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Abstract

Three large Newtfoundland families segregating with autosomal recessive hearing loss
were studied in this thesis project: Family A, Family B and Family 41. Previous work on
Family A identified a pathogenic mutation in the deatness gene PCDH 15 which
explained deafness in five family members homozygous for the mutation but did not fully
explain the deatness in five other 1mily members heterozygous for the mutation. A
second deatness gene, CDH23 is located very close to the PCDH 15 on chromosome 10.
Single mutations in these two genes are known to causc both Ushers syndrome and non-
syndromic deafness. All 69 exons and all intron/exons boundaries in CDH23 were
sequenced in four Family A members which identificd 45 SNPs. Only eight SNPs were
potentially pathogenic because they were found in the coding region and they were
polymorphic. However, no one variant of the eight SNPs segregated exclusively with
deafness; in addition, all eight SNPs were previously reported as non-pathogenic. 1t was
concluded that CDH23 does not contribute to the deatness in Family A. Previous work on
Family B determined the familial deatness was due to mutations in 7TMPRSS3:
¢.782+3delGAG, a novel mutation, and ¢.207delC, a known mutation. Informative
markers and intrageneic SNPs with the TMPRSS3 gene were used to construct and
characterize the two TMPRSS3 mutation haplotypes. A single copy of the novel
TMPRSS3 mutation (c.782+3del GAG) was found in a deaf boy in Family 41 and his
hearing mother and their TMPRSS3 haplotypes were constructed. It was found that
carriers of the TMPRSS3 ¢.782+3del GAG mutation in Family B and Family 41 shared a
haplotype spanning 10.1Mb. Since the two families are not known to be related, the

TMPRSS3 c.782+3del GAG was designated a founder mutation.
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Chapter 1: Introduction

Overview of Hearing Loss

Hearing loss is a common sensory disorder and is prevalent in many populations.
In the United States and the United Kingdom for example, | out of every 1000 live births
is atfected with hearing loss, and an equal frequency of children become deaf betore the
age of maturity (Bitner-Glindzicz 2002, Morton 2000). Furthermore, the prevalence of
hearing loss increases dramatically with age: 10% of the population is atfected by age 65
and 50% by age 85 (Liu et al. 2007).

The causes of hearing loss are categorized as environmental (25%), genctic

(50%) and unknown etiology (25%) (Willems 2000). However, the true percentage of
hearing loss caused by genetic factors is greater than 50%, as the majority of hearing loss
cases of unknown etiology are expected to be caused by genetic factors. As well, the
environmental cases of hearing loss are suspected to be influenced by genctics factors
(Keats and Berlin 2002; Nance 2003). Of the deatness caused by genetic tactors, 70% of
the cases are non-syndromic, meaning the hearing loss occurs without any other
symptoms, and 30% are syndromic cases, meaning the hearing loss is accompaniced by
maladies such as blindness (Ushers syndrome), prc _  ssive loss of kidney function
(Alport syndrome) or branchial and renal anomalies (Branchio-oto-renal syndrome)
(Keats and Berlin 2002). Among the explained cases of non-syndromic hearing loss, 88%
of the identified genes are autosomal recessive, 11% are autosomal dominant, and 1% are
cither mitochondrial or X-linked genes. The most common genetic-type of deatness 1s
autosomal recessive, non-syndromic deatness. Environmental causes ot deatness include

exposure to sustained high sound pressure levels ( >90decibels, dB, head trauma,



ototoxic medication (ie. aminoglycoside antibiotics), prematurity, neonatal hypoxia, low
birth weight, severe neonatal jaundice, prenatal infection (eg. rubella, CMV) and
postnatal infection (eg. cytomegalovirus, meningitis) (Willems 2000; Bitner-Glindzicz
2002). Figure 1.1 shows the relative percentages of each cause of hearing loss.

Five factors are considered when describing the type of hearing loss. These are:
age of onset, which frequencics are affected (ie. low, middle or high), the degree of
hearing loss (measured in decibels), biological cause (ie. conductive, sensorineural or
mixed) and configuration (ie. unilateral, one ear or bilateral). Table 1.1 outlines the sub-
classifications within these five factors.

Figures 1.2 and 1.3 are examples of audiographs taken from subjects used in this
research study. An audiograph is a graph generated from a standard hearing test. The y-
axis scale measures sound intensity, in units of decibels (dB) which increascs
logarithmically. The normal threshold for hearing is OdB, which is a barely audible
whisper. Persons with hearing loss have a higher than normal hearing threshold, meaning
the sound intensity must be greater than OdB for them to hear. Persons with a mild degree
of hearing loss can only hear at a sound intensity above 20dB, and persons with profound
hearing loss cannot detect sound at all above >100dB (sound of a je | rat ound
level) (Table 1 =, The x-axis of the audiograph measures the frequency, or pitch, ot a
sound, in units of Hertz (Hz, number of cycles per second). Low pitch sounds have low
frequencies (<500Hz), medium/middle pitch sounds have medium frequencies (500-
2000Hz), and high pitch sounds have high frequencies (¢ ~100Hz). Hearing loss is

characterized by intensity (mild, mode ¢, severe, etc.) and by which frequency is
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affected (low, middle or high). The two lines on the audiographs represent either ear and
arc distinguished by colour or line shape.

The individual who’s audiogram is pictured in Figure 1.2 has been diagnosed with
high frequency (>2000Hz), mild hearing loss (21-40dB) in both cars (bilateral). This type
of hearing loss 1s common in older persons who lose their hearing as a result of
presbycusis. Age-related hearing loss, or presbycusis, is caused by a degeneration of the
ear’s sensory cells, and is characterized by a mild to moderate hearing loss at higher
frequencies (Friedman 2003).

The individual who's audiogram is pictured in Figure 1.3 has been diagnosed with
profound hearing loss (>100dB), occurring across all frequencies and aftecting both ears
(bilateral). This type of hearing loss is a typical profile of hearing loss with a genctic

cause because all frequencies are affected and the hearing loss occurs in both ears.

Genetic Contribution to Hearing Loss

Deatness is genetically heterogeneous, as most of the known genes cause the
same type of deatness. As of May 2007, 121 non-syndromic deafness loci have been
mapped and ¢ :nes have been identified (Hereditary Hearing Loss He - ge, 2006).
Since the number of mapped deatness loci is more than twice the number of identified
genes, there are at least another 50 non-syn  omic deatness genes not yet described.

Twenty-three of the identified non-syndromic genes cause autosomal dominant
deafness and twenty-one cause autosomal recessive deafness. One gene has been
identified as causing X-linked deafness, and two genes have found to cause

mitochondnal inherited deafness. Interestingly, four genes (GJB2, GJB6, MYO74 and



TMCI) have been found to cause both autosomal dominant and autosomal recessive
deafness — the specific mutation determines the resulting mode of inheritance. Table 1.2
lists all the non-syndromic deatness genes identified to date (May 2007), as found on the
Hereditary Hearing Loss Homepage.

Most of the non-syndromic recessive deatness genes were mapped using large
consanguincous families from geographically or cthnically isolated populations such as
Tunisia, India and Lebanon (Bonne-Tamir et al. 1997). Since Newtoundland has a
number of large consanguineous families which segregate with hearing loss. and the
population is a genetically isolated population, Newfoundland has great potential for
novel gene discovery in the field of hearing loss.

As ot May 2007, thirty syndromic genes for nine ditferent syndromes have been
identified to date (Hereditary Hearing Loss Homepage). A total ot 13 loci and 9 genes
have been mapped for Ushers syndrome - an autosomal recessive disorder characterized
by hearing loss, visual loss and vestibular dysfunction (Ouyang et al. 2005). Ushers
syndrome (or Ushers) is divided into three subtypes, classitied by severity: a person with
Ushers Type [ (USH1), the most severe subtype, has congenital deatness, retinitis
pigmentosa (RP) and early onset vestibular dysfunction: Ushers Type II (USH2) has
moderate/severe hearing loss, no vestibular dysfunction, and early onset retinitis
pigmentosa, and Ushers Type Il (USH3), the least severe, has normal hearing and vision
at birth, progressive development of both retinitis pigmentosa and hearing loss, and
variable vestibular dysfunction (Online Mendelian Inheritance of Man, 2007). Ushers
syndrome accounts for more than 50% of individuals who are both deat and blind

(Ouyang et al. 2005).



A number of deatness genes cause both non-syndromic and syndromic hearing
loss. Ushers syndrome Type 1D (USHID) is caused by a homozygous mutation in
CDH23 and Ushers syndrome Type 1F (USHIF) is caused by homozygous mutation in
PCDH 15 (Online Mendelian Inheritance of Man, 2006). Allelic mutations in both
PCDH15 and CDH23 causc non-syndromic autosomal recessive hearing loss as well
(DFNBI12 and DNFB23, respectively). It is predicted that missense mutations cause
milder phenotypes (such as presbycusis and non-syndromic hearing loss) and null alleles
cause more severe phenotypes (such as the Ushers syndromes) (McHugh et al. 2006).
Evidence for this theory of genotype-phenotype correlation has been reported for the
Wolframin gene (WFST). Wolfram syndrome is a recessively inherited syndrome,
characterized by deatness, diabetes-mellitus and optic atrophy. Interestingly, single
mutations in WFSI have been tound which cause isolated autosomal dominant deafness.
Mutations in WFSI which are protein-inactivating cause Wolfram syndrome and
mutations clustered in the C-terminus of the protein and do not alter the protein function
cause isolated deafness (McHugh et al. 2006). Evidence for this genotype-phenotype

association has also been confirmed in CDH23 (Astuto et al. 2002).



Backgr~-1d on Newfoundland opulation

History of the Newfoundland Demographic

The island of Newfoundland, part of the Canadian province Newtoundland and
Labrador, is the most easterly landmass in North America, and is separated from Europe
only by the Atlantic Ocean. Historically, Newfoundland was discovered in 1497 by the
European explorer Giovanni Gabotto (John Cabot) (although the Vikings from Norway
and Native Indians were living here before this date). A report of Cabot’s voyage to
Newtoundland, written by Raimondo di Soncio of London to thec Duke of Milan states:

*...The sea is full of fish which are taken not only with the net, but also with a
basket, in which a stone is put so that the basket may plunge into water...And the
Englishmen, his [(Cabot’s)] partners, say that they can bring so many fish that the
kingdom will have no more business with Islanda [Iceland], and from this country there
will be a very great trade in the fish they call stock fish...” (Prowse, 2002, p.11)

Reports such as this circulated throughout Europe during the 16" century.
attracting many Europeans to Newfoundland. Conscquently. people from England,
Scotland, Ireland, France and Portugal traveled to Newfoundland to harvest from the
richest fishing grounds in the world. However, when the fishing season was over, the
Europeans returned back home since permanent residency in Newtoundland was
prohibited. And if this did not drive the fishermen away, the harsh Newfoundland winter
and lack of basic supplies would have made a year-lor  stay a very unwelcoming option.
Eventually however, the European fishermen adapted to Newfoundland's climate, and
they began to over-winter, remaining on the island for years at a time (Hancock 1989;
Bennett 2002; Poole and Cuft 1994).

