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Zusammenfassung

Einleitung — Usher Syndrom (USH) ist eine autosomal-rezessiv vererbte
Erkrankung, die zu einer Innenohrschwerhorigkeit und progredientem Sehverlust
aufgrund von Retinitis Pigmentosa fuhrt(1,2). Das Ziel dieser Studie ist es, Varianten
in den USH-assoziierten Genen und deren Pravalenz in Sid-Osterreich zu
erfassen. Bonnet et al. 2016 stellte fest, dass in Slowenien die haufigste USH-
assoziierte Mutation USH2A:c.11864G>A (p.Trp3955*) ist(3). Aufgrund der
geographischen Nahe zu Osterreich, nehmen wir eine Pravalenz der ¢.11864G>A

Mutation von Uber 8% in unserer Studienpopulation an.

Methoden — Es wurden 17 Patientinnen und Patienten mit klinisch bestatigtem USH
in die Studie eingeschlossen. Mit Hilfe von gezielter Exome-Sequenzierung wurde
versucht Mutationen in USH-assoziierten Genen zu identifizieren. Wenn durch
diese Untersuchungsmethode keine oder eine Variante auf nur einem Allel entdeckt
wurde, wurde noch eine SNP-Array-Analyse durchgefuhrt, um

Kopienzahlveranderungen zu erfassen.

Resultate — Mutationen in zumindest einem Allel wurden in 94.12% (16/17) der
Falle festgestellt. Der Grofteil der Varianten wurde in USH2-assoziierten Genen
identifiziert: in 76.47% (13/17) im USH2A Gen und in 11.76% (2/17) im ADGRV1
Gen. Die Variante ¢.11864G>A im USH2A Gen konnte bei funf
Studienteilnehmerinnen und Studienteilnehmern (29.4%) auf einem Allel identifiziert
werden. Eine homozygote Deletion des Exons 20 des CDH23-Gens wurde bei

einem Patienten festgestellt.

Diskussion — Nach unserem Wissen ist dies die erste Studie, welche die USH
assoziierten Mutationen in USH Patientinnen und Patienten in Stid-Osterreich zu
erfassen versucht. Die Ergebnisse unterstlitzen unsere Hypothese, dass die
Verteilung und Pravalenz der Mutationen in Sid-Osterreich dhnlich ist wie in
Slowenien. Die Variante c.11864G>A im USHZ2A Gen liel3 sich bei Uber 8% in einem

Allel nachweisen.



Abstract

Introduction — Usher syndrome (USH) is an autosomal recessive disease leading
to sensorineural hearing loss and progredient visual loss due to retinitis
pigmentosa(1,2). This study aims to identify variants in USH associated genes and
their prevalence in southern Austria. According to Bonnet et al. 2016 the most
common mutation in USH associated genes in Slovenia is USH2A:c.11864G>A
(p-Trp3955*)(3). Due to the geographic proximity we assume a prevalence of the

c.11864G>A variant > 8% in southern Austria.

Methods — We included 17 patients with clinically confirmed USH in our study.
Targeted exome sequencing was used to identify mutations on USH associated
genes and modifier genes. If no mutations or a monoallelic mutation was found,

SNP array analysis was performed to identify copy number variations.

Results — Mono- or biallelic mutations were detected in 94.12% (16/17) of the
cases. The majority of variants was identified in the USH2-related genes: in 76.47%
(13/17) inthe USHZ2A gene and in 11.76% (2/17) in the ADGRV1 gene. Five subjects
(29.4%) carried the ¢.11864G>A variant on one allele of the USH2A gene. A biallelic

homozygous deletion of exon 20 in the CDH23 gene was found in one subject.

Discussion — To our knowledge this is the first study to assess the mutational
landscape of USH patients in southern Austria. Our results support our hypothesis
that the mutational landscape in southern Austria is similar to that of Slovenia. The

variant c.11864G>A in the USHZ2A gene has a prevalence > 8% in southern Austria.

Xi



1. Introduction

Usher syndrome (USH) is a hereditary disease, leading to hearing loss (HL) and
visual impairment. USH is the most frequent cause for combined deaf-blindness and
accounts for 50% of all cases. The prevalence is estimated to be 3-6 per 100.000.
It's a genetically heterogeneous disease, inherited autosomal-recessively(1). Up to
date causal mutations in 14 disease associated genes have been described(2).
Clinically, USH is characterized by retinitis pigmentosa (RP), a progressive
degeneration of the retina, hearing loss and in some cases vestibular dysfunction.
Depending on the severity of hearing loss, presence of vestibular dysfunction and
age of onset of RP USH is divided into three maijor clinical types: USH type 1, USH
type 2 and USH type 3(1).

USH type 1 is characterized by congenital deafness, vestibular dysfunction and
early onset of RP in the first decade of life. USH type 2 is a less severe form, patients
show congenital moderate to profound hearing impairment, normal vestibular
function and onset of RP during the second decade. USH type 3 is the least common
type with variable onset of RP and hearing loss. Vestibular dysfunction can be both
present or absent(1).

The most common clinical type is USH type 2, accounting for two-thirds of USH
patients, followed by USH type 1, making up one-third. USH type 3 is the rarest
form, but it is more common in consanguineous and isolated populations(4).

Of the 13 known USH genes, six are associated with USH type 1 (MYO7A, USH1C,
CDH23, PCDH15, USH1G, CIB2); four with type 2 (USH2A, ADGRV1', WHRN,
PDZD7) and three with type 3 (CLRN1, HARS, ABDH12?)(2,5,6).

Variants in four additional genes (ARSG, CEP250, CEP78, ESPN) have been
associated with USH in case reports, however their pathogenicity remains to be
determined(7-10).

Although great progress has been made in the identification of molecular causes of

USH, variants in the reported genes of the literature do not explain all USH cases(4).

' Formerly known as: VLGR1 or GPR98.
2 USH associated mutations in the gene ABDH12 have only been identified in a few non-Caucasian

families(5).



1.1. Primary Hypothesis and Exploratory Objectives

This study aims to identify variants in USH associated genes and their prevalence
in southern Austria. To our knowledge so far, no study has assessed the prevalent
mutations in USH patients from this Austrian region. Bonnet et al. 2016 screened
427 USH patients from six European countries including Slovenia and identified
variants in 93% of USH cases. The two most common mutations detected in their
study were USHZ2A:c.2299delG (p.Glu767Serfs*21) and USHZ2A:c.11864G>A
(p-Trp3955*). Analysing the regional distribution of these variants, a high prevalence
of the ¢.11864G4A variant was found in Slovenia(3). Based on the geographic
proximity between southern Austria and Slovenia, we assume a prevalence > 8% of
the c.11864G4A variant in our USH population.

Our exploratory objectives are to investigate genotype-phenotype correlations,
since the relatively broad spectrum of RP onset, progression and severity make an

individual prognosis difficult.



1.2. The Eye

The following chapters provide a general overview of the anatomy and the function
of the eye and the ear. Particular focus is placed upon the retina and photoreceptors,
since they are the primary structures affected by retinitis pigmentosa(11).

The eye is commonly divided into two sections: an anterior and posterior segment.
Both segments have different functions. The anterior segment contains the
refractive optical system which focuses light on the retina, while the posterior
segment is responsible for photoreception. The posterior segment of the eye
consists of the vitreous body and three layers called sclera, choroid and retina, while
the anterior segment of the eye deviates from this structure. It is composed of the

cornea, lens, iris, ciliary body as well as the anterior and posterior chamber(12).

1.2.1. Anterior Segment of the Eye

The anterior segment of the eye contains the refractive system, which is mainly
composed of the transparent cornea and the biconvex lens. The cornea has a higher
refractive power than the lens since it has a stronger curvature and a higher
refractive index(12). The mean refractive power of the cornea is 43 dioptres, while
the lens has a lower refractive power of 10 to 20 dioptres(12,13). Although the lens
has a lower refractive power it is essential for clear sight, since its shape and
therefore also its refractive power can be modified in a process called
accommodation (see Figure 1). This allows the eye to see objects clearly at various
distances by increasing or decreasing its refractive power(13,14).

Anterior to the lens is the iris, which has a central opening called pupil through which
light enters the eye. The size of the pupil is adjustable. It is regulated by smooth
muscles located in the iris. This makes it possible to regulate the amount of light
entering the eye. Adjacent to the iris is the ciliary body, which contains the muscle
which controls the shape of the lens. It also produces a transparent fluid called the
aqueous humour which fills the anterior and posterior chamber of the eye. The
anterior chamber is located between the cornea and the iris, while the smaller
posterior chamber is located behind the iris. The aqueous humour is excreted into
the posterior chamber by the ciliary body and flows into the anterior chamber

through the pupil. Lens and cornea have no blood supply but obtain nutrients from



the surrounding aqueous humour, respectively the aqueous humour and the tear
film(14).

Figure 1: Lens accommodation. Left eye: far point accommodation; Right eye: near point

accommodation(15).

1.2.2. Posterior Segment of the Eye
The posterior segment of the eye is composed of three main layers. The outer layer
is the sclera, the middle layer is called uvea and the innermost light-sensitive layer
is the retina(12). The space inside of the eye is filled by the vitreous body, which is
mainly composed of collagen fibres and hydrogel (see Figure 2)(14).
The sclera forms the thick outer layer of the eye, which is mainly composed of
collagen fibres. It has a great tensile strength and together with the intraocular
pressure it forms the spherical shape of the eye. On its posterior side the sclera has
a small opening through which the optic nerve exits the eye together with the central
retinal artery and vein(12). Anteriorly the sclera is limited by the corneal limbus
which is the junction between the sclera and the cornea(13).
Above the sclera is the uvea, which consists of three parts: the iris, the ciliary body
and the choroid. The anteriormost part is the iris, which regulates the size of the
pupil. It is attached to the ciliary body, which contains the ciliary muscle responsible
for the accommodation of the lens. The posterior part of the uvea is formed by the
choroid, a vascular layer which nourishes the outer layers of the retina(13).
The retina forms the inner layer of the eye, which contains light-sensitive
photoreceptor cells. They convert light into electrical signals, which can be
transferred to the visual cortex of the brain through the optic nerve. This process
makes it possible to transmit visual images from the eye to the brain(12). The retina
can be divided into a central and a peripheral region. The central retina is quite
small. It expands around the fovea, which is a small depression located in the centre
of the posterior retina(16,17). The fovea is packed with specialized photoreceptor
cells called cones, which provide high-resolution and colour vision(18). In fact, the

4



fovea is the part of the retina with the highest resolution(17). The region in which the
fovea is located is called macula lutea which translates to yellow spot. Its name
derives from yellow pigments, which are found in macular neural cells(16). They
filter short wavelength light, which is thought to enhance vision and it reduces
photooxidative stress(19). On the nasal side of the fovea lays the blind spot (optic
disc), which contains no photoreceptor cells since the optic nerve exits the eye at
this point together with the central retinal artery and vein. A healthy optic disc has a
yellow-orange colour(13,14). The retina outside of the central region forms the
peripheral retina and it extends from the central retina to the ora serrata, which is
the junction between retina and ciliary body(12,16). This part of the retina mainly

contains rod photoreceptor cells, which provide vision in dark environments(18).

Anterior chamber Cornea

(aqueous humour)
Posterior chamber

Suspensory
ligament
of lens

Ciliary
body
Choroid

Sclera

Retinal
blood
vessels

Figure 2: Anatomy of the eye(20).



1.2.3. Retina
The retina is composed of two main stratums: the single-layered retinal pigment
epithelium (RPE) and the multi-layered neural retina, consisting of the light-sensitive
photoreceptor cells and a system of neural cells(13,21). The neurosensory retina
forms the inner stratum facing the vitreous body, while the RPE is the outer stratum,
which is attached to the choroid(13). The two adjacent layers are only connected at
the ora serrata and optic disc, where the neural retina firmly attaches to the RPE(12).
Interactions between both retinal layers are vital for photoreceptor maintenance and
proper visual function(22). Indeed, RPE cell dysfunction can lead to secondary
photoreceptor cell loss and visual impairment(23).
RPE cells are pigmented cells with microvilli on their apical surfaces. These small
membrane protrusions wrap around the outer segments of photoreceptor cells,
which may be essential for retinal attachment(23,24). The pigment in the RPE
melanosomes absorb scattered light, without it stray light would reduce visual acuity
and images would be blurry(21,23). Another important role of the RPE is the
phagocytosis of shed photoreceptor outer segments. The outer segments contain
light-sensitive visual pigments. After they have been activated, they are insensitive
to light. The RPE recycles these inactivated pigments, which plays an important role
for the normal functioning of the visual cycle and outer segment renewal(23).
The neural retina instead consists of several different neural cells. The outer layer
(facing the RPE) is composed of light-sensitive photoreceptor cells. They are the
first neurons of the visual pathway. Their electrical responses to light are transmitted
to the second neurons of the visual pathway called bipolar cells. These cells connect
to ganglion cells, which compose the third neuron. The axons of the ganglion cells
run towards the optic disc where they join to form the optic nerve, which exits the
eye. So, the neural retina contains the first three neurons of the visual pathway. All
further neural connections lay outside of the eye(21,25).
In addition to photoreceptors, bipolar cells and ganglion cells the neural retina
contains two other types of neurons, namely horizontal and amacrine cells.
Horizontal cells provide lateral connections between bipolar and photoreceptors
cells, while amacrine cells synapse with bipolar and ganglion cells. These additional
neural connections in the retina make it possible to process visual information before
it is transmitted to the brain(21,25).



1.2.4. Retinal Layers

Histologically the retina can be divided into ten layers. While each layer is clearly

recognisable in histological preparations, not all of them are independent functional

units. This chapter describes the histological layers in the same order as light

passes through the retinal layers (see Figure 3)(21,26).

