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The Role of Crk and Crkl adaptor proteins in the hair cells of Danio rerio inner ear and lateral line

Abstract

The adaptor proteins Crk and Crkl are known to be important regulators of cell migration,
particularly in the layers of the Central Nervous System, as well as within heart and muscle
tissues. Previous data from our lab has identified, through in situ hybridization in the organism
Danio rerio, that they are also present in the sensory hair cells of the inner ear. Their role in this
location, in addition to the similar sensory hair cells along the zebrafish lateral line, is unknown.
Here, we explore the function of Crk and Crkl in hair cell development and migration along the
posterior lateral line (pLL) by examining the structure and location of lateral line organs, known
as neuromasts. To study these neuromasts, we used CRISPR knockout to remove Crk and Crkl—
individually and together—from transgenic zebrafish expressing green fluorescent protein (GFP)
in the hair cells of the lateral line. Viewing these fish at different developmental stages using a
fluorescence microscope allowed for clear visualization of neuromasts and the entire lateral line.
We found that there were fewer neuromasts along the pLL in crk and crkl mutants, but that this
number was proportional to the overall length of the zebrafish trunk. We also found that there
were fewer sensory hair cells within each neuromast in crk and crkl mutants at 48 hpf, but there
appeared to be some recovery of this phenotype in the single mutants at 72 hpf. This work
provides a possible role for Crk and Crkl in the development of sensory hair cell cells of the

zebrafish lateral line.
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Introduction

The perception of sound is a process governed largely by physical movement. When
sound waves are received by the ear, they are turned into vibrations by bones in the middle ear.
Those vibrations cause fluid movement in the inner ear, which is picked up by the stereocilia on
mechanosensory hair cells. These hair cells are then responsible for transducing those vibrations

into electrical signals that can be received and interpreted by the brain.

Hair cells are not only used in hearing, but for vestibular sense as well. In many aquatic
vertebrates, like fish, this is done through a sensory system called the lateral line. The lateral line
allows fish to detect and respond to high velocity water flow, and allows fish to orient
themselves, avoid predators, and detect prey. The lateral line functions the same as, and is
physiologically similar to, the human ear and other mammalian vestibular organs. Because of
this, it is often used as a model for investigating human audition and sensation—particularly in
zebrafish. Zebrafish (Danio rerio) are commonly used as a model organism in biological
research for their transparency during development, which is useful in studying surface systems
like the lateral line. They are also advantageous in research for their rapid development, as all of
their major organs are patterned in three days (Kimmel et al., 1995). Similarly, being vertebrates,
much of their development and genetics are similar to that of mammals. Seventy percent of the
human genome has at least one zebrafish ortholog (Howe et al., 2013). In the past, zebrafish have
been used to research human diseases like Usher Syndrome that have genetic mutations affecting

hair cells (Pickett & Raible, 2019).
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Figure 1 — Anatomy of larval zebrafish hair cells. Schematic showing, in
purple, the location of hair cells in the zebrafish inner ear and along the
lateral line. Labelled in green are the lateral line ganglia. The location of
primary posterior lateral line neuromasts are labelled starting with L1 and
ending at the tail. (Holmgren & Sheets, 2021)

In zebrafish, the lateral line has two parts—the anterior lateral line (aLL) in the head, and
the posterior lateral line (pLL) which is located in the trunk and tail (Figure 1). It has been
suggested that, while they often work together, the two have some distinct functions (Oteiza et
al., 2017). The organs of the lateral line are called neuromasts and contain clusters of sensory
hair cells and their support cells that are found on the surface of the organism in a stereotyped