By the ° r1800s, the European fishermen began to color ~ : Newfoundland

bringing their families to the island, with no intension of returnii  to Europe. The




tamilies of these European fishermen are the founders of the Newfoundland population.
The majority of these founders emigrated tfrom either Southwest England or Southeast
Ireland. Once in Newtoundland, these pcople were brought to small, unpopulated inlcts
along Newfoundland’s coast in groups of one or two families. These settlements were
very isolated because travel to other parts of the island was difticult and dangerous. This
isolation led to intermarriages (interbreeding) amongst the settler families, which carried
on for many generations. Although these inlet communities are no longer geographically
isolated, the years of inbreeding have left a significant impact on Newfoundland’s gene
pool. This impact is reflected in the h 1 rate of certain autosomal recessive diseases,
which include hereditary deatness, Newfoundland rod-cone dystrophy, and Bardet Biedel
Syndrome (Newhook ct al. 2004; Bennett 2002; Eicher et al. 2001; lves et al. 1991; Poole

and Cuff 1994; Hancock 1989).

High Occurrence of Consanguinity in the Population

It is well documented that children of parents who are related have a higher
percentage of homogenous alleles than children of unrelated parents. Theoretical
calculations predict a level of 6.25% homozygosity in the genome of children from first
cousin marriages (Arab et al. 2004), but empirical calculations suggest a higher level of
homozygosity. For example, in a population with a long history of interbreeding, a level
of 11% homozygosity was found in the genomes of children whose parents are first
cousins (Woods ct al. 2006).

Increasing the level of homogeneity increases the probability of inheriting two

homozygous mutations resulting in a recessive disease. The effect of inbreeding on



frequency of recessive diseases has been shown in diseases such as the
hemoglobinopathies and in deafness (Arab et al. 2004). It is likely that inbreeding is also
responsible for the high incidence rate of certain recessive diseases in the Newtoundland
population including Bardet-Biedl Syndrome, Type | diabetes mellitus and child-onset
severe deafness (Moore et al. 2005; Newhook et al. 2004 Ives et al. 1991). The table
below compares the frequencies of these recessive discases found in Newfoundland
compared with reference populations. Although it is saddening that the numerous
generations of inbreeding in the New foundland population has led to high incidence rates
of particular recessive diseases, these large, consanguineous families hold great potential
for novel gene discovery.

Prevalence of Three Recessive Diseases in Newfoundland Compared with Prevalence
in Other Populations

Disease Frequency in Reference Comparabie Reference
Newfoundland Population
B Population - B
paraet-biedl 5.6/100,000 Moore et al. | U.03-0.&/ 1VU,UUU vioore et al.
Syndrome 2005 (European) 2005
Type | 35.93/100,000 Newhook et 24.5/100,000 Newhook et al.
Diabetes (Avalon Peninsula) al. 2004 (PED 2004
10.1/100,000
(Montreal)
Child-onset 1.2-9.5/1000 Ives et al. 1/1000 Morton,
Severe (Southwest coast) 1991 (US population) Annals New
Deafness York
Academy of
Sciences




Newfoundland is a Founder Population

A founder population is a subpopulation originating from a larger group, which
has been isolated due to factors such as geography, culture or religion. Founder
populations are subject to the “founder eftect”, whereby alleles from the original
population are subject to random genetic drift and are either overrepresented,
underrepresented or absent in the founder population. As a result of this random genetic
drift, founder populations may have an elevated incidence of particular genetic disorders
yet rare cases of other genetic disorders. A high prevalence of a disease-causing mutation
provides evidence that a population has experienced the predicted outcome of the founder
effect. Since Newfoundland is a subpopulation of the larger European population,
isolated from Europe by geography and has undergone expansion in relative isolation, it
is considered a founder population.

A founder mutation is a pathogenic mutation in a founder population that is found
in two or more unrelated families that originates from the same ancestor. A number of
founder mutations have been identified in the Newfoundland population. These include
mutations in MSH?2, a gene causing hereditary non-polyposis colorectal cancer; an exon 8
deletion has been found in 5 difterent tamilies (N=74 carriers) and an intron 5 splice site
mutation (¢.942+3A>T) has been found in ~~ different families (N=151 carriers)
(Stuckless et al. 2007). As well, M390R, a mutation in BBS/ causing Bardet Biedal
Syndrome, has been identified in 6 different families (Moore et al. 2005). This thesis also
reports a founder mutation in the deatness gene TMPRSS3 ¢.782+3delGAG, which was
identified in two Newfoundland families. These arc only a few of the many examples of

founder mutations which have been identitied in the Newfoundland population, providing



evidence that Newtfoundland is a founder population which has been subject to the

founder effect.

Identifying Founder Haplotypes

A founder mutation is contirmed by building a haplotype flanking the
chromosomal area around the mutation. Haplotypes which include a founder mutation arc
called founder haplotypes. Founder, or ancestral, haplotypes are expected to be common
in founder populations. Many founder haplotypes, segregating with founder mutations,
have been identitfied in the Newfoundland population, including a TMPRSS3 haplotype
(deafness), an MSH2 haplotype (hereditary non-polyposis colorectal cancer) and a BBS/

haplotype (Bardet-Biedel Syndrome) (Stuckless et al. 2007; Moore et al. 2005).

Identifyving Disease GGenes

Determining Pattern of Inheritance in a Family

The ftirst step of identifying a genetic cause for a disease is determining the
disease pattern of inheritance. This is done by examining the affection (disease) status
from as many family members as possible to identify a recognizable pattern of
inheritance. In autosomal dominant diseases, affected children have aftected parents, and
all generations in the pedigree are affected. In autosomal recessive diseases unattected
parents have affected children and the disease may skip generations. Both sexes inherit
the mutation equally. In the remaining modes of inheritance, the sexes are atfected
differently. In X-linked recessive inheritance, the majority of attected are males while in
X-linked dominant inheritance, aftected fathers will have aftected daughters but

unaftected sons. An affected mother with an X-linked dominant mutation will have one-
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half sons affected and one-half of daughters affected. Y-linked is only male to male
transmission, and mitochondrial inheritance passed on only through the maternal line
(Griffiths et al. 2002).

In order to accurately identity the disease pattern of inheritance in a family, the
cause of the disease for each affected individual must be carefully described. Although a
number of atfecteds in the same family does indicate a genetic disease, it is possible that
some family members may have the disease due to a non-genetic cause. An aftected
family member who has a non-genetic phenotype is called a phenocopy. It is important to
use affected family members with a suspected genetic cause for a genome wide scan
(technique used to identify disease gene), as a single phenocopy may render the entire

results erroneous.

Identifying Candidate Disease Genes

Once the disease pattern of inheritance has been confidently identified, the next
step is to compile a list of possible candidate genes — genes with disease-causing
potential. These include any known disease genes, especially any which had been
previously identified in the studied population, and any genes which are known to play a
role in the pathology of the disease. Selected candidate genes are sequenced in aftected
individuals to search for a disease-causing mutation.

However, if a candidate gene cannot be identified - meaning that all the identified
candidate genes have been sequenced and no mutation was identified, or the list of
possible candidate genes is too extensive - the next step in disease gene identification is a

genome wide scan (GWS).



Explanation of Genetic Tools and Techniques

Genome Wide Scan and LOD Score

The goal of a genome wide scan is to determine if a disease locus is common
amongst affected family members. The GWS is pertormed using a few hundred evenly
spaced microsatellite markers and requires DNA of family members from every aftected
sibship, every generation (both affected and not) and from both affected and unaftected
family members. A LOD score (Logarithm of the ODds) is generated for each
microsatellite marker. The LOD score is the logarithm of the ratio of two probabilities:
probability | - the marker and discase :ne are linked (6=0), and probability 2 - the
marker and disease gene are not linked (6=0.5). The LOD score 1s generated for various
linkage distances, and the distance with the highest LOD score 1s taken as the most
probable. A LOD score of 3 is generally considered to be significant; a LOD score of >3
means there is a high probability (1000:1) that the marker is linked to a disease genc

(Twilliger and Ott 1999).

Use of Microsatellite Markers to Construct Haplotypes

Common throughout the genome are areas of tandem DNA repeats, called
microsatellite sequences. These microsatellites range from dinucleotide repeats (cg. TA)
to a six-base repeats (GAAGTC). If the repeat number of the microsatellite is
polymorphic, meaning the tandem DNA repeat number is variable in the population, it
can be used as a genetic marker. For example, the dinucleotide microsatellite TA 1s
polymorphic if'it is repeated twice in one person (TATA) and three times in someone else

(TATATA). These microsatellite markers are usetul for comparing DNA from two or



more individuals. Genotypes from these markers are used to construct haplotypes.
Depending on the subjects that are selected for genotyping, the variant may or may not be
polymorphic. If all genotyped subjects have the same variant, the marker is “non-
informative” since it provides no differentiating information between the subjects.
Conversely, if subjects have variants of a genotype, the marker is “informative™.

If a significant LOD score is generated for one of the microsatellite markers, the
chromosomal locus surrounding the marker with the high LOD score is mapped using
additional markers. These markers are used to create a short, well-defined map n the area
with the high LOD score. The genotypes from these markers are used to build haplotypes
- blocks of linked alleles which are passed on intact from parents to oftspring. If all
aftected family members share a haplotype (two haplotypes for autosomal recessive
diseases) there is a good chance the disease gene resides within the boundaries of the
haplotype.

To determine which gene within the haplotype is the disease-causing genc the
process for identifying candidate disease gene is repeated (ie. identitying candidate genes
and sequencing). If sequencing candidate genes does not identify a disease mutation, all
genes in the identified haplotype region may need to be sequenced in order to identify a

disease-causing mutation.












