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Abstract

Auditory defects and disorders are prevalent at all ages and affect 8% of the
population in developed nations including newborns and children. Congenital
hearing loss is the most common birth defect and it is estimated that 1 in
1000 children are affected by deafness at birth or before the onset of speech.
Most of these children suffer from non-syndromic hearing loss, where hearing
loss is the sole symptom with no other associated symptoms. More than two-
thirds of non-syndromic hearing loss cases are of genetic origin, with
approximately 80% inherited in an autosomal recessive mode. Autosomal
recessive deafness is attributed to DFNB loci. Different DFNB loci have been
reported and more than 50 genes have been identified to date. One such
gene that encodes otoferlin, OTOF is responsible for the DFNB9
nonsyndromic form of deafness, which accounts for up to 8% of all prelingual

autosomal recessive nonsyndromic deafness. Patients with mutations in



otoferlin suffer from profound sensorineural prelingual non-syndromic hearing
loss.

Otoferlin belongs to the ferlin family of proteins. Ferlins are a group of multi-
C2 domain proteins with emerging roles in vesicle fusion, membrane
trafficking and repair. Otoferlin has six C2 domains including a C-terminal
trans-membrane domain and these C2 domains bind to calcium,
phospholipids and SNARE proteins. Otoferlin has been proposed to play a
role in exocytosis of synaptic vesicles at the auditory inner hair cell synapse
and also contributes to the development of the auditory cell synapse. Ablation
of this gene causes abolition of exocytosis and improper targeting of synaptic
components in sensory hair cells. More than 60 pathogenic mutations have
been reported and are distributed in different C2, non-C2, and
transmembrane domains of otoferlin. Despite the fact that otoferlin is a major
contributor to sensorineural deafness, very little is known about the actual role
of this protein in sensory hair cells.

Currently, the field is restricted by a lack of an in vivo model that could
facilitate rapid analysis and easy characterization of otoferlin. Most studies
have used mouse and rat models where, hair cells are few in number and
require harvesting through time-consuming micro-dissections of the animal
ear. Given the importance of otoferlin in hair cell development and function,
and the lack of an easy genetically manipulatable model, the goal of this
thesis was to develop a more tractable organismal model to establish the role

of otoferlin.



Over the past years, zebrafish has emerged as an ideal model to study
vertebrate development. It allows rapid assessment of gene function in vivo
because it is amenable to genetic manipulation. Most importantly, the
transparency of the zebrafish embryos allows direct visualization of tissue
morphogenesis as it occurs in a live organism. Moreover, zebrafish possesss
the easily accessible lateral line system, comprised of clusters of sensory hair
cells, which are similar to mammalian type Il vestibular hair cells and have
similar morphological and anatomical structure. These sensory cells possesss
synaptic ribbon bodies composed of L-type voltage activated calcium
channels, a VGIut3 transporter for glutamate loading in synaptic vesicles, and
develop a post-synapse upon maturation. Despite all these structural
similarities zebrafish hair cells possesss only 3-5 synapses per hair cell. The
aim here is to characterize the role of otoferlin by generating zebrafish models
for otoferlinopathy.

Here we show for the first time that otoferlin is conserved in all species
including zebrafish. However, due to a zebrafish genome duplication event,
the otoferlin gene is paralogous, and there are two different subtypes which
we named otoferlin a (encoded on chromosome 20) and otoferlin b (encoded
on chromosome 17). Otoferlin a is the longer gene and has all six C2
domains, whereas otoferlin b is the shorter gene and lacks an N-terminal C2
domain. Otoferlin expression starts early during larval development and
coincides with the onset of sensory morphogenesis and maturation. The

otoferlin a isoform is strictly restricted to the hair cells of the developing otic



region, whereas otoferlin b is distributed in the hair cells of the otic region and
lateral line neuromasts. At the cellular level, otoferlin distribution is observed
in the supranuclear and basolateral regions of hair cells. Depleting both
isoforms of otoferlin results in auditory and vestibular defects in larval
zebrafish, and larvae exhibit abnormal swimming behavior. Moreover, larvae
fail to develop an inflated swim bladder and develop a curved spine
phenotype that becomes more prominent with development and facilitates a
circling swimming behavior. These otoferlin-depleted zebrafish morphants
belong to a class of ‘circler mutants that possesss similar hearing and
balance defects. At the molecular level, sensory hair cells of otoferlin-
depleted zebrafish developed atypical synapses comprised of tightly
coalesced synaptic ribbon bodies, diffusely distributed VGIut3 and a dense
and enlarged post-synapse. However, these hair cells possesssed an intact
calcium response to mechanical deflection of hair bundles indicating an
absence of mechanotransduction defects upon otoferlin depletion.
Furthermore, otoferlin- depleted zebrafish exhibited severe defects in
endocytotic dye uptake predominantly in the basolateral region of neuromast
hair cells.

Studies have identified several otoferlin-interacting partners, however, a
comprehensive study on otoferlin mutants is lacking. Also lacking is a more
vivid description of the genes regulating the circler phenotype during
development and maturation. For the first time we report a high-throughput

transcriptomic analysis of otoferlin-depleted zebrafish in an attempt to



characterize the circler phenotype in larvae that also exhibit abnormal
synaptic development. This study validates zebrafish as a model for high-
throughput studies of the auditory and vestibular circler motility mutants,
including otoferlin mutants. In this high-throughput transcriptomic study we
identify several novel transcripts that are up or downregulated due to otoferlin
depletion in zebrafish larvae. Some of these transcripts are very specific to
the lateral line neuromasts and otic vesicle and have been shown to play
roles during morphogenesis and development of the zebrafish sensory and
neuronal regions. Moreover, there is a correlation between altered levels of
some of these novel transcripts in otoferlin-depleted sensory cells and their
synaptic morphology; hair cells with reduced levels of identified transcripts
show an abnormal synaptic morphology indicated by coalesced distribution of
synaptic ribbons when compared with control siblings.

Finally, this is also the first study that shows that the rescue of gross
phenotypic loss due to otoferlin depletion is possible by co-injecting otoferlin-
depleted larvae with the p5E-pmyo6b hair cell specific vector containing full
length (FL) and truncated versions of mouse otoferlin constructs. This further
reiterates that otoferlin is indeed conserved across species and that gross
rescue of the phenotype can be achieved with either mouse otoferlin FL or
truncated constructs that contains as little as just one C-terminal C2 domain
with the trans-membrane region. This also provides a sense of which otoferlin
domains are sufficient to rescue synaptic activity. Furthermore, we also see

rescue in levels of reduced transcripts that are derived from the transcriptomic



analysis when otoferlin-depleted larvae are coinjected with the p5E-pmyo6b
mouse FL vector construct.

Overall, these studies successfully establish zebrafish as an in vivo model
organism to characterize defects associated with otoferlin loss, both at the
molecular and transcriptomic levels in a much shorter span of time compared
to mouse-based studies. They also show a promising application of otoferlin
trans-species rescue using hair-cell-specific otoferlin rescue contructs that
correct for loss of overall auditory and vestibular defects associated with

otoferlin depletion in larval zebrafish.
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Chapter 1 — General Introduction: Hereditary Non-Syndromic Hearing

loss; DFNB loci, and the Involvement of Otoferlin in Hearing

Paroma Chatterjee



1.1 Abstract:

Auditory impairment is prevalent at all ages and is a major health concern in
developed nations, affecting around 8% of the population (1). The most commonly
afflicted are children at birth, and it is estimated that 1 in 1000 newborns are deaf,
one in 300 infants suffer from congenital hearing loss of a lesser degree and an
additional 1 in 1000 are affected by profound hearing loss before they reach
adulthood (2-3). Approximately 25% of hearing loss in children is environmental,
more than 50% is caused by genetic change and, in the remaining 25%, the cause
remains unknown (4). Of the causes with a genetic basis, the most frequent is the
auditory recessive non-syndromic form of hearing loss (NSHL) attributable to the
DFNB gene loci. The DFNB gene loci include several genes including OTOF, which
encodes otoferlin. Affected individuals suffer from profound prelingual deafness that
affects children before the onset of speech and manifests as auditory neuropathy or
a condition where effective encoding and transmission of sound from the inner ear to
the brain is impaired. However, very little is known about the actual contribution and
function of this protein in the inner ear primarily due to lack of an adequate and
easy-to-use animal model. Currently, cochlear implants are the only treatment option
available to patients with mutations in DFNB genes including OTOF. However,
cochlear implants do not fully restore hearing. Thus, there is a need to develop
additional treatment for DFNB. Finding a cure also necessitates the development of
appropriate animal models that can be used to understand the functions of the

DFNB genes. We aim to better understand the role of otoferlin by establishing a
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facile animal model that can be used for high throughput analyses to discover
networks and pathways regulating the function of this protein. Additionally we aim to
develop and test methods that could rescue the phenotypic changes associated with
otoferlin-loss-of functions.

1.2 Hereditary hearing loss

Genetic causes account for the largest percentage of hearing loss in children.
Hereditary hearing loss can be autosomal dominant, autosomal recessive, X-linked,
or by mitochondrial inheritance. Of the 50% of cases caused by genetic mutations,
more than 70% are non-syndromic and approximately 80% of the non-syndromic
cases are inherited in an autosomal recessive manner (FIGURE 1.1) (5). In non-
syndromic hearing loss (NSHL), the sole symptom is hearing loss. Most NHSL
manifest as a sensorineural defect, primarily attributable to malfunctioning of the
cochlea or to nerve pathways from the cochlea to the brain.To date, 105 DFNB
genetic loci and 72 genes have been identified that cause autosomal recessive
NSHL (http://hereditaryhearingloss.org/ ; Hereditary Hearing Loss Homepage). A full
genotype-phenotype correlation is a great challenge due to the extreme genetic
heterogeneity and the fact that mutations in broad subsets of genes confer NSHL.
Another important concern is the complication caused by the wide variability in
epidemiology of non-syndromic hearing impairments among different groups of
populations (6-7). It is important to develop efficient high-throughput studies to

deduce gene networks that are responsible for the DFNB phenotype.


http://hereditaryhearingloss.org/

1.3 The DFENB non-syndromic hearing loci and identification of otoferlin

The systematic elucidation of NSHL genes over the past two decades has identified
a total of more than 105 DFNB genetic loci http://hereditaryhearingloss.org/ ;
Hereditary Hearing Loss Homepage). This has been made possible by the
establishment of massively parallel next gen sequencing technologies. More than 70
genes corresponding to the different DFNB loci have been identified to date. Some
of these genes include — CX26 (DFNB1), encoding gap junction protein connexin 26
(8-9); MYO7A (DFNB2) and MYO15 (DFNB3), which encode the unconventional
myosins, myosin VIIA and myosin XV (10-11); SLC26A4 (DFNB4), which encodes
the solute carrier family 26, member 4 an anion transporter (12); TMIE (DFNB6)
encoding the transmembrane inner ear expressed gene (13). All these genes are
expressed in the inner ear. At the turn of the century, Yasunaga S et al. (14-15),
identified the OTOF gene corresponding to the DFNB9 locus that encodes a trans-
membrane protein called otoferlin. OTOF encodes multiple long and short isoforms
of the protein generated by alternative splicing events and several translation
initiation sites 14-15. Otoferlin is homologous to dysferlin, another ferlin protein,
which was identified a year earlier (16). Both otoferlin and dysferlin belong to the
family of ferlin proteins. Ferlins, including otoferlin, are large proteins (200-240 kDa)
with multiple calcium-binding C2-domains (five to seven) and are anchored to the
plasma membrane by a single C-terminal transmembrane domain (FIGURE 1.2)
(17). Otoferlin is made up of six predicted C2 domains and a C-terminal
transmembrane region. Genetic evidence suggests that a longer isoform of otoferlin

with all six predicted C2 domains including the transmembrane domain, is
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associated with DFNB9 (15). The C2 domains of otoferlin have been predicted to
share high sequence homologies to other ferlins (18), but their similarity with non-
ferlin C2 domain containing proteins like synaptotagmin 1, a conventional neuronal
calcium sensing protein, is rather low (15).

1.4 Spectrum of mutations in different domains of otoferlin

Human patients with mutations in otoferlin suffer from auditory neuropathy and
otoferlin accounts for up to 8% of all autosomal recessive NSHL (19). More than 60
pathogenic mutations have been identified in otoferlin, and these mutations are
distributed in the C2, non C2 and transmembrane domains of the protein. Most of
these pathogenic mutations lead to profound prelingual deafness. (19-20) (FIGURE
1.3). The non-pathogenic mutations are mostly found in the C2A domain or in the
linker region between the different C2 domains. There is no hotspot for the
pathogenic mutations in the otoferlin C2 domains; however, most of the missense
pathogenic mutations are distributed in the C2C-C2F domains (19). Of note is the
Spanish mutation (Q829X) that results in a premature stop codon with affected
individuals suffering from profound prelingual hearing loss (19,21). Other missense
mutations were identified in a Turkish family, and include a L1011P substitution
resulting in non-syndromic hearing loss (22); a P1825A substitution in a Spanish
family afflicted with sensorineural deafness (21); a R1939Q substitution in Japanese
patients resulting in an early onset auditory neuropathy (23). There are other kinds
of mutations affecting different domains of otoferlin. Of note is the frameshift
mutation caused by 1-bp deletion (1778G) leading to generation of a stop codon and

formation of a truncated protein that causes auditory neuropathy in children (24).



Besides the prelingual non-syndromic form of hearing loss, there is a less frequent
temperature—sensitive non-syndromic auditory neuropathy (TS-NSAN) phenotype
also observed in patient with mutations in the OTOF gene. These patients suffer
from normal-to-mild hearing loss when the individual is afebrile. However, with the
onset of fever affected individuals suffer from severe to profound hearing loss.
Hearing returns to normal when the fever subsides. Varga R. et al. (25), reported the
I515T mutation that causes the temperature sensitive auditory neuropathy.
Matsunaga et al., (23) identified the G541S substitution that renders a similar
temperature sensitive phenotype in the affected individual. Given the widespread
distribution of mutations in different domains of otoferlin, it is becoming increasingly
important to decipher the structure and function of different domains including the
overall function of the protein. Moreover, there is dire need to develop animal
models of otoferlinopathy and study how the mutations can impact the overall
protein function.

1.5 Otoferlin expression, mechanism of sound processing and proposed
functions

1.5.1 Otoferlin expression

Most cases of DFNB9 deafness that is caused by mutations in otoferlin leads to
dysfunction of the cochlea. Cochlea of the inner ear is made up of sound detecting
sensory inner hair cells, sound amplifying outer hair cells, and neurons that
innervate the cochlear cells and conduct the sound to the brain for processing. The

main site of damage in DFNB9 deafness can be attributed to the sensory inner hair
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cells, the auditory afferents and the synapses between them (26-27). In agreement
with the regions affected in the DFNB9 deafness it was found that otoferlin is
expressed mainly in the affected regions of the cochlea. There are two different
isoforms of the OTOF gene that are detected in human tissues — the longer isoform
with all the six C2 domains and the transmembrane region (7kb) was detected in the
brain, whereas the shorter isoform, possesssing only the last three C2 domains and
the C-terminal transmembrane region (5kb), was detected mainly in the inner ear
and also other tissues. However, in mice, only the longer isoform (7kb) was
detected, primarily in the brain, inner ear and vestibular organ (15). In agreement
with previous studies, a more recent study found otoferlin protein expression was
restricted to the rat brain, cochlear inner hair cells and also vestibular hair cells.
Additionally, otoferlin expression was detected in the outer hair cells of the cochlea
and also in the auditory afferent fibres (28). Moreover, in the outer, inner and
vestibular hair cells, otoferlin was found at the synaptic terminal and was also
subcellularly distributed throughout the sensory cell soma and even at a
considerable distance from the neurotransmitter release site (28). This indicates
broader roles of otoferlin beyond sound transmission (29). Given that otoferlin is
primarily expressed in the cochlear and vestibular hair cells and otoferlin deficient
patients primarily suffer from dysfunctioning of the inner ear, it is important that we
get a better understanding of the structure of the inner ear and mechanism of sound
processing.

1.5.2 Structure of inner ear and mechanism of sound processing and

transmission
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The cochlea of the inner ear is the most critical structure in the auditory pathway. It
perceives and amplifies sound waves and also transforms them into neural
impulses. The cochlea is made up of two different kinds of hair cell populations that
encode acoustic signals with high precision. These cells are the inner hair cells
(IHC) or sound sensors and the outer hair cells (OHC) or sound amplifiers (FIGURE
1.4A). Hair cells are flask-shaped epithelial cells that possess a bundle of hair like
processes at the apical end. The hair bundles are arranged in an organ-pipe like
structure and serve as mechanotransducers. At the opposite basolateral end of
mammalian hair cells, there are 15-20 presynaptic specialized ribbon bodies. Ribbon
bodies tether multiple synaptic vesicles, which are loaded with the excitatory
neurotransmitter glutamate, and ensures a sustained release for effective sound
encoding and transmission. Each of the presynaptic ribbon bodies synapse onto a
post-synaptic afferent neuron and communicates the signal to the dendrites of the
primary auditory nerve. Displacement of hair bundles towards the tallest stereocilium
depolarizes the hair cell. The resulting depolarization event causes voltage gated
calcium channels to open at the presynaptic active zone located in the basolateral
end. Multiple vesicles that are tethered to the synaptic ribbon body fuse at the active
zone and release neurotransmitter. Neurotransmitter release activates the post-
synaptic receptors and conveys the signal to the auditory nerve (30-31).