arrangement (Figure 1) (Pickett & Raible, 2019).
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Figure 2 — Schematic of the migrating posterior lateral line primordium (pLLP). The
lateral view is represented by the top schematic, while a dorsal/ventral view is presented on
the bottom. The migrating pLLP would move in a posterior direction, to the right of this
diagram. In blue are the leading 2-3 cells, called the tip cells. In green is the leading zone,
and in orange is the trailing zone. A depositing neuromast is represented on the left in white
(Olson & Nechiporuk, 2018).
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The lateral line is established by a primordium, an anterior to posterior migrating group
of cells that deposits neuromasts at specific locations along the body of the fish. This mode of
cell movement is known as collective migration and creates a leading-to-trailing zone axis,
which can be seen in Figure 2. The leading zone in front has higher cell proliferation and forms
the cells that the trailing zone then organizes into rosettes and deposits as neuromasts. Overall, as
the lateral line migrates posteriorly, the leading zone stays constant in size, while the trailing
zone fluctuates. It is thought that the rate of proliferation in the leading zone regulates the rate of
neuromast deposition; decreases in proliferation and increases in apoptosis will lead to fewer
neuromasts along the lateral line (Aman et al., 2011). The posterior lateral line, which will be the
main focus of this project, originates from the lateral line placode—Ilocated just behind the otic
vesicle, which will eventually give rise to the inner ear. This placode is first identifiable about 18
hours post fertilization (hpf) in the zebrafish embryo, and the pLL develops in the days after. The
primordium reaches the posterior end of its migrating axis by 42 hpf, and its progress along this

axis is often used to identify stages of zebrafish development (Kimmel et al., 1995).
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Figure 3 — Cross section of a lateral line neuromast. Stereocilia are the part
of  the hair cell that responds to fluid movement, which opens ion channels
on the cells and allows for the activation of neuronal action potentials.
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The organization of the hair cells within the neuromasts is just as important to lateral line
development as the actual deposition of the organs themselves. If they are not oriented or placed
correctly, mechanosensation can be severely impaired. The hair cells within each neuromast are
centrally positioned, and externally project mechanosensory bundles (Thomas et al., 2015). Each
cell responds to the physical stimuli in one direction, either anterior-posterior or dorsal-ventral.
This depends on the arrangement of the projected bundles—which are made up of stereocilia and
kinocilium at the apical surface of the cell (Figure 3). Hair cells within a neuromast will be
oriented on the same axis, though it may be in different directions (Lépez-Schier & Hudspeth,
2006). This positioning allows for more specific sensation and is highly regulated during
development. Neuromast apicobasal polarity is established by cell polarity regulators like
atypical protein kinase C and Lethal giant larvae 1 (Lgll) before the primordium even deposits

the rosette (Hava et al., 2009).

The Fibroblast Growth Factor (FGF) signaling pathway is known to be involved in the
deposition and formation of neuromasts from the primordium, specifically giving the neuromasts
their columnar morphology (Aman & Piotrowski, 2008; Lecaudey et al., 2008). After rosettes are
formed, lateral inhibition involving atohla and the Notch signaling pathway influence the
differentiation of the sensory and support cells (Mizoguchi et al., 2011). There is much about cell
migration in lateral line development that still remains unclear, however, especially related to the

signals that govern the formation and deposition of neuromasts.

The neuromasts of the posterior lateral line are deposited at stereotyped locations along
the trunk, in a migration-dependent, and temporally regulated manner. In neurodevelopment,
there are many other signaling pathways that are coordinated in the same way. For example, the

strict patterning of the cerebral cortex is highly regulated throughout development. The neurons
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in the cortex, among other locations within the central nervous system (CNS), are organized into
specific layers that develop in an inside-out pattern. This means that the oldest-born neurons are
located in the most internal layer, and the newest-born are in the most external. One cell
signaling pathway critical for this inside-out development is the Reelin (RELN) pathway.
Without proper RELN function, the cortex forms in an outside-in fashion—the central nervous
system is disorganized, and lamination is impaired (Park and Curran, 2008). Within this
pathway, the adaptor proteins Chicken tumor virus #10 Regulator of Kinase (CRK) and CRK-

like (CRKL) have been identified as particularly important to CNS patterning.

As adaptor proteins, CRK and CRKL facilitate cell signaling by connecting upstream
molecules in a pathway with corresponding downstream components. Signaling pathways are
often very complex, requiring many different proteins and molecules to propagate a signal.
Adaptor proteins facilitate this process by recruiting these proteins and molecules to the area

where they are needed, simplifying what could otherwise be a lengthy and unlikely process.