Table 1.1: Classification of Hearing Loss
Onset
Birth Congenital
Pre-lingual Before Speech
Post-lingual After Speech
Degree

Normal hearing
Mild hearing loss

Between 0-90dB
Cannot detect sound below 21-40dB

Moderate Cannot detect sound below 41-60dB
Mod Severe Cannot detect sound below 61-80dB
Severe Cannot detect sound below 81-100dB
Profound Cannot detect sound <100dB
Configuration
One ear Unilateral
Two ears Bilateral
Frequency
Normal 20-20 000 Hz
Low Frequency <500 Hz
Middle Frequency 501-2000 Hz
High Frequency >2000 Hz

Biological Cause

Sensorineural
Conductive
Mixed

Both sensorineural and conductive

17




Table 1.2: Non-Syndromic Deafness Genes Identified to Date

(Hereditary Hearing L.oss Homepage, April 2007)

Autosomal Dominant (AD)

Autosomal Recessive (AR) Gene Name
X-linked (X)
AD CRYM
AD DIAPHI
AD G.JB3
AD KCNQ4
AD MYHI4
AD DFNAS
AD NENY
AD TECTA
AD cocH
AD EYAd4
AD COLLITA2
AD POUHI3
AD MYHY
AD ACTGH
AD MYO6
AD TFECP21L3
AD MYOI A
AR MYOIS
AR SLC2644
AR TMIE
AR TAMPRSS3
AR o10!-
AR CDH23
AR STRC
AR USHIC
AR TECTAA
AR 0OTOA
AR PCDHIS
AR TRIOBP
AR CLDNIH
AR MYO3A
AR WIRN
AR ESPN
AR MYO6
AR TMILS
X POU3I4
AR/AD GJB2
AR/ T GJB6
AR/AD MYO7 4
AR/AD TAMCT




Chapter 2: Family A

Introduction
Family History

Family A is a large Newfoundland family from a small isolated community on the
Southwest coast of Newtoundland. The complete pedigree documents 150 people,
extends back six generations and reports four cases ot consanguinity. The names and
dates in the pedigree suggest the founders of this tamily may have also been the founders
of the community. Twelve Family A members have been diagnosed with autosomal
recessive, non-syndromic hearing loss which ranges in degree from mild to severe-
profound. A summary of the audiology reports for twenty family members can be found

in Table 2.1. A partial pedigree of Family A is shown in Figure 2.1.

Previous Research on Family A

Identification of a Deafness-Associated Haplotype

Previous work on Family A was conducted to determine which gene(s) was responsible
for the tamily’s deatness. A genome-wide scan (GWS) was performed on 32 Family A
members. A marker which has a LOD score 3.0 or greater indicates a high probability the
discase ot interest segregates with the marker. A significant LOD score (Logarithm of the
ODds) of 3.96 was generated for marker D/0S196, tocated on chromosome 10q22
(Figure 2.2) (Young, personal communication). In order to narrow the critical region, two
markers flanking either side of D/0S796 were typed in 16 Family A members (Figure
2.3). The alleles at the proximal marker D /05208 did not segregate with either allele at

D10S196, but an allele at the distal marker D/0S7652 did segregate with an allele at
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D10S196 in 13 of the typed family members. It was determined that a disease haplotype
must be distal to D/0S196. The chromosomal arca in this identitied region was fine-
mapped with additional markers and a common haplotype of 16.5 Mb was identified in
22 tamily members. A list of markers used for fine-mapping is found on Table 2.2.
Figure 2.4 is a partial pedigree of Family A and displays the haplotypes which resulted
from fine-mapping the area of interest on chromosome 10. All persons who carried two
copies of the (yellow) haplotype were deat, including T-10 and T-14 in sib-ship 3. T-16
in sib-ship 4, and T-7 and T-9 in sib-ship 5. Since this haplotype segregated with
deafness, it was classified as a deafness-associated haplotype. The upper boundary of this
haplotype can be clearly defined because the marker D/0S796 is informative. However,
the marker at the lower boundary D/0S 7646 is not as informative, and it is not clear

whether or not the haplotype ends at this marker.

Identification of the Deafness-Causing Gene, PCDH15

Two dcafness genes are located on chromosome 10, in the same region as the
defined deafness-associated haplotype - PCDH 15 (protocadherinl 5) and CDH23
(cadherin23). . ue F o H15 islocated in the middle of the deatness-associated haplotype
(55.3Mb on chromosome 10). Consequently, this :ne, located in the area with the
significant LOD score, segregates with the deatness-associated haplotype. The CDH23
gene is located just outside the deathess-associated haplotype (72.9 Mb on chromosome
10). Although the CDH23 gene is adjacent to the deatness-associated haplotype, it does
not always s¢  egate with deatness. Since the PCDH 15 gene se_ gated with the

deafness-associated haplotype consistently, it was selected for full sequencing.



The Protocadherinl5 gene is composed of 33 exons, spans 1.6 Mb on
chromosome 10g21.1 and codes for 1955 amino acids. The start codon is in the middle of
the second exon at 396bp and the stop codon is in ¢xon 33 at 6,263bp. Two deaf
members in Family A (T-16, T-17) and two individuals with normal hearing (unaftected
Family A member (T-23) and non-Family A member with Newfoﬁndland ancestry) were
sequenced all PCDH 15 exons and intron/exon boundaries. A SNP found in PCDH 5
exon 13, designated ¢.1583T>A, was suspected to be pathogenic because it was
homozygous in the two deat individuals and heterozygous or wild-type in the two hearing
individuals. To determine whether the mutation segregated with deafness consistently, a
number of additional Family A members were sequenced for the ¢. 1583 T>A variant,
which determined that all family members homozygous for the SNP were deat and those
heterozygous were both deat and hearing. The genotypes for each individual sequenced
for the PCDH 15 mutation are given in Table 2.1 and are marked on the pedigree in
Figure 2.4.

All cadherin proteins, including protocadherinl 5 (PCDH15) have a conserved 5-
repeat calcium-dependant binding motit. The function of these binding motives is to
allow PCDHIS5 to interact with other | oteins; a mutation in one of these conserved
domains could disrupt the entire function ot PCDHI15. The PCDH IS5 ¢.1583T>A SNP
causes a missense substitution (Val528Ala) in one of these conserved binding motif and
consequently was suspected to be a potentially pathogenic mutation.

The PCDH15 ¢.1583T>A SNP explained the cause of deatness in tive deaf
Family A members homozygous tor the mr tion. Individuals T-10 and T-14 in sib-ship

3, T-16 in sib-ship 4, and T-7 and T-9 in sib-ship 5 are all homozygous for the PCDH 15



mutation and have two copies of the deafness-associated haplotype. The deatness in these
individuals is considered “solved”. Deat individuals T-19, T-20, T-1 and T-3 in sib-ship 2
and T-30 in sib-ship 1 are all heterozygous for the PCDH 5 mutation and carry a single
copy of the deafness-associated haplotype; sequencing the full length PCDH 15 gene in
selected family members did not identify any other potentially pathogenic SNPs.
Individuals T-1 and T-3 were screened for mutations in connexin 26 (Cx26) and connexin
(Cx30), the two most common deafness genes and for the three known Newtoundland
deatness mutations (¢.2146G>A in WFS/] and ¢.207delC and ¢.782+3delGAG in
TMRPSS3). These individuals did not carry any of the named mutations (Y oung,
personal communication).

The previous research on Family A concluded that the PCDH/5 ¢.1583T>A
mutation could explain the deafness in sib-ships 3. 4 and 5 but could not fully explain the
deafness in sib-ships 1 and 2. It is of interest to note that the phenotype of the deat
individuals in sib-ship 2 ditfers from the other affected family members. It has been
reported by researchers who have visited this family that the deaf siblings in sib-ship 2
can speak, which is indicative of a post-lingual hearing loss. By contrast, the audiology
chart from T-16 in sib-ship 4 reports he has no speaking ability; the chart from T-9 in sib-
ship 5 reports her onset of deatness was at 18 months (pre-lingual). Since the deathess
phenotype in sib-ship 2 differs in its onset, the affecteds in this sib-ship may have a
different type of deafness and a different genetic cause. It is also possible that the
deafness in this sib-ship may not have a genetic cause and these siblings may be
phenocopies. Environmental causes include severe neonatal jaundice, rubella,

cytomegalovirus (CMV) and meningitis (Willems 2000, Bitner- Glindzicz 2002).
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Digeneic Inheritance Between PCDH 15 and a Second Deafness Gene, CDH23
Zheng et al. (2005) reported a human case of Ushers syndrome (deafness,
blindness) which was caused by the interaction of single mutations in PCDH /5 and

CDH23 (¢.5601delACC/+ in PCDHI5 and ¢.193delC/+ in CDH23). Additionally, the

same study reported double heterozygous mice presented with non-syndromic deafness.

Two single mutations in two different genes which interact to produce a disease
phenotype and scgregate in an autosomal pattern of inheritance is called digeneic
inheritance (Reiners et al. 2006).

The PCDHIS ¢.1583T>A mutation segregated with the deatness-associated
haplotype carriers in Family A which could explain deatness for five tamily members
from sib-ships 3, 4 and 5. Five affected family members from sib-ships 1 and 2 were
heterozygous for the PCDH 5 mutation and their deafness could not be explained by
PCDH 5 alone.

The deafness gene CDH23 resides at 4.7 Mb outside the deatness-associated

haplotype and does not s« egate with the chromosomal area with the significant LOD

score (1dentified by the genome-wide scan). However, in light of findings by Zheng et al.

(2005) on the digeneic interaction between mutations in PCDH 15 and CDH23, and since

a single mutation was previously identified in PCDH /5 in deat Family A members, it
was hypothesized that a single mutation in CDH23 could interact with the PCDHI5

mutation which might explain the deafness in the unexplained sib-ships.



Goals for Family A Research
The goal of this research is to determine it CDH23 (a known deatness/Ushers syndrome
gene) contributes to the genetic etiology of the hearing loss in a large inbred

Newtoundland family, Family A.

Objectives
1. Sequence CDH23 in three deat siblings (T-20, T-1, T-3) from sib-ship 2 and one
hearing relative (T-5), all heterozygous for the PCDHI5 ¢.1583T>A mutation.

Determine whether if any of the CDH23 SNPs are pathogenic.

2

Use the informative CDH23 SNPs to construct CHD23 intrageneic haplotypes —
(haplotypes composed of variants from the one gene). Determine whether the deat

siblings in sib-ship 2 share a common CD#23 intragencic haplotype.
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Figure 2.1 — Partial pedigree of Family A showing family members affected with bilateral, non-syndromic, sensorineural hearing loss (black
symbol). Family members with unknown or non-genetic types of hearing loss are not identified in this pedigree. The horizontal line across the top of
the symbol means an audiology report is available for the individual.
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Figure 2.2: Plot of all LOD scores across the genome for Family A (Young, personal
communication). The numbers on the x-axis represent the autosomal chromosomes (ic.
1= chromosome 1). The y-axis gives the LOD scores (axis on a logarithmic scale). The
points represent the maximum LOD score for cach marker. A LOD score >3.0 is
significant, meaning there is a high probability (1:1000) that the diseasc trait is linked to
the marker. In this case, the disease trait is deafness. The maximum LOD score on this
chart is from marker D/0S/96 on chromosome 10, with a LOD score of ~ 4.0, meaning
there is a high probability (1:10,000) that deafness segregates with marker D/0S196.



