a gene locaed
elsewhere—i.e. in trans— has to be assumed.

A variety of genes locaed within the CFTR linkage group have been mapped (chapter
3.2.3.8.2.1). However, no clea evidence for a modulation of lung disease by a gene located nea
J3.11 was found. Generaly, al gene products participating in host defence, modulation of
inflammation or immunology — as NM, CYP3A4, AZGP1, PDS and ABP1 — can be considered
cgpable of modulating respiratory ill ness Nevertheless the only gene located in the region of interest
with a known role in respiratory disease is the CFTR gene itself (figure 43). The role of CFTR
mutations as a risk fador for lung disease conditions are well established (Dumur et al. 199Q Miller
et al. 1996 Pignatti et al. 1996 Friedman et al. 1997 Dahl et al. 1998 and hence, the most
plausible explanation for the effed observed at J3.11 is a modulation of CFTR expresson by a
transcription fador that is ading on a regulatory sequence linked to J3.11. Intrapair-discordance
could then arise if both siblings have inherited different aleles for the transcription facor, which
consequently ad differently on aresponsive element nea the CFTR gene. It has to be postulated that
this responsive element occurs in different allelic variations whereby the allele associated with J3.11-1
might depend most on the alelic variation of the transcription fador, hence resulting in a discordant
phenotype when siblings are homozygous for J3.11-1.

3.2.3.8.2.3 Hypothesis: modulation of nutritional statusby CFTR linked loci

Involvement of LEP in the inheritance of obesity

Obesity is presumed to be 40-70% inheritable and is considered to be a multigenic trait. 17 genes
with homologies to murine obesity loci have been identified so far (reviewed by Comuzzie 1999.
Linkage analysis and some association studies have provided evidence for an involvement of the LEP
gene region in obesity related traits (Duggrala et al. 1996 Clement et al. 1996 Redl et al. 1996
Oksanen et al. 1997, but two reseach groups found no evidence for a role of LEP in obesity
(Norman et al. 1996 Bray et al. 1996. Nevertheless a compilation of 5 studies has provided
evidence for strong assciation of the body mass index to markers within the LEP gene region
(Allison et al. 1998. Mutations within the LEP gene have been identified in patients suffering from
morbid obesity (Montague et al. 1997, Strobel et al. 1998, thus sustaining the involvement of leptin
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in obesity. Other genes suspeded of being involved in the inheritance of obesity have been
investigated in obese patients and mutations have been described for the leptin recetor (Clement et
al. 1998.

Growth retardation caused by an imprintedgene an chromosome 7

Growth retardation has been described in patients with maternal isodisomy 7 (Spence et al. 1988
Voss et al. 1989 Spotila et al. 1992. In contrast, paternal isodisomy 7 was reported to be
compatible with normal growth and development (Hoglund et al. 1994). The imprinted gene was
presumed to be locdised on 7q as a patient with partial paterna isodisomy 7p and partial maternal
isodisomy 7q was growth retarded (Eggerding et al. 1994). In addition, maternal isodisomy has been
reported for 3 out of 25 patients with Silver-Russel-syndrome and for 1 out of 10 patients with
primordial growth retardation (Kotzot et al. 1995. PEG1, a paternally imprinted gene, was mapped
to 7932 (Kobayashi et al. 1997). PEGL is regarded as a candidate gene for the growth retardation
caused by paternal isodisomy 7.

Obesity related traits and chromosome 7: evidencefor more than one locusinvolved
Several approadhes towards unravelling the role of the LEP gene region have investigated a
subportion of chromosome 7. Interestingly, some results point to the existence of more than one
locus on chromosome 7q determining obesity or obesity related traits (see tble 29):
Stirling et al. (1995 investigated patient pairs with non-insulin dependent diabetes melli tus
(NIDDM) with resped to allele sharing at marker loci spanning a 4 cM region. While not
statisticdly significant, a surplus of alele sharing was deteded at S7S480and D7S635, but not
at the two tested markerslocdisedin between.
Duggraa et al. (19969 has found linkage of three different obesity-related traits to three
different regions on chromosome 7 upon analysis of 15 markers spanning the whole
chromosome: variation in extremity skinfolds were linked to D7S514, fasting 32,33-split
proinsulin levels were linked to D7S530 and D73479, waist circumference was linked to
D73495
Clement et al. (1996 has investigated sib pairs with resped to the sharing of alleles nea LEP.
In obese/obese pairs linkage to D7S651 and neighbouring markers D7S680, D7S514 and
D7S530 was reported. In obese/lean pairs, an excess of sharing was found at D7S530 and
D7S640.
Oksanen et al. (1997 has studied asociation of serum leptin levels and response to a very-
low-cdory dietary program (VLCD) to markers flanking LEP in a group of patients suffering
from morbid obesity. We& assciation of an alele at D7S649 with response to VLCD and
dgnificant aswociation of an adlele at D7S530with serum leptin levels was deteced.
In conclusion, markers associated with obesity related traits have been identified a 7921 and at
7031-33. Among the candidate genes discussed within this thesis, LEP and PEG1 — both within the
region 7931-7933- can be considered to be involved in weight regulation and growth development.
Anaysing AF508 homozygous CF twins and sibling pairs, a significant association of MetH and
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D7S495 genotypes with wfh% was noticed (figures 37%* and 38%). While D7S495is locdised nea the
obesity-linked region containing LEP and PEG1, MET does not match the position of the obesity
related locus at 7921 Hence, the modulating effea on wfh% observed with markers locaed further
towards 7qtel than CFTR can be related to LEP and/or PEG1 while, for the effed observed at
MetH, amodifier which has not been identified in previous previous studies of the LEP region has to
be consdered.

TABLE 29 HYPOTHESIS: TWO LOCI DETERMINING OBESITY ON 7q

Abbreviations used in the table (details etex): exshar = surplus of shared allelesin NIDDM sib pairs (Stirling et
al. 1995, FSPL = fasting 32,33-split proinsulin levds, exr skflds = exremity skinfolds, wst circ = waist
circumference (Duggrala et al. 1996, ob/ob = obese/obese sib pair, ob/l = obese/lean sib pair (Clement et al.
1996, VLCD resp = resporee to very-low-calorie-diet, lep lev = serum leptin levds (Oksanen et al. 1997, CON =
concordart CF sib pair, DIS =discordart CF sib pair (this work).

All marker pasitions are given based on the chromosome 7 physical map (Bouffard et al. 1997). On this map, PON2
islocalised at 124cM, CFTRIs localised a 145¢cM, LEP islocalised at 153¢cM and FEG1 islocalisedat 158 aM.

POSITION: near PON2 7092231 near CFTR near LEP near PEG1 793233
Stirling et al. 1995 o o D73480 D7S635 D7S530 o
markersinvestigated: (147 cM) (153cM) (157cM)

obesity associated: ex shar — ex shar

Duggraaetal. 1996 D7$479 D7471 D75466 D7S514 D7S530 D73495
markersinvestigated: (125cM) (135cM) (144cM) (153cM) (157cM) (166cM)
obesity associated: FSR — — extr skflds FSR wst circ
Clement et al. 1996 D7S651 D7S692 D7S677 D7S514 D7S640 D7S509
markersinvestigated: (128cM) (140cM) (144cM) (153cM) (159cM) (165cM)
obesity associated: ob/ob — — ob/ob and ob/| obll —
Oksanen et al. 1997 o o o D7S514 D7S649 o
markersinvestigated: (153cM) (158cM)

obesity associated: VLCD res leplev

Thiswork o D7S525 MetH D7S514 o D73495
markersinvestigated: (141cM) (145cM) (153cM) (166cM)
wfh% modulation: — CON — CONandDIS

Modulation of wfh% near MetH: a ciseffed

The putative modifier of CF disease deteded through an assciation of MetH-1 aleles with the
phenotype "concordant/mild disease” (table 19%°) can be considered to be distinct from the candidate
genes PRKAR2B, PDS and DRA as the significant asociation of wfh% with MetH genotypes was
not seen at D7S525 (figure 37%), locaed within a 4 cM distance to MetH between MET and
PRKAR2B, PDS and DRA (figure 43). Thus, the modulation of the CF phenotype might be related

24 Figure 37isshown in chapter 3.2.3.7.2.1 on page 116.
25 Figure 38isshown in chapter 3.2.3.7.2.1 on page 117.
26 Table 19isshown in chapter 3.2.3.5.2.1 on page 107.
27 Figure37isshown in chapter 3.2.3.7.2.1 on page 116.
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to MET itsdlf. A possble medianism for the influence of the nutritional status by MET relies on the
signal transduction pathways controlled by this receptor tyrosine kinase: the ligand of MET, the
hepatocyte growth fador, was shown to be involved in the mediation of motility and proliferation of
various cdl types (reviewed by Weidner 1993. As coordinated cdl growth and cdl differentiation
are obligatory for tissues with rapid proliferation — as, for example, for the intestinal epithelium — a
modulation of the respedive signal transduction pathway might influence the integrity of the organ
and hence modulate the nutritional status of the patient.

Modulation of wfh% by POMC: a trans effed mediated through leptin expresson

Within this thesis, an association of aleles D7S514-12 and D7S495-15 with the phenotype "discordant”
was observed (figures 33%and 34%). As both siblings share not only their CFTR genotype, but also
flanking sequences unless recombination as occurred, the discordance has to be attributed to
sequences which are not locaed at D7S514 or D7S495 but elsewhere in the genome, thereby
fadlitating the inheritance of different alleles to both siblings. A modulation of the phenotype by a
modifier ading in trans will then be detedable through D7S514 and D7S495 if the modifying fador is
interading with a sequence nea the marker loci , e.g. by modulating the expresson of a gene
through binding to a regulatory element. Discordance might then occur even if both siblings share
their sequences at the regulatory element when they have inherited different aleles for the trans
aaing faaor, thereby resulting in different expresson of the target gene. An association of aleles
D7S514-12 and D7S495-15 with the phenotypic trait "discordance' will then be noticed if the
respedive alele at the marker locusislinked to an allele of the regulatory element that is senstive to
the alelic heterogeneity of the trans ading fador. The two candidate genes LEP and PEG1 are
locaed nea D7S514 and D7S495. However, only for LEP has the regulation of gene expresson been
studied in detail.

