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ABSTRACT

Usher syndrome (USH) is an inherited blindness and deafness disorder with variable vestibular
dysfunction. The syndrome is divided into three subtypes according to the progression and
severity of clinical symptoms. Usher syndrome type 1 (USH1) is characterized by congenital severe
hearing loss, vestibular dysfunction and early onset of retinal degeneration; Usher syndrome type
2 (USH2) by congenital milder hearing loss, normal vestibular function and later onset retinal
degeneration; Usher syndrome type 3 (USH3) by post-verbal progressive hearing loss, variable
onset of retinal degeneration and variable presence of vestibular dysfunction.

The gene mutated in USH3, clarin 1 (CLRN1), was identified in Finland in 2001 and two
mutations were identified in Finnish patients at that time. All the Finnish USH3 patients have the
main Finnish USH3 CLRN1 mutation, p.Y176X, most often in homozygous form. Prior to this study,
the two CLRN1 gene mutations were the only USH mutations identified in Finnish USH patients.
To further clarify the Finnish USH mutation spectrum, all nine USH genes (cadherin 23 [CDH23],
CLRN1, G-protein-coupled receptor 98 [GPR98], harmonin [USH1C], myosin Vlla [MYO7A],
protocadherin 15 [PCDH15], scaffold protein containing ankyrin repeats and SAM domain [SANS],
usherin [USH2A] and whirlin [WHRN]) were studied in Finnish USH patients. Seven mutations
were identified: one was a previously known mutation in CLRN1, four were novel mutations in
MYO7A and two were a novel and a previously known mutation in USH2A. Several other MYO7A
and USH2A sequence variants were identified in Finnish USH patients, but many of these have
been classified as non-pathogenic. Our results, however, suggest that some of these variations,
considered as polymorphisms, may change the function of the protein products enough to
modify or cause the USH phenotype when combined with disease -causing pathogenic USH
mutations in MYO7A, USH2A or CLRN1.

Another aim of this research was to further study the structure and function of the CLRN1
gene, and to clarify the effects of mutations on protein function. The search for new splice
variants resulted in the identification of eight novel splice variants in addition to the three splice
variants that were already known prior to this study. Studies of the possible promoter regions for
these splice variants showed the most active region included the 1000 bases upstream of the
translation start site in the first exon of the main three exon splice variant. The 232 aa CLRN1
protein encoded by the main (three-exon) splice variant was transported to the plasma
membrane when expressed in cultured cells. Western blot studies suggested that CLRN1 forms

dimers and multimers. The CLRN1 mutant proteins studied (p.N48K, p.M120K, p.L150P and
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p.1153_154delinsM) were retained in the endoplasmic reticulum (ER) and some of the USH3
mutations (p.N48K and p.M120K) caused CLRN1 to be unstable. During this study, two novel
CLRN1 sequence alterations were identified and their pathogenicity was studied with cell culture
protein expression. CLRN1 with a p.A123D change was mislocalized and unstable, like the
previously known pathological mutations, but CLRN1 with a p.L54P change had localization and
stability indistinguishable from that of wild type CLRN1. Accordingly, the p.L54P change was
classified as a polymorphism.

The final aim of this study was to find out more about the function of CLRN1 in retina and
cochlea. Previous studies with mice had shown that CiIrnl is expressed in mouse cochlear hair
cells and spiral ganglion cells, but the expression profile in mouse retina remained unknown. The
Clrn1 knockout mice display cochlear cell disruption/death, but do not have a retinal phenotype.
The zebrafish, Danio rerio, has been used successfully as a model for other USH subtypes, thus
zebrafish larvae were used in this thesis to investigate Clrn1 retinal function. Zebrafish clrn1 was
found to be expressed in hair cells associated with hearing and balance. This expression profile
was similar to that in mouse ear. Clrn1 expression was also found in the inner nuclear layer (INL),
photoreceptor layer and retinal pigment epithelium layer (RPE) of the zebrafish retina. When
Clrnl production was knocked down with injected morpholino oligonucleotides (MO) targeting
Clrnl translation or correct splicing, the zebrafish larvae showed symptoms similar to USH3
patients. These larvae had balance/hearing problems and reduced response to visual stimuli.

The knowledge this research has provided about the mutations in USH genes and the
Finnish USH mutation spectrum are important in USH patient diagnostics. The extended
information about the structure and function of CLRN1 is a step further in exploring USH3

pathogenesis caused by mutated CLRN1 as well as a step in finding a cure for the disease.
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REVIEW OF THE LITERATURE

1. Human eye and ear

1.1 Vision

1.1.1 Structure and function of the human retina

The human retina is composed of seven main cell types that create a laminated structure only a
few hundred micrometers thick. The sensory cells are light-sensitive photoreceptors that absorb
different wavelengths. The information absorbed by photosensitive pigments is converted
through chemical processes into electrical signals that are sent to the brain, where they are
interpreted into what we experience as sight. The anatomy of the retina was reported as early as
1893 when Spanish histologist Santiago Ramon y Cajal published the first study of the different
retinal cell types (Ramon y Cajal, 1893).

The retinal cell types are organized into functional layers (Figure 1). The light travels
through the layers to the light-sensitive cells, photoreceptors. The photoreceptors have their
nuclei in the outer nuclear layer (ONL) that is separated from the light-sensitive compartments
located on the other side of the outer limiting membrane (OLM). The photoreceptor
compartments beyond the OLM are inner segment (IS) and outer segment (OS) connected by a
connecting cilium. The outer segment is actually a modified cilium. The inner segment is
responsible for the maintenance of the photoreceptor, and for the synthesis and transport of
proteins through the connecting cilium to the outer segment, where stacks of membranous disks
are filled with light-sensitive pigments. Beyond the photoreceptor outer segment is the retinal
pigment epithelium (RPE). The RPE is not involved in light detection or signal transmission, but is
packed with melanin pigment granules and provides a pigmented layer that absorbs light that is
not absorbed in the photoreceptor outer segments. RPE cells are also crucial in homeostasis of
the photoreceptor outer segments. Photoreceptors shed older membranous disks from the RPE
end of the OS which are reabsorbed through phagocytosis by RPE cells (Schraermayer and
Heimann, 1999). There are two types of photoreceptors, rods and cones. Rods are more sensitive
to light and function in the dark, when we don’t see colours. Cones function during the daytime,
and different cone subpopulations absorb different wavelengths of light, which enables our

colour vision.

12



The light reaching the photoreceptor OS changes the conformation of light-sensitive
pigments, such as rhodopsin in rod photoreceptors, and activates the G -protein (guanine
nucleotide-binding protein) coupled cascade that converts the light signal to plasma membrane
hyperpolarization and affects neurotransmitter release at the photoreceptor synapse (Rattner et
al., 1999). This reaction to light is called the phototransduction cascade, in which the light
excitation in the photoreceptor outer segment is converted into an electrical signal. This signal is
then relayed through photoreceptor synapses in the outer plexiform layer (OPL) to the bipolar
cells located in the inner nuclear layer (INL). The electrical signal is transferred via bipolar cells to
the ganglion cells through another synaptic transfer in the inner plexiform layer (IPL). In the
ganglion cell layer (GCL) the ganglion cells relay the electric signal to the optic nerve and towards
the brain (Wong, 2006).

The photoreceptors, bipolar cells and ganglion cells form the primary signal relay
mechanisms in the retina, but the correct function of the retina requires auxiliary cells that
modify the signal received. For example, the amacrine cells connect to synapses between bipolar
and ganglion cells. These connections form a larger network that modifies the signal leaving the
retina. Similarly, the horizontal cells connect singular photoreceptors into networks of
interconnected photoreceptors by connecting to photoreceptor synapses in the OPL.

The seventh retinal cell type originally identified by Ramon y Cajal is the Miiller cell, the
primary glia in the vertebrate retina. Miiller cells are also the only cells that span through all the
layers in the retina from the inner limiting membrane (ILM) separating the retina from the vitreus
humour to the OLM separating the photoreceptor nuclei from the inner and outer segments

(Newman and Reichenbach, 1996).
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Figure 1. Anatomy of the vertebrate retina. Light hits the retina from the ganglion cell side (located at the
bottom layer in the image) and is detected by photosensitive pigments in the photoreceptor outer
segments. Primary retinal cell types: retinal pigment epithelium cell [P], rod photoreceptor cell (nucleus,
inner and outer segment) [R], cone photoreceptor cell (nucleus, inner and outer segment) [C], Miiller cell
[M], horizontal cell [H], bipolar cell [B], amacrine cell [A], ganglion cell [G]. Retinal layers: retinal pigment

epithelium layer [RPE], photoreceptor outer segment layer, photoreceptor inner segment layer, outer
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limiting membrane (OLM), outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL),

inner plexiform layer (IPL), ganglion cell layer (GCL) and inner limiting membrane (ILM).

1.1.2 Development of the human retina

The seven different cell types, light detectors (cone and rod photoreceptors), projection neurons
(bipolar and retinal ganglion cells), circuit neurons (amacrine and horizontal cells) and the retinal
glia (Mdiller cells) are generated in all developing retinas studied to date in similar order. From
larger to smaller cells, the first to appear are ganglion cells, horizontal cells and cone
photoreceptors. After the first wave of retinal cell generation amacrine cells are produced
followed by bipolar cells, rod photoreceptors and Miller glia. The first layer to develop is the GCL,
then the INL and finally the ONL (Rapaport, 2006). During retinal development synaptogenesis
starts from the IPL and then proceeds to OPL, first progressing within the layer and then vertically
between layers. In mice the photoreceptor ribbon synapses mature between postnatal days (P)
P7 and P12 (Sernagor, 2006).

The Miiller cells envelope the synapses on both plexiform layers during retinal
development and take up glutamate released in the neuronal synapses. The glutamate is
converted by glutamine synthetase into glutamine and recycled back to the neurons by the
Miiller cells. Mdller cells also produce factors promoting neuronal survival especially in the
damaged retina, but Miiller cells can also produce toxic factors that can contribute to retinal
degeneration (Zahs and Esguerra, 2006). The RPE is also important in controlling the
photoreceptor and retinal progenitor cell developmental cell death (Sheedlo et al., 1998, 2001;
Soderpalm et al., 2000).

1.2 Hearing and balance

1.2.1 Structure and function of the human cochlea

The sensory epithelium able to detect sound waves is located inside a hollow bony spiral in the
inner ear called the cochlea. The sensory epithelium within the cochlea was named the organ of
Corti after the man who discovered it, Marchese Alfonso Corti. He described the structure of the
epithelium, including the outer and inner hair cells and tectorial membrane, in 1851 (Figure 2)
(Hachmeister, 2003).

The basic sensory unit of the organ of Corti consists of hair cells, supporting cells, otic

neurons and Schwann cells. The hair cells can convert sound waves moving through the cochlear
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duct to electrical signals, detecting sound waves with stereocilia that move when liquid inside the
cochlear duct is moved by the sound waves. The supporting cells hold the sensory hair cells in the
correct pattern (Alsina et al., 2009). There are five different types of supporting cells that help to
keep the hair cells functioning properly (Ashmore and Gale, 2000). The otic neurons connect the
sensory cells to the brain through the spiral ganglion (the ganglion of the cochlear nerve). The
glia, Schwann cells, envelope the neurons and their axons (Alsina, 2009; Becker et al., 1988). The
morphology of sensory hair cells differs between cochlear and the vestibular system (Kelley,
2006a). The cochlea also has two morphologically distinct hair cells. The inner hair cells make up
95 % of the fibers in the auditory nerve, whereas the outer hair cells, functioning as signal
enhancers, make up only 5 % (Ashmore and Gale, 2000; Becker et al., 1988).

The only “true” hair cell cilium is the kinocilium that disappears after functioning during
development to orient the growth and shape of the graded rows of stereocilia. The kinocilium has
a tubulin core whereas the stereocilia are mechanosensory organelles with F-actin cytoskeletons
(Petit, 2001; Saihan et al., 2009). The stereocilia actin cytoskeletons are anchored to the actin-rich
cuticular plate located at the base of the stereocilia (Hasson et al., 1997). The stereocilia are
tethered together in graded rows with fibrous links (ankle links and tip links). Sound waves
travelling through the inner ear move the stereocilia, this stretches the tip links between them.
The movement of tip links open the mechanosensory channels. Potassium inflow from the
endolymph causes hair cell depolarization which activates the ribbon synapses starting the signal

to the brain (Petit, 2001; Saihan et al., 2009).

1.2.2 Development of the human cochlea

The human cochlea develops from the thickening of ectoderm, which forms the otic vesicle. The
vesicle then separates into vestibular and cochlear parts. The cochlea elongates into a circular
tube, the cochlear duct, by the 8th week of fetal development (E8). A week after that the organ of
Corti starts to develop. At this same time, ganglion cell processes enter the base of the developing
organ of Corti (Moore and Linthicum, 2007). Vestibular hair cells start to develop at E12 and
cochlear hair cells around E13 (Kelley, 2006b). The maturation of the cochlea continues until the

first sound waves are interpreted as sound during weeks E28-29 (Moore and Linthicum, 2007).
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Figure 2. Schematic structure of the ear (inner, middle and outer) and a cross-section of the cochlea. The
outer ear is composed of the pinna and ear canal. In the middle ear, the three ossicles (malleus, incus and
stapes) transfer the sound waves moving the ear drum to the oval window and into the cochlea. The inner
ear has two sensory units. In the cochlea, hair cells detect the sound waves moving in the liquid filling the
cochlear duct. The vestibular system is composed of the semicircular canals containing hair cells sensing

gravity and motion.

2. Usher syndrome

Usher syndrome (USH) is characterized by hereditary deafness and blindness with variable
vestibular dysfunction. The simultaneous occurrence of deafness and retinal degeneration in
patients was first reported in Germany by von Graefe (von Graefe et al., 1858). Scottish doctor
Charles Usher was the first to report that the retinal degeneration and deafness were hereditary
in several families (Usher, 1914). In Finland, Arto Nuutila studied patients with retinitis
pigmentosa and deafness calling the disease dystrophia retinae pigmentosa-dysacusis (DRD)

(Nuutila, 1970). The syndrome with retinitis pigmentosa (RP) and sensorineural deafness was
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officially classified as USH in 1994 (Smith et al., 1994). The prevalence of USH ranges between
3.5-6.2 per 100,000 in different populations worldwide and accounts for half of all adult cases of

deaf-blindness (Saihan et al., 2009; Yan and Liu, 2010).

2.1 Clinical manifestations

The blindness in USH patients is caused by progressive retinal degeneration, retinitis pigmentosa
(RP) (Smith et al., 1994). RP is the most frequent cause of hereditary blindness with an incidence
of 1:3,500 worldwide (Sullivan et al., 1999). RP starts with night blindness, followed by reduction
of the peripheral visual field, resulting in tunnel vision and complete blindness with the loss of
central vision. Vision loss in USH is caused by photoreceptor degeneration (Jacobson et al., 2008).
RP first presents itself in retinal examinations with mottled pigmentation called bone spicules
followed by changes of the optic nerve head and thinning of the retinal blood vessels (Figure 3).
RP can be caused by mutations in over 40 genes. To date, mutations in 161 genes are known to
cause retinal diseases (RetNet, http://www.sph.uth.tmc.edu/retnet/).

The hearing loss in USH is sensorineural. The main finding in the inner ear is degeneration
of cochlear sensory cells and disorganization of hair cell cilia that lead to either progressive or
congenital deafness (Davenport and Omenn, 1977; Fishman et al., 1983; Becker et al., 1988;
Smith et al., 1994). It is estimated that congenital deafness occurs in 1 in 1,000 births. It has been
approximated that half of the cases of congenital deafness are caused by mutated genes and the
other half by environmental influences (Resendes et al., 2001). Mutations in 83 genes are known
to cause hereditary hearing loss (Hereditary Hearing loss Homepage, http://

hereditaryhearingloss.org/).
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Figure 3. Progression of retinitis pigmentosa in USH patients. Funduscopic examination of a 17-year-old
male USH3 patient with 40 degree visual field and visual acuity of 20/30. The retina is showing no signs of
RP (A, B). Funduscopic examination of a 32-year-old female USH3 patient with 20 degree visual field and
visual acuity of 20/60. The retinal vessels are thinning and mottled pigmentation (bone spicules) have
formed (C, D). Images provided by Sankila EM.

2.2 Clinical subtypes

Usher syndrome has been traditionally divided according to the severity of the clinical symptoms
into three subtypes (Table 1). Usher syndrome type 1 (USH1) is characterized by severe congenital
deafness with prepubertal onset of RP and vestibular problems. Usher syndrome type 2 (USH2) is
characterized by congenital moderate to severe deafness, RP that starts during the first or second

decade of life, and normal vestibular function. Usher syndrome type 3 (USH3) is characterized by
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usually post-verbal progressive hearing loss with variable onset of RP and either normal or

variably affected vestibular function (reviewed in Yan and Liu, 2010).

