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Letter to the Editor

Loss of Rbm24 causes defective hair cell development in the zebrafish inner ear and

neuromasts

Zebrafish presents many advantages for the study of hair cell differentiation, and has become
particularly attractive for understanding the development of vertebrate sensory organs. During the
past decades, mutagenesis screening in this model has allowed the identification of a large
number of genes implicated in otic development, some of which were associated with human
diseases affecting hearing function (Blanco-Sanchez et al. 2017; Nicolson, 2017). These genes
essentially encode components of key signaling pathways, transcription factors, or structural
constituents. Functional analyses have contributed to our understanding on the transcriptional
control of otic placode specification and differentiation (Nicholson, 2017). However, the
posttranscriptional mechanism underlying hair cell differentiation and function remains largely
elusive, mostly due to lack of mutations affecting related regulatory networks. RNA-binding
proteins (RBPs) are implicated in posttranscriptional regulation of gene expression in
development and disease (Brinegar and Cooper, 2016). Rbm24 exhibits strongly localized and
highly conserved expression pattern in all vertebrate embryos (Grifone et al. 2014, 2018). Beside
its expression and implication in skeletal and cardiac muscle development (Li et al. 2010; Poon et
al. 2012; Grifone et al. 2014; Maragh et al. 2014; Yang et al. 2014), it is also expressed in a
subset of cells within the differentiating head sensory organs. Particularly, Rbm24 protein co-
localizes in the cytoplasm with Myo7A in inner and outer cells of the cochlea, as well as in the
saccular and utricular maculae, and in semicircular canals of the mouse early embryo (Grifone et
al. 2018). This implies that Rbm24 may posttranscriptionally regulate hair cell development and
function, but no functional evidence has been reported in vertebrates.

Zebrafish genome contains two rbm24 paralogs, rbm24a and rbm24b. The expression
pattern of rbm24a in different tissues is identical as that of rbm24 in other vertebrates. From
previous works (Poon et al. 2012; Maragh et al. 2014), it can be observed that only rbm24a is

expressed in the otic vesicle during early stages of development, whereas rbm24b does not show



such an expression pattern. We have generated a zebrafish rbm24a mutant line by TALEN-
mediated genome-editing approach (Shao et al. 2020). Heterozygous mutants developed
normally, whereas homozygous mutants showed specific loss of function phenotypes, which
could be readily distinguished by the appearance of heart edema at 1.5 dpf (days postfertilization)
onward, and verified by allele-specific PCR (Fig. S1). Examination of the otic phenotype revealed
a progressive occurrence of otic development defects in rbm24a mutants, which were evident at
3 dpf, and characterized by a delayed fusion of semicircular canals in a majority of embryos
(arrow in Fig. 1A). In addition, the size of otic vesicles in rbm24a mutants was reduced as
development proceeds, but the semicircular canals eventually fused at 4 dpf (Fig. S2). Analyses
of the startle response indicated that rbm24a mutant larvae were largely unresponsive to acoustic
stimulation (Fig. 1B, C), and displayed balancing deficits. These observations suggest that
mutation of rbm24a impairs otic development and causes hearing and balance deficits.

To analyze how loss of Rbm24a function affects otic neural development, we first examined
the expression of several representative markers of the otic vesicle by in situ hybridization. The
expression of sox2, which specifies sensory fates in the otic vesicle (Gou et al. 2018), was not
affected in rbom24a mutants (Fig. S3A). The expression patterns of two crista markers, fgf10a and
msx3 (Thisse and Thisse, 2004), were also unchanged in rbm24a mutants, despite an obviously
reduced size of the otic vesicle (Fig. S3B, C). These results suggest that Rom24a should function
downstream of these factors, and may be not involved in the specification of the otic vesicle.
However, the expression of myo7a, which localizes to sensory hair cells when these cells start
the differentiation, and is required for hair bundle integrity (Ernest et al. 2000), was obviously
reduced in the otic vesicle and in different neuromasts in the mutants at 3 dpf (Fig. 1D). This
implies that loss of Rbm24a should affect the differentiation of hair cells. We thus addressed this
question more precisely using the Tg(pou4f3:GAP-GFP) transgene (Xiao et al. 2005). At 3 dpf,
rbm24a mutants exhibited strongly reduced fluorescence intensity both in the otic vesicle and in
the posterior lateral line system (Fig. 1E). Examination of the first five neuromasts (L1-L5),
without taking into account the differences in fluorescence intensity, revealed that their number

was reduced in rbm24a mutants (Fig. 1F). In general, the fifth neuromast (L5) could be observed



in a few mutant embryos, and the most posterior neuromasts (L6 and L7) were generally not
observed in the mutant embryos. This result suggests that the formation of hair cells in the otic
vesicle and the deposition of neuromasts are defective following loss of Rbm24a function.