It has been demonstrated that plasma leptin levels and the body massindex correlate to a
cetain degree (Oksanen et al. 1997). The expresson of the murine OB gene was shown to be
inducible by corticosteroids (de Vos et al. 1995. For humans, a genome wide linkage scan
demonstrated linkage of D2S1788 to serum leptin levels (Comuzze et al. 1997). D2S1788 is
locdised nea POMC. The gene product of POMC is a preaursor for the adrenocorticotropic
hormone which induces glucocorticoid production of the adrenal glands. Hence, a modulation of
LEP expresson by POMC can be presumed. Recently, a mutation in the POMC gene was described
for two patients suffering from ealy-onset obesty (Krudeet al. 1998).

D2S1788was typed in order to asessthe role of leptin expresgon in CF disease severity. At
D2S1788 a sgnificant deaease of intrapair discordance in wfh% with the number of shared aleles
at D2S1788was found (figure 42*°). Thus, modulation of leptin expresson by POMC might play a
role in the modulation of CF disease severity.

28 Figure 33isshown in chapter 3.2.3.5.2.1 on page 108,
29 Figure 34isshown in chapter 3.2.3.5.2.3 on page 110,
30 Figure42isshown in chapter 3.2.3.7.3 on page 124.
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4 SYNOPSIS

4.1 CFTR genotype —the basis of CF disease phenotype?
4.1.1 Determination of CF disease features by the CFTR genotype

Genetic determination was inferred for the pancredic status based on high familial concordance
(Corey et al. 1989. Mutations associated with pancreaic sufficiency were classfied as "mild" while
those conveying pancredic insufficiency were termed "severe" (Kristidis et al. 1992. A dired
correlation of CFTR genotype and phenotype might be expeded for the swed gland as this is the
only organ where the condition "CF carier" can be distinguished from the condition "two wild type
CFTR adleles’ (Behm et al. 1987. Consistent with the theory, elevated swea chloride
concentrations were observed for patients carrying mutations surmised to yield no or only non-
functiona CFTR protein while lower swea chloride concentrations were observed for patients
carying a CFTR alele associated with reduced chloride channel function (Wilschanski et al. 1995.
Inconsistent with the theory, mutations shown to produce low levels of wild type protein were not
asciated with alower swea chloride concentration (Wilschanski et al. 1995. No tight correlation
between CFTR genotype and CF disease phenotype was noticed for the pulmonary status as
pumonary disease was described as being variable among patients carrying the same CFTR mutation
genotype (Kerem et al. 199Q Johannsen et al. 1991, Gasparini et al. 1992 Shoshani et al. 1992
Highsmith et al. 1994). However, the risk for colonisation of the airways with Pseudamonas
aeruginosa could be related to the CFTR genotype (Kubesch et al. 1993 whereby nonsense
mutations were asciated with the highest risk. For adult CF patient pairs, concordance among
siblings in pumonary parameters has been reported (Santis et al. 199(). For a group of adult
patients, the severity of lung disease was associated with the CFTR mutation genotype (Hubert et al.
1996.

In summary, the pancredic status was correlated with the CFTR genotype. The swea chloride
concentration was mostly, but not always, deducible from the functional defea expeded for the
CFTR mutation. A high degree of variability was described for the pumonary phenotype whereby
correlation of genotype and phenotype seaned to be closer for adult patients.

4.1.2 Disease sewity of patientshomozygous for non-aF508 genotypes

Atypicd CF has been described as "Pseudaomonas bronchitis, asciated with low sweda chloride
concentrations and pancredic sufficiency” before the CFTR gene was identified (Stern et al. 1978.
Expresson of symptoms restricted to only one of the many organs typicdly affeded in CF has been
disclosed for patients homozygous for G551S (normal swea chloride concentrations, Strong et al.
1997, R11™M (only male infertility, Bienvenue et al. 1993 and T338 (isolated hypotonic
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dehydration, Leoni et al. 1995. Homozygosity for 3849+10 kb C= T has been associated with
normal swed chloride concentrations and pancreaic sufficiency (Highsmith et al. 1994 Gilbert et
al. 1995 and a case of male fertility has been reported (Dreyful? et al. 1996. Pancredic sufficiency
has been described for patients homozygous for G85E, both cases aswciated with mild lung disease
and highly elevated swea chloride concentrations (Chalkey and Harris 1991, Vasgues et al. 1996.
Pancredic insufficiency and elevated swea chloride concentrations have been shown for patients
homozygous for 621+1 G= T — asociated with norma pumonary function — and 2183 AA= G —
asociated with moderate lung disease. All patients carrying two nonsense mutations have been
reported as pancredic insufficient (Cuppens et al. 1990 Cutting et al. 199Q Bd et al. 1991, Chealle
et al. 1992 Gasparini et al. 1992 Shoshani et al. 1992 Castaldo et al. 1996 Castaldo et al. 1997).
Pancredic insufficiency was described for patients homozygous for R1162X — associated with wild
type mRNA levels (Rolfini et al. 1993 — and likewise for patients homozygous for R553X or
G542X — asociated with reduced mRNA levels (Hull et al. 1994, Will et al. 1995. In all cases,
elevated swea chloride concentrations were associated with homozygosity for two nonsense
mutations. Pulmonary disease varied from mildly affeded to severely impaired among these patients.

Within this thesis, patients homozygous for R553X, CFTRdelEx2,3 , E92K, CFTRdelEx2,
3849+10kb C= T and 1898+3 A= G have been investigated during the study "rare genotypes and
atypical CF"3. The clinicd picture of these patients was consistent with similar cases described in
the literature: the patient homozygous for R553X and two patients compound heterozygous for two
stop mutations were al pancredic insufficient and had an elevated swea chloride concentration as
reported for al other cases with two nonsense mutations. The moderate to severe pulmonary
impairment among these three patients likewise refleds the results of variable lung impairment
published by other authors. The E92K homozygous patient was comparable to the cases of G85E
homozygosity: patients homozygous for these genotypes had a highly elevated swed test, pancredic
sufficiency and little pulmonary disease in common (Chalkey and Harris 1991, Vasques et al. 1996.
The patients homozygous for 3849+10 kb C= T were, as described for other cases with this
mutation, presenting atypicd normal swea chloride levels and were pancreaic sufficient (Highsmith
et al. 1994 Gilbert et al. 1995.

Three cases investigated carried genotypes in the homozygous condition not described in the
literature: mutations 1898+3 A= G, CFTRdelEx2 and CFTRdelEx2,3 .The patient homozygous for
1898+3 A- G was pancredic sufficient as were patients with 3849+10kbC= T or 2789%5G= A
(Highsmith et al. 1994 Highsmith et al. 1997). The index case homozygous for 1898+3 A= G was
investigated at 3 yeas of age and hence prognosis for pumonary disease and pancredic status
cannot be given at this point. CFTRdelEx2,3 was deteded in a pancredic insufficient patient with an
impaired lung function and highly elevated swea eledrolytes. Based on the genotype, a condition as
observed for patients carrying two nonsense mutations was expeded for the out-of-frame deletion
CFTRdelEx2,3 and the clinicd findings are consistent with this hypothesis. CFTRdelEx2 was found

31 See tapter 3.1.2 for results and chapters 3.1.3.1, 3.1.3.2 and 3.1.2.3 for discusson.
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in a pancredic insufficient patient with a normal lung function. This in-frame deletion might
theoreticdly give rise to functiona CFTR. However, homozygotes for E92K and G85E, aswciated
with CFTR proteins of an altered function, were described as pancreaic sufficient (Nunes et al.
1993 Chakey and Harris 1991, Vasques et al. 1996. Thus, CFTRdelEx2 should be considered as a
severe mutation.

4.1.3 Variability of CF lung disease- modulating factors or
functional diversity of CFTR?

The manifestation of pumonary disease is variable among (@) patients without CFTR, e.qg.
homozygotes for two nonsense mutations associated with mRNA reduction (Cuppens et al. 199Q
Cutting et al. 1990 Bal et al. 1991, Chealle et al. 1992 Shoshani et al. 1992 Castaldo et al. 1996
Castaldo et al. 1997 (b) patients with reduced wild type levels of CFTR, e.g. homozygotes for
3849+10kb C= T (Highsmith et al. 1994 Gilbert et al. 1995 Dreyful3 et al. 1996 thiswork) and (c)
patients carrying only one defedive CFTR allele while suffering from pulmonary disease such as
chronic bronchial hyperseaetion, atypicd sinopumonary disease or diseminated bronchiedasis
(Dumur et al. 1990y, Poller et al. 1991, Pignatti et al. 1995 Pignatti et al. 1996 Friedman et al.
1997. Thus, while CFTR mutations predispose to disease conditions in the lung, the severity of
pumonary disease in an individual cannot be predicted since for al groups of patients carrying the
same CFTR mutation genotype both exceptionally mild and exceptionally severe cases of lung
disease have been described. The puimonary phenotypes displayed by the groups (a) "CFTR absent”,
(b) "CFTR reduced" or (c) "CF carier status' overlap. In conclusion, the variability of lung disease
is independent of the CFTR mediated risk. While this might indicate an involvement of fadors
distinct from CFTR modulating lung disease in general, a functiona diversity of CFTR itself is an
alternative to be consdered.