Internal limiting membrane (ILM) — border between retina and vitreous
body formed by Muller cells (retinal glial cells)

Nerve fibre layer (NFL) — axons of the ganglion cells

Ganglion cell layer (GCL) — cell nuclei of retinal ganglion cells

Inner plexiform layer (IPL) — synapses between bipolar, ganglion and
amacrine cells

Inner nuclear layer (INL) — nuclei of bipolar cells, horizontal cells,
amacrine cells and Muller cells

Outer plexiform layer (OPL) — synapses between photoreceptor cells and
bipolar cells as well as horizontal cells

Outer nuclear layer (ONL) — nuclei of photoreceptor cells

Outer limiting membrane (OLM) — cell junctions between photoreceptor
cells and Muller cells

Inner segments (IS) and outer segments (OS) of photoreceptor cells

Retinal pigment epithelium (RPE)(21,26)

Figure 3: Cross-sectional histological preparation of the retina(27).
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1.2.5. Photoreceptors

Photoreceptors are light-sensitive sensory cells capable of phototransduction, which
is the process of converting light stimuli into electrochemical signals(13,28).
Humans have two different types of photoreceptor cells, which differ in their shape,
distribution and function. Based on their shape they are called rods and cones (see
Figure 4)(16,18). Each human eye contains approximately six million cones and 126
million rods(13). Rod photoreceptor cells are more light-sensitive than cones. They
mediate vision in dark environments (scotopic vision), while cones provide high-
acuity colour vision in daylight conditions(18). Cones are mainly located in the
central retina in particular in the macular region, while rods dominate in the
peripheral retina(16).

Although rods and cones have a different morphology, their basic structure is the
same. They consist of a light-sensitive outer segment, an inner segment and a short
axon. The outer segments are filled with visual pigments, which allow light
perception. Cones integrate their visual pigments in plasma membrane
invaginations, while rods store them in plasma membrane discs(21). Rods contain
a visual pigment called rhodopsin, while cones have different types of visual
pigment(29). There exist three different types of cones, each containing a different
visual pigment with different absorption maxima(12). The three cone types are either
sensitive to red, green or blue light which allows colour perception(13).

The outer segments are constantly renewed. New discs are formed at the proximal
end of the outer segment and pushed towards the apex, where old discs are shed
and phagocytosed by the RPE. Components for the disc renewal are produced in
the inner segment and then transported to the outer segment through the connecting
cilium(30). The inner segment is the metabolic centre of the photoreceptor cell, it
contains all cell organelles, like mitochondria and ribosomes, except the cell’s
nucleus, which either lies at the junction between inner segment and axon or in the
axon(12,21). The photoreceptor’'s axon emerges from the inner segment and ends

in the synaptic terminal, where it is interconnected with the second neuron(21).



[

Figure 4: Rod and cone photoreceptor cells. Abbreviations: Nucleus (N), Synapse (S)(31).

1.3. The Ear

The ear is our organ of hearing and balance. It is composed of the outer ear, the
middle ear and the inner ear, which contains the two sensory organs(12).

The outer ear consists of two main parts. The visible part of the outer ear is formed
by the auricle, which is composed of elastic fibrocartilage and a thin layer of skin,
which largely lacks subcutaneous fat (except for the ear lobe). It collects the
soundwaves and directs them into the non-visible part of the outer ear, which is the
external ear canal(32,33). A cartilaginous process of the auricula forms the
outermost part of the tube-shaped ear canal, which extends inward until it reaches
the eardrum. The outer two-thirds of the canal are made of cartilage, while the inner
third is made of bone(12,33). The inner surface of the ear canal is covered with
epithelium. Similar to the auricula the skin of the ear canal is tightly attached to the
perichondrium or periosteum. The cartilaginous part of the ear canal contains
different glands. Their secretion and desquamated epithelial cells produce the
cerumen also known as earwax(21,32).

The ear canal ends at the ear drum or tympanic membrane, which divides the outer
and middle ear. It is a thin oval membrane composed of two parts: a larger and ticker
part called pars tensa and a smaller one called pars flaccida, which is located in the
upper quadrants of the ear drum(32,34). The pars tensa consists of three layers.
The outer layer (facing the ear canal) is covered with the same epithelium as the
ear canal, the middle layer is composed of elastic and collagenous fibres and the
inner layer (facing the middle ear) is covered with mucosa(21,34). In contrast to the
pars tensa the pars flaccida lacks the middle fibrous layer(32,34).



The eardrum can be evaluated by using an otoscope. A healthy eardrum has a
greyish colour, is translucent and it shows a light reflex, when light hits the
membrane during otoscopic examination(34). In the centre of the membrane behind
the pars tensa the first ossicle becomes visible(32,34).

The middle ear is composed of a small cavity called the tympanic cavity, the mastoid
air cells and the auditory tube. The tympanic cavity is a narrow space located behind
the eardrum, which forms its lateral wall. The medial border is formed by the oval
and the round window, which separate the middle ear and the inner ear. The
auditory ossicles called malleus, incus and stapes are located in the tympanic cavity.
They form a chain reaching from the eardrum to the oval window, which makes it
possible to transmit the sound vibrations from the ear drum to the inner ear. On the
ventral side of the tympanic cavity lays the opening of the auditory tube, which
connects the middle ear with the pharynx. This connection allows the ventilation of
the air-filled tympanic cavity and it helps to regulate the pressure in the middle ear.
In contrast to the outer ear, the middle ear is covered by mucosa(12,33).

The inner ear contains the two sensory organs of the ear(12). It is embedded in the
bony labyrinth which is a system of fluid-filled cavities formed by the temporal
bone(21,33). The fluid filling the bony labyrinth is called perilymph. In it flows the
membranous labyrinth, which is composed of several ducts and sacs. The
membranous labyrinth contains the sensory epithelia of the inner ear and it is filled

with a viscous fluid termed endolymph(12,21).

1.3.1. Inner Ear
The bony and the membranous labyrinth compose the inner ear (see Figure 5),
which can be divided into three major parts: the vestibulum, the vestibular system
and the cochlea. The vestibulum is located behind the oval window. It forms the
central section of the bony labyrinth and it contains the two otolith organs called
utricle and sacculus, which detect translational head movements and the position of
the head(12,35). The posterior wall of the vestibulum opens into the three
semicircular canals, which compose the vestibular system together with the otolith
organs. Each semicircular canal expands at the junction to the utriculus to form the
ampullae, which contain sensory epithelium. While the otolith organs are able to
detect linear acceleration, the semicircular canals detect angular acceleration. Both

systems contain ciliated sensory cells. Their cilia are embedded in a gelatinous
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mass. Movement accelerates this mass, causing the cilia to bend. Analogous to the
eye, where light stimulates the photoreceptors, the bending of the cilia is the
stimulus for the vestibular organ(12,21).

The cochlea which contains the organ of hearing is located anterior to the
vestibulum. It is a spiral-shaped tube, which turns around a central axis made of
bone. The inside of the cochlea can be divided into three compartments. The one in
the middle called scala media contains the sensory cells. Above the scala media
runs the scala vestibuli and beneath it lays the scala tympani. The scala vestibuli
and tympani are both filled with perilymph and the two perilymphatic spaces meet
at the apical end of the cochlea. The scala media instead is filled with endolymph.
It is separated from the scala vestibuli and tympani by the basal membrane and the
Reissner's membrane(12,36). The organ of hearing also called organ of Corti is
located on the basal membrane. It consists of a system of supporting cells and
sensory cells, which convert mechanical displacement into nerve impulses. The
Corti-organ contains two types of sensory cells called inner and outer hair cells,
since they have stereocilia on their apical end. The hair cells are covered by a
jellylike mass called the tectorial membrane, that the longest stereocilia of the hair
cells reach into(21,36).

o »
7 “\&—— Anterior canal
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Figure 5: Anatomy of the inner ear(37).

1.3.2. Hair Cells and Pathologies of Hair Bundle Development
The human Corti-organ contains two types of sensory cells called inner and outer
hair cells(21). Both cell types have stiff protrusions on their apical side called
stereocilia(21,38). These protrusions are the mechanically sensitive part of the hair
cells. They make it possible to convert mechanical movements into electrical signals
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(mechanotransduction), and therefore to detect sound(39). While hair cells have hair
bundles on their apical side, their synaptic connections are located on the basal
side(12).

Each hair cell has several stereocilia on its apical side, which are organized into hair
bundles(21,38). The stereocilia have different lengths and the longest even reach
into the tectorial membrane. The tips of these stereocilia are connected through
extracellular filaments called tip links. They are mainly formed by the proteins
cadherin 23 and protocadherin 15(21,39). Both proteins probably play an important
role in hearing, since they seem to be involved in mechanoelectrical transduction.
Test animals with mutations in the genes encoding for cadherin 23 or protocadherin
15 often showed abnormal mechanoelectrical responses. In humans mutations in
these genes are associated with USH, which causes syndromic hearing loss(40).
While links between stereocilia are important for the cohesion of adult hair bundles,
they also play an important role in hair bundle development. During hair cell
development several transient links are formed between their adjacent stereocilia.
In mice for example transient lateral links and ankle links at the base of stereocilia
are formed. They gradually diminish and are fully absent in adult mice, while tip links
are still present throughout adulthood. Besides cadherin 23 and protocadherin 15
there are other proteins involved in the formation of these links. Usherin and VLGR1
(Very large G-protein-coupled-receptor 1) for example might be present in transient

ankle links. The dysfunction or lack of these proteins is also associated with USH(4).

1.3.3. The Physiology of Hearing

This chapter explains the basic concepts of hearing. Sound perception is made
possible by the organ of Corti, which converts sound into nerve impulses that can
be transferred to our brain. Sound is created by sound waves which are pressure
waves traveling through different mediums like air or fluids. Humans are capable of
detecting sound waves between 20 and 20.000 Hz, but as we age our range of
detectable sound frequencies decreases. Low frequency sounds are sensed as
deep sounds, while high frequencies are perceived as high-pitched sounds.
Loudness on the other hand depends on the amplitude of the sound wave and is
measured in decibels (dB). The human ear hears sounds between 0 dB and 130
dB(33,41).
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The human outer ear collects sound waves and directs them into the external ear
canal. Once the pressure waves have reached the tympanic membrane, they set
the membrane in motion causing it to vibrate. The vibrations of the eardrum are then
transmitted to the ossicles of the middle ear. They are passed from the malleus to
the incus and finally the stapes, which attaches to the oval window and transmits
the vibrations onto the perilymph. This way sound waves are transmitted from the
outer to the inner ear (see Figure 6)(33,41).

The vibrations passed on by the ossicles generate a pressure wave in the perilymph,
which travels along the scala vestibuli and scala tympani until it reaches the round
window. This pressure wave causes the scala media which contains the Corti-organ
to bend towards the scala tympani. These pressure-induced displacements cause
a slight shift between the basal and tectorial membrane, which in turn causes
stereocilia that reach into the tectorial membrane to bend. The bending of stereocilia
induces the opening of mechanoelectrical transduction channels of hair cells, which
causes them to depolarize. When inner hair cells depolarize, they release a
neurotransmitter at their synapse which activates the postsynaptic neurons. While
inner hair cells convert sound waves into electrical signals, the outer hair cells are

responsible for sound amplification(41,42).

Semicircular

- Canals
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—_— \ Cochlear
A nerve (VIII)
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\ Cochlea
External
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membrane Stapes
(attached to
oval window)

Figure 6: The path of sound waves through the ear(43).
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1.4. Usher Syndrome: Clinical Manifestation

USH is a heterogeneous disorder. The cardinal symptoms of USH are vision and
hearing loss, but the severity of symptoms may vary considerably among patients.
USH is commonly divided into three clinical types: USH type 1, USH type 2 and
USH type 3. Patients are classified by the degree and progression of hearing
impairment and by the presence of vestibular dysfunction. Although not all cases
can be categorized in this classification, it is still in clinical use(1).

All three clinical types suffer from progressive peripheral vision loss caused by
retinitis pigmentosa (RP)(1). Initially patients often complain of night blindness and
as the disease progresses, they slowly start to notice the peripheral vision loss. In
the end stage of RP, patients are often left with a small central visual field (tunnel
vision), but they also might go totally blind(11).

Although the clinical manifestation of USH differs among the three clinical types
regarding the severity of hearing loss and vestibular symptoms, all USH types have
RP(1). It is controversial whether visual symptoms differ between USH types. More
severe visual symptoms, like more restricted visual fields and poorer visual acuity,
have been reported in USH type 1 patients. Yet studies show diverging results(44).
For example, Edwards et al. came to the conclusion that USH type 1 patients have
more severe visual symptoms than USH type 2 patients(45). While Tsilou et al.,
which conducted a study with 67 USH type 1 and 2 patients, reported no statistically
significant differences between the two types. They concluded that the visual

symptoms among USH patients vary less than previously reported(44).

1.4.1. Clinical Usher Types

This chapter discusses the clinical manifestation of the three USH types and the
differences among them.

USH type 1 is the most severe clinical subtype and it is characterized by congenital
deafness. Affected children are born deaf or with profound bilateral, non-progressive
hearing loss. If they don’t receive a cochlear implant, development of intelligible
speech is often not possible. In addition, USH type 1 patients suffer from vestibular
dysfunction, which may lead to balance problems and delayed motor development
in affected children(1,4,44).

USH type 2 is the most common clinical USH type, accounting for about two-third
of all USH cases(3). This clinical type is less severe than USH type 1, since USH
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type 2 patients have no vestibular symptoms and only moderate to severe hearing
loss(1,40). The hearing impairment in USH type 2 patients remains stable over time
and is usually more pronounced in high frequencies(4). Due to the less severe
auditory symptoms USH type 2 patients usually develop intelligible speech(44).

USH type 3 is the rarest USH type, accounting for only 2-4% of all USH cases.
Although its worldwide prevalence is relatively low, USH type 3 is found more
frequently among isolated populations®, where it may account for up to 40% of all
USH cases(1). Clinically USH type 3 is the most heterogeneous type, with variable
onset of RP and variable onset of hearing loss(1,4). Vestibular symptoms may be
present or absent, either way USH type 3 patients usually show normal motor
development(1). In contrastto USH type 1 and 2, hearing loss in USH type 3 patients
is non-congenital and progressive. Initially auditory symptoms are comparable to
USH type 2, with moderate hearing loss in low frequencies and severe hearing loss
in high frequencies, but in many USH type 3 patients the hearing loss will progress

to profound hearing loss eventually(4).