Table 1. Clinical subtypes of Usher syndrome

USH subtype USH1 USH2 USH3
Onset of RP prepubertal prepubertal/pubertal | prepubertal/pubertal
Deafness severe congenital severe/moderate progressive leads to
congenital severe/moderate
Vestibular function | abnormal normal abnormal/normal

USH2 is the most common USH subtype. Worldwide, 56-67 % of USH patients have USH2
(Keats and Savas, 2004; Petit, 2001). USH1 accounts for 30-40 % of USH cases worldwide (Espinos
et al., 1998; Hope et al., 1997; Spandau and Rohrschneider, 2002). Subtypes USH1B (mutated
gene myosin Vlla) and USH2A (mutated gene usherin) together account for 75-80 % of USH cases
worldwide (Pennings et al., 2002). In 1994, when the official classification of USH was made, an
USH subtype with progressive hearing loss was reported in rare cases (Beatty et al., 1979;
Davenport and Omenn, 1977; Gorlin et al., 1979; Gréndahl and Mj6en, 1986; Karp and Santore,
1983; Merin et al., 1974) and only two subtypes, USH1 and USH2, were recognized (Smith et al.,
1994). USH3, with progressive hearing loss, was eventually recognized as an official USH subtype
after Sankila et al. (1995) assigned linkage for ten Finnish USH3 families to a new locus on
chromosome 3q21-g25 and identified the causative gene, USH3A (Joensuu et al., 2001). One
reason why USH3 was identified in Finland is the USH subtype distribution. In Finland, the USH3
subtype is more common than in the rest of the world because of a founder effect and
subsequent enrichment of the founder mutation in the small and relatively isolated Finnish
population. The proportion of different subtypes among Finnish USH patients are approximately:
34 % USH1, 12 % USH2 and 40 % USH3 while 14 % of patients have unknown USH subtype
(Pakarinen et al., 1995a). A similar prevalence of USH3 patients among USH cases has also been
reported in Ashkenazi Jews (Ness et al., 2003).

Symptoms of USH3 overlap with those of USH1 and USH2, making the clinical diagnosis
difficult. A study of Finnish USH patients suggested differences of refractive errors between
different USH types: USH3 patients have hypermetropia with astigmatism, whereas USH1

patients have hypermetropia without astigmatism, and USH2 patients have myopic refractive
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errors (Pakarinen et al., 1996). USH3 patients have similar rates of deterioration in visual function
compared to USH1B and USH2A patients. The USH3 patients’ visual field deterioration is more
severe than in USH2A patients and is similar to that in USH1B patients (Plantinga et al., 2006). In
the studied USH3 patients, rod dysfunction and loss starts from the peripheral field in the first
decade of life and spreads to the central retina in the second decade. The rod loss is almost
complete within the first two decades of life. Some peripheral cone function is still present during
the third decade. Central cone loss is gradual and can last for several decades. There is no
evidence of malfunction in synaptic activity in electroretinograms (ERG) during USH3 retinal
degeneration, but the ONL loss accompanied by visual symptoms suggests that photoreceptor
degeneration is involved in the USH3 pathogenesis (Herrera et al., 2008). The hearing loss in USH3
patients is highly variable. The patients can have close to normal hearing thresholds or their
hearing loss can be more severe than in subtype USH2, closer to the USH1 subtype level. Patients
may lose their speech recognition before language development as a child, but most patients
have good speech recognition to a far more advanced age. The hearing loss progresses fastest

during the first two decades of life (Plantinga et al., 2005).

3. Molecular genetics of Usher syndrome

3.1 The definition of a gene

The estimated gene count of the human genome has changed over the years. There are
approximately 20 000—25 000 protein coding genes in the human genome that is composed of
23 chromosome pairs (HUGO, 2004). Chromosomes are coiled DNA structures, where DNA is
bound and packed around DNA binding proteins. Genes are traditionally thought to be composed
of exons and introns. During the reading process of the gene, splicing of the intronic segments
happens so that only the exons form the coding region which is translated into an amino acid
sequence. This amino acid sequence folds into local three-dimensional structures (secondary
structure) and finally, the locally folded amino acid sequence folds into the main three-
dimensional structure (tertiary structure). After the protein is correctly folded into the final
structure, it is possibly joined with other proteins into a working complex (quaternary structure).
This traditional way of seeing a gene as a simple message to code a single protein has changed

with recent findings about gene splicing.
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Approximately 95 % of known multi-exon genes undergo alternative splicing (Pan et al.,
2008). Recently, the concept of a gene has been refined according to an improved understanding
of alternative splicing (Figure 4). The ENCODE project (ENCyclopedia Of DNA Elements) cataloged
biologically functional elements in 1 % of the human genome. This project redefined the concept
of a gene into “a union of genomic sequences encoding a coherent set of potentially overlapping
functional products” (Gerstein et al., 2007). It seems that much of human complexity is not the
direct result of the number of genes we have (which is relatively similar to several other
mammals), but rather, the complexity of the transcripts (and thus proteins) that are generated by
those genes (Johnson et al., 2003a; Matlin et al., 2005; Pan et al., 2008; Wang et al., 2008).

The transcriptional activity of a gene is controlled by the gene’s promoter region. The
promoter region is divided into the proximal promoter, which is usually located within 250 bp
upstream of the transcription start site, and the distal promoter, which includes regulatory
elements (either inhibiting or enhancing transcription) further upstream or downstream of
transcription start site. Our knowledge about the promoter region has also changed over time. A
simple single promoter region controlling the expression of a single, always similarly spliced
variant, has changed into a complex network of alternative splice variants possibly controlled by
multiple promoter regions. If a gene has an alternative 5° end which generates an alternative
splice variant, there is also an alternative proximal promoter region regulating this new variant.
On the other hand, a certain gene may have the same transcribed sequence in different tissues,
but alternative active promoters. Approximately 18 % of genes have alternative promoters that
control their expression (Landry et al., 2003).

Although the definition of a gene has evolved to be more complex and closer to reality in
recent years, we cannot even now assume that we know the whole truth about what comprises a

gene and influences its function.

Figure 4. Progressive understanding of gene structure. The traditional definition of a gene (1.) was
one promoter controlling the transcription and splicing of the exons (A) of a single spliced transcript
(B) encoding an open reading frame (ORF) (C) translated into a protein (D). The refined definition of a
gene (2.) is that a gene can have multiple splice variants with several exon combinations (E). The
original gene (A) was in fact five different genes intertwined with three alternative promoter regions

sharing the same exons but in alternative combinations (F).
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3.2 Genes behind USH subtypes

The genes that cause USH when mutated range in size from the three exon clarin 1 (CLRN1)
causing USH3 to “G -Protein coupled Receptor 98” (GPRI8) with 90 exons causing USH2C (Table
2) (Adato et al., 2002; Weston et al., 2004).

Eight different chromosomal loci (USH1B-H) have been mapped in families with USH1. To
date, five genes have been reported with mutations in these five genes causing different USH1
subtypes. USH1B is caused by mutated MYO7A (encodes protein myosin Vlla) (Kimberling et al.,
1992; Smith et al., 1992; Weil et al.,, 1995), USH1C by mutated USHIC (harmonin) (Bitner-
Glindzicz et al., 2000; Smith et al., 1992; Verpy et al., 2000), USH1D by mutated CDH23 (cadherin
23) (Bolz et al., 2001; Bork et al., 2001; Wayne et al, 1996), USH1F by mutated PCDH15
(protocadherin 15) (Ahmed et al., 2001; Wayne et al., 1997) and USH1G by mutated USH1G
(scaffold protein containing ankyrin repeats and SAM domain [SANS]) (Kikkawa et al., 2003; Weil
et al., 2003). There are also two additional loci (USHIE and USH1H) in which no USH1 gene has
yet been identified (Ahmed et al., 2009; Saihan et al., 2009; Yan and Liu, 2010). The USH1A locus
reported in 1992 (Kaplan et al., 1992) was later found to be a linkage artifact (Gerber et al., 2006).
Of the USH1 subtypes, USH1B is the most common and mutated MYO7A accounts for one third
to half of the USH1 cases in the UK and USA (Astuto et al., 2000; Ouyang et al., 2005; Weston et
al., 1996).

Four loci (USH2A-D) have been associated with USH2, but the USH2B locus was later
withdrawn by Kremer et al., (2006). The disease-causing genes in the three remaining loci have
been found: USH2A is caused by mutations in USH2A (encodes protein usherin) (Eudy et al.,
1998a; Weston et al., 2000), USH2C by mutations in VLGR1 (very large G-protein-coupled
receptor 1[VLGR1]/mass1/GPR98) (Weston et al., 2004) and USH2D by mutations in WHRN
(whirlin) (Ebermann et al., 2007a). Mutated USH2A is estimated to account for 85 % of all USH2
cases (Pieke-Dahl et al., 1997; Weston et al., 2000).

USH3A was mapped to locus 3q21-25 and the CLRN1 gene was discovered in this region
(Sankila et al., 1995). Another subtype USH3B was mapped to locus 20q, but the gene in this
region is still unknown (Petit, 2001). USH modifier gene PDZD7 is located in 10g24.31. Mutated
PDZD7 can only modify USH phenotype when combined with mutated USH2A or VLGR1b
(Ebermann et al., 2010).
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Table 2. Known USH genes and proteins (at completion of this thesis), their chromosomal locations,

structures and references. *Number in parenthesis marks identified spliced variations reported in

Aceview database (Aceview [http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/], September, 2011).

USH gene chromosome | number | cds known protein references
subtype location of size splice
exons (nt) | variants*
Usher syndrome type 1
USH1A 14932 Kaplan, 1992;
(withdrawn) Gerber, 2006
USH1B | MYO7A 11913.5 49 (48 | 6648 3 (10) | myosin Vlla Weil, 1995
coding)
USH1C | USH1C 11p15.1 28 1659 2(11) harmonin Verpy, 2000
USH1D | CDH23 10g22.1 69 10064 | 9(19) | cadherin 23 Bolz, 2001
USH1E 21921 unknown Chaib, 1997
USH1F | PCDH15 10g21.1 32 5889 [ 12 (13) | protocadherin 15 [ Ahmed, 2001;
Alagramam,
2001
USH1G | SANS 179251 3 3561 1(2) scaffold protein Weil, 2003
containing
ankyrin repeats
and SAM
domain
USH1H 15g22-23 unknown Ahmed, 2009
Usher syndrome type 2
USH2A | USH2A 1941 72 15609 2 (6) usherin Eudy, 1998a;
van Wijk, 2004
USH2B 3p23-24.2 Hmani, 1999;
(withdrawn) Kremer, 2006
USH2C | GPR98/ | 5q14.3-21.1 20 18921 2 (14) | G protein- Weston, 2004
VLGR1 coupled receptor
98/ mass1/ very
large G-protein-
coupled receptor
USH2D | WHRN 9932-34 12 2724 3 (14) [ whirlin Ebermann,
2007a
Usher syndrome type 3
USH3A | CLRN1 3g25.1 3 699 3 (5) clarin 1 Joensuu, 2001;
Adato, 2002
USH3B 20q Chaib, 1997
Known USH modifier gene
PDZD7 10924.31 16 1554 2(9) PDZ domain- Schneider, 2009;
containing 7 Ebermann, 2010
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Several USH genes can harbor mutations that cause nonsyndromic deafness rather than
USH: MYO7A (DFNA11 and DFNB2), USHIC (DFNB18), CDH23 (DFNB12), PCDH15 (DFNB23),
WHRN (DFNB31) (Yan and Liu, 2010), missense and inframe changes in USH1C, CDH23 and
PCDH15 cause nonsyndromic deafness and truncating mutations cause USH (Saihan et al., 2009).
USH2A can cause nonsyndromic retinitis pigmentosa when mutated (RP39) (Yan and Liu, 2010).
Recently, two mutations in CLRN1 have been reported to cause autosomal recessive retinitis
pigmentosa (arRP) (Khan et al., 2011). Studies with siblings, including twins, with USH2A point to
environmental factors and genetic modifiers as the main modifiers of USH phenotype (Bernal et

al., 2005; Liu et al., 1999a).

3.3 Progress from the USH3A locus to the CLRN1 gene

After the USH3 locus was localized to 3g21-g25 (Sankila et al., 1995) and the area was refined
further (Joensuu et al., 1996; Joensuu et al., 2000), the USH3A gene was identified in 2001
(Joensuu et al., 2001). In this first study the USH3A gene was reported to have four exons with a
coding region of 360 bp in a genomic region of ~18 kb. The original USH3A gene was predicted to
translate a 120 aa protein with two putative transmembrane regions. An alternative splice variant
for USH3A was discovered with five exons and a putative coding region of only 30 aa. Alternative
splice variants of 4.5 kb, 1.5 kb and 1 kb in size were ubiquitously expressed in Northern blot
analysis (Joensuu et al., 2001). The name of the gene was later changed to clarin 1 (CLRN1) when
it was found that the original four exon splice variant is rare and the main variant has only three
exons, the first one upstream of the original first exon. This main variant has a coding region of
696 bp encoding a 232 aa long protein with four predicted transmembrane regions (Adato et al.,
2002). CLRN1 is known to be expressed in several tissues outside retina and cochlea (Adato et al.,

2002; Fields et al., 2002; Joensuu et al., 2001).

3.4 CLRN1 sequence variants

Eighteen mutations have been discovered in the CLRN1 gene so far (see Table 6 in Results and
Discussion). The mutations discovered in Finnish USH patients are p.M120K (in combination with
the Finnish founder mutation) and p.Y176X (Finnish founder mutation identified in all Finnish
patients either in homozygous or heterozygous state). There is another USH3 founder mutation,

p.N48K, in the Ashkenazi Jewish population responsible for similar a USH subtype distribution as
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in the Finnish population (Adato et al., 2002; Fields et al., 2002; Ness et al., 2003). The other
mutations have been described in sporadic cases/families throughout the world. Several
sequence polymorphisms have been identified in CLRN1 exons, introns and promoter regions.

These have been categorized as benign changes (Adato et al., 2002; Fields et al., 2002).

4. Usher syndrome proteins

USH proteins function in cell adhesion, intracellular transport, scaffolding and signal
transduction. Five USH proteins are transmembrane proteins and four are soluble

cytoplasmic proteins (Table 3).

Table 3. Proteins coded by the USH genes, their sizes and predicted/known functions.

USH Protein Protein | size size Function
subtype symbol | (aa) | (approximate in
kDa)
USH1B | myosin Vila MYO7A | 2215 254 soluble motor protein
USH1C | harmonin USH1C | 552 62 soluble scaffold protein
USH1D | cadherin 23 CDH23 | 3354 370 transmembrane
cell adhesion protein
USH1F | protocadherin 15 PCDH15 | 1962 216 transmembrane
cell adhesion protein
USH1G | scaffold protein SANS 461 52 soluble scaffold protein
containing ankyrin
repeats and SAM
domain
USH2A | usherin USH2A | 5202 576 transmembrane
cell adhesion protein
USH2C | G-protein-coupled | GPR98/ | 6306 693 transmembrane
receptor 98/ VLGR1 receptor protein

mass1/ very large
G-protein-coupled

receptor 1
USH2D | whirlin WHRN 907 97 soluble scaffold protein
USH3 clarin 1 CLRN1 232 26 transmembrane

protein function unknown
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4.1 USH1

The USH1 proteins have different functions. They function in transport, cell-cell adhesion or as
scaffold proteins. Myosin Vlla (MYO7A) is an unconventional motor protein that moves along
actin filaments. MYO7A consists of motor head domain that connects to actin and produces force
for movement, five calmodulin-binding IQ motifs, two FERM domains (Protein 4.1, Ezrin, Radixin,
Moesin domain) and MyTH4 domains, and one Src homomology (SH3) domain (Chen et al., 1996;
Weil et al., 1996). IQ motifs are part of the rigid structure functioning as a mechanical lever in
myosin, and the number of them determines the length of the step for the myosin protein along
the actin filament (Bahler and Rhoads, 2002). The FERM domain is a module involved in localizing
proteins to the plasma membrane, especially in several cytoskeletal associated proteins like
MYO7A that interface between the plasma membrane and the cytoskeleton (Chishti et al., 1998).
MYQO7A is involved in intracellular lysosome transport, opsin transport through the connecting
cilium in photoreceptors and melanosome transport in RPE cells as well as RPE65 correct
localization. RPE65 is an enzyme that catalyzes all-trans-retinyl ester conversion to 11-cis retinol in
the retinoid cycle. These are some of the processes MYO7A is involved with and problems with
these could cause USH1 (Liu et al., 19983a; Liu et al., 1999a; Soni et al., 2005; Lopes et al., 2011).