Lung diseasse in CF was related to the CFTR transmitted defed of impaired chloride
conductance by inferring an elevated NaCl concentration of the airway surfacefluid, which in turn
was thought to ater the defence against baderia mediated by epithelial B-defensin-1 (Smith et al.
1996 Goldmann et al. 1997). However, the ionic composition of the airway surfacefluid was aso
reported to be norma (Knowles et al. 1997 and no B-defensin-1, but neutrophil defensins were
deteded in bronchioalveolar lavage fluid (Schnapp and Harris 1998. Apart from chloride
conductance, other roles of CFTR in lung disease have been suggested: Lallemand et al (1997
inferred a role of CFTR in the export of glutathione conjugated substrates, including leukotrienes
which ad as inflammetory agents. Lindsdell and Hanrahan (1998 demonstrated that CFTR mediates
glutathione transport. Thus, apart from conducting chloride, CFTR seans to transport other
substances as is known for other members of the ABC transporter family (reviewed by Higgins
1995.
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In conclusion, CFTR has been shown to ad as a chloride channel, to regulate the function of other
ion channels (Egan et al. 1992 Gabriel et al. 1993 Ismailov et al. 1996 Loussuarn et al. 1996
Stutts et al. 1997, McNicholas et al. 1997 and might ad as a transporter of glutathione and
derivatives thereof. Thus, CFTR can be considered to perform roles typicd for other ABC
transporters.

4.1.4 Influence of intragenetic and extragenetic background on the
basic defed

The ladk of correlation between CFTR genotype and CF disease phenotype has been attributed to
frequent polymorphisms within the CFTR gene that modulate the expresson of the CFTR disease-
causing leson (Kiesawetter et al. 1993 Cuppens et al. 1998 or to rare polymorphisms direaly
compensating the disease-causing lesion (Dork et al. 1997). Both medhanisms can be summearised as
"intragenetic badkground". Modulation of the effed of a disease-causing CFTR sequence variation
can only be expeded if the sequence ateration occurs in combination with more than one
intragenetic badkground, i.e. more than one haplotype has to be associated with a disease-causing
lesion. In contrast, all CFTR alleles will occur in combinations with more than one allele at loci
distinct from CFTR and thus, this "extragenetic badkground" might modulate the CF phenotype (as
will be discussed in detail in chapter 4.2).

Within the study "rare genotypes and atypical cystic fibrosis', three AF508 homozygous
patients with a seaond sequence alteration on one AF508 allele have been charaderised with resped
to the basic defed of impaired chloride conductance®. In these threecases, residual chloride chanrel
aaivity was deteded. However, resdua chloride conductance was also measured in AF508
homozygous patients without a seand sequence ateration on any AF508 alele®. Additionaly, in
two sblings carying the genotype AF508AF508V12124, the residual conductance was DIDS-
senditive indicating a non-CFTR origin. Hence, the second sequence alteration V1212 probably
does not have a functional effed on the AF508 alele. In contrast, the polymorphism M470vV was
shown to influence the chloride conductance of mutant CFTR channels (Cuppens et al. 1998.
Finally, the diversity of ion conductances displayed by AF508 homozygous patient pairs** — having an
identicd intragenetic badkground but not an identicd extragenetic badground — indicaes that the
expresson of the basic defed among AF508 homozygous patients is not modulated by the CFTR
geneitsalf.

Modulation of residual chloride conductance among CF patients can either be mediated by an
influence on the expresson and/or function of the mutant CFTR protein or by the presence of
dternative channels. Within this thesis, three chloride conductances differing in their sensitivity to

32 See tapter 3.1.2 for results.
33 See thapter 3.2.2 for results.
34 Seefigure 25, shown in chapter 3.2.2 on page 95.
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DIDS and cAMP have been described®. Thus, more than one aternative pathway for chloride
conductance exists among CF patients. However, when analysing the relation of residual chloride
channel adivity in relation to the pancredic status, any resdual chloride conductance displayed by
pancredic insufficient patients was sendtive to DIDS (i.e. indicaive of non-CFTR mediated chloride
conductance) while the residual chloride conductance displayed by pancredic sufficient patients was
sensitive to CAMP (i.e. indicative of CFTR mediated chloride conductance)®. Thus, concordant with
the literature published on a close correlation of CFTR genotype and pancredic status (Corey et al.
1989 Kirigtidis et al. 1992, the pancredic status appeas to be determined by CFTR mediated
resdual chloride conductance Recaitly it was demonstrated that the DIDS sensitive chloride
channel is not expresed in pancredic tissue (Gruber et al. 199%) and consequently cannot
compensate for defedive CFTR in the pancreas. In agreanent with these findings, an elevated
frequency of mutant CFTR alleles was found among patients with chronic pancreditis (Sharer et al.
1998, thus emphasising the importance of CFTR for the pancredic status.

4.2 CF disease variability —the influence of non-CFTR genetics?

4.2.1  Genotype-phenotype correlation for AF508

AF508was classfied as a "severe' mutation asociated with pancredic insufficiency in most, but not
all, cases (Santis et al. 199(q, Kristidis et al. 1992. However, a broad variability of lung disease
severity was noted among AF508 homozygotes (Kerem et al. 1990 Johannsen et al. 1991). When
AF508 homozygotes were compared to AF508 compound heterozygotes, pumonary disease was
reported to be smilar for AF508 homozygous patients and patients carrying G551D/AF508 (Hamosh
et al. 19923) or AF508 compound heterozygous patients with various mutations (Al Jader et al.
1992. A higher risk of menium ileus of AF508 homozygous patients compared to patients
carying G551D/AF508 was observed (Hamosh et al. 19929). The disease severity of AF508
homozygotes and AF508 compound heterozygotes was reported to be identicd in an ethnicaly
diverse population (Lester et al. 1994). When Caucasian and Afro-American AF508 homozygous CF
patients were compared, the patient groups were found identicd except for lower height and weight
percentiles of the Afro-American patients (Hamosh et al. 1998. As the Afro-American CF patients
were diagnosed at a younger age than the Caucasian patients and the poorer nutritional status was
drealy deteded at the age of diagnosis, it was concluded by the authors that the dissmilarities
observed "may extend beyond socioecnomic differences’.

In summeary, as described for patients homozygous for non-AF508 genotypes (chapter 4.1),
variability of disease severity was noted among patients homozygous for the most frequent CFTR
disease-causing lesion.

35 Seefigure 18, shown in chapter 3.1.2.5 on page 68.
36 See tapter 3.1.3.2.3.2 for detail ed discussgon.
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4.2.2 Themoleaular phenotype of AF508 CFTR might be variable

Does the variability of CF disease severity among AF508 homozygotes refled a variable moleaular
phenotype of AF508CFTR? Common pathways, consisting of several cdl compartments and
multiple proteins, have been shown to contribute to CFTR processng (Jensen et al. 1995 Ward et
al. 1995. Degradation of CFTR in intracdlular compartments was shown for wild type CFTR in
heterologous expresson systems (Ward et al. 1994 as well asimmortalised airway cdls (Wel et al.
1996. However, the AF508-CFTR protein was charaderised by a reduced stability within all
systems investigated (Lukacs et al. 1993 Ward et al. 1994 Jensen et al. 1995. The equili brium
between processed and degraded CFTR was reported to be influenced by a variety of fadors,
ranging from general biophysicd properties such as the temperature (Denning et al. 1992b) to
chaperones interading spedficdly with CFTR (Yang et al. 1993 Pind et al. 1994 Loo et al. 1998.
In conclusion, the maturation of CFTR — wild type as well as AF508 protein — can be considered as a
dynamic system and thus provides opportunities for variation in the expresson of the maturation
defed between different cdl types or individual patients.

4.2.3 Thebassof clinical concordance

In general, the variability of CF disease can le attributed to threediff erent fadors:

The CEFTR mutation genotype, as the CFTR gene is charaderised by alelic heterogeneity and
correlation of CFTR genotype and some aspeds of the disease phenotype — i.e. pancredic
status— are known;

Epigenetic fadors, such as the socioemnomic status, therapeutic measures and the patient's
compliance, but also the exposure to chemicas and/or bacéerial andvird lung pathogens,

The genetic badkground, i.e. inherited fadors other than the CFTR gereitsdf.
The analysis of the clinicd data colleded on patients participating in the "European CF twin and
sibling study" has provided evidence of the influence of the genetic badground on the disease
severity *. CF twins and siblings have the same CFTR mutation genotype, they share severa
environmental fadors and their genetic badkground. Surprisingly, the disease variability between two
siblings of a pair (intrapair variance) was independent of the CFTR mutation genotype: AF508
homozygous patient pairs were comparable to al other patient pairs — displaying al other CFTR
mutation genotypes — with resped to their intrapair variance in wfh%, representing the nutritional
status, and FEVPerc®, representing the pumonary status. Likewise, the intrapair variance was
identicd for pairs composed of two pancredic insufficient patients (associated with severe CFTR
mutation genotypes) compared to pairs composed of two pancreaic sufficient patients (associated
with mild CFTR mutation genotypes). In contrast, the influence of an identicd extragenetic

37 For detail ed results see tapter 3.2.1.
38 Defined in chapter 2.2.1.2 on page 47.
39 Defined in chapter 2.2.1.2 on page 47.
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badkground had a significant influence on the intrapair variation of disease severity: monozygous
twins were significantly more concordant than dizygous patient pairs, even though a group of
monozygous twin pairs is heterogeneous with resped to the CFTR mutation genotype. In
conclusion, the extragenetic badkground determined the concordance of CF patient pairs and thus
the disease severity must be modulated by inherited fadors other than the CFTR gereitsdf.

424  Non-CFTR genetics(l): analyssof ENaC asmodifier of CF disease

Within this thesis, the influence of the epithelial amiloride sensitive Na+ channel ENaC on the disease
severity of seleded AF508 homozygous patient pairs with extreme phenotypes was asessd using
polymorphic markers nea genes encoding for the three subunits of the ENaC. An asciation of an
dlele at D12S889, locdised nead SCNN1A encoding for the a subunit of the ENaC (Baeans et al.
1995, with a mild disease phenotype was noticed®. Patients carrying one or two D12S889-10 aleles
had a ggnificantly better nutritiona and pulmonary status than patients with other D12S889
genotypes*. Thus, disease severity among AF508 homozygotes is modulated by a gene linked to
D12S889, presumably the a subunit of the ENaC itself.