1.5. Retinitis Pigmentosa

USH is characterized by progressive vision loss due to retinitis pigmentosa(1). The
term RP describes a heterogeneous group of inherited retinal dystrophies(46).
These different types of retinal degeneration can be non-syndromic or syndromic.
Non-syndromic forms are limited to the eyes, with no other organs affected, while
syndromic disorders are associated with other systemic symptoms. The most
common syndromic RP is USH(11).

RP is characterized by progressive visual field defects and retinal pigment deposits,
which can be seen in fundus examination. The disease primarily affects
photoreceptors and RPE cells resulting in progressive retinal degeneration(11,46).
RP primarily affects rods, leading to night blindness and progressive visual field
defects. However, ultimately RP often also involves cones. The exact mechanism
by which RP leads to cone loss is unclear. As soon as RP involves cones, central
vision is increasingly diminished. Due to its progressive nature, RP can eventually

lead to severe visual impairment or even blindness(11,47).

3 USH type 3 has a high prevalence in Finland and among the Ashkenazi Jewish population(1).
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1.5.1. Prevalence and Heredity

Worldwide the number of people living with RP is estimated to be over three million
people(48), with a prevalence of 1 in 4000 people in Europe. Genetically the
disorder is remarkably heterogenous, with over 60 genes associated with non-
syndromic RP(49).

Depending on the causative gene, non-syndromic RP follows different inheritance
patterns: autosomal-dominant, autosomal-recessive and X-linked recessive. Other
inheritance patterns like mitochondrial or digenic inheritance are quite rare and only
account for a very small percentage of RP cases. Expressiveness of RP usually
shows no preference regarding ethnicity or gender, except for X-linked recessive
RP which is only expressed in males(50). However, the mode of inheritance for
some genes influences the age of onset, the rate of disease progression as well as
the severity of visual symptoms. Recessive X-linked inheritance for example is
associated with rapid disease progression and often leads to total blindness in the
third or fourth decade of life(51).

Generally non-syndromic RP is more common than syndromic RP, and among the
syndromic forms USH is the most frequent one(49), accounting for 10-30% of all
autosomal-recessive RP cases(50). Opposite to non-syndromic RP, USH is

inherited mainly* autosomal-recessive, with an estimated 3-6 cases per 100.000(4).

1.5.2. Morphology

RP leads to several morphological changes in the retina. Usually these changes
affect both eyes and can be seen in fundus examination. Typical fundus
manifestations are retinal pigmentary changes (most often bone-spicule and
pigment clumpings), attenuation of retinal vessels and a pale waxy optic disc (see
Figure 7 and 8)(11).

Retinal pigment deposits are among the most prominent features of RP. They look
like black intraretinal spots and have a bone-spicule like shape, which is why they
are also called bone-spicule deposits. These dark deposits are often seen in
advanced disease stages and are formed by RPE cells, which migrate into the

neurosensory retina in reaction to photoreceptor cell death(52).

4 New data questions USH being inherited strictly autosomal-recessive and considers other

inheritance patterns to be possible(106).
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These pigment deposits are typically found in the peripheral retina, but they might
also be missing, especially in early disease stages. While they are a common
feature, they are not mandatory, and their amount does not always correlate with
the severity of the disease(11,52).

While bone-spicule deposits, thin retinal vessels and pale optic discs are commonly
seen in advanced disease stages, these changes might be absent in early stages.
Fundus examination may even seem normal at an early stage, but as the disease
progresses, photoreceptor loss and retinal atrophy becomes more notable(11).
Retinal atrophy is not only visible in fundus examination, but also evident in cross-
sectional images or histological specimen. The progressive loss of photoreceptor
cells leads to the thinning of the outer retinal layers and as a result, patients with
advanced RP often have a remarkably thin outer nuclear layer. In contrast to the
outer layers, the inner retinal layers (inner nuclear layer and ganglion cell layer)

seem to remain intact for a long time(52).

Figure 7: Fundus photograph of a patient with Figure 8: Normal fundus
RP. The image shows typical signs of RP like photograph(54).
thin retinal vessels and pigment deposits(53).

1.5.3. Symptoms
RP is a retinal dystrophy, which affects both eyes and causes progressive vision
loss. It is a slowly progressive disease, symptoms develop gradually, and the retinal
degeneration evolves over several decades. In fact, most RP patients never go
totally blind(11). Typical RP (rod-cone degeneration) primarily affects rod
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photoreceptor cells, which are specialised for night vision(11,52). Therefore, the first
symptoms of RP are night blindness and problems with dark adaption. Yet patients
may not notice their reduced night vision, because artificial lights brighten our night-
time environment sufficiently for them to see normally(52). The age of onset of night
blindness and visual loss varies highly among RP patients. Some already
experience symptoms in their early childhood or in their teenage years, while others
may not be affected until later in life(11,52).

Although night vision is reduced early on, vision in broad daylight is usually
unimpaired in the earlier disease stages. Initially patients have normal colour vision
and visual acuity, provided that no other eye defects are present(11,52).

As disease progresses, visual field defects become more apparent. Patients start to
notice their visual field loss in day light, as they step into everyday objects or have
difficulties when driving. Usually the visual field defect (scotoma) starts in the mid
periphery of the retina and expands towards the macula and outer periphery(11).
Initially patients are able to compensate their visual defects quite well, but as the
visual field diminishes spatial orientation becomes more difficult(14).

In the end stages of RP patients have lost most of their peripheral vision. They are
left with a small range of vision around their fixation point(11) and only see objects
they directly look at. This condition is known as tunnel-vision. At this stage spatial
awareness or autonomous movement are usually not possible anymore. Yet
patients may still be able to read at such advanced disease stages, given their
central retina is spared(11,14).

Photophobia is often present in RP patients and is often a cause of great reduced
quality of life. This should be considered when adapting spectacles. In later stages,
cone dysfunction may lead to diminished central vision, decreased colour
discrimination and reduced contrast sensitivity(11). Reduced contrast sensitivity
may cause poor subjective eyesight in patients with normal high contrast visual
acuity(52).

Many patients with RP are myopic and some even highly myopic which adds
additional risk for decreased visual acuity. Further many RP patients are prone to
develop cataract earlier than in the normal population. A known complication of RP
is macular oedema. It is unclear why RP patients develop oedema. In order to
reduce macular oedema, carbonic anhydrase inhibitors are given(11).
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In conclusion, it can be said that the clinical manifestation of RP is highly variable.
The age of onset, the progression rate as well as the clinical endpoint may

differentiate substantially between patients suffering from RP(52).

1.5.4. Diagnosis
The diagnosis of RP is based on medical history, family history and slit lamp
examination, imaging, electroretinography and genetic testing. This chapter
discusses the most common clinical tests, which are routinely performed to
diagnose and follow-up RP patients(55).
Practitioners should assess their patients’ medical history including their age of
onset and their family history(11,55). RP patients often have a positive family
history, so it may be useful to make a detailed pedigree chart(51).
Typical symptoms patients may report in early RP stages are night blindness and
photophobia(11). Although night blindness is one of the first symptoms of RP it is
often ignored by patients, because artificial night-time lighting is often bright enough
to allow vision with cones. As the disease progresses, visual field loss becomes
more apparent. Yet patients may experience no subjective difficulties with daily
tasks, even though their visual field is significantly reduced. At the time patients
become aware of the symptoms, loss of rod function may already be extensive.
Therefore, objective testing of photoreceptor function and visual field limits is much
more reliable for diagnosis and disease grading than symptoms alone(52).
One of these tests, which allow an objective assessment of photoreceptor function,
is the electroretinogram (ERG). It measures the electrical responses of
photoreceptor cells, after they have been stimulated with light. In RP patients rod
responses are usually decreased(55). These abnormal ERG responses are present
before any fundoscopic or visual changes are notable(56) which makes the ERG an
essential tool in early RP diagnosis(11).
Slit lamp examination shows typically changes, which are retinal pigmentary
changes, attenuation of retinal vessels and a pale waxy optic disc. These changes
are not mandatory, but most patients present with at least two of these
characteristics(11).
Optical coherence tomography (OCT) is a very useful quick non-invasive and widely
available imaging technique to monitor RP patients. OCT scans of patients with RP

typically show a loss of the ellipsoid zone and the external limiting membrane, which
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is suggestive of photoreceptor loss. Further macular oedema can be monitored
easily by OCT(57,58).

Another important imaging technique to monitor RP progression is fundus
autofluorescence (FAF), which depicts the presence and distribution of fluorophores
mainly lipofuscin in the RPE. RP patients show abnormal FAF images early on with
hypofluorescent lesions in the periphery again suggesting photoreceptor loss(59).
In addition to these clinical examinations molecular screening and the assessment

of the inheritance pattern are useful for differential diagnosis(47).

1.5.4.1. Age of Onset

The age of onset describes at which age a person first experiences symptoms of
RP. It does not refer to the onset of retinal degeneration, since that may start much
earlier. This has been demonstrated by ERG examinations, which displayed
photoreceptor degeneration in children of age six, even though some remained
asymptomatic until much later in life. Therefore, the age of onset is not suitable for
measuring disease severity and provides no information on the beginning of retinal
degeneration. Moreover, the subjective perception of symptoms varies highly
among patients and some might not report symptoms during earlier disease
stages(52).

Although the age of onset is unsuitable for measuring the extend of retinal
degeneration, it may help with differential diagnosis. The age of onset varies highly
among different RP forms. First symptoms may appear in early childhood,
adolescence, young adulthood or adulthood(47).

Alternatively, the age of onset can be roughly divided into early and late onset RP.
While early onset RP typically becomes apparent in the first decade of life, late onset

RP is characterized by onset around or after midlife(11).

1.5.4.2. Visual Acuity

The term visual acuity describes the capacity of the eye to resolve detail. A patient’s
visual acuity is usually measured by using test charts, which display standardized
letters or symbols. The test can be performed with (best corrected visual acuity) or
without refractive correction. In retinal diseases usually best-corrected visual acuity
is used(60).

In the human eye high spatial resolution is mediated by cone photoreceptor
cells(18), which is why the visual acuity is usually unimpaired in the earlier stages
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of RP(51,52). Retinal degeneration caused by RP usually starts in the mid-
periphery of the retina and primarily affects rod photoreceptor cells(11). But as the
retinal degeneration progresses it might also affect the central retina and cause a
decline in visual acuity(11,51). However, bad eyesight may also be present at earlier
disease stages or it can be a result of complications like cataracts or macular
oedema(51). Such complications are quite common among individuals with RP(11).
Macular oedema for example has an estimated prevalence of 10-50% among
patients with RP(55).

Besides evaluating visual acuity, it might also be useful to assess the contrast
sensitivity with a contrast chart. Reduced contrast sensitivity is often present before

a decline in visual acuity, but it may lead to poor subjective eyesight(51,52).

1.5.4.3. Perimetry

The visual field is the portion of our surroundings that we are able to see during
steady fixation of our eye and head. Our monocular visual field expands about 140
degrees horizontally and 110 degrees vertically. The visual acuity is best in the
central visual field and decreases towards the periphery(61). Although, the outer
parts of our visual field have low visual acuity, they are essential for daily tasks like
walking or driving. Since peripheral vision allows us to detect motion and to see
objects without directly looking at them(61,62).

Patients with RP show characteristic changes in their visual fields as the retinal
degeneration progresses, which makes perimetry (visual field testing) an essential
examination for the diagnosis and monitoring of disease progression of RP. There
exist several methods to assess changes or defects (scotomas) in a patient’s visual
field(55). This chapter will briefly explain a test called Goldmann perimetry, which is
the gold-standard to observe visual field changes over time in RP patients(63). To
perform this test, the patient is seated in front of a hollow hemispheric bowl called
the Goldmann perimeter. Then the patient is asked to fixate the fixation point at the
centre of the bowl. After that a small dot of light is projected onto the inner surface
of the bowl and then moved towards the centre of the perimeter. This way the test
light is moved from outside the visual field into the patient’s visual field. The position
at which the patient first notices the test light, marks the outer edge of the visual

field(61,63). By using different light targets and by positioning the test light at
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different locations, this method allows the testing of the peripheral and the central
visual field(61).

Visual field testing in patients with RP usually shows progressive peripheral vision
loss. In early RP stages patients develop ring-like scotomas in the mid-periphery of
the retina. Then as the retinal degeneration progresses the visual field defects
spread towards the far periphery as well as the central retina. End stage RP patients
are often left with a small central visual field, also known as tunnel vision (see Figure
9)(55,64).

Visual field testing is an important tool to diagnose and stage RP, and to evaluate

the level of care a patient needs(55).

Figure 1: Left: Normal binocular vision in day light; Middle: Depiction of peripheral vision

loss; Right: Tunnel vision, only a small island of vision is left around the fixation point.

1.5.4.4. Electroretinogram

The Electroretinogram (ERG) is an electrophysiologic test, which allows an objective
evaluation of retinal function by measuring light-induced electrical changes of the
retina(52,65). When light reaches the light-sensitive photoreceptor cells of the retina
it induces various biochemical processes, which trigger a signalling pathway which
ultimately results in the hyperpolarization of the photoreceptor cell membrane(21).
These electrochemical responses of photoreceptor cells to light provide the basis
for the ERG(52,65). The ERG records these light-induced electrical potential
changes of the eye at the corneal surface by using a corneal contact lens electrode
or conjunctival electrodes(66).

The electrical responses are evoked with different light stimuli. Using stimuli, which
differ in light-intensity, colour and frequency, makes it possible to test the rod and
cone system independently(47,65). Rod photoreceptor cells are very light-sensitive.
They allow vision at low light levels and quickly saturate in a bright environment(65).
Therefore, the rod-system is tested in the dark by using a single flash of dim

light(52,66). The less light-sensitive cone-system instead is evaluated in the light-
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adapted state (rods are saturated), by using flickering white lights(52,65). It's also
possible to record the combined responses of rod and cone photoreceptor cells, but
the individual evaluation of both systems may help to find out whether the retinal
degeneration primarily occurs in the rod or in the cone system(47,52).