It remains to be determined how hair cell differentiation in different positions is affected in
rbm24a mutants. We set to examine in more detail the formation and organization of hair cells in
the otic vesicle and in the first three neuromasts of the posterior lateral line system (Fig. 1G). The
size of the three cristae (anterior, lateral and posterior cristae) seemed to be reduced in rbm24a
mutants. Since each hair cell within the crista forms one kinocilium that is more accessible for
observation, we used this criterion to monitor the defects of hair cell development. This could
reflect to some extent the number of hair cells in each crista. Statistical analyses showed a
significantly reduced number of kinocilia in the three cristae (Fig. 1H). The height of these
kinocilia was also reduced to some extent, particularly in the lateral crista. In the utricular macula
of rbm24a mutants, hair cells were not properly aligned, and cell extruding could be observed in a
large majority of embryos (Fig. 1G, I). Similar defects have been observed in sox2 morphants
with defective maintenance and regeneration of hair cells (Millimaki et al. 2010). Due to the
difficulty to observe saccular macula, we did not detect obvious differences in the cellular
organization between WT sibling and rbm24a mutants. In the first three neuromasts that we
examined, the cellular organization into rosette was severely disrupted in rbm24a mutants, which
was correlated with a reduced number of hair cells (Fig. 1G, J). These phenotypic and
quantitative analyses clearly demonstrate that hair cell development is defective in rbm24a
mutants, and they are consistent with the expression of vertebrate Rbm24 in the cristae and
maculae (Grifone et al. 2018). At present, it is not clear whether Rbm24a is expressed in
neuromasts, and thus how its mutation affects neuromast hair cells. We thus performed in situ
hybridization to examine more precisely the expression sites of rbm24a at 1 dpf. This revealed
that rbm24a transcripts were also localized in the posterior lateral line primordium (pLLP), in
addition to anterior and posterior cristae (Fig. 1K). The pLLP forms from the otic vesicle and
migrates caudally to periodically deposit neuromasts (Chitnis et al. 2012). Thus, the expression of

rbm24a in this placode may explain the defects of neuromast hair cell development in rbm24a



mutants.

We thus demonstrated for the first time that loss of Rbom24a affected hair cell formation and
organization. Both zebrafish rbm24a and mouse Rbm24 show dynamic expression during hair
cell differentiation (Grifone et al. 2018; Lush et al. 2019), and it may function downstream of
transcription factors, such as Atoh1, in hair cell development and regeneration (Cai et al. 2015).
Indeed, it is of interest to note that loss of Rbm24a function has no effect on the expression of
several genes coding for transcription factors that are involved in otic vesicle specification, but it
affects the expression of hair cell differentiation genes, such myo7a. This is fully consistent with
our recent finding showing that Rbm24 protein is localized in the cells where Myo7A is expressed
(Grifone et al. 2018), and raises the question whether and how Rbm24a posttranscriptionally
regulates myo7a whose dysfunction causes the Usher syndrome type 1B (Weil et al. 1995).
Besides the specific otic phenotype, our observation of rbm24a expression in the pLLP is also of
interest for understanding the developmental mechanisms of vertebrate sensory systems,
because the advantages of the zebrafish posterior lateral line system (Ghysen and Dambly-
Chaudiére, 2007). Thus, this work could not only provide a useful model to study hearing
disorders, it also should open novel avenues for investigating posttranscriptional control in these
processes. Along with our present findings demonstrating a critical role of Rbm24 in regulating
cytoplasmic polyadenylation during lens differentiation (Shao et al. 2020), the present work
further emphasizes a critical role of posttranscriptional regulation in the development of head
sensory organs. Given the importance of RBPs in development and diseases, and the highly
conserved expression of vertebrate Rbm24 in hair cells, it will be particularly interesting to identify
human mutations affecting the cis-regulatory elements that disrupt its inner ear specific

expression and lead to hearing disorders.
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Fig.1. Defective hair cell development in zebrafish rbm24a mutants. A: Confocal differential
interference contrast images extracted from Fig. S2 show otic phenotypes at 3 dpf. Notice the
delayed fusion of semicircular canals in rbm24a mutants (red arrow). Scale bar: 50 ym. B:
Representative graphs from startle response test compare the behaviors of WT siblings and
rbm24a mutants at 3 dpf. C: Statistical analyses of the responses to acoustic stimulation. The
number in each column indicates total embryos tested in three independent experiments (**, p <
0.01; Student’s t-test). D: In situ hybridization analysis shows the reduced expression of myo7aa

in the otic vesicle (outline by yellow circle) and neuromasts in rbm24a mutants at 3 dpf. Scale



