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Abstract
‘The purpose of this study was to determine the genetic cause of hearing loss in 28
Newfoundland families with Autosomal Dominant hearing loss. AD hearing loss is

highly genetically heterogeneous, and is mainly associated with a late onset, progressive

phenotype. After a ive , genotype-phenotype evaluations, and
a functional candidate gene approach, all 28 probands were sequenced to identify
‘mutations in four genes known to cause autosomal dominant hearing loss, COCH,
KCNQ4, TECTA, and MYOIA. First, a known Dutch founder mutation within exon 4 of
COCH, 151 C>CT, was found in a Newfoundland proband of Family 2094. All affected
family members (n=7) shared this mutation, while unaffected members did not. This is
only the second family found to harbor this mutation outside of Europe. This mutation is
strongly associated with severe vestibular decline. Affected Family 2094 members
carrying the mutation do present vestibular decline in the form of vertigo and balance
difficulties. As this mutation is considered to be a Dutch founder mutation, DNA samples
from a Dutch p.PSIP/S family were genotyped and compared with Family 2094
genotypes. Fragment analysis confirmed haplotype sharing of five markers closely
bordering the ¢.151 C>CT mutation between Newfoundland and Dutch mutation carriers.
Second, a novel 3bp deletion in exon 5 of KCNQ4 was found in 13 affected members of
Family 2071. While the mutation was not seen in four other affected family members,

audiology test result st that these four individuals ies. Sequencing of

the full KCNQ4 gene was done in all individuals, to rule out another mutation on the

same gene. Further investigation, through the construction of an intragenic haplotype, did



| i Gl

not point to any further hearing loss associated variants within KCNQ4, and confirmed
that all deletion carriers share a common hearing loss haplotype and deletion. Third, a
nonsense mutation was found in exon 4 of MYOIA in the proband of Newfoundland
Family 2102. This is a C>T nucleotide substitution (c.2435 C>CT) that causes a change
(p.R93X) in the motor domain of myosin 1A. Of four individuals in Family 2102, three
were found to carry the p.R93X mutation, while one unaffected sibling was not. This
mutation has been reported once before in a small Italian family. No mutations were
discovered in the TECTA gene. When each of the causative mutations in COCH, KCNQY,
and MYOIA was detected, additional Newfoundland hearing loss probands were
sereened, to rule out the possibility of a founder mutation. In no case were additional
mutation carriers identified. While no founder mutations were discovered in this study,

the genetic cause of hearing loss was identified in three families.
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Chapter 1: Introduction

Purpose

“The aim of this research project i to determine the genetic etiology of autosomal

dominant (AD) hearing loss in 28 Newfoundland families.

Overview

Hearing loss is the most common sensory disorder in humans. For example, one
in every 500 newborns has hearing loss (Morton & Nance, 2006). The prevalence of
hearing loss increases dramatically with age, and by puberty, the number of affected
persons doubles (Morton & Nance, 2006). Hearing loss is even more prevalent in adults,
as 60 % of people older than 70 years have a hearing loss of 25 dB or more (Gratton &
Vazquez, 2003).

Hearing loss is a multi-factorial disorder caused by both genetic and

environmental factors. Genetic factors account for 50 % of all hearing loss cases, while

fa 25 %. Th ining 25 % lassified as being of

k iology (Willems, 2001). Envi causes of hearing loss include
exposure to high sound decibel levels, head trauma, prematurity, neonatal hypoxia, low
birth weight, prenatal infections from “TORCH” organisms (i.c., toxoplasmosis, rubella,
CMV, and herpes), and postnatal infections like bacterial meningitis (Willems, 2001;

Bitner-Glindzicz, 2002).



Approximately 30 % of genetic cases are syndromic: the phenotype includes other
signs and symptoms throughout the body in addition to deafhess. Over 400 genetic
syndromes include some degree of hearing loss (Gorlin et al. 1995; Nie et al. 2008). Two
examples are Usher syndrome (USH): hearing loss accompanied by retinitis pigmentosa,
and Pendred syndrome: a hearing loss disorder accompanied by goiter, which is a
swelling in the thyroid gland. However, the vast majority, around 70%, of inherited
hearing disorders are non-syndromic (Cremers et al. 1991; Van Camp et al. 1997).
Worldwide, within non-syndromic cases, 88 % of the hearing loss genes identified cause
autosomal recessive (AR) hearing loss, 11 % AD, and the remaining 1% either
mitochondrial or X-linked (Smith & Van Camp, 2007).

The five factors used to describe hearing loss are age of onset, sound frequencies
affected (low, middle or high), degree of hearing loss (measured in dBs), affected part of
the auditory system (conductive, sensorineural or mixed), and configuration (unilateral,
or bilateral).

Hearing loss has a high degree of genetic heterogeneity. A large number of
mutations within many different genes cause similar hearing loss phenotypes. As of May
2010, the Hereditary Hearing Loss Homepage listed 141 non-syndromic deafhess loci
that have been mapped and 50 genes that have been identified. Twenty-two of the 50
known genes harbor mutations that cause AD hearing loss (Table 1.1), 33 cause AR
hearing loss, and 2 cause X-linked hearing loss (Van Camp G, Smith RIH

). Loci for dromic hearing loss are denoted

“DFNA’ for AD inheritance, ‘DFNB’ for AR inheritance and ‘DFN’ for X-linked



inheritance (Griffith & Friedman, 2002). Some genes cause both AD and AR hearing
loss. For example, Grifa et al. (1999) found a C>T change in gap junction protein, beta 6
(GJBS) that resulted in the substitution of a highly conserved threonine residue for a
methionine at amino acid position 5 (p.TSM), resulting in nonsyndromic AD hearing
loss. While this GJ/B26 mutation causes AD hearing loss, Del Castillo et al. (2002)
identified a 342 kb deletion in GJBS by studying 422 unrelated subjects from Spain and

Cuba with an AR pattern of inheritance.

Pedigrees

‘When studying hearing loss, or any hereditary disorder, family members are
visualized on a pedigree chart, which in this study shows all known hearing loss
phenotypes presented at the time of clinical and audiological testing. This allows easier
identification of the inheritance pattern and of the relationships among haplotypes. A
haplotype is a combination of alleles that are transmitied together. When a causative
mutation is found, alleles of linked markers are assessed in order to develop a haplotype,
or pedigree that llustrates shared genetic variants between family members. These
haplotypes are then compared between members of the same family or between members
of different families that share the same mutation. A common haplotype with the same
‘mutation suggests a common ancestor for that mutation. Furthermore, a haplotype can
point to associations between different variants that may be combining to affect the

phenotype.



Audiograms

Audiograms are graphs of the minimal level of sound that a given person can hear
at various frequencies (Figure 1.1; Figure 1.2). They are produced using an audiometer, a
machine that tests hearing by exposing patients to a range of sounds at different pitches
and decibel (dB) levels. During hearing tests, separate audiograms are obtained for each
ear. Each line on the audiogram represents one ear. The y-axis measures sound intensity
in units of dB, which increases logarithmically. The x-axis of the audiogram measures the
frequency, o pitch, of a sound in Hz (Hertz). Low pitch sounds have low frequencies (<
500 Hz), medium pitch sounds have medium frequencies (500 - 2000 Hz), and high pitch
sounds have high frequencies (> 2000 Hz). Hearing loss is characterized by intensity,
which can be mild, moderate, severe or profound, and by which frequency is affected,
such as low, middle or high.

An individual with normal hearing can detect sounds between 0 dB and 20 dB.
‘The minimum level of hearing, 0 dB, is equivalent to a barely audible whisper. Those
affected with hearing loss, however, have a higher than normal minimum hearing level.
This means that any given sound intensity must be greater than 0 dB for them to hear it.
People with a mild degree of hearing loss can only hear sound at intensities between 20 —
40 dB for the frequencies of 500 — 4000 Hz. Individuals with moderate hearing loss can
only hear sound from 40-70 dB, and those with severe hearing loss can only hear sound
between 70-95 dB in intensity. Lastly, those with profound hearing loss cannot detect
sound at all unless it is 95 dB or greater (such as the sound produced by an .MP3 player

at maximum volume; Mazzoli et al. 2003).



Figure 1.1 shows a series of simple audiograms: audiogram A shows an
individual with normal hearing, B an individual with moderate bilateral (affecting both
ears) hearing loss, and C an individual with severe bilateral hearing loss. However,
audiograms are often not so simple to read. Figure 1.2 shows two additional audiograms:
audiogram A shows an individual with moderate to mild hearing loss in the left ear and
normal hearing in the right ear (unilateral), and B shows an individual with bilateral
hearing loss sloping to moderate and profound at the higher frequencies. This
audioprofile s typical of presbyacusis, or age-related hearing loss. 40 % of the population
older than 65 years of age is affected, and 80 % of hearing loss cases occur in elderly
people (Gates & Mills, 2005). It is now generally accepted that presbyacusis is most often
caused by age-related declines in the auditory system, such as loss or deterioration of
sensory cells within the cochlea. Moreover, impaired temporal processing is associated
with age-related factors that affect neural synchrony of hearing (Schuknecht et a. 1993;
Friedman 2003; Wu et al. 2003; Fitzgibbons et al. 2010). Temporal processing refers to
the processing of acoustic stimuli over time. Temporal processing allows us to
distinguish specch from background noise, as the decibel levels of the background noise
varies over time.

Another common and important characteristic of presbyacusis, and of any
sensorineural hearing loss, s the level of speech discrimination a patient demonstrates.
Hearing a sound does not always translate into properly distinguishing speech. Tests are
also performed to determine a patient’s speech discrimination. The measure of speech

discrimination is often a percentage, and describes the ability of a patient to correctly



identify words when the sound is loud enough for them to comfortably hear. When a
patient has low speech discrimination, a hearing aid will successfully amplify sound in
the patient’s ear, but will not necessarily improve speech perception. The amplified sound
remains gibberish to the patient because he/she is unable to identify the words.
(McAlister, 1990; Kodera et al. 1994). A cochlear implant, a surgically implanted
electronic device that provides sound to profoundly deaf or severely hard of hearing
individuals, has been found in many cases to markedly improve speech discrimination

(Leung et al. 2005; Cambron, 2006; Yueh & Shekelle, 2007).

Autosomal Dominant Hearing Loss

Autosomal dominant non-syndromic hearing loss (ADNSHL) accounts for
approximately 15 % of inherited hearing loss (Hildebrand et al. 2008). To date, 59 loci
for ADNSHL have been identified, along with 22 causally related genes (Table 1.1; Van
Camp G, Smith RIH. Hereditary Hearing Loss Homepage.
hitp:/hereditaryhearingloss.org). The majority of AR hearing loss cases are caused by
mutations in just a few genes, most notably gap junction protein beta 2 (GJ/B2) and GJB6.
“This contrasts sharply with AD hearing loss, which is significantly more genetically
heterogeneous (Griffith & Friedman, 2002), making cost-effective screening for
diagnosis in a clinical setting highly problematic. Mutations within the genes wolfram
syndrome 1 (WFSI), cochlin (COCH), potassium voltage-gated channel 4 (KCNQ4), and

tectorin alpha (TECTA) are marginally more frequently reported in comparison to the



other reported causative genes. The audioprofile sometimes provides clues to the
underlying causative gene. For example, WFS/ harbors mutations found in 75 % of
families segregating for AD, non-syndromic hearing loss that initially affect only the low

frequencies (Young et al. 2001; Bespolova et al. 2001).

ADNSHL is often characterized by a post-lingual, late-onset, progressive
phenotype that affects mainly adults. Post-lingual hearing loss is much more frequent
than pre-lingual hearing loss, and affects 10 % of the population by the age of 60 (Van

Camp et al. 1997). This most often results from damage to auditory hair cells (AHCs) or

their innervation (Gates & Mills, 2005). For example, one late-onset progressive hearing
loss associated gene is eyes absent homolog 4 (EYA4), a member of the vertebrate Eya
family of transeriptional activators. Mutations in this gene were found in Belgian and
USA families, and create premature stop codons leading to post-lingual, progressive, AD
hearing loss. £YA4 was subsequently shown to be eritical in the continued function of the

‘mature organ of Corti, an organ in the cochlea that contains the AHCs (Wayne et al.

2001).

When ing A 1

Of the 28 families researched in this study that are classified as having an AD
pattern of inheritance, one or more may have been incorrectly classified due to a lack of

sufficient data. Many individuals in these pedigrees (Figure 2.1) are ascertained through



relatives’ word of mouth. For this reason, it is important to discuss the role that different
factors may be playing in confusing the ascertainment of individuals and thus the search
for causative hearing loss mutations.

Digenic inheritance is when a phenotype is expressed only if an interaction
between two mutant alleles in two separate genes occurs (Strachan & Read, 2003).
Digenic inheritance does not cause AD hearing loss, but digenic inheritance may play a
role i the hearing loss of one of the families under investigation in this study. For
example, Chen et al. (1997) reported a small consanguineous family with three affected
and three unaffected members. Two regions shared by the three affected individuals were
identified, one on 3q21.3-q25.2 (LOD = 2.78) and 19p13.3-p13.1 (LOD = 2.78). LOD
(Logarithm (base 10) of odds) is a statistical test used to determine the likelihood of
obtaining test data if two loci are linked compared to the likelihood of observing the data
by chance. Chen et al. (1997) speculated that two non-allelic recessive mutations
accounted for the profound congenital deafhess in this family. In a Chinese family, Liu et
al. (2009) demonstrated through DNA sequencing that mutations in GJ/B2 and GJB3
interact to cause hearing loss in digenic heterozygotes. To support this, they discovered
overlapping expression patterns of GJB2 and GJB3 in the cochlea, along with co-
assembly of the G./B2 and GJB3 proteins when co-transfected in human embryonic
kidney (HEK) cells (Liu et al. 2009). And a third example was seen recently when
mutations within ATP sensitive inward rectifier potassium channel 10 (KCNJ10) and
solute carrier family 26, member 4 (SLC2644) were found to cause digenic non-

syndromic hearing loss associated with enlarged vestibular aqueduct syndrome (EVA)



(Yang et al. 2009). Mutations in SLC2644 were previously shown to cause Pendred
syndrome (PS), a genetic disorder leading to hearing loss and goiter with occasional
hypothyroidism. Many individuals with an EVA/PS phenotype had only one disease-
causing variant in SLC2644. Yang et al. (2009) identified double heterozygosity in
affected individuals from two separate families. These patients carry single mutations in
both KCNJ10 and SLC2644, and the mutation in SLC2644 has been previously
associated with the EVA/PS phenotype. The KCNJ/0 mutation reduces potassium
conductance activity, which is critical for generating and maintaining proper ion
homeostasis in the ear. To add further support o their digenic interaction hypothess,
Yang et al. (2009) demonstrated haploinsufficiency of Slc26a4 in Slc26a4+/- mouse
mutants resulted in reduced protein expression of K10 in the inner ear.

One important term to keep in mind when researching AD hearing loss is
penetrance. Penetrance refers to the proportion of individuals with a mutation who
exhibit clinical symptoms. For example, if a mutation in a gene responsible for a type of
AD hearing loss is 95 % penetrant, then 95 % of individuals with the mutation will
exhibit symptoms, while 5 % will not during their lifetime. Penetrance is often expressed
as a frequency at different ages because, for many hereditary diseases, onset of symptoms
i age-related (Strachan & Read, 2003). This is particularly important because AD
hearing loss is often late-onset and progressive. For this reason, a family’s inheritance
pattern could appear to be sporadic, when in fact the disorder segregates autosomal
dominantly, and the individuals under study simply haven't yet presented the hearing loss

phenotype, as the age of onset varies widely and can range well into 50 years of age. A



related but distinct potential problem s expressivity. Expressivity refers to variations of a
phenotype for a particular genotype. When a condition has highly variable signs and
symptoms, it can be difficult to diagnose.

Mitochondrial inheritance could also be confusing the ascertainment of the
families investigated in this study. Mitochondrial inheritance is the inheritance of a trait
encoded in the mitochondrial genome, and is always of maternal origin. It is therefore
often also called maternal inheritance. When a woman harbors a mitochondrial mutation,
and her egg cells are forming an ovary, these egg cells contain a random distribution of
both normal and mutated copies of the mitochondrial gene (St. John et al. 2010).
Therefore, all children of this mother may inherit some mutated mitochondria, but if the
number of mutated mitochondria reaches a critical level, termed the “threshold effect”,
then an adverse phenotype is seen (St. John et al. 2010; Van Camp G, Smith RIH.
Hereditary Hearing Loss Homepage). These mitochondrial hearing loss mutations can be
late-onset, or f the carrier is administered certain antibiotics, the phenotype will be
“drawn out”. This is the case with mutations in MT-RNR1, which are known to cause
non-syndromic deafness (Casano et al. 1999; Bates 2003). Mitochondrial mutations are
beyond the scope of this study, but have previously been shown to cause late-onset
hearing loss that is comparable to the phenotypes of Families 2093, 2112, and 2125
investigated here (Casano et al. 1999). While there are no incidences of male to male
transmission in these families, additional clinical ascertainment could potentially reveal a
mitochondrial inheritance pattern. This study primarily targets only genes and mutations

known to be associated with AD hearing loss, but the possibility of maternally inherited



‘mutations causing hearing loss in the above mentioned families should not be ruled out,
and should be investigated in future studies.

As a result of random genetic drift in the founder population of Newfoundland,
there is an elevated incidence of particular rare disorders, such as Bardet-Bied! syndrome
(Webb et al. 2009). This makes the founder population of Newfoundland ideal for the
study of genetic disorders and increases the chance of detecting novel causative genes
and mutations. However, due to the nature of Newfoundland as a genetic isolate, some
potential pitfalls arise. One potential pitfall is the uncertainty in inheritance
ascertainment, For example, assortative mating could confuse the ascertainment of
families and therefore the search for hearing loss mutations. Assortative mating oceurs
when sexually reproducing organisms choose to mate with individuals that are similar
(positive assortative mating) or dissimilar (negative assortative mating) to themselves in
some specific way. One family under investigation in this study (Family 2069) is a
potential example of positive assortative mating (see p.42, bottom pedigree, 5
generation). This is critically important. Positive assortative mating could result in both
parents carrying a mutation that causes hearing loss. This may, however, simply be a
result of studying a genetic disorder in a highly isolated population, and it s possible that
this mating took place not because both individuals were affected by hearing loss, but
instead due simply to the low level of mating choice in small out-port community. Either
‘way, our current inheritance classification of Newfoundland Family 2069 could possibly
be incorrectly stated as AD, and our candidate gene selection would then be based on

unfounded and false assumptions. It is important to keep this possibility under



unfounded and false assumptions. It is important to keep this possibility under
consideration, and to investigate and screen for commonly occurring recessive mutations

in the proband of Family 2069 as well inant mutations. P
also be taken into account. This is the situation where the inheritance of an AR trait
mimics an AD pattern, and due to the limited extent of clinical ascertainment in these
families histories, it is possible that one of these AD families is in fact affected by an AR
mutation segregating in a pseudo-dominant fashion.

Another critical factor to judge when researching genetic hearing loss i the
possible presence of phenocopies. A phenocopy is an affected individual who has the
same disease, but due to a different cause, as relatives affected with the genetic condition
under study. Hearing loss is a very common type of sensory loss in humans. Many types
of environmental and genetic factors account for hearing loss so individuals within
families affected with hearing loss can be afflicted due to a plethora of different reasons
(Griffith & Friedman 2002). For example, a study of heterozygous WFS! mutations in
two low frequency sensorineural hearing loss families showed that these two families”
hearing loss were linked to adjacent but non-overlapping loci on 4p16, DENAG and
DFNAL4 (Van Camp et al. 1999). Upon further study, it was found that an individual in
the DFNAG family who had a recombination event excluding the DFNA14 candidate
region was actually a phenocopy. The cause of hearing loss in this phenocopy was
reported as unknown, but as a consequence they were able to determine that DFNAG and

DFNAL4 are allelic (Bespalova et al. 2001).



Throughout this study genes are investigated through targeted gene sequencing.
However, it must be mentioned that it is possible larger genomic abnormalities may
account for hearing loss in some of the Newfoundland families under investigation
(Lisenka et al. 2003; Shaffer et al. 2006). Large genomic rearrangements, deletions,
inversions, etc. can cause and affect the degree and severity of diseases, and these large-
scale anomalies are not detected through traditional DNA sequencing methods (Lisenka

etal. 2003; Idbaih et al. 2010).

The Pioncering of Hearing Loss Gene Discovery

The first genes to be implicated in hearing loss were found in the syndromic
disorders. Syndromic forms of hearing loss are classified by their associated symptoms.
For example, Waardenburg syndrome (WS) is the most common cause of AD syndromic
hearing loss. WS is characterized by varying degrees of hearing loss associated with
pigmentation anomalies and neural crest defects. It was first described in 1951, but it took
several decades to identify the causative genes. Asher and Friedman (1990) studied mice
and hamsters with four mutations causing phenotypes similar to those seen in human WS
patients. They used the chromosomal locations and syntenic relationships associated with
three of these four mutant mouse genes to predict human chromosomal locations for the
causative WS gene. Synteny is the situation whereby organisms of relatively recent
divergence show similar blocks of genes in the same relative positions in the genome.

Asher and Friedman (1990) predicted four possible locations for the causative gene, and



one turned out to be correct. In 1992, mutations causing WS were discovered in the
paired box gene (PAX3) gene (on chromosome 2q) (Tassabehji et al. 1992). A second
common cause of AR syndromic hearing loss is Usher syndrome (Toriello et al. 2004).
Usher syndrome was first described in 1858 when Van Graefe reported the case of a deaf
and “dumb” male patient presenting with retinal pigment degeneration, who had two
similarly affected brothers (Van Graefe, 1858). This was the first syndrome to
demonstrate that phenotypes, in this case deafhess and blindness, could be inherited in
tandem. Usher syndrome is characterized by profound congenital hearing impairment,
retintis pigmentosa, and vestibular dysfunction. It has three clinical types, denoted as I,
11, and 111, in decreasing order of severity (Saihan et al. 2009). In 1995 one of several
causative genes for Usher Syndrome Type 1 was discovered. Weil etal. (1995) chose
myosin 7A (MYOVIIA) as a functional candidate gene, based on observations that
eytoskeletal abnormalities seen in Usher syndrome patients are also seen in mouse
mutants with myosin mutations. Two different premature stop codons, a six bp deletion,
and two different missense mutations were detected in five unrelated families. In one
family, these mutations were identified in both alleles, and resulted in the absence of
functional protein and subsequent Usher syndrome (Weil et al. 1995). Currently, 10
different types of Usher syndrome have been recognized, with more than 100 pathogenic
mutations alone for the two most common molecular forms, Usher 1B (USH1B) and
Usher 2a (USH2A; Ahmed et al. 2003; Saihan et al. 2009).

The first ADNSHL family investigated was from the small town of Taras, Costa

Rica. The hearing loss was described as low frequency AD with a post-lingual age of



onset at 10 years of age (Leon et al. 1981). Leon et al. (1992) performed linkage analysis
to determine that the causative gene was linked to markers defining a 7 cM critical region
on chromosome 5q31. Genetic markers are DNA sequences with a known location on a
chromosome, and are useful in linkage analysis because they are casily identifiable,
associated with a specific locus, and highly polymorphic. LOD scores for linkage of
deafness to markers in the 7 M region showed a score of 13.55 at markers D5S2119 and
D552010 (Leon et al. 1992). This was not only the first AD critical region described, but
the first autosomal non-syndromic hearing loss gene to be mapped altogether. It was not
until 1997, 26 years after first being reported, that the region was narrowed down further.
Positional cloning, sometimes referred to as reverse genetics, is the cloning of an area
known to be associated with a discase. It involves the isolation of overlapping DNA.
segments that progress along the chromosome toward a candidate gene. Lynch et al.
(1997) performed fine mapping using positional cloning techniques to narrow the eritical
region to 1 M. This revealed protein diaphanous homolog 1 (DIAPHI), a previously
unidentified human gene. DIAPHI, in this case, is a positional candidate gene, a gene
identified based upon a determined critical region. This differs from functional candidate
genes, which are known to play a role in the disease pathology, or have been previously
shown to harbor mutations that cause a disease, like the p.A716T mutation in WFS/ in
Newfoundland (Young et al. 2001; Bespalova et al. 2001). Lynch et al. (1997) sequenced
the positional candidate gene DIAPHI in all affected family members using Single Strand
Conformation Polymorphism (SSCP) analysis. SSCP is the electrophoretic separation of

single-stranded nucleic acids based on differences in sequences which bring about a



different sccondary structure and thus a measureable difference in mobility through a gel.
‘The causative mutation, a G>T substitution, was now revealed, and DIAPH] was also
found to be highly expressed in the cochlea (Lynch et al. 1997). Lynch et al. (1997)
speculate that the protein this gene encodes, protein diaphanous homolog 1, plays a role

in the regulation of actin polymerization in the hair cells of the cochlea.

Founder Populations & Mutations

No summary of hearing loss associated genes and mutations would be complete
without mentioning the importance of founder populations, the founder effect, and
founder mutations. A founder population is a small subpopulation that has been isolated
due to geography, culture, religion or a combination of these. This subpopulation has a
significantly decreased amount of genetie diversity, causing certain genetic traits o either
vanish or become very abundant in further generations. When a founder population is
isolated individuals in later generations are likely to share many genes, because a
mutation in a founder will be passed on to a large proportion of the population in
subsequent generations (Nurhousen, 2000). Founder populations, therefore, possess much
promise in determining the genes involved in genetic diseases. As there is little genetic
heterogencity, the majority of the individuals with a given discase will carry the same
gene mutation. For example, the Ashkenazi Jews were a reproductively isolated
population in Europe for roughly a thousand years, with very little out-migration or inter-

‘marriage with other groups (Nebel et al. 2005). As a result of this event, the GJB2



mutation c.167deIT was found to be highly prevalent in the Ashkanazi Jewish population
(Morell et al. 1998). Other examples of founder populations include the Canadian
province of Québec, which was established by as few as 2600 individuals, the United

States Amish population, and the population of Pingelap, a small island in Micronesia.

A founder mutation s a mutation found as an allele and shared by several
individuals from a founder population and derived from a single ancestor. For example,

COCHp.PSIP/S i i idered to h iginated from a common

ancestor (de Kok et al. 1999). A second example was recently seen when Park et al.
(2010) investigated the 3-bp deletion in intron 7 (¢.991-15_991-13del) of DFNAS, and
identified a conserved haplotype between a Korean family and a Chinese family
segregating the deletion in DFNAS, suggesting that this deletion represented a founder

‘mutation originating from a common ancestor.

C ization of A Founder Pop

“The island of Newfoundland makes up a large part of the Canadian province of
Newfoundland & Labrador. I is the most easterly landmass on the North American
continent. In 1497 the European explorer Giovanni Gabotto (John Cabot) “discovered”
Newfoundland, though Vikings had landed carlier. Europeans voyaged across the North
Atlantic from England, Scotland, Ireland, France and Portugal to harvest the rich fish

stocks. When each fishing season ended they returned to their countries, as permanent



those considering permanent settlement, and with a lack of basic supplies even a one year
stay would have been very difficult (Poole & Cuff, 1994). This deterrence lessened
throughout the 17" century, however, as small groups of English, Scottish, and Irish
settlers set sail from western England in 1610 and throughout the 17" century. These
colonists excluded other nations from fishing off of Newfoundland’s east coast, but were
discouraged in their settlement by the English government, who saw their presence as a
threat to the monopoly control that Western England fishing centers had established
Meanwhile, fisherman from France dominated the island’s south coast and northem
peninsula (Bennett, 2002). Throughout the 16005, the French began to permanently settle,
butin 1713, with the Treaty of Utrecht, the English gained control of the south and north
shores of the island. Permanent settlement increased rapidly by the late 18" century,
peaking in the early years of the 1800s.

‘The colonization of Newfoundland began in camest in the early 19" century
mainly from Southwest England and Southeast Ireland. Fisherman brought their families
o the island, intending to settle permanently, and these families are the founders of much
of today’s Newfoundland population. Ninety percent of Newfoundland's population
descends from roughly 30 000 founders (Parfrey et al. 2009). Families settled in small
inlets along Newfoundland’s coast in groups of one or two families. These communities
developed in geographical and cultural isolation, and can be characterized by large
families, and a strong founder effect (Bear et al. 1987). This isolation also directly led to

many generations of interbreeding (Poole & Cuff, 1994; Hancock, 1989).



families, and a strong founder effect (Bear et al. 1987). This isolation also directly led to
many generations of interbreeding (Poole & Cuff, 1994; Hancock, 1989).