Cadherin 23 (CDH23) and protocadherin 15 (PCDH15) are transmembrane cell-cell
adhesion proteins. CDH23 has a single transmembrane domain, 27 extracellular Ca** -binding
domains (cadherin domain), and an intracellular PDZ (post-synaptic density, disc-large, Zo-1) -
domain binding motif (PBM). PCDH15 has also only one transmembrane domain, an intracellular
PBM domain and either eleven (isoform A) or one (isoform B) extracellular cadherin domain
(Alagramam et al., 2001; Bolz et al., 2001; Di Palma et al., 2001a, 2001b; Reiners et al., 2006;
Wilson et al., 2001; Yan and Liu, 2010).

Harmonin (USH1C) and “scaffold protein containing ankyrin repeats and SAM
domain” (SANS) are scaffold proteins. Harmonin has three isoforms. The shortest isoform has
two PDZ domains and one coiled-coil domain, a longer isoform has three PDZ domains and one
coiled-coil domain while the longest isoform has three PDZ domains as well as two coiled-coil
domains and proline/serine/threonine-rich region. SANS has numerous protein-protein
interaction domains: three ankyrin domains (ANK), one sterile a- motif (SAM) and one PBM (Yan

and Liu, 2010).
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4.2 USH2

Usherin (USH2A) has two alternative splice isoforms. The shorter isoform encodes an extracellular
matrix protein and the longer isoform encodes a larger protein with a transmembrane region and
a short cytoplasmic PBM domain. Both USH2A proteins have a signal peptide in the N-terminus
and several binding domains: a laminin G domain, 10 laminin EGF domains, four fibronectin type
Il (FN3) domains, and a laminin VI domain. The longer isoform has two additional laminin G
domains, 28 FN3 domains, as well as one transmembrane domain and an intracellular PBM
domain (Bhattacharya et al., 2004; Eudy et al., 1998a, 1998b; Liu et al., 2007; van Wijk et al.,
2004).

“G-protein coupled receptor 98” (GPR98) is a member of the serpentine G-protein
coupled receptor superfamily. The GPR98 protein has laminin G-like binding domain, 35 Ca?* -
binding calcium exchanger B (Calx) domains, 7 protein-protein interaction EAR (epilepsy
associated repeat)/EPTP (Epitempin repeat) repeats, 7 transmembrane regions and an
intracellular PBM domain (Scheel et al., 2002; Skradski et al., 2001; Staub et al., 2002; Weston et
al., 2004). GPR98 is the largest G protein -coupled receptor (GPCR) and the largest known cell
surface protein (McMillan and White, 2011). Whirlin (WHRN) is a scaffold protein with three PDZ

domains and one proline-rich region (Ebermann et al., 2007a).

4.3 USH3

CLRN1 is predicted to have four transmembrane domains (Adato et al., 2002). Although CLRN1
does not have any clear functional domains, CLRN1 shares homology with the tetraspanin family
with four transmembrane domains (Adato et al., 2002). Tetraspanins are thought to act as

scaffold proteins that bind proteins into networks in membrane microdomains (Hemler, 2005).

4.4 Usher protein network

USH proteins are thought to interact and form USH protein interactomes, where the USH proteins
have different functions. In this interactome CDH23, GPR98, PCDH15 and USH2A are
transmembrane proteins (Bahloul et al., 2010; Maerker et al., 2008; Reiners et al., 2005a, 2006;
van Wijk et al.,, 2006). USH1C, SANS and WHRN are the scaffold proteins that link the USH
proteins into a functional network (Bahloul et al., 2010; Maerker et al., 2008; Reiners et al.,

2005a, 2006; Yan and Liu, 2010; van Wijk et al., 2006). It has been proposed that USH1C and
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WHRN function as scaffold proteins in the inner ear while WHRN and SANS function as a scaffold
in the retina (Maerker et al., 2008). MYO7A interacts with USH1C and SANS and through them
connects the USH interactome to the actin cytoskeleton. MYO7A functions in transporting cargo
along the actin filaments (Reiners et al., 2006). The scaffold proteins USH1C (Adato et al., 2005;
Siemes et al., 2002), WHRN (Delprat et al., 2005), SANS (Adato et al., 2005) and transport protein
MYO7A (Kremer et al., 2006) also form homodimers. The USH interactome has been suggested to
function in cell polarity and cell-cell interactions (Yan and Liu, 2010). So far, CLRN1 has not been
directly linked to the USH protein network. The similarity of the symptoms in patients with CLRN1
mutations and in patients with mutations in other USH genes suggest that CLRN1 is somehow
linked to this Usher protein interactome and its function.

Several other proteins have been associated with the Usher protein interactome. For
example, when PDZD7 is mutated and inherited together with mutated USH2A or VLGR1 the
mutated PDZD7 modifies the USH phenotype. PDZD7 is a homolog to WHRN and USH1C and
linked to the USH interactome as a scaffold protein (Ebermann et al.,, 2010). Vezatin is a
transmembrane protein that links MYO7A to membrane cadherin-catenin complexes (Kiissel-
Anderman et al., 2000). WHRN has been reported to function as a scaffold to “L-type calcium
channel subunit Ca,1.3(oup)” (encoded by CACNA1D). WHRN and Ca,1.3(aip) colocalize in
photoreceptors connecting cilia and synapses. Cay1.3(aip) subunit is assumed to have a similar
function as the CACNALF subunit, which is thought to mediate neurotransmitter release.
Cay1.3(ap) is associated with X-linked congenital stationary night blindness and X-linked cone-rod
dystrophy (Bech-Hansen et al., 1998; Berntson et al., 2003; Jalkanen et al., 2006; Kersten et al.,
2010; Strom et al., 1998). NBC3 is a sodium bicarbonate cotransporter responsible for disposal of
acid H* accumulating in neuronal cells. This protein has been proposed to be a part of the Usher
interactome since the lack of functional NBC3 causes hearing impairment and blindness in mice

similar to USH (Bok et al., 2003; Reiners et al., 2006).

4.5 Usher proteins in sensory organs

USH manifests itself as retinal and cochlear cell dysfunction. Though these organs are very
different, they share similar functional structures. Hair cells in the inner ear and retinal
photoreceptors both have non-motile cilial structures as well as special synaptic structures,
ribbon synapses. The ribbon synapses are presynaptic structures and come in various shapes and

sizes. They tether hundreds of synaptic vesicles near calcium channels controlling exocytosis of
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these vesicles into the synaptic cleft directly across from postsynaptic glutamate receptors. This
enables rapid and continuous release of neurotransmitters. The ribbon synapses are present only
in neurons that need to create continuous but graded electrical signals (rods, cones, bipolar cells
and cochlear hair cells) (Fernandez-Alfonso and Ryan, 2006; LoGiudice and Matthews, 2009; Petit,
2001).

4.5.1 Retina

In photoreceptors most USH proteins localize near the connecting cilium. The connecting cilium
has a central axoneme structure composed of acetylated tubulin. The tubulin core anchors
protein complexes and functions as a route for tubulin associated molecular motor proteins to
carry proteins up and down the cilia (Liu et al., 2010). In the connecting cilium, SANS may connect
the membrane associated USH protein interactome to the tubulin cytoskeleton whereas MYO7A
mediates the transport along actin filaments (Maerker et al., 2008). USH proteins form an
interactome also in the periciliary scaffold, which functions in the transport of vesicular cargo
between inner and outer segments of photoreceptor cells (Figure 5). This USH protein
interactome located in the connecting cilium and in the periciliary region, while still hypothetical,
includes the long form of USH2A, full length GPR98, CDH23, MYO7A, SANS, WHRN as well as
vezatin and PDZD7 (Ebermann et al., 2010; Maerker et al., 2008; Michalski et al., 2007; Reiners et
al., 2006). In this interactome the scaffold proteins SANS and WHRN bind to the intracellular
segments of transmembrane proteins USH2A and GPR98. The transmembrane proteins link the
photoreceptor inner segment membrane (periciliary ridge) to the connecting cilium by forming a
link similar to the stereocilia ankle links across the cleft between connecting cilium and periciliary
region plasma membranes (Liu et al., 2007; Maerker et al., 2008).

All USH proteins have been detected in the ribbon synapse region of photoreceptor cells
and in the plexiform layers of the retina. In synaptic regions the USH proteins are thought to form
an interactome similar to the interactome in the periciliary region, reaching through the synaptic
cleft and participating with the synaptic vesicular traffic (Kremer et al., 2006; Reiners et al., 2003,
2005a, 2005b; 2006; Reiners and Wolfrum, 2006; van Wijk et al., 2006). This model for the USH
protein interactome in synapses is widely accepted even though some studies have found
contrasting results, where USH proteins could not be found in the retinal synapses (Liu et al.,
2007; Williams, 2008). PDZD7 does not localize into the photoreceptor synapse. However,
mutated PDZD7 has only been identified to modify the USH phenotype in USH patients when
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combined with mutated USH2A or VLGR1b (Ebermann et al.,, 2010). PDZD7 localization in
photoreceptor cilia, but not in the photoreceptor synapse, suggest that either the crucial function
of the USH protein interactome is in the synapse and the absence of the USH interactome
function in connecting cilia only aggravates the USH phenotype or that the PDZD7 function in the
connecting cilia can be augmented if PDZD7 is mutated unless USH2A and VLGR1 are mutated as
well. There is clinical evidence for synaptic function of the USH protein interactome as the Cdh23
mutant mouse has attennuated ERG a- and b-wave amplitudes suggesting abnormal
photoreceptor synaptic function (Libby et al., 2003). However, USH patients show no signs of

synaptic dysfunction prior to photoreceptor degeneration (Jacobson et al., 2008).
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Figure 5. A) Known localizations of USH proteins in a photoreceptor cell. MYO7A localizes to the RPE cells;
USH1C, PCDH15 and PDZD7 to the photoreceptor outer segment; MYO7A, CDH23, SANS, USH2A, GPR9S,
WHRN and PZDZ7 to the connecting cilium/periciliary ridge; CDH23, SANS, USH2A, WHRN and PDZD7 to
the base of the connecting cilium; MYO7A, USH1C, CDH23, PCDH15, SANS, USH2A, GPR98 and WHRN to
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the synaptic region (Liu et al., 1999a, 2007; Maerker et al., 2008; Reiners et al., 2005a, 2005b, 2006;
Williams et al., 2009). B) Close up of the photoreceptor connecting cilium region. The USH interactome has
been suggested to form a link between the connecting cilium and periciliary ridge (Maerker et al., 2008;
Yang et al., 2010). C) Close up of the photoreceptor synapse. USH proteins localize to the synaptic region
and the USH interactome has been suggested to form links crossing the synaptic cleft (Kremer et al., 2006;
Reiners et al., 2003, 2005a, 2005b, 2006; Reiners and Wolfrum, 2006; van Wijk et al., 2006).

USH proteins are not exclusively localized to photoreceptor connecting cilia/periciliary
ridge region and synapses. MYO7A, which is associated with F-actin traffic, functions in the
transport of phagocytosized outer segment sections and melanosomes along actin filaments in
RPE cells (Hasson et al., 1995; Liu et al.,, 1998a, 1999b; Gibbs et al., 2004). USH1C has been
localized into outer segment disk membranes where it may function in organizing
macromolecular complexes. PCDH15 is also localized to the outer segment plasmamembrane and
disk membranes. PCDH15 as well as GPR98, SANS, USH2A and WHRN have been suggested to be
part of cell-cell adhesion between photoreceptors and photoreceptor contacts with the Miiller
glia cells by their presence in the OLM region associated with these functions (Kremer et al., 2006;
Reiners et al., 2003, 2005b). CDH23, SANS, USH2A and WHRN have been localized to the basal
body near the base of the connecting cilium (Maerker et al., 2008; Reiners et al., 2005a, 2006;
Williams et al.,, 2009). PDZD7, a modifier protein for USH, has also been identified in
photoreceptor outer segments and in the base of connecting cilia (Ebermann et al., 2010).

Aside from photoreceptors and OPL, USH proteins have been reported in other layers of
retina (Figure 6). PCDH15 has been localized to the IPL, OLM and GCL (Ahmed et al., 20033;
Reiners et al., 2003; 2005b), MYO7A to RPE (Hasson et al., 1995; Liu et al., 1997a), USH2A to OLM
and Bruch’s membrane, GPR98 to OLM and RPE precursor cells, USH1C to IPL, Miiller cells and
GCL (Bhattacharya et al.,, 2002; McMillan et al., 2002; Phillips et al., 2008/personal
communication; Reiners et al., 2003; 2005a; Reiners and Wolfrum, 2006; van Wijk et al., 2006),
SANS to IPL and OLM (Overlack et al., 2008), WHRN to OLM and GCL (van Wijk et al., 2006) and
USH modifier PDZD7 to INL (Ebermann et al., 2010). CDH23 has only been localized to the OPL
(Lagziel et al., 2009).
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Figure 6. USH protein localization in the retina excluding photoreceptor and OPL localization depicted in
Figure 5. Four of the five USH1 proteins, all the three USH2 proteins and the USH modifier protein, PDZD7,
are also present in other retinal cell types.
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4.5.2 Cochlea

In cochlea all the USH proteins have been localized to the inner ear hair cells (Figure 7). The
reported USH protein localizations and interactions have suggested specific roles for the USH
proteins in the hair cells especially in the development of stereocilia and/or kinocilia (Saihan et al.,
2009). The USH proteins have been suggested to form an interactome similar to the periciliary
interactome in photoreceptors especially at the ankle links of developing stereocilia (Michalski et
al., 2007). Transmembrane USH2A and GPR98 proteins function in forming the transient ankle
links between stereocilia (Adato et al., 2005; McGee et al., 2006). Transmembrane CDH23 and
PCDH15 proteins are part of the transient lateral links and kinociliary links. In the later stage of
development CDH23 and PCDH15 form heteromeric complexes in the stereocilia tip links. Scaffold
protein USHI1C isoform b has a similar localization pattern. It is detected along the entire
stereocilia during development, but later USH1C isoform b is localized mainly to the tip of
stereocilia (Béeda et al., 2002). The USH2A and GPR98 in the ankle links as well as CDH23 and
PCDH15 have PDZ binding domains that can link them to USH1C and WHRN. USH1C and WHRN
anchor the extracellular links. CDH23, GPR98, PCDH15 and USH2A interact through USH1C and
WHRN with MYO7A and SANS connecting the extracellular links to the actin cytoskeleton (Reiners
et al., 2006; Yan and Liu, 2010).

MYO7A is also connected to vezatin, a transmembrane protein that provides another link
from the plasma membrane to the actin cytoskeleton. Vezatin localizes to the junctions between
hair cells and supporting cells. Likewise MYO7A colocalizes to the pericuticular necklace between
adherens junctions and the cuticular plate (Hasson et al., 1997; Kissel-Andermann et al., 2000).
MYO7A most likely functions in transporting the other USH proteins along the stereocilia as well
as vesicle traffic and membrane uptake in the pericuticular necklace region (Richardson et al.,
1997; Rhodes et al., 2004). USH1C likely functions in cell polarity as well as cell-cell interactions
(Johnston et al., 2004; Yan et al., 2006). The scaffold protein WHRN is linked to F-actin growth
(Mburu et al., 2003). The localization of SANS in the cuticular plate region and reports that it
interacts with MYO7A as well as CDH23 and USH1C suggest a role for SANS in trafficking the USH
proteins towards the stereocilia (Yan and Liu, 2010; Saihan et al., 2009; Weil et al., 2003).

The fact that USH proteins associate with cilia both in the photoreceptors and in the inner
ear hair cells, as well as in tissues like olfactory epithelium and spermatozoa (Adato et al., 2002;
Barrong et al., 1992; Hunter et al., 1986; Reiners et al., 2006; Saihan et al., 2009; Wolfrum et al.,

1998), is the reason why USH has been classified as a ciliopathy even though the USH disease
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pathology lacks symptoms like primary ciliary dyskinesia, polycystic liver/kidney disease and

hydrocephalus associated with other ciliopathies (Adams et al., 2007).
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Figure 7. Structure of a hair cell (A) and localization of USH proteins in the hair cell ciliary region (B). USH2A
(Adato et al., 2005) and GPR98 (McGee et al., 2006) are part of the ankle links between stereocilia, CDH23
and PCDH15 are part of the lateral links as well as tip links and kinocilial links (Lagziel et al., 2005; Michel et
al., 2005; Kazmierczak et al., 2007). WHRN (Delprat et al., 2005), USH1C isoform B (Bbeda et al., 2002) and
SANS (Caberlotto et al., 2011) are localized to the tips of stereocilia. MYO7A is located in the pericuticular
necklace (Hasson et al., 1997). GPR98 (McGee et al., 2006), MYO7A (El-Amraoui et al., 1996), PCDH15 (Yan
et al., 2011), SANS (Adato et al., 2005), USH1C (Bbeda et al., 2002) and USH2A (Adato et al., 2005) are
located in the cuticular plate region beneath the stereocilia. CDH23 (Bbeda et al., 2002) and PCDH15
(Ahmed et al., 2003a) are localized along the entire length of the stereocilia as well as MYO7A (Hasson et
al., 1997; El-Amraoui et al., 1996) and WHRN (Mburu et al., 2003) that are associated with actin filaments

within the stereocilia. SANS has been detected in the kinocilium (Reiners et al., 2006).