CRK and CRKL assist in the relay of signals related to cell proliferation, survival, and
migration, including RELN signaling (Feller et al., 1998; Tsuda and Tanaka, 2012). The two
proteins have mostly, but not entirely, overlapping functions (Park and Curran, 2008;
Kobashigawa and Inagaki, 2012). When they are not present in the developing CNS, the nervous
system is left disorganized, similar to when RELN itself is lost (Park and Curran, 2008). Overall,
CRK and CRKL are well known for their role in the development of the central nervous system,
especially with relation to lamination through neuronal migration. Recent research from the
Ebert Lab has identified a role for Crk adaptors in lamination of the neuronal retina, a structure
patterned similarly to other laminated CNS tissues, in zebrafish using CRISPR/Cas9 mutant lines

(Stergas et al., 2021).



The Role of Crk and Crkl adaptor proteins in the hair cells of Danio rerio inner ear and lateral line

CRK and CRKL have been identified as regulators of development outside of the nervous
system as well. In mice, deficiencies in Crk and Crkl led to deformities in cardiovascular
development, and impaired cell differentiation in vascular smooth muscle cells (Shi et al., 2021).
Zebrafish with mutations in crk and crkl have cardiovascular edema, in addition to shorter trunks
and body axis defects (Stergas et al., 2021). The adaptor proteins actually have a wide variety of
roles and have been shown to mediate development and differentiation in a multitude of
tissues—and also in some cancers. They were first discovered for their role in tumor
development, most notably aiding in proliferation of tumor cells (Feller et al., 1998; Franke et
al., 2020). They have since been found to play a larger role in cell proliferation, growth, and
survival in healthy cells as well, where they assist downstream of pathways regulating these
processes—including Fgf and Insulin-regulated signaling (Beitner-Johnson et al., 1996; Larsson

etal., 1999; T. Park et al., 2016).
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Interestingly, crk and crkl expression has been found in the sensory hair cells of the
zebrafish inner ear (Figure 4). Though these structures are not laminated like the structures of the
cerebral cortex, their formation does depend on specific and highly regulated cell migration to
form properly—as do the sensory hair cells of the lateral line. Due to the high expression of crk
and crkl in the inner ear, we hypothesized that Crk and Crkl adaptor proteins play a role in the

development or maintenance of the zebrafish auditory system, particularly the sensory hair cells.



The Role of Crk and Crkl adaptor proteins in the hair cells of Danio rerio inner ear and lateral line

To investigate this, we sought to observe the development of the sensory hair cells of the
posterior lateral line. Despite being located in a different area of the body, and a different sensory
system, the hair cells of the lateral line share functionality—as well as much of the same
structural and genetic components—with the hair cells of the inner ear (Nicolson, 2005). Among
their similarities include multiple genes that have been implicated in human deafness. CRK and
CRKL proteins both have high sequence homology between humans and zebrafish, being 69.7%
and 82.1% identical, respectively (Stergas et al., 2021). This suggests that zebrafish are a good

organism to model the function of these proteins.

The processes we are investigating are relevant to human development and could reveal
crucial mechanisms behind hearing loss. CRK and CRKL have both been linked to human
developmental diseases, including Miller-Dieker Syndrome, which results in lissencephaly, and
DiGeorge Syndrome, both of which involve impairments in cell migration (Guris et al., 2001,
Pancoast et al., 2005). Zebrafish have been useful models of these, in addition to many human
hereditary deafness diseases. They have been used to represent both syndromic and non-
syndromic deafness conditions, in addition to non-genetic hearing impairments. As most
zebrafish mutations associated with inner ear dysfunction affect the lateral line as well, studying
either system will allow for the assessment of hair cell morphology and function in response to

mutations or insults (Nicolson, 2017; Whitfield, 2002).