Besides the sound detection system, the inner ear also possessses a system for
perception of balance. This system is referred to as the vestibular system. The
sensory receptor cells of the vestibular system are located in the otolith organ and

the semicircular canals of the inner ear. The vestibular hair cells are like the cochlear
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hair cells and function in a similar fashion in perceiving and transmitting balance
signals to the vestibular nerve (FIGURE 1.4B). Both the auditory and vestibular
sensory cells have specialized synapses that are different in both structure and
composition compared to the conventional neuronal synapses. Hence, it is important
to understand the composition, maturation and function of hair cell synapses to get a
better understanding of otoferlin function during sensory development.

1.5.3 Organization and maturation of the hair cell ribbon synapses; Sub-
cellular otoferlin localization in relation to the synapse

The inner, outer and vestibular hair cells have specialized synapses called ribbon
synapses in the basal portion. The synaptic ribbons in sensory hair cells are
phylogenetically old structures and are present in not only mammals but also in the
fishes, amphibians and birds. Ribeye is the main structural component of the
synaptic ribbons and tethers multiple synaptic vesicles at the synapses. Ribeye was
isolated from mouse cochlear hair cells (32), frog saccular hair cells (33), and
zebrafish neuromast hair cells (34), thus highlighting conservation of ribbon
synapses in vertebrate evolution. Active research is underway to explore the still
largely unexplored components of the active zone of the hair cell synaptic ribbons.
Some of the basic components of vertebrate conventional CNS synapses that are
actually involved in the regulation of the synaptic vesicle fusion events are absent at
the hair cell synapses. In fact, studies have shown that, inner hair cell synapses
operate without Munc-13 like priming factors (35); Rab-3 (36), and RIM (37) like
vesicle tethering, docking and fusion factors. Furthermore, inner hair cell exocytosis

is insensitive to genetic ablation of neural SNARESs (38) and hence a role of syntaxin
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1, VAMP 1 and 2, as well as SNAP-25, in the the inner hair cell exocytosis is
guestionable. Moreover, SNARE regulators synaptotagmins 1 and 2 (39-40) and
complexins (41-42) seem to be absent from the matured and fully functional inner
hair cells. Currently, the demonstrated active zone components of inner hair cells
include, scaffold proteins Bassoon and Piccolo (32), the glutamate solute carrier
(SLC) transporter VGIlut3 (43-44), voltage gated CaV1.3 calcium channel (45) and
otoferlin, which is hypothesized to play a central role in hair cell exocytosis (29, 46,
47, 20).

As the hair cells of the inner ear develop and mature, the synaptic ribbons undergo
several morphological, electrophysiological and compositional changes (48). The
synaptic ribbons of mouse cochlear hair cells transform from a round to a more oval
shape on maturation and develop a tighter post-synaptic density region compared to
the immature hair cells. Moreover, the spontaneous depolarization in immature inner
hair cells switches to more graded action potentials upon maturity. This is achieved
by reductions in the number of CaV1.3 voltage gated calcium channels, which
reduces regenerative depolarization responsible for spontaneous depolarization
events. Moreover there is pruning of both the afferent and efferent neurons
innervating the hair cell synaptic ribbons upon maturity. In conclusion, during
development from pre-hearing to hearing, hair cell ribbon synapses undergo major
morphological and functional refinements that results in a much tighter spatial
coupling between Ca?'influx and exocytosis. Besides the morphological and
functional changes, the protein composition of hair cell synapses also changes

during maturation and development; particularly the calcium sensors and vesicle
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fusion regulators - synaptotagmins 1 and 2, are absent in the mature hair cells and
there is predominant expression of the multi-C2 domain protein otoferlin, which is
proposed to play a role similar to that of synaptotagmin 1 and 2 at the sensory hair
cell synapses (48, 29, 20, 49).

Structural and domain analysis of otoferlin suggests that the protein is primarily
localized to the basolateral membrane due to the presence of the C-terminal
transmembrane domain. Furthermore, due to the presence of the C2 calcium
binding domains (14), it is presumed to play a crucial role at the synaptic ribbons
and proposed to primarily affect vesicle fusion events by regulating calcium sensing
and downstream vesicle fusion (29,39, 47, 20). However, more recent studies have
shown that in mouse cochlear hair cells, otoferlin is not exclusively localized to the
active zone membrane and ribbons, is more diffusely distributed in the cytoplasm
(29). Moreover, it was found that otoferlin colocalizes with the endosomal marker
EEAL and the golgi marker GM130 in mouse cochlear outer and inner hair cells (28).
Also, otoferlin colocalizes with the endocytotic marker AP-2 in the apical region of
mouse cochlear hair cells and a predominant expression of otoferlin was detected in
the supranuclear region of cochlear hair cells (50). Furthermore, otoferlin co-
localizes with the unconventional myosinVI in the apical and supranuclear region, in
addition to the basolateral domain (51). All these data suggest a role for otoferlin that
extends beyond the proposed exocytosis and vesicle fusion.

1.5.4 Current hypotheses of otoferlin function

Because otoferlin associates with synaptic vesicles and loss of the protein causes

impairment of vesicle exocytosis at the synaptic ribbon (29), and given the
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structural and biochemical similarities of otoferlin to synaptotagmin 1 (15), it is
currently hypothesized that otoferlin functions as a synaptotagmin 1-like calcium
sensor that regulates vesicle fusion at the cochlear hair cell synapses.

In vitro studies have indeed shown that otoferlin directly interacts with SNARE
proteins, Syntaxin 1 and SNAP-25, and the otoferlin C2 domains also bind to
calcium and phospholipids (29, 52-54). Also, presence of SNARE proteins was
detected in the cochlear hair cells by immunolabeling and western blotting
experiments (55, 42). Additionally, otoferlin was shown to play an indispensible role
in hair cell exocytosis, both at the mature and immature hair cell synapses (29, 39,
47, 20). These data support a role of otoferlin in synaptic vesicle exocytosis at inner
hair cell synapses. However, a more recent study has cast doubt on the role of
SNARE proteins in vesicle fusion and exocytosis at the cochlear hair cell synapses
by demonstrating that neuronal SNARES are not required for exocytosis at cochlear
hair cells (38). Furthermore, transgenic expression of synaptotagminl failed to
restore cochlear hair cell exocytosis in otoferlin knockout mice (40). Together these
findings suggest that otoferlin possibly binds with yet unidentified SNARE
equivalents and regulates exocytosis at inner hair cells. These data also argue
against a simple functional equivalence of otoferlin with it's structurally and
biochemically related counterpart synaptotagmin 1 for inner hair cell function. More
recently, Brandt N. et al.,, (56), demonstrated that immature cochlear hair cell
exocytosis proceeds without the presence of otoferlin, which contradicts all previous
studies that suggested the absolute requirement of otoferlin for hair cell exocytosis

and vesicle fusion events. Therefore, there is an unquestionable need to clarify the
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function of otoferlin in inner hair cells of the cochlea from a developmental
perspective and also focus on detecting pathways and partners that regulate
otoferlin function during maturation.

Beyond the hypothesized role in exocytosis and vesicle fusion events at the hair
cell synapses, studies have also implicated a role for otoferlin in vesicle
replenishment (20), endocytosis (50, 57), and development and maintenance of
basolateral cochlear hair cell synapses (51). Moreover, auditory nerves of otoferlin
mutant mice show a reduction in volume in comparison to control siblings
suggesting a role of otoferlin in neural development (58). Additionally, otoferlin
couples with GAD65 and modulates GABA levels in hippocampal neurons (59). All
these data indicate a broader role of otoferlin that extends beyond just regulation of

exocytosis at the hair cell synapses.

1.6 Animal models of otoferlinopathy

1.6.1 Animal models in otoferlin study

Most of the above findings on otoferlin are based on in vitro studies and using in vivo
murine models. While mammalian murine models are insightful, share a comparable
hearing range to humans, and exhibit high degrees of homology, one of the major
challenges in hair cell research is the difficulty in harvesting sufficient hair cells to
perform molecular experiments (60). A mouse ear contains only 10-30000 hair cells,
which are buried in the cochlear bone. One has to burrow through the cochlear bone

to reach the hair cells. This is a huge impediment to hair cell research.
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Some of the popular mouse models of otoferlinopathy include, the deaf5 mutant mice
carrying a missense mutation in the C2B domain of otoferlin (51, 61). These mice
exhibit a hearing loss phenotype which grossly phenocopies DFNB9 deafness. At the
molecular level, these mice have defective exocytosis and the inner hair cells show
signs of developmental defect and appear immature. The other otoferlin mutant is the
Pachanga mouse with a missense mutation in the C2F domain of otoferlin that
recapitulates the DFNB9 mutations. The Pachanga mutant mice are deaf at the
systems level, exhibit defective startle reflex and, at the molecular level they have
defective vesicle recycling and replenishment at the active zone of the inner hair cell
synapse (20). In a most recent study, Strenzke N. et al., (62) has generated a

temperature sensitive mouse model of otoferlinopathy (Otof**°"

), which recapitulates
the otoferlin hearing loss caused by the rise of core body temperature in human
patients. These mice exhibit a moderate hearing loss, have enlarged synaptic
vesicles, and show reduced exocytosis at the ribbon synapses upon sustained

stimulation. Some of the other otoferlin mice knockouts include the Otof™! €™

, a
targeted mutation created with the Cre-Lox method that results in an intragenic
deletion/insertion of exon 14-15 encoding most of the C2C domain of mouse otoferlin.

This mutant has been used in a couple of studies (40,35).

However, development of mouse models of otoferlinopathy is an extremely time
consuming process and it takes years to develop a knockout mouse model.
Moreover, the embryos are opaque and disallow direct visualization and

morphogenesis of the ear and vestibular organ during development. In addition,
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mouse models are low-throughput and cannot be successfully used to run a

transcriptomic assay.

1.6.2 Zebrafish as an alternative model to study hearing and hearing related

genes including otoferlin

Since its identification over almost two decades ago, overall progress on the study of
otoferlin has been slow because micro-dissection and isolation of hair cells from
mammalian ears is cumbersome and mammalian hair cells are almost impossible to
transfect. Over the years, zebrafish have emerged as a model to study vertebrate
development and diseases (63). Zebrafish allow rapid assessment of gene function in
vivo because they are amenable to genetic manipulation, including rescue
experiments. Most importantly, zebrafish embryos are optically clear and allow direct
visualization of tissue morphogenesis. Yet, zebrafish have not been exploited to date
for studying otoferlin. Additionally, zebrafish are an attractive candidate for studying
development and function of the vertebrate sensory system because of the presence
of the lateral line — a system composed of a series of hair cells on the surface of the
fish that operate in a similar fashion to mammalian inner hair cells. Zebrafish have
been previously used to characterize other inner hair cell proteins that include Ribeye
(64), Cavl.3 (65) and VGIut3 (66), to mention a few. Thus, if it can be determined that
zebrafish can be used as a model for otoferlin, it would help advance the study of
otoferlin and associated disorders for many researchers currently limited in their
choice of organismal models. Moreover, it would permit transcriptomic studies on

otoferlin mutants and help to identify new interacting partners of otoferlin. Finally, it
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would also allow possible rescue experiments on otoferlin mutants within a much
shorter frame of time compared to rescue experiments on mice.

We aim to establish zebrafish as an in vivo model organism and characterize the
function of otoferlin by generating otoferlin-depleted zebrafish models. We also aim to
utilize the zebrafish model for transcriptomic assay in order to get a better
understanding of the overall function of otoferlin. Finally we aim to develop and use

the zebrafish for rescue experiments in an otoferlin-depleted background.
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Figure 1.2

Proposed orientation of otoferlin C2 and transmembrane domains (Adapted from

Padmanarayana M, et al., Biochemistry, 2014)
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Figure 1.4
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Structure of the inner ear cochlea and morphology of an inner hair cell (A) Cross section
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trasnmits the transduced sound to the post synaptic density (PSD) which has receptors
that transmit the signal to the auditory afferent nerve fiber (Adapted from Nouvian et al,
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2.1 Abstract
Sensory hair cells convert mechanical motion into chemical signals. Otoferlin, a six-C2

domain transmembrane protein linked to deafness in humans, is hypothesized to play a
role in exocytosis at hair cell ribbon synapses. To date however, otoferlin has been
studied almost exclusively in mouse models, and no rescue experiments have been
reported. Here we describe the phenotype associated with morpholino-induced otoferlin
knockdown in zebrafish, and report the results of rescue experiments conducted with
full length and truncated forms of otoferlin. We find that expression of otoferlin occurs
early in development, and is restricted to hair cells and the midbrain.
Immunofluorescence microscopy reveals localization to both apical and basolateral
regions of hair cells. Knockdown of otoferlin results in hearing and balance defects, as
well as locomotion deficiencies. Further, otoferlin morphants had uninflated swim
bladders. Rescue experiments conducted with mouse otoferlin restored hearing,
balance and inflation of the swim bladder. Remarkably, truncated forms of otoferlin
retaining the C-terminal C2F domain also rescued the otoferlin knockdown phenotype,
while the individual N-terminal C2A domain did not. We conclude that otoferlin plays an
evolutionarily conserved role in vertebrate hearing, and that truncated forms of otoferlin

can rescue hearing and balance.
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2.2 Introduction

Hair cells couple mechanical motion to neurotransmitter release at synapses (1). In
contrast to conventional neural synapses, hair cell synapses release neurotransmitter
continuously and in a graded manner, (2) possesss synaptic ribbons (2-4), and lack
synaptophysin (5), complexin (6-9), Muncl3 (10) and the calcium sensors
synaptotagmin | and 1l (11). In place of synaptotagmin, it is believed that otoferlin may
confer calcium sensitivity to evoke neurotransmitter release (12-13). Otoferlin is a six-
C2 domain transmembrane protein expressed in inner, outer, and vestibular hair cells,
as well as restricted regions of the brain (13-16). In humans, missense mutations in
otoferlin have been linked to hearing loss (17, 18), and biochemical studies have
determined that otoferlin binds calcium and lipids (12, 19), as well as membrane
trafficking proteins (12, 20-23). Further, in vitro assays have demonstrated that otoferlin
accelerates SNARE mediated membrane fusion (12). Based upon this evidence, it is
hypothesized that otoferlin functions as a calcium sensitive regulator of neurotransmitter
release in sensory hair cells.

However the results of several studies have raised questions related to otoferlin’s
function. For instance, despite otoferlin expression in vestibular hair cells, knockout
mice show no balance defects (24-25) despite reduced exocytosis in vestibular type |
hair cells (24, 26). This raises questions as to the importance of otoferlin in this system.
Further, otoferlin did not rescue synchronous neurotransmitter release in synaptotagmin
| knockout cultured neurons, indicating that otoferlin and synaptotagmin are not
functionally redundant (27). It is also unclear as to whether otoferlin related deafness

can be rescued by introduction of a functional copy of the otoferlin gene, and no rescue
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experiments have been reported. Related to this, it is currently unknown as to which
domains of the protein are critical for hearing, and whether truncated otoferlin protein
can recapitulate the function of wild-type otoferlin. To date, almost all studies on
otoferlin have used a mouse model (28), and while insightful, current mammalian
models present obstacles to progress in understanding otoferlin, including the challenge
of hair cell isolation and difficulties in transfection. To circumvent such difficulties, and to
add to the general body of knowledge of otoferlin across species, we have turned to
zebrafish for the study of otoferlin. In this study we characterized otoferlin expression in
zebrafish as well as the phenotype associated with knockdown. We also present rescue
experiments using full-length and truncated forms of otoferlin.

2.3 Materials and methods

Fish strains.

Tropical 5D strains of zebrafish (Danio rerio) were used for this study and reared
according to Institutional Animal Care and Use Committee protocols at the Sinnhuber
Aquatic Research Laboratory, Oregon State University. Adult fish were raised on a
recirculating water system (28 + 1°C) with a 14:10 hour light-dark schedule. Spawning
and embryo collection were followed as described in (29).

Bioinformatic tools.

Protein sequences were obtained from Ensembl (Ensembl accession numbers:
ENSP00000272371(human);ENSMUSP00000073803(mouse);ENSDARP00000123935
,ENSDARP00000118166(zebrafish);ENSRNOP00000046997(rat); ENSOCUP00000013
417 (rabbit); ENSCPOP00000000288 (guinea pig); and ENSXETP00000007211 (Frog).

NCBI blastp tool was used to detect percent identity in the peptide sequences across
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different species with human as the query sequence. The blastp tool was further used to
obtain percent identity across the different C2 domains of otoferlin keeping the human
C2s as the query sequences. ClustalWw and PRALINE tools were used for sequence
alignments. SMART and SWISS-MODEL tools were used for domain analysis. R-
software was used to create the dot-plot.

Real-time Quantitative Reverse Transcription Polymerase Chain Reaction (QPCR).
Total RNA was extracted from wild type (WT) embryos collected at different hours post
fertilization (hpf) with RNAzol (Molecular Research Centre, OH, USA) and cDNA was
synthesized using iScript cDNA synthesis kit (Bio-Rad, CA, USA). Gene-specific
primers (Table 2.1) were designed from genomic sequences for otoferlin b and otoferlin
a found in Ensembl (Ensembl accession numbers: ENSDARTO00000149773 and
ENSDART00000136255) and relative abundance assessed by qPCR performed using
Power Sybr Green PCR master mix (Applied Biosystems, CA, USA). The data was
normalized to otoferlin expression at 24 hpf for both isoforms. Also, the expression of
myosinVIib (Ensembl accession number- ENSDART00000088801),vglut3 (Ensembl
accession number- ENSDART00000080454) and sonic hedgehog a, shha (NCBI
accession number — NM_131063.3) were examined in the otoferlin single and double
KDs with gene-specific primers (Table 2.1). The data was normalized relative to
expression of the control and beta-actin genes. Graphs were plotted with the Prism
software version 5.0.