All the USH proteins also localize to the hair cell synaptic region. The hair cell synapse, like
the photoreceptor synapse, has specialized synaptic structures, ribbon synapses, and a similar
need for sustained synaptic activity (Kremer et al., 2006; Saihan et al.,2009; Yan and Liu, 2010). A

study with mice either carrying CDH23 with missense mutations or CDH23 null alleles suggest
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that USH is caused by the absence of CDH23. The absence of CDH23 prevents USH interactome
function in stereocilia development and thus correct hair bundle organization. Nonsyndromic
deafness, DFNB12, is caused by missense mutations in CDH23, which allow normal hair bundle
organization but cause tip link loss leading to mechnotransduction defects (Schwander et al.,
2009).

USH proteins in cochlea are not exclusively present in hair cells. USH proteins or USH gene
expression have also been detected in spiral ganglion neurons (USH2A, PCDH15, CLRN1),
Reissner’s membrane (CDH23) and supporting cells (SANS, PCDH15, USH2A) (Kremer et al., 2006).

5. Usher syndrome animal models

5.1 Mouse

There are naturally occurring mouse models for six of the USH subtypes: MYO7A (shaker-1),
CDH23 (waltzer), PCDH15 (Ames waltzer), SANS (Jackson shaker), WHRN (whirler) and USH1C
(deaf circler) as well as genetically modified mouse models GPR98 (VLGR1"™) USH1C
(Ush1c216AA), USH2A7- and whirlin”-. Only three of these models develop retinal degeneration.
Deaf circler (USH1C) has mild peripheral retinal degeneration (Johnson et al., 2003b), the
Ush1c216AA knock-in mouse has progressive retinal degeneration starting at the periphery (Lentz
et al, 2010) and USH2A7 knockout mouse has normal retina at birth, but later undergo
photoreceptor degeneration (Liu et al., 2007). Whirlin/-mice have shortened photoreceptor outer
segments and thinner photoreceptor nuclear layers. These changes indicate that the USH mouse
model develops late-onset retinal degeneration (Yang et al., 2010). Shaker-1 (MYO7A), waltzer
(CDH23), Ames waltzer (PCDH15) and VLGR1%"™ mice have reduced ERG amplitudes. Shaker-1
(MYO7A) mouse also has increased opsin levels in the photoreceptor connecting cilia and
aberrant melanosome and phagosome localization in the RPE. However, none of these four
mouse models have a retinal degeneration phenotype (Williams, 2008), although shaker-1 mouse
was recently reported to be susceptible for light induced rod photoreceptor degeneration caused
by delayed transducin translocation (Peng et al., 2011). The mouse retina consists mostly of rods
whereas the human retina is cone-dominated (Chang and Harris, 1998; Harris and Messersmith,
1992). The differences in retinal composition and subsequent molecular differences could be the
reason why only four mouse models develop some kind of retinal degeneration and none of the

USH mice develop RP similar to human USH patients. All the USH mouse models show abnormal
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inner ear hair bundle morphology that leads to hearing deficits and hair cell degeneration
consistent with the human disease phenotype.

The discrepancy in the ear and eye symptoms between human and mouse has been
hypothesized to be caused by species specific alternative splicing of the USH genes, functional
redundancy of USH proteins in mouse or slow progression of retinal degeneration compared to
the short mouse lifespan (Ahmed et al., 2003b; Liu et al., 2007). For example, Ush1c is expressed
at lower levels in the mouse retina than in the ear, which could implicate a greater importance for
Ushlc in the ear and explain the start of the decline in ERG amplitude at 11 months whereas the
ear dysfunction is present at birth (Tian et al., 2010). There is also a mouse model for the
nonsyndromic deafness DFNB12 with a missense mutation in cdh23 (salsa). Curiously this
mutation in the salsa mouse only affects mechanotransduction in the hair cells, but not the hair
bundle shape, which might also explain the nonsyndromic deafness in human patients (Yan and
Liu, 2010). The USH mouse models have increased the knowledge about USH protein function in
the hair cells. For example, the role for MYO7A in transport is supported by the findings in the
MYO7A mutant mouse (shaker-1). In this mouse model other USH proteins (USH1C, PCDH15,
GPR98, USH2A and WHRN) are mislocalized in the stereocilia (Boeda et al., 2002; Michalski et al.,
2007; Senften et al., 2006). The shaker-1 mouse has also shed light to MYO7A function in retina.
In photoreceptors, opsin concentration is increased in the connecting cilium, and in the RPE,
melanosome and phagosome localization is abnormal (Gibbs et al., 2003; Gibbs et al., 2004; Liu et

al., 1998a, 1999b).

5.2 Zebrafish

Since most USH mouse models do not develop retinal degeneration similar to the human USH
pathology other disease models have been studied. Zebrafish has become an interesting
alternative as a USH model organism.

Zebrafish development is fast compared to mouse. The chorions and embryos are
transparent, with all the main organ systems formed 24 hours post fertilization (hpf). Before 48
hpf the larvae already have muscular response to stimuli and at 3 days post fertilization (dpf) the
larvae are able to swim and feed. At 5 dpf over 95 % of larvae have optokinetic response (OKR)
with pursuit and saccade eye movements in response to rotating stripes (Fadool and Dowling,
2006). When applied to young larvae the OKR method measures the cone response as the rods

mature later in development. The rod ERG can usually be measured between 15-18 dpf (Bilotta
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and Saszik, 2001). Zebrafish are diurnal and rely more on visual information for survival when
compared to rodents. Zebrafish have four different types of cones with opsins sensitive to red,
green, blue and UV light (Nawrocki, 1985; Vihtelic, 1999; Chinen et al., 2003). The proportion of
cone photoreceptors makes the zebrafish retina more similar to human retinas than to rod-
dominant rodent retinas. Therefore, it is not surprising that when ushlc, ush2a, and gpr98 have
been knocked down by gene specific morpholino (MO) injections into zebrafish embryos the
larvae develop visual phenotypes unlike most of the USH mouse models (Williams, 2008).

The zebrafish ear is comparable to the inner ear of mammals, although the structures are
different. Although zebrafish lack cochlea, the mechanosensory hair cells necessary for balance
and hearing are concentrated in five sensory patches within the ear capsule. These hair cells are
also present in neuromasts in the zebrafish lateral line. Neuromasts are hair cell structures on the
surface of the fish that are specialized to sense water movement. The sensory hair cell structure
as well as function and development are conserved in evolution and are comparable between
human and zebrafish (Nicolson, 2005; Whitfield et al., 2002a, 2002b). There are three zebrafish
USH models with mutated USH genes: mariner (USH1B, myo7a), sputnik (USH1D, cdh23) and
orbiter (USH1F, pcdhl5). Myo7a and cdh23 mutants have balance problems, and the myo7a
mutant has defects in melanosome localization in the RPE. Due to an ancient genome duplication
event the zebrafish possesses two copies of pcdhl15. Pcdhl5a functions in hearing and balance
and pcdh15b functions in photoreceptor outer segment formation. MO knockdowns have also
been made for ushlc, ush2a and gpr98. These knockdown models for USH have balance

problems and reduced visual function (Williams, 2008).

6. Development of gene therapies

The final goal for the USH research is to understand the cause for the syndrome and develop
potential cures for the disease. Now that most, if not all, of the USH genes are known, gene
therapy has become the ultimate goal for USH research (Williams, 2008). Gene therapy trials are
already in progress for other retinal diseases. The RPE65 gene therapy research to cure the dog
model for Leber congenital amaurosis was successful and promising long-term results have been
gained with Leber congenital amaurosis patient gene therapy trials (Cideciyan et al., 2008, 2009;
Hauswirth et al., 2008).

USH gene therapy research is already under way. For example, MYO7A, the causative

gene for USH1B, has been successfully transducted using a lentiviral vector to cultured RPE cells
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from Myo7a knockout mice. The transduction was followed by MYO7A expression correcting
melanosome motility and phagosome digestion in RPE cells. Melanosome localization and opsin
transport returned to normal levels when this same transduction was done in vivo in these
knockout mice (Hashimoto et al., 2007).

Other therapies for USH are also under investigation. One of the most recent
developments is using aminoglycosides to enable translational read-through of nonsense
mutations. In subtypes USH1C (underlying gene USH1C) and USH1F (pcdhl15) aminoglycoside
treatments have been reported to enable translation of functional proteins in cell culture studies
(Goldmann et al., 2010; Rebibo-Sabbah et al., 2007). USH1C nonsense mutation read-through has
also been studied using a compound called PTC124 in cell cultures, retinal cultures and in vivo in
mice retinas. The results are promising with successful USH1C protein production through the

nonsense mutation and good biocompatibility with the retina (Goldmann et al., 2011).
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AIMS OF THE STUDY

The positional cloning and identification of the USH3A gene, CLRN1, was done prior to this study
(Sankila et al., 1995; Joensuu et al., 2001; Adato et al., 2002). The first two USH3 mutations were
found in Finnish patients during the identification of the gene (Joensuu et al., 2001). The two
USH3 mutations were the only USH mutations known in Finland prior to this study. The molecular
epidemiology of other USH types in Finland was unknown. After the discovery of the CLRN1 gene,
11 other USH3 mutations were discovered worldwide (Adato et al., 2002; Aller et al., 2004a;
Fields et al., 2002; Joensuu et al., 2001; Ness et al., 2003; Sadeghi et al., 2005). The expression of
CLRN1 in mouse cochlea was known (Adato et al., 2002) and the expression in retina and the

function of CLRN1 was unknown. The aims of this study were:

1. To identify new mutations in CLRN1 causing USH3 and to investigate the Finnish USH

mutation spectrum.

2. To further study the structure of the CLRN1 gene to provide the basis for USH3 gene

therapy research.

3. To gain more information about CLRN1 function through studying the effect of different
USH3 mutations on CLRN1.
4, To study the USH3 disease mechanism by developing animal models for USH3.
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MATERIALS AND METHODS

1. Subjects and samples

Altogether 45 Finnish patients, 40 Canadian patients and 2 US patients were included in the
mutation studies (Figure 8). All the patients gave informed consent before sample collection. The
studies including patient samples were approved by the Ethics Committee of the Eye and Ear
Hospital Helsinki, The Hospital for Sick Children Toronto Canada, and the University of California
San Francisco (UCSF), CA, USA. Healthy controls were taken from samples provided by the Finnish
Red Cross Blood Transfusion Service and Centre d’Etude du Polymorphisme Humain. The research
project was approved by the Ethics Committee of the Department of Medical Genetics, University
of Helsinki. Zebrafish experiments in the unpublished data (U) were approved by the Institutional

Animal Care and Use Committee (IACUC) and performed in the wild-type Oregon AB background.

Stagel

CLRN1 main exons sequenced (I-1V & U, 2005-2011)

45 Finnish patients: 2 USH1 ->MYO7A sequenced (I, 2006)
7 USH2
22 USH3
14 USH subtype unknown

45 Finnish USH patients

40 CANADIAN PATIENTS: USH1:2
USH2: 9
USH3:3
26 USH subtype unknown

40 Canadian USH patients

2 US PATIENTS: USH3: 2
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Stagell

Mutations not identified in main CLRNT variant -> alternative exons sequenced (lll, 2010)
67 patients (lll, U): 29 Finnish patients
38 Canadian patients

Stagellll i

USH mutation chip study (Il, 2011)

12 Finnish patients included

9 no mutation identified in CLRNT (main or alternative exons)

3 patients with known CLRNT mutation, but atypical USH phenotype/only hearing loss.
Study done in order to explore the reason for the atypical phenotype

USH patients with mutations/sequence variations identified in more than one USH gene
USH2A sequenced: 3 patients
MYO7A sequenced: 2 patients

Identified MYO7A and USH2A mutations studied by sequencing in all 12 patient

4 patients with mutations/potential mutations in more than one USH gene
->family members studied

Figure 8. Patient samples included in this thesis study (Patients not clinically diagnosed as USH3 were
included in the CLRN1 sequencing study for their uncertain USH subtype diagnosis), the articles they

were included in (I-IV and U) and the methods the samples were studied with.

2.Methods

2.1 Common methods (I-1V)

DNA was extracted and purified either with Oragene™ saliva kits (DNA Genotek Inc., Ottawa,
Canada) or DNA Purification Kits (Gentra Systems, MN, USA). RNA was extracted with the
RNeasy® mini kit (Qiagen, Germany), RNAqueous® -4PCR Kit (Ambion Inc., TX, USA) or using

TRIzol® reagent (Invitrogen, ON, USA) and cDNA synthesized with the M-MLV enzyme (Promega,
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WI, USA). Polymerase chain reactions (PCR) were performed with Advantage® -GC 2 (Clontech,
CA, USA), Amplitag Gold™ (Applied Biosystems, CA, USA), Biotools DNA Polymerase (Biotools
B&M Labs, Spain), Dynazyme™ Il DNA polymerase (Finnzymes, Finland), FastStart Tag DNA
polymerase (Roche, Germany) or Titanium® Taq (Clontech). The amplification conditions are
described in the articles. When required the amplified samples were run through an agarose gel
and the size separated DNA samples were extracted with the QIAquick® Gel Extraction Kit
(Qiagen). The PCR products were purified using Exo-SAP (USB, OH, USA) and sequenced using the
ABI PRISM BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and ABI3730

Automatic DNA sequencer (Applied Biosystems).

2.2 Sequence and mutation analysis (I-1V)

Sequences were analyzed using Sequencher 4.1 (Gene Codes corporation, MI, USA) and

compared to the control sequences obtained either from healthy individuals or from databases

(Aceview: [http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/], EMBL-EBI [European

Molecular Biology Laboratory’s European Bioinformatics Institute]: http://www.ebi.ac.uk/, NCBI

[National Center for Biotechnology Information]: http://www.ncbi.nlm.nih.gov/, UCSC Genome

Browser [University of California Santa Cruz]: http://genome.ucsc.edu/). Some of the patient’s

DNA samples were also analyzed by a USH mutation chip constructed by the arrayed primer
extension (APEX) method (Asper Biotech, Estonia). Restriction enzyme digestion was used in
mutation detection by running the restriction products through an agarose gel to detect the
change in PCR product size. The restriction enzymes and conditions are reported in the original

articles.

2.3 Bioinformatics (I-1V)

Primers were designed by Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi)
when possible. Sequence comparisons and searches were performed with NCBI-BLAST (http://
blast.ncbi.nlm.nih.gov/Blast.cgi) and UCSC Genome Browser Blat (http://genome.ucsc.edu/cgi-bin/
hgBlat). ClustalW (http://www.ebi.ac.uk/Tools/clustalw2/index.html) and LALIGN (http://

www.ch.embnet.org/software/LALIGN_form.html) programs were used to compare protein and

DNA sequences. Protein weights were predicted using the Protein Molecular Weight Program

(http://www.bioinformatics.org/sms/prot_mw.html), transmembrane regions using TMHMM?2.0
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(http://www.cbs.dtu.dk/services/TMHMM/) and TMpred (http://www.ch.embnet.org/software/

TMPRED_form.html). CpG islands were identified with EMBOSS CpG island prediction software
(http://emboss.ch.embnet.org/WEMBQOSS/) and transcription factor binding sites with TESS (http://

www.chil.upenn.edu/tess). The pathogenicity of sequence variations were studied with ASSP

(http://es.embnet.org/~mwang/assp.html), MutationTaster (http://www.mutationtaster.org/),

NNsplice (http://www.fruitfly.org/seq tools/splice.html), PolyPhen-2 (http://

genetics.bwh.harvard.edu/pph/) and Spliceview (http://zeus2.itb.cnr.it/~webgene/

wwwspliceview _ex.html). Sequence evolutionary conservation was studied using the UCSC

Genome Browser (UCSC: Human, Rhesus, Mouse, Dog, Chicken [ http://genome.ucsc.edu/]).