Large extended pedigrees from genetic isolates have been instrumental in the
identification of genetic causes of hereditary disorders. Several founder mutations have
been identified in Newfoundland. For example, an exon 8 deletion in MSH2, a gene
causing hereditary non-polyposis colorectal cancer, has been found in five different
Newfoundland families (N=74 carriers), and an intron 5 splice site mutation
(c.942+3A>T) has been found in 12 different Newfoundland families (N=151 carriers)
(Frogatt et al, 1996; Stuckless et al. 2006). A third example is a founder mutation
(¢.782+3delGAG) found in the deafness gene TMPRSS3 in two different Newfoundland
families (Ahmed et al. 2004; Young et al. unpublished data). These are just a few
examples of founder mutations identified in Newfoundland, and serve to highlight the

‘genetically isolated families in the study of hearing loss. At

the beginning of this study, only six hearing loss associated genes had been identified in
the Newfoundland population (Table 1.2). There is a possibility that a founder mutation
exists and could be found in some of these 28 Newfoundland families. When a founder
mutation is identified, the prevalence of this mutation in different worldwide populations
can be compared, and better estimates of risk for individuals in the founder population
can be calculated. The presence of founder mutations in Newfoundland could thus have
strong clinical implications in terms of improved diagnosis and the ability to routinely

screen individuals if a founder mutation is common enough in the population.



with Bardet-Bied| syndrome (Webb et al. 2009). So while many Newfoundlanders can
trace their roots to roughly 30 000 founders, it i critical to keep in mind that these
founders came from different towns and different regions. The current population of
Newfoundland & Labrador, according to a 2006 census, is 505 469. A map of

Newfoundland & Labrador is seen in Figure 1.3.



Figure 1.1 Examples of Audiograms. A) Audiogram of an individual with norm;
hearing in both ears. B) Audiogram of an individual with moderate hearing loss in
both ears. C) Audiogram of an individual with severe hearing loss in both ears.
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Figure 1.2 Examples of More Complex Audiograms A) Audiogram of an individual
with moderate hearing loss in the low frequencies sloping upwards to mild hearing
loss in the mid- to high-frequencies for the left ear only. Hearing in the right ear is
normal. B) Audiogram of an individual with progressive hearing loss showing a
mild loss at low frequencies which slopes downwards to a severe bilateral loss in the
mid- to high-frequencies.







Table 1.1 AD Non-Syndromic Deafness Genes Identified Worl

ide to Date (Van

Camp G, Smith RJH. Hereditary Hearing Loss Homepage.
http:/hereditaryhearingloss.org, May 2010)

AAD Deafness Genes Function
CRYM Mu-crystallin homolog Ton i
Protein diaphanous h Hair Bundle, Cytoskeletal
DIAPHI 1 Formation
GJB3 Gap junction beta-3 protein_| lon
Potassium voltage-gated
channel subfamily KQT
KCNO4 member 4 Ton
MYHI4 Myosin-14 Unknown
Non-syndromic hearing
DFNAS impairment protein 5 nknown
WESI ‘Wolframin n
TECTA Alpha-tectorin Matrix
COCH Cochlin Matrix
EVAT yes absent homolog 4 Factor
COLLIIAZ Collagen, type XI, alpha 2 Matrix
OU domain, class 4,
POU4F3 ipti Factor
Myosin, heavy chain 9, non
MYH) muscle Hair Bundle, Motor Protein
Hair Bundle, Cytoskeletal
ACTG1 Actin, gamma | Formation
MYO6 fyosin-6 ‘Hair Bundle, Motor Protein
TFCPL3 Srainyhead-Tike 2 iption Factor
MYOIA yosin-Ia inknown
GJB2 ap junction beta-2 protein_| lon
GJBS ap junction beta-6 protein | lon i
MYO7A yosin Vila Hair Bundle, Motor Protein
Transmembrane channel-
T™C1 like protein 1 Unknown
Coiled-coil domain- Hair Bundle, Cytoskeletal
CCDC50 containing protein 50 Formation




Table 1.2 Deafness Genes Identified in the Newfoundland Population at Beginning

of This Study.
Gene Mutation #of NL Families | Literary Reference
Denoyelle tal
GJB2 ©.35delG. 7 1997
Del Castillo et al.
GJB6 DI3S1830 2002
TMPRSS3 ©.207delC Ahmed et al. 2004
TMPRSS3 ©.782+3delGAG. Ahmed et al. 2004
PCDHIS Ahmed et al. 2003
WFSI c2146G>A Young et al. 2001;




Chapter 2: Methods & Materials

Human Subjects & Pedigrees

‘This study is one part of a larger study to determine the genetic cause of hearing
loss in Newfoundland & Labrador. Family members were recruited through the
Newfoundland Provincial Genetics Program, and a province-wide ascertainment drive.
Informed consent was obtained from all participants, granting researchers permission to
access medical records and family history. Blood samples were collected and genomic
and mitochondrial DNA was extracted from peripheral leukocytes from participants.
Audiological tests were performed to determine the type of hearing loss of each subject
and to confirm normal hearing in unaffected subjects. Audiograms are available for all
individuals marked with an asterisk in Figure 2.1, and for each of these individuals
several audiograms are available at different test ages, with new ones routinely being
collected. DNA from several Dutch individuals was provided by Dr. Hannie Kremer of
the Radboud University Medical Centre in Nijmegen, Netherlands. This project was
approved by The Human Investigations Committee (HIC) (Research Ethics Board of
Memorial University, Newfoundland & Labrador) (¥ 01.186).

So far, 128 probands have been recruited to the study. All probands in the study
‘were routinely sereened for mutations previously identified to cause hearing loss in the
Newfoundland population. Of these, 28 probands are members of multiplex families with

a family history of hearing loss consistent with AD inheritance, and were chosen for this




study (Figure 2.1). Inheritance patterns were determined through an extensive family
history questionnaire, and pedigrees were electronically stored using the computer
program Progeny. Many individuals’ hearing loss was determined by word of mouth
from family members. In these cases, the age of onset and the degree and severity of
hearing loss are not known. For this reason, the determination of an AD pattern of
inheritance is not certain in some cases, but these families were deemed o likely have an
AD form of hearing loss, and it was therefore worth testing them for potential AD
hearing loss mutations. Due to the extent of genealogy work possible in Newfoundland
up to this point, it is important to keep other potential forms of inherited hearing loss.

such as mitochondrial inheritance, in mind when searching for causative mutations.

Experimental Design: Functional Candidate Gene Mutation Screening

Genomic DNA from probands (n=28) was screened using a functional candidate
gene approach. A comprehensive literature search was done to collect information on all
AD hearing loss genes. One recent review (Hilgert et al. 2009) discussed in depth the
genes causing AD hearing loss. It describes how each gene associated with AD hearing
loss functions in the ear, and what types of hearing loss they cause. For each of these
genes, the mutations found both worldwide and within Caucasian populations are
described in detail. Many of these genes may be causative in Newfoundland families

(Table 2.1).



‘This literature search formed the basic foundation from which genotype-

phenotype evaluation was performed. Potential candidate genes were investigated for
specific case-by-case details on the hearing loss phenotype each mutation caused, and in
what population and ethnicity they were reported. These phenotypes were then cross
checked with the phenotypes of the 28 families to further narrow down the functional

candidate gene list to four: COCH, KCNQ4, TECTA, and MYOIA (see Figure 2.2). This,

approach s a form of audioprofiling, a method of izing phenotypic data to make
‘genotypic correlations. The audiological data of several members in a family, or in this
case several probands from different families, associates with a specific unknown
‘genotype as a function of time (Meyer et al. 2007). From this, we have drawn correlations
to the overall phenotype of the group of probands and used this as a foundation for
selecting candidate genes previously reported to cause hearing loss with a similar
phenotype.

Information on all known hearing loss mutations in these four candidate genes
was next collated, including which domain and exon each mutation was reported in
(Appendix A). This allowed the identification of the exons most likely to harbor
causative mutations in the Newfoundland probands. For example, the majority of
mutations reported in COCH are reported in the factor ¢ homologous (FCH) domain,
spanning exons 4 and 5, and so this area of COCH was screened first.

COCH has a total of 12 exons, and causes a late-onset, progressive hearing loss
most often associated with vestibular dysfunction (Kemperman et al. 2005), which

correlates with several AD Newfoundland families. COCH is important in maintaining




structural support within the cochlea (Kommareddi et al. 2007). Exons screened
were 2-5, and 12. Two deletions within KCNQY have been reported to cause a late-onset,
progressive hearing loss (Coucke et al. 1999; Kamada et al. 2006), matching the
phenotype of many AD Newfoundland probands. This gene is critical in ion homeostasis
with the ear (Kubisch et al. 1999), and is coded by 14 exons, all of which were screened.
Missense mutations within 7ECTA, a second gene important in structural support within
the auditory system, have been shown to cause late onset hearing loss (Verhoeven et al.
1998). Coded by 23 exons in total, exons 5, 9-14, 17, 18, and 20 were screened. The last
candidate gene, MYO!4 is thought to play a role in sound processing through ion
transport (Donaudy et al. 2003), and again, causes a late-onset, progressive hearing loss
phenotype. Coded by a total of 28 exons, exons 3, 4,6, 7, 10-12, 18, and 22 were
screened.

While the more “targeted” candidate gene approach outlined above is likely to
lead to the identification of mutations, it does restrict the chance of identifying potential
“genetic surprises” regarding genotype-phenotype. This method allows for a complete
investigation of possible genetic mutations in a given set of promising candidate genes
‘within the two-year time frame of a Master's thesis. However, exons within these
candidate genes that have never before been associated with hearing loss mutations are
bidirectionally sequenced in this study, and so there is potential for “genetic surprises”.

Because Newfoundland is a founder population, it is possible that families would
share the same mutation, particularly if those families are from the same geographic area.

When a mutation is discovered in an AD Newfoundland proband, all otosclerosis, AD,




and AR Newfoundland probands (n=68) are subsequently screened for that mutation.
When appropriate, apparent founder mutations are confirmed by haplotype analysis, to
determine the level of sharing for a selection of linked microsatellite markers between

families with the same mutation (see Figure 2.2).

General Strategy for PCR and Sequencing of Candidate Genes

Both forward and reverse strands of specific exon PCR products in cach gene were bi-
directionally sequenced, along with all intron/exon boundaries to ensure the entire coding
region of each exon was covered. PCR primers were designed using Primer 3 software (v.
0.4.0, http://frodo.wi.mit edu/primer3/). These primer sequences can be found in

Appendix B.

INA P ion, PCR Ther ling, and E

DNA was extracted from whole blood and diluted to10 ng/u. This blood was
stored at 4 °C (performed by research assistant). 1 L of diluted (stock) DNA was added
10 2 uL 10X PCR Buffer (containing MgCly), 0.4 uL dNTPs (10 mM), 0.08 uL KapaTaq
DNA Polymerase (5 U/uL) (Kapa Biosystems, Boston, MA), 12.92 uL of distilled dH,0,
1.0 pL of forward primer (10 uM) and 1.0 L of reverse primer (10 M), as per standard
PCR protocol. The amount of dH;0 was reduced to add betaine or Dimethyl Sulfoxide

(DMSO) when necessary to achieve a successful amplified PCR product. This mix was



centrifuged and addeqd to wells in 20 uL aliquots in a 96-well PCR plate, where it was
then sealed, centrifuged, and placed in the GeneAmp PCR System 9700 thermal cycler
(Applied Biosystems, Foster City, CA). PCR products were electrophoresed on a 1%
agarose gel (1.5 g agarose/100 mL TBE) stained with SybrSafe and viewed under UV
light on a Kodiak GEL LOGIC 100 Molecular Imaging system (Rochester, NY, Version

4.01,2005).

P ion for ABI Cycle

Sephacryl S-300HR was resuspended and 300 L aliquots were added to wells
on a Millipore Multi-sereen HTS plate, which was placed over a corresponding 96-well
waste plate to catch flow-through. Plates were then balanced and centrifuged at 3000 rpm
for 5 minutes. Flow-through was discarded and PCR products were added to wells on the
Multi-screen HTS plate. The Multi-screen HTS plate was then positioned and placed over
aclean PCR plate, balanced, and centrifuged at 3000 rpm for 5 minutes. The flow-
through product collected in the PCR plate contains the purified PCR products.

Successfully amplified PCR products, visualized as bands of the correct size
(using a 100 bp marker) when electrophoresed on an agarose gel, were cycle sequenced
using the following reaction mix: 0.5 L of Big Dye Terminator V. 3.1 Sequencing Mix,
2 L of 5X sequencing buffer, 032 L of Primer (10 M), 1 uL of purified PCR product
DNA template, and 16.18 uL of dH:0, per the Big Dye Terminator V. 3.1 protocol

(Applied Biosystems, Foster City, CA). This equals a total reaction volume of 20 uL per



well in a sequencing plate. The resulting plate was centrifuged briefly, loaded onto the
thermal cycler, and subjected to a thermal cycling program according to ABI BDT V. 3.1
protocol (Applied Biosystems, Foster City, CA).

‘Upon completion, 5 L of 125 mM EDTA followed by 65 uL of 95% Ethanol
(EXOH) was added to each reaction well. Plates were briefly centrifuged and then
incubated overnight in the dark at ambient temperature. The plate was then centrifiged at
3000 x g for 30 minutes, inverted to decant EtOH, and briefly centrifuged while inverted
1200 rpm for 4 5 seconds with folded paper towels placed undemeath the sequencing
plate to absorb residual ethanol. 150 L of 70 % EtOH was added to each sample, and the
plate was centrifuged at 3000 g for 15 minutes. The plate was again inverted to decant
ethanol and spun at 200 rpm for 4 - 5 seconds over a paper towel. Samples were left to
air dry in the dark at room temperature for 10 - 15 minutes. 15 L of Hi-Di Formamide
was subsequently added to each well and the plate was vortexed and centrifuged briefly.
‘The final mix was denatured at 95 °C for 2 minutes on a thermal cycler. Once denatured,

samples were kept on ice until placed in the ABI 3130 XL DNA Analyzer.

Automated Sequencing Using the ABI 3130 XL

Automated sequencing was performed using either the ABI 3130 XL DNA
Analyzer (Applied Biosystems, Foster City, CA) available in the lab or the ABI 3730
DNA Analyzer in the Genomic & Proteomics Facility, at CREAIT, Memorial University

of Newfoundland. The raw sequence data were initially analyzed for quality using



Sequencing Analysis software (Version 5.2, Applied Biosystems, Foster City, CA). High
quality sequences were imported into Mutation Surveyor (Version 3.0, Softgenetics, State
College, PA). Mutation Surveyor identifies DNA sequence variants in the sample

sequence DNA by comparing it to a reference gene sequence.

Tracing Variants Through Families: Genotype & Haplotype Analysis

Sequencing variants were traced through the pedigrees to see if they co-
segregated with hearing loss. Haplotype analysis was performed when necessary. Table
3.4 is a list of microsatellite markers used to characterize the p.PS1P/S haplotype shared
between a Newfoundland family and a Dutch family. This was done to confirm the
founder hypothesis for the COCH mutation p.PS1P/S (de Kok etal. 1999), identified in
this study in a Newfoundland proband. Markers were selected based on location as well
as degree of heterozygosity in order to confirm haplotype sharing between the two
families, which provided further evidence that p.PS1P/S is a Dutch founder mutation.
Initial setup for genotyping required running PCR under standard conditions.
Each reaction mix contained 8.5 L of Hi-Di Formamide, 0.5 L. Genotyping Size
Standard G500 (-250) LIZ, and 1 uL of DNA, per manufacturers standard protocol
(Applied Biosystems, Foster City, CA). Post-PCR products were electrophoresed on a
1% agarose gel (1 g agarose/100 mL TBE, pH 8.0) containing 4.0 L. of SybrSafe 10-

000 X concentrate in DMSO (Invitrogen, Eugene, OR) and viewed under UV light on a



Kodiak GEL LOGIC 100 Molecular Imaging system (Rochester, NY, Version 4.01,
2005). The PCR product was then diluted based on its band intensity to a suitable
concentration. Optical plates containing these samples were briefly vortexed and then
centrifuged at 1250 rpm for 10 seconds, denatured on a thermal cycler, and immediately
loaded onto the ABI 3130 XL DNA Analyzer for genotyping. The PCR products from
the fluorescently labeled primers were detected by the ABI Prism 3130 XL DNA
Analyzer and genotyped using GeneMapper Software (ABI Prism, Version 4.0).

GeneMapper assisted in making allele calls at each marker for each individual,
which were then compared with other individuals and families. Once a pedigree was
constructed using the software Progeny (Progeny Software LLC, Delray Beach, FL),
markers were integrated for each selected individual. Allele calls, SNPs, and/or common
variants were then inputted into each individual’s data set to create a pedigree illustrating
the segregation of different haplotypes (Progeny Software LLC, Delray Beach, FL;

Figure 3.5; Figure 3.10).
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Table 2.1 Candidate genes for Newfoundland Families Having Late-Onset AD
Hearing Loss (Adapted from Hilgert et al. 2009).

Candidate | Number of | Number of Function Original
Gene | Mutations | Mutations Reference
Found Found in
Worldwide | Caucasians
Kubisch et
KCNQ4 12 3 lon al. 1999
Robertson
cocH. 12 3 Matrix etal. 1998
Donaudy et
MYOl4 8 3 Unknown al. 2003
Verhoeven
TECTA 8 7 Matrix etal. 1998
Zhu etal
2003; Van
Hair Bundle, Cytoskeletal Wijk etal
ACTGI 6 6 Formation 2003
Wayne et
EYA4 6 4 Factor al. 2001
Donaudy et
MYHI4 5 5 Unknown . 2004
Melchionda
MYos 5 5 Hair Bundle, Motor Protein | etal. 2001
Liu et al.
MYO7A 5 4 Hair Bundle, Motor Protein___| 1997
Hair Bundle, Cytoskeletal Nazetal.
ESPN 4 4 Formation 2004
Van Laer et
DFNAS 4 2 Unknown al. 1998
Xia et al
GJB3 3 1 lon 1998
Vahava et
POU4F3 F ] 2 Factor al. 1998
Kurima et
™C] 2 2 Unknown al. 2002
McGuirt et
coL1lA2 2 2 Matrix al. 1
Abe etal.
CRYM 2 0 Ton 2003
Peters et al.
TFCP2L3 1 1 Factor 2002




Table 2.1 Candidate Genes for Newfoundland Families Having Late-Onset AD
Hearing Loss (Adapted from Hilgert et al. 2009) (cont).

MYH9

Hair Bundle, Motor Protein

Lalwani et
al. 2000

CCDC50

Hair Bundle, Cytoskeletal
Formation

‘Modamio-
Hoybjor et
al. 2007

DIAPHI

Hair Bundle, Cytoskeletal
Formation

Lynch et
al. 1997




Chapter 3: Results

Overview

‘The purpose of this study was to determine the genetic etiology of hearing loss in
28 autosomal dominant hearing loss Newfoundland probands using a functional
candidate gene approach. Candidate genes COCH, TECTA, KCNQ4, and MYOIA were
chosen primarily because they have a higher frequency of mutations in autosomal
‘dominant families (Hilgert et al. 2009). The full GJB2 gene and the del13S1830 mutation
in GJBS, which underlies the majority of congenital deafness worldwide, were first
excluded in all 28 probands. A heterozygous mutation in J¥FS! - a gene now known to
cause both syndromic and non-syndromic deafiess (Young et al. 2001; Bespalova et al.
2001) - previously found to cause autosomal dominant hearing loss (p.A716T) in a large
Newfoundland family (Young et al. 2001) was also excluded in all 28 probands. Figure

2.2 illustrates the research projects experimental progression.

Results of candidate gene screening revealed three distinet mutations causing
hearing loss in three separate Newfoundland families. First, a C->T base change in exon
40f COCH in the proband of Family 2094 resulted in the substitution of a conserved
proline residue for a serine residue at amino acid position 51 (p.PS1P/S). Second, a novel
3bp heterozygous deletion in exon 5 of KCNQ4 was found in the proband of Family
2071. Third, a nonsense mutation was discovered at amino acid position 93 within exon 4
of MYOIA. This nonsense mutation, p.R93X, is due to a C->T nucleotide change, and

was found in the proband of Newfoundland Family 2102.



Family 2094

Within COCH, exons 2,3, 4, 5, and 12 were sequenced in all 28 AD hearing loss
families. Of the 28 probands, one proband was identified with a C->T base change in
exon 4 of COCH. The proband is a member of a family (Family 2094) with four
‘generations of documented hearing loss. The complete pedigree documents 44
individuals and extends back six generations. A partial pedigree is seen in Figure 3.1.
‘Twelve family members have been diagnosed with AD hearing loss. A summary of
audiology reports and a phenotype summary are found in Tables 3.2 and 3.3 respectively.
The proband (V-2, Figure 3.1), is a 39-year-old female presenting with hearing loss.
Reports showed a bilateral hearing loss sloping to moderate loss at high-frequencies
(Figure 3.3). Three more audiology tests were conducted over the next three years,

showing a gradual worsening of high-frequency hearing loss.

‘The proband is heterozygous for the C->T base change in exon 4 of COCH,
which substitutes a highly conserved proline residue for a serine residue at amino acid
position 51 (p.P51P/S) (Figure 3.2). Upon identification of p.P51P/S in the proband,
DNA from all available individuals was amplified and sequenced for exon 4. Seven out
of seven with documented hearing loss harbored the C->T transition; one unaffected (IV-

10) did not.



Search for a Vestibular Phenotype in Family 2094 Mutation Carriers

Previous studies of mutation carriers of p PS1P/S show severe vestibular
phenotypes associated with hearing loss (de Kok et al. 1999), so medical and audiological
records for all available family members were reviewed (see Figure 3.1). The proband
(V-2) has not yet had any episodes of vertigo or associated vestibular problems. She had
a Computed Tomography (CT) scan at 40 years of age which did not detect any
abnormalities. The probands cousin, V- 6, complained of episodes of dizziness and
Vertigo at age 32. She has had two CT scans at ages 36 and 38, which did not detect any
abnormalities. Her hearing loss was first reported at age 35 as mild hearing loss in the
high-frequency range. This cousin also first reported a scratch on her left comea at age
31 V-1 has stated he has had balance problems when walking at night since his early
50°s. He had a CT scan at age 62, which detected no abnormalities. His hearing loss was
diagnosed at age 49 as moderate in the high-frequency range. V-5 reported balance
problems and episodes of dizziness from the age of 50. Audiology testing at age 57
showed a moderate bilateral loss that over the following 15 years progressed to severe
hearing loss across all frequencies. IV-7 presented the typical p.PS1P/S hearing loss
phenotype, and also had occupational noise exposure. IV-10 is an unaffected woman
who has not reported any vestibular problems and is not affected with hearing loss. IV-11
reported spinning dizziness and unsteadiness, along with balance problems in his early
30s. His hearing loss was first documented at age 49, and further audiology tests over the

following 15 years show bilateral loss beginning in the high-frequencies and then



flattening out later in life to profound hearing loss across all frequencies. I11-6 had

documented hearing loss from middle age, but no other data was available.

Because Newfoundland is a founder population, and this study is focused on the
identification of founder mutations, all otosclerosis, AD, and AR probands in the
Newfoundland hearing loss study (n=40) were screened for this mutation, but no

additional cases were found.

Identification of a Dutch Founder Mutation

As pPSIP/S is widely believed to be a Dutch founder mutation (de Kok et al.
1999; Fransen et al. 2001), we genotyped the seven affected Family 2094 members, along
with three Dutch p.PS1P/S carriers, for seven microsatellite markers closely flanking the
COCH gene, (Fransen et al. 2001) in order to construct an ancestral haplotype. Affected
Family 2094 individuals and the Dutch affected individuals share a contiguous five-
‘microsatellite-marker haplotype at markers D145257, D1451071, D1451040, D1451034,
and D14S1060: 179-281-234-169-201. COCH sits ~0.4 Mb downstream of marker
D145257. These markers closely flank the COCH gene and constitute a total minimum
shared region of ~2.1 Mb on chromosome 14q12 (Figure 3.4; Table 3.5). The full hearing
loss haplotype shared among Newfoundland and Dutch families is shown in their
respective pedigrees in Figure 3.5. Unaffected individual IV-10 does not share this

haplotype. Further genotyping was conducted for additional microsatellite markers



upstream of D1451060. Markers D14S70 and D14S1014 both displayed allelic disparity
between the two families, demonstrating the relatively short length of this putative

ancestral haplotype (Table 3.5).

Family 2071

Of the 28 probands, one proband was identified to have a novel 3 bp deletion,
P.Ser269del in exon 5 of KCNQ# (DFNA2A). The proband is a member of a family
(Family 2071) with four generations of documented hearing loss. The complete pedigree
documents 97 individuals, extends back five generations, and reports no cases of
consanguinity (Figure 3.7). Twenty-four family members have been diagnosed with AD
‘non-syndromic hearing loss. A summary of audiology reports for participating
individuals is found in Table 3.7, with phenotype data shown in Table 3.6.

‘The proband (I1I-12, Figure 3.7) is a 62-year-old male presenting with a bilateral
hearing loss sloping to moderate loss at mid-frequencies and profound at high-

frequencies. The proband harbors a novel heterozygous 3 bp deletion, p.Ser269del, in

exon 5 of KCNQ# (Figure 3.8). Al available family members were sequenced for exon 5.

‘Thirteen members with documented hearing loss shared p.Ser269del. No unaffected
family members (n=18) carried the deletion, and of 90 ethnically matched population
controls, none carried the deletion. While p.Ser269del is not seen in four members with

hearing loss, these four individuals present a distinctly different audioprofile (Figure 3.9



Table 3.6). Audiology reports of affected relatives with the novel deletion show a high-

frequency, late onset hearing loss (Figure 3.9).

This deletion predicts an in-frame removal of a serine residue at amino acid
position 269 within the P-loop domain of the KCNQ4 protein (Figure 3.10). We next
constructed an intragenic haplotype using commonly occurring SNPs and variants within
and surrounding exon 5 of KCNQA. This was done to determine whether or not any
interesting and possibly causative variants within KCNQ# were shared by affected
individuals of Family 2071, and to determine the level of sharing among of intragenic
SNPs and variants among deletion carriers. No markers brought any additional interesting
information, and no family members without the deletion, or without hearing loss, shared

this hearing loss haplotype.

Upon discovering this novel deletion, all otosclerosis, AD, and AR probands in
the Newfoundland hearing loss study (n=68) were screened to determine whether or not
any additional Newfoundland families shared the mutation, thereby suggesting a possible
founder mutation. However, no additional cases outside of Family 2071 were detected.

All exons (1-14) were sequenced in the 28 AD probands for this gene.

Family 2102

A third proband was identified with a C->T base change in exon 4 of MYOIA

(DFNAAS). The proband s a member of a family (Family 2102) with four generations of



documented hearing loss. The complete pedigree documents 22 individuals, extends back
five generations, and indicates two consanguineous marriages in carly generations
(Figure 3.12). Three family members have been diagnosed with AD non-syndromic
hearing loss from age 5 with progressive deterioration. A summary of audiology reports
is found in Table 3.9. The proband (IV-1) is heterozygous for a C->T nucleotide change,
which substitutes a highly conserved arginine residue for a stop signal at amino acid
position 98 in exon 4 of MYO1A (Figure 3.13). DNA from four available family members
was sequenced for exon 4 of MYOIA. Three members with documented hearing loss (Ill-
1;1V-1; IV-5) shared the mutation, and one unaffected (I11-2) did not. Al affected
individuals first reported their hearing loss near the age of five, with hearing coming and
going but progressively deteriorating (Figure 3.14).

Again, all otosclerosis, AD, and AR probands in the Newfoundland hearing loss

study (n=68) were screened to determine if this was a Newfoundland founder mutation.

No additional cases were found. Exons 3-4, 6-7, 10-12, 18, and exon 22 were sequenced.
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Figure 3.1 A Six Generation Newfoundland Family (2094) Segregating an
Autosomal Dominant Form of Late-Onset Progressive Hearing Loss (partial
pedigree). The proband (PID V-2: arrow) was first found to carry the p.PS1P/S
mutation. DNA from all available affected relatives were screened and also carry
the p.PS1P/S mutation. Unaffected individual IV-10 does not carry the mutation.
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Figure 3.2 Electropherogram of the Substitution Mutation in COCH
(.151C>CT:pPS1P/S) Identified in All Affected Family Members. The top trace is
from the proband (PID IV-2); the bottom trace is from a reference sequence
(obtained from NCBI; NM_004086).
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Figure 3.3 Hearing Loss Phenotype of COCH p.PSIP/S carriers 1116 , IV-11, and V-
2in Family 2094 (Figure 3.1). Hearing loss is most in the
high frequencies. *Audiology reports were randomly selected, and the same trend is
observed for for remaining Family 2094 members, which can be seen in Table 3.2.
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Figure 3.4 Genetic Map of Markers Used to Construct the p.P51P/S Deafness
Haplotype for Newfoundland & Duteh Carriers. Yellow denotes minimum shared
region between families. Markers start from centromere. Markers selected from
Fransen et al (2001).
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Figure 3.5 p.PS1P/S Family Haplotypes. A) Haplotype for Newfoundland p.PS1P/S
Family 2094 (partial pedigree). Sharing between families is seen for markers
D145257, D1451071, D14S1040, D14S1034, and D14S1060, spanning a minimum
shared region of ~2.1 Mb.
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Figure 3.5 p.PSIP/S Family Haplotypes. B) Haplotype for Dutch p.PSIP/S family
(partial pedigree); associated haplotype is colored yellow. Sharing between fam
is seen for markers D14S257, D14S1071, D14S1040, D14S1034, and D1451060,
spanning a minimum shared region of ~2.1 Mb.