We had two main aims for this project. Overall, we wanted to explore the role of Crk and
Crkl adaptor proteins in sensory hair cell development along the zebrafish lateral line. To do that,
we looked at how many neuromasts composed the lateral line, as well as how many sensory hair
cells were regulated to each neuromast. For the first aim, we hypothesized that zebrafish with

mutations in crk or crkl alone would have a smaller number of neuromasts along their lateral
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line, and crk/crkl double mutants would have a compound phenotype. Similarly, for the second
aim, we believed that zebrafish with mutations in crk or crkl alone would have fewer cells per
neuromast, and crk/crkl double mutants would have a compound phenotype. Ultimately,
investigating the role of Crk and Crkl in the development of zebrafish hair cells will give us a

better, more complete understanding of human deafness and disease.
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Methods

Zebrafish Husbandry

This work used the pou4f3:GFP transgenic line with green fluorescent protein (GFP) in
the sensory hair cells of the inner ear and lateral line, allowing for visualization of these cells
beginning around 24 hours post fertilization (hpf). Adult zebrafish lines were sustained and bred
in standard conditions (Avdesh et al., 2012), and embryos were collected, maintained at 28.5°C,
and developmentally staged as previously described (Kimmel et al., 1995). All procedures were
approved by the University of Vermont Animal Care and Use Committee (PROTO 201900024)
and the Institutional Biosafety Committee (REG2019000054).

RNA in situ Hybridization

The following protocol was adapted from Thisse & Thisse (2008).

Probe generation: Primers were generated complementary to a 500 base pair region of crk and
crkl. Underlined sequences in table 1 are T7 or SP6 RNA polymerase binding sequences.
Polymerase chain reaction was performed on cDNA and the product was purified by Ethanol
precipitation. RNA probes were generated from the PCR product using either T7 or SP6 RNA
polymerase and Digoxygenin-labeled UTP. The mixture was incubated in DNase to digest the
PCR template and the RNA was purified by precipitation. The completed probe is stored in
hybridization buffer (50% Formamide, 25% 20X Saline-Sodium Citrate, 0.5% tRNA, and 0.1%
Tween in nuclease free water) at -20 °C until use.

Preparation of embryos: Zebrafish embryos were manually dechorionated at 24 hpf, treated with
0.0003% phenylthiourea (PTU) to prevent pigment formation, and fixed at either 24 or 48 hpf
using 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) with 0.1% tween (PBT)

overnight. Embryos were dehydrated and stored in 100% methanol (MeOH) at -20 °C until use.
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In situ hybridization: Embryos were rehydrated in 100% PBT and embryos older than 48 hpf
were permeabilized with proteinase K for 25 minutes, refixed in 4% PFA for 15 minutes, and
washed in 100% PBT. All embryos were incubated on RNA probe 3:1000 in in hybridization
buffer overnight at 70°C. Probe was removed and embryos were equilibrated in 2X saline-
sodium citrate (SSC), rehydrated into 100% PBT, and incubated in 1:1000 anti-Dig in in situ
block (5% normal sheep serum and 1% BSA in PBT) overnight at 4°C. Antibody was removed
and embryos were rehydrated in 100% PBT and stained with NBT-BCIP (nitro blue tetrazolium,
chloride-5-bromo-4-chloro-3-indolyl phosphate) (Thermo Scientific). To stop staining, embryos
were placed in 4% PFA for 30 minutes washed in 100% PBT and stored at 4 °C for imaging.
Imaging: Embryos were positioned in 4% methyl cellulose and lateral and dorsal images were
obtained at 5X on a Nikon SMZ800 dissecting light microscope using SPOT imaging software
Version 5.2 (Diagnostic Instruments Inc; Sterling Heights, MI, USA). Figures were generated in
Adobe Photoshop.

Table 1 in situ hybridization probe primer sequences

Primer Sequence (5°- 3) Accession #
Name
Crk F SP6 | tttaggtgacactatagaagggACCTGGACACCACCACTCTC NM_001003628.2

Crk RT7 taatacgactcactatagggGAGAGACCTCCAAAGCAAGAGCTG

Crkl F SP6 | tttaggtgacactatagaagggGGACAGAGACACGGGATGTT NM_213538.1

CrkIR T7 | taatacgactcactatagggGAGAGAACCATGGATGGACTGACC

13
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CRISPR qguide RNA design, preparation, and injection

Guide RNAs were pre-designed on IDT’s Alt-R CRISPR design website (idtdna.com).
CRISPR (crRNAs) was mixed with tracer (trRNAs, IDT #1072532) to generate the full guide
RNAs (Table 2). Guide RNAs (6 uM) were mixed 1:1 with Cas9 mRNA (200 ng/ul) prior to
injection. Adult pou4f3 transgenic zebrafish were mated to generate embryos. Embryos were
injected with 3 nL of the gRNA-Cas9 mixture at the 1-cell stage. Injected embryos were

incubated at 28.5 °C with PTU added at 24 hpf.