D10S208 13 34 2?7 7?73 22 | 23 27 gg
D10S196 33 51 2?2 75 53 | 54 57 23
D10S1652 14 22 47?2 72 23 | 24 27
D105208 33 14 13 13 23 22 23 23 22 22 23 22
D105196 35 31 35 35 25 55 34 35" 34 55 52 55
D10S1652 42 12 12 12 42 22 34 32 34 22 23 22

| “ D10S208  31.7 Mb
ﬁ [j Py D10S196  51.8 Mb
: ‘, D10S1652 64.1 Mb

UCSC Freeze, May 2006

D105208 32 33 32 33
D10S196 52 55 52 55
D10S1652 24 22 24 22

Figure 2.3: Markers used to narrow the critical region around marker D10S196
(Young, personal communication) Markers flanking either side of D/0S796 were used
to determine if the haplotype was proximal or distal to this marker.
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Identification of the PCDH IS5 Deafness-Associated Haplotype
To accompany Figure 2.4

The yellow haplotype represents the PCDH 15 deafness-associated haplotype,
defined between markers DI10S196 and D10S1646 and includes the PCDH 15
mutation ¢c.1583T>A. This PCDHI5 ¢.1583T>A mutation is potentially pathogenic.

The PCDH15 ¢.1583T>A mutation can explain the deafness in sib-ships 3, 4 and
5. All deaf individuals in sib-ship 3 (T-10, T-14), sib-ship 4 (T-16) and sib-ship 5 (T-7
and T-9) are homozygous for the PCDH 15 ¢.1583T>A mutation. The deafness in
these sib-ships is considered solved

The PCDH 15 mutation by itself cannot explain the deafness in sib-ships 1 and 2.
The affecteds in sib-ship 1 (T-30) and in sib-ship 2 (T-19, T-20, T-1 and T-3) are
heterozygous for the PCDH 15 mutation and carry a single copy of the PCDH /5
haplotype.

The PCDH15 deafness-associated haplotype for T-20 has a suspected cross-over
at D108S524 or at D10S1652. Since the allele at D/0S571652 is non-informative, the
cross-over may have occurred at either of these markers. The full length deatness-
associated haplotype has been defined in sib-ships 3, 4 and 5, providing evidence that
T-20 has a recombinant PCDFH /5 haplotype.

The PCDH 15 deafness-associated haplotype for T-1 has a suspected cross-over at
D108546. Similar for T-20, the PCDH 5 haplotypes defined in sib-ships 3, 4 and 5
provide evidence that T-20 has a recombinant PCDH 15 haplotype.




Figure 2.5- Genetic Map of Markers used to Construct the Deafness-Associated

Haplotype on chromosome 10. Markers start from centromere. Markers selected from

Genome Browser (University California Santa Cruz, 2006). Map also shows loci of

PCDHI5 and CDH23.
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Table 2.2: Physical Location of Markers used to Create the PCDH15 Deafness-

Associated Haplotype and Locus of PCDH15 and CDH?23. The markers were taken

from Genome Browser (University California Santa Cruz, 2006)

Marker/Gene Location on 10q21-22 Type of Nucteotide Heterogeneity
Dist from centromere (bp) Repeat

D10S196 51 e 074 Dinucleotide 0.79
DI10S1220 57,545,558 Trinucleotide n/a
DI10SI22 54,839,814 Dieneleotide 0.78
PCDHI5 S8 D81 N8R n/a -

D10S8546 22, 704,4u4 Dinucleotiae 0.68
DI10S1652 A4 NTT 801 Dinucleotide 0.78
_CnH23 1.2,80Y9,09) n/~ - ]




Methods

Subject Recruitment

Family A members were recruited through the Newfoundland Provincial Genetics
Program, initiated in 1988 by Dr. E Ives. Research participants were required to give
informed consent, which granted rescarchers permission to access medical records and
family history. A blood sample (for DNA) was taken trom all participants who were able.
This project was approved by the Human Investigations Committee (HIC), Rescarch
Ethics Board of Memorial University, Newtoundland and Labrador (# 01.186).
Audiological tests were performed by a local physician to determine the type of hearing
loss of aftected individuals and to confirm normal hearing in non-attected persons.
Physical exams (also performed by a local physician) were performed to determine
whether affected persons were atfected with other conditions (ie. syndromic hearing

loss). Vision and vestibular functions were performed to test for Ushers syndrome.

CDH23 Sequencing Primers and Conditions

Both the forward and reverse strand of each CDH23 exon (69) was sequenced to ensure
the entire coding region was covered. The intron/exon boundarics were also sequenced as
the primers are intronic. Primer sequences and specific PCR requirements for each exon

can be found in Boltz et al. 2001 and in Appendix C.

DNA Preparation, PCR Thermo-cycling, and Electrophoresis
DNA was extracted from whole blood and diluted to 100ng/ul and was stored at 4°C

(performed by lab statt). Then 1} of diluted (stock) DNA was added to 2.5pL 10X



PCR Bufter, 2.5uL dNTPs (2mM), 0.75uL MgCl, (50mM)_0.2 L Taq polymerase (5
U/uL), 16.05uL of distilled dH»0, 1.0pL of forward primer (10uM) and 1.0uL of reverse
primer (10pM). 5.0uL of dH.0 was replaced with betaine to enhance PCR product yield
when needed. The mix was then centrifuged brietly of which 25uL added to each well on
the PCR plate, sealed and centrifuged brietly and was placed in the ABI thermo-cycler.
Each primer pair had specific thermo-cycler conditions (Boltz et al. 2001 or Appendix
C). The post-PCR products were run on a 1% agarose gel (1g agarose/1L. TBE), stained
with ethidium bromide, and viewed under UV light on the Kodiak Molecular Imaging

system (Carestream Health, Inc. Rochester, NY, Version 4.01, 2005).

Preparation for ABI Cycle Sequencing

After re-suspending the Sephacryl 300, 300uL of the solution was added to cach
well on a silent screen plate. A plastic waste plate was placed underneath the silent screen
plate to catch the tflow through. The two adjacent plates were balanced and centrifuged at
3000rpm for 5 minutes and any flow-through in the plastic waste plate was discarded.
The PCR products were then added to the wells on the silent screen plate and a clean
PCR plate was added beneath * e silent screen plate. The two adjac  plates were
balanced and centrifuged 3000rpm for 5 minutes. The flow-through product collected in
the PCR plate contained the Purified PCR products.

Successtul amplified PCR products, visualized as bands of the appropriate size on
an agarose gel, were prepared for sequencing using the following cocktail: 1pL of
sequencing mix, 2pL 5X sequencir  bufter, 2uL of either forward or reverse primer

(1.6uM), 1uL of DNA template (Purified PCR product) and 14 pL ot dH.»0 (total volume
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of 20uL). The mixture was then centrifuged briefly and the samples were denatured on
the thermo-cycler (25 cycles of 96°C at | minute, 96"C for 10 seconds, 50"C for 5
seconds, 60"C for 4 minutes and held at 4°C when completed). After denaturing, the
samples could either be stored or continued to be prepared for sequencing. Stored
samples were held at -4°C for a maximum of 3-6 months.

1uL of puritied PCR product, Sul. of 125mM EDTA and 65uL of 95% cthanol
(EtOH) was added to each reaction well in a sequencing plate, and was vortexed and
centrifuged. The mixture was precipitated for I hour to overnight, in a dark space at room
temperature. A fter precipitation had occurred, the plate was centrifuged for 30 minutes at
3000g and subsequently was gently inverted to decant the ethanol. A folded paper towel
and a plate carrier (used as a weight) were placed underneath the inverted plate and were
collectively centrifuged very quickly to 200rpm. A volume of 150uL of 70% EtOH was
added to each well and the plate was centrifuged again for 15 minutes at 3000g.
Subsequently, the plate gently inverted to decant the ethanol. A paper towel and a plate
carrier were placed underncath the inverted plate, which was then centrifuged until a
speed of 200rpm was reached. The plate with the samples was left to dry in the dark for
15 minutes. 30uL of DMF (dimethylformaamide) was added to each well. The plate was
then votexed and centrifuged briefly. The final mix was denatured at 95°C for 2 minutes
on a thermo-cycler (30uL. of dH»0 was added to any empty wells in rows that had
samples). Once denatured, samples were kept on ice until they were place in the ABI

3130 Automated Sequencer.



Automated Sequencing Using the ABI 3130

Automated sequencing was performed using the ABI Prism 3130 Genetic
Analyzer (Applied Biosystems, Foster City, CA). The raw sequence data were inspected
manually (for quality) using Sequencing Analysis software. Good (clean) sequences were
loaded into a program called Mutation Surveyor (Version 3.0, Softgenetics, State
College, PA). Mutation Surveyor automatically detects DNA sequence variants in the
sample DNA by comparing it to a reference gene sequence; the CDH?23 reference
sequence was obtained from University California Santa Cruz genomic databank
(University California Santa Cruz, 2006, Accession # AF312023). The informative SNPs
were used to construct CDH23 intragencic haplotypes. The haplotypes were constructed
manually and were not computer generated. Mutation and protein naming of identified

CDH?23 SNPs are taken from Human Genome Variation Soctety Homepage, 2007.



Results

The purpose of this study was to scquence CDH23 in selected Family A members
to determine if a mutation in this gene can explain deafness in sib-ships 2. Four family
members were selected for sequencing, three of whoim are deaf and one who has normal
hearing (Figure 2.4, Persons T-20, T-3, T-1 and T-5, respectively). The three deaf
individuals are from sib-ship 2 and the hearing individual is a first cousin to these
siblings. All four sequenced individuals are heterozygous for the PCDH15 ¢.1583T>A
mutation. It was hypothesized that a single mutation in CDH23 might explain the
deafness in these PCDH 15 heterozygotes since the interactions between two single
mutations in both PCDH15 and CDH?23 has been demonstrated to cause both Ushers
syndrome and non-syndromic deatness (Zheng et al. 2005).

The sequencing of CDH23 in the four Family A members identitfied 45 different
SNPs relative to the reference sequence. Each of the SNPs were categorized so to
distinguish potentially pathogenic SNPs from pol,  orphic SNPs. Firstly the SNPs were
classified as exonic and intronic. All exonic SNPs which occur in the coding region are
potentially pathogenic as they have the ability to change the codon and alter the peptide.
Intronic SNPs are pathogenic only if they occur in a splice site or if they create a cryptic
site which could prevent exons from being translated and result in termination of the
protein. These pathogenic intronic SNPs occur most commonly at the start or the end of
an intron, and were not the case for any of the intronic SNPs identified in this project.
Secondly, the exonic and intronic SNPs were classified as informative and non-
informative. Informative SNPs are polymorphic, meaning alleles are different among the

four sequenced individuals and non-informative SNPs are non-polymorphic meaning the
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alleles do not vary amongst the four individuals. Thirdly, the exonic SNPs were classified
as nonsynonymous and synonymous: a nonsynonymous SNP causes an amino acid
change and a synonymous SNP does not. A summary table of the number of SNPs in
each of these categories can be found in Table 2.3.

To test whether the CDH23 intronic SNPs aftected splicing, the BDGP splice-
prediction program was used (Berkeley Drosophila Genome Project, 2004). The 9
informative intronic SNPs were analyzed to determine if the predicted donor or acceptor
splice site differed between the reference sequence (without the intronic SNP) and a
sequence which included the intronic SNP. No differences in splice sites were found,
confirming that the 9 informative, intronic CDH23 SNPs are not expected to be
pathogenic.