A) 111 (Figure 3.5B)

B) IV-1 (Figure 3.1)

©) 1V-10 (Figure 3.1)

Figure 3.6 Genotype Examples From Fragment Analysis of Newfoundland and
Duteh Families. Homozygosity and Heterozygosity at a marker is described in
GeneMapper by the number of times a strong vertical peak is present. If only one
strong vertical peak is present, the person is a homozygote; if more than one strong
vertical peaks are seen, the person is heterozygous. The numbers in the boxes under
these vertical peaks represent the genotypes, or alleles, for that individual. A) I1-1 is
a Dutch individual (Figure 3.5B) and is a heterozygote (262, 268) for marker
D1451021. B) Family 2094 individual IV-1 (Figure 3.1) is a homozygote (262) for
marker D1451021. C) Family 2094 individual IV-10 (Figure 3.1) is a heterozygote
(262,274) for marker D14S1021.
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Figure 3.7 Family 2071. A five generation Newfoundland family affected with
autosomal dominant, late-onset, progressive hearing loss (partial pedigree); the 3bp
deletion in KCNQ4 (DFN2A) was first detected in the proband (arrow).
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Figure 3.8 Electropherogram of the 3 bp Deletion in (p.Ser269del) Identified in 13
Affected Family 2071 Individuals. The heterozygous deletion causes a 3 bp shift in
the Electropherogram of the affected proband’s forward and reverse strands,
causing the above bidirectional pattern. The top and bottom traces are from a
reference sequence, while the middle two traces are the forward and reverse strand
traces of the proband 11-12 (obtained from NCBI; NM_004700). The bottom trace
is from the proband (PID I1I-12).



Figure 3.9 Audiological Summary of Family 2071 Family Members. A: Hearing loss
phenotype of KCNQA deletion earriers I11-12, V-1, and IV-1 (Figure 3.7) Remaining
2071 deletion carriers all present the same trend observed above, and can be
observed in Tables 3.6 & 3.7. Audiology reports were randomly selected. Hearing
loss is most pronounced in the high frequencies. B: Hearing loss phenotype of
affected family members not carrying the deletion: 111-9, I1-3, and IV-8.

65




Figure 3.10 Family 2071 Pedigree With Haplotype. The deafness associated
haplotype is shown in yellow. The proband (I1I-12) and 13 first and second degree
relatives harbor the KCNQ4 deletion. Normal hearing individuals do not carry the
deletion.



Figure 3.11 Structure of KCNQ4. Arrow denotes novel 3bp deletion discovered in
Newfoundland Family 2071. Also shows previously reported missense and deletion
mutations found to cause hearing loss. Adapted (Jentsch, 2000).
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Figure 3.12 Pedigree of Newfoundland Family 2102. A five generation family
originating from Fogo Island, Newfoundland, segregating an apparent AD form of
late onset progressive hearing loss. DNA not available for individuals I-5 and II-1.
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Figure 3.13 Electropherogram of p.R93X Mutation in MYOIA. Individual IV-1 of
Family 2102 (Figure 3.12).
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Figure 3.14 Hearing Loss Phenotype of Newfoundland Family 2102 MYO1A
Nonsense Mutation Carriers IV-1, III-1, and IV-5 (Figure 3.12). Onset of hearing
loss is § years of age.



Table 3.1 Candidate Genes Screened For Mutations in Newfoundland Families

Having Late-Onset Autosomal Dominant Hearing Loss.

Number of Number of
Candidate Gene Function Mutations Found Mutations
in Caucasian Associated with
pulati gressive ADHL

KCNO# Ton
CoCH Matrix
MYOIA Unknown
TECTA Matrix




Table 3.2 Audiology Summary For Family 2094 Family Members (pedigree shown

in Figure 3.1).
Family Member Age Onset(yrs) Sex Hearing Threshold (dB) Test Age
500 Hz 1000Hz 2000H2 4000 Hz. 8000 Hz.
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‘Table 3.3 Phenotype Summary of Family 2094 Individuals (pedigree shown in
Figure 3.1).
FamilyMember Variant Status  Recorded  Gender Ear  Nobe  Hgh  Mid  low Age Test

Vestibular Defects? Affacted Exposure Frequency Frequency Frequency  Age
L
o s el
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Nl et b o B et e W 6 W
W e w e b Wi e e 0w
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/A Information Not Available



Table 3.4 Physical Location of Markers Used to Create the p.P51P/S Deafness
Haplotype. The markers were taken from Fransen et al, 2001.

Marker/Gene | Genomic Starting | Type of Nucleofide |  Heterozygosity
Position on 14q12 Repeat
(bp)
DI145262 630,354 057
DI45975 749,271 i -
D14S1021 341,868 Dinucleotide -
413,441 NA

D145257 799,447 inucleot
D1451071 ,090 nucleot
D1451040 281,164 nucleot
D1451034 537.191 i 3
D1451060 485,191 1 .7
D14S70 528,945 I .76




‘Table 3.5 Haplotype Sharing Across Markers Nearby the COCH Gene Between
Newfoundland Family 2094 and a Dutch p.PSIP/S Family.
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‘Table 3.6 Phenotypic Features of Affected Family 2071 Ind

iduals. Shown first are

family members with the deletion, and at the bottom, those without the deletion
(pedigree shown in Figure 3.7).
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‘Table 3.7 Audiology Testing Results of Affected Family 2071 Individuals. Shown
first are family members with the deletion, and then those without the deletion
(pedigree shown in Figure 3.7).

il etures f iy mermbers with 306 803eICT

Famiy Member Age  Sex _Hearing Threshold (dB) TestAge
500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz.
Rght Lok Rght leh Rght Left Mght Lo Mg Lot
w2 70 Male 30 35 50 40 60 60 % 9% % 6
wu G0 Femke WA NA NA NA NA NA NA NA NA NA NA
" 67 Male 65 S5 C 65 65 80 80 10 10 &
wa 66 Male as 9% 110 1200 110 95 100
w39 fmk 45 0 55 40 0 6 0 0 00 10 30
Vi 0 kmik &5 40 &0 n oW & 0 10 10
Wi Gt Fmle WA NA WA NA NA NA NA NA NA NA WA
" 94 Female 110 75 115 80 120 100 120 100 100 100
w1 4“4 Male 25 30 55 40 55 50 60 7% 60 60 40
wi 0 Femile 0 % % 5 45 W W 8 »
w2 38 female 25 2 30 E . 35 6 9% 9% 3
wa 83 Femile 5 % 0 5 s 0 0 4
Wi M Fomle 50 50 60 S5 6 55 8 8 % % 2
Cimtrenees o e b e vioa e
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we % Femde 10 60 15 S0 10 % S 5 0 M
[T



‘Table 3.8 KCNQ4 Variants Used to Create the Intragenic KCNQ4 Haplotype

[KCNQ4 Sequencing Variants | Exon/Intron ‘Genomic Position Pathogenic
<.34690A5AT Exon 3 41056458 No
35184G5GC intron 41056958 No
35220A5AG intron 41056992 No
<35905T>TC Exon 5 41057674 No
©35934_35936del Exon 5 41057702 Yes
C47646T>TG Exon 10 41069414 No




Table 3.9 Audiological Summary of Family 2102 Individuals With & Without the
Pp-R93X Nonsense Mutation.

Family Member Variant Status Gesder Ear  High  Md  Low Age Test
Affected Frequency Frequency Frequescy  Age

™1 PR Afecwd  Male Bl Modemte Modeme MM 0 &
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s RN Aflced _Femsle Biaiend Modemte Modeate Modemte @1
m2 ourin! Uusllced Temsle  Newe  NA NA NA B NA




Chapter 4: Discussion

The aim of this thesis was to determine the genetic etiology of late onset
autosomal dominant (AD) hearing loss in 28 Newfoundland families. This was
investigated by sereening the genomic DNA of 28 probands for mutations in four genes
known to cause AD hearing loss, specifically KCNQ4, COCH, TECTA, and MYOIA. All
28 families were first genotyped to exclude the p.A716T mutation in WFS, a mutation
previously found to cause AD hearing loss in the Newfoundland population, as well as

the full GJB2 gene and the del1381830 mutation in GJB6.

Family 2094 Hearing Loss Caused by COCH Mutation

Of the 28 probands, one was found to have a mutation in COCH. COCH encodes
cochlin, and has previously been shown to be prominently expressed in a ribbon-like
pattern in the basilar membrane of the cochlea, providing evidence that it s involved in
the structural regulation of that membrane (Kommareddi et al. 2007). Cochlin’s exact
role, however, remains unknown. COCH maps to chromosome 14q12-13. Cochlin is
predicted to be 550 amino acids long and is highly conserved. It comprises a short
predicted signal peptide, an N-terminal factor C homology domain, and two von
Willebrand factor A-like domains.

Seven missense mutations within COCH that cause hearing loss have previously

been reported: six of these cause a very recognizable phenotype characterized by a late



onset, progressive hearing loss associated with parallel vestibular decline. Al six are
found in the Factor C Homologous (FCH) domain of the cochlin protein (Kemperman et
al. 2005). Of the FCH domain mutations, three originate in North America (p.V66G,
p.G8E, and p.W117R); one is a founder mutation (p.PS1P/S) present in many Dutch and
Belgian families, one originated in Australia (p.1109N), and one in Japan (p.A119T). This

h f late-onset high-frequency hearing loss caused by these

lation with the audiological phenotype of many of the 28 AD

mutations is in el
Newfoundland probands being studied in this research project and was the primary
reason for choosing this gene for screening.

In Newfoundland Family 2094 a known mutation causing a heterozygous C->T
base change was found in the proband. This resulted in the substitution of a conserved
proline residue for a serine residue at amino acid position 51 (p.PS1P/S) (Figure 3.2). All
seven affected members of Family 2094 shared the mutation, while an unaffected relative
did not harbor the mutation (Figure 3.1). Individuals harboring the p.PS1P/S variant
suffer from a late onset, progressive, high-frequency hearing loss with an obvious onset
from ~40 years of age onwards (Bischoff, 2005). All affected family members share the
‘same audiological profile (Figure 3.3), matching the pattern of hearing loss seen in
previous cases (de Kok et al. 1999). The progressive nature of hearing loss in Family
2094 also matches previously reported cases of p.PSIP/S carriers (de Kok et al. 1999).

“This mutation is also associated with vestibular dysfunction, such as motion
sickness and vertigo, which in most cases develops to complete vestibular areflexia or

vestibular hyporeflexia (Verhagen et al. 2001; Bischoff et al. 2005). Onset of progressive




vestibular failure presents earlier, from the fourth into the sixth decade of life, declines
‘more rapidly, and is eventually more complete than the associated hearing impairment

(Bischoff et al. 2005). Five out of seven Family 2094 members have so far experienced
these vestibular problems.

In 2009, Hildebrand et al. reported a p.PS1P/S case with the very rare disease

uperior Semici ‘anal Dehi D), which i ized by the absence
of bone overlying the superior semicircular canal, creating a third labyrinthine window. It
was suggested that individuals with COCH mutations like p.PS1P/S should be givena CT
scan to screen for SSCD (Carey et al. 2007). Of the Family 2094 individuals who have
had CT scans; V-2, V-6, and IV-1, none were diagnosed with SSCD, though it has been
suggested that diagnosis of SSCD often requires the doctor to be specifically looking for
the defect (Hildebrand et al. 2009). This therefore represents both a clinical and a
scientific opportunity to learn more about this possible association. Carriers could
undergo a CT scan to look for this rare defect, and if found, that individual can have
surgery done, as SSCD’s severe vestibular symptoms can be fully corrected with surgery
(Carey et al. 2007). This would also add to the current lterature on the possible

association between these two rare disorders.

Previous studies have also demonstrated a link between COCH mutations like
p.PSIP/S and vertical corneal striae. Two families carrying the p.PS1P/S mutation were
found to have a 93 % and a 78 % prevalence of these striae, respectively; age of onset is
late 40s to late 50s (Bischoff et al. 2007). In Family 2094, V-6 was reported to have a

corneal scratch in the right eye. This was first reported at the age of 31, which falls close




o the previously reported age of onset for coneal siriae in p.PS1P/S carriers. This scratch
was not reported to be due to any physical injury to the eye, though no other medical
information s available. Clinical follow-up is currently ongoing; this may be further
evidence of a link between vertical comeal striae and hearing loss mutations within

COCH, like p.PS1P/S.

Confirmation of p.P51P/S as a Dutch Founder Mutation

‘The p.PS1P/S mutation has been reported in ten Belgian, seven Dutch, and one
American family and is widely accepted to be a Dutch founder mutation (de Kok et al.
1999; Fransen et al. 2001). This study is only the second reported occurrence of this
mutation outside of Europe. An opportunity to confirm this Newfoundland p.PS1P/S
occurrence as a Dutch founder mutation arose at the 2010 Association for Research in
Otolaryngology MidWinter conference. While attending this conference, I met with Dr.
Hannie Kremer, a scientist working in the Netherlands, who has published on the
p.PSIP/S vestibular phenotype (Bischoff et al. 2005). Dr. Kremer offered to contribute
Dutch p.PS1P/S DNA, allowing me to confirm the Dutch founder hypothesis. Using
DNA from this Dutch family and Newfoundland Family 2094, a series of microsatellite

markers were genotyped to develop ancestral haplotypes (Figure 3.5). These haplotypes

demonstrate allelic sharing between the two families for five contiguous markers close to

the COCH gene, spanning a total genetic distance of ~2.1 Mb (Figure 3.4; Table 3.5).

‘The probability of these two families sharing this five marker haplotype by chance is low,



and therefore, it s likely that these two families are distantly related and originate from a
‘common ancestor in the Netherlands. The genealogy of this shared ancestry was not
followed up on, as the objective was to provide further support to the current Dutch
founder hypothesis for p.PS1P/S DNA, and because no further genealogy on these
families is available. However, individuals in Family 2094 could be researched using the
Newfoundland Genealogy Database and the Heritability Analytics Infrastructure
(Population Therapeutics Research Group, St. John's, Newfoundland & Labrador) to
trace the genealogy of Family 2094. If successful, this would provide the opportunity to
increase the power of this linkage association, and possibly direetly link it to the Dutch
family with which it shares an ancestral haplotype. This avenue warrants further
investigation. It is interesting to note that mutation carriers in Family 2094 possess an
uninterrupted Newfoundlander ancestry, going back at least six generations. Up until
recently, p.PS1P/S had never been seen outside of central Europe (Fransen et al. 2001).
Its recent discovery in a United States family (Hildebrand et al. 2009), and now in a
family living here in Newfoundland, Canada, could be evidence of an ancient origin. If
true, this would have strong implications for cochleovestibular diagnostic screening of
p-PS1P/S and other mutations within the COCH gene, as the older a mutation’s origin,

the more likely it is to be widespread throughout all populations and ethnicities.
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Family 2071 Hearing Loss Caused By Novel KCNQ4 Deletion

KCNQ# (Potassium Voltage-Gated Channel 4) encodes the protein potassium
voltage-gated channel subfamily KQT member 4. This protein is part of a family that
forms channels to transport positively charged potassium fons between neighboring cells.
More importantly for hearing, the potassium channels that this protein forms are thought
to play an indispensable role in the regulation of neuronal excitability, particularly in the
sensory cells of the cochlea (inner ear), where they are expressed (Kubisch et al. 1999).
Expression gradients of KCNQ in spiral ganglion and in these cochlear hair cells
correlate very closely with progressive hearing loss (Beisel et al. 2001).

‘Twelve mutations have been reported in KCNQ4 (DFNA2): ten missense and two
deletions. The missense mutations are believed to cause hearing loss beginning at a
young age (Hilgert et al. 2009). The deletions are thought to cause a milder phenotype,
have an older age of onset and primarily affect perception of high frequencies (Topsakal
etal. 2005). While both late-onset and carly-onset hearing loss can be caused by
mutations in KCNQA, this gene is also associated with age-related hearing loss. One
research team has demonstrated that several SNPs associated with age-related hearing
loss in two independent Caucasian populations were all located in the same 13 kb region
in the middle of the KCNQ4 gene (Van Eyken et al. 2006).

The first KCNQ# deletion (c.211del13) was discovered in a Belgian family.
Affected individuals lacked 13 nucleotides between positions 211 and 224. This resulted
in a frame-shift after Gly70 (p.fsX71), followed by 63 novel amino acids and a premature

stop codon (Coucke et al. 1999). Consequently, the protein is truncated before the first




domain and is rendered ional (Nie, 2008; Figure 3.11). More
recently, the second deletion was found in a Japanese family, and is a 1 bp deletion
(c.211deiC). Similarly to the previous case, a truncated, nonfunctional KCNQ# protein is
generated (Kamada et al. 2006). The milder high frequency phenotype of cases reported
to harbor these two KCNQ4 deletions correlates closely with the phenotype of several of
the 28 Newfoundland probands under study in this research project, and so KCNQ# was

chosen as a functional candidate gene to screen for potential causative mutations.

‘The proband of Newfoundland Family 2071, IlI-12 (Figure 3.7), was found to
carry a novel 3bp heterozygous deletion in exon 5 of KCNQ4 (Figure 3.8). Upon
sequencing other Family 2071 individuals, thirteen affected individuals were found to
share the 3 bp deletion. This is the third deafhess causing deletion found in KCNQ4, and
the first outside of exon 1 (Coucke et al. 1999; Kamada et al. 2006). Audiology reports of
deletion carriers demonstrate a high-frequency, late-onset hearing loss (Figure 3.9),
supporting the current genotype-phenotype correlation that KCNQ4 deletions associate
with a late-onset and milder hearing impairment (high-frequency loss) than

corresponding KCNQ4 missense mutations (Kamada et al. 2006).

‘This deletion predicts an in-frame removal of a serine residue at amino acid
position 269 within the P-loop domain of the KCNQ4 protein (Figure 3.11). Interestingly,
the P-loop domain is a mutational hotspot where ten missense mutations causing early
onset hearing loss have previously been described (Coucke et al. 1999; Kubisch et al.

1999; Talebizadeh et al. 1999; Van Hauwe et al. 2000; Kamada et al. 2006).

8



In order to determine the level of variant sharing among deletion carriers and
between all individuals of Family 2071, and to verify whether further hearing loss
patterns might be seen, we next constructed an intragenic haplotype using commonly
occurring variants within and flanking exon 5 of KCNQ. While these markers did not
singularly provide any additional interesting information regarding affected individuals
not harboring the deletion, all deletion carriers shared this deafness associated haplotype.
Additionally, of 90 ethnically matched controls, and of all unaffected relatives, none
shared this deafness associated haplotype. This haplotype, used primarily as a method of
further investigation and mutation confirmation, contrasts sharply with the
aforementioned p.PS1P/S haplotype, which was constructed to demonstrate ancestral
linkage between Newfoundland Family 2094 and a Dutch family, and which can be taken

as evidence for p.P51P/S being a Dutch founder mutation.

‘While this deletion is not seen in four Family 2071 members, these four
individuals present a distinctly different audioprofile compared to deletion carriers
(Figure 3.10; Table 3.6; Table 3.7). The cause of hearing loss for these four individuals is
likely due to several separate genetic or environmental predispositions, thus making them
phenocopies. Environmental factors could also be the cause of hearing loss in these:
individuals. The medical records show no indication of noise exposure or physical injury
o the cars in these four individuals. To rule out a different mutation on the same gene as
the cause of hearing loss in these individuals, they were screened for al exons within
KCNQ4. No additional mutations were detected, and they did not share any particular

variants or SNPs at the locus when observed in the intragenic haplotype.
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A further avenue of research for Family 2071 would be functional studies.
Because KCNQA s strongly expressed in the sensory cells of the cochlea (Kubisch ct al.
1999; Beisel et al. 2001), studies on deletion carriers should be conducted to investigate
whether the 3 bp deletion negatively affects the potassium ion channels formed by
KCNQ, whether these ion channels remain structurally and functionally intact, and
‘whether potassium ions are able to effectively move through these channels to complete
the mechanoelectrical transduction pathway. This could potentially shed further light on
the molecular pathways underlying this hearing loss mutation and could provide added

credence to the current genotype-phenotype correlation.

Family 2102 Hearing Loss Caused By MYOI1A4 Mutation

MYOI4 encodes the protein myosin 1a, which is present in the inner ear and plays
arole in human hearing (Donaudy et al. 2003). Donaudy et al. (2003) postulated that
MYOIA plays a role in ion transport. More recently, Hilgert & Smith (2009) present a
slightly different hypothesis. At the brush border surface of intestinal epithelial cells,
‘myosin 1a is a major component of the actin-rich cytoskeleton, where it is involved in
‘membrane trafficking. It could serve the same function in the inner ear, because the
cytoskeleton of the intestinal cells and the inner ear cells (hair cells and supporting cells)
are very similar. The specific expression pattern in the inner ear has not yet been

established, by may provide further clues in the future (Hilgert & Smith, 2009).



MYOL4 was chosen as a candidate gene for the same reason as all the functional
candidate genes in this study: a phenotype correlation between individuals with hearing
loss due to mutations previously found within MYO14 and the audioprofile seen in some
of the 28 Newfoundland probands under study. While most of the 28 probands suggest a
late-onset hearing loss, some are reported as arly-onset, but still progressive and
autosomal dominant. Four mutations in MYOI4 have been associated with an early-onset
AD, progressive, phenotype (Donaudy et al. 2003). These four mutations were all found
in Italian probands.

A heterozygous nonsense mutation was discovered at amino acid position 93
within exon 4 of MYOIA in the Family 2102 proband IV-3 (Figure 3.12). This nonsense
mutation, p.R93X substitutes an arginine residue for a stop signal in the motor domain
(Figure 3.13). All three affected Family 2102 individuals shared the mutation, and
reported their first hearing loss at 5 years of age, with hearing coming and going, but
progressively deteriorating to severe hearing loss (Figure 3.14).

‘While this mutation is not novel, it is only the second reported case world-wide.
‘The p.R93X nonsense mutation was first reported in a very small southern Italian family.
p.R93X was present in the male proband who suffered from moderate to severe bilateral
hearing loss. This is the same audioprofile seen in Family 2102, though time of onset was
not available for this Italian family. The proband received the mutant allele from his
mother. The mother stated that she has normal hearing, although no audiological
evaluation of any kind was carried out. A healthy brother of the proband did not carry the

p.R93X mutant allele and did not possess any form of hearing loss (Donaudy et al. 2003).



Several possibilities could explain the Italian mother's supposed normal hearing:
1) The mother does in fact have the same hearing loss as her son, 2) this family
segregates an AR form of deafhess and digenic inheritance s responsible for this hearing
loss phenotype, or 3) the trait is not 100 % penetrant. While many types of hearing loss
are caused by a mutation in one single gene, digenic inheritance requires the interaction
of two genes for phenotypic expression. If the mother does not have hearing loss, despite
carrying the p.R93X mutation, she may not have hearing loss because this trait is an AR
form of hearing loss and segregates in a digenic manner. She would not inherit the
second disease causing mutation in the putative second unknown gene. Additionally, if
the trait s not fully penetrant then this too could explain the mother’s normal hearing.
Detection of the p.R93X mutation is simple and does not require sequencing because the
mutation is easily identified by digestion of PCR products, as the mutant allele destroys
an Avall restriction site. A further avenue of research for Family 2102 would be to attain
DNA from the affected Italian individuals previously reported to create an ancestral
haplotype, as done previously for Family 2094. It could then be determined whether or
not Family 2102, from Newfoundland, share a common ancestor with the previously

reported Italian family (Donaudy et al. 2003).




Candidate Gene TECTA

TECTA encodes the protein Alpha-tectorin. The tectorial membrane is an
extracellular matrix that covers the Organ of corti sensory epithelium in the ear. Sound
waves induce a vertical movement of the basilar membrane, and this movement evokes a
deflection of stereocilia against the tectorial membrane. Alpha-tectorin is one of the
major noncollageneous components of the tectorial membrane. Mutations in the TECTA
gene have been shown to be responsible for ADNSHL, with audioprofiles similar to some

of the 28 Newfoundland probands under study (Verhoeven et al. 1998).

Exons sequenced included 5, 9-14, 17-18, and 20. However, no hearing loss

mutations were discovered among the 28 AD Newfoundland probands. This does not rule

out the possibility that hearing loss in one or more of these Newfoundland probands if
caused by mutations in 7ECTA within an exon that was not sequenced in this research
project. A total of 13 exons were not sequenced, and this gap represents an opportunity
for further research, as TECTA remains a strong candidate gene for hearing loss in

Newfoundland families.

Non-Found: ions in a Founder Pop

As previously discussed, the province of Newfoundland & Labrador is a founder

population, due to its cultural and geographic isolation. Since the second major wave of




settlement, taking place in the late 18" and early 19" centuries, little immigration or

has occurred. These original colonists h: ibuted to several founder

‘mutations that cause specific diseases. For example, an exon 8 deletion in MSH2, a gene
causing hereditary non-polyposis colorectal cancer, has been found in 5 different
Newfoundland families (N=74 carriers) (Frogatt et al. 1996; Stuckless et al. 2006), and
the ¢.782+3delGAG mutation found in the deafness gene TMPRSS3 has been reported in

2 different Newfoundland families (Ahmed et al. 2004; Young et al. unpublished data).

‘This study sought to potentially identify AD hearing loss founder mutations in
Newfoundland. No founder mutations were identified. All three of the mutations
identified in this study - p.PS1P/S, p.Ser269del, and p.R93X in the genes COCH,
KCNQ4, and MYOIA respectively - were each reported in one family only, afier
screening 68 Newfoundland & Labrador hearing loss probands. We identified three
separate mutations in three separate genes causing hearing loss with three separate
phenotypes. Additionally, these mutations were found to cause hearing loss in three
Newfoundland families that are geographically separated from one another. So while the
genetic history and nature of Newfoundland’s population, combined with previous
successes (Young et al. 2001; Ahmed et al. 2004) implies that the future discovery of
hearing loss founder mutations in Newfoundland & Labrador is still a possibility, the
results of this study unexpectedly point to Newfoundland’s genetic diversity, rather than
its homogeneity. This isn’t the first time this has happened. An increased level of genetic
diversity was noted when, for example, nine mutations in six genes were detected in 21

families with Bardet-Biedl syndrome (Webb et al. 2009). I speculate here that the solved



families in this study, 2094, 2071, and 2102, all descend from original but separate
groups of Newfoundland colonists. These colonists would likely have been from several
different areas of Ireland or England. The geographical isolation of their origin home
towns could account for the potential genetic diversity seen in the identification of these
three separate hearing loss mutations. These findings, therefore, do not marginalize the
efficacy of the Newfoundland population in the search for novel gene discovery or for

founder mutations.

‘The clinical and diagnostic utility of these identified mutations is significant for
the families in question, as they are now able to screen new family members, receive
much improved genetic counseling, and hopefully, benefit from improved treatment
options. However, identification of a Newfoundland founder mutation would be of
increased clinical and diagnostie ility. Any mutation that s prevalent throughout a large
portion of native Newfoundlanders is screened for at birth, and would thus be identified
in all future cases born in Newfoundland. The aforementioned benefits would therefore
apply to a much wider range of people than a single family, as is the case for non-founder
mutations. This study, therefore, does not reduce the strong clinical and diagnostic
potential that can be fulfilled through the discovery of Newfoundland founder mutations,
nor does it point to an inefficacy of the Newfoundland population as a medium of novel

gene discovery.



A Changing Landscape of Gene Identification Methodology

Despite the increase in hearing loss gene identification, many deafhess causing
‘genes and loci remain undiscovered. High density SNP arrays, which are a type of DNA
microarray used to detect polymorphisms across large portions of a genome have been
successfully applied in a new approach to find hearing loss genes. Shahin et al. (2010)
applied SNP array-based homozygosity mapping of families with a high degree of
consanguinity. Homozygosity mapping is a powerful method of localizing genes for
autosomal recessive disorders. Using this approach, Shahin et al. 2010) identified five
genome regions likely to harbor novel genes for pre-lingual non-syndromic hearing loss
in six Palestinian kindreds. This approach is currently being investigated for AR hearing
disorders in the Newfoundland population. Traditionally this method has been limited to
families who share a recent common ancestor, but Hildebrand et al. (2009) have recently
demonstrated that this technique can be used on outbred populations. They performed
homozygosity mapping on 72 single affected individuals of 54 kindreds ascertained
worldwide using a 250 K SNP array. This discovery could potentially open up further
opportunities for novel gene discovery in Newfoundland & Labrador as many specialty
clinics have access to cohorts of individuals from out-bred populations.