Table 2 CRISPR guide RNAs

gene | crRNA gene specific sequence (5 — 3”)

crk | GGG ACU CGA UCA CUA UUC CCG UUU UAG AGC UAU GCU

crkl | CGA GAU UCG UCC ACU UGU CCG UUU UAG AGC UAU GCU

Imaging and Quantification

Whole Mount Imaging: 48 and 72 hpf embryos were manually dechorionated, anesthetized in
0.4% Tricaine diluted in 1X E3 (0.0001% Methylene Blue, 0.29% Sodium Chloride, 0.0133 %
Potassium Chloride, 0.0483% Calcium Chloride Dihydrate, 0.0815% Magnesium Chloride
Hexahydrate), fixed in 4% PFA for 2 hours at room temperature, and rehydrated in PBS. Once
fixed, embryos were placed in a petri dish containing PBS and lateral wholemount images were
obtained at 3X magnification with a Nikon SMZ800 dissecting light microscope using SPOT
imaging software (Diagnostic Instruments Inc; Sterling Heights, MI, USA).

Fluorescent Imaging: Fixed embryos at 48 and 72hpf were placed on a depression slide

containing PBS. Lateral images were obtained at 40X magnification with an Olympus 1X70
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Inverted Fluorescence Microscope with SPOT imaging software. All images were likewise
edited in Adobe Photoshop CS6 for brightness and contrast.

Measurements

Body and trunk length: Measurements of the length of the zebrafish body and trunk were
performed using calibrated Image J software (Research Services Branch, National Institutes of
Health; Bethesda, MD, USA). Body length was found by drawing a segmented line from the
outermost edge of the zebrafish head to its tail, following the spine. Trunk length was similarly
found by drawing a segmented line along the spine between the points outlined in Figure 5.
Neuromast number: Total number of neuromasts were quantified from these images by counting
caudally from primary neuromast 1 (L1). Images of neuromasts were obtained at 400X
magnification using SPOT imaging software. The number of cells per neuromast was quantified
at this magnification for the first three neuromasts (L1-L3) along the posterior lateral line, as
outlined in Figure 1. Graphical representations were created and One-Way and Brown-Forsythe

and Welch ANOVA tests were performed in GraphPad Prism 9.

Figure 5 — Schematic of trunk
measurements at 48 hpf.
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Results

MRNA expression of crk and crkl in the trunk of Danio rerio embryos

To evaluate the expression patterns of crk and crkl in the zebrafish embryos, we first
performed in situ hybridization at 24 and 48 hours post fertilization. This would show the
presence of crk or crkl mRNA at these developmental stages. We were looking specifically to
see if there was any expression of these genes in the developing lateral line, since their
expression in the otic vesicle and inner ear had already been confirmed. Ultimately, there did not
appear to be any crk or crkl expression along the posterior lateral line. As shown in Figure 4,
there was still strong expression in the otic vesicles and inner ear (data not shown). Expression
along the lateral line may be difficult to observe through in situ hybridization, however, as the
neuromasts are developed temporally along the trunk.

Loss of crk and crkl leads to fewer neuromasts at 48 hpf.

We next sought to identify the role of crk and crkl in the maturation of the lateral line
system. To do this, we used the CRISPR-Cas9 system to knock out crk alone, crkl alone, and
both crk and crkl together (referred to as double mutants) in poudf3:GFP zebrafish embryos
expressing fluorescence in sensory hair cells. This allowed us to assess how the lateral line
would develop without the function of these proteins, indicating first whether they played a role
in its development, as well as what that role might be. Using fluorescence microscopy, we
counted the number of neuromasts along the pLL in zebrafish embryos at 48 and 74hpf. At
48hpf, there were significantly fewer neuromasts per zebrafish trunk in crk mutants, crkl
mutants, and double mutants compared to the uninjected control (UIC) embryos (Figure 6A-E).
No significant differences were observed between single crk and crkl mutants and the double