The SNPs were deemed potentially pathogenic 1f they were exonic, informative
and nonsynonymous. Using this criterion, eight of the 45 CDH23 SNPs were potentially
pathogenic. None of the eight potentially pathogenic CDH23 SNPs were hypothesized to
be disease-causing because no SNP was exclusive to the deaf individuals and therctore
no SNP segregated with deatness. This conclusion was confirmed by the literature, which
identified all eight SNPs as non-pathogenic. In a study done by Astuto et al. (2002), 69
probands with Ushers syndrome and 38 probands with recessive non-syndromic deatness
were screened for mutations in the entire coding region of CDF23. The methods of
heteroduplex analysis and single strand conformation polymorphisim were used to screen
for mutations, which identificd numerous exonic and intronic polymorphisms. To
determine which of these polymorphi_ 5 werc | aithogenic, a set of 96 genetically

independent samples of mixed European ancestry were used as a control for both
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methods. [f a mutation was found in >I control sample, it was considered non-
pathogenic. The eight potentially pathogenic CDH23 SNPs identified from this current
research project are listed in the paper by Astuto et al. (2002) as non-pathogenic. The
results from this project and from the research by Astuto et al. (2002) arc in agreement,
providing a level of certainty that none of the identified exonic, informative, non-
synonymous CDFH23 SNPs are deleterious.

Informative SNPs (both exonic and intronic) were used to construct the CDH23
intragenic haplotype. The large size of the CDH23 gene (69 exons) proved usctul for the
haplotype analysis since a large number of SNPs were identified and therefore an
informative haplotype could be constructed. Twenty-one CDH23 SNPs were used to
build this haplotype, which included 12 informative exonic and 9 informative introni¢
SNPs (genotypes are given in Table 2.4). Only informative SNPs are usctul for
constructing haplotypes because their genotypes can be used to differentiate between
disease-associated haplotypes and non-pathogenic ones. Figure 2.5 shows the constructed
CDH?23 intrageneic haplotypes segregating with the PCDH /5 mutation.

Individual T-3 is homozygous for all identified CDH23 SNPs, meaning her
mother and father have an identical CDH23 haplotype. It is po:  Hle that T-3 has a
hemizygous deletion, and she has a single copy of either the paternal or maternal CDH23
haplotype. However, since her parents are first cousins there is a high possibility that they
have passed on the same ancestral haplotype to T-3 (green haplotype, Figure 2.5).

The haplotypes in Figure 2.5 are constructed with the PCDH 15 mutation and the

CDH?23 data. According to the CDH 23 data, the only expected cross-over in sib-ship 2 is



in T-3, between the PCDH 15 gene and the CDH23 SNPc¢.1-88C>A. The previously
ascertained PCDH 15 data tor T-3 are insufticient to confirm or rule-out this cross-over.

The CDH23 haplotypes for T-20 and T-1 are parental (non-recombinant) in both
siblings and no cross-over between the PCDH 15 mutation and the CDH23 haplotype was
observed. These new CDH23 haplotypes do not agree with the previously designed
PCDH 15 haplotypes as a cross-over within the PCDH 15 haplotype (after the PCDH 15
mutation) was suspected in both T-20 and T-1 (Figure 2.4). Unfortunately, the original
PCDH 5 data are not available to check for any potential genotyping errors. However,
the original PCDH 15 haplotypes consisted of only 7 markers (only 6 are informative) and
therefore may not be accurate. Three generations of DNA haplotypes and/or extensive,
informative data from one or two generations 1s needed to accurately define haplotype
boundaries. If only a single generation ot haplotypes with limited data is available, the
haplotype boundaries are based on best assumptions. In the sib-ship with the deaf
heterozygotes (sib-ship 2, Figure 2.4), since no DNA is available from any other
generation, it must be recognized that the recombinant haplotypes are based on best
assumptions.

By contrast, the CDH 23 haplotypes are constructed based on 21 informative
CDH?23 SNPs. Furthermore, the CDH23 data has been checked numerous times for
errors. Since the CDH 23 haplotyping data is more reliable and more complete then the
PCDH 15 haplotypes, the CDF23 haplotypes constructed in Figure 2.5 and are considered
to be the most accurate.

The €. 5_J haplotypes constructed for the three deat Fi 1y A sers in sib-

ship ~ show that each sibling has a difterent combination ot paternal and maternal
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CDH?23 haplotypes, and that the three aftecteds do not share a common CDH23
haplotype. Since a shared CDH23 mutation was not identified, a shared CDH23
haplotype is not expected. The differing CDH23 intrageneic haplotypes in sib-ship 2
support the conclusion that CDH23 does not harbour a deafness causing mutation in

Family A.
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Figure 2.6- CDH23 intrageneic haplotypes for selected Family A members. SNPs were identified by direct,
automated sequencing of CDH23 in these four individuals. The yellow bar (haplotype) is the PCDHI5
¢.1583T>A deafness-associated haplotype. See next page for explanation.
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Strategy used “~ ~reate CDH23 haplotypes
To accompany Figure 2.6

Four members from Family A sib-ship 2 were selected for CDH23
sequencing. All carry one copy of the PCDH 15 ¢.1583T>A mutation. T-20, T-
I and T-3 are deaf and T-5 is hearing.

Sequencing CDH23 in these four Family A members identified 21
informative SNPs. These SNPs were used to construct CDH?23 intragencic
haplotypes for the four individuals.

T-3 is homozygous for all identified CDH23 SNPs and therefore, her parents
share a CDH23 haplotype (green haplotype). It is possible that T-3 has a
hemizygous deletion, meaning only one parental haplotype is present, but since
the parents are known first cousins, sharing is expected.

T-3 has a suspected cross-over between the PCDH15 mutation and the
CDH23 haplotype on one chromosome. The cross-over is suspected at this
location because it results the least number ot recombinant haplotypes within the
sib-ship. Data from PCDH 15 haplotypes for T-3 neither supports nor retutes this
recombination.

T-20 has two parental haplotypes and no recombinations are suspected. This
is not in agreement with the previously defined PCDH 15 haplotypes in Figure
2.4, as T-20 has a cross-over at D10S1652. It is possible that there may be a
mistake in the PCDH15 data (original data not available), or that the PCDH 15
haplotypes could not be accurately constructed as not enough data was available.
Since the CDH?23 data is more complete and more informative, it is therefore
more reliable.

T-1 has two parental haplotypes and no recombinations are suspected. This is
not in agreement with the previously detined PCDH /5 haplotypes in Figure 2.4,
as T-1 has a cross-over at D/0S5524. The same reasoning from T-20 can be
applied to T-1, which concludes that the CDH23 data is more reliable.

The haplotypes for the parents of sib-ship 2 are inferred, based on the
haplotypes of the children. The haplotyping data in sib-ship 2 is not enough to
determine which parent segregates with the PCDH /5 mutation and the CDH23
associated haplotype. However, the PCDH 5 mutation is known to segregate on
the maternal side.

T-5 data does not have enough familial data available to confidently
ascertain phase. However, as T-5 is a first cousin, some sharing can be
expected.
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Table 2.3: CDH23 SNPs ldentified by Automated Sequencing

Total # CDH23 SNPs ldentified 45
Informative, Synonymous, Exonic SNPs 4
Informative, Non-synonymous, Exonic SNPs 8
Non-informative, Exonic SNPs 4
Total # Exonic SNPs Identified 16
Informative, Intronic SNPs 9
Non-informative, Intronic SNPs 20

70

Total # Intronic SNPs Identified
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Discussion

The objective of this study was to sequence the entire coding region and the
exon/intron boundaries of the deafness gene CDH23 to determine if it contributes to the
unexplained cases of hearing loss in Family A. Previous work on this family identified a
pathogenic mutation in the deafness gene PCDH 15 which explained the deafness in all
family members homozygous for the mutation. However in sib-ships | and 2, four deaf
family members were heterozygous for the PCDH 15 mutation; therefore, their deafness
was not explained by the PCDH 15 mutation alone. Since the PCDH 15 mutation
explained the deatness in Family A members who were homozygous for the mutation, it
was expected that the PCDH 5 mutation may be partially responsible for the deatness in
the heterozygotes. In a study published by Zheng et al. (2005), the interaction between
single mutations in PCDH15 and CDH23 were tound to be responsible for Ushers
syndrome (deatness, blindness) in a human child, and for non-syndromic deafness in
mouse models. As CDH?23 1s located close to the previously defined deatness-associated
haplotype which included PCDH 135, it was hypothesized that a single mutation in
CDH?23, interacting with heterozygous PCDH 15 mutation, might explain the deatness in
the unexplained siblings in sib-ship 2. ...erefore, CDH23 was selected for sequencing.
Three deat siblings from sib-ship 2 and a hearing cousin, all heterozygous for the
PCDH 15 mutation, were s¢lected for sequencing.

The study by Zheng et al. (2005), which reported single mutations in CDH23 and
PCDH15 as causative for deafness in mice and Usher’s syndrome in a single human case,
is not unusual for Ushers genes. Digencic inheritance, or double heterozygotes, has been

reported for other pairs ot Ushers syndrome genes, including myosin VIla and harmonin,
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protocadherinl 5 and harmonin, and cadherin23 and harmonin (Reiners et al. 2006). Since
the Ushers proteins are known to interact and are thought to function as a single complex
unit, 1t 1s speculated that a dysfunction or absence in any one protein could disrupt the
entire protein unit leading to the degeneration of the sensory epithelium of the inner ear,

resulting in deafness (Reiners et al. 2005).

Protocadherin and Cadherin

Cadherins are a superfamily of genes with over 80 members, which includes
classical cadherins, flamingo cadherins, protocadherins and seven-pass transmembrane
cadherins (Zheng et al. 2005; Suzuki ct al. 2000). Cadherins are cell adhesion molecules
which form gap junctions between cells, allowing cell development and regulation,
influencing cell behaviour, and controlling cell signaling and oncogenesis (Suzuki et al.
2000). Recently it has been reported that cadherins play a role in the migration of
precerebellar neurons in the caudal hindbrain (Taniguchi et al. 2006). Characteristic to all
cadherin proteins is a highly conserved cadherin-specific calcium binding motif. This
binding motif'is located in the extra-cellular domain and is repeated at Icast five times in
all cadherin proteins. This motif is the site of ccll-cell interaction, allowing the cadherins
proteins to adhere to other intracellular proteins. The cytoplasmic domain (C-terminus) of
cadherin protein is a highly conserved sequence, connected to its extra-cellular domain
by a single trans-membrane segment (Suzuki et al. 2000).

Protocadherins belong in the “non-classical” family of cadherins. They are
structurally unique because their cadherin-specific calcium binding motif is repeated

more than five times and the extra-cellular domains of many protocadherins have no
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introns (Suzuki et al. 2000). Protocadherins are required for the structure and
organization of embryonal, neuronal and epithelial tissues during development and
adulthood (Hampton et al. 2003).

