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Abstract: Hearing loss is the most common sensory deficit, affecting 466 million people worldwide.
The vast and diverse genes involved reflect the complexity of auditory physiology, which requires
the use of animal models in order to gain a fuller understanding. Among the loci with a yet-to-be
validated gene is the DFNA58, in which ~200 Kb genomic duplication, including three protein-coding
genes (PLEK, CNRIP1, and PPP3R1′s exon1), was found to segregate with autosomal dominant
hearing loss. Through whole genome sequencing, the duplication was found to be in tandem and
inserted in an intergenic region, without the disruption of the topological domains. Reanalysis of
transcriptomes data studies (zebrafish and mouse), and RT-qPCR analysis of adult zebrafish target
organs, in order to access their orthologues expression, highlighted promising results with Cnrip1a,
corroborated by zebrafish in situ hybridization and immunofluorescence. Mouse data also suggested
Cnrip1 as the best candidate for a relevant role in auditory physiology, and its importance in hearing
seems to have remained conserved but the cell type exerting its function might have changed, from
hair cells to spiral ganglion neurons.

Keywords: CNRIP1a; DFNA58; hereditary hearing loss; zebrafish; mice; expression gene analysis

1. Introduction

Hearing loss (HL) or deafness is one of the most common sensory defects in humans
and usually interferes with social interaction, the development of language, interpersonal
communication, speech, and learning, and might be associated with cognitive decline and
depression [1,2]. According to the WHO (World Health Organization), about 466 million
people worldwide (432 million adults and 34 million children) have HL and estimates
predict a significant increase to more than 2.5 billion people affected by this disease by
2050 [3].

In developed countries, the frequency of early-onset (prelingual) HL with a genetic
etiology is up to 60%. However, in developing countries such as Brazil, this frequency
varies greatly among regions, due to the greater contribution of environmental factors in
the less developed areas [4,5]. In 30% of genetic HL, it is syndromic, being accompanied
by other clinical symptoms. HL is extremely heterogeneous, both in terms of clinical
manifestation (age of onset, progression, audiological characteristics, and defect type) and
etiology, with more than 120 genes and numerous environmental factors having been
associated with it [6,7]. Regarding the age of onset, prelingual or postlingual HL refers to
whether the HL manifested before or after language acquisition. Regarding the audiological
characteristics, the severity (mild, moderate, severe, or profound), in addition to the affected
sound frequencies, can vary greatly among genetic cases of HL. The defect might lie on
the external and/or middle ear impairing sound conduction, named conductive, or in
the inner ear or auditory nerve, named sensorineural, when sound transduction into
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electric impulses and its transmission to the central nervous system is impaired. Moreover,
the underlying defect in genetic HL might also be mixed when both conductive and
sensorineural components are present.

Genetic HL heterogeneity is also exemplified by all mendelian inheritance patterns it
might exhibit, in addition to mitochondrial inheritance. Autosomal recessive is the most
common pattern, present in about 80% of cases, and is usually associated with sensorineural
prelingual [4]. Whereas autosomal dominant is the second most frequently observed in
about 15–20% of the cases and is generally associated with postlingual progressive HL.
Mitochondrial or X-linked inheritance each contribute to 1–2% [5,6].

The knowledge about the genes involved in nonsyndromic HL was mainly obtained
through the genetic mapping of candidate loci by studying large families with many
affected members that were clinically well characterized. To date, 73 loci associated with
autosomal dominant nonsyndromic HL have already been mapped, but only 51 of them had
their genes identified, illustrating the challenges of HL gene identification and functional
validation. One of these genes that remains to be unraveled is the DFNA58, mapped in
a Brazilian family [8]. Animal models have been crucial in the functional validation of
HL candidate genes and in assisting the revealing of the auditory physiology complex
gene network. The zebrafish has become an important nonmammalian model to uncover
the challenges in genetic and molecular studies in HL imposed by the poor accessibility
of the inner ear (IE). In this organism, the auditory system differs from that of mammals
because it lacks the external/middle ears and the cochlea. However, its development and
anatomy are similar to the IE of other vertebrates, and the sensory organs are composed of
the same cell types present in the IE and in the vestibule of vertebrates: hair cells (HCs)
that are innervated by neurons and supporting cells (SCs). These cell types are similar to
their mammalian counterparts in both morphology and function and reside around the
otoliths present in the IE and the neuromasts of the lateral line system [9].

The high homology with human genes involved in the signaling pathways for the
formation and maintenance of the zebrafish auditory system allows investigation of the
molecular and genetic mechanisms of differentiation, regeneration, death, and protection
of HCs. Thus, various methodologies, ranging from cell transplants to genome edits, have
been more easily performed on zebrafish embryos compared to murine models [10–12].
Finally, it merits highlighting the fact that, unlike mammals, fish can regenerate HCs
throughout life as part of the physiological process of tissue growth and maintenance,
due to the proliferation and transdifferentiation of SCs. Thus, the comparison of hearing-
related genes in fish and mammals can lead to the discovery of key regeneration molecules
and, with that, uncover new targets for a therapeutic intervention that aims to restore
hearing [13,14].

Recently, the big data revolution, essential for open science, has increased the deposits
in public repositories of gene expression datasets, which made it feasible to reanalyze the
already validated initial results and their reuse for further analysis [15,16]. The integration
and reanalysis of these diverse gene expression datasets have the potential to provide new
insights into the biological mechanisms under study, encouraging reproducible science and
bringing new perspectives, as it facilitates the elaboration and interpretation of hypotheses,
pattern recognition, and data validation [17]. In addition, it constitutes an important tool to
overcome financial and technical difficulties [14,18], where, for example, a gene expression
dataset in which the initial study aimed to identify general patterns, with a more specific
look it can bring new knowledge about the tissue or disease under study [19]. Furthermore,
it promotes savings in money, time, animals’ lives, and work. To sum up, hypothesis-
free data mining can provide the motivation and foundations for further experimental
research [18]. Ultimately, and in many cases, the experimental data needed to gain new
scientific knowledge may already be available and are just “waiting” to be investigated
to answer open scientific questions. Thus, the search for differentially expressed genes
(DEGs) in a given disease, or when comparing cell types from the same organ or tissue,
has received increasing importance, since they can reveal new candidate genes, as well as
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the pathways of which they compose, which may be related to the pathophysiology of the
disease, with the potential to reveal biomarkers and therapeutic targets [14]. In addition to
the most known and used databases, such as NCBI, Gene Expression Omnibus (GEO) [20],
Sequence Read Archive (SRA) [21], and ArrayExpress [22], there are already available
in the literature several studies of transcriptomes of zebrafish larvae, which identified
some specific genes of HCs (e.g., [23]), as well as transcriptomes of HCs and nonsensory
surrounding cells of adult zebrafish [24,25]. Studies of mouse cochlear transcriptomes have
also been published [26–29], as well as the cochlear sensory epithelium [30], other cochlear
cell types [31] or comparing the different types of spiral ganglion neurons [32].

The DFNA58 locus, mapped by LEZIROVITZ et al. [8] to 2p12-21 in a large Brazilian
pedigree with autosomal dominant postlingual progressive nonsyndromic HL, is one of
those loci whose gene remains to be characterized. Exome NGS and Sanger sequencing
unraveled a 200 Kb duplication, within the candidate chromosomal region (2p14), in af-
fected individuals of this family, which includes two entire protein-coding genes (PLEK and
CNRIP1), part of the PPP3R1 gene, and about four long non-coding RNA (lncRNA) genes
whose characterization also needs validation, AC017083.1, LOC107985892, LOC102724389,
and LOC101927723/AC015969.1-201 [33]. mRNA analyses of the duplication carriers’ blood
showed the overexpression of the CNRIP1 gene and two of the lncRNAs, as well as low
abundant aberrant fusion transcripts. In situ hybridization and immunofluorescence stud-
ies performed in murine cochlea showed that the genes (Cnrip1, Ppp3r1, and Plek) and/or
their proteins are expressed in spiral ganglion neurons, although Cnrip1 has shown a higher
labeling intensity, both in neonate and adult mice, particularly on type II neurons. Less
remarkable expression was observed for the three genes in the organ of Corti and other cell
groups of adult cochlea mice.

The observed overexpression of the CNRIP1 gene and two of the lncRNAs, and pos-
sibly the fusion aberrant transcripts, may underlie the postlingual HL of the DFNA58
family [33]. However, as the biological role of these genes in hearing is still poorly under-
stood, their expression profile characterization might pave the way for the revealing of the
underlying pathophysiological mechanism.

To determine the expression profile of the CNRIP1, PLEK, and PPP3R1 genes in the
IE and, thus, contribute to the elucidation of the cause of HL in the DFNA58 family, a
reanalysis of raw data from zebrafish and mouse transcriptomes, deposited at NCBI, GEO,
and/or available in the Supplementary Materials of scientific papers, was performed to
investigate the expression of their orthologues in these species. Furthermore, the levels of
transcripts of orthologous candidate genes (Cnrip1a, Cnrip1b, Ppp3r1a, Ppp3r1b, and Plek)
were evaluated using RT-qPCR in the auditory structures of adult zebrafish. Finally, given
the promising results that highlight Cnrip1a as the best candidate to explain deafness in
this family, its location in the sensory neuroepithelium in the zebrafish model of different
ages was studied through in situ hybridization and immunofluorescence assays.