2.4 Recombinant DNA techniques (I, IV)

Amplified promoter DNA segments were inserted into pGluc-Basic vector (New England
BioLabs, MA, USA). CLRN1 coding region and alternative splice variants, amplified by
designing primers to the known or predicted exon sequences within the CLRN1 region and
nearby ESTs, were cloned into TOPO TA cloning vectors (Invitrogen, CA, USA). The CLRN1
coding region was also inserted into hemagglutinin (HA)-tag containing phCMV3 Xi cloning
vector (Gene Therapy Systems Inc., CA, USA). The QuickChange site-directed in vitro
mutagenesis kit (Stratagene, CA, USA) was used to mutate the wt CLRN1 vector and create

the USH3 mutant vector constructs.

2.5 Cell culture studies (lI-1V, U: unpublished work)

Patient and healthy control lymphoblastoids cell lines were cultured and used as a source of
RNA. Mouse retinal primary neurons were cultured by homogenizing dissected fetal mouse
retinas, E14-E16, in PBS. After DNase | (Roche) and Trypsin-EDTA (HUSLAB, Biomedicum
Helsinki, Finland) treatment, the cells were mixed in Neurobasal® medium (Gibco, CA, USA)
with Gibco® B-27 supplement (Gibco) and Penicillin-Streptomycin antibody (HUSLAB) and
plated on Matrigel™ Basement Membrane Matrix (Becton Dickinson Labware, NJ, USA)
coated cell culture dishes. The cells were incubated at +37°C and transfected three days after
plating with CLRN1-HA (phCMV3 Xi) plasmid.

Baby hamster kidney (BHK-21, CCL-10, the American Type Culture Collection
[ATCC]), African green monkey kidney (COS-1, CRL-1650, ATCC), human embryonic kidney
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(HEK-293, CRL-1573, ATCC), human cervical cancer (HELA, CCL-2, ATCC), human
retinoblastoma (WERI-Rb-1, HTB-169, ATCC) cell cultures and mouse retinal neuron cultures
were transfected with plasmid constructs (see 2.4) using either Fugene®6 or Fugene®HD
transfection reagents (Roche Diagnostics, Switzerland). When protein degradation speed was
studied, the protein production was stopped by adding 50 pg/ml cycloheximide (Sigma-
Aldrich) into the cell culture media for 4 hours before fixing the cells. The transfected cells
were fixed after 24 or 48 hours of transfection with 4 % paraformaldehyde (PFA) and
permeabilized by treatment with ice cold methanol or 0.2 % saponin (Sigma-Aldrich,
Germany).

For the immunofluorescent staining, the cells were treated with 5 % bovine
serum albumin (BSA) (Jackson ImmunoResearch, PA, USA). Then the cells were incubated
with antibodies against HA (HA.11 [MMS-101R]; Covance, CA, USA), endoplasmic reticulum
protein disulfide isomerase (PDI| [spa-891]; Stressgen, Victoria, Canada) and
plasmamembrane sodium potassium ATPase (ab7671; Abcam, UK) that were diluted in BSA.
The cells were then incubated with secondary antibodies conjugated either with Cy2 or Cy3
(Jackson ImmunoResearch). Cells were mounted with Gel/Mount (Biomeda, CA, USA). The
cells were analysed with Zeiss Axioplan 2 and Leica CMR confocal microscopes.

The promoter activity studies were performed using cell culture media collected
after 48 hours of transfection. The transfections were performed with pGluc Basic vector
inserted with CLRN1 alternative promoter regions that were considered interesting according
to the in silico studies (1-1550 nt upstream of exon 0, exon 1, exon 2 and exon 3 as well as
1-500 nt and 1-1000 nt upstream of CLRN1 exon 0) and pCMV-Gluc control vector (New
England Biolabs). The media samples were analysed with the Gaussian Luciferase Assay kit
(New England Biolabs) using a Victor 2 Wallac 1420 multilabel counter (Perkin Elmer, MA,
USA).

2.6 cDNA panels and RACE (lil, U)

Splice variant expression profiles were studied with cDNA from human retinal cDNA library
(Clontech), human retinal pigment epithelial cell line (ARPE-19), human cochlear cDNA and
Human Multiple Tissue cDNA panels | and 1l (Clontech). Rapid amplification of cDNA ends
(RACE) was performed to find the alternative 5" and 3’ ends of CLRN1 splice variants using
the RACE system Version 2.0 (Invitrogen).
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2.7 CLRN1 protein studies (1V, U)

Cells transfected with protein expression vectors were collected by centrifugation. Samples
were separated by running them through-polyacrylamide (PAGE) gels (National Diagnostics,
GA, USA) and transferred to Trans-Blot® nitrocellulose membranes (Bio-Rad, CA, USA). The
membranes were immunostained and visualized by SuperSignal® West Pico Chemiluminescent
staining (Pierce, IL, USA) and captured on X-ray film (Sigma-Alrich). When glycosylation was
studied the samples were pre-treated with N-glycosidase F enzyme PNGase F (New England
Biolabs).

For the CLRN1 antibody production studies, GST-tagged CLRN1 peptides were
designed by inserting CLRN1 coding sequences into pGEX-4T-1 vector (GE Healthcare, UK).
The TNT® T7 Quick Coupled Transcription/Translation System (Promega) was used for protein

production and proteins were collected using the MagneGST™ Pull-Down System (Promega).

2.8 Phage display antibody search (U)

Antibodies against CLRN1 epitopes were searched with the GST-tagged CLRN1 constructs
using phage display technology (Hoogenboom and Chames, 2000). The antibody library used
in the screening was made from 50 Finnish Red Cross Blood Transfusion Service lymphocyte
samples. The human library was called naive because the light- chain and heavy-chain IgM-V-
gene pools obtained from B cells were from nonimmunized humans. The antibody library
displayed by phagemid vectors was screened by attaching the CLRN1 antigens on to wells of 96
well plates and washing with the phagemids displaying the antibody library. The antibodies
binding to the CLRN1-GST antigen were selected for further screenings. The research procedure is

further explained in (Turunen et al., 2009).

2.9 Morpholino design and injections (U)

Morpholino oligonucleotides (MO) were designed to bind either to the zebrafish clrn1 first

exon donor splice site (Clrn1MOsplice) or the translation start site (Clrn1MOatg) (Gene Tools

LLC, OR, USA). The MOs were injected into one-cell stage zebrafish embryos using different
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concentrations and volumes, with the quantity of MO ranging from 17 ng to 51 ng per

injection.

2.10 In situ hybridization (U)

Clrn1 gene expression was studied using in situ hybridization. The zebrafish were fixed in 4 %
PFA in PBS-T (PBS with 0,01 % Tween-20) overnight at 4°C, washed with PBS-T and
dehydrated with methanol at -20°C overnight. The zebrafish were then rehydrated in
descending concentration of methanol in PBS-T and washed with PBS-T containing first 10 %
sucrose and then 30 % sucrose in PBS overnight at 4°C. The zebrafish were then embedded
into 1.5 % agar and 5 % sucrose and sunk in 30 % sucrose overnight. The embedded fish were
then cut with a cryostat into 16 pum sections. In situ hybridization was performed with a Cirn1
specific probe using NBT (Nitro blue tetrazolium chloride) and BCIP (5-Bromo-4-chloro-3-
indolyl phosphate) staining to visualize the binding (Ebermann et al.,, 2010; Jensen et al.,

2001).

2.11 Immunohistochemistry (U)

Cryosectioned fish samples were blocked using 10 % normal goat serum (NGS) and 2 % BSA
in PBS, then treated with primary antibodies (anti-acetylated tubulin, Sigma-Aldrich; anti-
Clrnl, Strategic Diagnostics Inc, DE, USA; anti-glutamine synthetase, Millipore, MA, USA;
synaptic marker (synaptic vesicle protein 2 [SV2], provided by Buckley KM, Harvard Medical
School, MA, USA) diluted in blocking solution. After incubation with the primary antibody and
further washes in PBS, the sections were treated with secondary antibodies (AlexaFluor 488
or Alexa Fluor 568, Molecular Probes, OR, USA) diluted in blocking solution. The slides were
then washed with PBS and mounted with Vectashield (Vector Laboratories Inc, CA, USA).
Zeiss LSM5 or Bio-Rad Radiance 2100 confocal microscopes were used in antibody binding

detection.
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2.12 Zebrafish behavioral analysis (U)

The fish were maintained as described in Westerfield, 2007. Zebrafish balance/hearing analysis
was done either by twirling the dish and observing the zebrafish larvae recovery after twirling the
media or tapping the petri dish and observing the fish response to the tap. Zebrafish vision was
analyzed by measuring OKR (optokinetic response) while the larvae were suspended in an upright
position in a petri dish containing 3 % methyl cellulose. The petri dish was mounted on a platform
surrounded by a rotating drum. OKR was done by recording larvae eye movements following
moving stripes within one minute, changing once the direction of stripe movement from

clockwise to counter clockwise.

2.13 Statistical analysis (U)

Unpaired t tests were used to calculate statistical significance between control and MO

injected zebrafish larvae groups. P values equal to or less than 0.01 were considered

significant (http://www.graphpad.com/quickcalcs/ttestl.cfm?Format=SD).
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RESULTS AND DISCUSSION

1. Usher syndrome mutations

The Finnish USH mutation spectrum was studied to help clinical diagnostics. The unique Finnish
population history marked by isolation defines the Finnish mutation spectrum (Norio, 2003a,b,c).
Since only two mutations specific to Finnish patients were identified in Finnish USH3 patients
(Joensuu et al., 2001), USH1 and USH2 were expected to be caused by a small number of specific
mutations as well. The USH1 and USH2 mutations could either be unique to the Finnish
population or the mutations could predate the migration and isolation of the original Finnish

settlers and thus could also be present in other populations.

1.1 USH1 and USH2 in Finland (I, Il)

The search for Finnish USH1 mutations started by sequencing the MYO7A gene, mutated in
USH1B, from two Finnish USH1 patient DNA samples. The first Finnish USH1 mutations were
identified in these patients. The three MYO7A mutations identified were all novel (p.K923AfsX8,
p.Q1896X and p.E1349K) (Table 4). After the discovery of these three mutations, we also studied
12 patients with a mutation chip containing known USH mutations (Cremers et al., 2007). The
Finnish patients were selected for further studies based on two reasons: 9 USH patients did not
have any known USH mutations, and 3 patients in 2 families with USH3 were studied because
they had only hearing loss or atypical USH3. Subsequently the exons of the MYO7A and USH2A
genes were sequenced from 2 (MYO7A) and 3 (USH2A) patients studied with the USH mutation
chip. Two novel mutations, a MYO7A mutation p.R873W and a USH2A mutation c.14343+2T>C,
were identified by sequencing. Also two known mutations were identified either by sequencing
(MYO7A p.K923AfsX8) or by USH mutation chip analysis (USH2A p.N346H). The two identified
USH2A mutations are the first USH2 mutations reported in Finnish USH patients (Table 4). In one
patient, the heterozygous MYO7A p.K923fsX8 mutation was identified by sequencing even
though the mutation was not detected by the Asper mutation chip. This shows that the mutation
chip is not as reliable as direct sequencing. As stated by the provider, the results should always be
verified by sequencing when the chip is used in diagnostics.

Two of the identified USH1B mutations, p.K923AfsX8 and p.Q1896X, result in premature
termination codons which truncate the MYO7A protein. The mutation p.E1349K changes a
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conserved glutamic acid located in the FERM domain mediating MYO7A attachment to the
plasma membrane (Chishti et al., 1998). The mutation p.R876W is located in the coiled-coil
domain that mediates formation of MYO7A homodimers (Weil et al., 1997). The USH2A mutation
p.N346H is located in the N-terminal Laminin domain and the mutation ¢.14343+2T>C influences
splicing and thus protein structure upstream of the last Fibronectin type 3 domain before the
transmembrane domain anchoring USH2A to the plasma membrane (Dreyer et al., 2000; van
Wijk et al., 2004).

The other MYO7A and USHZ2A sequence variations identified from Finnish USH patients
(either by sequencing or chip analysis) have either been reported as benign polymorphisms or
changes that can have an effect on USH severity and pathogenesis, but do not cause USH by
themselves (Table 5). The intronic variation MYO7A ¢.4568+12C>G was studied further as it was
identified in two of the studied families. Several splice variants were identified in this MYO7A
region including exons 33 to 37. Most of the splice variants were created by splicing machinery
even without the MYO7A ¢.4568+12C>G variation, but four out of ten splice variants were
identified exclusively in heterozygous MYO7A c.4568+12C>G carriers. The number of splice
variants complicates the analysis of this region, but it is possible that this intronic variation causes
changes to the MYO7A splicing. It is known that all mutations in MYO7A do not necessarily cause
typical USH1 with RP and congenital hearing loss. Mutations can cause recessive atypical USH (Liu
et al., 1998b; Zina et al., 2001), recessive non-syndromic deafness (DFNB2) (Liu et al., 1997b; Liu,
2002) and dominant non-syndromic deafness (DFNA11) (Liu et al., 1997c; Luijendijk et al., 2004;
Tamagawa et al.,, 1996). Mutations in USH2A have also been reported to have variable
pathogenicity. Mutation p.C759F is associated with nonsyndromic retinitis pigmentosa (RP39)
(Aller et al., 2004b), but this mutation has been also identified in homozygous form in
asymptomatic siblings (Bernal et al., 2005). Thus the effect the USH2A mutations have on USH
phenotype may be changed by genetic modifiers perhaps in other USH genes.

The novel MYO7A p.R873W mutation was discovered in heterozygous form in a patient
from family 75 (lI) with no USH3 mutations. We were also able to identify the MYO7A sequence
variation that may cause splicing changes (MYO7A ¢.4568+12C>G) in this family. Additionally, four
USH2A sequence variations with unknown pathology were identified in family 75 (c.
1328+35delTGAT, p.11665T, p.R2875Q and p.N3099S). The affected patient in family 75 had the
combination of MYO7A p.R873W, c.4568+12C>G and USH2A ¢.1328+35delTGAT, p.I1665T,
p.R2875Q, p.N3099S sequence variations, and no unaffected member of the family had the same

combination of changes. Therefore it is possible that the patient in family 75 represents a case of
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digenic USH. The novel USH2A ¢.14343+2T>C splice site mutation was discovered in heterozygous
form in a family (Il: Family 7) with no other known mutations, but the patients also carried
MYO7A (MYO7A c.4568+12T>C) and USH2A (USH2A c.849-25A>G and p.E478D) sequence
variations. This family represents another possible case for digenic inheritance of MYO7A and
USH2A. Two Finnish USH families with the USH3 founder mutation, CLRN1 p.Y176X, and
atypical USH3 phenotype were discovered to have possibly modifying changes in USH2A. In
family 15 (ll) the patients were homozygous for CLRN1 p.Y176X and heterozygous for USH2A
p.R2875Q and p.L2886F. In family 12 (ll) the USH patients were homozygous for CLRN1
p.Y176X, but the sister with more severe USH3 was also heterozygous for USH2A p.V2562A.
Additionally the father, who had non-syndromic sensorineural deafness, was heterozygous
for both CLRN1 p.Y176X and USH2A p.V2562A. The CLRN1, MYO7A and USH2A proteins are
assumed to be part of the USH protein network and alterations in this interactome in two
different proteins could cause or modify the symptoms of USH by impairing the function of the
interactome. Digenic inheritance has earlier been published in RP. Mutations in the ROM1 gene
alone are not pathogenic but together with heterozygous mutations in the peripherin/RDS gene
the normal photoreceptor function is disrupted (Kajiwara et al., 1994). Digenic inheritance has
been reported for deafness with heterozygous mutations in CDH23 and PCDH15 (Zheng et al.,
2005). Potential digenic inheritance for USH with MYO7A and USH2A has been suggested
previously (Cremers et al., 2007; Jaijo et al., 2010) and potential digenic and trigenic inheritance
with USH genes have been reported in 8 of 54 USH patients studied by Bonnet et al.,, 2011. In
addition a heterozygous mutation in MYO7A has been suggested to enhance the USH phenotype
in a patient homozygous for CLRN1 mutations (Adato et al., 1999).