The ENaC is related to CF on the moleaular level and in terms of the disease phenotype. A
direa modulation of the ENaC by CFTR has been demonstrated (Ismailov et al. 1996 Stutts et al.
1997. In addition, mutations within the genes encoding for ENaC subunits have been shown to
cause pseudohypoaldosteronism type | (Chang et al. 1996 Strautnieks et al. 1996) which in turn
was reported to display symptoms known for CF disease (Hanakoglu et al. 1994 Marthinsen et al.
1998. Thus, as discussed detail in chapter 3.2.3.8.1, the ENaC most probably modulates the CF
disease severity. Furthermore, the ENaC appeas to be one of the fadors determining the severity of
lung disease among CF patients. the association of D12S889-10 aleles with a mild phenotype was
more pronounced for the parameter FEVPerc than for wfh% and a patient suffering from
pseudohypoaldosteronism type | was reported to be colonised with Pseudamonas aeruginosa
(Marthinsen et al. 1998, a condition typicd for CF lung disease.

4.25 Non-CFTR genetics (Il ): other modifiers

Within the last few yeas, modulation of CF disease by genes other than CFTR has been reported for
the antiprotease al-antitrypsin (Doéring et al. 1994, immunglobulin G allotypes (Ciofu et al. 1997,
the glutathione-S-transferase (Beder et al. 1997) and the low moleaular weight protein 2 (Bedker et
al. 1997, Mekus et al. 1999. A modifier of CF disease severity in CF mice was mapped to mouse
chromosome 7 (Rozmahel et al. 1996 and the homologous gene CFM 1, reported to convey a risk
for meconium ileus, was locdised to human chromosome 19q13(Zielenski et al. 1998.

40 Seefigure 30 shown in chapter 3.2.3.4 on page 103
41 Seefigure 36 shown in chapter 3.2.3.7.1 on page 115
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Apart from these genetic approadies, an influence of resdual chloride seaetion on CF disease
severity has been shown for intestinal tissue (Veezeet al. 1994. Among the genes encoding for non-
CFTR chloride channels, CACLN1 — coding for the Ca2+ adivated chloride channel — has recently
been cloned. The presence of alternative chloride channels in patients investigated within the study
"Rare genotypes and atypical cystic fibrosis' and the "European CF twin and sibling study" has
demonstrated the existence of DIDS-sensitive residual chloride currents among CF patients™.
Furthermore, AF508 homozygous patients have shown various combinations of DIDS-sensitive,
aternative residual chloride seaetion and DIDS-insensitive residual chloride seaetion indicaing a
variable expresson of the kasc defectamong patientswith the sasme CFTR mutation genotype.

4.3 Advantage of CF carriers — none, CFTR transmitted or
hitchhiking genes?

431  Alldefrequency, all dic heterogenety and heterozygate advantage

A high frequency of mutant alleles, conveying lethality in the homozygous state, has been attributed
to a sdledive advantage of the heterozygous condition. It has been proposed that the carier
advantage is one of several reasons for the dominance of the diploid phase in higher plants and
animals (Goldstein 1992. Examples for a heterozygote advantage have been suggested for
thalassaemia traits and glucose-6-phosphate-deficiency, both resulting in an increased resistance to
the malaria parasite due to the atered erythrocyte metabolism (reviewed by Friedman and Tréger
1981). The high frequency of mutant CFTR alleles has been related to an advantage of the carier
state. However, the question remains unresolved as to whether an advantage is transmitted by the
CFTR gene itself or is due to the adion of other genes inherited in linkage to CFTR. Apart from the
alele frequency, the diversity of mutant CFTR aleles is noteworthy. Clark (1998 has speaulated on
the medhanisms causing and leading to maintenance of alelic heterogeneity. The author concluded
that systems in which complementation of alleles occurs favour a higher number of aleles. Strictly
gpeking, this medhanism is referring again to a group of linked genes and not to an isolated
sequence

4.3.2 A baance carrier risk and carri er advantage

The carier status of CF was reagnised by a reduced B-adrenergicdly stimulated response of swea
glands (Behm et al. 1987). An elevated frequency of mutant CFTR alleles has been found in several
disease conditions, predominantly but not exclusively for pumonary diseases (Warner 1976 Dumur
et al. 199G, Dumur et al. 199, Poller et al. 1991, Chillon et al. 1995 Pignatti et al. 1995 Pignatti

42 See tapter 3.1.2 and 3.2.2 for results.
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et al. 1996 Dahl et al. 1998, Sharer et al. 1998 table 30). In pardlel, hypotheses regarding the
advantage of the heterozygous state have been made, mostly suggesting an enhanced resistance
againgt viral and baderia pathogens (Stuart and Burdon 1974 Quinton 1982 Hollander 1982
Cassano 1985 Rodman and Zamundio. 1991 Gabriel et al. 1994 Meindl 1987 Pier et al. 1998
table 30).

TABLE 30: RISK AND ADVANT AGE OF CF CARRIER STATUS

CARRERRISK
symptoms of all erqy more frequent among CF carriers

elevated frequency of AF508 heterozygotes among adults with chronic
bronchial hyperseaetion

elevated frequency of AF508 heterozygotes among azoospermic men
with congenital aplasia of epididymis and vas deferens

mutant CFTR alleles among patients with dissminated bronchiedatic
lung disease

elevated frequency of mutant CFTR all eles among CBAVD patients

elevated frequency of mutant CFTR alleles among patients with
diseminated bronchiedasis

CFTR is Pseudamonas recegtor and thus non-functional CFTR
enhancesrisk of infedion

elevated frequency of IVS8-5T alleles among patients with atypical
sinopumonary disease

reproductive disadvantage for smoking AF508 heterozygotes

elevated frequency of AF508 heterozygotes among patients suffering
from asthma

elevated frequency of mutant CFTR alledles among patients with
chronic pancreatitis

REFERENCE
Warner (1976

Dumur et al. (1990g)

Dumur et al. (199()

Poller et al. (1991)

Chillon et al. (1995

Pignatti et al. (1995,
Pignatti et al. (1996

Pier et al. (1997
Friedman et al. (1997

Dahl et al. (1998)

Dahl et al. (199%)

Sharer et al. (1998

CARRER ADVANTAGE
resistanceto typhus

resistanceto diarrhoea

resistanceto venereal syphilli s

resistanceto bubonic plague

resistanceto tuberculosis

resistanceto cholera

CF miceheterozygotes are resistant to cholera toxin

family size related to carrier status

reproductive advantage for non-smoking AF508 heterozygotes
resistanceto Sdmonell a typhi

REFERENCE
Stuart and Burton (1974

Quinton (1982,
Baxter et al. (1988

Hollander (1982

Cassano (1985

Meindl et al. (1987

Rodman and Zamundio (1991
Gabrid et al. (1999
deVrieset al. (1997

Dahl et al. (19983)

Pier et al. (1999
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In order to result in an elevated reproductive fitness the carier advantage has to outweigh the
disadvantages resulting from the elevated vulnerability of CF cariers to other diseases. A
reproductive advantage of CF cariership was deteded by de Vries et al (1997). However, the
authors concluded that the observed effed was too complex to be attributed to a heterozygote
advantage aone. Dahl et al (1998 have reported an interrelationship of AF508 heterozygosity and
smoking on the family size while the family size of smoking AF508 heterozygotes was lower, an
increase in family size among non-smoking AF508 heterozygotes was noticed. As smoking primarily
affeds the lung, it is tempting to speaulate whether this finding refleds the balance of CFTR
mediated risk — e.g. for lung disease — and CFTR mediated advantage — i.e. enhanced longevity due
to defenceagainst viral and bacéerial pathogens.

4.3.3 Hitchhiking genesnear CFTR

The discusson of risk and advantage of the CF carier status is focussed on pumonary disease or
resistance to viral and baderial pathogens in general. However, in terms of hitchhiking genes an
influence on the nutritional status can be inferred as LEP, the human homologue to the murine
obesity gene, is locdised close to CFTR (Green et al. 1995. An influence of the haplotype at MetH
and J3.11, both markers flanking the CFTR gene (seefigure 31*°), on growth parameters has been
described (Tummler et al. 1990. Furthermore, an interrelation of the pumonary status and the J3.11
genotype was noticed (Santis et al. 199() and an asociation of postnatal female survival with the
CS.7 genotype wes deteced (Macek et al. 1997).

The polymorphisms nea the CFTR locus are in a pronounced linkage disequili brium with the
gene (Kerem et al. 198%, Dork et al. 1992 Cuppens et al. 1994), i.e. the "normal" CFTR dlele is
asciated with other genotypes at the flanking polymorphisms compared to disease-causing CFTR
dleles. The following two observations provide evidence for a seledive advantage of the
chromosomal badkground associated with most mutant CFTR alleles:

(@) The number of mutations associated with an intragenic haplotype was shown to be proportional
to the frequency of the haplotype among non-CF chromosomes, indicaing that mutations occur
on eat chromosomal badkground with the same probability (Morral et al. 1996. However, the
most frequent CFTR mutations which have been caused by unrelated mutation events are found
on the same intragenic dimorphic marker haplotype (Dork et al. 1992 Cuppens et al. 1994
Morra et al. 1996. Consequently, mutations which must have occurred on other chromosomal
badkgrounds than the haplotype found on most CF chromosomes did not persist within the
population.

43 Figure 31isshown in chapter 3.2.3.5 on page 105,
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(b) The most common mutation has been analysed at three intragenic microsatellite markers and
severa intra and extragenic dimorphic markers (Dork et al. 1992 Morra et al. 1996.
Reaombination between the two dimorphic markers KM.19 and TUB20, locaed in a 1 Mb
distanceto ead other, is considered to be more frequent than a mutation event at a microsatellite
locus (Morral et al. 1996. Thus, it is expeded that eat microsatellite haplotype is asciated
with several dimorphic marker haplotypes. For AF508 chromosomes, the opposite has been
observed: AF508 is associated with several haplotypes at three intragenic dinucleotide
polymorphism (Morral et al. 1994. In contrast, AF508 occurs nealy exclusively on one
dimorphic marker haplotype spanning markers between KM.19 and TUB20. Consequently, other
dimorphic haplotypes which must have been generated by recombination events did not persist
within the population.