mutants. Crk and Crkl are also known to play a role in the development of zebrafish musculature,
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Figure 6 — crk and crkl mutants have fewer neuromasts per trunk at 48hpf. (A-D)
Representative lateral images (40X magnification) of pou4f3:GFP zebrafish embryos at 48
hpf showing GFP expressed in the neuromasts. (E) Graph comparing the number of
neuromasts per zebrafish trunk at 48 hpf in each group of embryos. Error bars indicate one
standard deviation (SD). **P<0.01 ***P<0.001 ****P<0.0001 (F) Graph comparing the ratio
of neuromasts per trunk length at 48 hpf). UIC n=27, crk n=26, crkl n=33, double n=18.

and fish with crk and crkl deficiencies are known to be shorter than their wild type counterparts.
For this reason, we wanted to compare the number of neuromasts along each trunk to the length
of the trunk itself. Overall, there was no significant difference between the ratio of neuromasts to

length of trunk in the different groups (Figure 6F).
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Loss of crk and crkl leads to fewer neuromasts at 48 hpf.

At 72hpf, there were significantly fewer neuromasts per zebrafish trunk in only the crkl
mutants and the double mutants compared to the UIC embryos (Figure 7A-E). There was also no
significant difference between the single crk and crkl mutants and the double mutants.
Comparing these numbers once again to the lengths of the trunks themselves, there was no

significance found (Figure 7F).
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Figure 7 — crk and crkl mutants have fewer neuromasts per trunk at 72hpf. (A-D)
Representative lateral images (40X magnification) of pou4f3:GFP zebrafish embryos at 72
hpf showing GFP expressed in the neuromasts. (E) Graph comparing the number of
neuromasts per zebrafish trunk at 72 hpf in each group of embryos. Error bars indicate one
standard deviation (SD). *P<0.05 (F) Graph comparing the ratio of neuromasts per trunk
length at 72 hpf). UIC n=30, crk n=39, crkl n=39, double n=15
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Loss of crk and crkl leads to fewer sensory hair cells at 48 and 72 hpf.

Within the neuromasts of embryos at 48 hpf, there were significantly fewer sensory hair
cells in each rosette in the crk mutants, crkl mutants, and the double mutants as compared to the
control fish (Figure 8A-D, I). However, in the 72hpf embryos, there were significantly fewer
cells per neuromast in only the double mutants as compared to the controls, and there was no

significance found between the control fish and the single crk or crkl mutants (Figure 8 E-H, J).
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Figure 8 — Crk and Crkl affecting the number of hair cells per neuromast in zebrafish
embryos. (A-D) Representative images (400X magnification) of L1 neuromasts along the
posterior lateral line at 48 hpf. (E-H) Representative images (400X magnification) of L1
neuromasts along the posterior lateral line at 72 hpf. (I) Graph comparing the number of
sensory hair cells per neuromast (L1-L3) in embryos at 48 hpf **P<0.01 *P<0.05
****P<0.0001. (J) Graph comparing the number of sensory hair cells per neuromast (L1-L3)
in embryos at 72 hpf ***P<0.001. n = 10 fish; 30 neuromasts for all groups.

20




The Role of Crk and Crkl adaptor proteins in the hair cells of Danio rerio inner ear and lateral line

Discussion

Crk and Crkl adaptor proteins are known to play a role in many different processes
during development. They are particularly important in the patterning of layered structures in the
brain, as well as in cell proliferation and survival across many tissues. Our lab has recently
uncovered a role for these proteins in the lamination of the zebrafish retina. Through this work,
we also discovered unexpected expression of crk and crkl in the sensory hair cells of the inner
ear. From this observation, we predicted that Crk and Crkl may play a role in the development of
the zebrafish auditory/vestibular system as well.