Whole-mount Immunohistochemistry.

WT and microinjected zebrafish embryos were collected at different hpf and fixed in 4%

paraformaldehyde overnight at 4°C. Mouse monoclonal anti-otoferlin and 3A10 (anti-
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Mauthner neurons) primary antibodies (dilution: 1:500, and 1:200, Developmental
Studies Hybridoma Bank, University of lowa, lowa City, 1A, USA) and rabbit polyclonal
anti-myosinVI (dilution: 1:800, Proteus Biosciences, CA, USA) were used. AlexaFluor
488 and 555 goat anti-mouse (dilution: 1:1000, Molecular Probes, Invitrogen, Eugene,
OR, USA) and AlexaFluor Goat anti-rabbit 494 (dilution: 1:500, Molecular Probes,
Invitrogen, Eugene, OR, USA) secondary antibodies were used. Fixed embryos were
washed with PBST and UltraPure distilled water (Invitrogen, CA, USA). Collagenase
(0.0001g/ ml PBST, C9891; Sigma-Aldrich, MO, USA) treatment was performed to
permeabilize the embryos, followed by rinsing with phosphate buffer saline.
Permeabilized embryos were blocked with 10% normal goat serum (G6767; Sigma-
Aldrich, MO, USA) for an hour and incubated with primary antibody overnight at 4°C.
The following day samples were rinsed in phosphate buffer saline and incubated with
secondary antibody. Embryos were imaged with an inverted Zeiss Axiovert 200M
epifluorescence microscope fitted with a Zeiss Axiocam HRm camera and 5x objective.
Whole-mount In Situ Hybridization.

In situ hybridization (ISH) of otoferlin was performed with digoxygenin-labeled
antisense RNA probes specific to zebrafish otoferlin a and otoferlin b on WT zebrafish
embryos collected at different hpf as described in (30). Furthermore, ISH was performed
as described in (43) with digoxygenin-labeled antisense RNA probes specific to the
mouse otoferlin (NCBI accession number — NM_001100395.1) to detect expression of
the hair-cell specific mouse otoferlin construct in larval zebrafish double morphants. To
synthesize the probe, gene-specific primers (Table 2.2) with RNA polymerase promoter

were designed for amplifying the probe templates, and cDNA was prepared from RNA
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isolated as described from whole zebrafish at 48 hpf. Embryos were labeled with either
Fast Red (31) or NBT/BCIP stain. Stained embryos were imaged using an inverted
Zeiss Axiovert 200M epi-fluorescence microscope and Nikon SMZ 1500
stereomicroscope mounted with a Coolpix E500 digital camera for NBT/BCIP.

In Situ Hybridization on larval zebrafish paraffin sections.

WT 120 hpf larval zebrafish were fixed in 10% neutral buffer formalin overnight at 4°C.
The fish was rinsed in phosphate buffer saline and dehydrated in graded ethanol. Agar
blocks were prepared using zebrafish metal molds (32) and pre-fixed zebrafish were
arranged in the agar blocks. The agar blocks were sent to the Veterinary Diagnostic
Lab, Oregon State University, Corvallis, OR for paraffin embedding and sectioning. Five
micrometer sections were obtained and these sections were used for in situ
hybridization (ISH) with digoxygenin-labeled antisense RNA probes specific to otoferlin
a as described in (30, 33).

Plasmids and constructs.

The cDNA encoding mouse otoferlin was a gift from Christine Petit (Institut Pasteur,
Paris, France). The p5E-pmyo6b vector used in cloning was a gift from Teresa Nicolson
(Oregon health and Science University, OR, USA). The p5E-pmyo6b vector contains
hair cell specific promoter for myosin VIb. Full length (FL) and truncated constructs of
otoferlin (Table 2.3) were cloned downstream to the promoter at Sacll and Notl sites.
Clones were screened by colony PCR and verified by sequencing.

Microinjections.

A pair of morpholinos (MOSs) targeting exon/intron boundaries of otoferlin a and otoferlin

b (Table 2.4) and a standard negative control were obtained from GeneTools,
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Philomath, OR, USA (Supplementary table D). Approximately 2nl of 0.6 mM of otoferlin
a MO, 0.7 mM of otoferlin b MO and both MOs diluted with RNAse-free ultrapure
distilled water and 3% phenol red were pressure-injected in WT embryos at one-cell
stage. For verification of splicing pattern and efficacy of knockdown, total RNA was
extracted and cDNA was synthesized from injected and WT zebrafish embryos
collected at different hpf as described. Gene-specific primers (Table 2.5) were used for
PCR with KOD Hot Start DNA Polymerase (Novagen, USA) and the products were
separated on a 1.25% agarose gel.

For the rescue, approximately 600 pg of the vector construct with either mouse full-
length (FL) otoferlin or truncated mouse otoferlin (construct with mouse putative C2DEF
domains with the transmembrane, C2F domain with the transmembrane, C2EF domains
with the transmembrane and C2A) were co-injected with the morpholinos. Capped RNA
was synthesized with the mMessage mMachine transcription kit (Ambion, TX, USA) and
PCR template. PCR template was amplified from pcDNA3 vector with the coding region
for mouse full-length otoferlin using primers containing a T7-RNA polymerase promoter
site. The amplified PCR template was purified with QIlAquick PCR purification kit
(Qiagen, CA, USA). Approximately 250 pg of synthesized mRNA were co-injected with
the morpholinos. Larvae were screened for rescue of the balance phenotype, acoustic
startle response including rescue of un-inflated swim bladder for further analysis.
Staining with vital dyes.

FM1-43FX dye (Life Technologies, NY, USA) labeling of neuromast hair cells was
performed on live zebrafish at 120 hpf. Zebrafish larvae were immersed in 3 uM of FM1-

43FX dye in embryo medium and rinsed off. The fish were washed several times with
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embryo medium and anaesthetized with 0.2 mg/ml tricaine solution for confocal
imaging.

YO-PRO-1 (Life Technologies, NY, USA) staining of the neuromast hair cells was
performed on live morpholino injected fish at 120 hpf. Zebrafish larvae were incubated
for an hour at 28 deg C in 2uM YO-PRO-1 dye in embryo medium. The fish were
washed three times with the embryo medium and anaesthetized with 0.2mg/ml tricaine
solution for imaging with the inverted Zeiss Axiovert 200M epifluorescence microscope
fitted with a Zeiss Axiocam HRm camera and 5x, 10x, 20x objectives.

Confocal image acquisition and processing.

Whole-mount immunohistochemistry preparations were mounted with 1% agar on 35
mm glass-bottomed petri dish and imaged with a confocal laser-scanning microscope
fitted with a 40x oil-immersion objective (Zeiss LSM 510 Meta) with Alexa-Fluor 555
filter sets. For live zebrafish stained with vital dye FM1-43, fish were immobilized with
1% agarose containing 0.2 mg/ml tricaine on glass-bottomed petri dish and imaged with
a 63x water-immersion objective (Zeiss LSM 510 Meta) with appropriate filter sets.
Stacks of confocal images were taken and reconstructed with ImageJ software.

Larval behavior tests.

Injected zebrafish larvae were tested in a 96-well plate with the Viewpoint Zebrabox
(Viewpoint Life Sciences, Lyon, France). Locomotor activity was measured using the
Viewpoint tracker by subjecting the larvae to alternate phases of light and dark.
Behavioral differences between the different injected groups were determined by
comparing the distance moved during the dark period. Briefly, 96 hpf zebrafish larvae

were loaded in a 96-well plate at least 3 hours prior to the experiment to give them
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sufficient time to acclimatize. Larvae were subjected to alternate phases of light
followed by dark and finally light during which Viewpoint tracker recorded fish movement
from the individual wells. Raw data files obtained from the Viewpoint were processed
using a python script and JMP software to average the total distance travelled during
the dark phase for each group. Graphs were plotted and statistically analyzed with the
Graphpad Prism software version 5.0.

Acoustic Startle Response.

Injected zebrafish larvae from different groups were subjected to a startle stimulus
assay at 120 hpf. Larvae were individually placed on a 100 mm petri dish filled with
embryo medium and startled with a push-solenoid that generated a sudden tap when
activated. Movement was recorded with a digital video camera (Sony,HDR CX22) for 30
secs after startling. The distance moved from the point of origin by different groups of
larvae were compared by analyzing the video outputs from the camera with Noldus
EthoVision XT(version 8.5) tracking software. Graphs were plotted and statistically
analyzed with the Graphpad Prism software version 5.0.

2.4 Results

Zebrafish have two copies of otoferlin:

Contrary to mammals, the zebrafish genome contains two copies of otoferlin, located on
chromosomes 17 and 20. The transcript (~8 kb) encoded by chromosome 17 will be
referred to as otoferlin b with otoferlin a referring to the transcript encoded by
chromosome 20 (~7 kb). A comparative study between the human otoferlin amino acid
sequence with sequences from other species indicated that otoferlin is highly conserved

(Figure 2.1 A, B). Overall, the zebrafish otoferlin isoforms show 74% (otoferlin b) and
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76% (otoferlin a) identity with human otoferlin (Figure 2.1B). Even higher identity was
found when the comparison was restricted to sequences predicted to form C2 domains
(Figure 2.1A). Comparison of the sequence identity between zebrafish otoferlin a and
human otoferlin is 77% in the C2A domain, 91% in the C2B domain, 89% in C2C, 83%
in C2D, 92% in C2E and 95% in C2F. Zebrafish otoferlin b is 91% identical in the C2B,
89% in the C2C, 83% in C2D, 88% in C2E, and 94% in C2F domains with human
otoferlin. Zebrafish otoferlin a appeared to be a closer representation of the human
otoferlin because of the presence of all six C2 domains, unlike otoferlin b that lacked the
C2A domain (Figure 2.1A, Figure 2.1C). The identity between amino acid sequences
of the two zebrafish otoferlin isoforms is ~80%. From the diagonal in the center of the
dot-plot (Figure 2.1D) it can be discerned that the zebrafish otoferlin peptide sequences
are identical in most regions except in the first ~200 amino acids. On further comparison
by sequence alignments (data not shown) it was confirmed that the peptide sequence of
otoferlin b was ~180 amino acids shorter on the N-terminal than otoferlin a. In summary,
the sequences of the C2 domains are more conserved than the non-C2 domain regions,
and the C2A domain is the least conserved of the C2 domians.

Otoferlin expression and localization in zebrafish:

The amino acid sequence of otoferlin is similar across species including zebrafish,
suggesting a conserved function. Given the ease with which the organism can be
genetically manipulated, we chose zebrafish as our model for use in the study of
otoferlin. To ascertain the developmental expression profile of otoferlin we conducted
gPCR on wild-type (WT) zebrafish samples collected every 24 hours during the first 120

hours post fertilization (hpf). We found that 24 hpf zebrafish larvae express both copies
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of otoferlin (Figure 2.2A) with an increase in relative abundance of both transcripts at
48 hpf (Figure 2.2 A). Expression plateaus after 72 hpf. The rise in otoferlin expression
during the first 72 hours of embryonic development coincided with the deposition of
neuromasts and formation of the aLL (anterior lateral line) and pLL (posterior lateral
line). It also coincided with formation of the semicircular canals and otic vesicle
occurring during this stage of development (34). We next sought to characterize the
spatial pattern of otoferlin expression in zebrafish larvae using whole-mount in situ
hybridization (Figure 2.2B). Transcripts of otoferlin b were detected in the otic placode
of 24-hour old larvae (Figure 2.2B). The otic placode eventually forms sensory patches
and develops as the zebrafish inner ear (35). There was also weak expression of
otoferlin b in primordial cells that form neuromasts of the zebrafish lateral line organ
system (Figure 2.2B). The expression of otoferlin b became pronounced in the
neuromasts of pLL, aLL and the inner ear region as the zebrafish larvae continued to
develop through 120 hpf (Figure 2.2B). Transcripts of otoferlin a were detected at
around 24 hpf in the otic placode (Figure 2.2B) and is restricted to the sensory patches
of the inner ear as the larvae continues to develop through 120 hpf (Figure 2.2 B). We
observed a relatively weak and diffuse expression in the zebrafish brain region and in
the retina starting at around 48 hpf that became prominent at 120 hpf (Figure 2.2C).
Analyses of sectioned 120 hpf larval zebrafish confirmed expression of otoferlin
transcripts in the mid-brain and the retinal ganglion cell layer (Figure 2.S1). However,
no expression of the otoferlin a transcript were detected in the hair cells of the aLL and

pLL neuromasts (Figure 2.2B).
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Whole-mount immunohistochemistry on WT zebrafish larvae with the anti-otoferlin HCS-
1 antibody were consistent with the mRNA expression profile in the inner ear and lateral
line (Figure 2.2B) during the first 120 hours of zebrafish development (36). Strong
immunoreactivity in the nascent hair cells of the zebrafish otic region at 24 hpf were
detected (Figure 2.3A), and immunoreactivity was detectable in the hair cells of both
the pLL and aLL at 48 hpf (Figure 2.3B) becoming more pronounced between 72-120
hpf (Figures 2.3C, D, F). Negative controls at 72 hpf (Figure 2.3E) with no primary
antibody confirmed that the labeling observed is due only to binding of the secondary
antibody to the HCS-1 antibody. Overall the onset and increase of otoferlin expression
correlated with the formation and development of the zebrafish inner ear and the pLL
and aLL system (34).

To examine the sub-cellular localization of otoferlin in zebrafish hair cells, confocal
images of 120 hpf larvae were collected. Pronounced immunolabeling in both the
supranuclear and basolateral compartments including a punctate distribution throughout
the cytoplasm were observed in hair cells of the neuromast (Figure 2.3G). This
subcellular distribution is similar to observations made on mouse hair cells (20, 23, 37).
Probing 120 hour wild-type zebrafish with the FM1-43 dye (Figure 2.3H) showed
uptake in the apical end of the hair cells of a posterior lateral line neuromast cluster
indicating active vesicle recycling (38). This overlap in otoferlin distribution and FM1-43
dye uptake in the apical hair cell compartment raises the possibility of another role of
otoferlin in the apical region in addition to the established function in synaptic
transmission at the basolateral region (13, 37). To validate expression of otoferlin in the

zebrafish hair cells, dual immunofluorescence was performed on wild-type 120 hpf
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larval zebrafish with anti-otoferlin and anti-myosin VI antibodies. Myosin VI is a marker
for hair cells, and fluorescence images confirmed that otoferlin co-localizes with
myosinVI in larval zebrafish hair cells (Figure 2.3I) (39, 40).

Knockdown of otoferlin in the zebrafish hair cells:

To determine the function of otoferlin in vivo, we used anti-sense splice-blocking
morpholinos that targeted both isoforms including their splice variants. Two splice-
blocking MOs for each otoferlin gene targeting exon-intron boundaries (otoferlin b MOs—
e2i2 and e38i38; otoferlin a MOs- i6e7, ellill) (Figure 2.4A) were designed and
microinjected at the one—cell stage. Comparable phenotypes were observed with each
pair of morpholinos, and the e38i38 MO targeting otoferlin b, and i6e7 MO targeting
otoferlin a were used for subsequent experiments in this study. We evaluated mRNA
expression to assess knockdown of the otoferlin a and b transcripts in the single and
double morphants. Analysis of qPCR data indicated that the expression of otoferlin a is
significantly reduced in the otoferlin a and otoferlin b+a KD groups (p-value <0.001)
(Figure 2.4D). Similarly, otoferlin b is significantly reduced in the otoferlin b and otoferlin
b+a KD groups (p-value <0.001) (Figure 2.4D). RT-PCR further supported the
conclusion that both the single and double knockdowns were effective at 96 hpf (Figure
2.4B; lanes 4, 5, 6 and 7) when compared with age-matched microinjected controls
(Figure 4C, lanes 1 and 2) and lasted up to 120 hpf (Figure 2.S2A). As the otoferlin b
and a sequences are ~80% identical (Figure 2.1C), it was necessary to validate the
specificity of MOs that were designed to target each isoform separately. Analysis of
gPCR data indicated that knockdown of otoferlin b did not significantly affect the

expression of otoferlin a and vice versa (Figure 2.4D). RT-PCR further supported the
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conclusion that each MOs specifically blocked the targeted otoferlin without affecting
expression of the other isoform at up to 120 hpf (Figure 2.4C and Figure 2.S2B).

Since otoferlin interacts with the hair cell marker myosinVI (21, 40), and a reduction in
otoferlin decreases the immunofluorescence of synaptic vesicle marker VGlut3 (37),
gPCR were conducted on otoferlin single and double morphants to measure the relative
expression changes of both myosin VI and VGIut3. Analyses indicated that otoferlin
knockdown does not significantly affect the expression of myosin VI or VGIut3 in larval
zebrafish at 96 hpf (Figure 2.4D).