2. Materials and Methods
2.1. Whole Genome Sequencing

This study was approved by the Ethics Committee for the Analysis of Research Projects
from the Institute of Biosciences and School of Medicine (both of the University of Sao
Paulo). Written informed consent was obtained from all hearing-impaired individuals or
their legal guardians, their relatives, and control individuals. To determine the exact inser-
tion and extension of the DFNA58 duplication, whole genome sequencing was performed
in a sample of an affected member of the family. The capture of the target regions of the
human genome was done using custom genome probes, and next-generation sequencing
on the Illumina platform. Alignment to the reference genome (GRCh38) was performed
using the BWA (Burrows-Wheeler Aligner, https://bio-bwa.sourceforge.net/, accessed on
7 July 2021). Mitochondrial DNA sequencing was also analyzed. CNV identification was
performed using in-house validated bioinformatics script.

https://bio-bwa.sourceforge.net/
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2.2. Reuse of Zebrafish and Mouse Transcriptome Data

PubMed as well as Google searches were carried out using the keywords “transcrip-
tome” and “inner ear” to find scientific studies that had conducted this type of investigation.
The transcriptome data referring to RPKM (Reads Per Kilobase Million) or FPKM (Frag-
ments Per Kilobase Million) or Mean Normalized Counts values of RNAseq were collected
from the tables of Supplementary Materials and/or from tables available at NCBI and/or
GEO obtained from studies already published. These papers did not analyze the candidate
genes in the present study because it was not their focus. The RNA expression analysis
data were taken from the following scientific papers: for Danio rerio [25,34,35] and for Mus
musculus [30,31,36]. Aiming at characterizing the expression of the DFNA58 candidate
genes in the IE and/or in populations of cells enriched with a specific cell type, such as
HCs or their nonsensory surrounding cells, data from the genes Cnrip1a, Cnrip1b, Ppp3r1a,
Ppp3r1b, and Plek were reused for zebrafish, while for Mus musculus the orthologous genes
Cnrip1, Ppp3r1, and Plek were reanalyzed. In both studies, we also used data on the ex-
pression of genes already related to HL and/or expressed in the IE (Slc1a3a, Eya4, Elavl4,
Gsdmea, Gsdmeb, Pou4f1, Gab1, and Mettl13). As each study had its own parameters for the
analysis of the already processed (nonraw) data, it was not possible to make comparisons
between the numbers of each one of them, only to trace trends observed in more than one
study, likewise the sites SHIELD and gEAR show data from different studies.

2.3. Animals
2.3.1. Zebrafish

Zebrafish specimens of the AB strain were used. The relationship between the ages of
the animals and the tissues used for the RT-qPCR, in situ hybridization, and immunofluo-
rescence analysis is described in Supplementary Table S1. All procedures were performed
following the ethical and practical principles of using experimental animals, with the
approval of the Ethics Committee on the Use of Animals of the Faculty of Medicine of
the University of São Paulo (Research Protocol 089/17). For euthanasia, specimens were
anesthetized with Tricaine (Sigma-Aldrich, St. Louis, MO, USA) at 3 mg/mL diluted in
water (skin absorption) for 5–10 min. Then, they were placed in breeding tanks with water
and immersed in Styrofoam-containing ice. After 15 min and with the confirmation of the
animals’ deaths due to the reduction of body temperature, they were processed accordingly
for RT-qPCR, in situ hybridization, and immunofluorescence analyses. For the RT-qPCR
analyses, after euthanasia, dissections of the sensory organs utriculus + lagena and also of
the brain were performed, following the protocol described by Einarsson et al. [37]. To be
used as control reactions, the heart and swim bladder of the animals were also dissected.
An incision was made in the animals’ abdomen and the heart and swim bladder were
removed based on the morphology and anatomical position of these structures. Larval
(5 dpf) and juvenile (30 dpf) specimens were also used to construct sense and antisense
RNA probes for in situ hybridization analyses. For in situ hybridization and immunofluo-
rescence, after euthanasia, the animals were immediately preserved in 4% PFA (Electron
Microscopy Sciences, Hatfield, PA, USA) and stored until use at −20 ◦C.

2.3.2. Mouse

Whole cochleae harvested from male Balb/c mice (Mus musculus) were used, from
neonates (up to three days of life) and mice about four weeks old. Animal work conformed
to the Ethics Committee on the Use of Animals from the Hospital das Clínicas HCFMUSP,
Faculdade de Medicina, Universidade de São Paulo-SP (0099/14, 100/14 e 101/14). Specific
pathogen-free animals, without signs of external and/or middle ear infection or with ear
malformations, visualized under the stereomicroscope, were included in the study. The
whole cochlea was used for RNA extraction and obtaining protein lysates.
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2.4. RNA Extraction and cDNA Synthesis

Whole animal and/or dissected tissues were transferred to a 2 mL microtube con-
taining 800 µL of QIAzol (Qiagen, Hilden, Germany) and the tissue was homogenized
with a rotator-stator (T10 Basic Ultra Turrax, Ika, Staufen, Germany). RNA extraction
was performed with a miRNAsNasy Serum/Plasma Kit (50) (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. To verify the concentration and purity of the
extracted RNA, quantification was performed using the NanoDrop Technologies ND-2000c
(Thermo Fisher Scientific, Inc, Waltham, MA, USA). cDNA was synthesized from 1 µg of
RNA with a SuperScript™ III First-Strand Synthesis System (Invitrogen, ThermoFisher
Scientific, Waltham, MA, USA, EUA).

2.5. Quantitative Real-Time PCR (qPCR)

For the analysis of the transcript levels, we used, as a control, genes that are known to
be related to hearing or HL and whose expression pattern in the mouse IE was similar to that
observed for the genes Cnrip1, Ppp3r1, and Plek [33]. Thus, eight genes were selected: Eya4
(DFNA10) [38] and Dfna5 (Gsdmea and Gsdmeb) [39] due to high evidence of association
with HL (https://panelapp.genomicsengland.co.uk/; accessed on 1 July 2021); Pou4f1
and Elavl4 due to high expression in sensory neurons on the statoacoustic ganglion of
zebrafish, equivalent to the spiral ganglion in mice [31,40]; Scl1a3a because its expression is
mostly in the IE of zebrafish and with a possible role in hearing in mice [40–43]; and Gab1,
known to be an essential structure in the tyrosine kinase/HGF receptor pathway of the
MET/MET/HGF proto-oncogene and responsible for the HL associated with DFNB26 and
its modifier Mettl1 [44]. The choice of these two genes had, as a parameter, the fact that the
CNRIP1 and PPP3R1 genes are related to cancer in humans.

To quantitatively investigate the expression of the candidate genes of the DFNA58
locus by analyzing their mRNA (Cnrip1a-NM_001003607.2, Cnrip1b-NM_001327770.1,
Ppp3r1a-NM_001327772.1, Ppp3r1b-NM_001004553.1, and Plek-NM_2. 1), as well as genes
already related to HL and/or expressed in the IE (Slc1a3a-NM_212640.1, Eya4-NM_001282173.1,
Elavl4-NM_001244600.1, Gsdmea-XM_005170077.3, Gsdmeb-NM_001001947.1, Pou4f1-NM_
001312866.2, Gab1-NM_001326713.1, Mettl13-NM_001044769.4), RT-qPCR was performed
using the dissected tissues of the IE that contained the neurosensory epithelium responsible
for mechanotransduction (lagena + utricle). To compare the expression levels of these genes,
other zebrafish tissues, such as the IE, heart, swim bladder, and brain, were used. Primers
were designed with Primer-Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/,
accessed on 11 November 2020) (Supplementary Table S2).

PowerUP SYBR Green Master Mix 1X (Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA) and 0.2 µM to 0.35 µM of each primer were used in each RT-qPCR
reaction (Supplementary Table S2). Into the 48-well MicroAmp® Fast Optical 48-Well
Reaction Plate or MicroAmpTM Optical 8-Tube Strip (both, Applied Biosystems, Thermo
Fisher Scientific Waltham, MA, USA), 8 µL of the mix (SYBR master mix + primers) was
added and 2 µL per well of cDNA at ~20 ng/µL. The qPCR runs were performed in the
Step One equipment (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA)
following the cycling conditions: activation at 50 ◦C for 2 min (1 cycle); activation of DNA
polymerase action at 95 ◦C for 2 min (1 cycle); denaturation at 95 ◦C for 15 sec (50 cycles);
and annealing and extension at 60 ◦C for 1 min (50 cycles). All RT-qPCR experiments were
performed in duplicates, and in all of them the melting curve was performed at 98 ◦C after
the end of the amplification to verify a single peak, demonstrating that the PCR is specific,
and that it was very similar between different samples amplified with the same pair of
primers. The specificity of each pair of primers was confirmed by sequencing the PCR
products generated by the RT-qPCR of the zebrafish inner ear samples.

The amplification efficiency of each pair of primers was calculated using a standard
curve of serial dilutions. The mathematical model proposed by PFAFFL [45], that takes
into account the efficiency of the primers, was used in the calculation of the relative
quantification. The following reference genes were tested: Actb2, Ef1, Rps18, Sep15, Metap1,

https://panelapp.genomicsengland.co.uk/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Rpl13, and Gapdh [46,47]. Due to the reproducibility of efficiency and relative expression
stability among different tissues/organs, the reference genes Actb2 and Rpl13 were selected,
and their geometric means or medians were used.