The electrical responses recorded by the ERG consist of two main components: the
negative a-wave and the positive b-wave(65). The a-wave reflects the light-induced
hyperpolarisation of photoreceptor cells, while the b-wave represents the
depolarization of bipolar cells. The amplitudes of these waves correlate with retinal
function and they are usually reduced in patients with RP(52). ERG examinations of
patients in early RP stages typically show reduced rod responses as well as reduced
combined responses. As the disease progresses the cone responses decrease too
and eventually retinal electrical activity becomes unrecordable(51).

ERG examinations play an important role in the diagnosis and early detection of
RP(11,52). Abnormalities are not only detectable in advanced disease stages but
are already present at subclinical stages and may be measurable during early
childhood. Children that are suspected of developing RP are usually tested at age
seven or eight, if they show normal photoreceptor responses at that age RP can be
ruled out(52).

1.5.4.5. Optical Coherence Tomography

Optical Coherence Tomography (OCT) is a non-invasive imaging technique, which
is frequently used to examine the retina(52,67). The method works similar to
ultrasound imaging, but instead of using sound waves it uses light waves to create
high-resolution images(67,68). The high-definition of the OCT scans allows the
clinician to evaluate the morphology of the retina and to assess any structural
changes(52,57). OCT images are cross-sectional images, which makes it possible
to measure the thickness of the retina and to identify and evaluate the individual
retinal layers or the choroid(67).

Therefore, OCT images are commonly used to assess posterior segment diseases,
particularly to evaluate macular pathologies(52,67). In patients with RP OCT images
are used to evaluate retinal thickness, to asses changes in the photoreceptor layer
and to detect complications of RP like macular oedema(52). Scans of patients with
RP usually show an attenuated ellipsoid zone, corresponding to the photoreceptor

layer as well as thinning of the external limiting membrane. These changes seen in
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OCT scans of patients with RP reflect the photoreceptor degeneration and they
correlate with the patient’s visual function and visual fields. In fact, the visual field
seems to shrink linearly with the thickness of the ellipsoid zone. In contrast to the
outer retinal layers the inner retinal layers, including the INL and the ganglion cell
layer, remain intact(57).

As the OCT makes it possible to identify these microstructural retinal changes, it is
widely used to diagnose retinal diseases and for close monitoring of disease

progression and therapy response(67).

1.5.4.6. Fundus Autofluorescence Imaging
Fundus autofluorescence (FAF) is a non-invasive imaging method, which is used to
assess the health of the retina and RPE(59,69). The imaging technique records
specific molecules in the retina called fluorophores. These molecules generate
autofluorescence by absorbing light of a specific wavelength and emitting it at a
longer wavelength. FAF captures the emitted light by using different imaging
systems like fundus cameras or scanning laser ophthalmoscopes. These imaging
systems measure the density of retinal fluorophores to create a density map, which
represents the distribution of the autofluorescent molecules in the retina(59).
The eye contains several fluorophores, but FAF imaging is mainly based on a single
fluorophore called lipofuscin(59,70). This autofluorescent molecule is located in the
RPE, where it accumulates as a byproduct of lysosomal digestion of photoreceptor
0S(69,70). The intensity of the autofluorescent signal on FAF images is mainly
determined by the amount of accumulated lipofuscin. A higher lipofuscin
concentration amplifies the signal intensity (hyper-autofluorescence), while a lower
lipofuscin amount results in hypo-autofluorescence(59).
Abnormalities in FAF images are also found in patients with RP(52,59). A common
finding seems to be a hyper-autofluorescent ring around the fovea(59,71), which
according to Popovi¢ et al. may separate functioning from non-functioning
retina(71). Corresponding OCT images revealed extensive photoreceptor damage
outside of the hyper-autofluorescent ring, while the retina within the ring seemed to
be unaffected(59).
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1.5.5. Management of Patients with RP

Currently there exists no cure for RP°. Therefore, this chapter will provide an
overview about the experimental therapy approaches for RP and the current
management of patients with RP(51,72).

Therapy approaches that have been considered in the past are nutritional
supplements as well as hyperbaric oxygen therapy. Several nutritional supplements
like vitamin A, vitamin E or docosahexaenoic acid (DHA) have been tested in clinical
trials, but they showed little to no therapeutic benefit. High-dose vitamin A
supplementations with 15.000 IU/day seemed to slow down the reduction of ERG
amplitudes in patients with RP, but had no effect on their visual acuity or visual
field(52,64). Since the benefits of high-dose vitamin A seem to be minimal and
because vitamin A may cause severe adverse effects like liver damage it is not
recommended. In some genetic RP subtypes it may even lead to worsening of the
retinal function(51). In contrast to vitamin A supplementation, the daily intake of
vitamin E seemed to have a negative effect on disease progression(73). The last
nutritional supplement mentioned in this chapter is DHA. It is an essential fatty acid,
which is present in multiple body tissues including the retina. In fact photoreceptors
have the highest levels of DHA of all body cells and DHA deficiencies may disturb
photoreceptor cell function and lead to vision impairment(74). In patients with RP
DHA supplementation seemed to have positive effects on visual field sensitivity, but
it did not slow disease progression. Similar to some nutritional supplements long
term hyperbaric oxygen therapy showed some therapeutic benefits. Hyperbaric
oxygen therapy reduced vision loss in patients with RP, but it wasn’t capable of
stopping the decline in visual acuity(64). In conclusion none of the mentioned
therapy approaches were able to slow the retinal degeneration in RP(52,64).
Although disease progression cannot be stopped, the management of patients with
RP should include regular follow-up appointments. Yearly visits allow the clinician
to assess disease progression and to treat any RP related complications, which may
compromise vision(11,51). Posterior subcapsular cataracts for example are quite
common in patients with RP and may cause impaired vision, which can be removed

with cataract surgery(52,72). Another treatable complication which may cause

5 Although the first gene therapy for LCA has been approved in 2017, gene therapy currently

remains an experimental treatment for most RP types(75).
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vision loss is macular oedema. It can be treated with carbonic anhydrase
inhibitors(51,52).

These regular visits should also be used to inform the patients about new treatment
options and to introduce them to rehabilitation programs or supportive patients'
associations. If needed the patients should also be brought into contact with social
services or get psychological help, in particular after disease announcement or loss
of central vision(11,51). Patients may also benefit from genetic counselling, which
may improve their understanding of RP(11,51).

The clinician should also check for any refractive errors in patients with RP since
their correction might lead to improvements in the patient's eyesight(52).
Specifically, patients should be made aware of the possibility of light filters and
polarisation to reduce photophobia and may increase contrast by blocking light of
specific wave lengths. Patients with RP may also benefit from other visual aids like
magnifying glasses or electronic reading devices(51,52). Furthermore, patients with
RP are advised to wear sunglasses outdoors which block wave lengths up to 550
nm to protect their retina from photic damage(11,51,72).

Currently there is no treatment that is able to slow or even stop disease progression
for USH patients. Research is currently focusing on treatments to slow or stop retinal
degeneration. These include gene therapies, stem cell treatments as well as the
administration of neuroprotective factors. But these therapies might only be of
benefit in earlier disease stages, when there are still vital photoreceptor cells in the
retina. In advanced disease stages other approaches like retinal implants are
needed. Even though these therapies are still being developed, they seem to be

promising future treatments and they will be discussed in the following chapters(72).

1.5.6. Gene Therapy

This chapter provides a basic understanding of gene therapy, since gene therapy
might be a promising therapeutic approach for monogenic retinal diseases like
USH(75).

Disease-causing mutations can be divided into two maijor types: loss-of-function and
gain-of-function mutations. While loss-of-function mutations cause defective or
missing proteins, gain-of-function mutations lead to the production of harmful
proteins. Although gene therapy might be a good approach for both types, different

therapeutic strategies are needed for them(52,75,76).
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For example, if a recessive disease is caused by a loss-of-function mutation, the
patients cells have two non-functioning copies of a gene. So, the therapeutic
approach is to add a normal copy into the patients cells(76). This way the
transcriptional machinery of the cell can use the normal gene copy to produce the
missing protein. A gain-of-function mutation instead leads to the assembly of a
harmful gene product(75). Therefore, the goal is to supress the expression of the
abnormal, toxic gene product by modifying a gene’s DNA directly or by destroying
its MRNA transcripts. This process is called gene silencing(52,76). Although gene
therapy may use different approaches, the basic idea is to modify the patients
genome to achieve a therapeutic benefit(77,78).

To get the modifying factor (DNA/RNA) into the retinal cells, special gene delivery
tools are needed. One commonly used method for gene delivery is the viral vector,
for example adeno-associated virus or lentivirus vectors(77). These viral vectors
transfer the therapeutic gene to its destination by infecting the target cells(79). To
efficiently access the retinal cells, the viral vector is brought in close contact with
them either by injecting a vector suspension into the subretinal space (between
photoreceptors and RPE) or by injecting it into the vitreous cavity(75).

In general, the eye is particularly suited for gene therapy since the posterior
segments are easy to reach through intraocular injections and because of the
compartmentalized structure of the eye, which allows specific tissue targeting.
Moreover, the blood-retina barrier minimizes any immune response to the
administrated foreign material and the systemic dissemination of the drug. Since
inherited retinal disorders usually affect both eyes symmetrically, the contralateral,
non-treated eye can be used as a control to evaluate the therapeutic
outcome(75,77). However recent studies have shown that antibodies may be
produced, which reduce the effect of an injection for the contralateral eye. Thus, it
is recommended to inject both eyes within a short period of time(80).

The first gene therapy for the eye was voretigen neparvovec (Luxturna ®). It was
approved by the FDA in 2017. Luxturna ® is a gene supplementation therapy for RP
and LCA-patients®, which have a mutation in the RPE65 gene. Affected individuals

have insufficient levels of RPE65, a protein involved in the visual cycle. Without this

6 Leber’s congenital amaurosis (LCA)
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protein rod photoreceptor cells eventually lose their ability to react to light. The gene
therapy has improved the visual function of patients with non-syndromic RP and
LCA(75).

Besides the approved therapy for patients with RPE65 mutations, there are many
more gene therapies in development for ocular diseases(75). Currently UshStat, a
gene therapy for USH type 1B, is tested in humans to name but one example
(ClinicalTrials.gov_Identifier: NCT01505062). UshStat is a viral vector, which
delivers MYO7A to the RPE and photoreceptors. Its subretinal injection led to

myosin Vlla expression in test animals lacking a functional MYO7A gene and
reduced their photoreceptor cell loss. The subretinal drug administration in test
animals was well tolerated, had a very low immune response and was limited to the
administered compartment, so that the first human clinical trial of UshStat was
initiated(81).

1.5.7. Stem Cell Therapy
Gene therapy seems to be a promising therapy approach for early RP stages, but
as the disease progresses more and more photoreceptor cells are lost, and the
treatment benefit of gene therapy diminishes(77). But since the inner retinal layers
are not affected by RP and stay intact even at advanced disease stages, another
treatment strategy could be the replacement of lost photoreceptor cells with stem
cells in such cases(77,82).
Stem cells are undifferentiated cells, which are capable of self-renewal and to
differentiate into specialized cell types (see Figure 10)(83). Currently different
sources of stem cells are used in cell replacement studies, such as induced
pluripotent stem cells and embryonic stem cells(82). Induced pluripotent stem cells
are somatic cells deriving from the patient, which are reprogrammed into pluripotent
stem cells by using transcription factors(83,84). Since they can be taken directly
from the patient, they are more immunocompatible than embryonic stem cells and
pose less ethical issues than the use of embryonic tissue(77,82). But on the other
hand, patient derived cells contain the disease-causing mutations, which must be
removed before autologous cell replacement therapy. This problem was solved by
Burnight et. al., which were able to correct the cell’'s disease-causing mutations in
induced pluripotent stem cells by using CRISPR-Cas9 mediated genome
editing(82).
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At the moment one major challenge remains the reconstruction of neural
connections. Stem cell treatment is therefore more advanced in the replacement of
RPE cells than photoreceptor cells, since they are not dependent on synaptic
connections to function(77,85). In fact, RPE cells derived from embryonic stem cells
have already been tested in patients with retinal dystrophies. The clinical trials
conducted by Schwartz et al. reported no major adverse effects associated with
stem cell transplantation and even recorded improvements in visual acuity in some
patients(77,86). In conclusion it can be said that stem cell replacement of lost RPE
cells seems to be a feasible future treatment approach, while the transplantation of
photoreceptors seems to be more challenging and is currently still limited to animal
models(77).

In the future, the replacement of lost RPE and photoreceptor cells with induced
pluripotent stem cells might restore vision in patients with RP to some extent(77,87).
In contrast to gene therapies, stem cell treatments would be mutation-independent
and therefore they could be applied to a larger spectrum of retinal degenerations.
The successful integration of stem cells into the host retina and the restoration of

synaptic connections however remain significant challenges(77).

Induced

Blood Cell Pluripotent RPE Cell
Stem Cell

(iPS cell)

Figure 10: Induced pluripotent stem cell and its differentiation into an RPE cell(88).

1.5.8. Electronic Retinal Implants
RP causes continuous degeneration of the retina(52). Although cell loss occurs in
all retinal layers, the degeneration primarily affects rod photoreceptor cells. The
inner retinal layers instead are largely spared(52,89). Since some inner neurons
remain viable, they can be stimulated with small electrodes, which is the underlying
concept of most retinal implants(72,90). They attempt to replace the function of the
lost photoreceptor cells by stimulating the remaining neural cells(90). Currently
several implants are being developed (cortical visual prosthesis, supra-choroidal
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implant, epiretinal and subretinal implants). This chapter introduces two of them,
namely subretinal and epiretinal implants(72).

Subretinal implants are light-sensitive microchips, which are implanted under the
transparent retina. They are placed in the small space between the RPE cell layer
and the neurosensory retina, where the lost photoreceptors were located(72,91).
These light-sensitive implants work analogous to photoreceptor cells. When light
reaches the retina, the implant outputs small currents that are proportional to the
light intensity. This generated electrical signal then simulates the preserved
secondary neurons. Zrenner et al. implanted such subretinal implants in three
patients suffering from hereditary retinal dystrophies. Prior to their surgery all
patients were blind, but after recovery all of them regained some visual perception.
For example, they were able to detect bright objects placed on a dark background.
One could even identify certain objects like fruits or distinguish different shades of
grey(91).