Immunohistochemistry on 120 hpf injected control (Figure 2.5A) and morphant larvae
(Figures 2.5B-D) were also conducted. Embryos injected with the otoferlin b
morpholino showed staining in the hair cells of the inner ear (Figure 2.5B). However,
there were no detectable signal in the hair cells of the neuromasts of the pLL and alLL
(Figure 2.5B). Contrary to otoferlin b, the otoferlin a morphants showed staining in the
hair cells of the inner ear with strong immunolabeling in the hair cells of the neuromasts
of pLL and aLL (Figure 2.5C). Visual inspection of the otic region revealed that in
comparison to the control zebrafish larvae (Figure 2.5E), otoferlin a were distributed in
the hair cells of the sensory patches of the anterior macula. It was also present in the
hair cells of the posterior, anterior and medial cristae (Figure 2.5F). However, otoferlin b
is distributed in hair cells of the sensory patches of both the anterior and posterior
maculae but absent from the cristae (Figure 2.5G). This suggested that the otoferlin
isoforms might play distinctive roles in the otic region. Finally, otoferlin b and a double
morphants showed no anti-otoferlin signal in any of the sensory patches of the inner ear

and neuromasts of the lateral line (Figure 2.5D). Confocal microscopy images of
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immunolabeled 120 hpf injected controls and double morphants were also collected
(Figures 2.S3A and 3B). In contrast to control siblings, a compressed z-stack image of
the head region of double morphants showed absence of anti-otoferlin in the otic region.
This indicates a complete knockdown of both isoforms of the zebrafish otoferlin in the
otoferlin b+a double morphants to the limits of detection.

Phenotypic analysis of the otoferlin single and double knockdowns:

Compared to age-matched injected controls (Figure 2.6A), otoferlin single knockdowns
showed no noticeable defects in gross morphology at 120 hpf (Figures 2.6B and C).
However, after 96 hpf the double morphants failed to develop an inflated swim bladder
(Figure 2.6D) compared to single knockdowns and injected controls. These phenotypic
defects were visible around 72 hpf in the double morphants when they failed to maintain
an upright position compared to injected control siblings (Figures 2.6E and F). This
suggested a balance defect (41) and indicated a critical contribution of otoferlin to
balance and vestibular function. Moreover about 80% of the 96 and 120 hour double
morphants swam on their sides or back, landed head-on and often floated vertically with
head-up. On touching with a hair, double KDs exhibited a circling and looping motion,
but swam back to the source of the stimulus rather than escaping. Beyond 120 hpf,
double morphants gradually developed a curved spine compared to injected controls
(Figures 2.6G and H) that enhanced the circling movement. These phenotypic
abnormalities are comparable to the ‘circler mutants’ (39, 41, 42) that were determined
to be mutations in sensory hair cell related genes. Since we observed a defective
escape response with the double morphants, we examined the morphological

differences in the patterning of the lateral line with hair cell marker YO-PRO-1. We did
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not observe differences in staining between the control and otoferlin b+a double
morphants (Figure 2.7A). Further, bright-field images of the otic region indicated that,
compared to controls, the semicircular canal folds and otolith formed normally in 120 hpf
otoferlin double morphants (Figure 2.7B). A similar swim bladder phenotype were
observed in the double morphants that had been injected with a second set of
morpholinos, el1ill - otoferlin a and e2i2- otoferlin b (Figure 2.S4A).

Given that the double morphants show an uninflated swim bladder phenotype we tested
whether otoferlin knockdown affected swim bladder development using gPCR analysis
of shha in double morphants at 72 hpf. shha is a swim bladder developmental marker
(43) , and our results indicated that relative to control, the expression level of the shha
gene do not change in the double morphants (Figure 2.S4B).

Since both isoforms of otoferlin are expressed in hair cells of the otic region and lateral
line, both copies may play a role in hearing and balance. To test whether otoferlin
knockdown impaired hearing, acoustic startle reflex assays were conducted on 120 hpf
single and double morphants. Acoustic startle assays are widely used to evaluate
hearing induced escape response in larval zebrafish (41). As shown in Figure 2.8C, the
distance travelled by control larvae (n=23) was 63.94 mm, while otoferlin b KD (n=18)
was 66.03 mm and otoferlin a KD (n=17) was 66.79 mm. When the single KDs were
compared to control using Dunn’s multiple comparison with standard 5% significance
level, the test showed no significant difference. By contrast, double KDs (nh= 16)
travelled only 22.92 mm after startling. This value is significantly lower (Dunn’s multiple
comparison, p-value < 0.001) when compared with the distance moved by the single KD

and age-matched controls. A summary comparing the startle between otoferlin single
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and double morphants as well as the control group has been included in Figure 2.S5.
These results suggested that there is redundancy of function between the two isoforms
and the startle escape was significantly attenuated when expression of both the
isoforms were reduced. To ensure that the larval zebrafish movement is not random but
coincided with the startle stimuli, the average startle velocity as a function of time were
plotted. The movement of the larval fish coincided with the startle stimuli for both the
control and the double morphants (Figure 2.8D). Furthermore, the control fish showed
a marked increase in velocity after startling followed by a decrease, while the double
morphants show some slight movement after startling which quickly declines relative to
control (Figure 2.8D). These data are consistent with the defective escape response
observed in the double morphants when compared to age-matched controls.

Studies on mouse models have established a link between otovestibular defects and
locomotion using a dark-light test (44, 45). Upon finding that zebrafish otoferlin
morphants exhibited balance defects and an abnormal startle escape response, dark-
light locomotory tests were conducted on control and KD larval fish. 96 hpf otoferlin
single (n=72) and double (n=72) morphants, as well as age-matched controls (n=72)
were used for the dark-light assay. Compared to controls, single KD traveled less during
the dark phase (Mean distance travelled; control = 62.73 mm, otoferlin b KD= 45.67mm,
otoferlin a KD = 46.68 mm; Dunn’s multiple comparison test, p-value <0.05) (Figure
2.56), and double KD fish travel even less (otoferlin double KD = 35.61 mm; Dunn’s
multiple comparison test, p-value <0.001) (Figure 2.S6). Since the zebrafish single and
double morphants showed a defective dark-light response, this indicated a possible

direct or indirect role of otoferlin on neuronal wiring in the larval zebrafish. However,
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comparison of immunofluorescently labeled Mauthner cells that mediate the escape
response (46-48), did not reveal any gross defects in the double morphants (n=3) as
compared to age-matched controls (n=2) (Figures 2.S5E and F).

Rescue of zebrafish otoferlin knockdown with mouse otoferlin:

From comparison it is evident that there is a high sequence identity between otoferlin of
different species, which suggests functional conservation (Figures 2.1A and B). To test
for functional conservation we co-injected double morphants with a p5SE-pmyo6b vector
encoding mouse otoferlin and a hair cell specific myosin VIb promoter, and tested for
rescue of the knockdown phenotype. Several constructs including the full length mouse
otoferlin (FL-otoferlin), as well as truncated forms of the protein were used in this study
to identify the domain(s) critical for otoferlin function (Figure 2.8A). Expression of
mouse otoferlin was validated by performing whole-mount immunohistochemistry on
zebrafish double morphants co-injected with the FL-otoferlin construct. Figure 2.8B
showed that the expression of the FL-otoferlin construct is restricted only in the hair
cells of the otic region and the lateral line thereby confirming that the myosin VIb
promoter recapitulates endogenous otoferlin expression. We also performed whole
mount in situ hybridization experiments on zebrafish double morphants co-injected with
the mouse FL-otoferlin construct. Figures 2.S5A, B, and C shows the presence of
otoferlin transcripts in the otic region, pLL, and aLL. Figures 2.8C, 2.8D and 2.S56 show
that the FL-otoferlin was able to rescue the startle escape response (mean distance
moved =59.58 mm, n= 18, no significant difference with control group in Dunn’s multiple
comparison test with standard 5% significance level) and dark-light behavior in the

zebrafish double morphants (mean distance travelled during dark-phase = 59.89 mm,
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n=72, no significant difference with control group in Dunn’s multiple comparison test
with standard 5% significance level). Mouse FL-otoferlin also rescued the swim bladder
defects observed in 120 hpf zebrafish double morphants (Figure 2.9A). Furthermore,
FM1-43 uptake in the rescue larvae was indistinguishable from WT larvae (data not
shown). These results suggested that the mouse otoferlin was sufficient to correct for
the disorders associated with depletion of both otoferlin isoforms found in larval
zebrafish.

Remarkably, we were able to rescue the double morphants with a truncated form of
mouse otoferlin lacking the first three putative C2 domains (AABC). Zebrafish double
morphants co-injected with the AABC construct were found to have inflated swim
bladders as observed at 120 hpf (Figure 2.9B). The startle reflex abnormalities
(Figures 2.8C and 2.8D) were also rescued (mean distance moved =63.32 mm, n=19,
no significant difference with control group in Dunn’s multiple comparison test with
standard 5% significance level). In addition, dark-light behavior was also rescued (mean
distance travelled during dark-phase = 59.81 mm, n=48, no significant difference with
control group in Dunn’s multiple comparison test with standard 5% significance level)
(Figure 2.S6). This suggests that the first three C2 domains are not required to correct
for the balance and hearing deficits that were observed with the zebrafish double
morphants.

Several additional truncated constructs (Figure 2.8A) lacking either the first 4 or 5 C2
domains (A-ABCD, A-ABCDE) or consisting of only the N-terminal C2A domain (A-
BCDEF) were also tested for recovery of the uninflated swim bladder (Figures 2.S7A

and 7B) and acoustic startle response (Figure 2.8C). The AABCD (n = 25, mean
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distance = 53.94 mm) and AABCDE (n = 23, mean distance = 52.00 mm) displayed no
significant difference relative to the control group in Dunn’s multiple comparison test
with standard 5% significance level (Figure 2.8C). Co-injection of the double morphants
with the ABCDEF construct did not rescue the acoustic startle responses however (n =
16, mean distance = 26.57 mm, no significant difference with otoferlin b+a KD group in
Dunn’s multiple comparison test with standard 5% significance level) (Figure 2.8C).
Finally, as an alternative method of rescue, zebrafish double morphants were co-
injected with mouse otoferlin mMRNA encoding the full-length protein. The mRNA
injection completely rescued the swim bladder defect (Figure 2.9C) including recovery
of the startle escape response (mean distance moved = 65.55 mm, n = 17, no
significant difference with control group in Dunn’s multiple comparison test with
standard 5% significance level), (Figure 2.8C) supporting the conclusion that mouse
otoferlin can rescue morpholino knockdown in zebrafish. A table showing percentage of
larvae with inflated swim bladder rescue phenotype for the double morphants co-
injected with the different otoferlin constructs is included in Figure 2.9D.

2.5 Discussion

Based upon sequence, expression patterns, knockout phenotype, as well as rescue
studies, we conclude that otoferlin plays a conserved role in hair cells. Despite
divergence of the zebrafish and mammalian genomes approximately 420 million years
ago (49), the amino acid sequences of otoferlin are highly similar, and mouse otoferlin
successfully compensates for loss of endogenous otoferlin expression in zebrafish. This
suggests both a conserved function of the protein in hair cells, and a conserved set of

binding partners for neurotransmitter release. Indeed, the loss in hearing we observed
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in otoferlin knockdown zebrafish matches mouse knockout models. We also note that
while zebrafish have two otoferlin genes and mammals have one, multiple splice
isoforms of the gene have been reported for mice and humans (23, 50).

Analysis of sequence identity of the C2 domains between species show greater
conservation among the C-terminal C2D, C2E, and C2F domains compared to the N-
terminal C2A domain. We speculate that these C-terminal domains may play a
functionally conserved or redundant role in otoferlin function. Indeed, functional
redundancy among the C2 domains has been noted in reconstituted membrane fusion
assays (12). Experiments we report indicate that shortened forms of otoferlin lacking the
N-terminal domains rescue the knockdown phenotype, in agreement with the idea of
functional redundancy. However, it is possible that the N-terminal C2 domains play a
role that was not detected in our assays or a function found in mammals but not in
zebrafish. Indeed, our results seem to conflict with reports of missense mutations in the
C2B and C2C domains that have been linked to hearing loss in mammals (51-52). We
speculate that these missense mutations may reduce the structural stability of the
protein, resulting in lower levels of protein expression. Knockdown of both zebrafish
otoferlin genes was required for an observable phenotype in our studies, despite
differing in the first N-terminal 183 amino acids, corresponding to the C2A domain,
again suggesting that some domains may be dispensable. Interestingly, biophysical
studies on the C2A domain have determined that this is the only domain in otoferlin that
does not bind calcium (12, 53). However, studies on the otoferlin orthologues myoferlin

and dysferlin have found that the C2A domain of these proteins do bind calcium,
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supporting the idea that the calcium binding activity of the C2A domain may have
diverged among the ferlins (12, 19, 54, 55).

Unexpectedly, otoferlin knockdown zebrafish displayed severe deficits in balance and
uninflated swim bladders, suggesting a critical role for otoferlin in balance. While
expressed in vertebrate vestibular hair cells, neither otoferlin knockout mice nor human
patients with otoferlin mutations suffer from balance deficits (24). Our results clearly
demonstrate a critical role for otoferlin in zebrafish balance and vestibular hair cell
function. That calcium dependent neurotransmitter release is attenuated but not
completely abrogated in knockout mouse vestibular hair cells (24) may indicate that
compensatory or redundant calcium sensors exist in mammalian hair cells that are not
active in zebrafish cells. Thus zebrafish may serve as a model for future
characterization of otoferlin’s contribution to vestibular hair cells.

Despite the loss of morpholino knockdown efficiency and expression of both otoferlin
genes around 120 hpf, most zebrafish did not show any signs of swim bladder inflation
or recovery of balance even at 10 dpf, and many developed a curved spine. This
suggests that otoferlin may play a developmental role, and that the lack of otoferlin
during a certain developmental window may have permanent effects on zebrafish
physiology. In support of this, a recent study reported abnormally small ventral cochlear
nuclei in otoferlin knockout mice (56). Future studies should focus on the developmental

effects linked to otoferlin loss-of-function.
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Figure 2.1

A) Species Otoferlin C2 domains (% identity with human)
C2A CZ2B Cc2C C2E C2F
Mouse 91 100 100 98 98
Rat 92 100 100 98 98
Rabbit a5 99 99 100 -
Guinea-Pig 94 99 98 99 98
Frog - 78 91 94 96
Zebrafish
1)otoferlin - 91 89 88 94
2)otoferlin 77 91 89 92 95
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Sequence identity of otoferlin across different species. A) Percent identity of
predicted otoferlin C2 domains of various species compared to human otoferlin. B)
Comparison of overall sequence identity of otoferlin with human otoferlin. C) Zebrafish
otoferlin isoforms with putative C2 domains. Otoferlin b lacks the C2A domain. D) Dot-
plot showing the identity of amino acid sequence between the two zebrafish otoferlin
proteins: otoferlin a and otoferlin b. The diagonal across the plot indicates highly

identical sequnces. Breaks along the diagonal indicate regions which are non-identical.

The asterisk (*) designates the absence of the C2A domain (amino acid = 3- 97).
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Figure 2.2
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MRNA expression of otoferlin in developing zebrafish. A) Fold expression of
otoferlin a and b transcripts at 24-120 hpf. Expression is normalized to 24 hpf. Error
bars indicate 95% confidence interval of the sample mean (n=5). B) Whole-mount in situ
hybridization images showing expression of otoferlin in 24-120 hpf wild-type zebrafish
larvae. Upper panel — Expression of otoferlin b. Arrows indicate sensory patches in the
inner ear. Arrowheads indicate anterior and posterior lateral line neuromasts; Lower
panel — Expression of otoferlin a. Arrows indicate sensory patches in the inner ear. C)
Expression of otoferlin a in the brain region and retina in a 120 hpf zebrafish larvae.

Arrows indicate brain and retina.
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Figure 2.3

Otoferlin protein expression in developing zebrafish. (A-F) Whole-mount
immunohistochemistry on wild-type larval zebrafish at indicated developmental time
points (24-120 hpf). E) Negative control with no primary antibody in 72 hpf wild-type

larvae. White circles indicate the position of the eye, arrows indicate sensory patches of
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the ear, arrowheads denote anterior and lateral line neuromasts. G) Confocal image
showing sub-cellular distribution of otoferlin in a 120 hpf hair cell neuromast cluster.
Arrowhead indicates the supranuclear region of the hair cell, arrow indicates basolateral
compartment of the hair cell (Scalebar 10um). H) Confocal image showing uptake of
FM1-43 dye uptake in the apical end (arrowhead) of hair cells within a neuromast of the
posterior lateral line. Dye incubation time — 3 minutes. I) Dual Immunofluorescence with
wild-type 120 hpf zebrafish showing co-localization of otoferlin in the hair cells of the
neuromast with another hair cell marker, myosinVI. White boxes 1 and 2 indicate
regions of colocalization. Insets of regions 1 and 2 show otoferlin colocalizing with

myosin VI.
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Figure 2.4
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Morpholino knockdown of otoferlin in zebrafish larvae. A) Diagram of four splice-
blocking morpholinos used in this study targeting otoferlin a and otoferlin b (e= exon; i=
intron). B) RT-PCR gel image of otoferlin KD zebrafish larvae at 96 hpf, (lane 1) =
molecular weight marker ; (lane 2) = negative control tested for otoferlin b; (lane 3) =
negative control injected tested for otoferlin a; (lane 4 )= otoferlin b KD tested for
otoferlin b; (lane 5) = otoferlin a KD tested for otoferlin a; (lane 6) = otoferlin b+a double
KD tested for otoferlin b; (lane 7) = otoferlin b+a double KD tested for otoferlin a. C)
Cross expression studies with 96 hpf zebrafish larvae. RT-PCR gel image shows

expression of: (lane 1)= molecular weight marker; (lane 2) = otoferlin a in control; (lane
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3)= otoferlin a in otoferlin b KD; (lane 4) = otoferlin b in otoferlin b KD; (lane 5) =
otoferlin b in control; (lane 6)= otoferlin b in otoferlin a KD; (lane 7) = otoferlin a in
otoferlin a KD. (Inj. C — injected control, KD — Knockdown, otof a — otoferlin a, otof b —
otoferlin b, otof b+a — otoferlin b+a) D) gPCR bar graph showing relative expression of
otoferlin a, otoferlin b, myosinVI and VGIut3 genes in 96 hpf larval zebrafish across
control, otoferlin a KD, otoferlin b KD and otoferlin b+a KD groups where each gene is
normalized with respect to the corresponding controls. For the Myosin VI and Vglut3
genes, no statistical deviation in expression is observed among the different KD groups.
Expression of otoferlin a is significantly reduced (p value <0.001) in the otoferlin a and
otoferlin b+a KD groups, but not in the otoferlin b KD. Otoferlin b expression is
significantly reduced in the otoferlin b and otoferlin b+a KD groups (p value <0.001), but
not in the otoferlin a KD. The statistical significance is calculated through Bonferroni
multiple comparisons in prism software. Error bars indicate 95% confidence interval of

the sample mean (n=3).
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Figure 2.5

Whole mount immunohistochemistry with the HCS-1 anti-otoferlin antibody. A)
120 hpf larvae showing otoferlin expression in control injected, B) otoferlin b KD, C)
otoferlin a KD, D) otoferlin b+a KD. Fluorescent MIP (maximum intensity projection)
image of E) Injected Control, F) Otoferlin b KD, G) Otoferlin a KD, of 120 hpf larval otic
region showing distinct distribution of otoferlin in the sensory patches of cristae and
maculae ( ac, anterior crista; mc, medial crista; pc, posterior crista; pm, posterior

macula; am, anterior macula ).
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Figure 2.6
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Observable phenotypes associated with the otoferlin KD 120 hpf larval zebrafish.