While the crk- and crkl-deficient embryos had significantly fewer neuromasts per trunk,
they also had shorter trunks overall. It is known that crk and crkl mutants are significantly
smaller than their wild type counterparts, which could be the reason for the lower number of
neuromasts observed in the results of this investigation. There was no significant difference in
the ratio of neuromasts per um of trunk in zebrafish both 48 and 72 hpf , indicating that there
were fewer neuromasts in the mutants because the organisms themselves were shorter, and not
necessarily because they were missing Crk and Crkl. However, there were significantly fewer
cells per neuromast in all of the mutants compared to UIC at 48 hpf, and between the UIC and
double mutants at 72 hpf. These numbers could point to a role for Crk adaptor proteins in the
development of lateral line neuromasts, specifically related to the deposition of cells into rosettes
to form the organs.

Our first aim was to investigate the composition of the posterior lateral line itself. We had
originally hypothesized that there would be a smaller number of neuromasts composing the pLL
in fish lacking Crk, Crkl, or both compared to wild type. We had also hypothesized that there

would be a compound phenotype in the double mutants, which was not observed. Our results did
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support the original hypothesis, but the number of neuromasts in the pLL appeared to be
proportional to the length of the trunk. This suggested that knocking out crk and/or crkl did not
have a direct influence on the lateral line itself. However, it does raise some questions about the
relationship between trunk length and lateral line development, and the mechanisms involved.
The observation that there is a proportional relationship between trunk length and number of pLL
neuromasts suggests that there is not a set number of neuromasts per fish but, rather, a set length
between each neuromast. This supports the current understanding that, as the pLL primordium
migrates, it deposits one primary neuromast every five to seven somites (Nechiporuk & Raible,
2008). The mechanisms involved in this process are, however, still unknown. One possibility is
that the deposition of neuromasts is regulated by gradients along the trunk, perhaps established
by some other system of body patterning. Though we did compare the length of each fish’s trunk
to the number of neuromasts it contained, we did not investigate the length between each
neuromast. Based on the data presented here, it does not seem as though Crk and Crkl adaptor
proteins have any direct influence on overall lateral line development with regards to neuromast
deposition, and it is also unlikely that they have any indirect influence through muscle
patterning. However, further investigation into the role of Crk and Crkl in this system would be
necessary to confirm this—possibly using a conditional knockout to remove crk and crkl
expression from only hair cells along the lateral line, keeping the trunk length normal.

For our second aim, we wanted to take a closer look at the neuromasts of the posterior
lateral line and count the number of hair cells composing each rosette. We hypothesized that
zebrafish with mutations in crk and crkl alone would have fewer cells per neuromast, and the
crk/crkl double mutants would have a compound phenotype. As with the first aim, we did not

observe a compound phenotype. However, there were found to be significantly fewer cells per
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neuromast in the crk, crkl, and double mutants at 48 hpf. Interestingly, in embryos at 72 hpf,
there were significantly fewer cells per neuromast in only the double mutants as compared to
UICs. This could signify some kind of recovery in the crk and crkl single mutants that is not
present in the double mutants. These results may indicate that Crk adaptors are involved in the
formation of neuromasts along the lateral line, and specifically in the organization of rosettes.
Crk and Crkl are well known not only for their role in cell migration during development, but
also for regulating cell proliferation and survival. In cells missing Crk and Crkl, there are much
lower rates of proliferation and higher rates of apoptosis than in normal cells. The observation
that there are fewer hair cells in each neuromast when these proteins are missing may be related
to this function.

As stated earlier, in neuromast formation the rate of cell proliferation in the leading zone
is thought to regulate the rate of neuromast deposition. Studies have shown that decreasing
proliferation or increasing cell death leads to fewer neuromasts in the pLL, as well as fewer cells
in each neuromast. If a lack of Crk adaptor proteins causes lower levels of cell proliferation
before the rosettes are even formed, this could lead to smaller overall neuromasts. However, it is
also possible that the number of cells in each neuromast is predetermined and does not depend on
cell availability within the migrating primordium. This could lead to the earlier neuromasts along
the lateral line being regular in size, as they receive the correct number of cells, while later
rosettes are smaller or missing due to the decreased cell proliferation. When counting the number
of sensory hair cells per neuromast, we only looked at the first three primary neuromasts in the
pLL. In order to identify whether or not Crk and Crkl are involved in this process, we could
compare the cell count per neuromast within each organ in one fish and see if this number differs

between mutants and wild type. We could also look at proliferative markers, like BrDU or Ki67,
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within the lateral line, as well as within the rosettes, to see if there was any difference between
wild type fish and crk and crkl mutants.