Epiretinal implants instead are built quite differently. They need additional external
devices, because they bypass retinal image analysis(91). These implants consist of
an external video camera, a video processing unit and an intraocular implant which
is placed on the inner retinal surface(72,92). The external camera is attached to a
pair of glasses, which the patient can wear. It records a video feed, which is send to
the video processing unit in real time. The processing unit reduces the image
resolution and transforms the visual information into stimulation patterns. After
processing the data is sent to the intraocular implant, which consists of multiple
electrodes. These electrodes generate small brightness-dependent currents which
stimulate the remaining neurons(92). Epiretinal implants (Argus Il) were implanted
by da Cruz et al. in 29 patients suffering from RP. They reported that many patients
were able to identify letters and some even identified words after surgery(93).

In the last decades great progress has been made in the development of electronic
retinal implants. In Europe the first retinal implant namely the Argus Il system was
approved in 2011. While they make it possible to restore limited visual perception in
blind patients, they are far from providing natural eyesight and more research needs
to be done(90,93).
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1.6. Hearing Loss

Hearing loss (HL) is the most common sensory impairment in humans. According
to the WHO approximately 466 million people worldwide suffer from HL. By definition
individuals suffering from HL are not capable to detect sounds below 25 dB, while
people with normal hearing have a hearing threshold of 20 dB or better(94,95). HL
can be categorized by its severity into mild, moderate, moderately severe, severe
and profound HL. If the quietest sound an individual can perceive ranges between
26 to 40 dB it is called mild HL. The hearing threshold of individuals with moderate
HL lays between 41 to 55 dB and in individuals with moderately severe HL between
56 to 70 dB. People suffering from severe HL have a hearing threshold of 71 to 90
dB and if the hearing threshold is over 90 dB it is called profound HL. To put these
numbers into perspective the volume of a normal conversational speech is about 50
to 60 dB(96).

The causes of HL are manifold and can be divided into two major categories:
congenital HL (e.g. genetic disorders, infections during pregnancy like rubella or
birth asphyxia) and acquired HL (e.g. infectious diseases, chronic ear infections or
injuries)(94,95). HL caused by genetic disorders can be further divided into non-
syndromic HL and syndromic HL, which accounts for 30% of the genetic cases of
HL. In syndromic HL the hearing impairment is associated with other clinical features
such as eye, kidney or musculoskeletal anomalies. The most common syndromes
leading to HL are USH and Pendred syndrome(95).

HL can also be categorized by the site of the pathology into conductive,
sensorineural and mixed HL. Conductive hearing loss is caused by lesions of the
outer or middle ear, while sensorineural hearing loss is caused by inner ear or

retrocochlear pathologies(97).

1.6.1. Hearing Loss in Usher Syndrome
USH is characterized by hereditary sensorineural hearing loss caused by defective
USH proteins, which disrupt the development, maintenance and function of hair cells
in the cochlea(40,95). Patients with USH type 1 and type 2 usually experience
bilateral, non-progressive congenital HL. While the hearing impairment in patients
with USH type 1 is often severe to profound, it might be less severe in patients with
USH type 2 (moderate to severe). Usually patients with USH type 2 have better
hearing in low frequencies than high frequencies. In contrast to USH type 1 and 2,
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USH type 3 is characterized by progressive HL of variable onset. It usually starts

before the third decade of life and often progresses to profound HL(4,95).
1.6.2. Diagnosis and Therapy of Hearing Loss

Hearing loss (HL) in children is one of the most common birth defects(95). It is often
caused by genetic factors. In fact, about fifty percent of all cases are caused by
genetic disorders. Other causes of HL among children are perinatal infections or
teratogen exposure, prematurity as well as chronic recurrent otitis media.
Determining the aetiology of HL is important for developing a personalized
therapeutic approach. Furthermore, it is essential to diagnose HL as early as
possible to ensure proper growth and language development in the infant(95,98).
Screening tests used on new-borns are objective hearing tests, which do not rely on
the cooperation of the tested individual. The most commonly used tests in infants
are the auditory brainstem response and the otoacoustic emissions. Behavioural
tests can be used on older children aged 5 or older, who can respond to sound
stimuli and follow instructions. Furthermore a detailed medical and birth history as
well as family history should be assessed in infants with pathological hearing
tests(98).

The management of HL in infants and children depends on the origin of HL and
whether the HL is conductive or sensorineural. Depending on the severity of the
hearing impairment patients suffering from SNHL can be treated conservatively
using hearing aids or through the surgical implantation of a cochlear implant. Either
way a long term monitoring of the child to follow its linguistic and social development

is necessary(98).
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1.7. Usher Syndrome: Genetic Findings
This chapter provides a basic understanding about the genetics of USH. The
inheritance pattern and the disease-causing mutations are discussed as well as
genetic testing and the different genetic subtypes. But before describing those
concepts, a few technical terms shall be explained.
The human DNA (deoxyribonucleic acid) is our hereditary material. It is made up of
four chemical bases, which are aligned along a DNA strand. The order of the four
bases forms a code, which holds all the instructions our bodies need for
development and functioning(99,100).
Specific sequences of these bases are called genes. Some genes encode
information to make proteins, while others are made up of noncoding DNA(101).
The USH genes for example encode for a variety of different proteins, which are
found in the eye and in the ear(102). But even protein-coding genes contain regions
of noncoding DNA (introns), which are cut out of the DNA strand before the protein
is made. This process is called RNA splicing. The remaining, protein-coding regions
are called exons (see Figure 11)(83).
Humans have two copies of each gene, one inherited from the mother and one from
the father. These two copies of the same gene are called alleles. The bases at the
same genomic position of the two different alleles can be the same or they can differ.
If a mutation affects both copies of the gene at the same position, it is called a
,homozygous mutation“. If a mutation affects only one allele, it is called
.heterozygous®, and if two mutations at different positions in the gene affect the two
alleles it is called ,compound-heterozygous“(83,101).
The DNA is stored in our cells, where it is tightly packed into bigger units called
chromosomes. Human cells mostly have two sets of chromosomes, one paternal
and one maternal set. In total we have 23 pairs of chromosomes, one pair of sex

chromosomes (which differ between the sexes) and 22 pairs of autosomes(100).
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Figure 11: Structure of the DNA(103).

1.8. Autosomal Recessive Inheritance
USH is a disorder caused by genetic alterations (mutations), which are inherited in
an autosomal recessive pattern(50). The term autosomal refers to the location of
the disease-causing mutations on the autosomes (non-sex chromosomes)(104).
Therefore, autosomal inherited diseases usually show no preference regarding
gender, females and males can be affected or can be carriers of the disease(50).
A recessive disease only occurs if both copies (alleles) of a gene carry a mutation.
So, to have an autosomal recessive iliness like USH, an individual must inherit one
mutated allele from each parent. An affected person can either carry two identical
(homozygous) or two different (compound heterozygous) disease-causing
mutations affecting both alleles. Children of consanguineous parents have more and
larger homozygous genetic regions and a subsequent increased risk of autosomal
recessive diseases(83).
Individuals carrying one normal allele and one mutated allele at the respective gene
locus are called heterozygous carriers and are not affected by the disease.
However, they can still transmit the single mutated allele to their children.
Statistically two parents carrying a heterozygous mutation have following chances
with each pregnancy: a 25% chance that their child will inherit two mutated alleles
and suffer from USH, a probability of 50% that the child will be non-affected and a
25 % chance that the child is not even a carrier of the disease (see Figure
12)(50,83).
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Figure 12: Autosomal recessive inheritance pattern(105).

1.9. Digenic Inheritance

USH has long been considered a monogenic disease. Therefore, an individual
would only suffer from the disorder, if it carries two disease-causing mutations in the
same gene. But recent data challenges this view, since a few cases of digenic
inheritance have been reported(106,107). For the manifestation of a digenic
disorder the affected individual must carry two different disease-associated
mutations on different genes(108).

Regarding USH, so far only the genetic subtype USH 2C is known to be inherited
digenic, the causal variants reported in PDZD7 and ADGRV1. PDZD7 also functions
as a modifier gene in patients with USH type 2A, where it might alter retinal disease
expression, since test animals with a mutation in this modifier gene showed an
increased retinal cell death. This could indicate a more rapid retinal disease
progression in patients with combined mutations in the USH genes and
PDZD7(106).
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Digenic inheritance of USH has also been described in an Italian USH patient, who
was heterozygous for mutations in two USH genes. The patient inherited a mutation
in MYO7A from the unaffected mother and a second mutation in USH2A from the
unaffected father(109).

Although USH is a predominately monogenic disease, additional inheritance
patterns, like digenic or oligogenic inheritance, could explain the great variability of

retinal disease expression(109,110).

1.10. Gene Mutations

USH is caused by biallelic changes of the DNA sequence in one of 13 known
disease-associated genes(2,111). Those permanent changes are called gene
mutations and they can be divided into two major categories: hereditary and
acquired mutations.
Hereditary mutations are alterations that are present in the mother’s egg or the
father’'s sperm cell. So, when the egg and the sperm fuse to form a fertilized egg,
the resulting embryo carries the altered DNA in all of its cells (since all cells derive
from the one fertilized egg). Therefore, hereditary mutations are passed down to a
child from one or both parents and are present since birth in every cell in the
body(111). USH for example is caused by hereditary mutations(2).
Acquired mutations instead are not present since birth but happen at some point
after conception. Such mutations can be caused by several factors, like radiation or
errors during DNA replication and they are only inheritable, if they also occur in egg
or sperm cells of an affected person(111).
While gene mutations can be categorized as above, they can also be classified by
their effect on the DNA sequence or their effect on protein expression. The following
section explains the main types of mutations that alter the DNA sequence (see
Figure 13). These include:

e Deletions: one or more DNA bases are removed from the DNA strand.

¢ Insertions: one or more DNA bases are added to the DNA strand.

e Substitutions: one or more DNA bases are replaced by one or more different

bases.

¢ Duplications: a segment of DNA is repeated one time in a row(112,113).
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Figure 13: How mutations affect the DNA sequence(114).

Splice site mutations are changes in the DNA sequence in the intron-exon junction.
Mutations in these DNA regions can disrupt the splicing process and may lead to an
incorrect MRNA synthesis(115).

The last topic covered in this chapter is the effect of variants in a gene on protein
expression. Genetic variants do not always change the structure or function of the
encoded protein. Therefore, they have varying effects on our health. Some variants
have no effects at all and are therefore called silent mutations, while others are
harmful and may cause severe illnesses. The clinical consequence of a variant is
determined by several factors, one of these outcome-modifying factors is the
location of the variant in the coding region of a gene(113,115).

Single base substitutions for example can cause silent, nonsense or missense
mutations, depending on the base change and their location in the coding DNA (see
Figure 14). Silent mutations, as mentioned above usually do not affect our health,
since the mutated DNA still codes for the correct amino acid. Therefore, the encoded
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protein is not defective. Missense mutations lead to the substitution of an amino acid
with a different amino acid. This change in the amino acid sequence may lead to the
assembly of a malfunctioning protein. Like missense mutations, nonsense
mutations often result in the production of a faulty protein. Nonsense mutations
create stop signals (stop codons) in the DNA sequence, which signal the cell to
prematurely terminate the protein synthesis. The resulting proteins are often
shortened or non-functioning. A nonsense mutation may also lead to a nonsense
mediated decay of the protein(113,115).

While substitutions often lead to an alteration in the amino acid sequence, deletions
and insertions often result in a change of a gene’s reading frame. Such mutations
are called frameshift mutations. Normally three DNA bases code for a specific amino
acid. So, a change in the grouping of these bases, by adding or removing one of the
three bases, results in a shift of the reading frame. Frameshift mutations often result

in a non-functional protein and/ or a premature stop codon(113,115).
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Figure 14: The effect of missense and nonsense mutations on protein synthesis(116).
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1.11. Genetic Testing

In the last decade new technologies such as next generation sequencing (NGS) led
to great improvements in genetic testing. The term NGS describes different
technologies, which made it possible to quickly determine the DNA sequence of
large amounts of DNA. These methods allow us to sequence the entire human DNA
(genome) within weeks, while older methods took years for the same task. This
great progress has made genetic testing more time- and cost-effective and therefore
more available in clinical practice(117,118).

There exist several methods to analyse DNA and identify disease-associated
variations. This chapter focuses on three, NGS based tests: whole-genome, whole-
exome and targeted sequencing(117,118).

Whole-genome sequencing is the genetic analysis of the entire human genome
including non-coding DNA. Even though non-coding DNA doesn’t code for any
proteins, it still has multiple functions in our bodies and alterations in these regions
may affect gene activity and protein production. While for variants outside of the
coding regions it is possible to cause genetic disorders, it is often not possible to tell
whether a variant in the non-coding DNA is pathogenic or not. Therefore, it is hard
to tell if such a variant is causal for a disease(117,118).

The human genome mainly consists of non-coding DNA, but as mentioned above,
alterations in these regions are often hard to interpret. Exons instead make up only
1- 2 % of our DNA, yet they contain most of the currently identified, disease-causing
mutations(118). Since most known pathogenic variants occur in coding regions, an
efficient alternative method to whole-genome sequencing is whole-exome
sequencing, which analyses only the coding DNA regions(117).

Targeted sequencing instead offers a more specific approach of DNA sequencing.
In contrast to whole-genome and whole exome sequencing, this method makes it
possible to analyse selected regions of interest. It allows targeted testing of specific
exons, genes or even group a of genes, which are linked to the genetic disorder of
interest. Of course, this approach is best used for genetic disorders, where the
majority of candidate genes is already known. This method is useful for clinical
diagnostics, since the genes chosen for this approach can be reliably assigned to a

phenotype(119).
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NGS has massively improved genetic testing. Modern tests can identify many
disease-associated alterations in the human genome(118). Yet one of the limitations
of NGS genetic testing is variant interpretation. For a lot of variants there is still
limited information about their pathogenicity. It's often not possible to predict the

severity of a genetic disorder or the rate of disease progression(120).