All four Finnish USH1 mutations were identified in MYO7A and all were novel. As with
USH1, we identified USH2 mutations only from one USH2 gene, USH2A. MYO7A and USH2A were
the only genes sequenced and this is an obvious reason for finding novel mutations only in these
two genes. However, twelve patients were studied with the USH mutation chip that contained
known mutations from all the USH genes. Only the mutation USH2A p.N346H was previously
reported and identified by the USH mutation chip (Dreyer et al., 2000; Dreyer et al., 2008)
whereas we identified five novel mutations by sequencing that could either be specific to the
Finnish population or yet to be reported elsewhere. So far all the MYO7A and USH2A mutations
have been compound heterozygous and none of the Finnish USH1 and USH2 patients have been
homozygous as most of the Finnish USH3 patients are for p.Y176X, the CLRN1 Finnish founder
mutation. Two USH1 mutations, MYO7A p.K923AfsX8 and p.R873W, were identified in more than
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one patient. The intronic change, MYO7A c.4568+12T>C, was identified in two patients as well as
in 45 % of the control chromosomes. This sequence variation could be pathogenic when
combined with other mutations as suggested by the findings in Families 7 and 75 (ll). All in all, the
mutation spectrums for USH1 and USH2 are much more variable than that of USH3.

Screening for USH3 mutations in Finnish patients has been relatively simple since one
founder mutation could be identified in homozygous form in most USH3 patients. The situation is
not that simple for USH1 and USH2. We were able to find six USH1 and USH2 mutations in seven
Finnish USH patients and none of them were found in homozygous form. There are still unknown
Finnish USH mutations since we weren’t able to identify the mutations causing USH in four of the
studied USH patients or identify a definite disease-causing mutation in the second allele in five
USH patients. Worldwide, nine genes are known to cause USH when mutated, 340 MYO7A and
376 USH2A sequence variants are listed in USH mutation database (The Universal Mutation

Database [UMD]-USHbases; http://www.umd.be/usher.html). The Finnish USH mutation

spectrum is unique, four of the six USH1 and USH2 mutations are not included in the USH
mutation chip and had to be identified by sequencing all the MYO7A and USH2A exons. For
example, the most prevalent USH2A mutation in Scandinavia as well as in patients with a
European caucasian background, c.2299delG, was not identified in Finnish USH patients (Dreyer
et al.,, 2008; Yan et al., 2009). Knowing the specific USH mutations to screen in Finnish USH

patients would help in designing simpler and faster tests for patient diagnostics.
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Table 4. USH1 and USH2 mutations identified in Finnish USH patients (I, II).

USH subtype Gene Exon Nucleotide change An:ri‘r;?‘ga:id
USH mutations:
USH1 MYO7A 22 €.2617C>T p.R873W
MYO7A 23 €.2766-2779del14nt p.K923AfsX8
MYO7A 31 c.4045G>A p.E1349K
MYO7A 41 c.5686C>T p.Q1896X
USH2 USH2A 6 ¢.1036A>C p.N346H
USH2A 65 c.14343+2T>C intronic change
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Table 5. Possibly pathogenic or modifying USH1 and USH2 sequence variations identified in Finnish USH

patients and studied with in silico prediction programs. The sequence variations were classified either as

potential mutations or polymorphisms by their inheritance in the USH families. Table has been modified

from II.
USH Amino acid change/ P.rev.in Polyphen-2 Mutation . L IConser|
type Gene Intronic change Finnish prediction Taster NNsplice | ASSP Spliceview vation
controls

Potential USH mutations or modifying variations

USH1|MYO7A| c.3503+12_+33del23 | 59,7 % | Likely non-pathogenic ND Benign [no change| no change | no
MYO7A c.4568+12C>G 4,5% polymorphism polymorphism | Benign [no change| no change | no
MYO7A p.T1566M 0,0% possibly damaging polymorphism ND ND ND no

USH2| USH2A ¢.849-25A>G 0,0 % | Likely non-pathogenic | polymorphism | Benign [no change| no change | yes
USH2A| ¢.1328+35delTGAT 1,6 % | Likely non-pathogenic | polymorphism | Benign | change | nochange | no
USH2A p.E478D 0,5% possibly damaging | disease causing ND ND ND yes
USH2A p.11665T 11,1% benign disease causing ND ND ND yes
USH2A ¢.5573-34delC 67,2 % | Likely non-pathogenic | polymorphism | Benign |no change| no change | no
USH2A p.V2562A 0,6 % benign polymorphism ND ND ND no
USH2A p.R2875Q 5,7% benign polymorphism ND ND ND no
USH2A p.N3099S 4,5% possibly damaging polymorphism ND ND ND yes

Likely Polymorphisms

USH1|MYO7A p.L16S ND benign polymorphism ND ND ND no
MYO7A €.3924+12C>T ND Likely non-pathogenic | polymorphism | Benign |no change| nochange | ND
MYO7A p.S1666C ND benign polymorphism ND ND ND no
MYO7A p.L1954| ND benign polymorphism ND ND ND no

USH2| USH2A p.A125T ND benign polymorphism ND ND ND no
USH2A p.D644V ND benign disease causing ND ND ND no
USH2A p.R1486K ND benign polymorphism ND ND ND no
USH2A p.Y1992C ND probably damaging | disease causing ND ND ND yes
USH2A p.12106T ND benign polymorphism ND ND ND no
USH2A p.12169T ND benign polymorphism ND ND ND no
USH2A p.R2292H ND benign polymorphism ND ND ND no
USH2A p.L2886F ND benign polymorphism ND ND ND no
USH2A p.D3144N ND benign polymorphism ND ND ND no
USH2A p.E3411A ND benign polymorphism ND ND ND no
USH2A p.M3868V ND benign polymorphism ND ND ND no
USH2A p.va422L ND benign polymorphism ND ND ND yes
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1.2 USH3 in Finland (lI, IV, U)

Prior to this study, two USH3 mutations had been discovered in Finnish USH patients. The CLRN1
Finmajor (p.Y176X) mutation is the main cause for USH3 in Finland and had been identified as
homozygous or compound heterozygous in all Finnish USH3 patients. Finminor (p.M120K) has
been identified as a compound heterozygous mutation with Finmajor (Adato et al., 2002; Joensuu
et al., 2001). The CLRN1 gene was sequenced for 45 Finnish patients during this thesis project.
The Finmajor mutation was identified either in homozygous or heterozygous state in all studied
Finnish USH3 patients. A third mutation in the CLRN1 gene, the Ashkenazi Jewish founder
mutation p.N48K, was discovered in a Finnish USH3 patient in heterozygous state with Finmajor
(Figure 9). In Finland the prevalence of the Finmajor mutation explains the high prevalence of the

USH3 subtype whereas in the Ashkenazi Jewish population the mutation p.N48K explains a

similar prevalence of USH3. Our patient was the first reported case with both founder mutations.

Figure 9. Predicted CLRN1 protein topology and transmembrane domains (Modified from IlI).

Pathogenic USH mutations are indicated on the CLRN1 protein amino acid sequence. The two
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mutations, p.P31L and p.L154W, reported to cause arRP are marked with blue. The sequence
variation p.L54P is also indicated on the sequence with lighter grey. USH3 mutations discovered in
Finnish USH3 patients are indicated with red and bold, mutations (either novel or known) identified
in USH patients during this thesis project are indicated with an asterisk. The Ashkenazi Jewish

founder mutation p.N48K was also identified in a Finnish patient.

1.3 USH3 mutations worldwide (IV, U)

During this thesis project 42 non-Finnish USH patients were sequenced for mutations in CLRN1.
We discovered a novel p.5188X mutation in a US patient (Ratnam et al., 2011) and a p.A123D
mutation in a patient from Dominica (Figure 9, Table 6). A new sequence variation p.L54P was
also identified in heterozygous state in a Canadian patient. The p.54 leucine change is conserved
and the variation was not identified in healthy controls. Even though this p.L54P change does not
cause similar localization and stability changes to the CLRN1 protein as the known mutations
(studied with cell culture expression described in sections 3.1 and 3.2), it is possible that this
change causes a functional change in CLRN1 and is pathogenic. The PolyPhen (Polymorphism

Phenotyping: http://genetics.bwh.harvard.edu/pph/) program predicted the p.L54P change to be

probably damaging to CLRN1. A similar p.L76P change is predicted to be located either in the
transmembrane region or in the first extracellular loop of a structurally similar small
transmembrane protein with four transmembrane regions, connexin 26. This p.L76P change is
reported to be a mutation and cause nonsyndromic recessive deafness (Batissoco et al., 2009).
Nine of the sixteen known USH3 mutations cause either frameshifts or premature
termination codons (p.S50fs, p.D55fs, p.M61fs, p.Y63fs, p.Y63X, p.V101fs, p.l1168fs, p.Y176X,
p.5188X) that can either lead to nonfunctional proteins or mRNA degradation through nonsense-
mediated decay (NMD) (Khajavi et al., 2006). The other seven USH3 mutations alter CLRN1
protein structure by changing one amino acid for another (p.C40G, p.N48K, p.S105P, p.M120K,
p.A123D, p.L150P) or by replacing two amino acids with one methionine (p.1153_L154delinsM).
Mutant CLRN1 proteins with p.N48K, p.A123D and p.L150P were shown to be unstable while
CLRN1 proteins with p.M120K and p.l1153 L154delinsM were stable, however, all of these
mutated CLRN1 proteins were mislocalized in cell culture studies (described in sections 3.1 and

3.2).
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Table 6. Known USH3 mutations in the CLRN1 gene. All mutations cause USH3 except p.P31L and p.L154W
that have been reported to cause arRP (Khan et al., 2011). This table has been modified from IV.

USH3 Origin of patients [Note Number of Reference
mutation novel patients/
families
reported
p.P31L Pakistani Compound heterozygote with p.L154W[11/2 Khan et al., 2011
c.92C>T
p.C40G Spanish Homozygote 1/1 Aller et al. 2004a
c.118T>G
p.N48K Eastern European |5/6 pts homozygotes, 6/4 Adato et al. 2002
c.144T>G Uewish 1/6 heterozygote, other allele not found
)Ashkenazi Jewish  |Homozygote 16/11 Ness et al. 2003
AshkenaziJewish  [Homozygote 5/5 Fields et al. 2002
Heterozygote with p.L150P 1/1
Uewish (USA) Homozygote 5/5 Sadeghi et al. 2005
Ashkenazi Jewish  [Homozygote 7/6 Herrera et al. 2008
Heterozygote, other allele not found  [2/2
Canadian Homozygote 1/1 (IV)
Finnish Compound heterozygote with pY176X [1/1 (IV)
p.S50fs Scottish-Irish (USA) [Homozygote 1/1 Fields et al.2002
c.149_152delins Compound heterozygote with pY176X |1/1
TGTCCAAT
UK (USA) Homozygote 1/1 Sadeghi et al.2005
German Compound heterozygote with c. 3/1 Ebermann et al.
502_503insA 2007b
p.D55fs Dutch (USA) Heterozygote, other allele not found  [1/1 Fields et al. 2002
c.165delC
Dutch (USA) Heterozygote, other allele not found ~ 4/1 Sadeghi et al.2005
p.M61fs Turkish Homozygote 1/1 Dreyer et al., 2008
c.181delA
p.Y63fs Yemenite Jewish ~ [Homozygote 2/1 Adato et al. 2002
c.187_209del
p.Y63X Spanish Homozygote 3/1 Adato et al. 2002
c.189C>A
p.V101fs Lebanese Homozygote 2/1 Akoury et al., 2011
c.301_305del
GTCAT
p.S105P Turkish Homozygote 2/1 Sadeghi et al. 2005
c.313T>C
p.M120K Finnish Compound heterozygote with pY176X |4/2 Joensuu et al. 2001
c.359T>A
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p.A123D French Canadian  |[Homozygote 1/1 Ebermann et al.
c.368C>A 2007¢c
Dominican Homozygote 1/1 (IV)
(Canadian)
p.L150P IAshkenazi Jewish  |[Compound heterozygote with p.N48K [1/1 Fields et al. 2002
c.449T>C
p.1153_L154delinsM|ltalian Homozygote 4/1 Joensuu et al.2001
c.459_461del
p.L154W Pakistani Compound heterozygote with p.P31L [11/2 Khan et al., 2011
c.461T>G
p.1168fs German Compound heterozygote with 3/1 Ebermann et al.
c.502_503insA c.149_152delinsTGTCCAAT 2007b
pY176X Finnish Homozygote 52/21 Joensuu et al. 2001
c.528T>G
Northern European,Homozygote 11/6 Fields et al.2002
one family
Scottish-Irish (USA)
Finnish-Swedish ~ |Homozygote 13/5 Sadeghi et al. 2005
Scottish-Irish (USA) [Compound heterozygote with 3/1 Sadeghi et al. 2005
c.149_152delinsTGTCCAAT
p.5188X Chinese (USA) Compound heterozygote with p.N48K [1/1 (V)
c.563C>A

2. CLRN1 gene structure

Upon the start of this thesis project, the CLRN1 gene was described to contain a major splice variant
transcribed from exons 0, 2 and 3 and two rare splice variants (exons 1, 2, 3 and 4) and (exons 1, 1b, 2
and 3) (Adato et al., 2002; Joensuu et al., 2001). Northern blot results showed that CLRN1 was
expressed in numerous tissues and there were three transcripts. The 1.0 kb and 4.5 kb transcripts were
present in all studied tissues and a third 1.5 kb transcript was identified only in spleen. RNA in situ
hybridization detected Clrn1 expression in the mouse cochlear spiral ganglion cells and hair cells. The
three CLRN1 splice variants were amplified from human retina cDNA (Adato et al., 2002; Fields et al.,

2002; Joensuu et al., 2001).

2.1 Splice variants (lll)

CLRN1 splice variants either include new exons in addition to those found in the main variant (Figure

10: 1), exclude CLRN1 exons or use alternative 5’ or 3’ splice sites. The three alternative splice forms of

CLRN1 that were known prior to this study are depicted in Figure 10 (variants: 1,4,5). Three additional
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alternative splice variants were later reported in databases (UCSC [http://genome.ucsc.edu/], Aceview

[http://www.ncbi.nim.nih.gov/IEB/Research/Acembly/], NCBI [http://www.ncbi.nim.nih.gov]) (Figure

10: 6,10,11). Five new alternative splice variants were identified from human retinal cDNA in this thesis
project (Figure 10: 2,3,7,8,9). In all, 11 CLRN1 splice variants are known at this point. Most of the novel
splice variants identified in this study contain premature termination codons. The translation
interrupting stop codons are located in exons Ob, 1b, and in exon 2 of the 0-1-2-3 splice variant (Figure
10: marked with a star). If these splice variants are processed further, they are most likely destroyed in
NMD. Even though these splice variants are unlikely to encode proteins, they might have a regulatory
function by influencing expression levels of the main CLRN1 splice variant. One of the alternative splice
variants changes the protein structure by adding 13 aa into the primary structure (Figure 10: 2). This
splice variant is a potentially translated and functional form of CLRN1. Splice variants with extended
exon 0 (Figure 10: 10) and exon 0 spliced into extended exon 2 (Figure 10: 11) potentially also escape
NMD and might be translated into functional proteins.

CLRN1 has splice variants that start from CLRN1 exon 2 and continue splicing to ESTs further
downstream from CLRN1 (BE673203, DV080481 and DV080691) (Figure 10: 15,16,17). These variants
have unknown 5’ ends, but to our knowledge share only exon 2 with the CLRN1 gene (Figure 10:
12,13,14). These extended variants could be produced by faulty splicing during the complex splicing
process. The extended variants have potential ORF regions and since the 5’ ends remain unknown, it is
unclear whether these variants are translated or not. Thus we can not rule out potential functional
roles for these extended splice variants either in CLRN1 transcription or other cellular function at the
RNA or protein level.

The mouse has three known CIrn1 splice variants and four known exons. The two splice
variants that have been isolated from retinal and cochlear RNA would correspond to human 0-2-3
(Figure 10: 18) and 0-3 variants (Figure 10: 20)(Adato et al., 2002; Zallocchi et al., 2009). Zebrafish, on
the other hand, have a main clrn1 splice variant (0-2-3) (Figure 10: 22) as well as an alternative EST
sharing only part of exon 2 with the main variant (Figure 10: 23). We did an extensive search designing
primers within the known zebrafish clrn1 exons and using the human and mouse splice variant
alternative exons for reference as well as nearby zebrafish ESTs. However, we were unable to find more
zebrafish clrn1 alternative splice variants (unpublished).