Based on the Cts values (the higher the expression, the smaller the Ct), and taking
into account the very high expression levels of some of the reference genes (Cts below 20),
high expression (Cts between 20 and 27), median expression (Cts between 28 and 32), and
low expression (Cts above 33), the other genes were analysed (Supplementary Table S3).
The DeltaCt values were also obtained, which is the difference between the Ct value of the
target gene and the median of two reference genes (Supplementary Table S3). As the Ct
values of the reference genes are smaller because they are more expressed, negative values
are obtained, and the closer to zero the greater the expression (the smaller the difference
between the target and reference). Therefore, to facilitate the construction and visualization
of the plots, the deltaCt was inverted to 1/deltaCt [25,48].

2.6. Statisical Anaylsis

To perform the statistical tests, the unpaired two-tailed Student’s t-test with Welch’s
correction was used with the aid of the Graphpad Prism 9.02 software (2021) to determine
whether the difference observed between the means of the various tissues was statistically
significant and set as significantly different when p < 0.05. Normality was checked by the
Shapiro–Wilk test.

2.7. In Situ Hybridization Analyses

A minimum number of 15 larvae (5 dpf) and one juvenile specimen (30 dpf) was
established to be used in each experiment performed with Cnrip1a. The choice of these
ages is because, at 5 dpf, the otic vesicle (OV) is fully developed and, therefore, easier to be
visualized, and, at 30 dpf, the IE is completely formed. For each age, gene, and target probe,
experiments were performed in duplicates to validate the expression pattern observed for
each probe, both sense and antisense, and for each gene evaluated.

For the construction of the mRNA probes, primers were designed using the Primer3
computer package (https://primer3.ut.ee, accessed on 6 June 2019) containing the T7
promoter sequence upstream to its sequences (Supplementary Table S4). For the antisense
probes, for each gene, the T7 promoter sequence was added at the beginning of the reverse
primer, while for the sense probes, the sequence was added to the beginning of the forward
primer. The designed sequences were submitted to the BLAST alignment tool (Basic Local
Alignment Search Tool, https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 6 June 2019)
to ensure the specificity of these segments to the target gene. While the antisense probes
are intended for the analysis of gene expression, the sense is used as a negative control
because it will not be complementary to the mRNA, since, in the cell, the mRNA is sense
and, therefore, only the antisense probes will detect it.

To obtain the RNA probes (sense and antisense), the amplification reaction of the
cDNA segments was performed in a final volume of 25 µL, containing 1X Platinum Buffer,
1.5 mM MgCl2, 0.24 mM dNTPs, 0.4 µM each of the forward and reverse primers, 1.25 U of
Taq DNA polymerase Platinum (cat. 10966030, Invitrogen, Thermo Fischer Scientific), and
1 µg cDNA. The following cycle sequences were used on the Veriti 96 Well Thermal Cycler
(Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA): initial denaturation
at 95 ◦C for 5 min, 10 denaturation cycles for 45 sec at 95 ◦C, annealing for 45 sec at 67 ◦C
(decreasing 1 ◦C/cycle), extension for 1 min at 72 ◦C, followed by 24 cycles of 95 ◦C for
45 sec, annealing for 45 sec at 57 ◦C, extension at 72 ◦C for 1 min, and, final extension
at 72 ◦C for 5 min. Finally, the specificity of the amplified fragments was verified by
electrophoresis in a 2% agarose gel. Then, the amplified fragments were purified with the
DNA Clean & ConcentratorTM—5 kits (Zymo Research, Irvine, CA, USA) according to
the manufacturer’s instructions. Purified PCR products were eluted with 11 µL of DNA
Elution buffer followed by quantification in NanoDrop Technologies ND-2000c (Thermo
Fisher Scientific, Inc, Waltham, MA, USA) to verify the efficiency of the purifications.

https://primer3.ut.ee
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Transcription reactions of the mRNA probes were performed with a total volume of
20 µL containing 4 µL 1X T7 Buffer (Promega Corporation, Madison, WI, USA), 2 µL DTT
(Promega Corporation, Madison, WI, USA), 2 µL DIG RNA Labeling Mix 10X (Roche, Basel,
Switzerland), 40 U RNAse OUT Inhibitor (Thermo Fisher Scientific, Inc, Waltham, MA,
USA), 40 UT7 RNA polymerase (Promega Corporation, Madison, WI, USA), and 1 µg of
the purified cDNA, to synthesize 1 µg of each probe. The reactions were incubated at 37 ◦C
for 4 h in the Veriti 96 Well Thermal Cycler and, in the end, the transcription efficiency of
the mRNA probes was verified by electrophoresis in a 2% agarose gel. Then, purifications
of the mRNA probes were performed using SigmaSpin™ Post-Reaction Clean-Up Columns
(Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions. Purified
probe products were eluted with 20 µL of water. An amount of 1 µL of 5 mM EDTA pH
8.0 (C10H16N2O8) and 9 µL of RNAlater (Qiagen, Hilden, Germany) were added to each
sample to prevent its degradation. After purification, samples were quantified on the
NanoDrop Technologies ND-2000, and an aliquot of each sample was subjected to 2%
agarose gel electrophoresis to verify the quality of purification.

For the preparation of the larvae and juvenile fish, they were fixed with 4% paraformalde-
hyde (PFA) (Electron Microscopy Sciences, Hatfield, PA, USA), incubated overnight at 4 ◦C,
washed with PBST (PBS 1 X [H2O; Na2HPO4 10 mM; 1.7 mM KH2PO4; 136 mM NaCl;
2.7 mM KCL] + 0.1 mM Tween) and fixed in 100 Methanol (Merck, Darmstadt, GER). Then,
for body depigmentation, they were incubated for 30–40 min in a solution containing 3%
H2O2 and 0.5% KOH (both from Sigma-Aldrich, St. Louis, MO, USA) and washed with
PBST. Permeabilization was performed by incubation with 10 mg/mL Proteinase K (Roche,
Basel, Switzerland) at RT for 30 min. For the whole juvenile zebrafish, the concentration
was 50 mg/mL and the incubation was 1 h. Then, to inhibit the action of proteinase K,
the specimens were incubated with 4% PFA for 20 min at RT and washed with PBST.
Incubations were carried out for 2–5 h in a dry bath at 70 ◦C with the hybridization solution
(1M Citric Acid pH 6, 50% Formamide, 5 µg/mL Heparin, 5X SSC (Sodium Citrate Buffer),
500 µg/mL tRNA (Sigma-Aldrich, St. Louis, MO, USA), and 0.1% Tween 20, diluted in
DEPEC Water or Milli-Q).

For the in situ hybridization reaction, the samples were incubated at 70 ◦C overnight in
the hybridization solution containing 1 µL of the mRNA probe of each gene (antisense and
sense) labeled with DIG-Dioxigenin (Roche, Basel, Switzerland). To avoid the unspecific
labeling of probes that do not hybridize, the samples were washed for 10 min, under
agitation, and at 70 ◦C with the following solutions: 3 X with HM (hybridization mix:
Citric Acid 1M pH 6, Formamide 50%, SSC 5 X and Tween 20 at 0.1%) in the following
concentrations of HM: 75%, 50%, and 25%; 1 X with 2 X SSC; 2 X with 0.2 X SSC. Then,
three washes were performed at RT with 0.2 X SSC diluted in PBST, for 10 min each. In
blocking, the samples were incubated for 3–4 h at RT with 2% sheep serum and 2 mg/mL
bovine serum (Bovine Serum Albumin) (both from Sigma-Aldrich, St. Louis, MO, USA),
the buffer was discarded and the samples were incubated with anti-DIG antibody 1:5000
(Roche Diagnostics, Indianapolis, USA) overnight at 4 ◦C with shaking, followed by washes
of 5 min at RT with TBS (MgCl2 50 mM; NaCl 100 mM; 100 mM Tris HCL; 0.1% Tween 20)
and subsequent incubation at RT with blue tetrazolium nitro chloride (NBT) at 225 µg/mL
and 5Bromoo-4-chloro-3-indolyl phosphate (BCIP) at 175 µg/mL (both reagents from
Sigma-Aldrich, St. Louis, MO, USA). The incubation time was monitored until the desired
color intensity was obtained and the reactions were stopped. For this, the samples were
transferred to 1.5 mL microtubes and subjected to three washes with stop solution (PBS
pH 5.5, 1 mM EDTA, 0.1% Tween 20) for 15 min each at RT and with gentle agitation.
Finally, the samples were incubated for 10 min at RT in the following concentrations of
glycerol (Sigma-Aldrich, St. Louis, MO, USA), 25%, 50%, and 75%, diluted in PBS. The
specimens were placed on slides and viewed under an S8APO stereomicroscope (Leica
Microsystems, Germany), and the images were captured with the DF C450C camera (Leica
Microsystems, Germany) with the Las V4.1 software (Leica Microsystems, Germany). The
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in situ hybridization protocol described above was based on that described by THISSE;
THISSE [49].

2.8. Indirect Immunofluorescence

After fixation in 4% PFA at 4 ◦C overnight, the specimens were depigmented as
described in the in situ hybridization protocol. Then, they were incubated with 10% sucrose
(Sigma-Aldrich, St. Louis, MO, USA) for 2 h, and then, with 20% sucrose overnight at 4 ◦C.
Then, they were washed twice with PBS for 5 min and stored in PBS at 4 ◦C until use.