1.12. Genetic Subtypes

USH is a genetically heterogeneous disease. In total 16 loci (see Table 2) have been
linked to the disorder and 13 causal genes have been identified. Of the 13 known
USH genes, six lead to USH type 1, four to type 2 and three are associated with
type 3. USH genes code for different proteins and current knowledge suggests, that
these proteins interact in complex protein networks. These protein complexes are
located in the inner ear, where they contribute to the differentiation and maintenance
of inner ear hair bundles, and in the retina, where USH proteins are found in
photoreceptors, in retinal pigment epithelium (RPE) and in synaptic terminals. The
function of USH proteins in the retina is less clear than in the inner ear, because
animal models often do not express a retinal phenotype(40).

This chapter discusses the different genetic subtypes, their causal genes (if known)
and their gene products. Table 1 provides an overview of the genetic subtypes,

which occur in Europe according to Bonnet et al. 2016(3).

Prevalence by clinical USH type Prevalence by genetic subtype

Type 1B (69.5%)

Type 1C (7.1%)

USH type 1 (36%) Type 1D (13%)

Type 1F (7.8%)

Type 1G (2.6%)

Type 2A (91.5%)

USH type 2 (60.4%)
Type 2C (8.5%)

USH type 3 (2.1%) Type 3A (100%)

Table 1: Prevalence of the genetic subtypes in Europe according to Bonnet et al. 2016(4).
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Clti;Fi):‘;al Suebnt;t;i)(; Gene/ Locus Inheritance Protein Protein Function
Reference Reference Reference Reference Reference Reference
(40) (121) (121) (121) (40) (40)
Typed A Withdrawn’
Type 1B MYOTA AR® Myosin Vlla Motor protein
Type 1C USH1C AR Harmonin Scaffold protein
Type 1D CDH23 AR Cadherin-23 Cell adhesion
Type 1 E USH1E AR
1 Type 1 F PCDH15 AR Protocadherin-15 Cell adhesion
Type 1D/F nggi’?gd Rgi:geesr;ii(\:/e Cadherins Cell adhesion
Type 1G SANS AR SANS Scaffold protein
Type 1H USH1H
Type 1 ciB2 AR CIB 2 in?eag"ﬁiir‘]”gi rfo’l‘i?]g
Type 1K USH1K AR
Type 2 A USH2A AR Usherin Cell adhesion
Modifier of type PDZD7 AR PDZD7 Scaffold protein
2 ADGRV1 AR VLGR1? ?égg‘ggp (‘ggg'g;j
Type 2C
ADGRV1 and Digenic VLGR1 and GPCR and
PDzZD7 Recessive PDzD7 Scaffold protein
Type 2D WHRN AR Whirlin Scaffold protein
Type 3 A CLRN1 AR Clarin-1 Subunit of fon
3
Type 3B HARS AR HARS HS'S%‘KLESS'\;A

Table 2: Overview of the genetic USH subtypes, their causal genes/ genetic loci, their

inheritance patterns and their encoded proteins (if known) as well as their function.

7 See Gerber et al.(126)
8 Autosomal Recessive

9 Very large G protein-coupled receptor-1
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1.13. Usher Type 1

USH1 genes code for proteins of different classes, which can be found in various
body tissues. Studies have co-localized all USH1-proteins (except CIB2) in specific
regions in retinal and inner ear hair cells. This common occurrence indicates, that
they interact in a protein network there(102). CIB2 is the most recently detected
USH1-protein, currently, only interactions with myosin Vlla and whirlin (USH2) have
been documented(122). This chapter provides an overview of the USH1-genes and
their gene products, except for USH type 1E (OMIM % 602097), USH type 1H
(OMIM % 612632) and USH type 1K (OMIM % 614990). These genetic subtypes

were only identified in a very small number of individuals. There exist only a few

isolated cases and little is known about these subtypes(123—-125). Since so little is

known, they won’t be discussed in this thesis.

1.13.1. Usher Type 1A

As illustrated in table 2 there exists no USH type 1A, which may be confusing at
first. The reason for this irregularity can be explained historically.

USH type 1A has first been described in the early 90s, when the USH1A gene locus
was mapped to the chromosome 14. The gene locus was known as the “French
variety”, because the USH1A locus has been reported in nine families originating
from a small town in France. In the following years several candidate genes for the
USH1A locus were investigated to find the causal genes for USH type 1A. The
candidate genes were all sequenced in one individual from one of the nine families,
but no disease-causing mutations were found. Further genetic examinations of the
nine families surprisingly showed that seven of the nine families had mutations in
the MYO7A gene, another family showed an association with USH1D and USH1E
and one family was negative for all USH1 loci including the USH1A locus. Those
results lead to the conclusion that there were no disease-associated alterations in
connection to the USH1A locus and that in fact the USH1A locus does not
exist(126).

1.13.2. Usher Type 1B

Mutations in MYO7A lead to USH type 1B and are the most common cause for USH
type 1, accounting for ~69.5% of all cases in Europe(3). MYO7A encodes for an
unconventional myosin, which is an actin-based motor protein with various functions

in the retinal and inner ear cell and that is required for normal vision and hearing.
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Analyses of mammalian animal models have shown that in the retina myosin Vlla is
mostly expressed in RPE and in smaller amounts in photoreceptor cells. In the
photoreceptor cells myosin Vlla is only present in the region of the connecting cilium,
more specifically in the ciliary and periciliary membrane(127).

Studies suggest that myosin Vlla is involved in organelle transport, since it's
required for correct melanosome localization and phagosome transport in the RPE.
It's localization in the ciliary region of photoreceptors indicates involvement in
protein transport along the connecting cilium. This hypothesis is supported by the
accumulation of opsin, a protein involved in the visual cycle, in the ciliary region of
test animals lacking functioning myosin Vlla. Myosin Vlla has multiple functions in
the retinal cell, it's lack or malfunction leads to a series of cellular defects in the
retinal cells. It is assumed that the combination of those defects leads to the retinal
degeneration(127,128).

1.13.3. Usher Type 1C and Usher Type 1G
USH1C and SANS (Type 1G) both encode for scaffold proteins(102). This group of
proteins can interact with multiple other proteins at the same time and organize them
into an efficient protein complex(129).
USH1-proteins create this protein network by binding through protein-protein
interaction domains, especially through the PDZ-domain of the protein
harmonin(102). Simply put, a PDZ-domain is a part of a protein, that can interact
with other proteins(130). In the inner ear these protein networks are essential for
hair cell differentiation. During hair bundle development, harmonin, cadherin-23 and
myosin Vlla form a functional network, which is essential for the cohesion of hair
bundles. In test animals defects in these networks lead to hair bundle
disorganisation, which consecutively led to congenital deafness(131).
USH1-protein networks are also found in synaptic terminals of photoreceptor cells
and cochlear hair cells, which suggests their involvement in mechanosensitive
transduction in the inner ear. In photoreceptors the defective USH1-complexes may
lead to synaptic dysfunction resulting in RP(102,132).

1.13.4. Usher Type 1D and Usher Type 1F
USH type 1D and 1F are caused by mutations in CDH23 and PCDH15. Both genes

encode for cadherins, which are proteins responsible for cell-cell adhesion. CDH23
codes for Cadherin-23 and PCDH15 for Protocadherin-15(4).
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CDH 23 and PCDH 15 are not only part of the USH1-protein network, but they also
interact with each other. Together they form the tip links of the stereocilia’s in the
inner ear. Tip links are essential for mechanoelectrical transduction, and therefore

important for hearing and movement(133).

1.13.5. Usher Type 1J

CIB2 encodes the calcium- and integrin-binding protein 2. Mutations in CIB2 either
lead to non-syndromic hearing loss or USH type 1J, one of the rarer USH1 types.
The protein can be found in the inner ear and in the retina, but is also expressed in
skeletal muscle and brain tissue(122).

In the retina CIB2 is present in photoreceptors and RPE and in the inner ear it is
found in hair cells and their stereocilia, which might indicate that CIB2 is involved in
the mechanoelectrical transduction in the inner ear. Current data also suggests that
CIB2 interacts with two other USH proteins, myosin Vlla and whirlin, but the
mechanisms of this interaction have not been discovered yet. The same goes for
the full biological function of CIB2 and the pathways leading to USH 1J, which largely

remain unclear(134).

1.14. Usher Type 2
USH type 2 is the most common clinical USH type, with a prevalence of ~60% in
Europe. Up to date four causal genes (USH2A, ADGRV1, WHRN and PDZD7) have
been identified for USH type 2(3). Like the USH1-genes, the four USH2-genes
encode for different proteins, which are also found in the retina and inner ear. USH2-
proteins form a functional unit and are also known to interact with USH1-proteins(4).
The fact, that both protein groups are incorporated into a mutual network, might
indicate a common pathophysiological pathway for the different USH types. If one
protein in this complex is lacking or non-functional, this one defect protein might
disrupt the whole network, which ultimately ends in sensorineural

degeneration(102).

1.141. Usher Type 2A and Usher Type 2C
USH type 2A is caused by mutations in the identically named gene (USHZ2A). It's
one of the most common genetic USH subtypes and accounts for up to ~91.5% of
all USH type 2 cases in Europe(3). Less frequent, mutations in USH2A cause
atypical USH and non-syndromic RP(135).
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USHZ2A encodes a protein called usherin, which has been localized in the region of
the connection cilium of photoreceptors and in the inner ear’s hair cells. Its exact
position in the retina seems to be the inner segments membrane, which wraps
around the connecting cilium. In the retina usherin contributes to the long-term
maintenance of photoreceptors. This theory is based on the fact, that usherin-null
mice develop a morphologically normal, well-functioning retina during their first
months of life, but with increasing age they start to show signs of retinal
degeneration. At 20 months old they have already lost over 50% of their
photoreceptors. These findings as well as the slow progression of RP in USH
suggest that usherin plays a vital role in long-term preservation of photoreceptors
and the retina(136).

As mentioned above usherin is also located in the ear, where it has been co-
localized with the protein VLGR1b'® at the base of developing stereocilia of inner
ear hair cells. VLGR1b is encoded by the gene ADGRV1, which is the causal gene
for USH type 2C. The two proteins form transient links between adjacent stereocilia,
called ankle links, which are important for correct hair bundle development and,

when absent, result in deafness(137).

1.14.2. Usher Type 2D

USH type 2D is caused by mutations in the gene WHRN, which encodes the protein
whirlin, a PDZ-domain containing scaffold protein. Mutations in WHRN are rare, with
a prevalence of 0-9,5% in Europe and are also known to cause non-syndromic
deafness(3,138).

Whirlin is expressed in photoreceptor cells, where it has been colocalized with the
other two USH2-proteins usherin and VLGR1 in the periciliary membrane region'".
The three proteins are thought to interact in a functional unit, and it seems that their
expression is co-dependent, since photoreceptors which were missing whirlin also
showed decreased levels of usherin and VLGR1. Furthermore, the loss of whirlin
led to the misplacement of the other two proteins within the photoreceptors(138).
Photoreceptors of whirlin-knockout mice eventually underwent apoptosis and the

laboratory mice started to show signs of retinal degeneration in their second year of

0 Very large G protein-coupled receptor 1

" The periciliary membrane, is a membrane surrounding the connecting cilium.
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life(139). These findings indicate that whirlin is important for the assembly of the
USH2-protein network and that dysfunctions in this network are the primary cause
for retinal degeneration(138,139).

But whirlin does not only interact with USH2-proteins, it has also been proven to
interact with USH1-proteins. It takes part in the USH-protein complex, forming the

central core together with harmonin and SANS(4).

1.14.3. PDZD7-associated phenotypes

The gene PDZD7 encodes the PDZ domain-containing protein 7, a protein found in
the ciliary region of photoreceptors, RPE and inner ear. The PDZD7 gene product
is integrated in the USH2-protein network, which is located at the periciliary
membrane complex in photoreceptors and at the ankle link region in developing
inner ear hair cells. Protein defects in the inner ear network lead to disorganisation
of the developing stereocilia and consecutively to hearing loss(140), while in
photoreceptors defects might disrupt protein trafficking at the ciliary region. This
network dysfunction in the cilium probably inhibits protein transport from inner to
outer segment(106).

PDZD7 is associated with two USH subtypes and is a causal gene for recessive,
non-syndromic hearing loss. Mutations in PDZD7 were found in combination with
mutations in USH2A (USH type 2A) and ADGRV1 (USH type 2C). In patients with
mutations in PDZD7 and USH2A, PDZD7 works as a modifier gene for retinal
disease expression. As a modifier gene PDZD7 influences the retinal disease
severity, which helps explain the phenotypic variability of USH. Patients with
mutations in both, USH2A and PDZD7, might express a more severe visual
phenotype than patients with mutations only in USH2A(106,141).

As mentioned above PDZD7 is also associated with USH type 2C. Mutations in
PDZD7 and ADGRV1 are known to cause digenic USH type 2C. Although digenic
inheritance seems to be rare among USH patients, this proves that USH is not a

disorder strictly inherited by mendelian laws(106).

1.15. Usher Type 3

USH type 3 is the rarest clinical type, with a worldwide prevalence of 3%. Yet, in

some isolated populations'> USH type 3 accounts for ~40% of all USH cases(3).

'2 High prevalence in Finland and among Ashkenazi Jews
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To date three genes are associated with USH type 3, CLRN1 (USH type 3A) and
HARS (USH type 3B)(142) and ABDH12'3. The gene CLRN1 encodes clarin-1, a
transmembrane protein of unknown function, which is found in the inner ear and
retina. In the inner ear clarin-1 is expressed in hair cells and in the afferent neurons,
that innervate them. There have been varying reports about clarin-1 expression in
retinal cells, but several research groups have localized the protein in
photoreceptors. Clarin-1 has been mainly found in the inner segment, connecting
cilium and outer plexiform layer, a distribution similar to the other USH proteins,
suggesting its involvement in the usher complex(143,144). In fact, an interaction
between the tip link forming PCDH15 (USH type 1F) and Clarin-1 has been proven
in test animals(145).