The main CLRN1 three-exon splice variant identified in human, mouse and zebrafish
seems to be the main functional form and all mutations associated with USH3 pathology have
been reported within these three exons (section 1.3: Table 6). However, most of the mutations

are in exons 0 and 2. Exon O is included in eight alternative splice variants (Figure 10: 2,3,6-11) and
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exon 2 is included in six alternative splice variants (Figure 10: 2-6,11). The complex splicing
pattern of human CLRN1 is not surprising in light of our new knowledge about the structure of a
gene and the complexity of the human genome. It has been reported that almost all genes have
complex splicing patterns (Gerstein et al., 2007; Johnson et al., 2003a; Matlin et al., 2005; Pan et
al., 2008; Wang et al., 2008). Nevertheless, the presence of several splice variants makes it harder
to design a gene therapy for USH3 patients. The main CLRN1 splice variant with exons 0, 2 and 3
should be enough to replace the mutated CLRN1 in patient retinal and cochlear tissue. However,
more research is needed to determine that the alternative splice variants are not needed in some
crucial CLRN1 function either together with the main splice variant or in alternative subcellular

localizations or cell types to the main splice variant.
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Human CLRNT1 splice variants
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Figure 10. Known CLRN1 alternative splicing in human, mouse and zebrafish (Modified from lll). Five new splice
variants were identified by us during this thesis (2,3,7-9), other splice variants were reported before this thesis
(1,4,5) and additional splice variants were discovered in parallel to this thesis (6,10,11). There are three splice
variants that have only one exon in common with CLRN1 (12-14) and extend to ESTs further downstream from
CLRN1 (15-17). The mouse Clrn1 has four known splice variants (18-21) and zebrafish only two (22,23). The main

variant with exons 0, 2 and 3 have been described in human, mouse and zebrafish (1,18,22).
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2.2 Promoter region (lll)

In silico studies were done using the CLRN1 genomic region to determine the size of the CLRN1
proximal promoter region and possible alternative promoters, enhancers and silencers of the main and
alternative CLRN1 splice variants. Genomic sequence near the CLRN1 gene was studied for
evolutionary conservation by comparing sequences between mouse and human. In silico programs
were used to identify known control sequence motifs near CLRN1. There was only one potential CpG
island in the CLRN1 region, located in the longest intron between exons 0 and 1. Potential TBP (TATA
binding protein) binding sites were found upstream of exons 0 and 2. Even though TATA boxes
usually correlate with tissue specificity, the identified Sp1 and YY1 binding sites in these promoter
regions are associated with more ubiquitous expression (Schug et al., 2005). The ubiquitous
expression profile is more in line with our CLRN1 expression results (described in section 2.3).

The in silico genomic regions near CLRN1 exons that were most promising for
transcriptional control were inserted into an expression vector. In the expression vector the
promoter regions controlled expression of a marker gene when transfected into cultured cell
lines. The main promoter region (upstream translation start site in exon 0) was the most
conserved between mouse and human sequences and was also the most active in the luciferase
reporter assays (Figure 11). The sequence conservation of the CLRNI1 promoter region
upstream of exon 0 between human and mouse diminishes with distance from the
translation start site, which correlates with the observation that important promoter region
information is likely more proximal to the transcription initiation site. The functional studies
showed that the most active region of the proximal promoter is around 1000 nt in length and the
region between 1000 and 1550 nt upstream of exon 0 contains one or more silencer domains. For
example, CAy3 repeat 1107-1152 nt upstream of the 5’ translational start site has a possible
binding site for WT1-KTS. This protein functions in transcriptional repression (Hewitt et al., 1996).
Interestingly, variations in the length of the CA repeat region in the PAX6 gene P1 promoter
region have been associated with high myopia (Ng et al., 2009). CLRN1 expression may also be
influenced by antisense transcriptional control. CLRN10S (Figure 10) is a pseudogene running in the
opposite direction to CLRN1. CLRN1 and CLRNI1OS share the same promoter region and the 5’
untranslated regions (UTR) are partly overlapping. The CLRN10S pseudogene may control CLRN1
expression by interfering with CLRN1 transcription/translation or CLRNI mRNA stability (Katayama et
al., 2005).
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It is unlikely that the proximal promoter contains all the required signals for the proper
function of CLRN1 in all cell types and developmental stages. Even in cell culture conditions, the
activity varied between cell culture age, stage and cell type. The activity of the potential promoter
region upstream of exon 2 varied the most between cell culture types suggesting a potential
promoter in alternative developmental stages and cell types (unpublished results). The potential
promoter region upstream of exon 1, which was the original promoter for the first published
CLRN1 splice variant (Figure 10:4), was the least conserved as well as the least active. Unless the
exon 1 promoter region is specific to conditions in certain cell types or specific developmental
stages, the region upstream of exon 1 is not a promoter region. The presence of TATA binding
sites upstream of exons 0 and 2, but not proximal to exons 1 and 3, correlates well with our
promoter activity studies; the data show that regions upstream of exons 0 and 2 have higher
activity levels than regions upstream of exons 1 and 3. Additionally, the observed promoter
region conservation is in concordance with the observed higher activity levels of the more
conserved 5’ regions upstream of exons 0 and 2, when compared to the weaker regions
upstream of exon 1 and exon 3.

We could only predict the combination of regulatory (positive and negative) elements
present in the cochlea and retina with in silico studies. There was an H1 core sequence in the
main promoter region (upstream of exon 0) and the H1 sequence was also identified within the
exon 1 and exon 2 promoter regions studied. The photoreceptor-specific transcription factor
Crx has been reported to bind to this H1 core sequence (Young et al., 2003). Exon 2b was
associated with intronic downstream control sequences: splicing repressor CUCUCU is
repeated once at 79 nt downstream of exon 2b, whereas a possible neuron-specific Nova
family splicing factor signal, YCAY, is repeated three times within 140 nt downstream of exon
2b, and splicing enhancer GGGGG is repeated three times approximately 890-1 080 nt
downstream of exon 2b. Both CUCUCU and GGGGG repeat elements have previously been
shown to affect the splicing of a small neuron-specific exon in the mouse c-src gene (Black,
2003; Modafferi and Black, 1999; Wang and Burge, 2008).

The CLRN1 proximal promoter region and the possible alternative promoter regions may
not encompass all the information required for proper CLRN1 expression in all developmental
stages and cell types. Additional elements such as enhancers and/or silencers may be located
more distantly downstream or upstream, and could provide additional information that is
required for the proper expression level of the CLRNI main variant as well as the alternative

variants. Moreover, expression can be modulated by regulatory sequences in intronic regions.
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However, according to this study, the 1000 nt region upstream the translation start site in exon 0O

is the main promoter region and likely to regulate the ubiquitous expression in most tissue types.

pGluc inserted regions:
(upstream exon/translation start site)

1) exon 0:1-500 nt

[

2 exon 021 000 vt [

3)exon 0:1-1550 nt [ —

4) exon 1:1-1 550 nt

5) exon 2:1-1 550 nt

6) exon 3:1-1 550 nt -

7) pGluc vector

1.0 2.0 3.0 4.0 % (pCMV-Gluc set to 100 %)

Figure 11. Alternative promoter region activity levels in luciferase activity assays (modified from lil).

2.3 Expression (ll1)

All the CLRN1 splice variants were initially identified from human retinal cDNA. Amplification with
exon specific primers showed that the CLRN1 main splice variant (0-2-3) was transcribed in
several human tissues: retina, cochlea, RPE (ARPE-19 cell line) as well as brain, placenta, liver,
kidney, pancreas, prostate, testis, ovary, small intestine and colon. The CLRN1 splice variant with
exon 2b (0-2-2b) was expressed in several tissues, most importantly in human retina and cochlea
but also in heart, brain, placenta, lung, skeletal muscle, pancreas and ovary. The splice variant
(0-1b-2-3) was also found in testis and (0-0b-2-2b) in heart, brain, placenta and pancreas.

The main splice variant (0-2-3) encoding a 232 aa protein and the most likely functional
alternative splice variant (0-2-2b-3) encoding a 245 aa protein were expressed in numerous
tissues. The expression profile of these splice variants would suggest a ubiquitous function for

these proteins, but the presence of USH3 symptoms only in retina and inner ear would suggest

65



otherwise. The other splice variants are not as widely transcribed, but present in retinal cDNA.
The function for these splice variants could be retina-specific or developmental since the

alternative splice variant expression was not studied in all developmental stages.

3. CLRN1 protein

During this thesis several attempts were made to raise an antibody against either human or
mouse CLRN1 protein. GST-fusion proteins were created linking the predicted human and mouse
extra cellular loops and C-terminal regions to a GST-tag. The CLRN1 antigens were used to raise
antibodies in rabbit, chicken and by using the phage display technique (Hoogenbloom et al., 1998;
Kretzschmar and von Riiden, 2002). Only one antibody raised against mouse CLRN1 in chicken
showed limited specificity to CLRN1 (Geller et al., 2009). One antibody was reported to recognize
CLRN1 in mouse retina and cochlea sections (Zallocchi et al., 2009) but the specificity of this
antibody has been questioned later (John Flannery, personal communication). The lack of a
specific CLRN1 antibody is not surprising as the predicted CLRN1 structure resembles that of a
tetraspanin protein and tetraspanins are known to be small membrane proteins protruding only
around 4-5 nm above the membrane (Hemler, 2005). Prior to this thesis, the predicted
transmembrane regions and similarity to tetraspanins were hypothesized to mean that CLRN1 is
a small protein embedded in the cellular membranes (Joensuu et al., 2001; Adato et al.,

2002).

3.1 CLRN1 localization (IV)

At the beginning of the thesis research the lack of a functional antibody against CLRN1 was
compensated by incorporating a HA-tag to the CLRN1 protein C-terminus. The HA-tag, and the
CLRN1 protein linked to it, could then be detected using an antibody against the HA-peptide. In
cultured BHK cells the wt CLRN1 construct was transported through the ER to the plasma
membrane. Our results are in line with the results of parallel study, which suggests that CLRN1 is
localized into microdomains enriched with cholesterol within the plasma membrane (Tian et al.,
2009). When CLRN1-HA protein was transiently expressed in mouse retinal primary neurons
CLRN1 colocalized with synaptophysin (green) suggesting that CLRN1 is localized in retinal and

cochlear synapses (Figure 12, unpublished results).
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Figure 12. CLRN1 localization in mouse retinal primary neuron culture transiently transfected with HA-
tagged CLRN1 protein expression plasmid. HA-CLRN1 (red, A) and synaptophysin (green, B) are colocalized

in a neuron (yellow, C).

Alternative splicing has been described to be important in USH1C localization. The
alternative USH1C isoforms exhibit alternative tissue specificities as well as localize to alternative
compartments in photoreceptors (Reiners et al., 2003). The 0-2-2b-3 CLRN1 isoform, with the
additional 13 aa, might have a similar alternative function as it has been shown that small tissue-
specific exon modifications are important in nervous system-specific isoforms (Stetefeld and
Ruegg, 2005). The lack of antibodies specific to the alternative CLRN1 protein variants made it
impossible to study the subcellular localization of these proteins in different cell types in retina
and cochlea.

We studied how the known USH3 mutations affect CLRN1 localization. When the wt
CLRN1 was mutated (p.A123D, p.1153_L154delinsM, p.L150P, p.M120K and p.N48K) the proteins
were not transported to the plasma membrane but were retained in the ER. This mislocalization
of mutated CLRN1 proteins prevents the correct function of CLRN1. The results suggest that the

absence of correctly localized CLRN1 leads to gradual cell death in retina and cochlea in USH3
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patients. The accumulation of mutated CLRN1 in the ER may be another contributor to cell death
in USH3, as the accumulation of mutated proteins in the ER has been shown to cause ER stress
that may lead to cell death if the condition is not corrected (Lin et al., 2008; Rasheva and

Domingos, 2009).

3.2 CLRN1 stability (IV)

The stability of wt CLRN1 protein, and the impact of USH3 mutations on stability, was studied
using the HA-tagged CLRN1 protein expression plasmid transfected into cell cultures. CLRN1
protein production was interrupted with cyclohexamide introduced to the cell culture. After four
hours wt CLRN1 was still present and stable as were the p.I1153_L154delinsM and p.M120K
mutant proteins. Unlike the wild type protein p.N48K, p.A123D and p.L150P mutant proteins
were unstable and almost absent four hours after protein production was arrested by the drug
treatment. The instability of these mutant CLRN1 proteins, therefore, leads to absence of
functional CLRN1 in USH3 patient retinal and cochlear cells.

CLRNZ1 protein stability and localization to the plasma membrane were used to ascertain
the pathogenicity of two newly identified USH3 mutations in Canadian patients. Mutation
p.A123D was found to alter protein localization and stability similar to known mutations, while
the sequence variation p.L54P was found not to change CLRN1 stability or localization. Thus
p.A123D was deemed to be a mutation and p.L54P as a potentially benign polymorphism,
although the possible changes p.L54P causes to CLRN1 function beyond those assayed could not
be determined. This same approach was later also used by Khan et al. (2011) to ascertain the
pathogenicity of two CLRN1 mutations p.P31L and p.L154W causing arRP, the mutated proteins

were reported to remain in ER and not to be correctly trafficked to the plasma membrane.

3.3 CLRN1 polymerization and interactions (IV, U)

Wt HA-tagged CLRN1 protein and p.N48K mutated HA-tagged CLRN1 proteins were analyzed by
western blot analysis after deglycosylation treatment with PNGase F. The shift in protein mobility
was consistent with oligosaccharide side chain attachment to p.N48 in wt protein. The p.N48
glycosylation was also reported by Tian et al., 2009. The analysis revealed the wt CLRN1 protein is
glycosylated at the p.N48 position.
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The western blot studies also revealed that the wt CLRN1 protein forms dimers and
multimers. The discovered homomeric interaction between CLRN1 proteins is consistent with the
results that CLRN1 proteins form multimers with hydrophobic interactions and cholesterol rich
microdomains in the plasma membrane (Geller et al., 2009; Tian et al., 2009). It is possible that if
the alternative CLRN1 isoforms (especially the 0-2-2b-3) are translated they could form multimers
with the main CLRN1 isoform, but the alternative splice variants could also have different
functions and localize to different regions than the main CLRN1 isoform as do alternative USH1C
isoforms (Reiners et al., 2003) or alternative PCDH15 isoforms that have different functions in
cochlear hair cells (Webb et al., 2011).

During this thesis we also conducted yeast two-hybrid (Y2H) screens against CLRN1 outer
loops and C-terminal region (unpublished results). We discovered several interaction partners but
most of them were considered false positives. The most interesting potential interacting proteins
that we discovered were thioredoxin 2 and ELMO1 (Engulfment and Cell Motility protein 1)
(unpublished results). Thioredoxins have a role in protecting retinal cells from oxidative stress by
activating several transcription factors and functioning as neuroprotective factors (Kong et al.,
2010). Over expression of thioredoxin was recently reported to delay inherited photoreceptor
degeneration caused by light-induced or oxidative stress in a mouse model for sensorineural
deafness and retinal dystrophy (Kong et al., 2010). ELMO1 is part of the Rho GTPase signaling
pathway leading to Racl activation that affects cytoskeletal rearrangements and engulfment of
apoptotic cells (Gurnienny et al. 2001). Further research is needed to determine whether
thioredoxin 2 and ELMO1 interact with CLRN1 in retinal and cochlear cells. Therefore, their

connection to USH3 progression when CLRN1 is mutated remains undetermined.
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4. USH3 animal models

RT-PCR results show that mouse Clrn1 is expressed from E12 onwards. In the developing retina
Clrn1 expression could be clearly detected with RNA in situ hybridization only in P7 mice. In
developing cochlea CIrn1 could be detected with RNA in situ hybridization from E16.5 onwards
(Geller et al., 2009; Geng et al., 2009). In adult mice the Clrn1 gene is expressed in cochlear hair
cells and ganglion cells as well as retinal Miller cells (Adato et al., 2002; Geller et al., 2009).

During this thesis project our collaborators created a USH3 mouse model by knocking out
Cirn1 (Geller et al., 2009). The USH3 mice showed clear structural deterioration in cochlear hair
cells that led to hearing loss. However, no visual function defects or retinal degeneration were
detected during the lifetime of these animals (Geller et al., 2009). Several mouse models with
mutations or deletions of other USH genes have also exhibited clear defects in mechanosensory
hair cells, but attenuated or absent visual symptoms. In contrast, visual function defects or retinal
cell degeneration have been noted in zebrafish models of myo7a, pcdh15, ushic, ush2a and
gpr98 (Ebermann et al., 2010; Williams, 2008), prompting the study of USH3 zebrafish. The
zebrafish USH3 study results are represented in the following sections describing clrn1 expression,
Clrn1 protein localization and Clrn1 knockdown studies. The zebrafish USH3 study was performed

in collaboration with Jennifer Phillips and Professor Monte Westerfield.
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4.1 cirn1 expression in zebrafish (U)

The expression of wt clrn1 was studied using RNA in situ hybridization. The in situ experiments
found ciIrn1 to be expressed in zebrafish larvae inner ear hair cells as well as larvae and adult
retina INL, photoreceptors and RPE. RT-PCR showed that c/rn1 transcript was first detectable at 24
hpf and from then on cirn1 can be visualized by in situ hybridization in the developing ear and eye
(Figure 13). The prolonged expression of clrnl in the retina is in contrast to the transient
expression pattern of mouse Clrn1 that peaks at P7 (Geller et al., 2009). Zebrafish clrn1 expression
in retina was detectable with RT-PCR on adult retina extracts and in situ hybridization in all
developmental stages and ages studied. The differences in the duration of Clrn1 expression
between zebrafish and mouse could indicate alternative developmental needs for CLRN1 in each
species. Mouse retinal cells express Clrn1 only in a certain stage of development and its absence
does not result in retinal pathology. The zebrafish retina, however, has constant c/rn1 expression

and lack of Clrn1 causes abnormal visual function (described in section 4.3.2).