For immunofluorescence, the larvae or whole fish were permeabilized with acetone
(Sigma-Aldrich, St. Louis, MO, USA), previously chilled, for 20 min at 20 ◦C. Then, they
were incubated at 4 ◦C overnight with a blocking solution consisting of 2% goat serum
(Abcam, Cambridge, UK) and 1% BSA, and, subsequently, incubated at 4 ◦C overnight
with primary antibodies diluted in a PBS buffer containing 1% BSA, using the following
concentrations: Cnrip1 Rabbit 1:50 (kindly provided by Dr. Ken Mackie) and Phalloidin 1:50
(Thermofisher Scientific, A22287, Waltham, MA, USA). Subsequently, they were incubated
with Alexa Fluor 488 (1:400) or Alexa Fluor 546 (1:300) secondary antibodies (Molecular
Probes Thermo Fisher Scientific, Waltham, MA, USA) diluted in a PBS buffer containing 1%
BSA for 4 h at RT. With 30 min left until the end of the incubation, DAPI (4’,6-diamidino-
2-phenylindole) (Molecular Probes Thermo Fisher Scientific, Waltham, MA, USA) was
added at a concentration of 1:1500. The specimens were transferred to hollowed-out glass
slides containing 1% low gelling agarose (Sigma-Aldrich, St. Louis, MO, USA) to fix
larval positioning and the slides were sealed with a coverslip and stored at RT until the
capture of the larvae. Images were obtained using a confocal fluorescence microscope
LSM 780 (Carl Zeiss, Oberkochen, BW, Germany) or LSM880 (Carl Zeiss, Oberkochen, BW,
Germany) and the images were captured with the Zen program (Carl Zeiss, Oberkochen,
BW, Germany). As for the immunofluorescence assays, larval specimens with 4 dpf were
used. The antibody was provided by researcher Dr. Ken Mackie of Indiana University. This
antibody was produced from an all human CRIP1a protein that has about a 60% similarity
to the proteins encoded by the zebrafish genes (Cnrip1a/Cnrip1b). Therefore, with this
antibody, it is not possible to distinguish whether the expressed protein is encoded by the
Cnrip1a or Cnrip1b. The antibody used had its specificity validated by immunofluorescence
in a cell line with an overexpression of CRIP1a and by competition with peptides in mouse
retinal sections [50,51]

2.9. Western Blotting Cnrip1-Inner Ear Mouse

Protein lysates were obtained using an RIPA buffer (50 mM Tris-HCL pH 8, 150 mM
NaCl, 50 mM sodium fluoride, 5 mM sodium orthovanadate, 2 mM EGTA) and protease
inhibitor cocktail (ThermoFisher Scientific, Waltham, MA, USA) with a rotator-stator for
disruption and tissue homogenization of the mice’s whole cochlea and brain (P7 and
P28). Protein quantification was performed using the Nanodrop spectrophotometer (Ther-
moFisher Scientific, Waltham, MA, USA). Forty micrograms of protein in a sample buffer
(2% SDS, 100 mM dithiothreitol, 10% glycerol) were subjected to SDS-PAGE. Western blot-
ting was performed by submitting the samples to electrophoresis (14% SDS-PAGE) and
electro-transferring proteins to a 45 µm nitrocellulose filter (BioRad, Hercules, CA, USA)
for 16 h at 25 V. Transfer efficiency was observed after 1.5% Ponceau S staining. Filters
were incubated for 1 h with 1% casein (Novagen, Germany), followed by 10 min in 3%
hydrogen peroxide. Blots were incubated with primary antibodies for 1 h each, at room
temperature. Antibody dilutions were in 2% immunoglobulin-free bovine serum albumin
(BSA, Jackson Immuno Research Laboratories, West Grove, PA, USA) in TBS-T (20 mM Tris
pH 7.6, 135 mM NaCl, 0.05% Tween-20). Rabbit anti-β-actin (Abcam7, Abcam, Cambridge,
UK) was used as a reference endogenous gene at a final concentration of 1:10.000, and the
rabbit Anti-CRIP1a was from Mackie’s laboratory (dilution1:1000). The blots were then
washed in TBS-T and incubated with an HRP-labeled goat anti-rabbit secondary antibody
(1:500) at RT for 1 h. The protein of interest was visualized using an enhanced chemilumi-
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nescence system (ChemiDocMP, Biorad laboratories, Hercules, CA, USA). Densitometry
analyses were performed using ImageJ 1.38 e software (http://rsb.info.nih.gov/ij/) and
Image Studio Lite (https://www.licor.com/bio/products/) to measure the intensity of
the bands.

3. Results
3.1. The Duplication Is in Tandem between the PLEK and FBXO48 Genes

To verify the insertion position of the duplication and to refine its breakpoints, whole
genome sequencing (WGS) of an affected duplication carrier was performed (Figure 1A).
The results revealed that the duplication breakpoint 2 (BK2), in the 3’ intergenic region
of PLEK, was at 68,450,455, within the range defined based on the previously used tech-
niques, between the genomic positions 68,449,525 and 68,452,166. However, BK1 was more
telomeric (68,218,674) than predicted by the other methods (range between 68,247,572 and
68,248,077, (Figure 1A–C)). In addition, the duplication was shown to be in tandem, inserted
in BK2, immersed in a (TA) n-repetitive region, which is the intergenic region between the
PLEK and FBXO48 genes (Figure 1A–C). This kind of repetitive region generates instability
and must have mediated this duplication. Therefore, the duplicate segment corresponds to
the range chr2:68,218,674–68,450,455 with a total size of 231,782 bp and its insertion does
not disrupt any gene.

The analysis of the insertion site and the topological domains showed that the duplica-
tion probably should only change the expression of the genes contained within it through
gain of function by copy number, given that it did not interrupt any gene. Regarding the
analysis of the topological domains, the duplication should not cause any rearrangement
in the chromatin architecture, since the duplication contains the CTCF site responsible for
the boundary of this domain (Figure 1C). The expression of the other gene that flanks the
duplication insertion site, FBXO48, was also verified in the blood of the DFNA58 family
members and we did not find any differences between the carriers and non-carriers of the
duplication (Figure 1D).

3.2. Comparison by RT-qPCR between Reference/Control and Candidate/Target Genes within Each
Zebrafish Tissue

According to the RT-qPCR analyses, we observed that all protein-coding zebrafish
orthologues (Cnrip1a, Cnrip1b, Ppp3r1a, Ppp3r1b, and Plek) to the DFNA58 duplication
genes (Cnrip1, Ppp3r1, and Plek) are expressed in both the IE as a whole and the lagena
+ utricle neuroepithelium of adult zebrafish (2 years). In addition, their expression was
observed in other zebrafish tissues such as the brain, heart, and swim bladder (Figure 2A,B,
Supplementary Table S3). Genes already associated with hearing or deafness (mouse
and/or zebrafish) were selected as controls/references for comparison and validation of
the candidate genes’ results: Eya4 (DFNA10), Gsdmea (DFNA5), Gsdmeb (DFNA5), Pou4f1,
Elavl4, Sclla3a, Gab1 (DFNB26), and Mettl1 (DFNM). The Cts values were used and the
levels of transcripts of each gene were quantified and compared to different tissues and
each other (Figure 2A,B, Supplementary Table S3).

http://rsb.info.nih.gov/ij/
https://www.licor.com/bio/products/
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Figure 1. (A) Image of the WGS reads that showed the breakpoints 1 and 2 of the duplication and, 
contrary to the previous hypothesis, formulated based on the fusion transcripts, the duplication is 
in tandem, inserted in the breakpoint 2, in a repetitive region of (TA)n. (B) Scheme of the duplication 
(in red) showing its insertion site between the PLEK and FBXO48 genes. (C) Analysis of insertion 
site and topological features. The black frame indicates the duplicated segment, the red arrow 
indicates the duplication insertion location on the border between the two domains; therefore, it 

Figure 1. (A) Image of the WGS reads that showed the breakpoints 1 and 2 of the duplication and,
contrary to the previous hypothesis, formulated based on the fusion transcripts, the duplication is in
tandem, inserted in the breakpoint 2, in a repetitive region of (TA)n. (B) Scheme of the duplication (in
red) showing its insertion site between the PLEK and FBXO48 genes. (C) Analysis of insertion site
and topological features. The black frame indicates the duplicated segment, the red arrow indicates
the duplication insertion location on the border between the two domains; therefore, it does not
interrupt either domain. (D) Gene expression analysis by RT-qPCR in the blood of the DFNA58 family
members, comparing the means of normal-hearing noncarriers and hearing-impaired duplication
carriers.
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Figure 2. RT-qPCR and transcriptome data analysis of the DFNA58 genes and the reference/control 
genes. (A,B) Comparison of the level of expression of each gene in each tissue using 1/deltaCt values 
(RT-qPCR). (C–G) Relative quantification (delta-delta Ct of Pfafll [45]) regarding each DFNA58 gene 
(other genes in the supplementary Figure S1) in different tissues of the adult zebrafish (lagena + 
utricle as the reference sample, the other tissues being fold of its expression). In (H–L), results of the 
reanalysis of data from transcriptomes, comparing the expression levels of genes from the DFNA58 
locus and the reference genes regarding the zebrafish inner ear hair cells (HC) and their nonsensory 
surrounding cells (nsSC) in (H) and regarding the DFNA58 genes in the microglia [35], liver [34], 
and inner ear cells [25], as made available for public access by authors for reanalysis as part of open 
science. LG + UT: lagena + utricle; BRN: brain; HRT: heart; SWB: swim bladder; IE: inner ear. 
*,**,***,*** mean increasing levels of significance. 