While the specific function of clarin-1 remains unknown, pathologic changes in
CLRN1 mutated mice suggest, that clarin-1 takes part in hair bundle development
and maintenance as well as synapse maturation in the inner ear. Yet its role in retinal
cells remains unknown(145).

Even less is known about USH type 3B, which is caused by mutations in the causal
gene HARS. The gene HARS encodes histidyl-tRNA synthetase, which is a protein
involved in protein synthesis. Mutations in HARS cause RP, progressive hearing

impairment as well as episodic psychosis, which is not a typical USH symptom(40).

1.16. Atypical Usher

USH patients are clinically classified according to their ocular, auditory and
vestibular symptoms. Although not all patients fit into these three clinical USH types,
this historic classification remains in clinical use. Patients whose symptoms are non-
consistent with the traditional classification are classified as atypical USH(1).

Atypical USH is also caused by mutations in the USH genes, which often have a
wide phenotypic spectrum. For instance, mutations in MYO7A can lead to USH type
1, atypical USH and non-syndromic dominant or recessive deafness(1). While
hearing loss in USH type 1 patients is non-progressive, patients with atypical USH,

caused by mutations in MYO7A, can suffer from progressive hearing loss(146).

3 USH associated mutations in the gene ABDH12 have only been identified in a few non-

Caucasian families(5).
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Another gene associated with atypical USH is USH71G. Usually mutations in this
gene lead to an USH type 1 phenotype, characterized by congenital hearing loss,
early onset RP and vestibular dysfunction. Yet, mutations in USH71G can also cause
atypical USH, with moderate to severe HL, mild RP and normal vestibular function,
a phenotype more typical for USH type 2. This diversity in gene expression
emphasises the difficulty of predicting a clinical phenotype and individual
prognosis(147). Aside from mutations in MYO7A (USH type 1B) and USH1G
following genes have been associated with atypical USH: CDH23 (USH type 1D)
and USH2A(148).14

"4 |n addition to the known USH genes, recently another gene has been associated with atypical USH: CEP250

(Centrosomal protein 250). CEP250 encodes a protein involved in centrosome cohesion during the cell cycle(7).
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2. Methods

This study was carried out by the Department of Ophthalmology of the Medical
University of Graz in collaboration with the Institute of Human Genetics of the
Medical University of Graz and the Institut de la Vision of the Sorbonne Université

(Paris, France).

21. Study Design and Trial Objectives
“The mutational landscape of patients with Usher syndrome in southern Austria” is
a prospective cross-sectional, single-centre study. The primary objective of this
study was to estimate the prevalence of the USH2A:c.11864G>A (p.Trp3955%)
variant in southern Austria. Our hypothesis is that the prevalence of the mutation in
the USHZ2A gene is higher than 8% in our patient population. Furthermore, we

wanted to identify the disease-causing mutations among our USH patients.

2.2, Patient Recruitment
We searched the patient records of the Department of Ophthalmology of the
University Hospital Graz for suitable USH patients. They were recruited and

examined between January 2018 until July 2018.

2.3. Inclusion and Exclusion Criteria
To be eligible for study enrolment, patients had to have clinically confirmed USH.
Patients, who during the ophthalmologic examination showed indications that their
symptoms were not caused by USH or patients unable to give consent were

excluded from our study.

2.4, Patient Number

Our primary endpoint is the prevalence of the W3955X mutation in USH patients in
southern Austria. To estimate the prevalence of the mutation, we calculated a
required sample size of n=20. Based on clinical data, a proportion of 8% in the study
population is assumed.

The following formula was considered for the sample size estimation:
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e nis the required sample size

e 7z is the Z-score (i.e. the boundary for the area of %in the standard normal

distribution): 1.96 by normal approximation to the binomial distribution
e m is the desired margin of error: 12%

e pis the mutation prevalence in the overall study population: 0.08

2.5. Study Population
In total we included 17 USH patients in our study, ten female and seven male
subjects from the following Austrian regions: Styria, Burgenland and Carinthia. We
had no age limits for study enrolment and ages among patients ranged from 18 to
83 years with a mean of 48 years and a standard deviation of 17 years. Out of the
17 subjects only two had already undergone genetic testing. To our knowledge no

subjects are related to each other or consanguineous.

2.6. Ophthalmologic Examination
Prior to genetic testing our patients underwent six ophthalmologic examinations, to
verify the clinical diagnosis USH and to assess the current disease stage. A
description of the examinations can be found in the chapter 3.2.4. Following
ophthalmologic examinations, where performed on our patients:

e Best-corrected Visual Acuity

e Fundus Examination by Slit Lamp Examination

e Goldmann Perimetry

e Optical Coherence Tomography

e Full-field Electroretinogram

e Fundus Autofluorescence

2.7. Genetic Analysis
After the ophthalmologic examination and the confirmation of the clinical diagnosis
USH, blood samples of our patients were collected and sent to the Institute de la
Vision, Paris, France. Due to its high genetic heterogeneity, it is difficult to reliably
diagnose USH, therefore different techniques were applied to identify DNA
sequence variants and copy number variations. After isolating DNA from the

peripheral blood samples with standard methods, targeted exome sequencing was
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performed. All coding and non-coding exons of ten USH associated genes were
analysed. If no mutation or only a monoallelic mutation was found by targeted
exome sequencing a SNP array analysis was performed, to identify copy number

variations.
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3. Results

3.1. Patients
A total of 17 USH patients were included in the study — ten female and seven male
patients. Their ages ranged from 18 to 83 years with an average age of 48 years
(SD 17). The age and gender distribution is shown in Table 3 and Table 4. No

patients were excluded or withdrew after enrolment.

Gender Number of patients Percentage Valid percent
Male 7 41.2 41.2

Female 10 58.8 58.8
Total 17 100.0 100.0

Table 3: Gender distribution

Age
N valid 17
N missing 0
Mean value 48.059
Standard deviation 16.626
Minimum 18
Maximum 83

Table 4: Age distribution

3.2. Ophthalmologic Results
3.2.1. Best-corrected Visual Acuity

The best corrected visual acuity (BCVA) was documented as decimal acuity. The
results have been converted to a LogMAR scale for statistical analyses. The
following formula has been used for the conversion: logMAR = -log (decimal
acuity)(149).

Two out of 17 USH patients had such a poor visual acuity that they were not able to
take a standardized visual acuity test using an eye chart. Their visual acuity was
assessed by using the semiquantitative scale “counting fingers” at the distance of
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one meter. The BCVA of the two subjects was estimated at a decimal acuity of
0.02(150). The estimated measurement of 0.02 was used for statistical analyses.
According to the ICD-10 criteria for low vision (only taking into account the best
corrected visual acuity and not the visual field) out of the 17 patients two were blind,
one patient had a severe vision impairment, one patient had a moderate to severe
vision impairment and one patient a moderate vision impairment. Twelve patients
had a mild or no vision impairment(151).

The mean visual acuity (LogMAR) of all subjects was 0.49 (SD 0.5) on the right eye
and 0.57 (SD 0.5) on the left eye. The results ranged from 1.7 to -0.1. The values

are listed in Table 5.

Best corrected visual acuity — LogMAR

Right eye Left eye
N valid 17 17
N missing 0 0
Mean value 0.494 0.570
Standard deviation 0.510 0.530
Minimum -0.0969 0.0969
Maximum 1.699 1.699

Table 5: Best corrected visual acuity (LogMAR)

3.2.2. Visual Field Testing

The visual field testing was performed using Goldmann perimetry. We assessed the
vertical and the horizontal field range of the right and the left eye. We defined our
lower limit for the visual field testing as 5°. The examination could not be performed
on three patients.

Six out of 14 patients had a very limited visual field with a remaining vertical and
horizontal field range of 5° in both eyes. Additionally, two patients had a vertical and
horizontal field range of 5° in one eye and a visual field of the better eye no greater
than 10° in radius. Therefore, eight out of the 14 patients are considered blind
according to the ICD-10 criteria for visual impairment(151).

The mean horizontal field range for the right eye was 26.1° (SD 36) and for the left
eye 28.6° (SD 39). The mean vertical field range was 20.7° (SD 27) for the right eye

53



and 21.1° (SD 27) for the left eye. The results ranged from 5° to 120° horizontally

and 5° to 95° vertically. The values are listed in table 6.

Goldmann horizontal Goldmann vertical

Right eye Left eye Right eye Left eye

N valid 14 14 14 14

N missing 3 3 3 3
Mean value 26.071 28.571 20.714 21.0714
Standard deviation 35.636 39.293 27.165 26.903

Minimum 5 5 5 5

Maximum 120 120 95 80

Table 6: Visual field testing - Goldmann perimetry

3.2.3. Electroretinogram

Electroretinograms (ERG) could not be performed on all patients. On those patients
willing to undergo an ERG exam, one was performed during the clinical study.
Otherwise, if a patient had already undergone an ERG exam in the past, the results
of these exams were used.

In total we acquired ERGs of seven USH patients, which were performed between
2001 and 2018. The rod-, combined- and flicker-responses were measured.

All subjects had reduced ERG responses at the time of measurement. Four patients

even had extinguished ERG responses.

ERG rods [uV] ERG combined [uV] ERG Flicker [uV]
Right Left Right Left Right Left
N valid 7 7 7 7 7 7

N missing 10 10 10 10 10 10
Mean value 8.469 7.753 14.257 4.819 11.497 2.070
Standard deviation 13.190 12.283 20.103 9.998 18.137 2.712
Minimum 0.00 0.00 0.00 0.00 0.00 0.00
maximum 31.80 29.90 51.90 26.70 46.60 6.34

Table 7: ERG measurements (uV)
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3.2.4. Optical Coherence Tomography

Using an OCT scan, we measured the subfoveal retinal thickness, the choroidal
thickness and the retinal nerve fiber layer (RNFL) thickness. The retinal thickness
and the RNFL were calculated automatically by an OCT mapping software, while
the choroidal thickness was measured manually.

The subfoveal retinal thickness was measured in all subjects (n=17). We assume a
normal value of 250 um for the subfoveal retinal thickness. In our subjects the mean
subfoveal retinal thickness was 237 ym (SD 47) for the right eye and 237 ym (SD
50) for the left eye. The subfoveal retinal thickness ranged from 151 um to 327 pym.
The values are shown in table 8.

The choroidal thickness was assessed in 15 patients. We assume 250 to 350 um to
be a normal thickness of the subfoveal choroid(152). In our subjects the mean
choroidal thickness was 228 (SD 78) um in the right eye and 231 ym (SD 87) in the
left eye. The choroidal thickness ranged from 84 ym to 411 ym. The exact values

are shown in table 8.

Retinal thickness [um] Choroidal thickness [um]
Right eye Left eye Right eye Left eye
N valid 16 16 15 15
N missing 1 1 2 2
Mean value 237.438 237.125 228.4 231.133
Standard deviation 46.600 49.680 77.857 87.191
Minimum 155 151 91 84
Maximum 310 327 369 411

Table 8: Subfoveal retinal thickness and choroidal thickness (Jum)

The RNFL thickness was measured in 7 patients. The mean RNFL thickness was
119 microns (SD 14) for the right eye and 119 microns (SD 15) for the left eye. The
RNFL thickness ranged from 104 to 150 microns. The exact values are shown in
table 9.
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Retinal nerve fibre layer [um]

Right eye Left eye
N valid 7 7
N missing 10 10
Mean value 119.143 119
Standard deviation 14.029 14.663
Minimum 104 106
Maximum 143 150

Table 9: Retinal nerve fibre layer thickness (um)

In our seven subjects two patients had a normal RNFL thickness and five patients
had an increased RNFL thickness. No subject had a loss in RNFL thickness. The

normal values used for the evaluation of the RNFL thickness are age-dependent

and machine-specific values.

RNFL right eye RNFL left eye
number | percentage valid number percentage valid
percentage percentage

Normal 2 11.765 28.571 2 11.765 28.571

N valid | too thick 5 29.412 71.429 5 29.412 71.429

all 7 41.176 100.000 7 41.176 100.000
N missing 10 58.824 10 58.824
N total 17 100.000 17 100.000

Table 10: Evaluation of the RNFL thickness (um)
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3.2.5. Distribution of Measurements
The following Q-Q plots show the distribution of the measured values of best-
corrected visual acuity, subfoveal retinal thickness and subfoveal choroidal
thickness compared to a normal distribution. These plots show that the measured

values are close to a theoretical gaussian distribution for all three measurements.
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Table 11: Q-Q Plot of Best Corrected Visual Acuity (decimal acuity)
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Table 12: Q-Q Plot of Subfoveal Retinal Thickness (um)
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Table 13: Q-Q plot of Subfoveal Choroidal Thickness (um)

3.2.6. Correlation of Visual Acuity and Retinal Thickness

The BCVA of the left and the right eye correlated significantly (p=0.05) as shown in
table 14 and 15. This was expected since USH affects both eyes. In our subject
population both eyes were approximately equally affected.

The left BCVA and the left retinal thickness correlated, but not significantly (p=0.119)
as shown in table 14. This might be due to our limited number of USH patients. The
right BCVA and the right retinal thickness correlated significantly (p=0.05) as seen
in table 15. This correlation between retinal thickness in OCT scans and visual
function was expected. The retinal thickness of the left and right eye correlated

significantly, which highlights the bilateral symmetry of typical RP.

BCVA right Retinal thickness left
Korrelation (pearson) 0.682 0.405
BCVA left Significance (2 sided) 0.00358 0.119
N 16 16

Table 14: Correlation of the left BCVA (decimal) and the left retinal thickness (um)
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BCVA left Retinal thickness right

Korrelation (pearson) 0.682 0.581
BCVA right Significance (2 sided) 0.00358 0.0183
N 16 16

Table 15: Correlation of the right BCVA (decimal) and the right retinal thickness (um)

3.2.7. Correlation of Visual Acuity and Choroidal Thickness
We evaluated if there was a correlation between the BCVA and the choroidal
thickness. In our study population there was no significant correlation between
BCVA and choroidal thickness as shown in Table 16 and 17.