Hence the chromosomal badkground associated with most CFTR mutations is suspeded to transmit
a seledive advantage compared to the other haplotypes which must have existed on CF
chromosomes but did not remain within the gene poal.

In this thesis, the hypothesis of hitchhiking genes within the CFTR linkage group was tested by
analysing polymorphisms in a 40 cM region encompassng the CFTR gene. Allele frequencies were
than compared among AF508 homozygous CF twins and siblings with extreme disease phenotypes.
Patient pairs were classfied as "concordart/mild disease” (CON+), "concordart/sevee disecase’
(CON-) and "discordant” (DIS) based on their pulmonary function, their growth parameters and the
intrapair variation thereof (for details see chapters 2.2.1.3 and 2.2.1.4 and figures 27, 28 and 29*).
An asgciation of an dlele at a marker locus with the phenotype CON+, CON- or DIS was
considered as indicaive for a modulation of the disease phenotype by a gene linked to the marker
locus studied. As all patient pairs investigated were AF508 homozygous and hence the CFTR
disease-causing lesion was identicd for all patients studied, the phenotype — CON+, CON- or DIS —
cannot be caused by the CFTR gereitsdf.

Published results and results obtained within this work on flanking markers locdised within
1 Mb distance to the CFTR gene (seefigure 31*) are summarised in table 31. A benign phenotype —
better growth (TUummler et al. 1990, survival (Mace et al. 1997 and an overal mild disease (this
work)— was found to be aswciated with alleles composing the flanking marker haplotype. Thus, the
compiled data support the hypothesis of a seledive advantage transmitted by the chromosomes
carying the CF haplotype.

44 Figure 27 is shown in chapter 3.2.3.1 on page 97, figure 28 is displayed in chapter 3.2.3.2 on page 99 and figure
29isshown in chapter 3.2.3.2 on page 100.

45 Figure 31isshown in chapter 3.2.3.5 on page 105,
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TABLE 31: ASSOCIATION OF ALLE LESAT CFTR FLANKING LOCI WITH PHENOTYPE

Allele frequencies are given for European populatons (Estivill et al. 1987, Schmidke et al. 1987).

Publi shed results: Tumnier et al. 199Q hapotype 1-1-2-1 asociated with better growth, Sartis et al. 1990a allele
J3.11-2 aswociated with mild lung disease, Macek et al. 1997 allele KM.19-2 assciated with postnatal female
survival.

ALLELE FREQUENCIES

MetH XV-2¢c KM.19 J3.11
non-CF chromosomes Alldel 54 45 73 43
Allele 2 45 55 27 57
CF- chromosomes Alldel 70 89 12 60
Allele 2 30 11 88 40
" CF-haplotype" 1 1 2 1

ASSOCIATION OF ALLEL E AND PHENOTYPE

MetH XV-2¢ KM.19 J3.11
Tummler (1990: better growth 1 1 2 1
Santis (199(): mild lung diseae
Macek (1997: female survival 2
Thiswork: associated with CON+ 1 — — —
Thiswork: associated with DIS — — — 1

In addition to markers located within 1 Mb distance to CFTR, polymorphic loci within a 40 cM

region encompassng the CFTR gene have been investigated within this thesis. As discussd in detall

before’®, more than one modulating element had to be assumed to acount for al effeds observed.

Figure 44 summarises the hypothesis, based on the known genes within the region investigated (see
figure 43" for an overview of genes mapped nea CFTR).

46 RESULTS: dldic asmciation: For results on the association of aleles at marker loci near CFTR with the
phenotypes CON+, CON- and DIS seechapter 3.2.3.5. Results on all €lic asociation of D2S1788al eles with the
phenotype of the investigated patient pairs are shown in chapter 3.2.3.6.

RESULTS: correlation of genotype and clinical data: For loci near CFTR, results are displayed in chapter
3.2.3.7.2. For D251788 results are shown in chapter 3.2.3.7.3.

The dfed are summarised in chapter 3.2.3.8.2.

DISCUSION: Modulation of the puimonary status is discussed in chapter 3.2.3.8.2.2. Influence of genes near
CFTR and at D2S17880n the nutritional statusisdisseded in chapter 3.2.3.8.2.3.

47 Figure 43isshown in chapter 3.2.3.8.2.1 on page 129
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FIGURE 44: SUMM ARY OF HYPOTHESES: HITCHHIKING GENESNEAR CFTR
(@) Map of investigated region, all typed markers, canddate genes on 7g3landsummary of observed effeds.
(b) - (f) Hypothesesto explain obsewved all elic asdations. For detailed discusson seetext(page 148).
(b) - (d) Allelic association observed for conmrdant pars (modulation n CIS).
(e) - () Allelic association observed for discordant pars (modulation n TRANS).
Alleles at palymorphic loci: locus name - allele name, observed aswciatedwith prenoype [CON+ |, [Se]NIH or [DIS
Alleles at gene loci: gene name £ CON+, thisall ele causes phenotype CON+
gene name £ CON-, thisall ele causes phenotype CON-
gene name , printed in orange ba: allelic diversity at thislocus casesphenoype DIS

(a) CFTR
145cM
| MET|J3. 11|
PON2 D75496|| D7S525 D7S514 D75495
124cM 139cM |[| 141 cM 153cM 166 cM
CEN 7 F [MET|CFTR] LEP HPEG1

wfh% EVPerc wfh%
CIS TRANS CIS and TRANS

R

|D7s525-9] [ MetH-1]

(d)

D7S495-14

(e)

identical genotypes
of sb A gnd gﬁpB —| responsive element

I D7S495-other

different genotypes
of shAandsbB

V)

identical genotypes

—-—|responsive element|—| of sbAandsibB

elsewherein the genome: different genotypes
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Figure44 (b) MetH-1 was observed assciated with the phenotype "concordant/mild disease’
(figure 32). Patient pairs homozygous for MetH-1 had a significant better wfh% than patient pairs
heterozygous at MetH (figure 37(b), p < 0.01). The most plausible mediator for this effed is the gene
MET (discussed detailedin chepter 3.2.3.8.2.3).

Figure44 (c) At D7S495, an assciation of the alele D7S495-10 with the phenotype
"concordan/mild disease”" was seen (figure 34). Pairs with siblings carrying ead one or two alleles
D7S495-10 had a dignificantly better wfh% than pairs with other D7S495 genotypes (figure 38(b),
p < 0.01). This effed might be mediated by LEP, by PEG1 or both (discussed in detail in chapter
3.2.3.8.2.3).

Figure44 (d) The alele D7S495-14 was found predominantly on pairs with a "concordart/sevee
disease” phenotype (figure 34) Pairs where ead sibling carried one or more alleles D7S495-14 had a
significantly worse wfh% than pairs with other D7S495 genotypes (figure 38(c), p < 0.01). Again, this
effea might be mediated by LEP, by PEG1 or both (discussed in detail in chapter 3.2.3.8.2.3).

Figure 44 (e) Locaed further towards the telomer than CFTR, a modulation of the nutritional
status by a fador ading in trans was inferred: alleles at J3.11, D7S514 and D7S495 were found
asociated with the phenotype "discordant" (figures 32, 33 and 34). As described before, an
asvciation of the phenotype "discordant" with an alele linked to CFTR indicates a modulation
mediated by a gene encoded in trans, i.e. not within the CFTR linkage group: two siblings with CF
have the identicd CFTR gene and identicd flanking sequences unlessa reambination has occurred.
Hence, discordance within such a sib pair has to be caused by a sequence locaed elsewhere in the
genome. LEP, consdered as a candidate for the modulation of the nutritional status, is locdised
between D7S514 and D73495 Serum leptin levels were shown to be linked to D2S1788
(Commuzze et al. 1997, and thus, an influence in trans on LEP can be assumed. D2S1788 was
investigated in the seleded panel of CF twins and siblings. Patient pairs sharing one or two alleles at
D2S1788were significantly more concordant in wfh% than pairs with no identicd alele at D2S1788
(figure 42, p < 0.01). The most likely candidate gene nea D2S1788to mediate this effed is POMC
(discussed in detall in chapter 3.2.3.8.2.3).

Figure44 (f) At J3.11, an asciation of the phenotype "discordant” with the alele J3.11-1 was
deteded (figure 32). Pairs homozygous for J3.11-1 were significantly more concordant in FEV Perc
than pairs heterozygous at J3.11 (figure 3%(a), p < 0.01). Asthe CFTR genes and flanking sequences
of two CF affeded siblings are identicd by descent, the discordance cannot be caused by a sequence
linked to J3.11 itself: a gene encoded elsewhere, i.e. in trans, expressng alelic diversity, has to
mediate the effed. Most likely, a regulatory fador ads on the CFTR expresson via a responsive
element liked to J3.11. The observed association of alele J3.11-1 with the phenotype "discordart”
will occur if the alele of the responsive element linked to J3.11-1 is most susceptible to the alelic
diversity of the regulatory fador (discussedin defal in chapter 3.2.3.8.2.2).
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Figure 44 (c), (d) and (f): three pairs sharing no alele at D75495 were ranked discordant. This
condition was not seen on any pair with a concordant phenotype (table 22). Discordance in siblings
sharing no alele at D7S495 could be caused by different aleles at the candidate gene loci LEP
and/or PEG1 and/or the regulatory element controlling the expresson of LEP, with a probable
enhancing effea of an alelic diversity at POMC nea D2S1788 Two out of the three pairs ranked
discordant and sharing no allele at D795 likewise did not share analele at D2S1788

In conclusion, hitchhiking genes within the CFTR linkage group have a modulating effea on the CF
disease phenotype. Whether the genes identified so far within the region investigated are responsible
for the effed observed or whether other genes, not identified or mapped till today, are causing the
modulation of the CF disease phenotype, will have to be clarified by further investigation of
polymorphisms surmised to exist within the candidate genes.