Based on the Cts values, it can be inferred that Ppp3r1a, Ppp3r1b, Cnrip1a, and Plek 
have a medium expression, while Cnrip1b has a low expression in these tissues (Supple-
mentary Table S4). The DeltaCt values were used to compare the expression levels be-
tween the genes and tissues (Figure 2A,B, Supplementary Table S3). 

3.2.1. Inner Ear and Neuroepithelium (Lagena + Utricle) Expression 
In the IE sample, as expected, the gene used as the control/reference, Slc1a3a (Figure 
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Ppp3r1b, which may indicate a possible role in hearing considering that the expression 

Figure 2. RT-qPCR and transcriptome data analysis of the DFNA58 genes and the reference/control
genes. (A,B) Comparison of the level of expression of each gene in each tissue using 1/deltaCt
values (RT-qPCR). (C–G) Relative quantification (delta-delta Ct of Pfafll [45]) regarding each DFNA58
gene (other genes in the Supplementary Figure S1) in different tissues of the adult zebrafish (lagena
+ utricle as the reference sample, the other tissues being fold of its expression). In (H–L), results
of the reanalysis of data from transcriptomes, comparing the expression levels of genes from the
DFNA58 locus and the reference genes regarding the zebrafish inner ear hair cells (HC) and their
nonsensory surrounding cells (nsSC) in (H) and regarding the DFNA58 genes in the microglia [35],
liver [34], and inner ear cells [25], as made available for public access by authors for reanalysis as part
of open science. LG + UT: lagena + utricle; BRN: brain; HRT: heart; SWB: swim bladder; IE: inner ear.
*,**,***,**** mean increasing levels of significance.

Based on the Cts values, it can be inferred that Ppp3r1a, Ppp3r1b, Cnrip1a, and Plek have
a medium expression, while Cnrip1b has a low expression in these tissues (Supplementary
Table S4). The DeltaCt values were used to compare the expression levels between the
genes and tissues (Figure 2A,B, Supplementary Table S3).
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3.2.1. Inner Ear and Neuroepithelium (Lagena + Utricle) Expression

In the IE sample, as expected, the gene used as the control/reference, Slc1a3a
(Figure 2A,B), showed the highest expression, followed by the candidate genes, Ppp3r1a
and Ppp3r1b, which may indicate a possible role in hearing considering that the expression
observed was higher compared to the known HL genes, Eya4, Gsdmea, Gsdmeb, Gab1, and
Mettl13. The expression of the Elavl4 and Pou4f1 genes, known to be important in the
neuronal process of hearing [31,43], were lower compared to the other genes. This could
be due to an unexpressive portion of the neuronal tissue collected in our samples. Plek
also showed expression in the IE, being slightly lower than that observed in Elavl4, while
Cnrip1a showed a higher expression than Eya4 and Mettl13, but lower than Gsdmea, Gsdmeb,
and Gab1. Among all the DFNA58 genes studied in the zebrafish inner ear, Cnrip1b was the
one with the lowest expression (Figure 2A,B).

Specifically analyzing the neurosensory epithelium (lagena + utricle), the expression
of the Pou4f1 gene, a neuronal marker with an important expression in the statoacoustic
ganglion, stood out [31]. Then, in decreasing order of expression, there were Slc1a3a and
Elavl4, followed by the candidate genes, Ppp3r1a, Ppp3r1b, and Cnrip1a (Figure 2A,B). It
should be noted that, although the expression of these three candidate genes was lower than
that observed in the IE, in the neuroepithelial structures, a probably higher expression was
suggested by the results, compared to the other established HL genes, Eya4, Gsdmea, Gsdmeb,
Gab1, and Mettl13 (Figure 2A,B). Cnrip1b was also the one with the lowest expression,
while Plek showed an expression level similar to well-established genes related to hearing.
Furthermore, from the observation of the expression of these genes in the lagena + utricle
of the adult zebrafish, these genes were more expressed in the sensory neuroepithelium
compared to the whole ear, which may be suggestive of an expression exclusive to the
sensory neuroepithelium.

3.2.2. Other Tissues Expression

RT-qPCR analyses of the brain samples (Figure 2A,B) showed, as expected, a high
expression of the Elavl4 gene, followed by the candidate genes, Ppp3r1a, Ppp3r1b, and
Cnrp1a, which may indicate an association of these three genes with neuronal cells, since
the expression pattern observed was higher than for the Slc1a3a and Pou4f1 genes, known
for their expression in the IE and sensory neurons, respectively. Cnrip1b and Plek were the
ones with the lowest expression, but superior to some of the genes associated with HL.

In the heart (Figure 2A,B), again, the Ppp3r1b gene showed the highest expression
among the analyzed genes, followed by Gab1, Slc1a3a, Plek, and Ppp3r1a. The lowest
expression gene was Cnrip1b. The Pou4f1 gene transcript was not detected.

In addition, in the swim bladder (Figure 2A,B), the Ppp3r1b gene showed the highest
expression, followed by the Gab1, Mettl13, Ppp3r1a, and Slc1a3a genes. The neuronal marker
Pou4f1 showed an expression similar to the HL genes (Gsdmea and Gsdmeb), while the
candidate genes, Plek, Cnrip1a, and Cnrip1b, showed expression levels similar to Elavl4
levels. In this organ, the lowest expression gene was Eya4.

3.3. Comparison by RT-qPCR of Each Candidate/Target Gene between the Neuroepithelium (Lagena
+ Utricle) and the Different Zebrafish Tissues

To quantify the levels of mRNA expression of each gene studied in the different
tissues, our target tissue (lagena + utricle) was used as a normalizing reference sample
through the deltaCT relative quantification method, proposed by Pfafll [45] (Figure 2C–G,
Supplementary Figure S1, and Supplementary Table S5).

Ppp3r1a and Ppp3r1b (Figure 2C,D) exhibited a higher expression in the brain compared
to all the other tissues analyzed, with an expression of 3.6X and 5.5X, respectively, higher
than the lagena + utricle. A more significant differential expression in the lagena + utricle
compared to the inner ear was observed for Ppp3r1a than for Ppp3r1b (0.31X and 0.67X,
respectively). Whereas for Ppp3r1a, the lagena + utricle is second in terms of the highest
expression; for Ppp3r1b, expression was more significant in the swim bladder and the heart.



Genes 2022, 13, 2274 15 of 28

Cnrip1a and Cnrip1b (Figure 2E,F) showed an even higher expression in the brain,
compared to the lagena + utricle, of 5X, and 9.76X, respectively. The expression of both
Cnrip1a and Cnrip1b in the lagena + utricle was also highlighted, because, although it was
not as robust as that observed in the brain, it is considerably higher when compared to other
tissues, especially in the IE (0.12X Cnrip1a and 0.07X Cnrip1b) (Figure 2E,F), suggesting
the existence of a relevant gene function for these two specific tissues, the brain, and
lagena + utricle.

Plek showed a similar expression in the lagena + utricle, brain, and heart, contrasting
with the lower expression presented in the swim bladder and inner ear. However, there
was a less expressive difference compared to the other candidate genes, indicating a more
ubiquitous rather than differential expression between the investigated tissues (Figure 2G).

As for the other genes already consecrated as being important to hearing (Supplemen-
tary Figure S1 and Supplementary Table S5), Slc1a3a was, as expected, more expressed in
the sensory neuroepithelium than in the other tissues, which includes both the IE (0.14X)
and the brain (0.15X), a scenario similar to that observed for Eya4 (brain 0.01X and inner
ear 0.16X) and Pou4f1 (brain 0.08X and inner ear 0.02 X). Pou4f1 had such a high expression
in the lagena + utricle that its expression in the heart was contemptible, an organ in which
Pou4f1 has been shown to have relevant expression during embryonic development [43].
Although there were no reports on its possible function in the IE of zebrafish, it is known
that in mice it is associated with the development of spiral ganglion neurons [52]. Since the
Elavl4 gene is a marker of sensory neurons, it was not surprising that its expression in the
brain was 7X higher than the lagena + utricle, but the higher expression in the inner ear
(0.27X) compared to the heart (0.03X) and swim bladder (0.02X) was not expected. On the
other hand, Gab1 showed a higher expression in the lagena + utricle, but not significantly
concerning the brain (0.87X) and the IE (0.78X). However, their expression in the swim
bladder was almost 5X higher than in the lagena + utricle, similar to what was observed
for its modifier gene Mettl13 (3X), which might suggest that the pathway they share in
hearing is also relevant for the swim bladder of the fish. Another interesting fact was that,
in the heart, these expression levels were inverted; Mettl13 had a low expression when
compared to the lagena + utricle, as well as in the IE. Finally, the Gsdmea and Gsdmeb genes
exhibited similar expression patterns between the lagena + utricle and the IE, while in the
other tissues the expression of both was significantly lower.

3.4. Reuse of Transcriptome Data in Zebrafish

A reanalysis of zebrafish transcriptome data (RNA-seq) was performed regarding the
DFNA58 genes’ expression and the same control/reference genes, obtained from three
different studies (Supplementary Table S5, Figure 2H–L).

Barta et al. [25] used four adult fish (11–13 months), transgenic for the GFP gene under
the Pou4f3 promoter, to compare the expression profiles between 1000 GFP+ HCs with
their stereocilia bundles and 1000 nonsensory GFP cells surrounding them (nsSC) from the
lagena, saccule, and utricle (Figure 2H).