Asecond ical advance having huge implicati novel gene

discovery is the advent of next-generation sequencing (Schuster, 2008). Next-generation
sequencing allows for the easy production of millions of DNA sequence reads in a single
run. Next-generation sequencing instruments can generate as much data in 24 hours as

several hundred traditional DNA capillary sequencers, but are operated by a single person




(Schuster, 2008). A recent study of non-syndromic hearing loss used targeted genome
capture combined with next-generation sequencing to analyze 2.9 Mb of the DFNB79
interval on chromosome 9q34.3 (Rehman et al. 2010). Rehman et a. (2010) detected a
nonsense mutation in the predicted gene C90r/75, which they renamed taperin (TPRN). A
nonsense mutation is a change in DNA sequence that results in a premature stop codon,
leading to an incomplete, and usually nonfunctional, protein product. Rehman et al.
(2010) next performed immunolocalization experiments on the TPRN protein in a mouse
cochlea, and saw prominent expression in the taper region of hair cell stereocilia.

A third strategy showing recent success (Meyer et al. 2007) and strong promise
for gene identification, specifically for AD hearing loss, is the use of AudioGene
Audioprofiling. Audiogene is a computer program that uses a machine-learning approach
to analyze audioprofiles as a method of prioritizing genes for mutation screening in small
families segregating AD hearing loss. The audiogene dataset has recently been expanded
to include a total of 16 DFNA loci, including COCH, KCNQY, and TECTA (Hildebrand
etal. 2009). This could be very useful in the investigation of Newfoundland families
segregating AD hearing loss, and many of these families are small with limited recorded
data. Hildebrand et al. (2009) performed an experiment where a series of audiograms
were analyzed by a panel of hearing loss experts, and concurrently by AudioGene. The
accuracy of matehing the audiograms with the genotypic cause was 55 % for the human
experts, and 88 % for AudioGene (Hildebrand et al. 2008). Furthermore, as the size of
this database increases, so too willits predictive capacities. For now, it represents a.

promising avenue for Newfoundland AD hearing loss research at almost zero cost, and




should be the next strategy employed for mutation detection in the 25 remaining
Newfoundland AD probands.

‘These are just some examples of recent advances in technology leading to novel

di , and as these ies become , their use will be

in new investigative di ing studies not just in the
population, but all over the world. The ability of next-generation sequencing to perform
50 many ‘reads’ so quickly will be invaluable to future hearing loss studies in
Newfoundland. Sereening candidate genes and potentially mutated chromosomal regions
will be significantly casier, allowing for the ‘quick’ discovery of novel (and existing)

causative hearing loss mutations in Newfoundland probands.

Limitations of this Study

Despite the discoveries discussed above, the candidate gene approach undertaken
in this study does present various limitations in the search for hearing loss mutations.
‘These limitations vary widely, and while mentioned above throughout this thesis, a short
summary of them will serve to illuminate the path forward both in filling any gaps, and in
approaching mutation detection in various untried ways up to this point.

Firstly, it is important to note that mutations in J¥FS may not be more common
than other hearing loss mutation just because they are more commonly reported in
Newfoundland. The reason the p.A716T mutation in IWFSJis so widely reported is due in

large part to its pathognomonic character. A pathognomonic sign is a particular sign



whose presence is characteristic for a certain disorder beyond any doubt. The phenotype
of p.A716T mutation in IWFS1 is one such pathognomonic trait. Local audiologists are
able to both distinguish this pattern of hearing loss and recognize sumames of the
extended family thus far affected, and contact us directly when they have patients that
‘may be related to these originally reported families (Young et al. 2001). Clinical
application like this makes it likely that the high frequency of reported WFS/-related
hearing loss is an overstatement, not describing the true situation (Tranebjaerg 2008).

Itis also possible that one or more of the families under investigation may be
incorrectly classified as AD due to a lack of sufficient data. Many individuals in these
pedigrees (Figure 2.1) are ascertained through relatives’ word of mouth, and so it is
entirely possible that digenic inheritance, penetrance, or even mitochondrial mutations
may be obscuring the proper ascertainment of inheritance pattern and thus the search for
causative hearing loss mutations. These possibilities should undoubtedly be investigated
in future studies on the 25 remaining AD families.

‘The possible presence of larger genomic abnormalities at work is another
limitation of this study, which did not search for any such possible occurrence. This study
investigates genes through targeted gene sequencing. However, larger genomic
abnormalities have been shown to cause hearing loss phenotypes (Lisenka et al. 2003;

Shaffer et al. 2006). Genomic abnormalities, therefore, may account for hearing loss in

some of the families under investigation. Large genomi
deletions, inversions, etc. can cause and affect the degree and severity of diseases, and

such large-scale anomalies are not detected through traditional DNA sequencing methods



(Lisenka et al. 2003; Idbaih et al. 2010). The possible presence of such abnormalities
should be investigated in future studies.

‘The presence of phenocopies in Family 2071 is also a relevant pit-fall in this
study of AD hearing loss families. While phenocopies are common, they are also often
difficult to prove beyond any doubt. A routine aspect of the clinical ascertainment is a
request of patients and family members to fill out a detailed hearing loss questionnaire.

This includes specific questions about noise exposures, head injuries, usage of drugs

known to be ototoxic, etc. In this study, the cause of hearing loss in Family 2071’s
putative phenocopies is unknown. These unanswered questions obscure the full picture of
hearing loss in Family 2071. The continued investigation of this family is, therefore,
essential to gain a more complete understanding of hearing loss in this family and to
confirm beyond any doubt that several individuals within Family 2094 are phenocopies.
Lastly, the approach taken in this study is also a limitation unto itself. This study
was a “targeted” candidate gene approach which focused only on genes previously
associated with hearing loss. While this improved the likelihood of detecting hearing loss
mutations, it restricted the chance of identifying potential “genetic surprises” regarding
genotype-phenotype. And while several exons within KCNQ4, COCH, TECTA, and
MYOLA not previously associated with hearing loss were bi-directionally sequenced, this

‘approach was limited by the two year time-frame of a master’s thesis.



Chapter 5: Summary

“The aim of this thesis was to determine the genetic etiology of AD hearing loss in
28 large, multi-generational Newfoundland families. Probands were first screened for
hearing loss alleles previously reported in the Newfoundland population: specifically the
full GJB2 gene, the del1 351830 mutation in GJB6GJB2, GJB6, and the p.A716T in
WFSL. The next step was a systematic functional candidate gene search for genes and
mutations from the primary literature and the NCBI database. Genotype-phenotype
evaluation of potential candidate genes, and frequency of mutations found previously,
helped to narrow the list down to four likely functional candidate genes: COCH, KCNQ4,
TECTA, and MYOIA. These genes all code for proteins that play an important role in
human hearing, and harbor hearing loss mutations recurrent in Caucasian populations.
Once a mutation was identified, we were then able to highlight common patterns among
the phenotypes of Newfoundland probands and the phenotypes of known mutations in
AD deafness causing genes. Figure 2.2 illustrates the progression of this study from the

stage of experimental design to the discovery of novel and known causative mutations.

In Newfoundland Family 2094 a known mutation (p.P51P/S) within COCH was
discovered to be the cause of hearing loss. The p.PS1P/S mutation causes a late-onset
progressive high-frequency hearing loss, and is associated with severe vestibular defects,
such as vertigo and motion sickness. Using DNA from a Dutch p.PS1P/S family, and
Family 2094, an ancestral haplotype was created through successful fragment analysis,

confirming Family 2094's p.P5S1P/S transition to be a Dutch founder mutation. However,



no other Newfoundland families were explained by this mutation. No further genealogy

was done to elaborate on this shared ancestry.

In Newfoundland Family 2071, a novel 3 bp deletion in exon 5 of KCNQ has
been found to be the cause of hearing loss. This discovery also provides further evidence
of the current genotype-phenotype correlation, whereby deletions in KCNQ# cause a
milder, later onset, high-frequency loss in patients compared to KCNQ# missense
mutations (Nie, 2008). This mutation was not detected in any additional Newfoundland

probands.

In Newfoundland Family 2102, the cause of hearing loss was identified to be a
nonsense mutation in exon 4 of MYOLA (p.R93X). Al affected individuals are reported
to have suffered from hearing loss from the age of five, with hearing coming and going
but progressively deteriorating. Again, this mutation was not reported in any additional
Newfoundland hearing loss families. No hearing loss causing mutations were discovered
within the TECTA gene, but sequencing of this gene should be completed in the future to

rule it out completely as a candidate gene for hearing loss.

In the introduction, a table was presented indicating all known deafhess related
genes and their mutations within the Newfoundland population. An updated version of
this table is seen in Table 5.1. Of the 28 Newfoundland families suffering from AD
hearing loss at the beginning of this study, three families have now been solved. Further
research on the remaining 25 unsolved Newfoundland families is of paramount

importance. Genomic DNA from four of these 24 families has recently been sent for a



genome wide scan (GWS). The data gained from this GWS will inevitably enable further
successful identification of the genetic cause of hearing loss in these families. AudioGene
Audioprofiling also presents a promising avenue of detecting further mutations within the
remaining 25 probands, and should be investigated. The determination of these hearing

loss causing mutations must remain of eritical importance to researchers and clinicians

alike. With a greater ling of the genetic mutati ing various families

hearing loss, comes a greater ing of the pathogenic and a greater

chance of improved treatment options and screening abilities.



Table 5.1 Deafness Genes Identified in Newfoundland Population at End of This
Study

Gene Mutation #OfNL Literary Reference
Families
KCNO4 <.806_808delCCT 1 Unpublished
COCH. SCT ] De Kok et al. 1999
MYOIA ©2435C>CT ] ‘Donaudy et al. 2003
Denoyelle etal.
GB2 ©3546lG 1
GJB6 DI3SI830 g
TMPRSS3 <207deIC ]
TMPRSS3 C782+34eIGAG 2
PCDHIS i
WESI 2146G>A 1
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Appendix A: PCR Primer Sequences and Expected PCR Product Sizes.

5422-108R

Gene | Amplified | Primer Name Primer Sequence Size of
Exon Fragment (bp)
KeNad 1A 4700-1AF ‘agttggagtcggaaagagca 7
4700-1AR CGCAAACTCACATGAAGACG
KCNQ4 1B 4700-18F AGCCATGCGTCTCTGAGC 584
4700-18R
KCNQa 2 4700-2R ccagggaattccaatictga 56
47002F
KcNQa 3 4700-3F ggaatcgtcaagtecaggaa 358
470038
KCNQd a 4700-4F tactcecaatcccgactctg 86
4700-4R
KcNaa B 4700-5F tgggaggagctgagasagaa 351
4700-5R
KCNQd 67 | 47006&7F cecteatgatcaggctecta 554
47006878
KCNQa 8 47008 ccacaactggaccaaggact 356
4700-8R
KCNQa. 9 47009F tecaccetgtectattctgg 397
47009R
KCNQa 10 4700-10F catcettgttceatcecaag a9
4700-10R
KCNQa 1 4700-11F cggtggtitggcatacaag 287
4700118
KCNQa 2 4700-12F tecatctcatccatgtitctg 392
4700-12R
KCNQa B 4700-13F ggtgccttctccticatcag. 394
4700-13R
KCNQd. 1A | 4700-14AF ctagccaagetccacctttc 383
4700-14AR | GCCTCTGAGAAGTCCCTCAGT
KCNQd 1B | 4700-148F GACCTGCTGTTGGGCTTCTA 18
4700-148R
TECTA 5 54225 ‘accctgactcggetatgaaa 80
5422:5R
TECTA 9 5422-9AF gggcagaccgtgtctttatc 297
5422-9AR ACTCCAGGAAGGAGCTGTTG
TECTA 9% 5422-98F ‘GCTTGTGCGGCTTCTACAAT 88
5422.98R
TECTA 10A | 5422-10AF geactcacaaacacacatgc 4%
AAGGTGAGGTAGTGGCCGTA
TECTA 108 CTTCTGGGTGGACCTGGACT 499
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Appendix A: PCR Primer Sequences and Expected PCR Product Sizes (cont).

Gene | Amplified | Primer Name Primer Sequence Size of
Exon Fragment (bp)

TECTA TIA | 5422-11AF ctgctcasacttccctetgg 299
5422-11AR AAGG GGTTG

TECTA 118 5422-118F |  ACCCTGATGATGACCTGGAG 297
5422-118R

TECTA 12 5422-128F tgcctttcatctcectgagt a15
5422-128R

TECTA BA | 542213AF gttgaggccgttt 494
5422-13AR | AGTAGACGGGCGAAATGATG

TECTA 138 5422-138F CGTCGCAACGTGATTCAG 470
5422-138R

TECTA 1 5422-14F cagaatggagtcgtigagacag 499
5422-14R

TECTA 17 5422-17F atgcccaggttactgctttg. 493
5422-17R

TECTA 18 5422-18F gecatttctccactttcagg 354
5422-18R

TECTA 20 5422-20F geatttctgecatttatggtg 381
5422208

MYO1A 3 5379-3F gectctggetgtggatatgt 399
5379-3

MYO1A 2 5379-4F geccagtctgetccasgtag 297
53794R

MYO1A 67 | S53796&7F tgagcectagaccctettce 500
5379-687R

MYO1A 10 5379-10F atgaatccattagggcaage 3
5379-10R

MYOIA | 11+12 | 5379-11&12F caccagtgtctcaggcagtt 4%
5379-11812R

MYO1A 18 5379-18F geaccgtgtgeageatag. 395
5379-18R

MYO1A 2 5379-22F actcaggtctitgegtggtt 281
5379-22R

MYO1A 2 5379-25F g8tectgatgtettggtect 374
5379-25R

CoCH 243 | 4086283F tetgtgtectetetcctctge 499
4086-283R

CocH a F ctggaatggtatggaagegta 63
4086-4R

cocH 5 4086-5F ‘agegagacgccatcaaataa 395
4086-5R
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Appendix A: PCR Primer Sequences and Expected PCR Product Sizes (cont).

Gene | Amplified | Primer Name Primer Sequence Size of
Exon Fragment (bp)

cocH 1A | 4086-12AF titgecactctcgtcacaat 292
4086-12AR TITGCCTAAATGGCTGTTGA

CocH 128 | 4086-12BF | GATGTCATCAGAGGCATTTGT 88
4086-12BR |  CCTGAACCATGTTAAAGAGCTG

cocH 12C | 4086-12CF | CACTGCTGAGGCTTCATAATCA 243
4086-12CR | CCTGAACCATGTTAAAGAGCTG

COCH 120 | 4086-12DF | TCTGGATATAGAAAGGAGACCTGT 384
4086-120R
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Appendix B: Mutations Previously Found Within the Four Selected Candidate Genes

KCNQ4, COCH, TECTA, and MYOIA.

Mutation Protein Domain Exon Reference
[ KCNQ4-p.W2765 ore Region Coucke et al. 1999.
KCNQ4-pL274H ore Region Kubisch et al. 1999.
KCNQ4-pL281S ore Region Talebizadeh et al. 1999.
KCNQ4-p.G2855 ore Region Kubisch et al. 19%9.
KCNQ4-p.G285C ore Region Coucke et al. 1999.
KCNQ4-pG321S | 56 7 Coucke et al. 1999.
KCNQ4-p.G455H Pore Region N/A | Van Lacretal. 2006.
KCNO4-
p.Q7IfsX138 1 Kamada et al. 2006.
KCNQ4-pFS71_| N-Terminal Cytoplasmic Coucke et al. 1999.
C F Nagy etal. 2004.
C Ci Fransen etal. 1999.
[cc Cl Robertson ct al. 1998.
[Ccc Collin et al. 2006
C Cl Robertson et al. 1998.
o 5 inos et al. 2001
[ 5 Robertson et al. 1998.
COCHpA1I9T 5 Usami et al. 2003.
[ cocp csazF 12 Street et al. 2005.
TECTA-pNS64K. 9 i
TECTA.C1057S 10| Balciuniene etal. 1999.
TECTA-p.CI352Y il Hutchin et al. 2005.
TECTA-p.C1509G 13 Pister et al. 2004,
TECTA-p.C16195 14 Alloisio etal. 1999:
TECTA-p.L1820F 17 | Verhoeven etal. 1998,
TECTA-p.G1824D 17| Verhoeven etal. 1998.
TECTA-p.CI837G 17 | Moreno-Pelayo, 2001.
TECTA-p.Y1870C Zona Pellucida 18| Verhoeven etal. 1998.
TECTA-p.R2021H Zona Pellucida 20 Twasaki et al. 2002.
TECTA-
pFII9fXI31 NA 5 Hutchin et al. 2005.
MYOIA-pR9IX ‘Motor Domain 3 Donaudy et al, 2003
MYOIA-pN306M NA 10 Donaudy et al, 2003
MYOIA-pE385D Motor Domain 12| Don+audy etal, 2003
MYOIA-p G662E NA s Donaudy et al, 2003
MYOIA-p.G674D NA 18 Donaudy et al, 2003
MYOIA-p STOTF N/A 2 Donaudy et al, 2003




Appendix B: Mutations Previously Found Within the Four Selected Candidate Genes
KCNQ4, COCH, TECTA, and MYOIA (cont).

Mutation Protein Domain Exon Reference

Donaudy et al, 2003
MYOL4-p349-
350insCTT NA 4
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Appendix C: COCH Microsatellite Marker Primer Sequences and Expected PCR

D1451014-R

AATCCCTACCCTTGTGGTG

Product Sizes.
Marker | Primer Name Primer Sequence Size of
Name Fragment (bp)
D145262-F GCAGTGGACTGATGCTCC 200
D14s262 | D14s262-R CCATGAAACTGGTCCCG 6FAM
D14S975-F CATACACAGACACACGGAGA 174 6FAM
D14s975 | D14s975. TGCCAAATAATCAGTTTTGC
D1451021-R AGTCGTGTATCCTGGGCAT 266 6FAM
D1451021 | D14S1021-F GCGCTGGTGTGAAT
45257-F CAGTGAGCCATGACTGTG 182 6FAM
D14s5257 57-R TIGGTAAAGTGGTAAAAGGC
279 6FAM
D1451071
231 PET
01451040
176 6FAM
D1451034
1451060 193219
6FAM
14570 214224 6FAM
1451014 236246 6FAM
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Appendix D: Fragment Analysis of Microsatellite Markers Flanking the COCH gene.

Marker Allele 1 Allele 2
Sample
OP06-115 451021 262 262
JC07-184 481021 262 262
KM06-227 451021 262 262
1507-182 451021 262 274
19126 451021 268 268
19135 451021 262 268
19149 451021 262 268
APO7-66 451021 262 274
OP07-270 451021 262 274
CPO7-187 451021 262 268
CC07-269 451021 262 268
OP06-115 45975 163 7
JC07-184 45975 163
KM06-227 45975 167
1S07-182 45975 171
19126 48975 163
1913: 45975 167
1914 48975 167
APO7-66 48975 163
0P07-270 45975 163
CPO7-187 48975 163
CC07-269 45975 165
OP0G-115 1451040 234
JC07-184 1451040 232
KM06-227 1451040 234
1507-182 1451040 232 234
19126 451040 214 234
19135 451040 232 234
19149 451040 232 234
APO7-66 451040 232 234
OP07-270 451040 232 234
CPO7-187 451040 232 234
€C07-269 451040 232 234
OP06-115 45107 217 281
JC07-184 45107 275 281
KM06-227 45107 281 281
507-182 45107 217 285
19120 45107 217 281
1913 45107 275 281
1914¢ 45107 275 281
APO7-66 45107 285 281
1914 451060 201 207
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Appendix D: Fragment Analysis of Microsatellite Markers Flanking the COCH Gene

(cont).
Sample Viarker Allele 1 Allele 2
0P07-270 45107 285 281
CPOT-187 45107 275 281
CC07-269 45107 275 281
OPO6-115 45103 169 7:
1C07-184 45103 169
KM06-227 45103 169
1507-182 45103 2}
19126 45103 169
19135 45103 169
19149 45103 169
APOT-66 45103 169
OPO7-270 45103 169
CPOT-187 45103 169 16
CC07-269 45103 169 79
OPO6-115 45262 200 200
1C07-184 45262 200 200
KM06-227 45262 200 200
JS07-182 45262 200 202
19126 45262 204 204
19135 45262 200 204
19149 45262 200 204
APO7-66 45262 200 202
OP07-270 45262 200 202
CPOT-187 45262 200 198
CC07269 45262 200 204
OPOG-115 45257 7
JC07-184 45257 7
KMO06-227 45257 70
1507-182 45257 7
19126 45257 76
19135 45257 7 191
19149 45257 191
APO7-66 45257 [}
0P07270 45257 [}
CPOT-187 45257 91
CC07-269 45257 191
OPO6-115 451060 201 207
1CO07-184 451060 201 191
KM06-227 451060 201 191
IS07-182 451060 201 197
19126 451060 201 205
19135 451060 201 207
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Appendix E: Medical Hearing Loss Questionnaire

Newfoundland and Labrador
Hearing Loss Study

Medical Information Questionnaire

The information we ae asking
of the hearing los iy
questionnaire if you do not kn
can. Any

onnaire
courage

provide willbe benefica

Wear always q n comp
over the phane. if vou prefer.

THE HARVARD C|
FOR HEREDITARY HEARING LOSS
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Appendix E: Medical Hearing Loss Questionnaire (cont)
SECTION 1 - GENERAL INFORMATION

Date of Birh_____

Your Name,

E-mail Address (if you have onc)
2 Toyow Yes - No ' Don't Know
(T ey v T g qunion, b ot oy, o ik 4o veyone)

s best you ean. 1f you bave soen the doctor, please give us the mame
you bave ‘names, or when you saw
an. ll:-uwna-ir" Ifyou
¥ 10 the pext question. Any

bebelpful.

3. Have you ever visited any of the following doctors? k)
- AnENT Doctor? (Ear, Nose and Throat) Yes No DK
IF yes. whers did you see them:

- AnAudiologist? (Person performing hearing tests) Yes “No DK
1f yes, where did you sce ther:
- Ankye Doctor? (Ophthalmologist) Yes No DK
1 yes, where did you see them:
= AGenetics Doctor? (Geneticist) Yes No DK
If yes, where did you see thean:
- A doctor who treats diseases of the nervous system? (Neurologist)

Yes No DK
1f yes, where did you see thern:
-+ AMHean Doctor? (Cardiologist) Yes No DK

1f yes, where did you see ther:

4 Here e bem sdnited o
date(s) of admis

f yes, please give name of hospital and approximate
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Appendix E: Medical Hearing Loss Questionnaire (cont)

SECTION Il - MEDICAL HISTORY g

A
S, LefEan nomal Tess than normal
Right car: normal Tess than normal
ok &

6. LefiEan  nothing  hewingaid cochlearimplent  other
RightEar.  nothing  hearingaid cochlearimplant  other

7. Were you bom with hearing loss”. Yes No

1 yes. tick affected Right Left

1 no, when did it st During Childhood ( During Teen Years ) During Adulthood

8. Did your hearing loss begin during or soon afler:

e —
5 No NA
- No NA
: No NA
- intravenous antibiotic treatment.. Yes No NA
- chemotherapy for cancer. Yes No NA

\ - asevereinfection. such as meningitis........  Yes No NA
-+ exposure 10 a sudden 0w D0ISC..... Yes No NA
2 prolonged exposure 10 loud noise... No NA
- smearinfection. Yes No NA
+ car surgery (including insertion of T-tubes)... . Yes No NA
-+ injury to the head of the Gar...... Yes No NA

122



Appendix E: Medical Hearing Loss Questionnaire (cont)

Pattern of Hearing Loss. Pl

Your hearing is:
- Suwble (has not changed much over several years)
- Fluctuating (sometimes better. sometimes wonk:
-+ Slowly progressing (geting worse over years)....
- Rapidly progressing (getting worse over.

weeks‘months). .

- Sudden hearing loss

Patient

- Scarlet fever

= Meningits (hrain infect

-+ Tuberculosis (TB).
-+ Repeated car infections.

 Premature graying of hair before age 30...
(Not just at the temples)

< Kidney problems.

-+ Diabetes mellitus (“sugar diabetes™

+ Thyroid problems (goiter. under active, overactive)

-+ Depression or “nerves

¢ tell us which ear has hearing loss by answering the following questions.

Medical History. Have you ever had any of the following:

e
Len A
Len NA
Len NA
Right Len NA
Right Len NA

o 1

No DK
No DK
Yo No oK
Yo No DK
Yes No DK
Yeu No DK
Yes No Y
Yes No DK
Yes No DK
Yes No DK
Yes No DK

Iathens anything elsc which you think we should know about your medical history?
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Appendix E: Medical Hearing Loss Questionnaire (cont)

Faculty of Medicing, Schols of Nursing and Pharmacy of Memorial

University of ancer

evaiment snd heooareh Posmdutin

Consent to Take Part in Health Research
TITLE:  The Genetics of Hereditary Deaficss in Newfoundland
INVESTIGATOR(S):
SPONSOR:
study. e
I the wudy o not. Bofors . you mood o s dorstaud whet o ool b
Tt o gk e Sk et Lo o Al vamibv TR sommamt form ecpla tha
w4

The researchers will:
« discuss the study with you
« answer your questions
& you personally

1 you decide not to take part or to leave the study this will not affect your health care.

1. Introduction/Background:

are inherited in families as a result of
e

A gene e apisce of passd fom parn
chiiren 1€ we can ey the genesthet ar aiere i ench iy, would allow
derstacd th process o e might o vrcag i socas forms of deatoces

‘and how it might be treated.
2. Purpose of study:
Our goal s to identify the genes involved in hereditary deafess in families.

3. Description of the study procedures and tests:

16 you sgree o ake purtinthisstudy, you will be asked to
Tell u about your heaing and th hearing of othe members of your amily. and
e eaied sapects of your et
 Have your hearing tested by a registered audiologist
2 Have o blood sample drawn for DNA sesting.
« Complete a hearing loss
‘We might also want 10 review your medical records related to your deafness
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Appendix E: Medical Hearing Loss Questionnaire (cont)

4 l.c-ﬂlﬂ'-
If you intervie last 30-60
sampling. i i 30 minutes. [t will is
‘convenient for you. The research may take us several years but you will not have to be
iovotved sgan. Wo will oo you nformed of e fdiogs

5. Possible risks and discomforts:
“The only discomfort s that of giving a blood sample.

Benefits:
Itis not known whether this study will benefit you.

7. Liability statement:

your legal rights.
legal and professional respoasibilites.

8. Compensation:

- ing par in i
will

additional cost 10 you.
9. C :
by law, i
peraining 10 your participation inthis study that may idenify you by name. Furthermore, your
y

10. Genetic Studies:
parents. Somet informati i prns, This could
mlmmwxllmlbenvmlnmymmchldnuyuummh«ﬁmlynmn&r! |
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Appendix E: Medical Hearing Loss Questionnaire (cont)

I1. Future use of tissue/DNA samples.

In order to preserve a valuable resource, your (tissue/DNA) samples may be
tored at the end of this rescarch project. It is possible that these samples

may be useful in a future research project dealing with hereditary deafness

which may or may not be related to the current research project. Any future
research have to be approved by a Research Ethics Board (REB).

Please tick ome of the following options:

Togres et ey Tlawua/ DR sasolen o b e o wc mppeoesd sl
but only if | am contacted

Under no circumstances may my sample by used for futurc rescarch. My
sample must be destroyed at the end of this present project.

*Includes name, MCP number or any other identifying information.

‘The DNA sample from this study will be stored in St. John’s. Newfoundland and Seartle.
‘Washington for an indefinite period of time.