4.4 Cystic fibrosis— monogenic disease or complex trait?

441 CF disease condition without two mutant CFTR all eles

Within this thesis, for three patients, presenting symptoms compatible with CF, evidence for the
absence of CFTR disease-causing lesions on at least one allele was provided (seechapter 3.1.2.5 for
results and chapter 3.1.3.2.2.4 for discusson). In these three cases — patient Q, R and S — only the
ladk of two CFTR disease-causing lesions has hindered he unequivocd diagnosis of CF. For patients
Q, Rand S, al CFTR exons and flanking intron sequences have been investigated for sequence
aterations by SSCP and subsequent sequencing. The promoter region — extended to a 4 kb segment
— has been screened for polymorphisms by SSCP in patients Q and R. Large genomic rearangements
have been seached for by pulsed field gel eledrophoresis and southern blotting in patients Q and R.
The only disease-causing lesion deteded in patients Q, R and S was a splice site consensus transition
precaling exon 12 in patient Q. The carrier status of patient Q was sustained by the familial history:
a sibling was reported to have died from meanium ileus and thus, CF alleles within the family of
patient Q are most likely associated with pancreaic insufficiency while patient Q is pancredic
aufficient. Patient S has a hedthy sister, carying the same adleles within a 30 cM region
encompassng the CFTR gene locus (figure 19) and putative modifiers loci suspeded within the
linkage group (figure 44). Hence unlessat least one de novo mutation has occurred in patient S, he
cariesat least onewild type CFTR alele.

In conclusion, for al three patients the expresson of the CF typicd basic defed has been
deteded in a least one tissue. Due to the inheritance of CFTR alleles within the family, patient S
cahnot cary two CFTR disease-causing lesions. The carier status of patient Q is sustained by he
family history. For patient R, the absence of two disease-causing lesions can only be inferred based
on the genetic ardysis performed.
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The basic defed of impaired chloride conductance has been investigated in the swea gland, the nasal
tissue and the redal tissuie of these patients. For patient R, evidence for dysfunctional CFTR was
found in all threetisaues investigated. Patient Q showed an impaired chloride conductance with the
respiratory epithelium, but not within the swea gland or the redal tissie. In patient S, highly
elevated sweda chloride concentrations were deteded repetitively, but the nasal and reda tissue
displayed the non-CF condition. These results are summarised in table 32.

TABLE 322 CFWITHOUT TWO DISEASE-CAUSING LESIONSIN THE CFTR GENE

All patients present symptoms compatible with CF and have been screened for disease-causing lesions within all
CFTR exons andflankingintron sites. For patient Q, 1898+ 3A=> G has been identified on one chromosome. Patient S
has a healthy sister carrying the same CFTR all eles and conseguently cannd have two disease-causing lesions within
the CFTR gene. The carrier status of patient Q is sustained by the famili al history (seetext fo details).

disesoecausing lesons PAMICDICA sweat test? P e st
Patient Q one no yes no
Patient R (none) yes yes yes
Patient S none yes no no

Given the diagnosis of CF in patients Q, R and S — sustained by the pathologicd condition, due to
the impaired chloride conductancetypicd for CF, which was deteded in at least one tissue in ead of
these patients — other genes than CFTR alone must be considered in order to explain the disease
condition in these patients. In patient R, a defedive fador controlling the CFTR expresson or the
CFTR function might be responsible as an atered CFTR function was demonstrated in all tissues
examined. For patient Q, the CF typicd picture of defedive chloride conductance was reveded
exclusively in the nasal tissue and hence elements of the genetic badkground involved in the tissue
spedfic expresson are likely to be involved. For patient S, pseudohypoadosteronism type 1 —
reported to be asociated with CF-like symptoms and elevated sweda eledrolytes (Hanokoglu et al.
1994 Marthinsen et al. 1999 — was excluded by differential diagnosis. It was demonstrated that
pseudohypoaldosteronism type 1 can be caused by mutations within the genes encoding for the
subunits of the epithelial sodium channel ENaC (Chang et al. 1996 Strautnieks et al. 1996). In
addition, an involvement of the SCNN1A gene in modulation of the CF phenotype was indicaed
(seechapter 3.2.3.8.1 for discusson). Thus, the ENaC subunits remain a plausible candidate gene to
explain the disease symptoms in patient S as this index case and his hedthy sister share only one
dlele at two polymorphic loci locaed nea genes encoding for ENaC subunits and consequently, the
discordancein this 9b par might be caugd by different ENaC alleles.

Summearising these findings, the extensive analysis of the CFTR alleles from 350 patients (Dork
et al. 1994, this work) has disclosed three index cases of CF-like disease without two defedive
CFTR dleles.
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4.4.2 On therole of the CFTR gene, hitchhiking sequences and the
extragenetic background in nutritional status and pulmonary
disease

As discus=d in chapter 4.3.3, modulating genes within the CFTR linkage group have been deteded
due to their influence on the nutritional status of CF twins and siblings. Thus, the seledive advantage
asociated with CF cariership is most likely mediated by genes linked to CFTR which ad on the
nutritional status — and not by CFTR itself. In contrast, the risk assciated with CF cariership
appeasto be direaed to puimonary disorders being most likely caused by the CFTR gereitsdf —not
by flanking sequences. In conclusion, the balance between CF carier risk and CF carier advantage
appeas to be based on the genetic linkage between CFTR as a risk fador for lung disease and
hitchhiking sequences providing an advantage with resped to thenutritiond status.

The prominent role of the CFTR gene in determining the course of CF lung disease is not
contradicted by the variabili ty of pumonary disease severity among patients carrying the same CFTR
mutation genotype: statisticd analysis of CF twins and siblings has provided evidence for multiple
fadors modulating CF lung disease while the nutritional status was shown to be determined by few
inherited genes besides CFTR (see chapter 3.2.1.2 for details). As introduced in chapter 1.4, the
number of loci involved in shaping a phenotypic trait and the impad of ead gene determines
whether the inheritance is percaved as monogenic or polygenic. Thus, the appeaance of the trait
"CF-nutritional status' resembles more the condition of a monogenic disease than "CF-pumonary
status' which hasthe appearance of a gereticaly compex trait.

FIGURE 45 CF: MONOGENIC DISEASE OR COMPLEX TRAIT ?

The number of loci involved and the impact of each locus on the phenatype determines whether a trait is perceved as
monogenic, influenced by genetic background or paygenic (see chaper 1.4). For CF, wfh% (representing the
nutritiond status) was shoan to be modified by few inherited factors besides the CFTR gene itself. The pulmonary
status (expressed as FEVPerc) wasdemonstrated to be moduated by many inherited and environmental factors.
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5 SUMM ARY

Cystic fibrosis (CF) is the most frequent disease inherited in an autosomal recessve fashion within the
Caucasian population. Though CF is considered to be a monogenic disorder transmitted by lesions in the
cystic fibrosis transmembrane conductance regulator (CFTR) gene, the disease severity is characterised by a
high degree of variability. This thesis reports on two studies addresang the rdative impact of the CFTR
mutation genatype and aher inherited factors onthe course of CF disease.

Patients participating in the study "rare genatypes and atypical CF" were recruited from the Hannower clinic.
A total of 19 patients were investigated by intestinal current measurements (ICM), nasal potential difference
measurement (NPD) and a pil ocarpine iontophoresis sweat test to assessthe basic defect, being defined as an
impaired CFTR transmitted CI— conductance. Mutation analysis of the CFTR gene was dore by singe strand
conformation polymorphism analysis, direct sequencing and Southern blotting. The two ddetions
CFTRddEX2 and CFTRddEx2,3 were identified by analysis of genomic DNA. Different residual Cl-
conductances, distinguishable by their sensitivity to DIDS and cAMP, were seen by ICM in patients
participating in the study "rare genctypes and atypical CF" but pancreatic sufficiency was found to be
asociated with a residual current indcative of CFTR mediated Cl— conductance. The diagnasis of CF was
confirmed by investigation of the basic defect for three patients presenting CF symptoms but lacking evidence
for two CFTR disease causing lesions as judged by extensive mutation screening and, in two of these cases,
sustained by the family history or genetic analysis within the family.

In the "European CF twin and sibling study”, disease severity and intrapair discordance for more than 300
patient pairs was quantified by combining nutritional (weight for height %, wfh%) and pulmonary
(FEV 1%pred percentiles, FEVPerc) status. A significantly higher concordance of monazygous twins in wfh%e
and FEVPerc compared to dizygous patient pairs indcated the impact of nonCFTR genetics on the CF
disease phenatype. 38 patient pairs, sdected due to an extreme phenatype while being hamozygous for the
most frequent CF causing allede AF508 were analysed at canddate gene loci. The typing of polymorphic
markers employing multiwel PCR reactions and cortinuous direct blotting eectropharesis was optimised.
Significant asociation of an allde at the marker locus D12S889 with a milder clinical phenatype was
detected. Hence, SCNN1A, encodingfor the a-subunit of the amil oride-sensitive sodum channd (ENaC) and
located near D12S889, might modulate CF disease. The analysis of markers within the CFTR linkage group
pointed to the existence of hitchhiking genes which modulate the course of CF disease and thus might be
responsible for a heterozygate advantage among CF carriers. A significant influence on wfh% was detected at
MetH and at D7S495 due to an association of alldes at these loci with a milder phenatype. Canddate genes
for the modulation of the nutritional status located within the investigated region are the receptor tyrosine
kinase MET, the paternally imprinted gene PEG1 and the human homologue of the murine obesity gene LEP.
An association with the phenatype "discordance”’ in FEVPerc, indcative of a modulation mediated by a gene
encoded in trans, was seen at J3.11. This eff ect was attributed to a trans encoded factor acting ona responsive
dement linked to J3.11, thereby regulating CFTR expresson. At the loci D7S514 and D7S495, an association
of aldes with the phenatype "discordant” was seen in wfh%. As serum leves of leptin, encoded for by the
gene LEP located near D7S514 and D75495, were shown to be in linkage to D2S1788 this marker was
analysed among CF twins and sibs. Sharing of alldes at D2S1788 was significantly associated with higher
concordance in wfh%. Summarising these findngs gained by genetic analysis of AF508 homozygous CF twins
and siblings, evidence for a role of the ENaC and hitchhiking genes near CFTR in modulating CF disease
severity has been provided.
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6 ZUSAMM ENFAS3UNG

Cystische Fibrose (CF) wird durch Mutationen im "Cystic Fibrosis Transmembrane Conductance Regulator”
(CFTR) Gen ausgdést und ist die haufigste autosomal rezessv vererbte Erkrankung in der kaukasischen
Bevilkerung. CF wird als monogene Erkrankung angesehen, obwoh der Schweregrad der CF durch ene hohe
Variabili tét gekennzeichnet ist. Diese Dissertation beschreibt Ergebnisse zweier Studien, deren Zid esist, den
relativen Einflul des CFTR Mutationsgenotypes neben weiteren vererbten Faktoren auf den Verlauf der
Erkrankung zu erfasen.