The microglial expression data came from Oosterhof et al. [35] that used 3-month-
old neuro-NTR/mpeg1-GFP transgenic specimens (Figure 2I–L). As an expression control
tissue, liver mRNA expression data from 3-year-old adult animals were used from Baumgart
et al. [34] (Figure 2I–L).

Except for Cnrip1b, all the other candidate genes show relevant expression in the
IE cells, whether HCs or nsSC (Figure 2H–L). In decreasing order of expression in the
HCs, we have Cnrip1a, Ppp3r1b, Ppp3r1a, and Plek (Figure 2I–L). On the other hand, in
the nsSC, in decreasing order of expression we have Ppp3r1b, Ppp3r1a, Plek, and Cnrip1a
(Figure 2I–L). The most promising results appeared for Cnrip1a which was highly enriched
in the HCs (RPKM 52X), differentially expressed, relative to the nsSC (RPKM 0.92X) similar
to that observed for Eya4, Pou4f1, and Slc1a3a (Figure 2H). There were also differences in
expression between the HCs compared to the surrounding cells, but not significant for
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Ppp3r1a (RPKM of 6.99 vs 3.72), Ppp3r1b (RPKM of 10.63 vs 12.80), and Plek (RPKM of
2. 65 vs 1.4) (Figure 2I–L).

Regarding the control genes, Eya4, Slc1a3a, and Pou4f1 showed a high expression in
the HCs, with Pou4f1 being specific to this cell type. Gsdmea was not expressed in either cell
type. The other genes did not show great differences in expression (Figure 2H). Comparing
the expression of the DFNA58 genes observed in the IE, microglia, and liver, the robust
expression of Plek and Ppp3r1b in the microglia compared to the total IE cells stood out
(Figure 2I–L). DEGs between different cell groups of the same organ or tissue are more
likely to play prominent roles. Using the table of these genes, created by Barta et al. [25],
where a Fold difference (Log2) greater than 1.6 between the HC and nsSC indicates a
differentially expressed gene, Cnrip1a and the reference genes, Eya4, Slc1a3a, Pou4f1, and
Mettl13, were found to be differentially expressed (Supplementary Table S5).

Both the zebrafish transcriptome data and the RT-qPCR analysis highlighted the Cn-
rip1a gene in terms of its differential expression among the neuroepithelium cells, especially
the HCs. Ppp3r1a/b, despite also being expressed in the sensory epithelia of the IE, had a
more significant expression in the neuronal pathway accompanied by Plek.

3.5. In Situ Hybridization and Immunofluorescence of Zebrafish

Given that both RT-qPCR and transcriptome analysis indicated the Cnrip1a gene as the
best, as well as a promising candidate, a better location of its expression according to the IE
structures was pursued. At 5 dpf, in situ hybridization labeling for Cnrip1a was observed
in the brain regions (telencephalon, forebrain, midbrain, and hindbrain), liver, intestine,
swim bladder, and pancreas. However, no labeling was detected at the otic vesicle for the
Cnrip1a gene in this larval stage (Figure 3A). In the juvenile specimen of 30 dpf, in addition
to the regions already identified in the larval stage, expression was also observed in the
IE, from the superior region (semicircular canals) to the inferior region (saccule, utricle,
and lagena) (Figure 3B). To facilitate the identification of the labeled structures, schematic
representations of the IE and its developmental precursors, in addition to the lateral line, a
sensory organ that contains the same cell types as the IE neuroepithelium, were shown in
Figure 3C–I.



Genes 2022, 13, 2274 17 of 28Genes 2022, 13, x FOR PEER REVIEW 18 of 29 
 

 

 

 
Figure 3. Expression and localization analysis of Cnrip1 in the zebrafish. In (A) and (B) zebrafish in 
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telencephalon and forebrain (*) and midbrain (M) and hindbrain (H) brain regions, and heart (HRT) 
are indicated. The area delimited in yellow dotted in the larger figure and zoomed in on the smaller 
figure, refers to the otic vesicle (OV) in (A) and IE in (B). In both figures, at zoom (5X magnification) 
the OV dotted in green is shown; in red, the semicircular canals; yellow arrow: posterior saccular 
otolith; black arrow: utricular anterior otolith; white arrows: position of the semicircular canals. 

Figure 3. Expression and localization analysis of Cnrip1 in the zebrafish. In (A,B) zebrafish in situ
hybridization results in a lateral section of specimens with 5 dpf and 30 dpf, respectively. The
telencephalon and forebrain (*) and midbrain (M) and hindbrain (H) brain regions, and heart (HRT)
are indicated. The area delimited in yellow dotted in the larger figure and zoomed in on the smaller
figure, refers to the otic vesicle (OV) in (A) and IE in (B). In both figures, at zoom (5X magnification)
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the OV dotted in green is shown; in red, the semicircular canals; yellow arrow: posterior saccular
otolith; black arrow: utricular anterior otolith; white arrows: position of the semicircular canals.
Scale bar: 500 µm (5 dpf) and 100 µm (30 dpf). (C–I) Schematic representation of the auditory
sensory organ of zebrafish in larval (OV) and adult (IE) stage 5, as well as line lateral (LL) and its
neuromasts. (C) Dorsal view of the head region with eyes in black. The OV and the anterior (CA)
and posterior (PC) canals are represented by the black outlines; dotted orange line: the medial wall
of developing otocyst; gray: otoliths. (D) Representation of the OV of a larva and the epithelial
structures around which the semicircular canals are formed. (E) Cross section of IE neuroepithelium
(anterior macula): HCs in green, SCs in orange, and the apical part of the epithelium is bathed by
endolymph. (F) Longitudinal diagram of a neuromast showing the different cell types that compose
it, quite similar to the IE. (G) Schematic representation of a larva with the location of the anterior
(ALL) and posterior (PLL) LL; orange/green: arrangement of neuromasts; red: ganglia that receive
the innervations from the neuromasts of each LL. (H) Representation of the IE of adult zebrafish.
(I) Side view of an adult zebrafish. The schematic representations in the figures were designed/drawn
taking as models/references the illustrations from [9,53–56]. (J–L) Immunofluorescence of a zebrafish
specimen (4 dpf) with anti-cnrip1 labeled in green and cell nucleus in blue (DAPI). (J) Top/front view
of the full extent of the specimen. Scale bar: 500 µm. (K) Zoom (200 x) of the head region. Highlighted
are the brain regions M, P, and R, the OV, and the olfactory bulb (white star). (L) Zoom (200 x) of
the final portion of the tail, highlighting LLP and its neuromasts (yellow circles). (M–O) Superior
dorsal view of the head. In red, we have the phalloidin labeling showing the actin filaments. White
arrow: eyes. Scale bar: 100 µm. Images were analyzed with a Zeiss LSM 780 confocal microscope and
captured with ZEN software. VO: otic vesicle; LL: lateral line; BRN: brain; WEB: Weber’s ossicles;
IE: inner ear; SWB: swim bladder; HRT: heart; MA: anterior macula; LAG: Lagena; UT: utricle; SAC:
saccule; SAG: statoacoustic ganglion; mc: medial crest; Cp: mc posterior crest; pm: posterior macula;
ANT: anterior semicircular canal; POST: posterior semicircular canal; CC: central semicircular canal;
LAT: lateral semicircular canal; SUP: upper pars; INF: lower pars.

Regarding the immunofluorescence assays, due to the great similarity of the Cnrip1a
and Cnrip1b-encoded proteins and the available antibodies, it was not possible to use
a specific anti-Cnrip1a antibody. In Figure 3J–O, it is observed that the anti-Cnrip1a/b
antibody labeled the neuronal network located throughout the body and head of the
specimen. In addition to the expression in the peripheral sensory innervation, the proteins
were also detected in the innervation of the otic vesicle, eyes, and the network of the
neuromasts. Based on the identification of the neuromasts along the lateral line and head
of the larval specimens, the schematic representation characterized by Haehnel-Taguchi
et al. [57] as shown in Figure 3G, it was also possible to observe the expression of the
proteins encoded by the Cnrip1a/Cnrip1b genes in the 4 dpf larvae in the head and lateral
line neuromasts.

3.6. Expression Analyses in Mice

Among the mouse transcriptomes studies reanalyzed regarding our candidate genes,
Hertzano et al. [36] characterized the gene expression profile of eight cochlear cell types,
separated with flow cytometry, using an expression array containing 24,000 RefSeq genes
annotated at the time and more than 7000 predicted genes. They obtained 3000 genes
differentially expressed between the different cell types, among which only Cnrip1 appeared
(neither Ppp3r1 nor Plek), as well as our following reference genes, Slc1a3 and Eya4. Among
the tissues analyzed, Cnrip1 showed a higher expression, in decreasing order: mesenchymal,
neuronal, blood, and sensory. Whereas Slc1a3 displayed a higher sensory than neuronal
expression. The other studies, here reanalyzed, used RNA-seq analyses to compare the
expression levels between the hair cells (inner hair cells vs. outer hair cells) and between
the supporting cells (Deiters vs. Pillars) of adult mice [30] or between the spiral ganglion
neurons of mice of different ages [31,32]. In Figure 4A–D, the RPKM/TPM plots displayed
were constructed with the studies mentioned above, regarding the DFNA58 candidate
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genes (Cnrip1, Ppp3r1, Plek) and the control/reference genes (Eya4, Gsdmea, Gsdmeb, Pou4f1,
Elavl4, Sclla3a, Gab1, and Mettl13).