Left choroidal thickness

Korrelation (pearson) -0.161
Left BCVA Significance (2 sided) 0.567
N 15

Table 16: Correlation between BCVA and choroidal thickness (um) of the left eye

Right choroidal thickness

Korrelation (pearson) -0.201
Right BCVA Significance (2 sided) 0.473
N 15

Table 17: Correlation between BCVA and choroidal thickness (um) of the right eye

3.2.8. Correlation of Visual Field and OCT Measurements
We checked for correlations of the visual field with the retinal thickness and the
choroidal thickness. As shown in table 18 there is a significant correlation (p=0.05)
between the horizontal and vertical visual field with the retinal thickness in both
eyes. In contrast we were not able to show a significant correlation of the visual field

with the choroidal thickness.
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Retinal Retinal Choroidal Choroidal
thickness left | thickness right ! thickness left | thickness right
Correlation 0.777 0.702 0.172 0.209
(spearman-rho)
Goldmann Significance
horizontal left (92 sided) 0.00108 0.00515 0558 04rs
N 14 14 14 4
Correlation 0.712 0.625 0.221 0.271
(spearman-rho)
Goldmann Significance
horizontal right (92 sided) 0.00428 0.0168 0.447 0-350
N 14 14 14 14
Correlation 0.788 0.689 0.156 0.191
(spearman-rho)
Goldmann ianifi
vertical left Sl(gzng;gzg;:e 0.0008113 000638 009 oo
N 14 14 14 14
Correlation 0.814 0.731 0.203 0.261
(spearman-rho)
Goldmann ianifi
vertical right SI(%ngilg:gge 0.000395 0.00297 0487 0967
N 14 14 14 14

Table 18: Correlation of Visual Field and OCT measurements

3.2.9. Correlation of Age and Ophthalmologic Results
Our results show that there is a significant negative correlation (p<0.05) of a patient’s

age with the visual field as shown in table 19.

Goldmann Goldmann Goldmann vertical | Goldmann vertical
horizontal left horizontal right left right
Correla
tion -0.618 -0.560 -0.588 -0.634
(spearman-rho)
Age YTl

9¢  Significance 0.0185 0.0373 0.0271 0.0148
(2 sided)
N 14 14 14 14

Table 19: Correlation of Visual Field with a Patient’s age

We were not able to show a significant correlation of a patient’s age with the BCVA,

the retinal thickness or the choroidal thickness as shown in table 20.
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Retinal Retinal Choroidal Choroidal
BCVA left | BCVAright | thickness | thickness | thickness ; thickness
left right left right
g)"erarfs'gtr']‘;” -0.0608 -0.369 -0.204 -0.245 -0.439 -0.454
Age (82'93’?(';':5”"9 0.817 0.145 0.449 0.361 0.102 0.0891
N 17 17 16 16 15 15

Table 20: Correlation of a Patient's Age with the Ophthalmologic Results

3.3. Genetic Results

Of the 17 subjects enlisted in the study, two had already undergone genetic testing.
In these two patients their pre-existing results were used for this study. On the other
15 subjects genetic testing was performed by using targeted exome sequencing and
SNP-array-analysis. In 73.34% (11/15) two mutations were identified in one of the
USH genes. With the exception of one subject, which had a homozygous mutation,
we assume that the detected mutations are biallelic (compound-heterozygous),
since USH is an autosomal-recessive disease. However, no genetic testing was
performed on the patient’s parents. In 13.34% (2/15) monoallelic mutations were
identified. In on patient (6.67%) no mutation was detected and in one patient
(6.67%) a homozygous deletion of exon 20 in the CDHZ23 gene was found, which

should be further evaluated by using real-time PCR.

Including the pre-existing results of the two patients, which already underwent
genetic testing, mutations were detected in 94.12% (16/17) of our study population.
In 76.47% (13/17) of cases two mutations were identified, in 11.76% (2/17)
monoallelic mutations were found and in one case (5.88%) a homozygous deletion
of exon 20 on the gene CDH23 was detected. In one case (5.88%) no mutation was

detected through targeted exome sequencing and SNP-array-analysis.

88.24% (15/17) of the mutations were located in genes associated with USH type
2. Out of these the maijority of mutations, namely 76.47% (13/17), were detected in
the USH2A gene. Mutations in the USH type 2 associated gene ADGRV1 were
found in 11.76% (2/17). No mutations were detected in the remaining USH type 2

associated genes. One mutation was found in an USH type 1 associated gene. We
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detected a homozygous deletion of exon 20 in the CDH23 gene in one patient. This
genetic alteration has to be further evaluated via real-time PCR. No variants were
found in USH type 3 associated genes. The distribution of the affected USH genes

is illustrated in table 21.

14 13
12

10

Number

2
2 1 1
. L] ] ]
USH2A ADGRV1 CDH23* No Mutation Found
Affected Gene

Table 21: Distribution of Affected Genes

(*the deletion on CDH23 needs to be further evaluated through real-time PCR)

In total we identified 17 allelic variants in our USH patients. We detected nonsense-
(50%), frameshift- (21.43%), missense- (10.72%) and splice site mutations
(17.86%). The most common mutation was USHZ2A:c.11864G>A (p.Trp3955%),
which was found in five subjects. The second most common mutation was
USH2A:c.6782G>A (p.Trp2261*), which was detected in four subjects. The table 22

shows the detected variants and their molecular consequence.

In our study population the most frequent mutation was USHZ2A:c.11864G>A
(p-Trp3955*). We assumed a prevalence > 8% of this mutation in southern Austria
based on the geographic proximity between Austria and Slovenia and the findings
of Bonnet et al 2016(3). We found a monoallelic USH2A:c.11864G>A (p.Trp3955%)
mutation in five subjects (29.41%), which was significantly higher than 8% (p=0.05).
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Molecular Consequence Interpretation
Gene Variant 1 Variant 2
Variant 1 Variant 2 Variant 1 Variant 2
c.6782G>A, c.11864G>A, likely
USH2A nonsense nonsense pathogenic
p.Trp2261* p.Trp3955* pathogenic
c.11864G>A,
USH2A nonsense pathogenic /
p.Trp3955*
¢.10042_10043dup, €.12234_12235del,
USH2A frameshift frameshift pathogenic pathogenic
p.(Lys3349Leufs*9) | p.(Asn4079Trpfs*19)
c.6782G>A, €.11499_11505del, likely
USH2A ) nonsense frameshift . pathogenic
p.Trp2261* p.(Leu3834Hisfs*7) pathogenic
c.1805G>A, c.11864G>A, uncertain
USH2A missense nonsense o pathogenic
p.Gly602GIu p.Trp3955* significance
C.6782G>A, likely unclassified
USH2A c.5167+1G>A nonsense splice site . .
p.Trp2261* pathogenic variant
€.2209C>T,
USH2A €.6657+3_6657+6del nonsense splice site pathogenic pathogenic
p.Arg737*
€.920_923dup, €.2299del, . . ) )
USH2A ) frameshift frameshift pathogenic pathogenic
p.(His308GInfs*16) p.(Glu767Serfs*21)
c.11864G>A,
USH2A nonsense pathogenic /
p.Trp3955*
C.680T>A, c.6782G>A, ) ) likely
USH2A missense nonsense pathogenic )
p.lle227Asn p.Trp2261* pathogenic
€.920_923dup, c.11864G>A, ) ) )
USH2A ) frameshift nonsense pathogenic pathogenic
p.(His308GInfs*16) p.Trp3955*
USH2A c.2209C>T €.6657+3_6657+6del nonsense splice site pathogenic pathogenic
C. 6399G>A; c.12889T>C; ) ) uncertain
USH2A nonsense missense pathogenic o
p.W2133X p.S4297P significance
) ) ) ) likely likely
ADGRV1 €.9623+1G>A c.9623+1G>A splice site splice site ) )
pathogenic pathogenic
Cc.461C>A, c.8197C>T, likely likely
ADGRV1 nonsense nonsense
p.Ser154* p.Arg2733* pathogenic pathogenic

Table 22: Mutations found in the USH associated genes, their molecular consequence and

pathogenicity

Of the 17 detected variants 58.82% are assumed to be pathogenic mutations,
23.53% are likely pathogenic variants and 17.65% are unclassified variants (see
Table 22). The pathogenicity of the variants was evaluated by using ClinVar(153),
ACMG standards and guidelines(154) and if available molecular biological

evaluations.
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4. Discussion

This study aims to identify variants in USH associated genes and their prevalence
in southern Austria. To our knowledge so far, no clinical study has assessed the
prevalent mutations in USH patients from this Austrian region. A study by Bonnet et
al.(3) which tested 427 USH patients from six European countries' including
Slovenia identified mutations in 93% of cases. The two most frequent mutations
found in their study were USHZ2A:c.2299delG (p.Glu767Serfs*21) and
USHZ2A:c.11864G4A (p.Trp3955*). Although these were the most common
mutations, their geographical distribution varied widely. The most common mutation
in Slovenia was the ¢.11864G4A variant in the USH2A gene with a prevalence of
82.5%(3). Due to the geographical proximity, we expected a similar mutational
landscape in southern Austria and Slovenia. Therefore, we assumed a prevalence
of the ¢.11864G4A variant > 8% in southern Austria. We included 17 USH patients
in our study and were able to detect mutations in 94.12% (16/17). In our study
population the most frequent mutation was USH2A:c.11864G>A (p.Trp3955%). This
variant was found on one allele in five subjects (29.4%), which is significantly higher
than 8% (p=0.05). This findings support our hypothesis that the mutational
landscape in southern Austria may be similar to the one in Slovenia. Even though
we have a very limited number of patients our results reflect the findings of Bonnet

et al. that there exist regionally restricted mutations(3).

As mentioned above — besides the ¢.11864G4A variant — the most common variant
found by Bonnet et al. in Europe was USHZ2A:c.2299delG (p.Glu767Serfs*21). This
USHZ2A variant was found in 32.7% of cases in Germany, while it was not detected
in their Slovenian study population(3). In our study population we have only one
individual carrying this USH2A variant. Since our study was limited to southern
Austria, we propose that the distribution of this variant might be higher in the
northern regions of Austria. This hypothesis could be supported by Millan et al., who
described a decreasing frequency of the ¢.2299delG variant from Northern to

Southern Europe(4).

'S The six European countries were Slovenia, Germany, France, Italy, Spain and Denmark.
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USH type 2 is reported to be the most common USH type in Europe. Currently we
know four genes associated with USH type 2. Disease-causing variants in the
USHZ2A gene are by far the most common cause of USH type 2 in Europe(4,155).
Our results correlate with these findings from other studies. In our study population
15 patients are classified as USH type 2 and one is classified as USH type 1. In total
we were able to detect mutations in USH genes in 94.12% of our USH patients. Out
of these 93.75% (15/16) were detected in USH2 genes and only one subject carried
a mutation in an USH1 gene. Of the mutations found in USH2 genes, 86.67%
(13/15) were detected on the USH2A gene. By comparison, in the study carried out
by Bonnet et al. around 60% of USH patients were classified as USH type 2 and in
91.5% of these USH type 2 cases mutations in USH2A have been detected(3).

In one case we were not able to identify a possibly associated variant in the ten
tested USH genes by using targeted exome sequencing and SNP-array-analysis.
This might be due to the genetic heterogeneity of USH. Especially novel variants
might not be detected by genetic screenings, which focus on previously reported

variants.

Our exploratory objectives were to investigate genotype-phenotype correlations,
since USH is a clinically and genetically heterogenous disease. The relatively large
spectrum of the disease progression of RP in USH makes it difficult to determine an
individual prognosis for the patients(47,155). We were not able to explore these
correlations. For one, we only included 17 subjects, which is far too small to make
any conclusive statements. Further, the small sample size makes it very difficult to
make statistically significant predictions on the underlying population. Furthermore,
many of the USH patients were not included in regular check-ups and only limited

information is known about their disease onset and RP progression.

RP causes a bilateral symmetrical retinal degeneration in patients with USH(50,75).
This symmetry is also seen in our clinical findings. In our subjects the retinal
thickness of the left and the right eye correlated significantly. The BCVA and the

visual field of the right and left eye also showed a high degree of symmetry.

RP is a chronic disease, which leads to a progressive loss of photoreceptor cells.

OCT scans of patients with RP show a reduced outer segment and outer nuclear
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layer thickness. It has been previously reported that a decrease in retinal thickness
has been associated with a decrease in visual functions, in particular with a loss in
visual field sensitivity(57,156). This correlation between retinal thickness and visual
field is also noticeable in our subjects. Visual field and retinal thickness had a
positive correlation. However, we did not find a strong correlation between BCVA

and retinal thickness on both eyes, which might be due to our low patient number.

A decrease in choroidal thickness in RP and USH in comparison to healthy eyes
was described in previous studies(157,158). In our subjects the choroidal thickness
was reduced in seven out of 15 patients, but we did not find a significant correlation

between the choroidal thickness and visual function.

RP in USH is a progressive disease, therefore we expected a more limited visual
function with increasing age. Indeed, we did find a significant correlation between
age and visual field loss. In our study population the subjects with a severely
reduced visual field were all over 40 years old. Although we were able to show a
connection between a decrease in visual field and age, we did not find a significant

correlation of age with BCVA, retinal or choroidal thickness.

The main limitation of our study was the low number of included patients. We were
not able to include our goal of 20 subjects. Furthermore, it was not possible to
perform the eye examinations on all subjects, e.g. because of their comorbidities,
which made it even more difficult to make statistically sound predictions on such a
low number of subjects. Another limiting factor was that many of the patients were
not included in regular check-ups. This made it difficult to assess their disease onset
and progression. Combined with the low number of subjects, this made it impossible
to establish a genotype-phenotype correlation. Furthermore, it is important to
mention that some patients in a late stage of USH were not able to travel to the clinic
and could therefore not partake in the study. This might have led to a selection bias

due to the exclusion of more severe USH cases in our study.

Future studies should include a larger sample size. To further investigate
phenotype-genotype correlations, patients should be followed up more closely for a

larger period of time.
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In conclusion, there seems to exist a large regional heterogeneity in the mutational
landscape of USH patients in Europe. The mutational landscape in southern Austria

seems to be similar to the one in Slovenia.
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