The protocadherinl 5 protein (PCDHI15) is expressed in the inner car, in the
cochlea and in the retinal photoreceptors. In the cochlea, it is expressed on the apical
surface of the hair cells, in the supporting cells, the outer sulcus cells and the spiral
ganglion cells. In the retina, PCDHI5 is expressed in the inner and outer synaptic layers
and in the nerve tiber layers (Ahmed et al. 2003). The human orthologue of PCDH 15
spans 1.6 Mb on chromosome 10 !1.1, has 33 exons, 1955 amino acids, and has a
molecular weight of 216kD. The start codon, located in the middle of exon 2, is at 396bp
and the stop codon, located in exon 33 is at 6,263bp (Online Mendelian Inheritance of
Man, 2006). Mutations in the PCDH 15 gene have been found mostly to cause syndromic
dcatness (USHIF), but at least one case of autosomal recessive non-syndromic deatness
has been reported (Ahmed et al. ~103). The mouse model is the Ames waltzer, which
presents with deatness, circling behaviour and head tossing due vestibular imbalance.
The stereocilia (hair cells) in its inner ear are disorganized and there is degencration of
the inner ear ncuroepithelia .amptonet = ~103).

Cadherin23 (CDH23) is a pro the cadherin tamily. It is expressed in both
sensory hair cells and in Reissner’s membrane of the inner ear (Reiners et al. 2000). The
protein has a short intracellular domain, a single-pass trans-membrane domain which
contains a 27-repeat of the cadherin-specific calcium binding motif (Reiners et al. 2000).
The CDH23 gene has 69 exons, includii  two micro-exons, spans 300kB, and codes for

3354 amino acids (Bolz et al. 2001). Mutations in CDH23 causing non-syndromic and



syndromic deafness have been well documented (deBrouwer et al. 2003, Bolz et al.,

2001).

SNPs Identified by Sequencing CDH23

The deafness gene CDH23 was sequenced in four Family A members to
determine if'a mutation in this gene contributed to deafness in the deaf individuals which
could not be explained by the PCDH 15 mutation. A total of 45 distinct CDH23 SNPs as
compared a CDH?23 reference sequence were identified in the four individuals. The SNPs
were categorized to differentiate polymorphic from potentially pathogenic SNPs. This
was done by first sorting the SNPs into exonic and intronic SNPs. Intronic SNPs are
pathogenic only if they occur in a splice site or if they create a cryptic site. A variant in
the splice site could prevent exons from being translated, which could result in
termination of the protein. These pathogenic intronic SNPs occur most commonly at the
start or the end of an intron, and were not the case for any of the intronic SNPs identified
in this project

The intronic and exonic CDH23 SNPs were classified as informative and non-
informative, and the informative exonic o... s were classif  |as synonymous 1d non-
synonymous. Eight of the CDH23 Sl.. s are exonic, informative and non-synonymous,
and were considered potentially pathc :nic. However, none of these SNPs co-segregated
with deatness. These eight potentially pathogenic CDH23 SNPs are listed in the paper by
Astuto et al. (2002) as non-pathogenic, confirming that no mutation in CDH23 is

suspected to be pathogenic.
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Twenty-onc informative SNPs (12 exonic and 9 intronic) were used to construct
the CDH23 intrageneic haplotype. No CDH23 intrageneic haplotype was shared by all
three Family A members with hearing loss; all three had a different combination of
paternal and maternal CDH23 haplotypes. This finding is in agreement with the

conclusion that no CDH23 SNP is suspected to be pathogenic.

Possible Explanations for Genetic Cause of Deafness in Family A

Given the evidence supporting CDH?23 as a potential candidate gene, it is
somewhat surprising that we did not identify a pathogenic mutation in CDH23. A
number of possibilities exist which could explain the deafness in this sib-ship. Firstly as
the deatness phenotype in sib-ship 2 differs in onset from other deat Family A members,
the deatness in this sib-ship may have a different genetic cause. A possibility is that the
PCDH 15 mutation may not be contributing to the deafness in these tamily members, and
is only present by coincidence. The deaf persons in sib-ship 2 could be homozygous tor a
mutation in a yet-to-be-identified gene. A genome-wide scan on this sib-ship would yield
important data relative to this possibility; howcver using this sib-ship alone tor a GWS
may not be powerful enough to identify the causative ne.

A second possibility is that a gene residir ~ within the deafness-associated
haplotype, not yet classitied as a deafness gene could be contributing to the deafness.
However, a revision of all the genes within the deafness-associated haplotype region did
not reveal any genes, functional or othcrwise, which scemed to have deafness-causing

potential. Itisofno that althov “ithe nomc has been mapped, not all genes have been
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annotated (identified). Therefore, the disease-causing gene may reside within the
deafness-associated haplotype, but cannot be identitied because it has not been annotated.
A third possibility is the deatness in sib-ship 2 may have an environmental cause,
such as the measles or mumps and the PCDH 15 mutation may not be contributing to the
dcafiess. A review of the dates of outbreaks ot hearing-related discase such as measles in
Newfoundland would help address this possibility. It is the author’s opinion that the
deafness in this sib-ship may have an environmental causc, as the majority of the siblings
are affected. The mutation in PCDH 75 may be coincidental, and these siblings may be

phenocopics.
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Conclusion

This study was conducted to determine if CDH23 contributed to deafness in
Family A. Sequencing the entire coding region ot CDF 23 and all exon/intron boundarics
in three deaf family members and a hearing tamily member did not identify any CDH23
mutations. Initially, eight of the identified CDH23 SNPs were suspected to be pathogenic
because they were located in the coding region (exon) and were polymorphic. However
they have since been classified as non-pathogenic because the SNPs did not segregate
exclusively with deafness and all eight SNPs were documented by Astuto ct al. (2002) as
non-pathogenic.

Initially, CDH23 seemed to be a promising candidate gene because of its
proximity to the previously ident ed deafness-associated haplotype and due to its known
interaction with PCDH 5. However, the results from this study show that CDH23 does

not contribute to the deafness in Family A.
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Chapter 3: Family B and Family 41

Introduction
Family History on Family B

Family B is a large deaf family. originating from a small community on the
Southwest coast of Newfoundland. The complete pedigree documents 229 family
members, spans seven generations and reports 14 cases of inbreeding. Twenty family
members have been diagnosed with autosomal recessive, non-syndromic hearing loss.
Figure 3.1 is a partial pedigree of Family B.

An extensive genealogy dating back to the family’s founders has been collected
by a present-day family member of Family B. The founder male was born in the carly
1800s and was from England, and the founder female, also born in the carly 1800s,
originated from a small community on the Southwest coast of Newfoundland. They were
wed in 1822 and had five children. The genealogy extends trom its founders to its
members in the present-day generation. It is a very complete pedigree, documenting most
of the family names as well as extended tamily members who married into the family
over the past 200 years. In all, more than 500 tamily members have been identified. The
family history (names, birth dates, etc.) ascertained through this (independent) genealogy

agrees with the data collected through the Newtoundland Medical Genetics Program,

providing a level of verification of both data sets. The Newfoundland Medical Genetics
Program has been collecting demographic information, birth measurements (weight,
gestation), and birth defect diagnostic information from all live births occurring in the

province since 1976. This information can be accessed for the purpose of research.
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A study performed by Bear ct al. (1987) compared the genetic relatedness of
persons from Newfoundland communities at various distances. The findings reported that
people from the same community and tfrom communitics in close proximity had a higher
degree of genetic relatedness compared with people from communities which were more
distant. Genetic relatedness was measured by using the average kinship coctticient (the
probability that an allele selected at random will be identical in two individuals because it
was inherited from a common ancestor). Most of the 500 family members in Family B
are from one of three outports situated very close to each other along Newfoundland’s
Southwest coast. Theretore, it can be suspected that these family members, even those

who married into the family, will have a hig  degree of relatedness.

Previous Research on Family B Identified TMPRSS3 as Deafness-Causing Gene
Family history and DNA collection on Family B were performed by Dr. E. Ives
(Newfoundland Medical Genetics Program). The information and the DNA samples were
given to the Edward Wilcox laboratory in Rockville, MD, in an cftfort to identity the
causal disease gene. A genome-wide scan was performed, which identified linkage to
markers at the DFNB8/B10 locus in onc branch of the ped:_ ¢ (Ahmed ct al. 2004). The
deafness genc Tempress3 (TMPRSS3) resides at the locus of DENB8/B10. The haplotype
analysis of the linked markers at the DFNB&/B10 locus demonstrated homozygosity.
Consequently, a deatness-associated haplotype was constructed. Family B members who
carried at least onc copy of the deathess-associated haplotype were sequenced in full for
TMPRSS3. Two pathc :nic alleles were identified by this sequencing. Once of these

pathogenic alleles, ¢.207delC in exon 4, is a known mutation, and has been described in
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the Spanish, Greek and Pakistani populations (Ahmed et al. 2004). This mutation
produces a frameshift in the reading frame of the translated DNA sequence, and is
predicted to producc a protein which is missing threc of the four conscrved domains
(Wattenhofer et al. 2002). The second identitied TMPRSS mutation is a novel mutation,
designated ¢.782+3delGAG, and occurs at the splice site between intron 8 and exon 9.
This splice-site mutation is predicted to splice out upstrcam exons and may produce a
prematurely terminated TMPRSS3 protein (Ahmed et al. 2004).

All Family B members who carried two copies of the TMPRSS3 ¢.207dclC
mutation were deaf (persons 260, 246 and 249 in Figure 3.1). Two deat siblings (291 and
285 in Figure 3.1) were heterozygous for the ¢.207delC mutation and also heterozygous
for the novel ¢.782+3del GAG mutation. No hearing person was heterozygous for both
mutations and no family member homozygous for the ¢.782+3delGAG mutation was
identified. The two heterozygous mutations in 7MPRSS3 were identitied as the cause of
deafness in the deaf siblings. The genetic term for two single mutations in the same gene
acting togcther to produce a disease phenotype is called compound heterozygosity; the
two deaf siblings with the two TMPRSS3 mutations are called compound heterozygotes.
Recently, another case ot compound heterozygosity in TMPRSS3 has been identified as
the cause of pre-lingual deatness in four German children (Elbracht et al. 2007). These
tfindings on Family B were published by Ahmed et al. (2004). Although two TMPRSS3
mutations were identified as causal for deatness, Ahmed et al. (2004) reported only a
single mutation TMPRSS3 haplotype and suggested this haplotype mutated twice.

However, it is more likely that two TMPRSS3 haplotypes exist, cach mutation

segregating with its own haplotype. The error in the Ahmed et al. (2004) seems to be how



the TMPRSS3 haplotype was constructed. A careful analysis by this author found that the
data from the Ahmed et al. 2004 contained too few markers and the markers which had
used were non-polymorphic genotypes (non-informative). Consequently, the resulting
TMPRSS3 haplotype was not characterized enough. In this project, additional markers
and polymorphic TMPRSS3 SNPs will be used to more fully map the TMPRSS3
haplotype in selected family members to determine if two mutated 7MPRSS3 haplotypes

exist in Family B.