19 Patienten der CF Klinik in Hannover wurden im Rahmen der Studie "Sdtene Genatypen und atypische
CF" mithilfe der Mesaung der intestinalen Leitfahigkeit (ICM), der Nasalpotentialdifferenzmesaing (NPD)
und dem Pil ocarpin-lontophorese Schweif3test hinsichtlich ihres Basisdefektes untersucht, der sich als Stérung
der CFTR vermitteten Chloridleitfahigkeit manifestiert. Mutationsanalyse des CFTR Gens wurde mithilfe der
Analyse von Einzdstrangkorformationspolymorphismen, Direktsequenzierung und Southern-Blot Verfahren
durchgefiihrt. Die Deetionen CFTRDeEXx2 und CFTRDeEx2,3 wurden auf genomischer Ebene
nachgewiesen. Verschiedene Restlatfahigkeiten, die aufgrund ihrer Sensitivitdt gegeniiber DIDS und cAMP
unterschieden werden konrten, wurden mit ICM im Rahmen der Studie "Sdtene Genotypen und atypische
CF" bedbachtet. Pankreasaiffizienz war dabe mit CFTR vermittdter Restleitfahigkeit asoziiert. Durch die
Analyse des Basisdefektes wurde die Diagnose der CF be dreé Patienten bestétigt, fur die eéine Anwesenheit
von krankheitsauddsenden Lasionen auf beiden CFTR Allden nach ausfihrlicher Mutationsanalyse
unwahrscheinlich schien. Fir zwel dieser Patienten wurde der genetische Befund durch klinische oder
genetische Analyse der Famili e unterstiitzt.

Im Rahmen der "Europédischen CF Zwilli ngs-und Geschwisterstudie' wurde fir mehr als 300 Patientenpaae
der Schweregrad der Erkankung und die Intrapaadiskordanz quantitativ durch einen aus dem
Erndhrungsgatus (wfh%) und dem pumonralen Status (FEVPerc) zusammengesetzten Parameter beschrieben.
Monazygate Zwilli nge waren signifikant konkardanter in wfh% und FEVPerc als dizygate Patientenpaae, so
daid der Einflul? des genetischen Hintergrundes auf den Schweregrad der Erkrankung nachgewiesen werden
konrte. Aufgrund eines extremen klinischen Phanatyps wurden 38 Patientenpaae, die fir das haufigste CF
verursachende Alld AF508 homozygat waren, zur Analyse von Kanddatengenorten ausgewdhit. Die
Typisierung polymorpher Marker wurde mithilfe von Multiwell-PCR Reaktionen und kortinuierlicher "Direct
Blotting' Elektrophorese optimiert. Ein Alld des Marker Locus D12S889 war mit einem milden klinischen
Verlauf signifikant assoziiert. SCNN1A, das Gen welches fir die a-Untereinheit des Amilorid-sensitiven
Natriumkanals codert, liegt in der Nahe von D12S889 und konrte daher als Modulator der Erkrankung CF
ene Ralle spiden. Eine Analyse von Markern innerhalb der CFTR Kopplungsgruppe ergab Hinweise auf die
Existenz benachbarter Gene, die den Verlauf der CF beenflussen und daher auch firr den Heterozygatenvortell
von CF Gentragern verantwortlich sein kénren. Eine Assziation von Allden der Loci MetH und D7S495 mit
einem milden Krankheitshild konrte fur wfh% beschrieben werden. Kanddatengene dieser Region mit einer
madichen Funktion bei der Modulation des Ernahrungsdatus sind MET, PEG1 und LEP. Mit dem Phéanatyp
"diskordant" konrte eine Assziation eines J3.11 Allds in FEVPerc gezeigt werden. Dieser Effekt stellt einen
Hinwes auf den Einflul eines in trans kodierten Gens dar und wurde auf enen regulatorischen Faktor
zurlckgefthrt, der durch ein an J3.11 gekoppdtes Element die Expresdon des CFTR Gens beanflul. Eine
Asgziation von Allden der Loci D7S514 und D7S495 mit dem Phanatyp "diskordant”" wurde in wfh%
beobachtet. Da der Serumspiegel von Leptin — einem durch das zwischen D7S514 und D75495 liegende Gen
LEP koderten Peptid — mit dem Marker D2S1788 in genetischer Kopplung steht, wurde D2S1788 bei den
ausgewahlten Patientenpaaen typisiert. Ein signifikanter Zusammenhang zwischen der Zahl gemeinsamer
D2S1788 Allde und der Konkadanz in wfh% wurde beobachtet. Zusammenfassend 183t sich aus den
Ergebnissen der Typisierung von AF508 homozygaten Zwilli ngen und Geschwistern eén modulierender Einfluid
des ENaC sowie mehrerer Gene aus der CFTR Kopplungsgruppe auf den Schweregrad der Erkrankung
ableiten.
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8.2

ARU
CON+
CON-

DELTA
DfO

DIDS
DIS

ENaC
FEV1
FEV1%
FEV Perc

IBD
IBS
ICM
NPD
PCR
RFLP
SNP
SCP
wfh%

List of frequently used abbreviations

arbitrary reped units
(for definition seefigure 8 in chapter 2.1.2.2.4 on page 43)

concordant/mild diseas
(for definition seefigure 12 in chapter 2.2.1.4 on page 53)

concordant/severe disease
(for definition seefigure 12 in chapter 2.2.1.4 on page 53)

for definition seefigure 10in chapter 2.2.1.3 on page 48

distancefrom origin
(for definition seefigure 10 in chapter 2.2.1.3 on page 48)

4-4'-dii sothiocyanostil bene-2,2'-disulfonic aad

discordant

(for definition seefigure 12 in chapter 2.2.1.4 on page 53)
amiloride-sengitive epithelid sodium chanrd

forced expiratory volumeinls

FEV 1 as % of predicted FEV1

percentiles for FEV 1%pred
(for definition seefigure 10 in chapter 2.2.1.3 on page 48)

identity by descent

identity by state

intestinal current measurement

nasal potentia difference

polymerase chain readion

restriction fragment length polymorphism
single nucleotide polymorphism

single strand conformation polymorphism

weight as % of weight predicted for height centile
(for definition seefigure 10 in chapter 2.2.1.3 on page 48)
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8.3 Appendix to chapter 2

8.3.1 Referencesfor primer sequences

Chromosome 12 microsatdllite locus near SCNN1A

Marker locus GDB accesson number / reference
D12889 363193

Chromosome 16 microsatellite locus near SCNN1B, SCNN1C
Marker locus GDB accesson number / reference
BENaCGT 434736

Chromosome 7 marker loci:

Marker locus GDB accesson number / reference
D7$495 188164

D7S514 188404

D7S525 188521

PON2 — Adkins et al 1993 (modified)

5-GGCACAAATGATCACTATTTTCTTGAC
5-GAGTAAATCCACTACATTTCA

MetH Hornet al. 1989
XV-2c Rosenbloom et al. 1989
KM.19 Anwar et al. 1990
TUB20 Dork et al. 1992
J3.11 Hornet al. 1989
4 kb sequenceprecaling CFTR exon 1:

genomic sequence: M58478 (EMBL acceson number)

and M58479 (EMBL accesson number)
Primers used for amplificaion: 5-CAAA GGAAAA CATAAGATGCAATTCG

5-CAAATCCTGAATATCATGTCGCAA

5-TGTCCAGATGCACTAATTGCGA

5-GACCCITGCCTTAGATGTGTCG

5-TGGCCTGATTTTATTGCCG

5-TGAAAAAAA GTTTGGAGACAACGC
These primer sequences were chosen kased on thealgorithm of Griffais et al (1997).

CFTR exonsand flanking intron sequences:

Unless noted differently in Dork et al. 1994, the primers described by Zielenski et al. 1991 were
used for amplification of the CFTR exons and flanking intron sequences. For mutation screening of
patients D, I, P, Q, Rand S, the CFTR exons 1, 2, 3, 5, 6a, 6b, 8, 12, 14a, 14b, 15, 16, 18, 23, 24
were analysed by SSCP (seetables 5 and 10 for details). The following primer sequences were used

to amplify the respedive exons and flanking intron stes:

Exon primer sequences

1 5-GGTCTTTGGCATTAGGAGCTTG 5-ACACGCCCTCCTCTTTCGTG
2 5-CATAATTTTCCATATCGGAG 5-TAGCCACCATACTTGGCTCC
3 5-CTTGGGITAATCTCCTTGG 5-ATTCACCAGATTTCGTAGTC
5 5-ATTTCTGCCTAGATGCTGGG 5-AACTCCGCCTTTCCAGTTG
6a 5-GTGCTCAGAACCACGAAGTG 5-GGGATGACAGATCTAGACTC
6b 5-GGAATGAGTCTGTACAGCG 5-GAGGTGGAAGTCTACCATG
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8
12
14a
14b
15
16
18
23
24