11, Contact Information:
1f you have any questions about taking part i this tudy. you can meet with the
investigator who is in charge of the study at this institution. That person is:
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Appendix E: Medical Hearing Loss Questionnaire (cont)
Signature Page
Study title:  The Genetics of Hereditary Deafness in Newfoundland

Name of principal investigator:  Dr. Terry-Lynn Young

To be filled out and signed by the participant:

Pesaecheck a o
have eudth consent (nd nformation shee]. es |
have had th opporuniy o sk quesionodiscus this sucy. o
1 have recei &mvywmnnlnfmqm Yes {
xmmmm-m the study. Yes {

e atoered ) Gotsion
Tunderstand that | am free to withdraw from the study
« atany time
¢ vitoubaring o ives raacn
«  without affecting my future.
it

1 understand that it myciwlwmbtlnﬂ"udy-mmulmlymmﬁl Yes ()}
1 agree that the study doctor or investigator may read the parts of my hospital Yes ()}
mwmchnu‘n‘mwﬂn!‘\bﬂy

1 agree to take part in this study. Yes [}
Signature of parucipant Date

Signanibs Srutness e

in the study, any

No ()

Nof}

"No ()

Signature of investigator Date
Telephone number:

Assent of minor participant (f appropriate):
Signature of minor paricipant Due
Relationship o participant named above Age
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Abstract

‘The purpose of this study was to determine the genetic cause of hearing loss in 28
Newfoundland families with Autosomal Dominant hearing loss. AD hearing loss is
highly genetically heterogeneous, and is mainly associated with a late onset, progressive
phenotype. After a comprehensive literature search, genotype-phenotype evaluations, and
a functional candidate gene approach, all 28 probands were sequenced to identify
mutations in four genes known to cause autosomal dominant hearing loss, COCH,
KCNQ4, TECTA, and MYOIA. First, a known Dutch founder mutation within exon 4 of
COCH, ¢.151 C>CT, was found in a Newfoundland proband of Family 2094. Al affected
family members (n=7) shared this mutation, while unaffected members did not. This is
only the second family found to harbor this mutation outside of Europe. This mutation is
strongly associated with severe vestibular decline. Affected Family 2094 members
carrying the mutation do present vestibular decline in the form of vertigo and balance
difficulties. As this mutation is considered to be a Dutch founder mutation, DNA samples
from a Dutch p.PS1P/S family were genotyped and compared with Family 2094
‘genotypes. Fragment analysis confirmed haplotype sharing of five markers closely
bordering the c.151 C>CT mutation between Newfoundland and Dutch mutation carriers.
Second, a novel 3bp deletion in exon 5 of KCNQ+ was found in 13 affected members of
Family 2071. While the mutation was not seen in four other affected family members,
audiology test results suggest that these four individuals are phenocopies. Sequencing of
the full KCNQ# gene was done in all individuals, to rule out another mutation on the

same gene. Further investigation, through the construction of an intragenic haplotype. did



not point to any further hearing loss associated variants within KCNQ4, and confirmed
that all deletion carriers share a common hearing loss haplotype and deletion. Third, a
nonsense mutation was found in exon 4 of MYOLA in the proband of Newfoundland
Family 2102. This is a C>T nucleotide substitution (c.2435 C>CT) that causes a change
(p.R93X) in the motor domain of myosin 1A. Of four individuals in Family 2102, three
were found to carry the p.R93X mutation, while one unaffected sibling was not. This
mutation has been reported once before in a small Italian family. No mutations were
discovered in the TECTA gene. When each of the causative mutations in COCH, KCNQY,
and MYOIA was detected, additional Newfoundland hearing loss probands were
sereened, to rule out the possibility of a founder mutation. In no case were additional
mutation carriers identified. While no founder mutations were discovered in this study,

the genetic cause of hearing loss was identified in three families.
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Chapter 1: Introduction

Purpose

“The aim of this research project is to determine the genetic etiology of autosomal

dominant (AD) hearing loss in 28 Newfoundland families.
Overview

Hearing loss is the most common sensory disorder in humans. For example, one
iin every 500 newboms has hearing loss (Morton & Nance, 2006). The prevalence of
hearing loss increases dramatically with age, and by puberty, the number of affected
persons doubles (Morton & Nance, 2006). Hearing loss is even more prevalent in adults,
s 60 % of people older than 70 years have a hearing loss of 25 dB or more (Gratton &
Vazquez, 2003).

Hearing loss is a multi-factorial disorder caused by both genetic and
environmental factors. Genetic factors account for 50 % of all hearing loss cases, while
environmental factors cause 25 %. The remaining 25 % are classified as being of
unknown etiology (Willems, 2001). Environmental causes of hearing loss include
exposure to high sound decibel levels, head trauma, prematurity, neonatal hypoxia, low
birth weight, prenatal infections from “TORCH organisms (i.¢., toxoplasmosis, rubella,
CMV, and herpes), and postnatal infections like bacterial meningitis (Willems, 2001;

Bitner-Glindzicz, 2002).



Approximately 30 % of genetic cases are syndromic: the phenotype includes other
signs and symptoms throughout the body in addition to deafhess. Over 400 genetic
syndromes include some degree of hearing loss (Gorlin et al. 1995; Nie et al. 2008). Two
examples are Usher syndrome (USH): hearing loss accompanied by retinitis pigmentosa,
and Pendred syndrome: a hearing loss disorder accompanied by goiter, which is a
swelling in the thyroid gland. However, the vast majority, around 70%, of inherited
hearing disorders are non-syndromic (Cremers et al. 1991; Van Camp et al. 1997).
Worldwide, within non-syndromic cases, 88 % of the hearing loss genes identified cause
autosomal recessive (AR) hearing loss, 11 % AD, and the remaining 1% either
mitochondrial or X-linked (Smith & Van Camp, 2007).

The five factors used to describe hearing loss are age of onset, sound frequencies
affected (low, middle or high), degree of hearing loss (measured in dBs), affected part of
the auditory system (conductive, sensorineural or mixed), and configuration (unilateral,
or bilateral).

Hearing loss has a high degree of genetic heterogeneity. A large number of
mutations within many different genes cause similar hearing loss phenotypes. As of May
2010, the Hereditary Hearing Loss Homepage listed 141 non-syndromic deafhess loci
that have been mapped and 50 genes that have been identified. Twenty-two of the 50
known genes harbor mutations that cause AD hearing loss (Table 1.1), 33 cause AR
hearing loss, and 2 cause X-linked hearing loss (Van Camp G, Smith RIH

). Loci for dromic hearing loss are denoted

“DFNA’ for AD inheritance, ‘DFNB’ for AR inheritance and ‘DFN’ for X-linked



inheritance (Griffith & Friedman, 2002). Some genes cause both AD and AR hearing
loss. For example, Grifa et al. (1999) found a C->T change in gap junction protein, beta 6
(GJBS) that resulted in the substitution of a highly conserved threonine residue for a
methionine at amino acid position 5 (p.TSM), resulting in nonsyndromic AD hearing
loss. While this G/B26 mutation causes AD hearing loss, Del Castillo et al. (2002)
identified a 342 kb deletion in GJ/B6 by studying 422 unrelated subjects from Spain and

Cuba with an AR pattern of inheritance.

Pedigrees

When studying hearing loss, o any hereditary disorder, family members are
visualized on a pedigree chart, which in this study shows all known hearing loss
phenotypes presented at the time of clinical and audiological testing. This allows easier
identification of the inheritance pattern and of the relationships among haplotypes. A
haplotype is a combination of alleles that are transmitted together. When a causative
mutation s found, alleles of linked markers are assessed in order to develop a haplotype,
or pedigree that illustrates shared genetic variants between family members. These
haplotypes are then compared between members of the same family or between members
of different families that share the same mutation. A common haplotype with the same
‘mutation suggests a common ancestor for that mutation. Furthermore, a haplotype can
point to associations between different variants that may be combining to affect the

phenotype.



Audiograms

Audiograms are graphs of the minimal level of sound that a given person can hear
at various frequencies (Figure 1.1; Figure 1.2). They are produced using an audiometer, a
‘machine that tests hearing by exposing patients to a range of sounds at different pitches
and decibel (dB) levels. During hearing tests, separate audiograms are obtained for each
ear. Each line on the audiogram represents one ear. The y-axis measures sound intensity
in units of dB, which increases logarithmically. The x-axis of the audiogram measures the
frequency, or pitch, of a sound in Hz (Hertz). Low pitch sounds have low frequencies (<
500 Hz), medium pitch sounds have medium frequencies (500 - 2000 Hz), and high pitch
sounds have high frequencies (> 2000 Hz). Hearing loss is characterized by intensity,
which can be mild, moderate, severe or profound, and by which frequency is affected,
such as low, middle or high.

An individual with normal hearing can detect sounds between 0 dB and 20 dB.
“The minimum level of hearing, 0 dB, is equivalent to a barely audible whisper. Those
affected with hearing loss, however, have a higher than normal minimum hearing level.
‘This means that any given sound intensity must be greater than 0 dB for them to hear it.
People with a mild degree of hearing loss can only hear sound at intensities between 20 —
40 dB for the frequencies of 500 — 4000 Hz. Individuals with moderate hearing loss can
only hear sound from 40-70 dB, and those with severe hearing loss can only hear sound
between 70-95 dB in intensity. Lastly, those with profound hearing loss cannot detect
sound at all unless it is 95 dB or greater (such as the sound produced by an .MP3 player

at maximum volume; Mazzoli et al. 2003)



Figure 1.1 shows a series of simple audiograms: audiogram A shows an
individual with normal hearing, B an individual with moderate bilateral (affecting both
cars) hearing loss, and C an individual with severe bilateral hearing loss. However,
audiograms are often not so simple to read. Figure 1.2 shows two additional audiograms:
audiogram A shows an individual with moderate to mild hearing loss in the left ear and
normal hearing in the right ear (unilateral), and B shows an individual with bilateral
hearing loss sloping to moderate and profound at the higher frequencies. This
audioprofile s typical of presbyacusis, or age-related hearing loss. 40 % of the population
older than 65 years of age is affected, and 80 % of hearing loss cases oceur in elderly
people (Gates & Mills, 2005). It is now generally accepted that presbyacusis is most often
caused by age-related declines in the auditory system, such as loss or deterioration of
sensory cells within the cochlea. Moreover, impaired temporal processing is associated
with age-related factors that affect neural synchrony of hearing (Schuknecht et al. 1993;
Friedman 2003; Wa et al. 2003; Fitzgibbons et al. 2010). Temporal processing refers to
the processing of acoustic stimuli over time. Temporal processing allows us to
distinguish speech from background noise, as the decibel levels of the background noise
varies over time.

Another common and important characteristic of presbyacusis, and of any
sensorineural hearing loss, s the level of speech discrimination a patient demonstrates.
Hearing a sound does not always translate into properly distinguishing speech. Tests are
also performed to determine a patient’s speech discrimination. The measure of speech

discrimination is often a percentage, and describes the ability of a patient to correctly



identify words when the sound is loud enough for them to comfortably hear. When a
patient has low speech discrimination, a hearing aid will successfully amplify sound in
the patient’s car, but will not necessarily improve speech perception. The amplified sound
remains gibberish to the patient because he/she is unable to identify the words.
(MeAlister, 1990; Kodera et al. 1994). A cochlear implant, a surgically implanted
electronic device that provides sound to profoundly deaf or severely hard of hearing
individuals, has been found in many cases to markedly improve speech discrimination

(Leung et al. 2005; Cambron, 2006; Yueh & Shekelle, 2007).

Autosomal Dominant Hearing Loss

Autosomal dominant non-syndromic hearing loss (ADNSHL) accounts for
approximately 15 % of inherited hearing loss (Hildebrand et al. 2008). To date, 59 loci
for ADNSHL have been identified, along with 22 causally related genes (Table 1.1; Van
Camp G, Smith RIH. Hereditary Hearing Loss Homepage.
hitp://hereditaryhearingloss.org). The majority of AR hearing loss cases are caused by
‘mutations in just a few genes, most notably gap junction protein beta 2 (GJB2) and GJBS.
“This contrasts sharply with AD hearing loss, which is significantly more genetically
heterogeneous (Griffith & Friedman, 2002), making cost-effective screening for
diagnosis in a clinical setting highly problematic. Mutations within the genes wolfram
syndrome 1 (WFSI), cochlin (COCH), potassium voltage-gated channel 4 (KCNQ4), and

tectorin alpha (TECTA) are marginally more frequently reported in comparison to the



other reported causative genes. The audioprofile sometimes provides clues to the
underlying causative gene. For example, WFS] harbors mutations found in 75 % of
families segregating for AD, non-syndromic hearing loss that initially affect only the low

frequencies (Young et al. 2001; Bespolova et al. 2001).

ADNSHL is often characterized by a post-lingual, late-onset, progressive
phenotype that affects mainly adults. Post-lingual hearing loss is much more frequent
than pre-lingual hearing loss, and affects 10 % of the population by the age of 60 (Van

Camp et al. 1997). This most often results from damage to auditory hair cells (AHCs) o

their innervation (Gates & Mills, 2005). For example, one late-onset progressive hearing
loss associated gene is eyes absent homolog 4 (EYA4), a member of the vertebrate Eya
family of transcriptional activators. Mutations in this gene were found in Belgian and
USA families, and create premature stop codons leading to post-lingual, progressive, AD
hearing loss. EYA4 was subsequently shown to be critical in the continued function of the
‘mature organ of Corti, an organ in the cochlea that contains the AHCs (Wayne et al.

2001).

Critical Considerations When ing A |
Hearing Loss

Of the 28 families researched in this study that are classified as having an AD
pattern of inheritance, one or more may have been incorrectly classified due to a lack of

sufficient data. Many individuals in these pedigrees (Figure 2.1) are ascertained through



relatives’ word of mouth. For this reason, it is important to discuss the role that different
factors may be playing in confusing the ascertainment of individuals and thus the search
for causative hearing loss mutations.

Digenic inheritance is when a phenotype is expressed only if an interaction
between two mutant alleles in two separate genes occurs (Strachan & Read, 2003).
Digenic inheritance does not cause AD hearing loss, but digenic inheritance may play a
role in the hearing loss of one of the families under investigation in this study. For
example, Chen et al. (1997) reported a small consanguineous family with three affected
and three unaffected members. Two regions shared by the three affected individuals were
identified, one on 3q21.3-q25.2 (LOD = 2.78) and 19p13.3-p13.1 (LOD = 2.78). LOD
(Logarithm (base 10) of odds) is a statistical test used to determine the likelihood of
obtaining test data if two loci are linked compared to the likelihood of observing the data
by chance. Chen et al. (1997) speculated that two non-allelic recessive mutations
accounted for the profound congenital deafhess in this family. In a Chinese family, Liu et
al. (2009) demonstrated through DNA sequencing that mutations in GJB2 and GJB3
interact to cause hearing loss in digenic heterozygotes. To support this, they discovered
overlapping expression patterns of GJB2 and G.JB3 in the cochlea, along with co-
assembly of the G/B2 and GJB3 proteins when co-transfected in human embryonic
kidney (HEK) cells (Liu et al. 2009). And a third example was seen recently when
‘mutations within ATP sensitive inward rectifier potassium channel 10 (KCNJ10) and
solute carrier family 26, member 4 (SLC2644) were found to cause digenic non-

syndromic hearing loss associated with enlarged vestibular aqueduct syndrome (EVA)



(Yang et al. 2009). Mutations in SLC2644 were previously shown to cause Pendred
syndrome (PS), a genetic disorder leading to hearing loss and goiter with occasional
hypothyroidism. Many individuals with an EVA/PS phenotype had only one disease-
causing variant in SLC2644. Yang et al. (2009) identified double heterozygosity in
affected individuals from two separate families. These patients carry single mutations in
both KCNJ10 and SLC2644, and the mutation in SLC2644 has been previously
associated with the EVA/PS phenotype. The KCN./10 mutation reduces potassium
conductance activity, which is eritical for generating and maintaining proper ion
homeostasis in the ear. To add further support o their digenic interaction hypothess,
Yang et al. (2009) demonstrated haploinsufficiency of Sle26a# in Slc26a4+/- mouse
mutants resulted in reduced protein expression of Kenj10 in the inner ear.

One important term to keep in mind when researching AD hearing loss is
penetrance. Penetrance refers to the proportion of individuals with a mutation who
exhibit clinical symptoms. For example, if a mutation in a gene responsible for a type of
AD hearing loss is 95 % penetrant, then 95 % of individuals with the mutation will
exhibit symptoms, while 5 % will not during their lifetime. Penetrance is often expressed
as a frequency at different ages because, for many hereditary diseases, onset of symptoms
i age-related (Strachan & Read, 2003). This is particularly important because AD
hearing loss is often late-onset and progressive. For this reason, a family's inheritance
pattern could appear to be sporadic, when in fact the disorder segregates autosomal
dominantly, and the individuals under study simply haven’t yet presented the hearing loss

phenotype, as the age of onset varies widely and can range well into 50 years of age. A



related but distinct potential problem s expressivity. Expressivity refers to variations of a
phenotype for a particular genotype. When a condition has highly variable signs and
symptoms, it can be difficult to diagnose.

Mitochondrial inheritance could also be confusing the ascertainment of the
families investigated in this study. Mitochondrial inheritance is the inheritance of a trait
encoded in the mitochondrial genome, and is always of materal origin. It is therefore
often also called maternal inheritance. When a woman harbors a mitochondrial mutation,
and her egg cells are forming an ovary, these egg cells contain a random distribution of
both normal and mutated copies of the mitochondrial gene (St. John et al. 2010).
Therefore, all children of this mother may inherit some mutated mitochondria, but if the
number of mutated mitochondria reaches a critical level, termed the “threshold effect”,
then an adverse phenotype is seen (St. John et al. 2010; Van Camp G, Smith RIH.

Hereditary Hearing Loss Homepage). These mitochondrial hearing loss mutations can be

late-onset, or if the carrier is administered certain antibiotics, the phenotype will be
“drawn out”. This s the case with mutations in MT-RNR1, which are known to cause
non-syndromic deafhess (Casano et al. 1999; Bates 2003). Mitochondrial mutations are
beyond the scope of this study, but have previously been shown to cause late-onset
hearing loss that is comparable to the phenotypes of Families 2093, 2112, and 2125
investigated here (Casano et al. 1999). While there are no incidences of male to male
transmission in these families, additional clinical ascertainment could potentially reveal a
mitochondrial inheritance pattern. This study primarily targets only genes and mutations

known to be associated with AD hearing loss, but the possibility of maternally inherited



mutations causing hearing loss in the above mentioned families should not be ruled out,
and should be investigated in future studies.

As a result of random genetic drift in the founder population of Newfoundland,
there is an elevated incidence of particular rare disorders, such as Bardet-Biedl syndrome
(Webb et al. 2009). This makes the founder population of Newfoundland ideal for the
study of genetic disorders and increases the chance of detecting novel causative genes
and mutations. However, due to the nature of Newfoundland as a genetic isolate, some
potential pitfalls arise. One potential pitfall is the uncertainty in inheritance
ascertainment. For example, assortative mating could confuse the ascertainment of
families and therefore the scarch for hearing loss mutations. Assortative mating occurs
when sexually reproducing organisms choose to mate with individuals that are similar
(positive assortative mating) or dissimilar (negative assortative mating) to themselves in
some specific way. One family under investigation in this study (Family 2069) is a
potential example of positive assortative mating (see .42, bottom pedigree, 5"
generation). This is critically important. Positive assortative mating could result in both
parents carrying a mutation that causes hearing loss. This may, however, simply be a
result of studying a genetic disorder in a highly isolated population, and it is possible that
this mating took place not because both individuals were affected by hearing loss, but
instead due simply to the low level of mating choice in small out-port community. Either
way, our current inheritance classification of Newfoundland Family 2069 could possibly
be incorrectly stated as AD, and our candidate gene selection would then be based on

unfounded and false assumptions. It is important to keep this possibility under



unfounded and false assumptions. It is important to keep this possibility under

consideration, and to investigate and screen for commonly occurring recessive mutations

in the proband of Family 2069 as well inant mutations. Pseuds
also be taken into account. This is the situation where the inheritance of an AR trait
mimics an AD pattern, and due to the limited extent of clinical ascertainment in these
families” histories, it is possible that one of these AD families is in fact affected by an AR
mutation segregating in a pseudo-dominant fashion.

Another critical factor to judge when researching genetic hearing loss s the
possible presence of phenocopies. A phenocopy is an affected individual who has the
same disease, but due to a different cause, as relatives affected with the genetic condition
under study. Hearing loss is a very common type of sensory loss in humans. Many types
of environmental and genetic factors account for hearing loss so individuals within
families affected with hearing loss can be afflicted due to a plethora of different reasons
(Griffith & Friedman 2002). For example, a study of heterozygous WFS! mutations in
two low frequency sensorineural hearing loss families showed that these two families™
hearing loss were linked to adjacent but non-overlapping loci on 4p16, DFNA6 and
DFNA14 (Van Camp et al. 1999). Upon further study, it was found that an individual in
the DFNA6 family who had a recombination event excluding the DFNA14 candidate
region was actually a phenocopy. The cause of hearing loss in this phenocopy was.
reported as unknown, but as a consequence they were able to determine that DFNAG and

DFNAI14 are allelic (Bespalova et al. 2001).




Throughout this study genes are investigated through targeted gene sequencing.
However, it must be mentioned that it is possible larger genomic abnormalities may
account for hearing loss in some of the Newfoundland families under investigation
(Lisenka et al. 2003; Shaffer et al. 2006). Large genomic rearrangements, deletions,
inversions, etc. can cause and affect the degree and severity of diseases, and these large-
scale anomalies are not detected through traditional DNA sequencing methods (Lisenka

etal. 2003; Idbaih et al. 2010).

The Pioneering of Hearing Loss Gene Discovery

The first genes to be implicated in hearing loss were found in the syndromic
disorders. Syndromic forms of hearing loss are classified by their associated symptoms.
For example, Waardenburg syndrome (WS) is the most common cause of AD syndromic
hearing loss. WS is characterized by varying degrees of hearing loss associated with
pigmentation anomalies and neural crest defects. It was first described in 1951, but it took
several decades to identify the causative genes. Asher and Friedman (1990) studied mice
and hamsters with four mutations causing phenotypes similar to those seen in human WS
patients. They used the chromosomal locations and syntenic relationships associated with
three of these four mutant mouse genes to predict human chromosomal locations for the
causative WS gene. Synteny is the situation whereby organisms of relatively recent
divergence show similar blocks of genes in the same relative positions in the genome.

Asher and Friedman (1990) predicted four possible locations for the causative gene, and



one tumed out to be correct. In 1992, mutations causing WS were discovered in the
paired box gene (PAX3) gene (on chromosome 2q) (Tassabehii et al. 1992). A second
common cause of AR syndromic hearing loss is Usher syndrome (Toriello et al. 2004).
Usher syndrome was first described in 1858 when Van Graefe reported the case of a deaf
and “dumb” male patient presenting with retinal pigment degeneration, who had two
similarly affected brothers (Van Graefe, 1858). This was the first syndrome to
demonstrate that phenotypes, in this case deafness and blindness, could be inherited in
tandem. Usher syndrome is characterized by profound congenital hearing impairment,
retinitis pigmentosa, and vestibular dysfunction. It has three clinical types, denoted as I,
11, and T11, in decreasing order of severity (Saihan et al. 2009). In 1995 one of several
causative genes for Usher Syndrome Type 1 was discovered. Weil et al. (1995) chose
myosin 7A (MYOVIIA) as a functional candidate gene, based on observations that
eytoskeletal abnormalities seen in Usher syndrome patients are also seen in mouse
‘mutants with myosin mutations. Two different premature stop codons, a six bp deletion,
and two different missense mutations were detected in five unrelated families. In one
family, these mutations were identified in both alleles, and resulted in the absence of a
functional protein and subsequent Usher syndrome (Weil et al. 1995). Currently, 10
different types of Usher syndrome have been recognized, with more than 100 pathogenic
mutations alone for the two most common molecular forms, Usher 1B (USH1B) and
Usher 2a (USH2A; Ahmed et al. 2003; Saihan et al. 2009).

‘The first ADNSHL family investigated was from the small town of Taras, Costa

Rica. The hearing loss was described as low frequency AD with a post-lingual age of



onset at 10 years of age (Leon et al. 1981). Leon et al. (1992) performed linkage analysis
to determine that the causative gene was linked to markers defining a 7 ¢M critical region
on chromosome 5q31. Genetic markers are DNA sequences with a known location on a
chromosome, and are useful in linkage analysis because they are casily identifiable,
associated with a specific locus, and highly polymorphic. LOD scores for linkage of
deafness to markers in the 7 M region showed a score of 13.55 at markers D5S2119 and
D552010 (Leon et al. 1992). This was not only the first AD critical region described, but
the first autosomal non-syndromic hearing loss gene to be mapped altogether. It was not
until 1997, 26 years after first being reported, that the region was narrowed down further.
Positional cloning, sometimes referred to as reverse genetics, is the cloning of an area
known to be associated with a disease. It involves the isolation of overlapping DNA
segments that progress along the chromosome toward a candidate gene. Lynch et al.
(1997) performed fine mapping using positional cloning techniques to narrow the critical
region to 1 M. This revealed protein diaphanous homolog 1 (DIAPHI), a previously
unidentified human gene. DIAPHI, in this case, is a positional candidate gene, a gene
identified based upon a determined critical region. This differs from functional candidate
genes, which are known to play a role in the disease pathology, or have been previously
shown to harbor mutations that cause a disease, like the p.A716T mutation in WFS/ in
Newfoundland (Young et al. 2001; Bespalova et al. 2001). Lynch et al. (1997) sequenced
the positional candidate gene DIAPHI in all affected family members using Single Strand
Conformation Polymorphism (SSCP) analysis. SSCP is the electrophoretic separation of

single-stranded nucleic acids based on differences in sequences which bring about a



different sccondary structure and thus a measureable difference in mobility through a gel.
‘The causative mutation, a G>T substitution, was now revealed, and DIAPH] was also
found to be highly expressed in the cochlea (Lynch et al. 1997). Lynch et al. (1997)
speculate that the protein this gene encodes, protein diaphanous homolog 1. plays a role

in the regulation of actin polymerization in the hair cells of the cochlea.

Founder Populations & Mutations

No summary of hearing loss associated genes and mutations would be complete
without mentioning the importance of founder populations, the founder effect, and
founder mutations. A founder population s a small subpopulation that has been isolated
due to geography, culture, religion or a combination of these. This subpopulation has a
significantly decreased amount of genetie diversity, causing certain genetic traits o either
vanish or become very abundant in further generations. When a founder population is
isolated individuals in later generations are likely to share many genes, because a
mutation in a founder will be passed on to a large proportion of the population in
subsequent generations (Nurhousen, 2000). Founder populations, therefore, possess much
promise in determining the genes involved in genetic diseases. As there is little genetic
heterogencity, the majority of the individuals with a given disease will carry the same
‘gene mutation. For example, the Ashkenazi Jews were a reproductively isolated
population in Europe for roughly a thousand years, with very little out-migration or inter-

marriage with other groups (Nebel et al. 2005). As a result of this event, the GJ/B2



mutation c.167deIT was found to be highly prevalent in the Ashkanazi Jewish population
(Morell et al. 1998). Other examples of founder populations include the Canadian
province of Québec, which was established by as few as 2600 individuals, the United

States Amish population, and the population of Pingelap, a small island in Micronesia.

A founder mutation is a mutation found as an allele and shared by several
individuals from a founder population and derived from a single ancestor. For example,

COCHp.PSIP/S i i idered to h iginated from a common

ancestor (de Kok et al. 1999). A second example was recently seen when Park et al.
(2010) investigated the 3-bp deletion in intron 7 (¢.991-15_991-13del) of DFNAS, and
identified a conserved haplotype between a Korean family and a Chinese family
segregating the deletion in DFNAS, suggesting that this deletion represented a founder

‘mutation originating from a common ancestor.

Colonization of Newfoundland: A Founder Population

“The island of Newfoundland makes up a large part of the Canadian province of
Newfoundland & Labrador. It is the most easterly landmass on the North American
continent. In 1497 the European explorer Giovanni Gabotto (John Cabot) “discovered”
Newfoundland, though Vikings had landed earlier. Europeans voyaged across the North
Atlantic from England, Scotland, Ireland, France and Portugal to harvest the rich fish

stocks. When each fishing season ended they returned to their countries, as permanent



those considering permanent settlement, and with a lack of basic supplies even a one year
stay would have been very difficult (Poole & Cuff, 1994). This deterrence lessened
throughout the 17" century, however, as small groups of English, Scottish, and Irish
settlers set sail from western England in 1610 and throughout the 17" century. These
colonists excluded other nations from fishing off of Newfoundland’s east coast, but were
discouraged in their settlement by the English government, who saw their presence as a
threat to the monopoly control that Western England fishing centers had established.
Meanwhile, fisherman from France dominated the island’s south coast and northern
peninsula (Bennett, 2002). Throughout the 1600s, the French began to permanently settle,
butin 1713, with the Treaty of Utrecht, the English gained control of the south and north
shores of the island. Permanent settlement increased rapidly by the late 18" century,
peaking in the early years of the 1800s.

‘The colonization of Newfoundland began in earnest in the early 19 century
mainly from Southwest England and Southeast Ireland. Fisherman brought their families
o the island, intending to settle permanently, and these families are the founders of much
of today’s Newfoundland population. Ninety percent of Newfoundland’s population
descends from roughly 30 000 founders (Parfrey et al. 2009). Families settled in small
inlets along Newfoundland’s coast in groups of one or two families. These communities
developed in geographical and cultural isolation, and can be characterized by large
families, and a strong founder effect (Bear et al. 1987). This isolation also directly led to

many generations of interbreeding (Poole & Cuff, 1994; Hancock, 1989).



families, and a strong founder effect (Bear et al. 1987). This isolation also directly led to
many generations of interbreeding (Poole & Cuff, 1994; Hancock, 1989).