A) Control injected, B) otoferlin b KD, C) otoferlin a KD, D) otoferlin b+a double KD

(arrows denote the swim bladder). The otoferlin double KDs fail to develop an inflated

swim bladder. E) 72 hpf control larvae maintains an upright posture, F) 72 hpf otoferlin

b+a double KDs fail to maintain an upright posture G) 10-day old injected control larvae,

H) 10-day old otoferlin b+a double KD zebrafish fail to inflate their swim bladders

(arrow) and develops a curved spine (arrow-head).
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Figure 2.7

Otoferlin KD effect on structure and formation of lateral line, otic vesicle and
semicircular canals. A) (upper panel) Yo-Prol uptake in injected control larval
zebrafish at 120 hpf, (lower panel) Yo-Prol uptake in otoferlin b+a double KD larval
zebrafish at 120 hpf B) (upper panel) Bright field images showing otic region in 120-
hour old injected control and (lower panel) otoferlin b+a double KDs, open arrow heads
points to the otoliths, filled arrow heads point to the semicircular canals, white circle and

hemicircle indicates position of the eye.
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Rescue of zebrafish otoferlin knockdown with mouse otoferlin. A) Schematic of the

truncated mouse otoferlin constructs used in this study. Amino acid numbers are

indicated. B) Whole mount immunohistochemistry on 120 hpf larval zebrafish double

morphants co-injected with the mouse full-length otoferlin construct under the hair cell

specific promoter. Figure shows otoferlin expression only in the hair cells at 120 hpf. C)

Otoferlin deficiency causes defects in startle escape response in 120 hpf larval
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zebrafish. Plot of distance after startling for different groups. Control (n=23, mean
distance 63.94 mm), Otoferlin b KD ( n=18, mean distance = 66.03 mm), Otoferlin a KD
(n = 17, mean distance = 66.79 mm), Otoferlin b+a KD (n = 16, mean distance = 22.92
mm), Rescue FL ( n = 18, mean distance = 59.58 mm), Rescue AABC (n = 19, mean
distance = 63.32 mm), Rescue AABCD (n = 25, mean distance = 53.94

mm), Rescue AABCDE (n = 23, mean distance = 52.00 mm), Rescue ABCDEF (n = 16,
mean distance = 26.57 mm), Rescue mRNA (n = 17, mean distance = 65.55
mm),(Dunn’s multiple comparison with standard 5% significance between otoferlin a+b
KD and other groups, p-value<0.001). Error bars indicate 95% confidence interval of the
sample mean. ns = not significant. D) Mean velocity (in mm/ sec) traces of different
groups - Control (n = 23), Otoferlin b+a KD (n = 16), Rescue FL (n = 18), Rescue AABC
(n = 19). The time point of startle is denoted with a vertical arrow, and the first 10 secs

after startling is denoted with a capped line.



70

Figure 2.9
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Rescue of otoferlin KD swim bladder phenotype with mouse otoferlin constructs.
A) Rescue of swim bladder defect in 120 hpf otoferlin b+a KDs with FL-otoferlin. B)
Rescue of swim bladder defect in 120 hpf otoferlin b+a KDs with del-ABC construct. C)
Rescue of swim bladder defect in 120-hpf old otoferlin b+a double KD zebrafish with
otoferlin mMRNA. Arrow indicates inflated swim bladder. D) Table showing percentage of
fish rescued at 120 hpf co-injected with mouse otoferlin constructs including otoferlin

MRNA. (FL = full length).
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Figure 2.51
upper panel

- 4

In situ hybridization images of 120 hpf wild-type larval zebrafish paraffin sections
showing expression of otoferlin a in the mid-brain (MB) and retinal ganglion cell layer
(RGL) . upper panel - otoferlin a probe and corresponding bright-field (bf) images. lower

panel - no-probe control and corresponding bright-field (bf) images.
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Figure 2.S2
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Morpholino knockdown of otoferlin in 120 hpf zebrafish larvae. A) RT-PCR gel
image of otoferlin KD zebrafish larvae at 120 hpf, (lane 1 ) = molecular weight marker ;
(lane 2) = negative control tested for otoferlin b; (lane 3) = negative control injected
tested for otoferlin a; (lane 4 )= otoferlin b KD tested for otoferlin b; (lane 5) = otoferlin a
KD tested for otoferlin a; (lane 6) = otoferlin b+a double KD tested for

otoferlin b; (lane 7) = otoferlin b+a double KD tested for otoferlin a. B) Cross expression
studies with 120 hpf zebrafish larvae. RT-PCR gel image shows expression of: (lane 1)=
molecular weight marker; (lane 2) = otoferlin a in control; (lane 3)= otoferlin a in otoferlin
b KD; (lane 4) = otoferlin b in otoferlin b KD; (lane 5) = otoferlin b in control; (lane 6)=
otoferlin b in otoferlin a KD; (lane 7) = otoferlin a in otoferlin a KD. (Inj. C — injected
control, KD — Knockdown, otof a — otoferlin a, otof b — otoferlin b, otof b+a — otoferlin

b+a)
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Figure 2.S3

Compressed z-stack through the ear region showing otoferlin expression in 120
hpf injected control (A) larval zebrafish, and, otoferlin expression in double
knockdown (B) 120 hpf larval fish (white hemicircles denotes the eye). Red clusters in

Figure are otoferlin positively stained hair cell neuromasts.
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Figure 2.54
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Phenotypic consistency with second set of morpholinos and qPCR showing
expression of swim bladder marker A) Observable phenotypes associated with the
otoferlin b+a KD in120 hpf larval zebrafish with second set of morpholinos (el1lill -
otoferlin a and e2i2- otoferlin b). Arrow indicates swim bladder. B) qPCR showing
relative expression of shha in 72 hpf otoferlin control and double morphants normalized
to beta-actin expression. Data shows no statistically significant differences in the
expression of shha in control and double morphants. The statistical significance is

calculated through Mann-Whitney test.
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Figure 2.S5
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Images showing hair cell specific expression of rescue construct and mauthner
neurons; table with startle assay summary statistics (A-C) Whole-mount in situ
hybridization on otoferlin double morphants co-injected with the full-length mouse
otoferlin construct under the hair cell specific promoter at 96hpf. A, B, and C shows
MRNA expression in the anterior lateral line (aLL) , posterior lateral line (pLL), and otic
vesicle. (E-F) Confocal images of whole mount immunohistochemistry of 72 hpf larval
zebrafish showing mauthner cells. E) Injected control, F) Otoferlin b+a double
morphants. Arrowhead indicates the mauthner cells.G) Summary statistics of the startle

between otoferlin morphants and control groups, sem - Std err of mean.
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Dark-light behavioral assay : Distances travelled (in mm) during the dark-phase by
larvae are shown. Mean distances moved in mm: Injected control (n=72) = 62.73,
otoferlin b KD (n=72) = 45.67, otoferlin a KD (n=72) = 46.68, otoferlin b+a KD (n=72) =
35.61, Rescue FL (n=72) = 59.89, Rescue AABC (n=48) = 59.81. Dunn’s multiple
comparison test with standard 5% significance level shows significant difference
between control and KD groups and no significant difference between control and

rescue groups. Error bars indicate 95% confidence interval of the sample mean.
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Figure 2.57
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Rescue of zebrafish otoferlin KD with mouse otoferlin constructs. Rescue of swim
bladder defect in 120 hpf otoferlin b+a KDs with mouse otoferlin, A) del-ABCDE, B) del-

ABCD constructs. Arrow indicates inflated swim bladder.
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Table enlisting qRT-PCR primers:
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Gene

Primer sequence

otoferlin b

GCAAAGACGGCAAAGCAGTGC (Forward)

’

GCTTCCACTTTGCCTGTAATTTCTAGCTCATC

(Reverse)

otoferlin a

GGACTGTTTACACACAACCTGAACATCAGT

(Forward) ;

CCCTCTATGTCATCCTCGTCTGCT

(Reverse)

beta-actin

AAGCAGGAGTACGATGAGTC (Forward) ;

TGGAGTCCTCAGATGCATTG (Reverse)

Myosin-6b

TGGCTCCCATCAGTCAAGTG (Forward)

TTCTCGGTGTCATCCAAGCC (Reverse)

VGIlut3

ATGTCTTCGTGATCGCCTCC (Forward)

GTTTGCGGCCTGATGAGTTG (Reverse)

shha

ACCGAGACAAGAGCAAATACG (Forward)

GTCCTTCACGGCCTTCTG

(Reverse)
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Table enlisting ISH primers:

Gene

Primer sequence

otoferlin b

ATGGACTAAAGAAACAGACGGATGAGCATTTAG (Forward); TAATACGACTCACTATAGGG-
TCAAACGCTGCAGAGAGAAGCTTCT (Reverse with T7-polymerase tag)

otoferlin a

GGACTGTTTACACACAACCTGAACATCAGT (Forward); TAATACGACTCACTATAGGG-
CCCTCTATGTCATCCTCGTCTGCT (Reverse with T7-polymerase tag)

Mouse- TCCCCCAGGAAACCCAAGAAGTAC (Forward); TAATACGACTCACTATAGGG-GGGATCAGGTTCATTGCGAGCC
otoferlin (Reverse with T7-polymerase tag)
Table 2.3

Table enlisting primers for full-length and truncated mouse otoferlin constructs:

Gene Primer sequence
Mouse 5" -GACCGCGGATGCATCATCACCATCACCATGGTATGGCCCTGATTGTTCACCTCAAG-3"',
otoferlin
full- 5'-CAGCGGCCGCTCAGGCCCCTAGGAGCTTC-3"
length
(FL)
otoferlin 5" -GACCGCGGATGCATCATCACCATCACCATGGTTCCTTTCCGCCCATCAGCCTAGTC-3",
AABC

5'-CAGCGGCCGCTCAGGCCCCTAGGAGCTTC-3"
Otoferlin 5’-CCG CGG ATG CCA AGC AAT GAC CCC ATC AAT GTG CTG GTC-3’
AABCD

5’ GCGGCCGC CTA GGC CCC TAG GAG CTT CTT GAC CAT GTA GCC TGG-3’
Otoferlin 5’- CGA CCG CGG ATG CAC CAT CAC CAT CAC CAT GGC GCC TCC CCC AGG AAA CCC AAG AAG TAC GAG CTG-3'
AABCDE

5’ -GAT GCG GCC GCC TAG GCC CCT AGG AGC TTC TTG ACC ATG TAG CCT GG-3’
Otoferlin 57—~ CGA CCG CGG ATG GCC CTG ATT GTT CAC CTC AAG ACT GTC TCA GAG-3’
ABCDEF

57— GAT GCG GCC GCC TAC TGG AGG GAT TCA TCT CCC AGG AAG TCT CCA TC-3'
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Table 2.4

Table enlisting the splice-blocking morpholino sequences targeting the otoferlin a
and b gene:

Gene Morpholino oligo sequences written from 5’ to 3’ and complementary to splice -junction
target

otoferli 1) ACATTGTAAAACAGCACACCCAAGA (e38138)

n b 2) CATCTGCACACAAGAGCACAGAAGT (e2i2)

- Morpholino 1 targets “Ensembl” splice variants: OTOF (1 of 2)-201 ENSDART00000041685, OTOF (1 of 2)-002
ENSDARTO00000149773, OTOF (1 of 2)-001 ENSDART00000149294

- Morpholino 2 targets “Ensembl” splice variants: OTOF (1 of 2)-201 ENSDART00000041685, OTOF (1 of 2)-002

ENSDART00000149773.
otoferli 1) TTTTTATGGTTACCGACCAGGTTGT (ellill)
n a 2) ATGAGATCATCTTTGGTCACCTCTT (iée7)

- Both morpholinos (1 and 2) target “Ensembl” splice variants: otof-001 ENSDART00000136255, otof-201
ENSDARTO00000008840.

Table 2.5

Table enlisting gene-specific primers for validating morpholino knockdown:

Gene Primer sequence

otoferlin b e38138- CTCACCGAGGAAGCCAAAGA (Forward); TTGGTTGCAGACGAGATGGC (Reverse)

e2i2 - TTTACATACGCAGAGGATACGTCA (Forward); TTGTAGTAAGGGCAGTTGGTCG (Reverse)

otoferlin a i6e7 - GGATCGAAAAGCCATGCGTC (Forward);

TAATACGACTCACTATAGGGTCTCCTTTTCCCACGACTGC

(Reverse) ellill - CTGGAACTTCACCTGGACGA

(Forward) ; AACATGACGTCTGGAGGCAC (Reverse)
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Chapter 3 - Loss of otoferlin alters the transcriptome profile and
ribbon synapse architecture of sensory hair cells
Paroma Chatterjee, Aayushi Manchanda, Derik E. Haggard, Katie S. Kindt,

Robert L. Tanguay, Colin P. Johnson.

Manuscript in preparation
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3.1 Abstract

Auditory and vestibular sensory hair cells have adopted a unique architecture and gene
expression profile to fulfill the requirements for hearing and balance. At the active zone
of hair cells, the protein otoferlin plays an essential role in synaptic vesicle trafficking
and has been linked to nonsyndromic hearing loss in humans. While required for
hearing, the exact functions of otoferlin remain unclear, and the effects of loss of
otoferlin on the hair cell and hearing pathway have yet to be fully characterized. Using a
combination of immunofluorescence, transcriptome analysis, and calcium imaging, we
find that in addition to reducing synaptic vesicle recycling, loss of otoferlin also leads to
mistrafficking of synaptic vesicle proteins and larger but fewer synaptic ribbons,
indicating that otoferlin contributes to ribbon synapse morphology. We also find that loss
of otoferlin alters the expression levels of parvalbumin and s100, indicating that calcium
handling is disrupted. Expression of neuronal genes linked to amino acid transport,
axonal guidance, AMPA receptor trafficking, and neuronal growth were also abnormal,
and suggesting that loss of otoferlin also affects the gene profile of surrounding
neurons. We conclude that the mistrafficking of synaptic vesicle proteins and abnormal
calcium handling in hair cells results in abnormal ribbon synapse sizes and distributions,
which disrupt hair cell function. In turn, the dysfunction in the hair cells causes neurons
to alter the level of expression for genes associated with axonal pathfinding and growth.
Interestingly, we found that although a full-length (FL) otoferlin rescue construct with all
the six C2 domains and transmembrane domains represses expression of neuromast
and brain-specific transcripts in otoferlin-depleted larvae, a C2F-TM rescue construct

with only the C2F and transmembrane domains fail to rescue expression of the same
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transcripts. This indicates requirement of greater than one C2 domain of otoferlin in
restoring expression levels of genes that are responsible for intricate cellular functions

including calcium handling and axonal growth.

3.2 Introduction

Auditory and vestibular sensory hair cells transform mechanical forces into chemical
signals for the purposes of hearing and balance (1-3). Unlike neurons, hair cells release
neurotransmitter continuously and in a graded manner (4), and the presynaptic
architecture has specialized to accommodate this requirement (5-11). Most prominent
among these specializations is the ribbon synapse, which is composed of the protein
ribeye and serves to tether synaptic vesicles proximal to the presynaptic membrane (4,
12-13). Another defining component of hair cell synapses is the expression of the hair
cell marker otoferlin (7-9), which has been linked to DFNB9, a form of nonsyndromic
hearing loss (14-15). Otoferlin binds calcium (16-18), and deletion of otoferlin results in
a loss of neurotransmitter release (5, 7-9), suggesting a role in calcium sensitive
synaptic vesicle priming and fusion (19). Unlike other synaptic proteins like VGlut3,
otoferlin does not traffic exclusively to the ribbon synapse region but rather is distributed
broadly in the cell body were it interacts with non-synaptic proteins (20-22). It remains to
be determined however, whether loss of otoferlin significantly alters processes beyond
synaptic vesicle exocytosis.