1 
 

 

Figure 4. Reanalysis of transcriptome data from different studies. (A,B) as made available for public
access by authors Li et al. [30], (C) Li et al. [31] for reanalysis as part of open science. (D) RT-qPCR of
whole murine cochlea, (E) Western blotting of whole murine cochlea.

The highest expression was detected for Ppp3r1, followed by Plek and Cnrip1. For
Cnrip1, no great expression was observed in the inner (RPKM = 0.11) or outer (RPKM = 0.24)
hair cells, being more enriched in the supporting cells Deiters (RPKM = 0.85) and Pillars
(RPKM = 0.61). Ppp3r1 showed the highest expression, but not significantly different among
all cell types (IHC RPKM = 17.34, OHC RPKM = 9.95, pillar cells RPKM = 14.64, and Deiters
cells RPKM = 29.84). Plek, in turn, had a higher expression in the supporting cells (pillars
RPKM = 1.97, Deiters RPKM = 1.32) compared to the hair cells (IHC RPKM = 0.0, OHC
RPKM = 0.15) (Figure 4A, Supplementary Table S6, data from Li et al. [30]). Although
there were differences in the expression levels between the cell types studied in the cochlea
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(supporting cells and hair cells), none of the DFNA58 genes (Cnrip1, Ppp3r1, and Plek)
showed a significant differential expression (Fold difference of 1.6X or more). The same
pattern was observed for some of the studied reference genes, except for the Slc1a3 gene,
which was the only one that was revealed to be differentially expressed in the IHC compared
to the OHC (2X Fold difference), as well as in the Pilar cells compared to the Deiters (Fold
difference of 5.27X) (Figure 4B, Supplementary Table S6, data from Li et al. [30]).

As for the transcriptome data from Li et al. [31], in the SGN, the genes with the highest
expression in descending order in P1 were: Elval4, Eya4, Ppp3r1, Pou4f1, Cnrip1, and Gab1;
and in P30: Elval4, Eya4, Pou4f1, Ppp3r1, Gab1, Cnrip1, and Gsmde/Dfna5. Plek and the other
deafness/hearing genes showed very low levels of expression at both ages (Figure 4B).
Cnrip1 maintained appreciable levels of expression at all ages in the SGN, being higher
in P1 (TPM = 1279), both concerning the embryonic period (TPM = 518) and the period
before the onset of hearing (P8/TPM = 893 and P14/TPM = 660), and the adult period
(P30/TPM = 585), which is different from what was observed for the hair cells, with a
low expression detected in P12. In the P8 glia (TPM = 322), it also showed appreciable
expression, but lower than the SGN (TPM = 893) (Figure 4B). Ppp3r1 was expressed both
in the HC (P12/TPM = 565) and in the glia (P8/TPM = 999) and for different ages in
the SGN (E15.5/TPM = 592, P1/TPM = 2191, P8/TPM = 2927, P14/TPM = 1187, and
P30/TPM = 1339), although differentially higher in P1 (Figure 4B). Plek showed reduced
expression in the glia (P8/TPM = 1.33) and lower in the HC at P12, and, despite having a
higher expression in the SGN at different ages, it is lower when compared to Cnrip1 and
Ppp3r1 (Figure 4B).

To sum up, the data of mouse inner ear transcriptomes also showed that the three
DFNA58 candidate genes are expressed in spiral ganglion neurons, present but less sig-
nificant in the sensory or supporting cells of the cochlea, and that the expression levels of
Cnrip1 and Ppp3r1 are higher than that of Plek in these cells, differences that fall with age.
Thus, the difference is significant for Ppp3r1 concerning Plek in P1 (3.5X) and P30 (2.7X) and
for Cnrip1 concerning Plek in P1 (2.5X), an expression similar to that observed by Lezirovitz
et al. [33] regarding in situ hybridization results.

To corroborate the data obtained with the reuse of the transcriptomes, RT-qPCR
analyses were performed to quantify the transcripts of the Cnrip1, Ppp3r1, and Plek genes
in the murine cochlea, neonatal period, and at about four weeks old. Among the three
genes, a difference in the transcripts’ levels was observed, but, while Plek tended to display
increased expression with age, Ppp3r1, and Cnrip1 tended to decrease, and for these last two,
this difference is statistically significant, more relevant for Cnrip1 (Figure 4C). Accordingly,
the protein levels of Cnrip1 decreased with age (Figure 4D).

4. Discussion

Since the DFNA58 locus mapping [8] and the identification of its candidate genes,
CNRIP1, PPP3R1, PLEK, and uncharacterized lncRNA genes [33], efforts have been focused
on revealing their participation in autosomal dominant HL. In the previous paper, their
expression in the patients’ blood and in the murine inner ear highlighted CNRIP1 and two
of the lncRNA genes as the best candidates, but the others were not ruled out [33]. Thus, a
long way still remains to be able to conclude which one, or if more than one, is related to
the pathophysiology of hearing loss in this family.

4.1. No Evidence of Additional Genes Affected by the Duplication

In the paper describing the DFNA58 duplication, the pieces of evidence from the fusion
transcripts detected in the carriers’ blood suggested that its insertion position could be at 3’
downstream of the wild-type location of the PPP3R1 gene. Here, we determined that its
insertion position was in an intergenic region (between PLEK and FBXO48) and without the
disruption of the chromatin topological domains. Thus, regarding the protein-coding genes,
there was no evidence to support a direct effect on PPP3R1 expression, given that neither a
complete duplicated copy nor a disruption of its wild-type copy is present. These findings
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should refine the candidate protein-coding genes to CNRIP1 and PLEK. However, given the
existence of lncRNA in the duplication segment, without murine or zebrafish orthologues,
PPP3R1 remained a possible indirect candidate through its expression modulation by one
of these lncRNA genes. The Ppp3r1 gene has three different transcripts, each encoding
proteins with different lengths (170 aa, 189 aa, and 160 aa), but also differing regarding
their exon 1. Exon 1 from all three transcripts is involved in the duplication and contains
the promoter. Exon 1 of the 170 aa transcript has only the initiation codon, exon 1 of the
160 aa has only UTR, but the exon 1 of the 189 aa has a few coding bases. In case these
exons 1 were transcribed, nonsense-mediated decay should probably eliminate them as
aberrant transcripts, avoiding a dominant-negative effect.

Thus, it was possible to conclude that it was not the insertion position of the duplica-
tion that allowed the PCR detection of the PPP3R1-CNRIP1 fusion transcripts, as described
in the previous paper by Lezirovitz et al. [33]. Another hypothesis might be that these aber-
rant transcripts were circular, as seen in several types of cancer, allowing their amplification
using primers in opposite directions. The duplication first caused the juxtaposition of gene
sequences that would otherwise be distant or in another order, and, secondly, the tran-
scription of mature fusion mRNAs [58]. Guarnerio et al. [59] hypothesized that unrelated
intronic sequences distant from the relocated genes would also have been juxtaposed. As a
consequence, complementary repetitive sequences (e.g., Alu-sequences) could be placed
close enough to favor new back-splicing events during the RNA maturation process, which
would result in the generation of aberrant RNAs [60–63].

4.2. CNRIP1, PPP3R1, and PLEK Function Could Potentially Be Important for Hearing

Considering the plethora of functions already described concerning deafness genes and
the functions of the three candidate genes, all three should be considered good candidates.

The Human CNRIP1 gene encodes two protein isoforms, CRIP1a (164 aa) and CRIP1b
(128 aa), which are identical from amino acids 1 to 110, differing from that position. CRIP1a
is conserved in vertebrates [64], while CRIP1b is restricted to certain primates [65]. Both
human isoforms are known for their interaction with the cannabinoid receptor 1 (CB1
or CBR1), which belongs to the family of G protein-coupled receptors, with the primary
function of transducing extracellular stimuli into intracellular signals [66]. CRIP1a sup-
presses the tonic inhibition of voltage-gated calcium channels mediated by the CB1 receptor,
whereas CRIP1b does not have this effect [67]. It should be noted that different studies
have sought to identify other possible roles of these proteins in cell signaling and synaptic
plasticity [66,68–70]. In zebrafish, a teleost fish, there are two orthologs to the human
CNRIP1 gene derived from a genomic duplication, Cnrip1a (chromosome 1, 1420 bp) and
Cnrip1b (chromosome 13, 1015 bp). The two paralogous genes (Cnrip1a and Cnrip1b) show
a 72% similarity between them in the coding region, resulting in a 93% similarity between
the proteins, with differences mainly in the 28 amino acids of the N-terminal region. The
proteins encoded by both orthologs are most similar to the human CRIP1a protein [64]
[BLAST/NCBI]. Suppression of this gene expression has been reported in numerous types
of cancer [71].