bar: 25 ym. E: Defective development of the otic vesicle (arrow) and neuromasts (L1 to L5) in
rbm24a mutants at 3 dpf, as revealed by the Tg(pou4f3:GAP-GFP) transgene. Scale bar: 10 pm.
F: Statistical analyses compare the formation of the first five neuromasts between WT siblings
and rbm24a mutants. The differences in fluorescence intensity were not taken into account, and
the results were obtained three independent batches, with total numbers of embryos indicated in
the columns (***, p < 0.001; Student’s t-test). G: Confocal microscopic analyses of hair cell
formation and organization in the three cristae, the first three neuromasts, and the utricular
macula of WT siblings and rbm24a mutants under the Tg(pou4f3:GAP-GFP) transgenic
background. The cristae and neuromasts were imaged at 3 dpf, and the maculae at 2 dpf. Arrow
indicates a cell extruded from the utricular macula while remaining connected to a hair cell
through a cytoplasmic bridge. Scale bar: 10 ym. H: Statistical analyses compare the presence of
kinocilia in the three cristae between WT siblings and rbm24a mutants. All kinocilia were counted
regardless of their height. The number in each column indicates total embryos scored from three
independent experiments (***, p < 0.001; Student’s t-test). I: Statistical analyses of the proportion
of utricular maculae with cell trailing. Numbers in the stacked columns indicate total embryos
scored from three independent experiments. J: Statistical analyses of total hair cells present in
the first three neuromasts. The results were obtained from three independent experiments with
total numbers of embryos indicated in the columns (***, p < 0.001; Student’s t-test). K: In situ
hybridization analysis shows the expression of rbm24a transcripts in the otic vesicle and the
pLLP at 1 dpf. In addition to the lens and heart, the hybridization signals are also detected in the
anterior crista (aC) and posterior crista (pC), and in the pLLP. A trailing area between the pC and
the pLLP can be also distinguished, which corresponds to the formation of the pLLP form the
caudal region of the otic vesicle. The embryo is oriented with anterior up and dorsal on the right.

Scale bar: 50 pym.



Supplementary Data
Materials and Methods

Zebrafish

Adults of the AB strain were maintained in standard housing systems (Haisheng), and early
embryos were cultured at 28.5°C in a temperature-controlled incubator. The rbm24a mutant line
was generated using TALEN genome-editing technique as recently described (Shao et al. 2020).
Heterozygous carriers were crossed with the Tg(pou4f3:GAP-GFP) transgenic zebrafish (Xiao et
al. 2005). Homozygous mutants could be distinguished by the presence of heart edema at 1.5 dpf
onward, and the genotype was subsequently verified by allele-specific PCR using specific
primers (Fig. S1) as described previously (Xing et al. 2018). To prevent pigment development in
some experiments, embryos at 1 dpf were cultured in the presence of 50 mM phenylthiourea
(Sigma Aldrich).

Startle response test

WT and mutant embryos at 3 dpf were placed individually in a well of 24-well plate with 1 mL of
embryo medium (Westerfield, 2007). Their behaviors were recorded using the EthoVision XT
Version 9.0 System (Noldus, Netherlands) for a short period of 6 seconds. A pure-tone acoustic
stimulus (500 Hz, 80 dB) was delivered at 3.5 seconds using the SweepGen software, and the
swimming speed of embryos was monitored using an infrared detector. Each embryo was tested
15 times, with an interval of 5 minutes. The experiments were performed using three independent
batches of embryos, and the results were expressed as the percentage response manifested by

a single embryo.

Quantification of otic vesicle size

WT siblings and mutant embryos were cultured at 28.5°C. At appropriate stage, they were
embedded in 1% low melting agarose and individually imaged at the otic vesicle under confocal
differential interference contrast mode. The otic vesicle from each image was analyzed using
Imaged software (NIH Image), and the otic size was determined by calculating the number of

pixels using at least three embryos in each condition.
In situ hybridization

A short region within the coding sequences of different genes was amplified by PCR from
embryonic cDNAs, and cloned in pGEM-T easy vector (Promega). The plasmids were linearized
using appropriate enzymes, and antisense probes were synthesized in the presence of
digoxygenin-labeled rNTP mix (Roche Diagnostics). Embryos were fixed in 4% paraformaldehyde
at 4°C overnight and stored in methanol. In situ hybridization was performed using published
protocol (Westerfield, 2007), and BM purple (Roche Diagnostics) was used as a substrate of

alkaline phosphatase.



Confocal microscopy

Live embryos were anesthetized in tricaine solution (0.17 mgmL™) and embedded in a cavity
microscope slide with 4% methylcellulose. Live Images of whole embryos were acquired using a
fluorescence microscope (Leica, M205FA), and hair cells were examined under a confocal

microscope (Lecia, SP5 Il). Z-stack projections were obtained by using the z-projection function.

Statistical analyses

The data were obtained from at least three different batches of embryos, with representative
images shown. Statistical analyses were performed using unpaired Student's f-test and
GraphPad Prism 6 software, with p values indicated in both the figures and the corresponding

figure legends.
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Fig. S1. Genotyping using allele-specific PCR. A: Primer sequences. B: PCR products amplified
by different primer combinations, using genomic DNA from WT siblings, and heterozygous and

homozygous rbm24a mutants.
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Fig. S2. Delayed growth of otic vesicles in rbm24a mutants. A: Confocal differential interference
contrast images show otic development in WT siblings and rbm24a mutants from 1 to 4 dpf.
Numbers in the denominator in each image were used for statistical analyses. Scale bar: 50 ym.
B: Statistical analyses compare the size of otic vesicles between WT siblings and rbm24a

mutants (ns, not significant; (***, p < 0.001; Student’s t-test).
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Fig. S3. Expression of otic vesicle markers in WT siblings and rbm24a mutants at 3 dpf. A:
Expression of sox2. B: Expression of fgf10a in the cristae. C: Expression of msx3 in the cristae.
Scale bars: 25 ym.
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