We find that in addition to the well characterized reduction in synaptic vesicle recycling,
loss of otoferlin also results in mistrafficking of synaptic vesicle proteins and larger but

fewer synaptic ribbons. In addition, analysis of the transcriptome profile of zebrafish
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lacking otoferlin revealed altered expression levels of many genes associated with
calcium handling, amino acid transport, axonal guidance, and neuronal growth. We
conclude that loss of otoferlin both disrupts ribbon synapse architecture and disrupts the
homeostatic gene expression profile of the hair cell.

3.3 Materials and Methods

Zebrafish lines and embryos

Tropical 5D strains of zebrafish (Danio rerio) were used for this study and reared
according to Institutional Animal Care and Use Committee protocols at the Sinnhuber
Aquatic Research Laboratory, Oregon State University. Adult 5D fish , were raised on a
recirculating water system (28 + 1°C) with a 14:10 hour light-dark schedule. Spawning
and embryo collection were followed as described (23).

Microinjections.

Morpholino depletion of otoferlin expression was conducted as described previously
(24). Briefly, a pair of morpholinos (MOs) targeting exon/intron boundaries of otoferlin a
and otoferlin b as well as a standard negative control were obtained from GeneTools,
(Philomath, OR, USA) (24). Approximately 2nl of 0.6 mM of otoferlin a MO, 0.7 mM of
otoferlin b MO and both MOs diluted with RNAse-free ultrapure distilled water and 3%
phenol red were pressure-injected in WT embryos at one-cell stage as described in 24.
RNA extraction and sequencing

For transcriptomics, total RNA from pooled embryos of the microinjected control (WT),
single morphant, and double morphant groups were extracted at 96 hours post
fertilization (hpf) using Quick RNA miniprep kit, (Zymo Research, CA) according to the

manufacturer’s protocol. RNA concentrations were measured with NanoDrop ND-1000
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UV-vis spectrophotometer (Agilent Technologies, Palo Alto, CA) and RNA integrity was
analyzed with Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). Four
independent biological replicates each of control, single and double morphant groups
were prepared and submitted to the Center for Genome Research and Biocomputing
(CGRB) , Oregon State University, OR, USA sequencing core for library prep and 150
bp paired-end sequencing on the lllumina HiSeq3000 . Sequencing reads were filtered
and trimmed by running skewer on the mated fastq files based on quality score —q 30 —
Q30.

RNA seq data analysis

Paired-end sequencing reads were aligned using TopHat (v2.1.1) to the Zv9.79
zebrafish genome, only mapping reads across known splice junctions with a
corresponding mate pair (--no-novel-juncs and --no-mixed parameters, respectively)
and having a mate pair inner distance of 0 £ 50 bp (25-26). 90-94% of the reads across
all samples were successfully paired and mapped, with a mean of 22.6 million paired
reads per sample. Differential expression analysis was performed with CuffDiff (v2.2.1)
using the fragment bias detection and multiple read correction parameters (26-27).
Sample visualization and QA/QC was performed using cummeRbund (v2.8.2) in the R
statistical programming language. Multi-dimensional scaling analysis of the FPKM
distribution identified an outlier in the otoferlin a morphant group . As a result, we
repeated our differential expression analysis in CuffDiff with the outlier sample removed.
P-values were adjusted with a false discovery rate (FDR) using the Benjamini-Hochberg
procedure. Transcripts were considered significantly differentially expressed with a FDR

corrected p-value < 0.05 and a fold change of = 1.5. Visualization of the double
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morphant transcriptional profile was performed using a bi-hierarchically clustered
heatmap with a custom R script. Fold-change values were calculated for each replicate
by dividing the sample FPKM value by the average control FPKM value for each
transcript. Sample and transcript clustering was performed using the agglomerative
complete-linkage clustering algorithm based on a Euclidean distance matrix of the
FPKM fold-changes.

Quantitative RT-PCR

Total RNA was extracted from control and otoferlin double morphant embryos collected
at 96 hpf with RNAzol (Molecular Research Centre, OH, USA) and cDNA was
synthesized using iScript cDNA synthesis kit (Bio-Rad, CA, USA). Primers for
monitoring gene expression changes were designed from genomic sequences found in
Ensembl and are listed under Table 3.1. Extracted RNA from four different biological
replicate groups were used to validate expression changes. All qRT-PCR assays were
performed in 20 pl reactions consisting of 10 pl Power SYBR Green PCR master mix
(Applied Biosystems), 0.4 ul each primer, 7.2 yl H20 and 50 ng equivalents of cDNA on
the StepOnePlus, Applied Biosystems machine. Relative fold change values in otoferlin
double morphants compared to injected controls were calculated for genes of interest
and normalized to beta-actin. Graphs were plotted and statistically analyzed with the
Prism software version 5.0.

Whole-mount In Situ Hybridization.

In situ hybridization (ISH) was performed as described previously (28) with
digoxygenin-labeled antisense RNA probes specific to zebrafish genes using wild-type

(WT) zebrafish embryos collected at 48, 72 and 96 hpf. To synthesize the probes, gene-
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specific primers (Table 3.2) with the T7-RNA polymerase promoter were designed for
amplifying the probe templates, and cDNA was prepared from RNA isolated as
described from whole zebrafish at 72 hpf (24). Embryos were labeled with Fast Red (29)
stain. Stained embryos were imaged using the Keyence All-in-One Fluorescence
Microscope, BZ-X700, (IL, USA).

Whole-mount Immunohistochemistry.

Control and morphant zebrafish embryos were collected at 96 hpf and fixed in 4%
paraformaldehyde for 3-4 hours at 4° C After rinse, larvae were permeabilized with ice-
cold acetone and blocked with PBS buffer containing 2% goat serum, 1% bovine serum
albumin (BSA). Larvae were then incubated with primary antibodies diluted in PBS
buffer containing 1% BSA for 2 hours at room temperature, followed by incubation with
secondary antibodies coupled to Alexa Fluor 488, Alexa Fluor 555, Alexa Fluor 546 and
Alexa Fluor 647 (Invitrogen), and mounted with ProLong Gold Antifade Reagent
(Invitrogen) for confocal imaging. The following primary antibodies were used : Mouse
monoclonal anti-otoferlin, Developmental Studies Hybridoma Bank, (lowa, 1A) (1:1000);
Mouse monoclonal anti-ribeye, gift from Katie Kindt, National Institute of Health (NIH),
(2:10,000); Mouse monoclonal K28/86 anti-MAGUK, NeuroMab, Antibodies
Incorporated, (Davis, CA) (1:500) , anti-VGIut3 (from Teresa Nicolson, OHRC, Oregon
Health and Science University, Portland, OR) (1:500) , mouse monoclonal anti-
acetylated tubulin, Sigma Aldrich, (MO, USA) (1:4000).

Calcium imaging

Calcium imaging was performed as previously described in Kindt K.S. et al., (30) and

Maeda R. et al., (31). Transgenic (Tg) myo6b: R-GECO; zebrafish was used for the
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experiment and generated as described in Maeda R. et al., (31). The Tgmyo6bh:R-
GECO; fish are dim in the absence of calcium and bright when bound to calcium. The
R-GECO; fluorescence change was visualized on a Zeiss Axio Examiner microscope
fitted with an Orca ER CCD camera (Hamamatsu), a 63X, 1.0 N.A. Plan-Apochromat
Zeiss water-immersion objective and the following filter sets: excitation, 535/50 565LP,
and emission, 620/60 (Chroma). Two groups were tested for the calcium imaging
experiment - control injected and otoferlin-depleted at 96 hpf. Briefly, the R-GECO1
transgenic zebrafish were anesthetized and attached to a Sylgard chamber and injected
with bungarotoxin directly into the heart to suppress any movement during imaging. The
larval preparation was bathed in an extracellular solution containing 140 mM Nacl, 2
mM KCI, 2 mM CaCl2, 1ImM MgCI2, and 10 mM HEPES adjusted to pH 7.3 during
imaging. The lateral line hair cells were stimulated using a fluid jet to deliver a square
step stimulus, and data showing changes in calcium fluorescence were acquired and
processed as previously described in Kindt K.S. et al., (30) and Maeda R. et al., (31).
For determining the average calcium response of a single neuromast cluster, the
response of each hair cell in a neuromast was measured and these individual
responses were statistically analyzed.

Combined In Situ Hybridization and Immunofluorescence

A combined Fast Red in situ and immunofluorescence was performed as described
previously (28-29). In situ hybridization (ISH) was performed as described previously
(28) with digoxygenin-labeled antisense RNA probes specific to zebrafish genes (s100s;
rtndrl2a; rtn4rl2b; pth2) using control and otoferlin morphant zebrafish embryos

collected at 96 hpf. Embryos were labeled with Fast Red (29) stain. Stained embryos
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were washed in PBST (PBS with tween) before beginning the immunofluorescence.
After rinse, larvae were blocked with PBS containing 2% goat serum, 1% bovine serum
albumin (BSA) overnight at 4° C. Larvae were then incubated with primary antibodies
diluted in PBS buffer containing 1% BSA for 2 hours at room temperature, followed by
incubation with diluted secondary antibodies coupled to Alexa Fluor 488 (Invitrogen)
flurophore. Larvae were washed with PBST, rinsed in water and mounted with ProLong
Gold Antifade Reagent (Invitrogen) for confocal imaging. Please note that the control
and knockdown larvae were run in same tube for a more controlled comparison of
distribution of transcripts and synaptic protein.

Rescue quantitative RT-PCR.

The cDNA encoding mouse otoferlin was a gift from Christine Petit (Institut Pasteur,
Paris, France). The p5E-pmyo6b vector used in cloning was a gift from Teresa Nicolson
(Oregon Health and Science University, Portland, OR, USA). The p5E-pmyo6b vector
contains the hair cell specific promoter for myosin VIb. Full length (FL) and C2F-TM
domains of otoferlin were cloned as described previously in Chatterjee P. et al., (24).
For the rescue, we used mouse full-length (FL) vector and C2F-TM constructs. These
constructs were co-injected with the morpholinos. Larvae were screened as previously
described in Chatterjee P. et al., (24) for rescue of the balance phenotype, acoustic
startle response including rescue of un-inflated swim bladder for gRT-PCR analysis. For
rescue, differentially expressed genes that match the temporal expression of otoferlin
transcripts in larval zebrafish were selected.

Staining with vital dyes.
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FM1-43FX dye (Life Technologies, NY, USA) labeling of neuromast hair cells was
performed on live zebrafish at 120 hpf. Zebrafish larvae were immersed in 3 uM FM1-
43FX dye in embryo medium and rinsed off after 6 minutes of incubation at room
temperature. Both the control and KD zebrafish siblings were subjected to identical
incubation conditions with the dye. The fish were washed several times with embryo
medium and anaesthetized with 0.2 mg/ml tricaine solution for imaging. Stained
embryos were imaged using the Keyence All-in-One Fluorescence Microscope, BZ-
X700 (IL, USA).

MCLING (ATTO 488) , from Synaptic Systems (Germany) (32) was used to observe
endocytosis in hair cells of zebrafish larvae. Larval zebrafish at 96 hpf were
anaesthetized with tricaine and incubated in 1.7 puM of mCLING diluted in embryo
medium for 6 minutes at room temperature to ensure adequate probe penetration. Both
the control and KD zebrafish siblings were subjected to identical incubation conditions
with the dye. The fish were washed with PBST for 5 minutes and fixed for 3-4 hours with
4% PFA at 4°C. Following fixation, fish were washed with PBST at room temperature,
rinsed with water and mounted with ProLong Gold Antifade Reagent (Invitrogen) for
confocal imaging.

Confocal image acquisition and analysis.

Whole-mount immunohistochemistry preparations were imaged with a confocal laser-
scanning microscope Zeiss LSM 780 NLO fitted with a 63X oil-immersion objective and
appropriate filters. Z-stack images of neuromasts were acquired using the lowest laser

power possible to prevent photobleaching.
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Maximal projections of Z-stacks of confocal images of zebrafish neuromast were
created and analyzed using ImageJ software. Images containing ribeye or MAGUK
immunolabeling were corrected for background; each image was analyzed using the
analyze particle option, size 0.1-Infinity pixel*2 in each image for puncta count. Graphs
were created and statistical analysis of the immunolabeled puncta was performed using
Prism 5 (GraphPad Software).

3.4 Results

Results

Otoferlin depletion changes the basic architecture of the synaptic active zone
Zebrafish lateral line neuromast hair cells are structurally and morphologically similar to
mammalian type Il vestibular hair cells (33). Indeed, like mammalian hair cells, we found
that zebrafish sensory hair cells possesssed apical stereociliary bundles (Figure 3.1A),
otoferlin (Figure 3.1B) and afferent synapses at the basolateral region (Figure 3.1C), as
determined by immunolabeling for acetylated tubulin, otoferlin, and the post-synaptic
marker MAGUK. As shown in the composite image, otoferlin immunoreactivity is
restricted to sensory hair cells and absent from the hair bundles and afferent neurons
(Figure 3.1D). The basolateral region of hair cells are marked by pre-synaptic ribbons
juxtaposed to post-synaptic densities during development, with multiple synaptic ribbons
per cell (Figure 3.1E). These synaptic ribbons are electron-dense structures surrounded
by multiple synaptic vesicles and are thought to play a role in synaptic transmission (34-
36). Mutations in genes that directly contribute to stereocilia function, synaptic
transmission, or maintenance of the pre-synaptic active zone have been linked to a

‘circler’ phenotype whereby larvae are defective in hearing and balance and fail to
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develop an inflated swim bladder (37-43). Previously we have shown that the C2
domains of otoferlin both bind calcium and fuse liposomes (17) , and that depletion of
otoferlin in zebrafish larvae results in a ‘circler’ phenotype 24, consistent with a role for
the protein in membrane fusion and neurotransmitter release 7-8). However, otoferlin
may have additional roles that extend beyond regulating exocytosis in sensory hair
cells. For example, sensory hair cells in deaf5/deaf5 otoferlin mutant mice display
improper targeting of active zone components to the basolateral membrane, suggesting
a role for otoferlin in the regulation of inner hair cell maturation and development (21).
The effect of loss of otoferlin on synaptic ribbons and other components of the active
zone are largely unknown however, as most studies have focused almost exclusively on
defects in neurotransmitter release, and a complete understanding of the ‘circler’
phenotype in otoferlin deficient zebrafish has yet to be established.

To assess how the depletion of otoferlin might affect the ribbon synapse morphology in
larval zebrafish, we examined immunolabeled lateral line neuromast hair cells in 96 hpf
control and otoferlin-depleted zebrafish (Figure 3.2). At 96 hpf sensory hair cells of the
lateral line are functionally mature with all the components necessary for effective
mechanosensation and neurotransmission (33). Figure 3.2 shows the distribution of the
pre-synaptic ribbon body immunolabeled with ribeye, and the afferent post-synaptic
density immunolabeled with MAGUK. Relative to control, otoferlin-depleted lateral line
hair cells show an atypical distribution of both ribeye and MAGUK (Figure 3.2A, 3.2B).
Higher magnification images of the mutant neuromast (Figure 3.2C) reveal that ribeye
puncta coalesce and form abnormally tight clusters at the pre-synapse compared to

age-matched controls. MAGUK immunolabeling of otoferlin-depleted hair cells reveal an
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abnormal dense loop-like pattern that closely traces ribeye clusters (Figure 3.2C).
Ribeye staining colocalized with the enriched immunolabeled MAGUK (Figure 3.2C).
Analyses of the average number of ribeye puncta per neuromast indicate fewer single
puncta in otoferlin-depleted zebrafish compared to control (Figure 3.2D). We also found
significantly less MAGUK single puncta in the otoferlin-depleted neuromasts compared
to age-matched controls as well (Figure 3.2E). We did not notice any reduction in the
number of hair cells per neuromast in the otoferlin-depleted larvae however, as
determined by YO-PRO1.

Similar to the effects of otoferlin depletion, zebrafish CaV1.3a mutants also develop an
abnormally enlarged pre-synaptic ribbon and post-synaptic density. This phenotype has
been attributed to reduced calcium responses to mechanical deflection of stereocilia
associated with loss of L-type voltage gated calcium channel activity (44). To determine
if the phenotype linked to loss of otoferlin could be attributed to a reduced calcium
response we measured calcium transients in control and otoferlin-depleted neuromasts
using a transgenic line that expresses R-GECO; (red fluorescent protein- Genetically
Encoded calcium indicators) in hair cells (31). R-GECO; is derived from GCaMP3; and
mApple, and allows detection of calcium influx in R-GECO; expressing hair cells via an
increase in fluorescence when bound to calcium (45-46). When tested, robust calcium
transients in hair cells expressing R-GECO; were observed in both control and otoferlin-
depleted zebrafish in response to mechanical deflection of the hair bundles. No
significant differences in the calcium response between control and otoferlin-depleted
hair cells was detected (Figure 3.2F), indicating that otoferlin-depleted hair cells

presumably have intact hair bundles and exhibit normal mechanosensation. Further, we
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found that the average intracellular calcium rise was unaltered in response to reduction
in otoferlin.