4.2 Clrn1 localization (U)

An antibody was commissioned from the company SDIX (Strategic Diagnostics Inc., DE, USA)
against the first outer loop of zebrafish Clrn1 by our collaborators in Oregon, USA. The antibody
recognizing zebrafish Clrn1 (Dr-Clrn1-ab) was shown to be specific using transiently transfected
cells with expression vector coding HA-tagged zebrafish-Clrnl protein and observing the
colocalization between HA-tag (Clrnl protein) and Dr-Clrnl-ab (Figure 14). The Dr-Clrnl-ab was
used to study Clrnl localization in zebrafish retina and mechanosensory hair cells. Clrnl was
found to be localized in the retinal INL and photoreceptors as well as RPE in concordance with our
zebrafish RNA in situ hybridization results (Figure 13).

In zebrafish Clrn1 can be detected with the antibody from 2 dpf onward, through all larval
and adult stages examined. In the retina Clrn1 can be seen first in the developing INL and later
when photoreceptors mature also in the photoreceptor layer. In the adult retina Clrn1 localizes to
Miuller cells, to the region of the connecting cilia and at synapses (Figure 15 and 16). Clrn1 protein
and mRNA transcript can also be found in the RPE after PTU (1-phenyl-2-thiourea) treatment of
the larvae, which suppresses melanocyte formation so that molecules within RPE cells can be

visualized.
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Figure 13. In situ detection of zebrafish clrn1. The blue staining (clrn1 probe binding) can be seen in INL
layer of 5 dpf larvae eye (A) and in the INL and ONL layers of adult retina (B).Zebrafish c/rn1 expression (in
situ hybridization results) and Clrn1 localization (described in section 4.2) in retina (marked with red circles)
compared to the reported localizations of other USH proteins in the mouse retina excluding the

photoreceptors and OPL (described in Review of the literature, section 4.5.1) (C).
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Figure 14. Testing the antibody recognizing zebrafish Clrnl in transiently transfected BHK cell culture. HA-

tagged zebrafish Clrnl transfected cell culture treated with Clrnl-antibody (red) (A), antibody against HA
tag in Clrn1-HA (green) (B), untransfected cells treated with Clrnl-antibody (red) (D), untransfected cells
treated with HA tag -antibody (green) (E). Co-localization (yellow, C and F) between the Clrnl antibody
(red) and HA-tag antibody (green).
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Figure 15. Clrn1 localization (red) in zebrafish retina. Dr-Clrnl-ab (red) treated zebrafish retina sections: Dr-

Clrn1-ab staining of zebrafish adult retina (A), Dr-Clrn1-ab colocalization (yellow [blue arrows]) with Muller
glial cell processes (glutamine synthetase, green) in 6 dpf zebrafish retina (B and C), Dr-Clrnl-ab
colocalization (yellow [blue arrows]) with photoreceptor connecting cilia (tubulin marker, green) in 5 dpf
zebrafish retina (D and E). White arrows indicate Clrn1 synaptic localization in cone photoreceptor pedicles

(B).
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Figure 16. Detected and inferred CLRN1 localizations (marked with red circles and schematic red CLRN1
proteins) in a photoreceptor cell (A), connecting cilium region (B) and photoreceptor synapse (C)
compared to the reported localizations of other USH proteins (described in Review of the literature,
section 4.5.1).

The absence of functional CLRN1 leads to progressive death of retinal cells in RP in
humans. It remains unclear whether the gradual retinal cell death begins with the malfunction of
the photoreceptors themselves or of the cells supporting photoreceptor function (Miiller and RPE
cells). For example, RPE cells function in phagocytosis of shedded membranous disks from
photoreceptor OS and delivering nutrients to photoreceptors as well as secreting growth factors
(Schraermayer and Heimann, 1999; Strauss, 2005). Such functions are crucial for photoreceptor
maintenance. One of the functions of Miiller cells in retina is to recycle the released glutamate
from neuronal synapses back to neurons as glutamine as well as produce factors influencing

photoreceptor survival (Zachs and Esguerra, 2006). In photoreceptors CLRN1 could be part of the
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synaptic vesicle traffic to the synaptic region or transport vesicle traffic through connecting cilium
into or out of the outer segment of the photoreceptor cell. For example, the gradual cell death
seen in USH3 patients could be explained by impaired function of the connecting cilium. Ten
billion opsins are trafficked every second in a single human retina from the inner segment to
outer segment through the connecting cilium (Liu et al., 1999b). If this transport is affected opsins
or other proteins may accumulate in inappropriate subcellular locations, leading to a decline in
photoreceptor cell integrity and ultimately to RP.

The zebrafish protein localization and in situ mRNA hybridization results are in contrast to
the mouse in situ mRNA hybridization results in which detection of Clrn1 in the retina peaks at P7,
and diminishes afterwards (Geller et al., 2009). Zallocchi et al. (2009) have published controversial
results using an antibody and localizing CLRN1 in mouse adult retina photoreceptors to the
connecting cilia, inner segment and ribbon synapses which correlates with our zebrafish results.
The discrepancy between mouse in situ hybridization and antibody detection results could be
explained by Clrn1 transcription levels that are too low for RNA in situ hybridization. On the other
hand, the specificity of the antibody used by Zallocchi et al. (2009) has been questioned (John
Flannery, personal communication).

In mouse, CLRN1 is present from E18 to P10 in mouse cochlear hair cells. CLRN1 is
localized to the basal and apical parts of the hair cell. The CLRN1 localization in the hair cells could
implicate a function in hair cell synaptic maturation (Zallocchi et al., 2009). In mouse hair cells the
absence of CLRN1 causes disorganized stereocilia, which indicates that CLRN1 also has a similar
function as other USH proteins affecting the organization of the stereocilia in cochlear hair cells
(Yan and Liu, 2010). In zebrafish the timing and localization of Clrn1 is consistent with a role in
stereocilia organization. Zebrafish Clrnl is present in ear and neuromast hair cells throughout the
studied developmental stages, from 2 dpf to 7 dpf. Clrn1 was found to localize to the hair cell

kinocilium and apical periciliary region as well as to the basal synaptic region (Figure 17).

Figure 17. Localization of Clrn1 in hair cells of a zebrafish otic sensory patch (the perimeter of a single cell is
marked with a circle) (A-D). Dr-Clrn1-ab (red) colocalizes (yellow) with tubulin (green) at 2 dpf (A and B)
and at 4 dpf (C and D). Clrn1 localization is noted in the apical region of the hair cells and basal position
consistent with involvement at hair cell synapses (A-D). The red circles in bold indicate regions where
zebrafish Clrnl can be detected with immunohistochemical studies compared to the reported localizations

of other USH proteins (E and F, described in Review of the literature, section 4.5.2).
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4.3 Cirn1 knockdown (U)

The production of Clrn1 was knocked down by injecting either a translation blocking morpholino
(CIrn1MOatg) against the clrnl translation start site or a splice site blocking morpholino
(Clrn1MOsplice) against the zebrafish clrn1 exon 0 3’ splice site into 1-cell stage zebrafish
embryos. Immunohistochemistry studies with Dr-Clrn1l-ab showed that both morphant larvae
had lower levels of Clrn1 protein in the retina (Figure 18). The transient knockdown of Clrn1 levels
in zebrafish allowed us to observe the effect on zebrafish development. As the absence of
functional CLRN1 causes USH3 in human patients, our main interest was to observe the
consequences of Clrnl knockdown in zebrafish larvae vision and hearing/balance. MO efficacy
periods are variable, and dependent upon degradation of the oligonucleotide and turnover
rates of the endogenous proteins. The MO ability to suppress protein production also
diminishes, because the MO amount injected into the single cell stage stays the same during
cell proliferation and organ development. With both Clrn1MOs we found that Clrn1 levels
began rising after 4 dpf. This transient knockdown of Clrnl allowed us to observe the
consequences of depleting Clrnl during sensory organ development and assay for possible

recovery of behavioral phenotypes when functional levels of Clrn1 were restored.

4.3.1 Hearing and balance (U)

The Clrn1l morphant zebrafish had obvious balance problems compared to the control 4 dpf
larvae. Zebrafish balance was studied by observing the response to swirling the media. While the
uninjected larvae were able to correct themselves after swirling, some of the MO injected fish
had clear problems with balance with no ability to sense which direction was up or down. These
fish had also a tendency to float on the surface of the water. In the tapping test, the startle
response to the tap on the petri dish was measured for MO and control animals. Only 5 % of 4 dpf
uninjected control larvae (N=327) failed to respond to tapping on the petri dish. In contrast, 20 %
of Clrn1MOsplice larvae (N=161) and 38 % of Clrn1MOQatg larvae (N=58) had no startle response
at 4 dpf (Figure 19).

Our studies with the Clrnl morphant zebrafish show unequivocally that the larvae
develop balance/hearing problems similar to the deafness and balance problems reported in

USH3 mouse model. The fact that USH3 mouse and zebrafish models develop similar symptoms
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Figure 18. Effect of translation blocking Clrn1MOatg on Clrnl presence in zebrafish larval retina.

Uninjected control (A,B) and MO injected (C,D) 5 dpf larval retina sections stained with Dr-Clrn1-ab.
Antibody stainings; Clrnl (red) in all panels and PKCa bipolar cell marker (green) in panels A and C.

in hearing and balance suggests that the CLRN1 function in ear hair cells is similar and equally
important. In mouse the absence of functional CLRN1 causes disruption of stereocilia
organization (Geller et al., 2009) and it remains to be seen whether the deafness and balance

problems in our USH3 zebrafish model is caused by similar stereocilia disorganization.
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Figure 19. Startle response is significantly impaired in CIrn1MO treated zebrafish larvae. The results of the
tapping tests performed on the uninjected control fish (N=327) and MO injected zebrafish larvae
(CIrn1MOatg N=58 and Clrn1MOsplice N=161). The results are presented as percentages of the studied

larvae.

4.3.2 Vision (U)

The Clrn1 morphant larvae had significantly slower optokinetic responses (OKR) compared to wild
type larvae. Reduction in visual function was highly significant (P value < 0,001, ***) at 4 dpf with
both the CIrn1MOatg and Clrn1MOsplice. Significant statistical (P value < 0.01, **) differences
between morphants and controls lasted past 4 dpf only when Clrn1MOatg was used (Figure 20).
Unlike the USH3 mouse that was shown not to develop visual problems, the zebrafish
retina seems to require functional Clrnl from early developmental time points for proper
function. The results suggest that either CIrn1 function is unnecessary in mouse retina or there is
another protein that can functionally replace the absent CLRN1. Short life span has been

suggested as a reason for lack of progressive RP in USH3 mice. However, in Clrn1 knockdown
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zebrafish the symptoms appear during retinal development. There seems to be crucial differences
in the molecular landscape between the mouse, zebrafish and human retina. Differences in the
arrangement and abundance of different photoreceptor types could be one of the key elements.
The mouse retina is rod dominant, suitable for function in low-light conditions whereas zebrafish
and human retinas contain cones necessary for rich color vision for diurnal life. The differences in
environments in which the retinas have evolved to function have produced alternative retinal cell
subtypes (i.e. ganglion cells subtypes and cone types) in the mouse, human and zebrafish retinas
(Gouras, 2009). Perhaps Clrnl is required in proper cone function or cone connections and
interactions with other retinal cell types (i.e. other cones, rods, horizontal cells, RPE cells, Miiller
cells). In humans and zebrafish the absence of this CLRN1 specific function leads to RP. The
importance of cones is supported by the results that the symptoms of retinal degeneration in
USH3 patients doesn’t necessarily start with night blindness like in USH1 and USH2 (Pakarinen,
1995b, 1996, 1997). This supports the theory that cones have an important role in the
development of USH3.

The USH3 mouse model hearing loss is not progressive, but congenital (Geller et al.,
2009). The hearing loss/balance deficit and vision loss in zebrafish is not progressive, but present
already during development. A theory for this discrepancy is that USH3 in human patients is
progressive because the human CLRN1 alternative splicing is more complex and mutated CLRN1
can retain some functionality forming multimers with alternative splice variants when the main
CLRN1 variant is either absent or deformed. However, our research shows that zebrafish Clrnl

morphants represent good USH3 animal models for studying the USH3 disease mechanism.
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Figure 20. Results of visual function analysis in zebrafish larvae. Visual function was studied using OKR in
which the number of moving stripes the larvae detected within one minute was measured. The results are

presented as percentage of moving stripes larvae detected. The significance was depicted with an asterisk:
highly significant (P value < 0,001, ***) or significant (P value <0.01, **).
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CONCLUDING REMARKS

Mutations in nine genes are known to cause Usher syndrome. The severity of the syndrome in
each patient is dictated by the USH genes mutated, and the mutations. The molecularly identified
USH genes encode proteins that function in a USH protein network. All the USH proteins, except
for CLRN1, have been shown to interact within this USH protein interactome. However, the
similarity of clinical symptoms between all USH subtypes suggest that all the USH proteins,
including CLRN1, are part of the same functional network in retina and cochlea.

The spectrum of USH mutations present in Finland is unique to the Finnish population. In
this study we identified four novel USH1B mutations and one novel USH2A mutation as well as
one known USH2A mutation from Finnish USH patients. The USH mutation spectrum is still
anything but clear. Our USH families with possible digenic USH inheritance show that sequence
variations are sometimes difficult to ascertain as either pathogenic or benign. Additionally, the
fact that USH can be caused by at least nine genes and at least one modifier gene, PDZD7,
complicates the mutation search. Everyone carries several USH sequence variations in their
genome. Only extensive research can determine whether these USH variations are just
polymorphisms or potential mutations and whether these variations can affect the USH
phenotype when combined with mutations.

Before this thesis, the CLRNI main splice variant was known to be composed of three
exons. During this study several new splice variants were found. Most of them have translation
termination signals in them and thus are not translated into functional proteins. The simple three
exon CLRN1 gene seems to be the main functional form and all the known USH3 causing
mutations are within these three exons. Why genes produce these alternative splice variants is as
yet unknown. Is the CLRN1 main variant the only functional one and the rest of the splice variants
only mistakes by the splicing machinery? Another option would be that the other splice variants
have some function perhaps important in certain cell types or developmental stages or that they
function in controlling the transcription and translation of the main variant. All the splice variants
have been discovered in human retinal cDNA and their function might be limited to the retinal
function of otherwise ubiquitously expressed CLRN1.

During this thesis study we discovered that wt CLRN1 is transported to the plasma
membrane in cultured cells. Mutated CLRN1 proteins can be unstable, but all the studied CLRN1
mutant proteins remain in the ER and are not transported to the plasma membrane. The reason

behind progressive hearing loss and RP development in the inner ear and retina, respectively,
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could be the incorrectly localized CLRN1 and the ER stress the mutated CLRN1 proteins cause over
time.

The ultimate goal in studying CLRN1 has been the development of a gene therapy for
USH3 patients. Perhaps the most crucial question for the success of gene therapy is not the
function of CLRN1, but when CLRN1 functions. If functional CLRN1 is not present during retinal
and cochlear development can the effect of CLRN1 absence be augmented later? Or is CLRN1
needed too early in development with too drastic structural importance to be augmented after
the symptoms become present in USH3 patients? The USH3 knockout mice have no visual
symptoms even without functioning CLRN1. The results of the gene therapy trials to cure the
deafness present in these USH3 mice are thus far inconclusive. However, while the human
hearing loss and retinal degeneration are progressive, the hearing defects in the mouse are early
onset and there is no notable retinal degeneration. Thus, the USH3 knockout mouse presents a
useful but limited model in which to test treatments for human USH3. The Clrn1MO injected
zebrafish larvae completed early developmental stages with depleted Clrn1 function, but began
producing Clrn1 as the morpholino effect wore off. Some Clrn1 morphants recovered auditory or
visual function by 10 dpf, whereas other morphants showed no signs of recovery. Thus the
question remains: Can the development of USH3 be stopped by adding functional CLRN1 or has

the damage been done when the cells/contacts between the cells/the sensory organs develop?
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