Calcineurin B (Cnb1), encoded by the PPP3R1 gene, is a calcium-dependent ser-
ine/threonine phosphatase protein that is stimulated by calmodulin, which gives it sensitiv-
ity to calcium. It has already been observed in the cochlea, among other organs, that excess
calcium causes cell death through a series of pathways that include calcineurin [72–74]. A
study of survival-associated lung adenocarcinoma gene signatures found PPP3R1 as one of
10 survival-associated genes, exhibiting an inverse association between mRNA levels and
risk of death; that is, the higher the expression, the lower the risk of death. Furthermore, by
RNA-Seq, a fusion between PPP3R1 and CNRIP1 genes was observed both in noninvolved
tissue and in lung adenocarcinoma tissue [71]. While in humans, the PPP3R1 gene has
3023 bp and its protein 170 aa, in zebrafish the homolog Ppp3r1a, located on chromosome
13, has 1203 bp and a protein of 175 aa (Ensembl and Blast/NCBI). Ppp3r1b, on the other
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hand, is located on chromosome 1, has 2795 bp, and its protein is 170 aa (ensembl.org).
Both zebrafish proteins show about a 99% similarity with the human protein.

In humans, the PLEK gene has 32,281 bp that encodes pleckstrin, a 350 aa protein that
constitutes the main substrate of protein kinase C in blood platelets in platelet activation [75,76].
In zebrafish, the Plek ortholog is located on chromosome 13, has 1902 bp, and has a protein
with 352 aa (NCBI). Human pleckstrin shows about a 67% similarity to the zebrafish protein
(https://blast.ncbi.nlm.nih.gov/Blast.cgi10, accessed on 6 June 2019). The role of pleckstrin
is pointed out in several pathways of cellular interaction, among them the phosphorylation
and heterologous desensitization of β-adrenergic receptors. It has already been observed
that it can inhibit phosphoinositide hydrolysis induced by activating agonists of G protein-
coupled receptors and growth factor receptors [77,78]. Furthermore, its overexpression
in primary or transformed cells leads to an alteration in lamellipodia-like pseudopodia
mediated by the organization of the actin cytoskeleton [79]. Lamelipodia resemble HCs
stereocilia and their product interacts with radixin that has been associated with HL in
humans and mice [79,80].

4.3. Expression Analyses in the Inner Ear

The genes associated with hearing loss in humans and mice show varied patterns of
expression. There are those genes whose expression is practically exclusive to the inner
ear. In other cases, they are ubiquitously expressed in many different tissues, although they
may have some specific function in the cochlea; or there is a redundancy of function with
other genes in other tissues, but not for the cochlea. Current studies on genetic hearing
loss often report that these genes are highly expressed in the brain, as hair cells share
similar characteristics with neurons, in addition to the presence of the neurons themselves
that innervate the hair cells, whose cell bodies form the spiral ganglion [81]. In zebrafish,
something similar occurs, where the sensory hair cells present in their auditory organs
make up the neuroepithelium [10].

Generally, our expression data regarding the variety of tissues where these genes
have been described are in agreement with the literature and databases (Supplementary
Table S7). Differently expressed genes between different cell groups of the same organ or
tissue are more likely to play prominent roles. The high expression identified in the brain
of the Cnrip1a/b and Ppp3r1a/b genes supports a more relevant expression in neuron-rich
tissues. The transcriptome reanalysis validates the RT-qPCR, in which the Cnrip1a gene,
orthologous to Cnrip1, showed a significantly differential expression being enriched in the
hair cells. Even though the Ppp3r1a gene also showed a higher expression in the hair cells,
it was not as remarkable. Besides, unlike the Cnrip1a gene which was more expressed in the
sensory epithelium of the lagena + utricle, Ppp3r1a/b were shown to be expressed in a wider
variety of tissues, suggesting some role in hearing, although possibly similar to other tissues
with an important neural component, but not related to cellular specializations typical of
auditory physiology. Finally, the Plek gene that did not show significant expression levels
in the individual and/or inner ear sensory epithelium did not suggest an important pattern
in hearing.

In situ hybridization in zebrafish is a widely used method in the studies of candidate
genes for hearing loss, because of the transparency of the specimens, as well as the easy
visualization of the otic vesicle at stage 5 dpf and the complete development of the inner
ear only at 30 dpf, which provide quick answers to questions related to whether or not the
candidate gene is expressed in the target tissue. This application of in situ hybridization was
very well exemplified in the study by [82] in which the candidate gene Ncoa3 showed a large
expression practically restricted to the sensory neuroepithelia. Our in situ hybridization
analyses evidenced the diversity of organs in which Cnrip1a is expressed, in agreement
with what was observed by Fin et al. [64]. They described the expression in the brain, heart,
and swim bladder between 1 to 3 dpf. Our in situ hybridization and immunofluorescence
data are also in agreement with those observed by Oltrabella et al. [83], who reported the
conservation of Cnrip1 gene expression in the neuronal network among different vertebrate
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species and also with what was described by Fin et al. [64], whose expression of Cnrip1a
was evidenced in the regions of postmitotic neurons, covering the brain, neuromasts, and
possible ganglia of the head region. The authors performed in situ hybridization assays
from embryos with 10 hpf to 48 hpf. In this study, Fin et al. [64] also analyzed the labeling
for Cnrip1b and observed that, between the developmental stage of 24–48 hpf, there was a
divergence in the expression of Cnrip1b compared to that observed for Cnrip1a. Therefore,
the authors concluded that both genes have a differentiation in terms of their expressions,
suggesting that they could have different functions.

Through the reuse of transcriptome data from mice, we observed that Cnrip1 and
Plek in the hair cells presented a differential expression in comparison to their neighbors,
being higher in the latter. The Cnrip1 gene already stood out in terms of expression in the
spiral ganglion neurons, where it was found to be differentially expressed between the two
types of neurons (higher in type II), corroborating all the findings published in Lezirovitz
et al. [33]. The differential expression between type I and type II neurons, being more
abundant in type II neurons, as verified in Lezirovitz et al. [33], was also identified for the
reference genes, Gsmde/Dfna5 (0.267294349119519) and Pou4f1 (0.00242505110388543) [32].
Interestingly, all three expressed at higher levels in type II neurons than in type I, which
corresponds to 5% and 95% of SGN neurons, respectively. Furthermore, Cnrip1 also
appeared as one of the differentially expressed genes among the different cell types of the
inner ear identified by HERTZANO et al. [36] in Cluster 6. This cluster is composed of
genes that show a high expression in the sensory epithelium and a high relevance in the
gene ontology of the extracellular matrix. Of the hearing loss genes that fell into the same
cluster as Cnrip1, we have the Coch that encodes cochlin, a component of the extracellular
matrix that is highly abundant in the cochlea and vestibule.

The present mRNA and protein results obtained from mice cochlea regarding Cnrip1
corroborate the transcriptome data in which a decrease in the expression level in spiral
ganglion (SGN) neurons from age P1 (neonates) to age P30 is observed (adults). This fact
favors the hypothesis initially formulated that the duplication-driven overexpression of a
gene, specifically in adulthood when this expression should not be decreased, could be the
underlying cause of hearing loss in the DFNA58 family.

The International Mouse Phenotyping Consortium, whose goal is to generate knockout
mice for all genes, recently updated the phenotypic data for the Cnrip1 gene knockout
mouse (https://www.mousephenotype.org/data/genes/MGI:1917505/# order, accessed
on February 2021). They performed a hearing assessment in mice, using ABR (auditory
brainstem response), at around 14 weeks of age and did not observe significant differences
when compared to wild animals, as well as any other phenotypic change. This is in
agreement with the study carried out by Fin et. al. [64], who also did not observe phenotypic
changes (in terms of eyes, brain, spinal cord, muscles, notochord, fins, pigmentation, swim
bladder, mandible, intestine, and in the shape and size of specimens) in Cnrip1a and
Cnrip1b double knockout zebrafish, although hearing in fish has not been evaluated. Thus,
it remains to be determined whether there would be hearing impairment and at what age
in the case of the overexpression of the Cnrip1 gene in the cochlea. However, there are no
publications about it so far.

5. Conclusions

Our data support Cnrip1 as the most significant candidate to play a role in hearing.
Even though PPP3R1 represented the second-best candidate for DFNA58, given that it has
only exon 1 duplicated, it is unlikely to participate in the phenotype.

In addition, the findings from both mice (Cnrip1), where the expression of these genes
was more closely present in the spiral ganglion neurons, and from zebrafish (Cnrip1a),
suggest that the gene has a relevant function due to the expression levels in cells important
to the hearing physiology. However, this function in fish is exercised in the HCs and, in
mammals, in the spiral ganglion neurons, and may or may not be distinct. Due to the
difficulty in anatomically locating the statoacoustic ganglion of zebrafish for dissection and
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RNA extraction, it is not possible to say precisely that the Cnrip1a gene does not also play
an important role in these cells; however, its importance in hearing seems to have remained
conserved.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13122274/s1,; Supplementary Table S1: List of Zebrafish
ages, tissues used, and the amount of each one shown in parentheses; Supplementary Table S2: List
of primers used for real-time quantitative PCR analyses; Supplementary Table S3: List of primers
used to perform the amplification of the cDNA that was used as a template for the transcription
of the sense and antisense RNA probes in the in situ hybridization experiments; Supplementary
Table S4: Cycle Threshold (Ct) values of the different genes among the different zebrafish tissues
under analysis; Supplementary Table S5: Relative quantification of each gene in the different tissues
analyzed in zebrafish; In the last column, genes differentially expressed between hair cells and their
surrounding cells, among those studied by us, are highlighted studied in zebrafish; Supplementary
Table S6: RPKM values of the Li et al. [30] study performed with mice; Supplementary Table S7
Gene expression of literature data regarding genes and tissues studied in zebrafish. Supplementary
Figure S1: Expression analysis (RT-qPCR) of the reference/control genes in the adult zebrafish
tissues [84–96].
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