It is also possible that the loss of Crk and Crkl causes an increase in cell death within the
neuromasts themselves. This would lead to lower cell counts within each neuromast after
deposition by the primordium. To investigate this, we could look again at the cells per
neuromast, but use immunohistochemistry to identify hallmarks of cell death, like cleaved
caspase proteins or pyknosis, within the organs. If the loss of Crk adaptors leads to an increase in
apoptosis, then we would expect to see higher levels of those cell death signals in crk and crkl
mutants. If this is the case, and we do see a lower rate of cell survival in Crk- and Crkl-deficient
zebrafish, then more investigation into the mechanisms is necessary. It is possible that Crk and
Crkl are involved in more complex pathways that lead to cell death. For one, it is known that
sensory hair cells must be innervated to survive (Wada et al., 2013). As Crk adaptor proteins are
known to be involved in neuronal migration, it is possible that they are important for innervation
as well (T.-J. Park & Curran, 2008). If a loss of Crk and Crkl prevents hair cell innervation, it
would lead to increased cell death—which could be another explanation for the results seen here.

The identity of the cells within each neuromast is determined by lateral inhibition—
specifically involving Notch/Delta and Fgf signaling. After rosettes are organized and deposited
as neuromasts, the undifferentiated cells within have the chance to become sensory hair cells.
They compete with their neighbors, inhibiting signals in each other that would allow for their
differentiation. If they succeed, they become sensory hair cells and require innervation. If they
fail, they become the support cells to the hair cells—but still have the ability to differentiate into
a sensory cell at any time, should hair cells be lost (Matsuda & Chitnis, 2010; Millimaki et al.,

2007). As mentioned earlier, Crk and Crkl are known to be important for cell differentiation, in
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smooth muscle tissue (Shi et al., 2021) as well as in the immune system (Nabekura et al., 2018).
They are also known to act downstream of Fgf signaling within the development of
cardiovascular tissue in mice, as well as in lens morphogenesis (Collins et al., 2018; Moon et al.,
2006). Thus, it is possible that the lower number of hair cells found in the neuromasts of crk and
crkl mutants is due to improper cell differentiation within the organs themselves. To investigate
this, we could use a transgenic fish expressing fluorescence behind ET20 to label the support
cells, and a different color fluorescence behind pou4f3 to label the sensory hair cells (Parinov et
al., 2004). If the total number of cells, combined support and sensory, is similar between control
and mutant fish, but there are fewer hair cells in mutants, then it is likely that crk and crkl are
involved with the differentiation of sensory hair cells in the lateral line. We could then use
immunohistochemistry to look at differences in cell proliferation and apoptosis between the hair
cells and support cells of wild type fish and crk and crkl mutants. This would provide us with a
clearer picture of how Crk and Crkl are involved with these processes during differentiation. It
would also be useful to examine older embryos, perhaps between 72 and 96 hpf, to see whether
or not the double mutants are able to recover the phenotype observed in the single mutants at 72
hpf. This would show if the double mutants simply regenerate hair cells slower than the single
mutants, or if they have lost the ability completely.

Finally, the purpose of studying the role of Crk and Crkl in sensory hair cell development
is ultimately to determine how they function in the hearing and vestibular systems. To see how
these mutations we observed might be affecting sensation, we could perform hearing
assessments—seeing how the mutant zebrafish are able to respond to different levels of noise.

This would show the impact of crk and crkl mutant phenotypes on sensation.
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In conclusion, we have identified a possible role for Crk and Crkl in sensory hair cell
development in the Danio rerio posterior lateral line. It is not known exactly what that role is,
whether it relates to cell proliferation, death, differentiation, or some other unidentified process.
Given the functional and structural similarity between the hair cells of the inner ear and lateral
line, it is likely that this role carries over to the auditory system as well. More investigation into
this topic is necessary to determine the mechanism by which these adaptor proteins act. Further
research in this area could prove to be beneficial to the study of deafness and sensorineural
hearing loss in humans, as well as explain some of the yet unknown effects of crk and crkl

mutations.
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