Family History of Family 41

A mutation screen on the 48 ascertained deat probands from the Newfoundland
population was recently pertormed (Gamberg, personal communication). The probands
were screened all known Newtoundland deafness mutations (one in WES/, 2 in
TMPRSS3.and one in PCDH15) and the two common connexin mutations (G.J/B2 and
GJB6). The proband in Family 41 was identified as a heterozygous carrier of the
TMPRSS3 ¢.782+3delGAG mutation, previously identified in Family B. Subsequently,
the entire TMPRSS3 gene (13 ¢xons) was sequenced in the proband, his father and his
mother (who was also heterozygous for the mutation but was hearing). No other
TMPRSS3 mutations were found (Gamberg, personal communication). Since the novel
TMPRSS3 ¢.782+3delGAG mutation is present in two unrelated families in a founder
population, it was hypothesized that this mutation may be a Newfoundland founder

mutation.
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Goal for Family B

To determine it the two TMPRSS3 mutations, ¢.207delC and ¢.782+3delGAG, segregates

on separate mutation haplotypes.

Goal for Family B and Family 41

To determine if the ¢.782+3delGAG TMPRSS3 mutation, identified in both Family B and

Family 41, occurs on the same haplotype.

Objectives

1.

Find informative (polymorphic) markers and 7TMPRSS SNPs within the
boundaries of the previously defined 7MPRSS3 deafness-associated haplotype [as
defined by Ahmed et al. (2004)]

Genotype the Family B compound heterozygotes and their immediate tamily
members and construct the TMPRSS3 haplotypes flanking each TMPRSS3
mutation. Determine if the two TMPRSS3 mutations occur on separate haplotypes.
Genotype the chromosom  area flanking TMPRSS3 in the proband and mother in
Family 41 using the informative markers and TMPRSS3 SNPs and construct the
haplotypes.

Compare the TMPRSS3 ¢.782+3delGAG mutation haplotype in carriers in Family
B and Family 41. If the h  lotypes are identical, it is evidence this mutation is a

founder mutation and the haplotype is a founder haplotype.
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Figure 3.1 — Partial pedigree of Family B showing carrier status for TMPRSS3 exon
4 mutation (E4) and the TMPRSS3 intron 8 mutation (I8). The atfecteds (black
symbol) are diagnosed with severe-profound, non-syndromic, autosomal recessive
hearing loss. Two sibs (291, 285) arc compound heterozygotes for the TMPRSS3 cxon 4
mutation and the TMPRSS3 intron 8 mutation. The + symbol indicates the person is wild-
type for the mutation.
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Figure 3.2 — Partial pedigree of Family 41 showing the identified carriers

18/+
Z
s O O
RB04-100
18/+

of the TMPRSS3 intron 8 mutation (I8). The proband (RB04-100)

and his unaftfected mother (DB04-99) are heterozygous for the mutation (I8/+) and the proband’s father (LB04-90) is wild tvpe (+/+). DNA for other

family members is not available. RB04-1  has a hearing loss in the right ear

only (denote by right side of symb: shade
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Subject Recruitment

Family members for Family B were recruited through the Newfoundland Provincial
Genetics Program, which was initiated in 1988 by Dr. E Ives. Family 41 was recruited
through a province-wide program aimed at recruiting all Newfoundlanders with
hereditary sensorineural hearing loss. Most Newfoundland health care professionals who
provide specific services to the deaf and the hearing impaired are involved with this
program. Research participants were required to give informed consent and donate a
sample of blood. A signed consent form granted permission to access medical records
and tamily history. Audiological tests were performed by a local physician to determine
the type of hearing loss ot aftected individuals and to confirm normal hearing in non-
affected persons. Physical exams (also performed by a local physician) were performed
to determine whether affected persons were affected with other conditions (ic. syndromic
hearing loss). Vision and vestibular tunctions were performed to test for Ushers
syndrome. This project was approved by the Human Investigations Committee (HIC),

Research Ethics Board of Memorial Untversity, Newtfoundland and Labrador (# 01.186).

DNA Preparation, PCR Thermo-cycling, and Electrophoresis

See Chapter 2, Methods, page 34

Protocol for Genotyping
A volume of 0.5uL of diluted PCR sample (1:10), 9uLL of DMF and 0.4pL of

Sequencing Size Standard was added to each reaction well in an optical plate. The




samples were denatured using a thermocycler, and were transferred immediately to the
ABI 3130 for genotyping. Thermocycling conditions required for denaturing are found
under Methods section in Chapter 2. The PCR products from the fluorescently labeled
primers were detected by an ABI 3130 Genetic Analyzer (Applied Biosystems, Foster
City, CA) and genotyped using GeneMapper Software (ABI Prism, Version 3.5). The

TMPRSS3 haplotypes in Figure 3.3 and 3.4 were created manually and not by use of a

computer program.

Markers and SNPs used to Construct the New TMPRSS3 Haplotypes

The markers used to construct the TMPRSS3 haplotypes were sclected from Genome
Browser (University California Santa Cruz, 2006). The marker heterozygosity was
selected at >0.7 to maximize pol: 10rphism. Marker heterozygosity is the chance a
randomly selected person will be heterozygous for that marker. Table 3.2 is a list of
microsatellite markers used to characterize the TMPRSS3 exon 4 and intron 8 mutation
haplotypes. The markers were selected based on location as well as heterozygosity;
selected to be spaced ~ I Mb apart, starting from 10Mb proximal ot the TMPRSS3 gene
and finishing at the end of the chromosome.

Table 3.3 is a list of the TMPRSS3 SNPs used to characterize the two TMPRSS3
mutation haplotypes. The TMPRSS3 SNPs were identitied through a difterent project
which sequenced the entire TMPRSS3 gene in all the Newfoundland deaf probands to
identify any potentially pathogenic mutations (Gamberg, personal communication). The

TMPRSS3 SNPs sclected to construct the TMPRSS3 haplotype were highly polymorphic.
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Family Members Selected for Genotyping

Five individuals from Family B were selected for TMPRSS3 haplotyping, including the
two deaf compound heterozygotes (291 and 285), their parents (288 and 290), and their
unaffected sister (286) (Figure 3.1). Three individuals from Family 41 were haplotyped
for TMPRSS3 including the heterozygous proband (RB04-100), his unaftected mother
(DB04-99, who was also heterozygous for the mutation) and his unattected father (LB04-
90) (Figure 3.2). Table 3.1 is a summary of the audiology reports and TMPRSS3 mutation

status from selected Family B members and the three Family 41 members.
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Results

Figure 3.3 shows the results from haplotyping the area flanking the TMPRSS3
exon 4 mutation in selected Family B members. The TMPRSS3 exon 4 mutation
haplotype originates from the tather (290) and is inherited by the two compound
heterozygotes (291 and 285) and the unaffected daughter (286). Their mother does not
carry the exon 4 mutation and consequently does not share the TMPRSS3 exon 4
mutation haplotype. It can be reasonably assumed the other TMPRSS3 exon 4 mutation
carriers in Family B share the same mutation haplotype.

Figure 3.3 also shows the results from haplotyping the TMPRSS3 intron 8 in
Family B. The data from the additional markers and TMPRSS3 SNPs provides evidence
that two mutated TMPRSS3 haplotypes are present in Family B. As mentioned, the
TMPRSS3 exon 4 haplotype has been inherited from the father — an immediate family
member in Family B. The two compound heterozygotes (291, 285) have inherited the
TMPRSS3 intron 8 mutation and  itated haplotype from the mother (288), who has
married into Family B. No other Family B members have been identitied as carrying the
TMPRSS3 intron 8 mutation (Figure 3.1). The TMPRSS3 intron 8 mutation does not seem
to originate from Family B; rather it is only present in one branch of the pedigree,
brought into the family through marriage.

Figure 3.4 shows the TMPRSS3 intron 8 haplotypes in Family 41. The deat
proband (RB04-100) has inherite the TMPRSS3 intron 8 mutation (and 7TMPRSS3 intron
8 mutation haplotype) from his unaftected mother (DB04-99). His tather (LB04-90) 1s

not a carrier.
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The TMPRSS3 intron 8 haplotype identitied in Family B is identical to the
TMPRSS3 intron 8 haplotype in Family 41 (ie. the carriers share a span of alleles which
flank the 7TMPRSS3 intron 8 mutation). Table 3.4 outlines which alleles are shared among
the carriers and the total span of DNA which is shared. Since family members in Family
B and Family 41 share a common haplotype and a common disease mutation, the
haplotype can be considered a founder haplotype and the mutation is a founder mutation.

[t is quite possible these families have a recent common ancestor.
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Figure 3.3 - TMPRSS3 exon 4 and TMPRSS3 intron 8 mutation haplotypes in two compound
heterozygotes (291, 285), their unaffected sib (286) and two unaffected parents (290, 288) from
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Family B. The light blue bar is the TMPRSS3 exon 4 haplotype, inherited from the paternal side (Family
B) and carried by all three sibs. The dark blue bar is the TMPRSS3 intron 8§ haplotype, inherited tfrom the
maternal side (not direct member of Family B) and only present in the compound heterozygotes. Person

291 has a suspected cross-over on the TMPRSS3 intron 8 haplotype at D2/S/411. Person 285 has two

recombinant haplotypes: the crossing-over occurs at D2/S51255 on the TMPRSSS3 exon 4 haplotype and

at D2157920 on the TMPRSS3 intron 8 haplotype. All markers and SNPs are taken from Markers are

taken from Genome Browser (University California Santa Cruz, 2006).

67



CH— —
LB04-90 DB04-99
D21S1413 173 173 |181| 169
D2151920 222 228 |22¢' 218
D2151252 238 240 |24C 246
D21512556 113 109 |10¢ 119
D21S1893 110 112 | 11z 110
D21S266 168 156 | 15€ 156
TMPRSS3 c.157G>A G G c G
TMPRSS3 ¢.207delC + + + +
TMPRSS3 c. 447-13 A>G G G A G
TMPRSS3 c.453 G>A G G A G
TMPRSS3 ¢.782+3delGAG + + E€ +
TMPRSS3 ¢.1365+2G>A A G G G
D21S1411 305 285 | 28¢ 293
D21S1259 216 214 | 214 218
D2151897 199 201 | 201 199
D21S1446 210 226 |21C 214
Rbu«- 100
D21S1413 173 [ 181
D21S1920 222 = 228
D21S1252 238 240
p21S1255 113 109
D2151893 gg :;g
D21S266 5 4
TMPRSS3 ¢.167G>A | |
TMPRSS3c. 207delC 5 4
TMPRSS3 c.447-13A>G &
Th.. .3SS3 ¢.453 G>A + =
TMPRSS3 ¢.1365+2G>A A 3
D21S1411 305 >85
D21S1259 21e 214
D21S1897 199 201
D2181446 210 210

Figure 3.4 — TMPRSS3 intron 8 haplotypes for affected proband (RB04-100) and unaffected
mother (DB04-99) in Family 41. The father (LB04-90) is not a carrier of the TMPRSS3 intron 8
mutation. The TMPRSS3 intron 8 haplotype is highlighted in blue to show the common alleles with the
carriers of the 7MPRSS3 intron 8 haplotype in Family B. Markers are taken from Genome Browser
(University California Santa Cruz, 2006).