Another ribbon synapse component, VGIut3 has also been linked to the “circler”
phenotype. VGIut3 is functionally conserved across species including mammals, and
mice lacking VGIut3 are profoundly deaf due to absence of glutamate release (11). In
our previous study (24) we demonstrated that VGIut3 transcript levels are unaffected in
otoferlin-depleted zebrafish larvae. Given that otoferlin and VGIlut3 co-localized to the
hair cell ribbon synapse active zone (44, 9) we sought to determine the subcellular
distribution of VGIlut3 protein in otoferlin-depleted zebrafish hair cells. Immunolabeling of
neuromast hair cells for VGlut3 revealed a diffuse and delocalized distribution in
otoferlin-depleted hair cells, while VGIut3 in control neuromasts localized predominantly
to the basolateral region of hair cells (Figure 3.2G). We then examined the combined
expression and localization of the three essential synaptic components — VGIut3, ribeye
and MAGUK in control and otoferlin-depleted zebrafish (Figure 3.2H). While VGIut3 was
found to colocalize tightly around Ribeye containing ribbons in control hair cells (Figure
3.2H upper panels), abnormally diffuse VGIlut3 depositions that poorly colocalized with
Ribeye puncta were found in otoferlin-depleted hair cells (Figure 3.2H lower panels).
We conclude that loss of otoferlin expression results in mistrafficking of VGIut3 and
fewer but larger ribbon synapses.

Otoferlin-depleted hair cells display reduced synaptic vesicle cycling

To assess what effect depletion of otoferlin and the resulting abnormalities in ribeye and
VGIlut3 localization have on synaptic vesicle trafficking, we monitored vesicle cycling

using two labels, mCLING and Fm1-43 dye. mCLING is a recently developed dye that
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has been reported to be selectively uptaken and label recycling basolateral vesicles
(32). FM1-43 is a classical indicator used in the study of endocytosis and has been
demonstrated to selectively label sensory hair cells of zebrafish although the dye may
enter via apical mechanotransducer channels as well as synaptic vesicle cycling (47-
48). We found that depleted neuromasts displayed severe reductions in mCLING probe
uptake at the basolateral region of the cell compared to control, suggesting reduced or
defective vesicle recycling at the presynaptic region (Figure 3.3 A, B). Similar results
were obtained using the endocytotic vital dye Fm1-43FX, with otoferlin-depleted anterior
and posterior lateral line neuromasts showing severe reductions in probe uptake
compared to age-matched controls (Figure 3.3 C, D, E, F).

Otoferlin depletion alters the transcriptional profile in zebrafish

To better understand the transcriptome-wide effects of otoferlin depletion, we performed
150 bp RNA-sequencing on 96 hpf control or otoferlin-depleted zebrafish. Otoferlin
depletion resulted in significant differential expression of 433 transcripts, of which 271
were decreased and 162 were increased (FDR adjusted P-value < 0.05; fold change =
1.5). Both otoferlin genes (otoferlin a and otoferlin b) were significantly decreased with
log2 fold changes of -1.93 and -1.69, respectively, confirming the depletion of otoferlin
in our transcriptome study. Figure 3.4 shows a heatmap of the transcriptional profiles of
otoferlin-depleted and control zebrafish. There was a clear separation of the samples
based on otoferlin status, suggesting robust transcriptional changes due to otoferlin
depletion.

As we were interested in understanding downstream targets of otoferlin signaling, we

examined the cluster of transcripts that were the most significantly decreased (Figure
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3.4, right). Of the transcripts altered in the otoferlin-depleted larvae detected by
RNAseq, we selected transcripts with the highest fold changes and validated the
expression change by qRT-PCR. Analysis of the gRT-PCR results matched those of the
RNAseq analysis for all transcripts tested (Figure 3.5). Of these transcripts, those of
note were several which are expressed in the lateral line neuromast and otic region
early in development (24, 49-51, 28, 52-54). These include several that play critical
roles in morphogenesis and maturation of the lateral line and otic region (pvalb3 - 52,
cldnb - 53, lama2 — 54-55, rtn4rl2a/2b — 56), and several that are proposed to play roles
in maintenance of the mechanosensory cells of the lateral line via regulation of calcium-
related signaling (s100s - 57, pth2 — 58-59). Other transcripts that are significantly
affected but are not found in the lateral line or otic region include opsin, cacng, several
solute carrier membrane proteins (subtypes 6, 15, 22, and 38), and CSAP. Opsin
regulates activity in photoreceptor cells, and expression follows a robust diurnal rhythm
(60). Cacng regulates trafficking of AMPA receptors to the synaptic membrane in
neurons (61). Of the SLC genes affected, SLC15 is responsible for proton-oligopeptide
transport, SLC22 responsible for organic cation/anion transport across membranes,
SLC38 responsible for sodium coupled neutral amino acid transport, and SLC6 coupling
transport of neurotransmitter to sodium and chloride gradients. CSAP affects neuronal
development including development of reticulospinal neurons (62).

The gRT-PCR validated transcripts have been implicated in neuromast development
and maintenance, and thus we next sought to characterize the temporal and spatial
expression of some of these transcripts in the lateral line neuromast and otic region

using in situ hybridization (Figure 3.6). Expression of pth2 was found primarily in the otic
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region at 48 hpf, 72 hpf and also 96 hpf and in the brain at 72 hpf (Figure 3.6A-C).
Expression in the lateral line was not detected in Hogan B.M. et al., (58). By contrast,
expression of s100s was detected in both neuromasts of the lateral line and otic regions
at 72 hpf and 96 hpf (Figure 3.6D-E). Transient s100s expression was also detected in
the brain at 96 hpf. The s100s expression pattern bore a high degree of resemblance to
expression of otoferlin in the lateral line neruomast and otic region (Figure 3.6F). Figure
6G-1 show localization of rtn4rl2a transcripts in the lateral line neuromasts and otic
placode at 72 hpf and 96 hpf, with expression in the otic placode becoming greater at
96 hpf (Figure 3.61) corresponding with maturation of the sensory cells in the otic region
(33). Rtn4rl2b transcripts were detected in the lateral line neuromasts and otic region at
72 hpf and 96 hpf, with expression in the otic placode becoming pronounced at 96 hpf
(Figures 3.6J-L) corresponding with maturation of the sensory cells (33).

Characterizing the combined expression of lateral line and otic placode
transcripts and ribbon synapse protein in otoferlin-depleted larvae

In principal, otoferlin depletion induced expression changes for s100s, rtn4rl2a and
rtn4rli2b should correlate with the observed abnormal ribbon synapse morphology. We
tested this by comparing dual immunolableing of ribeye and in situ hybridization of
select transcripts in control and otoferlin-depleted zebrafish (Figure 3.7). When tested,
we found that otoferlin-depleted hair cells display both reduced spatial labeling for
s100s (Figures 3.7A-F) , rtn4rl2b (Figures 3.7G-L), and rtn4rl2a (Figures 3.7M-R)
transcripts as well as abnormal clustering of the ribeye protein at the basolateral
synapses (far right panels, Figure 3.7). Similar results were found when probing for

ribeye and pth2 in the otic region, however we note that mounting and imaging
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inconsistencies precluded us from making any conclusions related to in situ
hybridization for the pth2 transcript level in the otic region of otoferlin-depleted zebrafish
(Figure 3.S1). Overall these findings are in agreement with the conclusion that otoferlin-
depleted sensory hair cells display both abnormal ribeye clustering and altered levels of
s100s, rtn4rl2a, rtn4rl2b and pth2 expression.

Exogenous otoferlin rescues the expression of transcripts in hair cells depleted
of endogenous otoferlin

In our previous study (24) we demonstrated that co-injection of otoferlin-depleted
embryos with a pSE-pmyo6b vector construct containing either full length or truncated
versions of mouse otoferlin rescued gross phenotypic abnormalities in otoferlin
morphants. If the observed changes in gene expression are indeed directly associated
with loss of otoferlin, then co-injection of otoferlin morphants with exogenous otoferlin
should restore expression of these genes. We therefore conducted gRT-PCR on the
lateral line and otic placode transcripts rtn4rl2a, rtn4rl2b, pth2 and s100s with otoferlin
morphants co-injected with a p5E-pmyo6b vector construct containing full length
otoferlin (Rescue-FL construct) to determine if expression of exogenous otoferlin
rescued repressed transcripts. Relative to otoferlin depletion, co-injected rescue
zebrafish displayed increased levels of expression for all tested transcripts (Figure
3.8A). Overall these results support the conclusion that otoferlin is directly linked with
gene expression levels associated with zebrafish neuromast development and
embryogenesis. On the contrary, co-injection of otoferlin-depleted larvae with a
truncated construct containing only the last C2 domain and the transmembrane domain

(Rescue-C2F) failed to rescue the levels of the same transcripts (Figure 3.8B). This
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indicates that even though other domains of otoferlin are not essential to rescue gross
otoferlin-loss of functions (24), they may still be involved in affecting levels of transcripts
that are necessary for more intricate cellular maintenance and functions.

3.5 Discussion

Sensory hair cell synapses differ from their neural counterparts both in their activity and
molecular composition (63). Currently an outstanding challenge is in determining the
molecular basis for the formation of hair cell ribbon synapses and the interdependence
of the molecular components for information encoding. We examined the essential
ribbon synapse protein otoferlin to understand how the loss of a hair cell specific protein
effects the sensory cells and the organism as a whole.

Otoferlin-depleted hair cells have fewer but larger synaptic ribbons as well as
mistrafficked VGIut3 (Figure 3.2A-C and 3.2G-H). Both studies on VGLut3 knockout
mice and loss of function mutants in zebrafish have concluded that VGIlut3 function is
not required for normal synaptic ribbon formation 43-44). It is therefore unlikely that the
observed mislocalization of VGIut3 release is the cause of the observed ribbon
abnormalities. While no strong link between VGIut3 and ribbon synapse formation has
been found, dependence for calcium influx for ribbon formation and maintenance has
been documented (44). Mutations in CaV1.3 or acute blocking of L-type calcium
channels have been reported to lead to an increase in the size and number of double
ribbons (44). While calcium influx through CaV1.3 appears to be required for proper
ribbon morphology, our R-GECO; imaging measurements did not reveal any calcium
influx deficiencies, suggesting normal CaV1.3 activity (Figure 3.2F). However analysis

of the RNAseq data revealed that loss of otoferlin results in lower levels of the EF-hand
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proteins parvalbumin 3 and s100s, which act as calcium homeostasis and buffering
proteins (Figures 3.4 and 3.5) (64, 52, 50, 57). We therefore speculate that
downstream targets of calcium influx, including otoferlin, parvalbumin, and s100 account
for the calcium sensitivity of the synaptic ribbon. We note that we found that parathyroid
hormone pth2, which is also associated with calcium signaling, was downregulated in
otoferlin-depleted hair cells as well (Figures 3.4 and 3.5) (58-59).

Analysis of RNAseq data also indicate that loss of otoferlin changes the expression
pattern of Nogo-A (rtn4rl2a, 2b) and CSAP (Figures 3.4 and 3.5), genes associated
with neuronal growth and wiring. Nogo-A belongs to the neurite outgrowth inhibitory
family of signaling proteins (65), and CSAP (centriole and spindle—associated protein).
Abnormal levels of CSAP have been linked to reductions in the density of Mauthner
interneurons (62), which reside downstream of VIlith nerve afferents and play essential
roles in hearing and startle reflex in zebrafish (66). We speculate that the reduced
number of transcripts in neuromasts may represent an attempt to compensate for loss
of signaling between the hair cell and afferent neuron. Since expression of these genes
are essential for neural development and circuit formation, these results provide a
possible explanation for why restoration of expression of otoferlin upon loss of
morpholino potency does not restore hearing and balance in zebrafish. The abnormal
expression of neuronal genes may also provide a molecular basis for a recent study that
reported a considerable reduction of auditory nerve and ventral cochlear nuclei size in
otoferlin knockout mice (67). Altered transcript levels of neurotransmitter membrane

transporters and Cacng, which regulates trafficking of AMPA receptor trafficking, were



101

also detected and support a role for otoferlin in modulating neural synaptic strength and

maintenance (Figure 3.5) (61).
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Figure 3.1

. 96npf P

Acetylated tubulin

Images illustrating the anatomical and molecular structure of a sensory hair cell
from larval zebrafish posterior lateral line neuromast. (A-D) Representative
maximum confocal z-projection immunofluorescence images of neuromast hair cells in
96 hpf wild type zebrafish larvae. (A) Acetylated tubulin (green) labeling the apical end
of the hair cells and the abutting afferent neurons. (B) Anti-HCS1 (blue) labeling
showing diffused otoferlin distribution in the hair cells of the neuromast. (C) MAGUK
(red) labeling the post synaptic density. (D) Composite image for A-C labeling. Orange
dotted line shows an individual hair cell in the neuromast cluster (E) Schematic of an

individual lateral line hair cell with the apical stereocilia and basolateral afferent
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neurons. Dotted black circle indicates the area between the sensory hair cell pre (blue)
and post synapse (orange). A closer look at the cross-section of the dotted area shows
the molecular structure of the active zone of a hair cell synapse as indicated by the
presence of a presynaptic ribbon body (yellow), synaptic vesicles (green), calcium
channels and calcium ions at the active zone (purple) and the post-synaptic density

(brown).
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Effects of otoferlin depletion on synaptic morphology and calcium response in

posterior lateral line neuromasts of 96 hpf zebrafish larvae. (A-C) Representative

confocal z-projection images showing distribution of ribeye (green) and MAGUK (red) in

neuromast hair cells, (A) Composite image of ribeye and MAGUK punctae per

neuromast in control and (B) otoferlin-depleted larvae.

White arrow indicates tight

clustering of multiple ribeye punctae in the otoferlin-depleted neuromast. (C) High

magnification image of the ribeye and MAGUK puncta including a composite in control
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neuromast (upper panel); lower panel shows high magnification image of ribeye and
MAGUK puncta in morphant neuromast. White dotted circles in upper and lower panels
indicates a difference in the formation of the post synapse between control and
morphnats White arrowhead indicates juxtaposition of the ribeye and MAGUK punctae.
(D) Average number of single ribeye puncta per neuromast in control (grey bar, number
of neuromasts = 20) and otoferlin-depleted larvae (black bar, number of neuromasts =
24) and (E) Average number of single MAGUK puncta per neuromast in control (grey
bar, number of neuromasts = 20) and otoferlin-depleted larvae (black bar, number of
neuromasts = 24). (Wilcoxon’s test, p-value < 0.0001 (for Ribeye) and p-value <0.0001
(for MAGUK), Error bars indicate s.e.m.). (F) Average calcium response per heuromast
in control and otoferlin-depletedlarvae. Number of neuromast for control = 10, number
of neuromast for KD = 8 (Wilcoxon’s test, p-value = 0.6). Error bars indicate s.e.m. (G)
VGlut3 distribution in control and otoferlin-depleted larvae. Representative confocal z-
projections of otoferlin (green), vglut3 (red) and composite (yellow) immunolabel in
control neuromast hair cells (upper panel) and otoferlin-depleted neuromast hair cells
(lower panel). (H) Representative confocal image of the distribution of vglut3 (red),
ribeye (green) and MAGUK (blue) immunolabel in control (upper panel) and otoferlin-
depleted(lower panel) larvae. White arrowhead indicates the distribution of vglut3 in

control and morphant larvae.
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Figure 3.3

A Control B oroferlin KD 96bpf | C FmI-43FX 120 hpf

D Fmi1-43FX 120 hpf

Depletion of otoferlin results in reduced hair cell vesicle cycling. (A-B)
Representative confocal z-projections showing mCLING dye uptake after 6 minutes of
incubation at room temperature (RT) in control (A) and otoferlin-depleted (B) larvae at
96 hpf. Dotted area outlines a representative single hair cell of the neuromast. (C-D)
Uptake of Fm1-43FX dye in control (C) and otoferlin-depleted (D) larvae at 120 hpf after
6 minutes of incubation at RT. Arrows indicate dye uptake in anterior and posterior
lateral line neuromasts (E-F) Representative high magnification images of Fm1-43FX
dye uptake in control (E) and otoferlin-depleted (F) larvae at 120 hpf, dotted line
indicates the eye region. Arrowheads indicates uptake of the dye in a single neuromast

cluster.
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Figure 3.4
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Bi-hierarchically clustered heatmap — Heatmap of the 433 significantly differentially
expressed transcripts in otoferlin-depleted larvae (FDR adjusted P-value < 0.05; fold
change = 1.5). The inset on the right highlights the cluster of the most highly decreased

transcripts.
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Figure 3.5
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Comparison of RNA sequencing and qRT-PCR for differentially expressed genes
in otoferlin-depleted larvae. Black bar graphs represents relative mRNA expression
changes of the upregulated and downregulated genes derived from transcriptomic
analysis (number of biological replicates = 4, each replicate consists of 15 pooled
embryos). Brown bars represent qRT— PCR data of mRNA expression changes of
genes in larval otoferlin mutant zebrafish at 96 hpf (number of biological replicates = 4,
each replicate consists of 30 pooled embryos). Each gene is normalized with respect to

the corresponding controls. gRT-PCR, AACt values were calculated by comparing ACt
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values (normalized to beta-actin) to the mean ACt for each gene. Data were analyzed
by Wilcoxon’s test with standard 5% significance level. Error bars are s.e.m.
Abbreviations — cacng7: Calcium Voltage-Gated Channel Auxiliary Subunit Gamma 7,
ccsap: Centriole, Cilia and Spindle Associated Protein, ctsl.1: CathepsinL.1, ela2l:
Elastase 2, lama2: Laminin a2, Igmn: Legumain, oat: Ornithine Aminotransferase,
opn4.1: Opsind.l, Otof: Otoferlin a, OTOF: Otoferlin b, plbl: Phospholipase B1, pth2:
Parathyroid Hormone 2, rtn4rl2a: Reticulon 4 Receptor like 2a, rtn4rl2b: Reticulon 4
Receptor like 2b, s100s: S100 Calcium Binding Protein S, slcl5a2: Solute Carrier
Family 15 (oligopeptide transporter) Member 2, slc22a2: Solute Carrier Family 22
(organic cation transporter), Member 2, slc38a2: Solute Carrier Family 38, Member 2,
slc6al9a: Solute Carrier Family 6 (neutral amino acid transporter), Member 19a,
sultlst2: Sulfotransferase Family 1, Cytosolic Sulfotransferase 2, sultlst3:
Sulfotransferase Family 1, Cytosolic Sulfotransferase 3, sync.1: Syncoilin, Intermediate
Filament 1, UCP1: Uncoupling Protein 1, cldnb: Claudin b, icn2: Ictacalcin 2, pvalb9:

Parvalbumin 9, ch25h: cholesterol 25-hydroxylase
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Figure 3.6

pth2
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| | rtndrl2a

rtndri2b

Representative fast red in situ hybridization images showing spatial expression
of neuromast and otic region specific transcripts in developing zebrafish. (A-C)
pth2 expression at 48 hpf (A), 72 hpf (B) and 96 hpf (C) larval zebrafish. (D-E) s100s
expression at 72 hpf (D) and 96 hpf (E) larval zebrafish. (F) otoferlin expression at 96
hpf larval zebrafish. (G-I) rtn4rl2a expression at 72 hpf (G) and 96 hpf (H) larval
zebrafish, (I) High magnification images showing rtn4rl2a expression in the semicircular

canal folds of the otic region indicated by arrowheads. (J-K) rtn4rl2b expression at 72
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hpf (J) and 96 hpf (K) larval zebrafish. (L) Specific localization of rtn4rl2b transcripts to
the semicircular canal folds of the otic region indicated by arrowheads. Dotted box
indicates otic region. Arrows indicate the lateral line neuromasts. Asterisk indicates

expression in the brain.
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Figure 3.7
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Combined in situ hybridization and immunofluorescence images showing

reduced gene expression and ribeye clustering in 96 hpf otoferlin-depleted
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zebrafish. (A-C) Representative confocal z-projections of s100s in situ probe (red) (A),
ribeye immunolabel (green) (B) and a composite image (C) of a control lateral line
neuromast. The dotted box is a high magnification image showing single ribeye puncta
distribution in the control. (D-F) Representative confocal z-projections of s100s in situ
probe (red) (D), ribeye immunolabel (green) (E) and composite image (F) of a otoferlin-
depleted lateral line neuromast. The dotted box is a high magnification image showing
clustered ribeye distribution in the morphant. (G-I) Representative confocal z-projections
of rtn4rl2b in situ probe (red) (G), ribeye immunolabel (green) (H) and a composite
image (I) of a control lateral line neuromast. The dotted box is a high magnification
image showing single ribeye puncta distribution in the control. (J-L) Representative
confocal z-projections of rtn4rl2b in situ probe (red) (J), ribeye immunolabel (green) (K)
and a composite image (L) of a otoferlin-depleted lateral line neuromast. The dotted box
is a high magnification image showing clustered ribeye distribution in the KD. (M-O)
Representative confocal z-projections of s100s in situ probe (red) (M), ribeye
immunolabel (green) (N) and a composite image (O) of a control lateral line neuromast.
The dotted box in the far right panel is a high magnification image showing single ribeye
puncta distribution in the control. (P-R) Representative confocal z-projections of rtn4rl2b
in situ probe (red) (P), ribeye immunolabel (green) (Q) and a composite image (R) of a
otoferlin-depleted lateral line neuromast. The dotted box is a high magnification image

showing clustered ribeye distribution in the KD.
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Figure 3.8
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Rescue of repressed transcripts in otoferlin-depleted larvae. Bar graphs represent
relative mRNA expression changes of transcripts in otoferlin-depleted larvae at 96 hpf
(grey bars) and rescue of the transcripts (black bars) in morphants coinjected with
rescue constructs RESCUE-FL or full length otoferlin rescue contruct, or RESCUE-C2F
with the last C2 domain and transmembrane domain consctruct; number of biological
replicates = 4, each replicate consists of 30 pooled embryos. Each gene is normalized
with respect to the corresponding controls (blue bars). AACt values were calculated by

comparing ACt values (normalized to beta-actin) to the mean ACt for each gene. Data
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were analyzed by Wilcoxon’s test. (A) For pth2, rtn4rl2a and rtn4rli2b groups both
otoferlin-depleted and rescue samples (RESCUE-FL) showed statistically significant
changes in expression (p-value < 0.05). For s100s significant repression in expression
for the KD were found (p-value < 0.05), and there was partial restoration of repressed
transcripts in the rescue larvae (p-value = 0.3). Error bars are s.e.m. (B) For pth2,
rtndri2a rtn4ri2b and s100s groups otoferlin-depleted samples showed statistically
significant changes in expression (p-value < 0.05). However, RESCUE-C2F construct

does not significantly rescue pth2, rtn4rl2a and rtn4rl2b and s100s transcripts.
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Figure 3.S51

composite ISH + IF
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ofic region ofic region

Combined in situ hybridization (ISH) and immunofluorescence (IF) images
showing pth2 gene expression and ribeye clustering in 96 hpf otoferlin-depleted
zebrafish. (A) Representative confocal z-projections of pth2 in situ probe (red), ribeye
immunolabel (green). Dotted circle represents the anterior macula (am) , (B)
Enlargement of the dotted circle from (A) showing distribution of the pth2 probe and the
ribeye immunolabel in the am. Dotted box is a high magnification image and arrow
shows the single ribeye puncta in the control am region. (C) Representative confocal z-
projections of pth2 in situ probe (red), ribeye immunolabel (green). Dotted circle
represents the am, (D) Enlargement of the dotted circle showing distribution of the pth2
probe and the ribeye immunolabel in the am. Dotted box is a high magnification image
and arrow shows the single ribeye puncta in the otoferlin-depleted am region. pm —

posterior macula, sc — semicircular canal.



Table 3.1 - Primer list of genes for gRT- PCR

Gene ID

ENSDARG00000070624
ENSDARG00000036773
ENSDARG00000045886
ENSDARG00000018621
ENSDARG00000030530
ENSDARG00000007553
ENSDARG00000099390
ENSDARG00000096445
ENSDARG00000025325
ENSDARG00000056765
ENSDARG00000090469
ENSDARG00000003902
ENSDARG00000023151
ENSDARG00000018361
ENSDARG00000041540
ENSDARG00000045190
ENSDARG00000071601
ENSDARG00000022951
ENSDARG00000039150
ENSDARG00000078425
ENSDARG00000037495
ENSDARG00000052012
ENSDARG00000032010
ENSDARG00000009544
ENSDARG00000055514
ENSDARG00000030832
ENSDARG00000020581
ENSDARG00000037870

Gene Name
cacng7b
s100s
slc38a2
slc6al9a
slc22a2
opn4.1
lama2
PLB1
CCSAP (10of 2)
ela2l
sync.1
ctsl.1
ucpl
sultlst3
sultlst2
ch25h
pvalb9
pth2

Igmn

oat
rtn4ri2b
rtndrl2a
slc15a2
cldnb

icn2

Otof
OTOF
Beta-Actin

Forward primer sequence
CCAGCGACATCTCCATCCAACT
GGA GAA CTG AGG GAA CTT CTG AC
CCT GTC AGATCATCACTT GGG

GCT GAT CGC TGT GGT TTA CGT
CTCTTGCTTTTG TGG CTG G
CCATCACTCTTC ATG GAG AGG

GGG TGG CCC GAA TAA AGA CAA
CCAGTT GAT GAG ATC TCTGTG TGC C
CCA AGC GCC ATC TGT TTACCT T
GGC TTCCCACTTTCCCTCCTATT
GGTCTGATTGCTCTTCTCCTGGTGG
CCC CAT ATC TGT TGC CAT AGATGC
CCT ACAGGC AGATCTTCCAGCTT
GGA CTT CAAGAT CTC GCCCTT
CCACTCTCCCTGTCATGGACTTCAA
CCTGCCTGCTTCTGTTTGACT T
GCT GTC AAAGAC TGC CAAG

CCA CAC ACT GGA AAC AAAGAGC
CGG TCC GAATGATCATGT GT

GCC TTC TAC AAC GAC ATC CTG

CCA GCG TGT CTT CTT GCA GAA

GCA GAA CAA CCG CAT TACTGAACT G
GGTGCGTGTCTGCAAATGTATC
CCATGT GGAAAG TCACAGCCTT
CCC AGA AAG CAATGG CTATGC TCA

GGACTGTTTACACACAACCTGAACATCAGT

GAG GAC GAT GAC ATT TTC ACT GGA G
AAGCAGGAGTACGATGAGTC

125

Reverse primer sequence

GCA GCT GGT ATCCAG TTCCTG A
CCGTCG TTATTG GAG TCC AGA

GGT GTT GGC CAT AGC ATAAGAC
GCT GAT CTG CCA GAA AAT GTT GGG
GCT GTT GAC TCT GCT GAG GGT TT
GGC ACATGG AGCAACTTGTAGT
CGTCCTTGTGTTTCCACTC

GGT CAC TTG ACA GTC CAC GCC AAA
CGC TTG GTC ACC ATATTG ACT TGT CG
GGT ACCAGTTGC TTCCACTT

GCT GCT GTG CTC AAACATCT

GCC AGAACACCGTGATCT A

CGT GAT GTT CGG CAG AGTT

GCG GAACTT GAC AGT GGT GTT

GCC ACAGTG AAGTGATTTCTCC
GCA CCT TAT GGA AAG TCC GGT A
GCT CAG CCT CCT CGATAA ATC CA
CGA GGA GGC AAG GAT AAAGCC AT
GGT ATC CAT CAG GTC GTC AAC A
GGC CTC ATATTT AGG GAT GCCCTT
GCA CCT GCT TCG ATC CAT GTG AT
CGC AACTCACTG AATGCAC
CCCTGCACACCATTTTAATCTCC

CCA GCC ATC GAC AGC ATG ATT

GCC ATC AGC ATT TGC ATC CAG A
CCCTCTATGTCATCCTCGTCTGCT
CGATTC AGG TCC AAT TCG ATC GCAC
TGGAGTCCTCAGATGCATTG
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Table 3.2 - Primer list of genes for in situ hybridization.

Transcript ID

ENSDART00000142955

ENSDARTO00000033691

ENSDARTO00000054598

ENSDART00000073736

ENSDARG00000020581

Gene
name
s100s

pth2

rtn4ri2b

rtndrl2a

Otoferlin

Primer

Forward primer
T7-with reverse
complement

Forward primer
T7-with reverse
complement
Forward primer
T7-with reverse
complement

Forward primer
T7-with reverse
complement

Forward primer
T7-with reverse
complement

Sequence

GTG TGA TGT GAT GTC CAA AGA GCC AAG CACCAAC
TAATACGACTCACTATAGGG-CTACTC TTT CTT CTC GTC
TCCACCG

GTAACT TGC CTG CAATTG GTC AAG AAG ACT CC
TAATACGACTCACTATAGGG-CCATTG CTG TCA ACA GCT TAC TCT TCT
CTCTAAACGC

GAT CGACTG CTT CTG CAT GAC AAC CGC ATT CG

TAA TAC GAC TCACTA TAG GG- TAA GGC AGC CTC CTC

TGC TGT GAG AT

AAC TGC CCG CAC CGG TGT GTG TGT TATC
TAA TAC GAC TCA CTA TAG GG-ATC AGG TCG GCG AAG
AGATCATCCTG

ATGGACTAAAGAAACAGACGGATGAGCATTTAG
TAATACGACTCACTATAGGG-
TCAAACGCTGCAGAGAGAAGCTTCT
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4.1 General Conclusions and Future Directions

Otoferlin is a DFNB9 gene that was identified almost two decades ago and mutations in
otoferlin are known to cause non-syndromic hearing loss in children (1,2). Otoferlin is
expressed mostly in cochlear hair cells, vestibular hair cells and brain (3,4). In the
sensory hair cells of the cochlea, otoferlin is diffusedly distributed in the supranuclear
region and also localized to the presynaptic terminal. Given its structural and
biochemical similarities with the conventional neuronal calcium sensor synaptotagmin 1,
(2) and also due to localization at the presynaptic terminal, it was proposed that otoferlin
acts as a calcium sensor and is required for exocytosis at hair cell synapses (3,4).
Infact, some studies have demonstrated that otoferlin deficient sensory and vestibular
hair cells exhibit dramatically reduced calcium dependent exocytotic responses (3, 5, 6).
Even though synaptotagmin 1 is suggested to be the structural and biochemical
equivalent of otoferlin, expression of synaptotagmin 1 in cochlear hair cells of otoferlin
mutants does not rescue neurotransmitter release, indicating that otoferlin and
synaptotagmin are not functionally equivalent (7). The initial description of a role for
otoferlin was in calcium-triggered exocytosis, more recent research has identified novel
functions for this protein in endocytosis (8, 9) and hair cell maturation (10). Furthermore,
other studies have demonstrated that exocytosis can proceed unaffected in immature
hair cells lacking otoferlin, thus questioning the indispensible role of this protein in
calcium triggered exocytosis (11). Moreover, studies on otoferlin-depleted neuronal cells
have found that this protein helps in regulation of GABAergic activity (12) and also
regulates the size of auditory neurons (13). With all these roles for the protein emerging,

it is becoming increasingly important to characterize contributions of the protein by
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focusing on aspects that extends beyond exocytosis. However, otoferlin research is
currently limited by the availability of an easy-to-use and genetically tractable animal
model whose hair cells are easy to access. With this goal in mind we, for the first time,
used zebrafish as a model organism to study otoferlin (14). Zebrafish is genetically
easily manipulable and has the lateral line organ system containing clusters of easily
accessible hair cells called neuromasts. We found that otoferlin is conserved in
zebrafish and expressed early in development (Figures 2.1 and 2.2). However, due to
the genome-wide duplication event in zebrafish, zebrafish otoferlin is paralogous (Figure
2.1). There is a shorter gene which lacks the C2A N-terminal domain but possess the
other five C2 domains including the transmembrane domain. We named this gene
otoferlin b. The other gene with all the C2 domains and the transmembrane domain was
called otoferlin a (Figure 2.1). Otoferlin a mRNA and protein is strictly expressed in the
otic region and otoferlin b is expressed at both the otic region and neuromast hair cells
(Figures 2.2 and 2.5). However, in the otic region the otoferlin genes found are in
separate sensory patches of hair cells (Figure 2.5). Cross expression studies show no
down or up regulation of one gene when we knock down the other (Figure 2.4).
Zebrafish depleted of one gene did not show any gross phenotypic hearing or balance
abnormalities (Figures 2.6 and 2.8). However, zebrafish depleted of both, fall under
category of zebrafish motility mutants, known as circler mutants (15). These fish exhibit
defective swimming behavior and fail to develop an inflated swim bladder. Moreover
they show a severely reduced startle response, which is based on a behavioral assay
that monitors the response of zebrafish to a loud auditory stimulus. This reiterates that

otoferlin is conserved across species including zebrafish. Otoferlin-depleted zebrafish
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also exhibit balance defects and develop a curved spine which enhances the circular
phenotype (Figures 2.6 and 2.8). Some of the other genes that show a similar circler
phenotype are myosin VI (16) and VGIut3 (17). The phenotypic abnormalities
associated with otoferlin depletion can be rescued with truncated versions of mouse
otoferlin indicating the possibility of trans-species rescue and also giving us a sense of
otoferlin domains sufficient to rescue gross functions (Figure 2.8). A closer look at the
sensory hair cells of otoferlin-depleted zebrafish neuromasts reveals an atypical
synaptic architecture compared to control siblings. The presynaptic ribbon body forms
tightly coalesced bundles that induce the deposition of abnormally dense post-synaptic
deposits. The synaptic vesicles are diffused and delocalized. There is a significantly
reduced number of single pre-synaptic ribbon punctae and post-synaptic density (Figure
3.2). However, hair cell mechanosensation is intact as determined by calcium imaging
(Figure 3.2). Transcriptomic analysis of otoferlin-depleted larvae identified several
significantly affected transcripts (Figures 3.4 and 3.5) some of which are very specific to
the neuromast and otic region (14, 18, 19, 20, 21, 22, 23, 24). Most of these transcripts
are responsible for calcium handling and homeostasis (25, 26, 27), neuronal
development, including formation of the mauthner circuit that mediates the startle reflex
(28), morphogenesis and maturation of the lateral line and otic region (22, 23, 29, 20);
and trafficking of post synaptic receptors in neurons (30). Some of these transcripts can
be rescued by coinjection of otoferlin morphants with the mouse rescue constructs,
which indicates a direct correlation between otoferlin levels and the effected transcripts
(Figure 3.8). These data suggest that loss of otoferlin disrupts the synaptic architecture

and also affects expression of other genes that mediate the process of hair cell
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development, maturation and maintenance. Future studies will focus on finding detailed
molecular relations between effected transcripts and otoferlin.

Now that we've successfully established zebrafish as a facile model organism to study
otoferlin, this has opened new horizons in the field of otoferlin research. Additionally this
has bridged the gap between the lack of a genetically tractable animal model with
accessible sensory cells and otofelin research. Future research goals will focus on
generating stable zebrafish otoferlin a and otoferlin b mutants, and characterizing the
effects of individual and double knockout using super-resolution and electron
microscopic techniques and also using the knockout zebrafish for high throughput
micro-RNA analysis. Another goal is to generate otoferlin point mutants, to phenocopy
human pathogenic otoferlin mutations. Also, we want to develop methods to generate
rescue constructs with a reporter gene to specifically look at neuromast hair cell
expressing the construct and perform electrophysiology studies on the rescued hair

cells.
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