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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).
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