Large extended pedigrees from genetic isolates have been instrumental in the
identification of genetic causes of hereditary disorders. Several founder mutations have
been identified in Newfoundland. For example, an exon 8 deletion in MSH2, a gene
causing hereditary non-polyposis colorectal cancer, has been found in five different
Newfoundland families (N=74 carriers), and an intron S splice site mutation
(c.942+3A>T) has been found in 12 different Newfoundland families (N=151 carriers)
(Frogatt et al, 1996; Stuckless et al. 2006). A third example is a founder mutation
(.782+3delGAG) found in the deafness gene TMPRSS3 in two different Newfoundland
families (Ahmed et al. 2004; Young et al. unpublished data). These are just a few
examples of founder mutations identified in Newfoundland, and serve to highlight the

importance of genetically isolated Newfd families in the study of hearing loss. At

the beginning of this study, only six hearing loss associated genes had been identified in
the Newfoundland population (Table 1.2). There is a possibility that a founder mutation
exists and could be found in some of these 28 Newfoundland families. When a founder
mutation is identified, the prevalence of this mutation in different worldwide populations
can be compared, and better estimates of risk for individuals in the founder population
can be calculated. The presence of founder mutations in Newfoundland could thus have
strong clinical implications in terms of improved diagnosis and the ability to routinely

sereen individuals if a founder mutation is common enough in the population.



with Bardet-Biedl syndrome (Webb et al. 2009). So while many Newfoundlanders can
trace their roots to roughly 30 000 founders, it is critical to keep in mind that these
founders came from different towns and different regions. The current population of
Newfoundland & Labrador, according to a 2006 census, is 505 469. A map of

Newfoundland & Labrador is seen in Figure 1.3.
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Figure 1.1 Examples of Audiograms. A) Audiogram of an individual with norm:
hearing in both ears. B) Audiogram of an individual with moderate hearing I
both ears. C) Audiogram of an individual with severe hearing loss in both ears.
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Figure 1.2 Examples of More Complex Audiograms A) Audiogram of an individual
‘with moderate hearing loss in the low frequencies sloping upwards to mild hearing
loss in the mid- to high-frequencies for the left ear only. Hearing in the right ear is
normal. B) Audiogram of an individual with progressive hearing loss showing a
mild loss at low frequencies which slopes downwards to a severe bilateral loss in the
mid- to high-frequencies.
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Table 1.1 AD Non-Syndromic Deafness Genes Identified Worldwide to Date (Van
Camp G, Smith RJH. Hereditary Hearing Loss Homepage.
http:/hereditaryhearingloss.org, May 2010)

AAD Deafness Genes Function
CRIM Mu-crystallin homolog Ton i
Protein diaphanous homolog | Hair Bundle, Cytoskeletal
DIAPHI 1 ‘ormation
GJB3 Gap junction beta-3 protein_| lon

Potassium voltage-gated
channel subfamily KQT
ber 4

KCNQ4 meml Ton
MYHIA Myosin-14 Unknown
Non-syndromic hearing
DFNAS impairment protein 5 Unknown
WESI Wolframin n
TECTA Alpha-tectorin Matrix
COCH Cochlin Matrix
EYAY absent homolog 4 Factor
COLLIIAZ Collagen, type XI, alpha 2 Matrix
U domain, class 4,
POUIF3 iption factor 3 iption Factor
Myosin, heavy chain 9, non
MYH) muscle Hair Bundle, Motor Protein
‘Hair Bundle, Cytoskeletal
ACTGI ctin, gamma | Formation
MYO6 yosin-6 Hair Bundle, Motor Protein
TFCPIL3 Grainyhead-like 2 iption Factor
MYOLA yosin-la nknown
GJB2 ap junction beta-2 protein | lon
GJBS ap junction beta-6 protein | lon i
MYO7A yosin Vila Hair Bundle, Motor Protein
Transmembrane channel-
T™CI like protein | Unknown
Coiled-coil domain- Hair Bundle, Cytoskeletal
ccoeso containing protein 50 Formation




Table 1.2 Deafness Genes Identified in the Newfoundland Population at Beginning

of This Study.
Gene Mutation # of NL Families | Literary Reference
Denoyelle t al
GJB2 .35delG. 7 1997
Del Castillo et al.
GJB6 DI3S1830 2002
TMPRSS3 ©.207delC Ahmed et al. 2004
TMPRSS3 ©.782+3delGAG. /Ahmed et al. 2004
PCDHIS Ahmed et al. 2003
WESI ©2146G>A Young et al. 2001;




Chapter 2: Methods & Materials

Human Subjects & Pedigrees

This study is one part of a larger study to determine the genetic cause of hearing
loss in Newfoundland & Labrador. Family members were recruited through the
Newfoundland Provincial Genetics Program, and a province-wide ascertainment drive.
Informed consent was obtained from all participants, granting researchers permission to
access medical records and family history. Blood samples were collected and genomic
and mitochondrial DNA was extracted from peripheral leukocytes from participants.
Audiological tests were performed to determine the type of hearing loss of each subject
and to confirm normal hearing in unaffected subjects. Audiograms are available for all
individuals marked with an asterisk in Figure 2.1, and for each of these individuals
several audiograms are available at different test ages, with new ones routinely being
collected. DNA from several Dutch individuals was provided by Dr. Hannie Kremer of
the Radboud University Medical Centre in Nijmegen, Netherlands. This project was
approved by The Human Investigations Committee (HIC) (Research Ethics Board of
Memorial University, Newfoundland & Labrador) (# 01.186).

So far, 128 probands have been recruited to the study. All probands in the study
were routinely screened for mutations previously identified to cause hearing loss in the
Newfoundland population. Of these, 28 probands are members of multiplex families with

a family history of hearing loss consistent with AD inheritance, and were chosen for this



study (Figure 2.1). Inheritance patterns were determined through an extensive family
history questionnaire, and pedigrees were electronically stored using the computer
program Progeny. Many individuals’ hearing loss was determined by word of mouth
from family members. In these cases, the age of onset and the degree and severity of
hearing loss are not known. For this reason, the determination of an AD pattern of
inheritance is not certain in some cases, but these families were deemed to likely have an
AD form of hearing loss, and it was therefore worth testing them for potential AD
hearing loss mutations. Due to the extent of genealogy work possible in Newfoundland
up to this point, it is important to keep other potential forms of inherited hearing loss.

such as mitochondrial inheritance, in mind when searching for causative mutations.

Experimental Design: Functional Candidate Gene Mutation Screening

Genomic DNA from probands (n=28) was screened using a functional candidate
gene approach. A comprehensive literature search was done to collect information on all
AD hearing loss genes. One recent review (Hilgert et al. 2009) discussed in depth the
genes causing AD hearing loss. It describes how each gene associated with AD hearing
loss functions in the car, and what types of hearing loss they cause. For cach of these
genes, the mutations found both worldwide and within Caucasian populations are
described in detail. Many of these genes may be causative in Newfoundland families

(Table 2.1).



‘This literature search formed the basic foundation from which genotype-

phenotype evaluation was performed. Potential candidate genes were investigated for
specific case-by-case details on the hearing loss phenotype each mutation caused, and in
what population and ethnicity they were reported. These phenotypes were then cross
checked with the phenotypes of the 28 families to further narrow down the functional

candidate gene list to four: COCH, KCNQ4, TECTA, and MYOIA (see Figure 2.2). This

approach is a form of audioprofiling, a method of izing phenotypic data to make
‘genotypic correlations. The audiological data of several members in a family, or in this
case several probands from different families, associates with a specific unknown
‘genotype as a function of time (Meyer et al. 2007). From this, we have drawn correlations
to the overall phenotype of the group of probands and used this as a foundation for
selecting candidate genes previously reported to cause hearing loss with a similar
phenotype.

Information on all known hearing loss mutations in these four candidate genes
was next collated, including which domain and exon each mutation was reported in
(Appendix A). This allowed the identification of the exons most likely to harbor
causative mutations in the Newfoundland probands. For example, the majority of
‘mutations reported in COCH are reported in the factor ¢ homologous (FCH) domain,
spanning exons 4 and 5, and so this area of COCH was screened first.

COCH has a total of 12 exons, and causes a late-onset, progressive hearing loss
most often associated with vestibular dysfunction (Kemperman et al. 2005), which

correlates with several AD Newfoundland families. COCH is important in maintaining



structural support within the cochlea (Kommareddi et al. 2007). Exons screened
were 2-5, and 12. Two deletions within KCNQY have been reported to cause a late-onset,
progressive hearing loss (Coucke et al. 1999; Kamada et al. 2006), matching the
phenotype of many AD Newfoundland probands. This gene is critical in ion homeostasis
with the ear (Kubisch et al. 1999), and is coded by 14 exons, all of which were screened.
Missense mutations within TECTA, a second gene important in structural support within
the auditory system, have been shown to cause late onset hearing loss (Verhoeven et al.
1998). Coded by 23 exons in total, exons 5, 9-14, 17, 18, and 20 were screened. The last
candidate gene, MYO!4 is thought to play a role in sound processing through ion
transport (Donaudy et al. 2003), and again, causes a late-onset, progressive hearing loss
phenotype. Coded by a total of 28 exons, exons 3, 4,6, 7, 10-12, 18, and 22 were
screened.

While the more “targeted” candidate gene approach outlined above is likely to
lead to the identification of mutations, it does restrict the chance of identifying potential
“genetic surprises” regarding genotype-phenotype. This method allows for a complete
investigation of possible genetic mutations in a given set of promising candidate genes
‘within the two-year time frame of a Master's thesis. However, exons within these
candidate genes that have never before been associated with hearing loss mutations are

bi

irectionally sequenced in this study, and so there is potential for “genetic surprises”.
Because Newfoundland is a founder population, it is possible that families would
share the same mutation, particularly if those families are from the same geographic area.

When a mutation is discovered in an AD Newfoundland proband, all otosclerosis, AD,



and AR proband: 8] screened for that mutation.

When appropriate, apparent founder mutations are confirmed by haplotype analysis, to
determine the level of sharing for a selection of linked microsatellite markers between

families with the same mutation (see Figure 2.2).

General Strategy for PCR and Sequencing of Candidate Genes

Both forward and reverse strands of specific exon PCR products in each gene were bi-
directionally sequenced, along with all intron/exon boundaries to ensure the entire coding
region of each exon was covered. PCR primers were designed using Primer 3 software (v.
0.4.0, hitp://frodo.wi.mit.edu/primer3/). These primer sequences can be found in

Appendix B.

DNAP ion, PCR Ther ing, and E

DNA was extracted from whole blood and diluted to10 ng/ul. This blood was
stored at 4 °C (performed by research assistant). 1 L of diluted (stock) DNA was added
102 uL 10X PCR Buffer (containing MgCl), 0.4 uL dNTPs (10 mM), 0.08 uL KapaTaq
DNA Polymerase (5 U/uL) (Kapa Biosystems, Boston, MA), 12.92 uL of distilled dH:0,
1.0 L of forward primer (10 M) and 1.0 L of reverse primer (10 M), as per standard
PCR protocol. The amount of dH;0 was reduced to add betaine or Dimethyl Sulfoxide

(DMSO) when necessary to achieve a successful amplified PCR product. This mix was
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centrifuged and addeqd to wells in 20 uL aliquots in a 96-well PCR plate, where it was
then sealed, centrifuged, and placed in the GeneAmp PCR System 9700 thermal eycler
(Applied Biosystems, Foster City, CA). PCR products were electrophoresed on a 1%
agarose gel (1.5 g agarose/100 mL TBE) stained with SybrSafe and viewed under UV
light on a Kodiak GEL LOGIC 100 Molecular Imaging system (Rochester, NY, Version

4.01,2005).

Prep: ion for ABI Cycle

Sephacryl S-300HR was resuspended and 300 L aliquots were added to wells
on a Millipore Multi-screen HTS plate, which was placed over a corresponding 96-well
waste plate to catch flow-through. Plates were then balanced and centrifuged at 3000 rpm
for 5 minutes. Flow-through was discarded and PCR products were added to wells on the
Multi-screen HTS plate. The Multi-screen HTS plate was then positioned and placed over
aclean PCR plate, balanced, and centrifuged at 3000 rpm for 5 minutes. The flow-
through product collected in the PCR plate contains the purified PCR products.

Successfully amplified PCR products, visualized as bands of the correct size
(using a 100 bp marker) when electrophoresed on an agarose gel, were cycle sequenced
using the following reaction mix: 0.5 uL of Big Dye Terminator V. 3.1 Sequencing Mix,
2 L of 5X sequencing buffer, 0.32 L of Primer (10 uM), 1 L of purified PCR product
DNA template, and 16.18 uL of dH;, per the Big Dye Terminator V. 3.1 protocol

(Applied Biosystems, Foster City, CA). This equals a total reaction volume of 20 uL per



well in a sequencing plate. The resulting plate was centrifuged briefly, loaded onto the
thermal cycler, and subjected to a thermal cycling program according to ABI BDT V. 3.1
protocol (Applied Biosystems, Foster City, CA).

Upon completion, 5 L of 125 mM EDTA followed by 65 uL of 95% Ethanol
(EtOH) was added to each reaction well. Plates were briefly centrifuged and then
incubated overnight in the dark at ambient temperature. The plate was then centrifuged at
3000 x g for 30 minutes, inverted to decant EtOH, and briefly centrifuged while inverted
at 200 rpm for 4 - 5 seconds with folded paper towels placed underneath the sequencing
plate to absorb residual ethanol. 150 L of 70 % EtOH was added to each sample, and the
plate was centrifuged at 3000 g for 15 minutes. The plate was again inverted to decant
ethanol and spun at 200 rpm for 4  § seconds over a paper towel. Samples were left to
air dry in the dark at room temperature for 10 - 15 minutes. 15 uL of Hi-Di Formamide
was subsequently added to each well and the plate was vortexed and centrifuged briefly.
The final mix was denatured at 95 °C for 2 minutes on a thermal cycler. Once denatured,

samples were kept on ice until placed in the ABI 3130 XL DNA Analyzer.

Automated Sequencing Using the ABI 3130 XL

Automated sequencing was performed using either the ABI 3130 XL DNA
Analyzer (Applied Biosystems, Foster City, CA) available in the lab or the ABI 3730
DNA Analyzer in the Genomic & Proteomics Facility, at CREAIT, Memorial University

of Newfoundland. The raw sequence data were initially analyzed for quality using




Sequencing Analysis software (Version 5.2, Applied Biosystems, Foster City, CA). High
quality sequences were imported into Mutation Surveyor (Version 3.0, Sofigenetics, State
College, PA). Mutation Surveyor identifies DNA sequence variants in the sample

sequence DNA by comparing it to a reference gene sequence.

Tracing Variants Through Families: Genotype & Haplotype Analysis

Sequencing variants were traced through the pedigrees to see if they co-
segregated with hearing loss. Haplotype analysis was performed when necessary. Table
3.4s alist of microsatellite markers used to characterize the p.PS1P/S haplotype shared
between a Newfoundland family and a Dutch family. This was done to confirm the
founder hypothesis for the COCH mutation p.PS1P/S (de Kok et al. 1999), identified in
this study in a Newfoundland proband. Markers were selected based on location as well
as degree of heterozygosity in order to confirm haplotype sharing between the two
families, which provided further evidence that p.PS1P/S is a Dutch founder mutation.

Initial setup for genotyping required running PCR under standard conditions.
Each reaction mix contained 8.5 uL of Hi-Di Formamide, 0.5 pL Genotyping Size
Standard GS500 (-250) LIZ, and 1 L of DNA, per manufacturers standard protocol
(Applied Biosystems, Foster City, CA). Post-PCR products were electrophoresed on a
1% agarose gel (1 g agarose/100 mL TBE, pH 8.0) containing 4.0 uL. of SybrSafe 10-

000 X concentrate in DMSO (Invitrogen, Eugene, OR) and viewed under UV light on a



Kodiak GEL LOGIC 100 Molecular Imaging system (Rochester, NY, Version 4.01,
2005). The PCR product was then diluted based on its band intensity to a suitable
concentration. Optical plates containing these samples were briefly vortexed and then
centrifuged at 1250 rpm for 10 seconds, denatured on a thermal cycler, and immediately
loaded onto the ABI 3130 XL DNA Analyzer for genotyping. The PCR products from
the fluorescently labeled primers were detected by the ABI Prism 3130 XL DNA
Analyzer and genotyped using GeneMapper Software (ABI Prism, Version 4.0).

GeneMapper assisted in making allele calls at each marker for each individual,
which were then compared with other individuals and families. Once a pedigree was
constructed using the software Progeny (Progeny Software LLC, Delray Beach, FL),
markers were integrated for each selected individual. Allele calls, SNPs, and/or common
variants were then inputted into each individual’s data set to create a pedigree illustrating
the segregation of different haplotypes (Progeny Software LLC, Delray Beach, FL;

Figure 3.5; Figure 3.10).
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Table 2.1 Candidate genes for Newfoundland Families Having Late-Onset AD
Hearing Loss (Adapted from Hilgert et al. 2009).

Candidate | Number of | Number of Function Original
ene | Mutations | Mutations Reference
Found Found in
Worldwide | Caucasians
Kubisch et
KCNO4 12 8 lon al. 1999
Robertson
cocH 12 3 Matrix etal. 1998
Donaudy et
MYOIA 8 8 Unknown al. 2003
Verhoeven
TECTA ] 7 Matrix etal. 1998
Zhu etal.
2003; Van
Hair Bundle, Cytoskeletal Wijk etal.
ACTGI 6 6 Formation 2003
Wayne et
EYA4 6 4 Factor al. 2001
Donaudy et
MYHI4 5 5 Unknown al. 2004
Melchionda
MYO6 5 5 Hair Bundle, Motor Protein etal. 2001
Liuetal.
MYO74 5 4 Hair Bundle, Motor Protein 1997
‘Hair Bundle, Cytoskeletal Naz etal
ESPN. 4 4 Formation 2004
Van Laer et
DFNAS 4 2 Unknown al. 1998
Xia etal
GJB3 3 1 lon 1998
Vahava et
POUHF3 3 2 Factor al. 1998
Kurima et
™I 2 ) Unknown al. 2002
McGuirt et
CoL11A2 2 2 Matrix al. 1999
Abe etal.
CRYM 2 0 Ton 2003
Peters etal.
TFCP2L3 1 1 Factor 2002




Table 2.1 Candidate Genes for Newfoundland Families Having Late-Onset AD
Hearing Loss (Adapted from Hilgert et al. 2009) (cont).

Lalwani et
MYHY Hair Bundle, Motor Protein al. 2000
Modamio-
Hair Bundle, Cytoskeletal Hoybjor et
ccneso Formation al. 2007
Hair Bundle, Cytoskeletal Lynch et
DIAPHI Formation al. 1997




Chapter 3: Results

Overview

‘The purpose of this study was to determine the genetic etiology of hearing loss in
28 autosomal dominant hearing loss Newfoundland probands using a functional
candidate gene approach. Candidate genes COCH, TECTA, KCNQ4, and MYOIA were
chosen primarily because they have a higher frequency of mutations in autosomal
‘dominant families (Hilgert et al. 2009). The full GJB2 gene and the del13S1830 mutation
in GJB6, which underlies the majority of congenital deafness worldwide, were first
excluded in all 28 probands. A heterozygous mutation in I¥FS! - a gene now known to
cause both syndromic and non-syndromic deafiess (Young et al. 2001; Bespalova et al.
2001) - previously found to cause autosomal dominant hearing loss (p.A716T) in a large
Newfoundland family (Young et al. 2001) was also excluded in all 28 probands. Figure

22 illustrates the research projects experimental progression.

Results of candidate gene screening revealed three distinet mutations causing
hearing loss in three separate Newfoundland families. First, a C->T base change in exon
40f COCH in the proband of Family 2094 resulted in the substitution of a conserved
proline residue for a serine residue at amino acid position 51 (p.PSIP/S). Second, anovel
3bp heterozygous deletion in exon § of KCNQ4 was found in the proband of Family
2071. Third, a nonsense mutation was discovered at amino acid position 93 within exon 4
of MYOLA. This nonsense mutation, pR93X, is due to a C->T nucleotide change, and

was found in the proband of Newfoundland Family 2102.
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Family 2094

Within COCH, exons 2,3, 4,5, and 12 were sequenced in all 28 AD hearing loss
families. Of the 28 probands, one proband was identified with a C->T base change in
exon 4 of COCH. The proband is a member of a family (Family 2094) with four
generations of documented hearing loss. The complete pedigree documents 44
individuals and extends back six generations. A partial pedigree is seen in Figure 3.1.
‘Twelve family members have been diagnosed with AD hearing loss. A summary of
audiology reports and a phenotype summary are found in Tables 3.2 and 3.3 respectively.
“The proband (V-2, Figure 3.1), is a 39-year-old female presenting with hearing loss.
Reports showed a bilateral hearing loss sloping to moderate loss at high-frequencies
(Figure 3.3). Three more audiology tests were conducted over the next three years,

showing a gradual worsening of high-frequency hearing loss.

‘The proband is heterozygous for the C->T base change in exon 4 of COCH,
which substitutes a highly conserved proline residue for a serine residue at amino acid
position 51 (p.PS1P/S) (Figure 3.2). Upon identification of p.PS1P/S in the proband,
DNA from all available individuals was amplified and sequenced for exon 4. Seven out
of seven with documented hearing loss harbored the C->T transition; one unaffected (IV-

10) did not.



Search for a Vestibular Phenotype in Family 2094 Mutation Carriers

Previous studies of mutation carriers of p.PS1P/S show severe vestibular
phenotypes associated with hearing loss (de Kok et al. 1999), so medical and audiological
records for all available family members were reviewed (see Figure 3.1). The proband
(V-2) has not yet had any episodes of vertigo or associated vestibular problems. She had
a Computed Tomography (CT) scan at 40 years of age which did not detect any
abnormalities. The probands cousin, V- 6, complained of episodes of dizziness and
Vertigo at age 32. She has had two CT scans at ages 36 and 38, which did not detect any
abnormalities. Her hearing loss was first reported at age 35 as mild hearing loss in the
high-frequency range. This cousin also first reported a seratch on her left cornea at age
31 V-1 has stated he has had balance problems when walking at night since his early
50's. He had a CT scan at age 62, which detected no abnormalities. His hearing loss was
diagnosed at age 49 as moderate in the high-frequency range. V-5 reported balance
problems and episodes of dizziness from the age of 50. Audiology testing at age 57
showed a moderate bilateral loss that over the following 15 years progressed to severe
hearing loss across all frequencies. IV-7 presented the typical p.PS1P/S hearing loss
phenotype, and also had occupational noise exposure. 1V-10 is an unaffected woman
who has not reported any vestibular problems and is not affected with hearing loss. IV-11
reported spinning dizziness and unsteadiness, along with balance problems in his early
30s. His hearing loss was first documented at age 49, and further audiology tests over the

following 15 years show bilateral loss beginning in the high-frequencies and then



flattening out later in life to profound hearing loss across all frequencies. I11-6 had

documented hearing loss from middle age, but no other data was available.

Because Newfoundland is a founder population, and this study is focused on the
identification of founder mutations, all otosclerosis, AD, and AR probands in the
Newfoundland hearing loss study (n=40) were screened for this mutation, but no

additional cases were found.

Identification of a Dutch Founder Mutation

As p.PSIP/S is widely believed to be a Dutch founder mutation (de Kok et al.
1999; Fransen et al. 2001), we genotyped the seven affected Family 2094 members, along
with three Dutch p.PS1P/S carriers, for seven microsatellite markers closely flanking the
COCH gene, (Fransen et al. 2001) in order to construct an ancestral haplotype. Affected
Family 2094 individuals and the Dutch affected individuals share a contiguous five-
microsatellite-marker haplotype at markers D145257, D14S1071, D14S1040, D14S1034,
and D1481060: 179-281-234-169-201. COCH sits ~0.4 Mb downstream of marker
D145257. These markers closely flank the COCH gene and constitute a total minimum
shared region of ~2.1 Mb on chromosome 14q12 (Figure 3.4; Table 3.5). The full hearing
loss haplotype shared among Newfoundland and Dutch families is shown in their
respective pedigrees in Figure 3.5. Unaffected individual IV-10 does not share this

haplotype. Further genotyping was conducted for additional microsatellite markers



upstream of D14S1060. Markers D14S70 and D14S1014 both displayed allelic disparity
between the two families, demonstrating the relatively short length of this putative

ancestral haplotype (Table 3.5).

Family 2071

Of the 28 probands, one proband was identified to have a novel 3 bp deletion,
p.Ser269del in exon 5 of KCNQ# (DFNA2A). The proband is a member of a family
(Family 2071) with four generations of documented hearing loss. The complete pedigree
documents 97 individuals, extends back five generations, and reports no cases of
consanguinity (Figure 3.7). Twenty-four family members have been diagnosed with AD
non-syndromic hearing loss. A summary of audiology reports for participating

individuals is found in Table 3.7, with phenotype data shown in Table 3.6.

‘The proband (I1I-12, Figure 3.7) is a 62-year-old male presenting with a bilateral
hearing loss sloping to moderate loss at mid-frequencies and profound at high-
frequencies. The proband harbors a novel heterozygous 3 bp deletion, p.Ser269del, in
exon 5 of KCNQ# (Figure 3.8). All available family members were sequenced for exon 5.

‘Thirteen members with documented hearing loss shared p.Ser269del. No unaffected

family members (n=18) carried the deletion, and of lly matched population
controls, none carried the deletion. While p.Ser269del is not seen in four members with

hearing loss, these four individuals present a distinctly different audioprofile (Figure 3.9;




Table 3.6). Audiology reports of affected relatives with the novel deletion show a high-

frequency, late onset hearing loss (Figure 3.9).

This deletion predicts an in-frame removal of a serine residue at amino acid
position 269 within the P-loop domain of the KCNQ4 protein (Figure 3.10). We next
constructed an intragenic haplotype using commonly occurring SNPs and variants within
and surrounding exon 5 of KCNQA. This was done to determine whether or not any
interesting and possibly causative variants within KCNQ4 were shared by affected
individuals of Family 2071, and to determine the level of sharing among of intragenic
SNPs and variants among deletion carriers. No markers brought any additional interesting
information, and no family members without the deletion, or without hearing loss, shared

this hearing loss haplotype.

Upon discovering this novel deletion, all otosclerosis, AD, and AR probands in
the Newfoundland hearing loss study (n=68) were screened to determine whether or not
any additional Newfoundland families shared the mutation, thereby suggesting a possible
founder mutation. However, no additional cases outside of Family 2071 were detected.

All exons (1-14) were sequenced in the 28 AD probands for this gene.

Family 2102

A third proband was identified with a C->T base change in exon 4 of MYOI4

(DFNA4S). The proband is a member of a family (Family 2102) with four generations of



documented hearing loss. The complete pedigree documents 22 individuals, extends back
five generations, and indicates two consanguineous marriages in early generations
(Figure 3.12). Three family members have been diagnosed with AD non-syndromic
hearing loss from age § with progressive deterioration. A summary of audiology reports
is found in Table 3.9. The proband (IV-1) is heterozygous for a C->T nucleotide change,
which substitutes a highly conserved arginine residue for a stop signal at amino acid
position 98 in exon 4 of MYOIA (Figure 3.13). DNA from four available family members
was sequenced for exon 4 of MYOLA. Three members with documented hearing loss (Ill-
1;1V-1; IV-5) shared the mutation, and one unaffected (I11-2) did not. Al affected
individuals first reported their hearing loss near the age of five, with hearing coming and
going but progressively deteriorating (Figure 3.14).

Again, all otosclerosis, AD, and AR probands in the Newfoundland hearing loss
study (n=68) were screened to determine if this was a Newfoundland founder mutation.