68













Table 3.2: Microsatellite Markers used to Build the TMPRSS3 Haplotypes

Genome Browser (University California Santa Cruz, 2000)

Marker Location On 21¢q22.3 Microsatellite Heterogeneity Product

Size

Mapped from the Repeat Type >=0.7) (bp)

Centromere (bp)

D2151413 32769 678 Tetrenucleotide 0.875 160-200
D21571920 36418979 Dinucleotide 0.740 220-234
D21S1252 36 748 729 Dinucleotide 0.804 231-251
D21871255 38 716 581 Dinucleotide 0.803 100-140
D2151893 40278 209 Dinucleotide 0.760 100-130
D21S5266 41 606 427 Dinucleotide 0.604 140-180
D21SI1411 43033 713 Tetranucleotide 0.933 220-250
D21S1259 44 148 293 Dinucleotide 0.670 200-240
D21S1897 45369 052 Dinucleotide 0.740 188-214
D2181446 46 RA2 N1 Tetrenucleatide n/a 200-240




Table 3.3: TMPRSS3 SNPs used to Create the TMPRSS3 Exon 4 and Intron 8 Haplotypes

| TMPRSSR Seanencing SNP< Fxon/Intron Reference Pathogenic
IMPEID3 1)/G>A rxon 3 Scott, 2001 no
TMPRSS3 207delC Exon4d Wattenhofter, 2002 yes
TMPRSS3 447-134>G Intron 5 Wattenhoter, 2002 no
TMPRSS3 453G>A Exon6 Scott, 2001 no
TMPRSS3 782+ 3delGAG Intron § Ahmed, 2004 yes
TMPRSS3 1365+2G>A Exonl3 Seott, 2001 no
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Discussion

Family B is a large, consanguincous family from the Southwest Coast of
Newfoundland. Twenty family members have been diagnosed with non-syndromic,
autosomal hearing loss. In 2004, work performed by the Wilcox lab determined the cause
of deatness in Family B was due to two mutations in TMPRSS3: ¢.207delC in ¢xon 4, a
known mutation, and ¢.782+3delGAG in intron 8, a novel mutation (Ahmed ct al. 2004).
Most of the deaf tfamily members were homozygous for the ¢.207delC mutation, but two
deat siblings (291 and 285, Figure 3.1) were heterozygous for the ¢.207delC mutation
and the ¢.782+3delGAG mutation. The cause of their deafness was explained by the
interaction of these two single mutations in TMPRSS3, called compound heterozygosity.

The paper published on this work (/ med et al. 2004) reported the two TMPRSS3
mutations had occurred on the one haplotype and that the “founder haplotype™ had
mutated twice. This is an unlikely scenario however, as the DNA mutation rate (in the
human species) is generally low (Strachan and Read 1999). It was hypothesized only one
mutation haplotype was found was because not enough informative markers were used.
One of the goals of this current project was to more create a more complete TMPRSS'3
haplotype using more informative markers and TMPRSS3 SNPs to determine if a second
mutated haplotype exists in Family B.

The results from haplotyping the two TAMPRSS3 mutations with the additional
markers and TMPRSS3 SNPs in selected Family B members provided evidence that two
distinct TMPRSS3 mutation haplotypes exists, and that each mutation segregates with its
own haplotype (Fig  3.3). Itis =, :cted that Ahmed ct al. (2004) did not use cnough

informative markers/SNPs so that the second haplotype was missed.

74



During the process of a mutation screen of all the deat Newtoundland probands,
the proband from Family 41 and his unattected mother were found to carry a single copy
of the TMPRSS3 ¢.782+3delGAG intron 8 mutation, the same mutation identified in the
compound heterozygotes in Family B. Both parents in Family 41 originated from the
Burin Peninsula (NL). It was suspected that this mutation may be a founder mutation,
and that the ¢.782+3delGAG TMPRSS3 mutation was passed on to both families from a
recent common ancestor. The second goal in this study was to determine if the TMPRSS3
¢.782+3delGAG is a founder mutation. This was determined by comparing the TMPRSS3
intron 8 mutation haplotypes (c.782+delGAG mutation) in carriers in Family 41 and
Family B to determine if the haplotype is identical.

The TMPRSS3 intron 8 mutations haplotypes in mutation carriers in Family B
and Family 41 are identical. As shown in Figure 3.5, two Family B members (291, 285)
and two Family 41 members (RB04-100, DB04-99) share a span ot 10.1 Mb ot DNA,
which includes 8 informative markers, 5 informative TMPRSS3 SNPs, and the TMPRSS3
intron 8 mutation. This is sufficient evidence to conclude that the haplotype is a tounder
haplotype, the intron 8 mutation is a founder mutation, and that the two families are
related through a recent, common ancestor.

It is possible that this common ancestor may be one of Newfoundland’s first
settlers. If this is true it would be expected that there would be a high carrier rate of the
¢.782+3delGAG founder mutation in the Newfoundland population.

To date, it is not known how Family B and Family 41 are related. Family B is
from the Southwest coast, and Family 41 is from the Burin Peninsula. It is important to

recognize that the origin of the TMPRSS3 intron § mutation in Family B is the mother
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(288) who has married into the family (the only other Family B members who have the
mutation are her children, 291 and 285). Theretore, in order to identify a common
ancestor of the mutation carriers in Family B and Family 41, it is important that the

family of the carrier mother (288) in Family B be researched. To date, the only family

history available on the carrier mother is that she originates from the same community as

Family B.
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Future Directions for Research on Family B and Family 41

Further work is needed to fully solve the genetic deatness in Family 41. To date,
the only mutation identified in the family is the TMPRSS3 intron 8; as the deathess
scgregates in an autosomal recessive pattern, the deaf proband must harbour a second
mutation. He has already been screened for all Newfoundland deafness mutations and
scquenced the remaining 7MPRSS3 exons but a second mutation has not been tound
(Gamberg, personal communication). The only DNA available for Family 41 is on the
proband and his parents. The pedigree for Family 41 shows that both parents have deaf
relatives. If the DNA from these relatives could be collected, linkage analysis could be
performed which might identify the second gene which explains the deafiess in the
probands and identify a novel deatness gene. However, it must be noted that his hearing
loss occurs in only one ear, which is an atypical phenotype compared with others in his
family and it is possible that he is a phenocopy. [f this is the case, the results from linkage
analysis would be skewed.

Although not discussed in this thesis, Family B has a number of deaf tamily
members who could not be fully explained. The majority unexplained are atfecteds who
ar¢ heterozygous for the TMPRSS3 exon 4 mutation; as well, number are wild-type for
both TMPRSS3 mutations. A follow-up for Family B could be to re-examine the results
from the previously genome-wide scan to determine if there is a second significant LOD

score which could point to the locus of a second mutation.
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Conclusion

Previously, Family B was studied to determine the genetic cause of deatness. Two
mutations in the deafness gene TMPRSS3 were identitied as causal but only one mutation
haplotype was defined. The current project used additional informative markers and
polymorphic TMPRSS3 SNPs to generate more informative TMPRSS3 haplotypes. With
the additional data, it was found that two distinct 7TMPRSS3 mutation haplotypes exist in
Family B which segregate independently with the two mutations. These TMPRSS3
mutation haplotypes can be used in the future to compare with other identitied 7AMPRSS3
mutation carriers in the Newfoundland population.

Subsequently, a deat individual from Family 41 and his unaftected mother were
identified as heterozygotes for the TMPRSS3 intron 8 mutation, the same mutation as
identified in Family B. The TMPRSS3 intron 8 mutation was haplotyped in the carriers in
Family 41 using the same markers and 7MPRSS3 SNPs as used in Family B. It was tfound
that two mutation carriers of the TMRPSS3 mutation in Family B and two mutation
carriers in Family 41 share a common 7MPRSS3 intron 8 mutation haplotype which
spans 10.1 Mb and includes 8 markers, 5 SNPs and the intron 8 mutation. This suggests
that the TMPRSS3 intron 8 mutation is a founder mutation and its’ haplotype is a founder
haplotype. Furthermore, it is quite possible that Family B and Family 41 are related
through a common ancestor. Further work is needed to determine how the two families

are related.
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Appendices

Appendix A: How to Genotype using Radioactive Samples. How to Read a
Genotyping Gel

DNA was extracted from whole blood using common procedure. Using the
forward and reverse primers and a cocktail ot appropriate butfers and enzymes, the DNA
region of interest was isolated and amplified on an automated thermocycler (sec Methods
section, Chapter 1). A radioactive nucleotide (dGTP) was added to the dNTP mix in
place of an inert dGTP, as a means of radioactive labeling. The amplified, radioactive
PCR product was run on a 6% acyrilamide gel (slab gel). The time needed to run the
samples on the gel depended on the base pair fragment length of the PCR products
(smaller base pair fragment, shorter length of time).

A sheet of white corrugated paper was placed on the finished gel to transfer the
radioactive products, and then peeled away from the gel. The corrugated paper was then
placed in a cassette containing a film n¢ itive for a few days, exposing the radioactive
samples to the film. The PCR products could then be visualized using a light box with the
film negative.

The PCR products on the film ne  “ive appear as staggered bands running down
vertically, which are differentially shaded. The various shading corresponds to different
alleles. The darkest bands are the true allcles, while the lighter bands are “‘shadow
bands™ — bands which migrate with the true alleles. Each marker amplifies a particular
pattern of alleles, consistit ot dark bands (true alleles) and shadow bands. A
homozygote will have one clear pattern of 1 Is. A heterozygote will have two ¢ | es of

the band pattern which may be spaced apart from each other, making the two copics very
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obvious, or they may overlap, so that the patterns are hard to distinguish. Related persons
will share the same pattern of bands; for example a child will have a band pattern
inherited from his mother and another inherited from his father.

The highest dark band (also the highest molecular weight) is numbered 1, and the

bands further down are numbered sequentially. This process is termed genotyping.
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Appendix B: Deafness genes identified in the Newfoundland population (Gamberg,
personal communication)

Mutation Amino acid # NL Lit
Name change Families Reference
GJB2/CNX26 35delG Truncation 7 Denoyelle,
1997
GJB6/CNX30 AD13S1830 Truncation 3 del Castillo,
2002
TMPRSS3 207delC Truncation 1 Ahmed, 2004
DFNB&/10
TMPRSS3 782+3delGAG Splice site 2 Ahmed, 2004
DFNB&/10
PCDHI15/DFNB 1978T>A V528D 1 Ahmed, 2003
WFES1/DFNA 2146G>A AT16T 1 Young, 2001
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