8.3.2

5-AAGATGTAGCACAATGAGAG 5-GTGAGTGATCCTCCTTCCAG
S-GTGAATCGATGTGGTGACCA S-CTGGTTTAGCATGAGGCGGT
5-AAAA GGTATGCCACTGTTAA 5-GTATACATCCCCAAACTATCT
5-GAACACCTAGTACAGCTGC 5-CACCTCACCCAACTAATGGTCATC
5-GTGCATGCTCTTCTAATGC 5-AAGGCACATGCCTCTGTGCA
5-CAGAGAAATTGGTCGTTACS5-CTAAATGTGGGATTGCCTC
S-GTAGATGCTGTGATGAACTG 5-AGTGGCTACTCATGAGAAGG
5-AGCTGATTGTGCGTAACGC S-TAAAGCTGGATGGCTGTATG
5-GGACACAGCAGTTAAATGTG S-CCAATTCCATGAGGTGACTGTCCC

Common reagents

Comnon reagents:

S (20x) 3M NaCl, 0.3M NaCitrat

STE 50mM Tris-HCI pH 7.5, 100mM NaCl, 1ImM Nay,EDTA
TBE (10x) 0.9M Tris-HCI pH 8.3, 0.9M Boric add, 002M Na,EDTA
TE 10mM Tris-HCI pH 8.0, ImM Nay,EDTA

Meyler buffer 1262 mM Nat, 1143 mM Cl-, 20.2 mM HCOsg',

0.3 mM HPO,2-, 0.4 mM H,PO,~, 10mM Hepes, pH7.4

Reayents provided by manufagurers:

TagPolymerase reaction buffer (Invitek):

670mM Tris-HCI pH 8.8; 160mM (NH4).SO,, 0.1%Twean20
DapGoldstar TagPolymerase reaction buffer (Eurogenteo:
750mM Tris-HCI pH 9.0; 200mM (NH,).SO,, 0.1%Tween20
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8.3.3 Regresson formulas for height, weight and FEV1%pred

percentiles

All centiles were described by areas defined by a polynomial equation z = f(X,y). Censoring of data
was unavoidable for some patients with unusual combination of extreme valuesin age and pulmonary
function or weight and height, becaise the regresson curves resulted in implausible percentiles of
larger than 100 or lower than 0. As negative values or values of more than 100 are not defined for
percentiles, these patients could not be described with the regresson parameters employed and thus
were excluded from further ardysis.

In detail, the following cdculation parameters were used:

length centilesfor females:
X = age [yeas],y = length [cm], area dfinesz= length centiles

z=a00+a01*y+a02*y"2+a03*y"3+al4*y +a05*y"5+al 0*x+al 1*x* y+al 2*x* y"2+al 3*x* y"3+al4*x* y 4+al 5*x* y»
5+a20*x"2+a2 1*x"\2*y+a22*x\2*y"2+a2 3*xN2* y3+a24*x N 2* yNA+a2 5*x N 2* yN5+a30*x N 3+a3 1 *x\3*y+a32*x N 3* y”
2+a33*x"3*y"3+a34*x"3*yN4+a35*x N3y 5+ad 0*x N +ad L XN *y+ad 2¥ X N * YN 2+ad 3*X Ny 3+ad A* kN * yN A+ a4 B*
XN*yN5+a50*xN5+a5 1 *x\5*y+ab 2 x5 *yN2+ab 3* X\ * Y 3+ab4*x N5 * yM+ab 5*xN\5*yh5

a00=483151

a01=0,34407

a02=-0,0151914

a03=0,000340005

a04 =-0,00000346078

a05=0,0000000131611

al0=228933

all=0,0867497

al2=-0,00173392

al3=0,0000373274

al4=-0,000000590913

al5=0,00000000343674

a20=-4,20072

a21=-0,00833215

a22=-0,000819702

a23=0,0000290106

a24 = -0,000000306396

a25=0,000000000996832

a30=0,432829

a31=0,00350085

a32=0,00000752944

a33=-0,00000214429

a34=0,0000000288737

a35=-0,000000000105779

a40=-0,020147

a41=-0,000318564

a42=0,00000597415

a43=-0,0000000189258

a44 = -0,000000000292056

a45=1,2608F-12

ab0=0,000338875

ab1=0,00000783121

ab2=-0,000000206802
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ab3=0,00000000247261
ab4=-1,5783E-11
ab5=5,6401E-14

length centilesfor males:
X = ace [yeas|,y = length [cm], area dfinesz= length centil es

'z=a00+a01*y+a02*y"2+a03*y"3+a04*y +al 0*x+al 1*x* y+al2*x* y"2+al 3*x* y*3+ald*x* y 4+a20*x"2+a21*x"2
*y+a22*xN2*X YN 2+a2 3* XN 2* Yy 3+a24* XN 2 yN 4+a30*x N 3+a3 1 x 3 y+a32*x N3y 2+a33*x 3*y* 3+a34*x 3*y"4+a40
XN+ 1N y+ad 24X N* YN 2+8d 3 XNA* YN 3+ad 4 X N* N+ ab 0*xN5+ab 1 x5 y+ab 2*x\5* y 2+ab 3*x\5*y" 3+ab4
*XI\5*yI\4

a00=50,4847
a01=0,185647
a02=-0,00473329
a03=0,0000599715
a04=-0,000000243954
al0=193204
all=0,194157
al2=-0,00197079
al3=-0,0000144381
al4=0,000000229552
a20=-2,44298
a21=-0,0725234
a22=0,00102231
a23=-0,0000000974229
a24=-0,0000000532814
a30=0,169349
a31=0,00985
a32=-0,000145367
a33=0,000000182424
a34=0,0000000062406
a40=-0,00437449
a41=-0,000522302
a42=0,00000731626
a43=-0,00000000301641
a44=-0,000000000371049
ab0=0,0000160633
ab1=0,00000933779
ab2=-0,000000114827
ab3=-0,000000000259881
ab4=85146F-12

weight centilesfor females:
X = ace [yeas|,y = length [cm], area dfinesz= weight centiles

z=a00+ a0l*y+a02* y"2+a03*y"3+ad4*y"4+a05* y*"5+al0*x+all*x*y+al2* x*y" 2+
al3* x*y~"3+ald* x*y"4+al5* x*y"5+a20* X N2+ a21* x N 2* y+@22* x N2* yN2+@23* x N 2%
yr3+a24* x"2*yN4+a@25* x"2*y"5+a30* x"3+a31l* x"3*y+a32*x"3*yr"2+a33*x"3*y
N3+a34* xN3*yN4+a35* x"3*yr5+ad0* X N4+ a4l XN 4*Fy+ad2F XxNA* yN2+ 43  x N4k y N
3+ad4* xN4*yNA4+a45* xN4* yA5+8b0* x5+ @bl xA5* y+ab2* xA5*yNr2+ab3* xN5*yn3
+ab4*x "5 *y N4+ a5  x A5 *yAb

a00=2,71691
a01=0,103324
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a02=-0,00521835
a03=0,000125116
a04=-0,00000137348
a05=0,00000000560491
al0=5,26919
all=-0,0582872
al2=0,00646361
al3=-0,000179684
al4=0,00000214365
al5=-0,00000000909209
a20=-1,13665
a21=0,0652821
a22=-0,00510643
a23=0,000137522
a24=-0,00000160224
a25=0,00000000667259
a30=0,132086
a31=-0,012776
a32=0,000966179
a33=-0,0000258209
a34=0,000000297988
a35=-0,00000000122846
a40=-0,00611844
a41=0,000943505
a42=-0,0000687829
a43=0,0000018189
a44=-0,0000000208099
a45=8,5198&-11
ab0=0,0000971125
ab1=-0,0000230746
ab2=0,00000162686
ab3=-0,0000000425435
ab4=0,000000000482632
ab5=-1,9636F-12

weight centilesfor males:
X = ace [yeas|,y = length [cm], area dfinesz= weight centiles

z=a00+a0l*y+a02*y"2+a03*y"3+a04*y~r4+a05*y"5+al0* x+all*x*y+al2*x*y" 2+
al3* x*yN"3+ald* x*y"N4+al5* x*y"5+a20* x N2+ @21* xN2*y+a22* xN2* yN2+@23* x N 2%
yh3+a24* xN2*yN4+@25* xN2*y"5+a30* x"3+a31l* x"3*y+a32* x"3*yr2+a33* x"3*y
N3+a34* xN3*yN4+a35* xN3*yr5+ad40* X N4+ a4l XNAFy+ad2F X N4Fy N2+ @43  x M4y n
3+add* xN4*yN4+a45* xN4* yr"5+a50* xN5+a851* xN5*y+ab2* xA5*yr2+a53* xAN5*yn3
+ab4*x "5 *y N4+ a5  x "5 *yAb

a00=3,0688
a01=0,0999505
a02=-0,00413342
a03=0,0000958518
a04=-0,00000103228
a05=0,00000000408829
al0=4,4228
all1=0,011136
al2=-0,000399856
al3=0,0000155581
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al4=-0,000000254645
al5=0,00000000163697
a20=-0,620168
a21=0,0304986
a22=-0,0016539
a23=0,0000391129
a24=-0,000000397227
a25=0,00000000133317
a30=0,0567971
a31=-0,00793663
a32=0,000415316
a33=-0,00000988668
a34=0,000000102572
a35=-0,000000000363985
a40=-0,00231202
a41=0,000684378
a42=-0,0000334448
a43=0,000000776112
a44=-0,00000000796942
a45=0,000000000028344
ab0=0,0000421339
ab1=-0,0000184095
ab2=0,000000839923
ab3=-0,0000000187932
ab4=0,000000000188535
ab5=-6,5887@-13

FEVPerc — centilesfor FEV 1%pred:
X = FEV 1%pred (defined by Knudson et al. 1983, y = age [yeas], area &finesz=FEV Perc

z=54,2282- 6,48596* y + 0,160673* y * 2 - 5,79524* x + 0,686198* x * y - 0,0183229* x * y~ 2 + 0,229493* x
N2-0,0267976* x A 2 * y + 0,000755553* x * 2* y N 2 -0,00399186* x * 3 + 0,000423935F x * 3 * y -
0,000010645 x ~ 3 *y ~2 +0,0000303584 * ™ 4 -0,0000026172F x ~ 4* y + 0,0000000507948 * x4 *y " 2 -
0,0000000785657 x ~ 5+ 0,00000000480301x ~5 *y - 3,8654G-11 *x "5 *y "2
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