No additional cases were found. Exons 3-4, 6-7, 10-12, 18, and exon 22 were sequenced.
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Figure 3.1 A Six Generation Newfoundland Family (2094) Segregating an
Autosomal Dominant Form of Late-Onset Progressive Hearing Loss (partial
pedigree). The proband (PID V-2: arrow) was first found to carry the p.PS1P/S
mutation. DNA from all available affected relatives were sereened and also carry
the p.PS1P/S mutation. Unaffected individual IV-10 does not carry the mutation.
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from the proband (PID IV-2); the bottom trace is from a reference sequence
(obtained from NCBI; NM_004086).
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Figure 3.3 Hearing Loss Phenotype of COCH p.PSIP/S carriers I11-6 , IV-11, and V-
2 in Newfoundland Family 2094 (Figure 3.1). Hearing loss is most pronounced in the
high frequencies. *Audiology reports were randomly selected, and the same trend is
observed for for remaining Family 2094 members, which can be seen in Table 3.2.




centromere

28.6Mb__| D145262
207mb__| D145975
30.3Mb DI1451021
33.5Mb D14570

Figure 3.4 Genetic Map of Markers Used to Construct the p.PSIP/S Deafness
Haplotype for Newfoundland & Dutch Carriers. Yellow denotes minimum shared
region between families. Markers start from centromere. Markers selected from
Fransen et al (2001).
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Figure 3.5 p.PSIP/S Family Haplotypes. A) Haplotype for Newfoundland p.PSIP/S
Family 2094 (partial pedigree). Sharing between families is seen for markers
DI45257, D14S1071, D14S1040, D1451034, and D14S1060, spanning a minimum
shared region of ~2.1 Mb.
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Figure 3.5 p.PSIP/S Family Haplotypes. B) Haplotype for Dutch p.PSIP/S family
(partial pedigree); associated haplotype is colored yellow. Sharing between fami
is seen for markers D14S257, D14S1071, D1451040, D14S1034, and D1451060,
spanning a minimum shared region of ~2.1 Mb.




A) 111 (Figure 3.5B)

B) IV-1 (Figure 3.1)

©) IV-10 (Figure 3.1)

Figure 3.6 Genotype Examples From Fragment Analysis of Newfoundland and
Duteh Families. Homozygosity and Heterozygosity at a marker is described in
GeneMapper by the number of times a strong vertical peak is present. If only one
strong vertical peak is present, the person is a homozygote; if more than one strong
vertical peaks are seen, the person is heterozygous. The numbers in the boxes under
these vertical peaks represent the genotypes, or alleles, for that individual. A) I1-1 is
a Dutch individual (Figure 3.5B) and is a heterozygote (262, 268) for marker
D1451021. B) Family 2094 individual IV-1 (Figure 3.1) is a homozygote (262) for
marker D1451021. C) Family 2094 individual IV-10 (Figure 3.1) is a heterozygote
(262,274) for marker D14S1021.
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Figure 3.7 Family 2071. A five generation Newfoundland family affected with
autosomal dominant, late-onset, progressive hearing loss (partial pedigree); the 3bp
deletion in KCNQ4 (DFN2A) was first detected in the proband (arrow).
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Figure 3.8 Electropherogram of the 3 bp Deletion in (p.Ser269del) Identified in 13
Affected Family 2071 Individuals. The heterozygous deletion eauses a 3 bp shift in
the Electropherogram of the affected proband’s forward and reverse strands,
causing the above bidirectional pattern. The top and bottom traces are from a
reference sequence, while the middle two traces are the forward and reverse strand

traces of the proband I11-12 (obtained from NCBI; NM_004700). The bottom trace
is from the proband (PID I11-12).




Figure 3.9 Audiological Summary of Family 2071 Family Members. A: Hearing loss
phenotype of KCNQ4 deletion carriers I11-12, V-1, and IV-1 (Figure 3.7) Remaining
2071 deletion carriers all present the same trend observed above, and can be
observed in Tables 3.6 & 3.7. Audiology reports were randomly selected. Hearing
loss is most pronounced in the high frequencies. B: Hearing loss phenotype of
affected family members not carrying the deletion: I11-9, I1-3, and IV-S.
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Figure 3.11 Structure of KCNQ4. Arrow denotes novel 3bp deletion discovered in
Newfoundiand Family 2071. Also shows previously reported missense and deletion
‘mutations found to cause hearing loss. Adapted (Jentsch, 2000).




Figure 3.12 Pedigree of Newfoundland Family 2102. A five generation family
originating from Fogo Island, Newfoundland, segregating an apparent AD form of
late onset progressive hearing loss. DNA not available for individuals 1-5 and II-1.
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Figure 3.13 Electropherogram of p.R93X Mutation in MYOLA. Individual IV-1 of
Family 2102 (Figure 3.12).
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Figure 3.14 Hearing Loss Phenotype of Newfoundland Family 2102 MYO1A
Nonsense Mutation Carriers IV-1, I1I-1, and IV-5 (Figure 3.12). Onset of hearing
loss is § years of age.



Table 3.1 Candidate Genes Screened For Mutations in Newfoundland Families
Having Late-Onset Autosomal Dominant Hearing Loss.

Number of Number of
Candidate Gene Function Mutations Found Mutations
in Caueasian Associated with
i sgressive ADHL

KCNO# Ton

cocH Matrix

MYOIA Unknown

TECTA Matrix




Table 3.2 Audiology Summary For Fai

2094 Family Members (pedigree shown

in Figure 3.1).
Famiy Member Age  Onset(yrs) Sex Hearing Threshold (d6) TestAge
SOM 00K 200 40K 800K
Rght Lot Rght left Rght left Rght Lot Rght Left
w e femde 30 3% 50 @ @0 5 0 0 N &
weo o Mle WA NA NA NA NA NA NA NA NA NA NA
(2Ot Mie 65 S5 70 65 6 6 8 8 U0 10 &
oo Ml SO 45 70 0 % 10 10 W0 % 10 &
woon fede 5 0 S5 40 0 6 % % 100 100 0
w6 amde 45 @ % 0 0 8 % W0 10 18
w oy fde 10 10 0 10 0 25 ¥ N B N0 3

[ —ry




‘Table 3.3 Phenotype Summary of Family 2094 Individuals (pedigree shown in

Figure 3.1).
FamiyMember Variant Status  Recorded  Gender Ear  Nose  Hgh M low Age Tt
Vestibular Defects? Affected Exposure Frequency Frequency Frequancy Age

Vi ewn e A e B e e m W4 @
e
WL R e e e e e e e e 7 B
Mo e it i m o sl dm R
W1 e e e e e e W7o
NI et e b e e e W0 @
W o v e me e We e i B 8

W wmeem W e W = wm w m ww

N/A Information Not Available



Table 3.4 Physical Location of Markers Used to Create the p.P51P/S Deafness
Haplotype. The markers were taken from Fransen et al, 2001.

Marker/Gene | Genomic Starting | Type of Nucleofide | Heterozygosity
Position on 14q12 Repeat
(bp)
DI45262 630354 057
DI45975 749,271 Dinucleotid E
D1451021 341,868 Dinucleotide E
413,441 NA
D145257 799,447 inucleot
D14S1071 898,090 nucleot
D1451040 281,164 nu
D1451034 537,191 it 3
D1451060 485,191 Dinucleot .7
D14S70 528,945 Dinucleot .76




‘Table 3.5 Haplotype Sharing Across Markers Nearby the COCH Gene Between
Newfoundland Family 2094 and a Dutch p.PSIP/S Family.

SIMR OMGLS KUHIM N06227 AP0H46 OPOT-Z0 CRUT-7 CC07-28)
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Table 3.6 Phenotypic Features of Affected Family 2071 Individuals. Shown first are
family members with the deletion, and at the bottom, those without the deletion

(pedigree shown in Figure 3.7).
Family Member  Varlant Hearing Gender Ear  Noise High mid low  Age Test-
Affected Exposure Frequency Frequency Frequency Age
w2 WM g e W M et e b B 6
O e e o M w wm w6 ow
W e - s W @5
O e . — @
W e ot M e e W B @
VR e e b " e e B
w2 T amew e WA MW W M @ W
B e e e S e M
W s e e " e e w6
T T
e —
W e . prnal R
N5 s e e T e e e 8 0
W e e e W e e W 4 0
B e e e b O  w wow
-0 Nodwetion  Meced  Female A e ~» L o L)
R e
P [rie R
- T
e Nodwasen  Mucad  fee e M e VT e & W0
N/A Information Not Avallable
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Table 3.7 Audiology Testing Results of Affected Family 2071 Individuals. Shown
first are family members with the deletion, and then those without the deletion
(pedigree shown in Figure 3.7).

il festres of iy membes wih a6 sasecCT

Family Member Age  Sex _Hearing Threshold (d8) TestAge
500Hz 100K 2000z 000K 8000H:
Rght left Right Left Right Right  Left

wa 70 Ml 30 35 50 40 60 6 8 90 90 % 6
mu 60 femae NA NA NA NA NA NA NA NA NA NA NA
s 6 Ml 6 S5 70 6 65 65 80 w 1w e
e 6 Ml S0 45 70 70 9% 10 100 110 10 6
wo 39 Femde 45 30 55 40 70 € 9 9 10 100 30
v 0 femdle 45 40 6 S0 70 70 8 9 100 100 18
wa 64 Femle NA NA WA NA NA NA NA NA NA NA NA
w 94 femdle 110 75 115 8 10 100 120 100 100 100 9%
% 4 Mle 25 30 S5 40 55 S0 60 75 60 60 40
wa 4 femde 30 30 3 3% 45 45 0 0 8 0 3
wa 38 femde 25 25 30 3B 3 3 6 0 % 3
wa 43 Femde 30 25 35 40 S0 S0 S0 45 0 60 4
ws 34 Femdle S0 50 60 55 60 55 8 8 90 9% 3

il esuresof fected Famly Merbers wiot deletien
wo 55 Femde NA NA NA NA NA NA
we 7 Mk 10 8 10 75 10
n 8 Ml 30 30 3 50 40 50
we 4% femde 20 6 15 50 10 35

WA oo was vl



Table 3.8 KCNQ4 Variants Used to Create the Intragenic KCNQ4 Haplotype

Exon/Intron Genomic Position Pathogenic
Exon3 41056458 No
Intron 5 41056958 No
35224AAG Intron 5 41056992 No
€35905T>TC Exon 5 41057674 No
€.35934_35936del Exon s 21057702 Yes
476461516 Exon 10 21069414 No
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Table 3.9 Audiological Summary of Family 2102 Individuals With & Without the
p-R93X Nonsense Mutation.

Family Member  Variant Status

Gesder Ear  High M

Low  Age Test-

Affected Frequency Frequency Frequescy Age

w1 PO Akl e Bisemd Modeate Modewe MM & 8

m1 PRI Afuced ke Bl Modeote Modemt Modmt T 6

w5 BN Al Temle Bisend Modeate Modeate Modete @1

m2 ot Uusllced Temle e NA NA NA B XA
/A Taformation Not Available



Chapter 4: Discussion

The aim of this thesis was to determine the genetic etiology of late onset
autosomal dominant (AD) hearing loss in 28 Newfoundland families. This was
investigated by sereening the genomic DNA of 28 probands for mutations in four genes
known to cause AD hearing loss, specifically KCNQ4, COCH, TECTA, and MYOIA. All
28 families were first genotyped to exclude the p.A716T mutation in WFS, a mutation
previously found to cause AD hearing loss in the Newfoundland population, as well as

the full GJB2 gene and the del13S1830 mutation in GJB6.

Family 2094 Hearing Loss Caused by COCH Mutation

OF the 28 probands, one was found to have a mutation in COCH. COCH encodes
cochlin, and has previously been shown to be prominently expressed in a ribbon-like
pattern in the basilar membrane of the cochlea, providing evidence that it is involved in
the structural regulation of that membrane (Kommareddi et al. 2007). Cochlin’s exact
role, however, remains unknown. COCH maps to chromosome 14q12-13. Cochlin is
predicted to be 550 amino acids long and is highly conserved. It comprises a short
predicted signal peptide, an N-terminal factor C homology domain, and two von
Willebrand factor A-like domains.

Seven missense mutations within COCH that cause hearing loss have previously

been reported: six of these cause a very recognizable phenotype characterized by a late



onset, progressive hearing loss associated with parallel vestibular decline. All six are
found in the Factor C Homologous (FCH) domain of the cochlin protein (Kemperman et
al. 2005). Of the FCH domain mutations, three originate in North America (p.V66G,
p.G88E, and p.W117R); one is a founder mutation (p.PS1P/S) present in many Dutch and
Belgian families, one originated in Australia (p.1109N), and one in Japan (p.A119T). This
audiological phenotype of late-onset high-frequency hearing loss caused by these

mutations is in cl lation with the audiological phe pe of many of the 28 AD

Newfoundland probands being studied in this research project and was the primary
reason for choosing this gene for screening.

In Newfoundland Family 2094 a known mutation causing a heterozygous C->T
base change was found in the proband. This resulted in the substitution of a conserved
proline residue for a serine residue at amino acid position 51 (p.PS1P/S) (Figure 3.2). All
seven affected members of Family 2094 shared the mutation, while an unaffected relative
did not harbor the mutation (Figure 3.1). Individuals harboring the p.PS1P/S variant
suffer from a late onset, progressive, high-frequency hearing loss with an obvious onset
from ~40 years of age onwards (Bischoff, 2005). All affected family members share the
same audiological profile (Figure 3.3), matching the pattern of hearing loss seen in
previous cases (de Kok et al. 1999). The progressive nature of hearing loss in Family
2094 also matches previously reported cases of p.PS1P/S carriers (de Kok et al. 1999).

‘This mutation is also associated with vestibular dysfunction, such as motion
sickness and vertigo, which in most cases develops to complete vestibular areflexia or

vestibular hyporeflexia (Verhagen et al. 2001; Bischoff et al. 2005). Onset of progressive




vestibular failure presents earlie, from the fourth into the sixth decade of lfe, declines
more rapidly, and is eventually more complete than the associated hearing impairment

(Bischoff et al. 2005). Five out of seven Family 2094 members have so far experienced
these vestibular problems.

In 2009, Hildebrand et al. reported a p.P51P/S case with the very rare disease

Superior icit ‘anal Dehi: ( D), which is ized by the absence
of bone overlying the superior semicircular canal, creating a third labyrinthine window. It
was suggested that individuals with COCH mutations like p.PS1P/S should be given a CT
scan to screen for SSCD (Carey et al. 2007). Of the Family 2094 individuals who have
had CT scans; V-2, V-6, and V-1, none were diagnosed with SSCD, though it has been
suggested that diagnosis of SSCD often requires the doctor to be specifically looking for
the defect (Hildebrand et al. 2009). This therefore represents both a clinical and a
scientific opportunity to learn more about this possible association. Carriers could
undergo a CT scan to look for this rare defect, and if found, that individual can have
surgery done, as SSCD’s severe vestibular symptoms can be fully corrected with surgery
(Carey et al. 2007). This would also add to the current lterature on the possible

association between these two rare disorders.

Previous studies have also demonstrated a link between COCH mutations like
p.PSIP/S and vertical comneal striae. Two families carrying the p.PS1P/S mutation were
found to have a 93 % and a 78 % prevalence of these siriae, respectively: age of onset is
late 40s to late 50s (Bischoff et al. 2007). In Family 2094, V-6 was reported to have a

comeal scratch in the right eye. This was first reported at the age of 31, which falls close
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10 the previously reported age of onset for corneal striae in p.P51P/S carriers. This scratch
was not reported to be due to any physical injury to the eye, though no other medical
information is available. Clinical follow-up is currently ongoing; this may be further
evidence of a link between vertical coreal striae and hearing loss mutations within

COCH, like p.PS1P/S.

Confirmation of p.P51P/S as a Dutch Founder Mutation

‘The p.P51P/S mutation has been reported in ten Belgian, seven Dutch, and one
American family and is widely accepted to be a Dutch founder mutation (de Kok et al.
1999; Fransen et al. 2001). This study is only the second reported occurrence of this
mutation outside of Europe. An opportunity to confirm this Newfoundland p.PS1P/S
occurrence as a Dutch founder mutation arose at the 2010 Association for Research in
Otolaryngology MidWinter conference. While attending this conference, I met with Dr.
Hannie Kremer, a scientist working in the Netherlands, who has published on the
Pp.PSIP/S vestibular phenotype (Bischoff et al. 2005). Dr. Kremer offered to contribute
Dutch p.P51P/S DNA, allowing me to confirm the Dutch founder hypothesis. Using
DNA from this Dutch family and Newfoundland Family 2094, a series of microsatellite
markers were genotyped to develop ancestral haplotypes (Figure 3.5). These haplotypes
demonstrate allelic sharing between the two families for five contiguous markers close to
the COCH gene, spanning a total genetic distance of ~2.1 Mb (Figure 3.4; Table 3.5).

‘The probability of these two families sharing this five marker haplotype by chance is low,



and therefore, it s likely that these two families are distantly related and originate from a
‘common ancestor in the Netherlands. The genealogy of this shared ancestry was not
followed up on, as the objective was to provide further support to the current Dutch
founder hypothesis for p.PS1P/S DNA, and because no further genealogy on these
families is available. However, individuals in Family 2094 could be researched using the
Newfoundland Genealogy Database and the Heritability Analytics Infrastructure
(Population Therapeutics Research Group, St. John's, Newfoundland & Labrador) to
trace the genealogy of Family 2094. If successful, this would provide the opportunity to
increase the power of this linkage association, and possibly directly link it to the Dutch
family with which it shares an ancestral haplotype. This avenue warrants further
investigation. It is interesting to note that mutation carriers in Family 2094 possess an
uninterrupted Newfoundlander ancestry, going back at least six generations. Up until
recently, p.PS1P/S had never been seen outside of central Europe (Fransen et al. 2001).
Its recent discovery in a United States family (Hildebrand et al. 2009), and now in a
family living here in Newfoundland, Canada, could be evidence of an ancient origin. If
true, this would have strong implications for cochleovestibular diagnostic screening of
P.PSIP/S and other mutations within the COCH gene, as the older a mutation’s origin,

the more likely it is to be widespread throughout all populations and ethnicities.



Family 2071 Hearing Loss Caused By Novel KCNQ4 Deletion

KCNQ# (Potassium Voltage-Gated Channel 4) encodes the protein potassium
voltage-gated channel subfamily KQT member 4. This protein is part of a family that
forms channels to transport positively charged potassium fons between neighboring cells.
More importantly for hearing, the potassium channels that this protein forms are thought
to play an indispensable role in the regulation of neuronal excitability, particularly in the
sensory cells of the cochlea (inner ear), where they are expressed (Kubisch et al. 1999).
Expression gradients of KCNQ in spiral ganglion and in these cochlear hair cells
correlate very closely with progressive hearing loss (Beisel et al. 2001).

‘Twelve mutations have been reported in KCNQ4 (DFNA2): ten missense and two
deletions. The missense mutations are believed to cause hearing loss beginning at a
young age (Hilgert et al. 2009). The deletions are thought to cause a milder phenotype,
have an older age of onset and primarily affect perception of high frequencies (Topsakal
etal. 2005). While both late-onset and carly-onset hearing loss can be caused by
mutations in KCNQA, this gene s also associated with age-related hearing loss. One
rescarch team has demonstrated that several SNPs associated with age-related hearing
oss in two independent Caucasian populations were all located in the same 13 kb region
in the middle of the KCNQ4 gene (Van Eyken et al. 2006).

‘The first KCNQ# deletion (c.211del13) was discovered in a Belgian family.
Affected individuals lacked 13 nucleotides between positions 211 and 224, This resulted
in a frame-shift after Gly70 (p.fsX71), followed by 63 novel amino acids and a premature

stop codon (Coucke et al. 1999). Consequently, the protein is truncated before the first




transmembrane domain and is rendered nonfunctional (Nie, 2008; Figure 3.11). More

recently, the second deletion was found in a Japanese family, and is a 1 bp deletion

(c.211delC). Similarly to the iou: a truncated, i KCNQ4 protein is
generated (Kamada et al. 2006). The milder high frequency phenotype of cases reported
to harbor these two KCNQY deletions correlates closely with the phenotype of several of
the 28 Newfoundland probands under study in this research project, and so KCNQ4 was

chosen as a functional candidate gene to screen for potential causative mutations.

‘The proband of Newfoundland Family 2071, I1I-12 (Figure 3.7), was found to
carry a novel 3bp heterozygous deletion in exon 5 of KCNQ# (Figure 3.8). Upon
sequencing other Family 2071 individuals, thirteen affected individuals were found to
share the 3 bp deletion. This is the third deafhess causing deletion found in KCNQ4, and
the first outside of exon 1 (Coucke et al. 1999; Kamada et al. 2006). Audiology reports of
deletion carriers demonstrate  high-frequency, late-onset hearing loss (Figure 3.9),
supporting the current genotype-phenotype correlation that KCNQ4 deletions associate
with a late-onset and milder hearing impairment (high-frequency loss) than

corresponding KCNQ# missense mutations (Kamada et al. 2006).

This deletion predicts an in-frame removal of a serine residue at amino acid
position 269 within the P-loop domain of the KCNQ4 protein (Figure 3.11). Interestingly,
the P-loop domain is a mutational hotspot where ten missense mutations causing early
onset hearing loss have previously been described (Coucke et a. 1999; Kubisch et al.

1999; Talebizadeh et al. 1999; Van Hauwe et al. 2000; Kamada et al. 2006).




In order to determine the level of variant sharing among deletion carriers and
between all individuals of Family 2071, and to verify whether further hearing loss
patterns might be seen, we next constructed an intragenic haplotype using commonly
occurring variants within and flanking exon 5 of KCNQ#. While these markers did not
singularly provide any additional interesting information regarding affected individuals
not harboring the deletion, all deletion carriers shared this deafhess associated haplotype.
Additionally, of 90 ethnically matched controls, and of all unaffected relatives, none

shared this deafhess associated haplotype. This haplotype, used primarily as a method of

further igation and mutation ion, contrasts sharply with the
aforementioned p.P51P/S haplotype, which was constructed to demonstrate ancestral
linkage between Newfoundland Family 2094 and a Dutch family, and which can be taken

as evidence for p.PS1P/S being a Dutch founder mutation.

While this deletion is not seen in four Family 2071 members, these four
individuals present a distinctly different audioprofile compared to deletion carriers
(Figure 3.10; Table 3.6; Table 3.7). The cause of hearing loss for these four individuals is
likely due to several separate genetic or environmental predispositions, thus making them
phenocopies. Environmental factors could also be the cause of hearing loss in these
individuals. The medical records show no indication of noise exposure o physical injury
1o the ears in these four individuals. To rule out a different mutation on the same gene as
the cause of hearing loss in these individuals, they were screened for all exons within
[KCNQ4. No additional mutations were detected, and they did not share any particular

variants or SNPs at the locus when observed in the intragenic haplotype.



A further avenue of research for Family 2071 would be functional studies.
Because KCNQA is strongly expressed in the sensory cells of the cochlea (Kubisch et al.
1999; Beisel et al. 2001), studies on deletion carriers should be conducted to investigate
whether the 3 bp deletion negatively affects the potassium ion channels formed by
KCNQ#, whether these ion channels remain structurally and functionally intact, and
whether potassium ions are able to effectively move through these channels to complete
the mechanoelectrical transduction pathway. This could potentially shed further light on
the molecular pathways underlying this hearing loss mutation and could provide added

credence to the current genotype-phenotype correlation.

Family 2102 Hearing Loss Caused By MYOIA Mutation

MYOLA encodes the protein myosin 1a, which is present in the inner ear and plays
arole in human hearing (Donaudy et al. 2003). Donaudy et al. (2003) postulated that
MYOI4 plays a role in ion transport. More recently, Hilgert & Smith (2009) present a
slightly different hypothesis. At the brush border surface of intestinal epithelial cells,
myosin la is a major component of the actin-rich cytoskeleton, where it is involved in
‘membrane trafficking. It could serve the same function in the inner ear, because the
cytoskeleton of the intestinal cells and the inner ear cells (hair cells and supporting cells)
are very similar. The specific expression patten in the inner ear has not yet been

established, by may provide further clues in the future (Hilgert & Smith, 2009).




MYOL4 was chosen as a candidate gene for the same reason as all the functional
candidate genes in this study: a phenotype correlation between individuals with hearing
loss due to mutations previously found within MYO14 and the audioprofile seen in some
of the 28 Newfoundland probands under study. While most of the 28 probands suggest a
late-onset hearing loss, some are reported as early-onset, but still progressive and
autosomal dominant. Four mutations in MYOIA have been associated with an early-onset
AD, progressive, phenotype (Donaudy et al. 2003). These four mutations were all found
in Italian probands.

A heterozygous nonsense mutation was discovered at amino acid position 93
within exon 4 of MYOIA in the Family 2102 proband IV-3 (Figure 3.12). This nonsense
mutation, p.R93X substitutes an arginine residue for a stop signal in the motor domain
(Figure 3.13). All three affected Family 2102 individuals shared the mutation, and
reported their first hearing loss at 5 years of age, with hearing coming and going, but
progressively deteriorating o severe hearing loss (Figure 3.14).

‘While this mutation is not novel, it is only the second reported case world-wide.
‘The p.R93X nonsense mutation was first reported in a very small southern Ialian family.
p.R93X was present in the male proband who suffered from moderate to severe bilateral
hearing loss. This i the same audioprofile scen in Family 2102, though time of onset was
not available for this Italian family. The proband received the mutant allele from his
mother. The mother stated that she has normal hearing, although no audiological
evaluation of any kind was carried out. A healthy brother of the proband did not carry the

p.R93X mutant allele and did not possess any form of hearing loss (Donaudy et al. 2003).



Several possibilities could explain the Italian mother's supposed normal hearing:
1) The mother does in fact have the same hearing loss as her son, 2) this family
segregates an AR form of deafess and digenic inheritance s responsible for this hearing
loss phenotype, or 3) the trait is not 100 % penetrant. While many types of hearing loss
are caused by a mutation in one single gene, digenic inheritance requires the interaction
of two genes for phenotypic expression. If the mother does not have hearing loss, despite
carrying the p.R93X mutation, she may not have hearing loss because this trait is an AR
form of hearing loss and segregates in a digenic manner. She would not inherit the
second disease causing mutation in the putative second unknown gene. Additionally, if
the trait s not fully penetrant then this too could explain the mother’s normal hearing.
Detection of the p.R93X mutation is simple and does not require sequencing because the
mutation is easily identified by digestion of PCR products, as the mutant allele destroys
an Avall restriction site. A further avenue of research for Family 2102 would be to attain
DNA from the affected Italian individuals previously reported to create an ancestral
haplotype, as done previously for Family 2094. It could then be determined whether or
not Family 2102, from Newfoundland, share a common ancestor with the previously

reported Italian family (Donaudy et al. 2003).




Candidate Gene TECTA

TECTA encodes the protein Alpha-tectorin. The tectorial membrane is an
extracellular matrix that covers the Organ of corti sensory epithelium in the ear. Sound
waves induce a vertical movement of the basilar membrane, and this movement evokes a
deflection of stereocilia against the tectorial membrane. Alpha-tectorin s one of the
major noncollageneous components of the tectorial membrane. Mutations in the TECTA
gene have been shown to be responsible for ADNSHL, with audioprofiles similar to some

of the 28 Newfoundland probands under study (Verhoeven et al. 1998).

Exons sequenced included 5, 9-14, 17-18, and 20. However, no hearing loss

mutations were discovered among the 28 AD Newfoundland probands. This does not rule

out the possibility that hearing loss in one or more of these Newfoundland probands if
caused by mutations in 7ECTA within an exon that was not sequenced in this research
project. A total of 13 exons were not sequenced, and this gap represents an opportunity
for further research, as TECTA remains a strong candidate gene for hearing loss in

Newfoundland families.

Non-Found in a Founder Pop:

As previously discussed, the province of Newfoundland & Labrador is a founder

population, due to its cultural and geographic isolation. Since the second major wave of




settlement, taking place in the late 18" and early 19" centuries, little immigration or

has occurred. These original colonists h: ibuted to several founder

‘mutations that cause specific diseases. For example, an exon 8 deletion in MSH2, a gene
causing hereditary non-polyposis colorectal cancer, has been found in 5 different
Newfoundland families (N=74 carriers) (Frogatt et al. 1996; Stuckless et al. 2006), and
the ¢.782+3delGAG mutation found in the deafness gene TMPRSS3 has been reported in

2 different Newfoundland families (Ahmed et al. 2004; Young et al. unpublished data).

‘This study sought to potentially identify AD hearing loss founder mutations in
Newfoundland. No founder mutations were identified. All three of the mutations
identified in this study - p.PS1P/S, p.Ser269del, and p.R93X in the genes COCH,
KCNQ4, and MYOL4 respectively - were each reported in one family only. after
screening 68 Newfoundland & Labrador hearing loss probands. We identified three
separate mutations in three separate genes causing hearing loss with three separate
phenotypes. Additionally, these mutations were found to cause hearing loss in three
Newfoundland families that are geographically separated from one another. So while the
genetic history and nature of Newfoundland’s population, combined with previous
successes (Young et al. 2001; Ahmed et al. 2004) implies that the future discovery of
hearing loss founder mutations in Newfoundland & Labrador is still a possibility, the
results of this study unexpectedly point to Newfoundland’s genetic diversity, rather than
its homogeneity. This isn’t the first time this has happened. An increased level of genetic
diversity was noted when, for example, nine mutations in six genes were detected in 21

families with Bardet-Biedl syndrome (Webb et al. 2009). I speculate here that the solved



families in this study, 2094, 2071, and 2102 all descend from original but separate

groups of colonists. Th ists would likely have been from several

different areas of Ireland or England. The geographical isolation of their origin home
towns could account for the potential genetic diversity seen in the identification of these
three separate hearing loss mutations. These findings, therefore, do not marginalize the
efficacy of the Newfoundland population in the search for novel gene discovery or for

founder mutations.

‘The clinical and diagnostic utility of these identified mutations is significant for
the families in question, as they are now able to screen new family members, receive
much improved genetic counseling, and hopefully, benefit from improved treatment
options. However, identification of a Newfoundland founder mutation would be of
increased clinical and diagnostic utility. Any mutation that is prevalent throughout a large
portion of native Newfoundlanders is screened for at birth, and would thus be identified
in all future cases born in Newfoundland. The aforementioned benefits would therefore
apply to a much wider range of people than a single family, as s the case for non-founder
‘mutations. This study, therefore, does not reduce the strong clinical and diagnostic
potential that can be fulfilled through the discovery of Newfoundland founder mutations,
nor does it point to an inefficacy of the Newfoundland population as a medium of novel

gene discovery.



A Changing Landscape of Gene Identification Methodology

Despite the increase in hearing loss gene identification, many deafhess causing
‘genes and loci remain undiscovered. High density SNP arrays, which are a type of DNA
‘microarray used to detect polymorphisms across large portions of a genome have been
successfully applied in a new approach to find hearing loss genes. Shahin et al. (2010)
applied SNP array-based homozygosity mapping of families with a high degree of
consanguinity. Homozygosity mapping is a powerful method of localizing genes for
autosomal recessive disorders. Using this approach, Shahin et al. (2010) identified five
genome regions likely to harbor novel genes for pre-lingual non-syndromic hearing loss
in six Palestinian kindreds. This approach is currently being investigated for AR hearing
disorders in the Newfoundland population. Traditionally this method has been limited to
families who share a recent common ancestor, but Hildebrandt et a. (2009) have recently
demonstrated that this technique can be used on outbred populations. They performed
homozygosity mapping on 72 single affected individuals of 54 kindreds ascertained
worldwide using a 250 K SNP array. This discovery could potentially open up further
opportunities for novel gene discovery in Newfoundland & Labrador as many specialty
clinics have access to cohorts of individuals from out-bred populations.

A second ical advance having huge implicati novel gene

discovery is the advent of next-generation sequencing (Schuster, 2008). Next-generation
sequencing allows for the easy production of millions of DNA sequence reads in a single
run. Next-generation sequencing instruments can generate as much data in 24 hours as

several hundred traditional DNA capillary sequencers, but are operated by a single person




(Schuster, 2008). A recent study of non-syndromic hearing loss used targeted genome
capture combined with next-generation sequencing to analyze 2.9 Mb of the DFNB79
interval on chromosome 9q34.3 (Rehman et al. 2010). Rehman et a. (2010) detected a
‘nonsense mutation in the predicted gene C90r/75, which they renamed taperin (TPRN). A
nonsense mutation is a change in DNA sequence that results in a premature stop codon,
leading to an incomplete, and usually nonfunctional, protein product. Rehman et al.
(2010) next performed immunolocalization experiments on the TPRN protein in a mouse
cochlea, and saw prominent expression in the taper region of hair cell stereocilia.

A third strategy showing recent success (Meyer et al. 2007) and strong promise
for gene identification, specifically for AD hearing loss, is the use of AudioGene
Audioprofiling. Audiogene is a computer program that uses a machine-learning approach
to analyze audioprofiles as a method of prioritizing genes for mutation screening in small
families segregating AD hearing loss. The audiogene dataset has recently been expanded
to include a total of 16 DFNA loci, including COCH, KCNQY, and TECTA (Hildebrand
etal. 2009). This could be very useful in the investigation of Newfoundland families
segregating AD hearing loss, and many of these families are small with limited recorded
data, Hildebrand et al. (2009) performed an experiment where a series of audiograms
were analyzed by a panel of hearing loss experts, and concurrently by AudioGene. The
accuracy of matehing the audiograms with the genotypic cause was 53 % for the human
experts, and 88 % for AudioGene (Hildebrand et al. 2008). Furthermore, as the size of
this database increases, so too will its predictive capacities. For now, it represents a

promising avenue for Newfoundland AD hearing loss research at almost zero cost, and




should be the next strategy employed for mutation detection in the 25 remaining
Newfoundland AD probands.

‘These are just some examples of recent advances in technology leading to novel

di , and as these ies become , their use will be

in new investigative di ing studies not just in the
population, but all over the world. The ability of next-generation sequencing to perform
50 many ‘reads” so quickly will be invaluable to future hearing loss studies in
Newfoundland. Sereening candidate genes and potentially mutated chromosomal regions
will be significantly easier, allowing for the ‘quick’ discovery of novel (and existing)

causative hearing loss mutations in Newfoundland probands.

Limitations of this Study

Despite the discoveries discussed above, the candidate gene approach undertaken
in this study does present various limitations in the search for hearing loss mutations.
These limitations vary widely, and while mentioned above throughout this thesis, a short
summary of them will serve to illuminate the path forward both in filling any gaps, and in
approaching mutation detection in various untried ways up to this point.

Firstly, it is important to note that mutations in JVS/ may not be more common
than other hearing loss mutation just because they are more commonly reported in
Newfoundland. The reason the p.A716T mutation in WFS!is so widely reported is due in

large part to its pathognomonic character. A pathognomonic sign is a particular sign




whose presence is characteristic for a certain disorder beyond any doubt. The phenotype
of p.A716T mutation in IWFS1 is one such pathognomonic trait. Local audiologists are
able to both distinguish this pattern of hearing loss and recognize sumames of the
extended family thus far affected, and contact us directly when they have patients that
‘may be related to these originally reported families (Young et al. 2001). Clinical
application like this makes it likely that the high frequency of reported WFS/-related
hearing loss is an overstatement, not describing the true situation (Tranebjaerg 2008).

Itis also possible that one or more of the families under investigation may be
incorrectly classified as AD due to a lack of sufficient data. Many individuals in these
pedigrees (Figure 2.1) are ascertained through relatives’ word of mouth, and s0 it is
entirely possible that digenic inheritance, penetrance, or even mitochondrial mutations
may be obscuring the proper ascertainment of inheritance pattern and thus the search for
causative hearing loss mutations. These possibilities should undoubtedly be investigated
in future studies on the 25 remaining AD families.

The possible presence of larger genomic abnormalities at work is another
limitation of this study, which did not search for any such possible occurrence. This study
investigates genes through targeted gene sequencing. However, larger genomic
abnormalities have been shown to cause hearing loss phenotypes (Lisenka et al. 2003;
Shaffer et al. 2006). Genomic abnormalities, therefore, may account for hearing loss in
some of the Newfoundland families under investigation. Large genomic rearrangements,
deletions, inversions, etc. can cause and affect the degree and severity of diseases, and

such large-scale anomalies are not detected through traditional DNA sequencing methods



(Lisenka et al. 2003; Idbaih et al. 2010). The possible presence of such abnormalities
should be investigated in future studies.

The presence of phenocopies in Family 2071 is also a relevant pit-fall in this

study of AD hearing loss families. While phenocopies are common, they are also ofien
difficult to prove beyond any doubt. A routine aspect of the clinical ascertainment is a
request of patients and family members to fill out a detailed hearing loss questionnaire.
“This includes specific questions about noise exposures, head injuries, usage of drugs
known to be ototoxic, etc. In this study, the cause of hearing loss in Family 2071’
putative phenocopies is unknown. These unanswered questions obscure the full picture of
hearing loss in Family 2071. The continued investigation of this family is, therefore,
essential to gain a more complete understanding of hearing loss in this family and to
confirm beyond any doubt that several individuals within Family 2094 are phenocopies.
Lastly, the approach taken in this study is also a limitation nto itself. This study
was a “targeted” candidate gene approach which focused only on genes previously
associated with hearing loss. While this improved the likelihood of detecting hearing loss
mutations, it restricted the chance of identifying potential “genetic surprises” regarding
genotype-phenotype. And while several exons within KCNQ4, COCH, TECTA, and
MYOL4 not previously associated with hearing loss were bi-directionally sequenced, this

approach was limited by the two year time-frame of a master’s thesis.
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Chapter 5: Summary

‘The aim of this thesis was to determine the genetic etiology of AD hearing loss in
28 large, mult-generational Newfoundland families. Probands were first screened for

hearing loss alleles previously reported in the Newfoundland population:

specifically the
full GJB2 gene, the del1 351830 mutation in GJB6GJB2, GJB6, and the p.A716T in
WFSI. The next step was a systematic functional candidate gene search for genes and
mutations from the primary literature and the NCBI database. Genotype-phenotype
evaluation of potential candidate genes, and frequency of mutations found previously,
helped to narrow the list down to four likely functional candidate genes: COCH, KCNQ4,
TECTA, and MYOIA. These genes all code for proteins that play an important role in
human hearing, and harbor hearing loss mutations recurrent in Caucasian populations.
Once amutation was identified, we were then able to highlight common patterns among
the phenotypes of Newfoundland probands and the phenotypes of known mutations in
AD deafness causing genes. Figure 2.2 illustrates the progression of this study from the

stage of experimental design to the discovery of novel and known causative mutations.

In Newfoundland Family 2094 a known mutation (p.P51P/S) within COCH was
discovered to be the cause of hearing loss. The p.PS1P/S mutation causes a late-onset
progressive high-frequency hearing loss, and is associated with severe vestibular defects,
such as vertigo and motion sickness. Using DNA from a Dutch p.P51P/S family, and
Family 2094, an ancestral haplotype was created through successful fragment analysis,

confirming Family 2094's p.P51P/S transition to be a Dutch founder mutation. However,



10 other Newfoundland families were explained by this mutation. No further genealogy

was done to elaborate on this shared ancestry.

In Newfoundland Family 2071, a novel 3 bp deletion in exon 5 of KCNQY has
been found to be the cause of hearing loss. This discovery also provides further evidence
of the current genotype-phenotype correlation, whereby deletions in KCNQ4 cause a
‘milder, later onset, high-frequency loss in patients compared to KCNQ4 missense
mutations (Nie, 2008). This mutation was not detected in any additional Newfoundland

probands.

In Newfoundland Family 2102, the cause of hearing loss was identified to be a
nonsense mutation in exon 4 of MYOLA (p.R93X). All affected individuals are reported
0 have suffered from hearing loss from the age of five, with hearing coming and going
but progressively deteriorating. Again, this mutation was not reported in any additional
Newfoundland hearing loss families. No hearing loss causing mutations were discovered
within the TECTA gene, but sequencing of this gene should be completed in the future to

rule it out completely as a candidate gene for hearing loss.

In the introduction, a table was presented indicating all known deafhess related
genes and their mutations within the Newfoundland population. An updated version of
this table is seen in Table 5.1. Of the 28 Newfoundland families suffering from AD
hearing loss at the beginning of this study, three families have now been solved. Further
research on the remaining 25 unsolved Newfoundland families is of paramount

importance. Genomic DNA from four of these 24 families has recently been sent for a




genome wide scan (GWS). The data gained from this GWS will inevitably enable further
successful identification of the genetic cause of hearing loss in these families. AudioGene
Audioprofiling also presents a promising avenue of detecting further mutations within the
remaining 25 probands, and should be investigated. The determination of these hearing

loss causing mutations must remain of critical importance to researchers and clinicians

alike. With a greater ling of the genetic mutati ing various families’

hearing loss, comes a greater ing of the pathogenic isms and a greater

chance of improved treatment options and screening abilities.
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Gene Mutation Literary Reference
Young etal
KCNQ4 806_808delCCT 1 Unpublished
COCH. 1 De Kok etal. 1999
MYO14 ©2435C>CT 1 ‘Donaudy et al. 2003
Denoyelle etal.
GJB2 €35delG 7
GBS DI3SI830 3
TMPRSS3 <207delC 1
TMPRSS3 T82+3deIGAG 2
PCDHIS 1
WESI €2146G>A 1
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Appendix A: PCR Primer Sequences and Expected PCR Product Sizes.

Gene | Amplified | Primer Name Primer Sequence Size of
Exon Fragment (bp)
KeNad 1A ‘agttggagtcggaaagagca 567
CGCAAACTCACATGAAGACG
KCNQ4 1B AGCCATGCGTCTCTGAGC 584
KCNQa 2 ccagggaattccaatictga 56
KCNQd 3 ggaatcgtcaagtccaggaa 358
KCNQd 2 tactcccaatcecgactctg 86
KCNQd 5 tgggaggagctgagaaagaa 351
KCNQd 647 cecteatgatcaggctecta 554
KCNQa B ccacaactggaccaaggact 356
KCNQa 9 tecaccetgtectattctgg 397
KcNQa 10 catcettgttceatcecasg a9
KCNQa 1 ctggtggtitggcatacaag 287
KCNQa 2 tecatctcatccatgtttctg 392
KCNQa 3 ggteccttctecticatcag 394
KCNQd 1A ctagccaagetccacctttc 383
GCCTCTGAGAAGTCCCTCAGT
KCNQd 148 GACCTGCTGTTGGGCTTCTA 218
TECTA 5 ‘accctgactcggctatgasa 80
TECTA %A gggcagaccetgtetttatc 297
ACTCCAGGAAGGAGCTGTTG
TECTA 9% GCTTGTGCGGCTTCTACAAT 88
TECTA 104 geactcacaaacacacatgc 4%
AAGGTGAGGTAGTGGCCGTA
TECTA 108 | s CTTCTGGGTGGACCTGGACT %9
5422-108R
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Appendix A: PCR Primer Sequences and Expected PCR Product Sizes (cont).
Gene | Amplified | Primer Name Primer Sequence Size of
Exon Fragment (bp)
TECTA 1A | 5422-11AF ctgctcasacttccctetgg 4%
5422-11AR AAGGCAGCGTTCTGGTTG
TECTA 118 | S5422-118F | ACCCTGATGATGACCTGGAG 497
5422-118R
TECTA ) 5422-128F tgectitcatctccetgagt a15
5422-128R
TECTA 1A catttgagttgaggccgtit 494
AGTAGACGGGCGAAATGATG
TECTA 138 CGTCGCAACGTGATTCAG 470
TECTA 1 cagaatggagtcetigagacag 499
TECTA 17 atgcccaggttactgctttg. 493
TECTA 18 gecatttctccactttcagg 354
TECTA 20 geattictgecatttatggty 381
MYO1A 3 gectctggetgtggatatgt 399
MYO1A O 5379-4F geccagtctgetccasgtag 297
5379-4R
MYOIA | 647 | 5379-6&7F tgagcectagaccctettce 500
5379-687R
MYO1A 10 5379-10F atgaatccattagggcaags 95
5379-10R
MYOIA | 11412 | 5379-11&12F caccagtgtctcaggcagtt 4%
5379-11812R
MYO1A 18 5379-18F geaccgtgtgeageatag. 395
5379188
MYO1A 2 5379-22F actcaggtctitgegtggtt 281
i 5379-22R
‘ MYOIA % 5379-25F satectgatgettggtect 374
5379-258
‘ COCH 243 | 4086283F tetgtgtectetetcctctge 499
4086-283R
cocH 4 4086-4F ctggaatggtatggaagggta 63
4086-4R
cocH 5 4086-5F ‘agcgagacgccatcaaataa 395
4086-5R
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Appendix A: PCR Primer Sequences and Expected PCR Product Sizes (cont).

Gene | Amplified | Primer Name Primer Sequence Size of
Exon Fragment (bp)

cocH 1A | 4086-12AF titgecactctcgtcacaat 292
4086-12AR CCTAAATGGCTGTTGA

CocH 128 | 4086-12BF | GATGTCATCAGAGGCATTTGT 88
4086-128R | CCTGAACCATGTTAAAGAGCTG

CoCH 12C | 4086-12CF | CACTGCTGAGGCTTCATAATCA 243
4086-12CR | CCTGAACCATGTTAAAGAGCTG

CoCH 12D | 4086-12DF | TCTGGATATAGAAAGGAGACCTGT 384

4086-120R
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Appendix B: Mutations Previously Found Within the Four Selected Candidate Genes

KCNQ4, COCH, TECTA, and MYOIA.

Mutation Protein Domain | Exon Reference
[ KCNQ4-p.W2765 ore Region Cnuck: etal. 1999,
ore Region
ore Region
Yore Region Kubisch et al. 1999,
re Region Coucke et al. 19%9.
3 7 Coucke etal. 1999.
Pore Region N/A Van Laer et al. 2006.
1 Kamada et al. 2006.
N-Terminal Cytoplasmic Coucke et al. 1999.
FC Nagy etal. 2004.
C Fransen et al. 1999.
a Robertson ot al. 1995,
Collin et al. 2006.
c Robe 1. 1998,
FCH 5 al. 2001
FCH 5| Robertson etal. 1998.
FCH 5 Usami et al. 2003.
VWFA2 12 Street et al. 2005,
| 7ECT NA 9
TECTA-p C1057S Zona Adhesion 10| Balciuniene et al. 1999,
TECTA-p C1352Y N/A 1 Hutchin et al. 2005
TECTA-p.C1509G D4 13 Pfister et al. 2004.
TECTA-p.C16195 Zona Adhesion 14 Alloisio etal. 1999,
TECTA-p.L1820F Zona Pellucida 17 Verhoeven et al. 1998.
TECTA-p.G1824D Zona Pellucida 17| Verhoeven etal. 1998.
TECTA-p.CI837G Zona Pellucida 17_|_Moreno-Pelayo, 2001.
TECTA-p.Y1870C Zona Pellucida 18| Verhoeven etal. 1998.
TECTA-p R2021H Zona Pellucida 20 Twasaki et al. 2002.
-
pFII9RXI3L NA s Hutchin et al. 2005.
MYOIA-pR9IX Motor Domain 3 Donaudy et al, 2003
MYOIA-p.N306M NA 10 Donaudy et al, 2003
MYOIA-pE385D Motor Domain 12| Donvaudy etal, 2003
MYOIAp.G662E NA 18| Donaudy etal, 2003
MYOIA-pG674D WA 18| Donaudy etal, 2003
MYOIA-pSTOTF N/A 22 | Donaudy etal, 2003
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Appendix B: Mutations Previously Found Within the Four Selected Candidate Genes
KCNQ4, COCH, TECTA, and MYOIA (cont).

Mutation Protein Domain Exon Reference

Donaudy et al, 2003
MYOLA-p349-
350insC N/A 4
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Appendix C: COCH Microsatellite Marker Primer Sequences and Expected PCR

Product Sizes.
Marker | Primer Name Primer Sequence Size of
Name Fragment (bp)
D145262-F GCAGTGGACTGATGCTCC 200
D14s262 | D14s262-R CCATGAAACTGGTCCCG 6FAM
D14S975-F CATACACAGACACACGGAGA 174 6FAM
D14s975 | D14s975. TGCCAAATAATCAGTTTTGC
D1451021-R AGTCGTGTATCCTGGGCAT 266 GFAM
D1451021 | D1451021-F GCGCTGGTGTGAAT
D145257-F CAGTGAGCCATGACTGTG 182 6FAM
D145257 | D145257-R TTGGTAAAGTGGTAAAAGGC
D1451071-F AGTGATCCACCCACCTTC 279 6FAM
D1451071 | D1451071-R CAACTACGTGTTGCT
1451040-F | GGCACTATGAAACCAAI 231 PET
D1451040 | D1451040-R GGCCTGCTG) A
D1451034F |  CGTAGATGCTCCAAATCCTAC 176 6FAM
D1451034 51034-R ACAAATCGCTGGTCACT
D1451060 | DI4SI060F | GTT \CAATAAAT 193219
D1451060-R | _ CTGTTATGTATCAGACCAACCC 6FAM
014570 D14S70-F 214224 6FAM
D14S70-R | AGCTAATGACTTAGACACGTTGTAG
D1451014 | DI4SIO14F |  AGCTATTCAGGTCAAAAAGGTC 236246 6FAM
D1451014-R AATCCCTACCCTTGTGGTG
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Appendix D: Fragment Analysis of Microsatellite Markers Flanking the COCH gene.

Marker Allele 1 Allele 2
Sample
OP06-115 451021 262 262
JC07-184 451021 262 262
KM06-227 451021 262 262
1507-182 451021 262 274
1912¢ 451021 268 268
1913: 451021 262 268
1914 451021 262 268
APO7-66 451021 262 274
OP07-270 451021 262 274
CPO7-187 451021 262 268
CC07-269 451021 262 268
OP0G-115 45975 163 7
JC07-184 45975 163
KM06-227 45975 167
1507-182 45975 171
19126 48975 163
1913: 45975
1914 48975
APO7-66 48975
P07-270 45975
CPOT-187 48975
CC07-269 4597
OP06-115 45104
IC07-184 45104 232
KM06-227 45104 234
1507-182 45104 232
19126 45104 214
19135 451040 232
19149 451040 232
APO7-66 451040 232
OP07-270 451040 232
CPOT-187 451040 232
€C07-269 451040 232
OP06-115 45107 217 281
1C07-184 45107 275 281
KM06-227 45107 281 281
507-182 45107 277 285
19120 45107 217 281
1913 45107 275 281
1914 45107 275 281
APO7-66 45107 285 281
1914 451060 201 207
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Appendix D: Fragment Analysis of Microsatellite Markers Flanking the COCH Gene

(cont).
Marker Allele 1 Allele 2
45107 285 281
45107 275 281
48107 275 281
45103 169 7
145103 169
45103 169
145103 7:
145103
145103
45103
145103
45103
45103
145103 69 179
45262 200 200
45262 200 200
45262 200 200
45262 200 202
45261 204 204
45262 200 204
145262 200 204
145262 200 202
45262 200 202
45262 200 198
145262 200 204
45257 7 177
148257 79 191
45257 7 179
45257 177
148257 179
45257 191
45257 191
145257 171
45257 171
145257 191
45257 191
451060 201 207
1451060 201 191
1451060 201 191
451060 201 197
1451060 201 205
451060 201 207
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Appendix E: Medical Hearing Loss Questionnaire

Newfoundland and Labrador
Hearing Loss Study

Medical Information Questionnaire

The information w

of the hearing loss in your family. Pl
not know the _mmn =\u quwn\m
can. Any information you provide wil be benef

il in s much as you

Weare always L P
over the phone. if you prefer.

Adapted from

THE HARVARD CENTRE
FOR HEREDITARY HEARING LOSS
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Appendix E: Medical Hearing Loss Questionnaire (cont)
SECTION 1 - GENERAL INFORMATION

!

‘Your Name. = _DateofBinh_____
Address
Home Phone_____ Work Phone_ -

E-mail Address (if you have onc)

o your 3

Have you ever visited any of the following doctors?
- An ENT Doctor? (Ear. Nose and Throat)

If yes, where did you see them:

- AnAudiologist? (Person performing hearing tests)

IF yes, where did you see

- AnEyeDoctor? (Ophihalmologist)

If yes, where did you see they:

= AGenetics Doctor? (Geneti

If yes, where.

= A doctor who treats diseases of the nervous system? (Neurologist)
Yes

If yes, where did you see them:

you sec them:

= AMHean Doctor? (Cardiologist)

I yes, where did you s them:,

Yes N DK
Yes ZNo DK
Yes No DK
Yes No DK
No DK
Yer No DK
hospital? 1 yes. pleas i hospial and approximate

date{(s) of admisison.
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Appendix E: Medical Hearing Loss Questionnaire (cont)
SECTION Il - MEDICAL HISTORY

SRR A

A ring | 2
D
6 other
other
2. e 5 Yo No
1f yes, tick affocted - Right ien

1m0, when did it sart?.....~ During Childhood © During Teen Yeas  During Adulthood

8 Did your hearing loss begin during or soon afler:

oo TNA
- No NA
No NA
No NA
No NA
- aseversinfection. such as meningits”.. . Yes No NA
- exposure 108 sedden lowd n0ise. . Yo o NA
prolonged exposure 1o loud nofse.. ... Yes Ne NA
an car inflction...... = Ye No NA
car surgery (including insertion of T-twbes)... . Yes No NA
+ injury 1o the bead or the car. Yes No NA
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Appendix E: Medical Hearing Loss Questionnaire (cont)

Pattern of Hearimg Loss. Pleuss tell us which ear has hearing Joss by answering the following questions.

o s
. Right 3 NA
- luctualing (someimes beticr. omctirmos worsch....  Right ten NA
- Siowly progressing (petiing worse over years).....  Right Left Na
= Rapidly progressing (gesting worse over
woeks‘moathe).... . Right Let NA
- Sodden hoaring los ... Right Lo NA

B.  Patient's Medical History. Have you ever had any of the following:

L T — BET o o
+ Measlesor Gorman measles (circle which one)—... Yes No DX
- No DR
- No EXS
] No DX
= No DK
-~ Promature graying of hair hefors age 30. Yo No DK

(Not just  the temples)

< Kidney problems e ey No DX
- Diabotes mellitus (“sugar diabeies oo Yes No EIS
- Thywid problems (goiter. under active. overactivel...  Yer No DX
B T S — Yes No DX

1 know history?
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Appendix E: Medical Hearing Loss Questionnaire (cont)

Faculty of Medicing, Scheols of Nursing and Pharmacy of Memorial
University of ‘ancer
Poveaont ot Bonar Fosmin

Consent to Take Part in Health Research
TITLE:  The Genetics of Hereditary Doafiess in Newfoundland

INVESTIGATOR(S):

SPONSOR:

in the study or not. what

ok o Skt i s Wit Sontts yom B et The scasent form explten e
udy.

The researchers will:

« discuss the study with you
« answer your questions

take part ¥

1. Introduction/Background:

That means that  inherited in famil al

it would allow us to better
deatnes

genctic

children. "wcmldemlrylhemmlmlllandmm!-m
‘We might also learn

‘and how it might be treated.

2. Purpose of study:

Our goal s to i g

3. Description of the study procedures and tests:

1£ you agree 10 take part in this study. you will be asked to:
o Tel i g fy 5. and

‘other related aspeets of your health.
* Have your hearing tested by a registered audiologist
o Have a blood semple druwfor DNA tesing
‘omplete a hearing loss questionnaire.
g s S T P ot ot e o i,

Iniials
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Appendix E: Medical Hearing Loss Questionnaire (cont)

4. Length of time:
ifyo i interview willlast i
- 30 minutes. 1t will ime that is
i you. years but y¢ have  be
involved again. We wil keep you informed of our fndings
5. Possible risks and discomforts:
The only discomfort s that of giving a blood sample.
6. Benefits:
Itis not known whether this study will benefit you.
7. Liability statement:
y.
yousign
your legal rights.
legal and professional respoasibilites.
8. Compensation:
i ‘taking part in thi
i will
additional cost 0 you.
9. Ce :
by law,

peraning fo your paricipation n his stdy tha may dentify you by name. Furthermore, your
y .

10. Genetic Studies:

parents. Some informati irth parents. This could
i [ i r. This
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Appendix E: Medical Hearing Loss Questionnaire (cont)

1. Future use of tissue/DNA samples.

In order to preserve a valuable resource, your

tissue/DNA) samples may be

which may or may not be related to the current research project. Any future
research would have to be approved by a Research Ethics Board (REB).

Please tick ome of the following options:

Togrws tine s Tlowua/ OV veplon i e o o sy Tesearch |

but only if | am contacted again consent for the new project. __|
lwmwmme/nmmumuu-amwwm |
project t but ealy

Undex o Cramsances may my sample b used for e rscarch. My
sample must be destroyed of this present project. J

*Includes name, MCP number or any other identifying information.

‘The DNA sample from this study will e stored n St John's. Newfoundland and Searte.
‘Washingion for an indefinite period of time.

11. Contact [nformation:
If you have any questions about taking part in this study, ymmmzlwﬂhlhe
investigator who s in charge of the study a this instittion. That
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Medical Hearing Loss Questionnaire (cont)
Signature Page

Study tide: reditary Deafness in

Name of principal investigator:  Dr. Terry-Lynn Young

Appendix

be filled out and signed by the participant:

Please check as appropri

I have read the consent (and information sheet]. Yes () No(}
1 i i Yes{) Noi)
Yes i} Noi}

Yes (1 No(}

has answered my Yes () No(}
it 1 o 3wt o th sy Yes (1 No(}

« atanytime
 without having 1o give a reason

without affecting my future care
1 understand that it is my choice (o be in the study and that [ may not benefit.  Yes (] No [}

1 agree that the study doctor or investigator may read the parts of my hospital  Yes () No [}
records which are relevant to the study.

1 agree to take part in this study. Yes () anA)
Signarure of parucipant Date
Signatahs o7 whiness e
To be signed by the investigator:
‘best of my ability. |

mmmmmymmummhmmu-\ny.mmmw

Signafure of invesugator Dute
Telephone number:

Assent of misor particivant (if sppropriste);
Signature of minor paricipant Due
Relationship to participant named above Age
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