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Abstract

Inherited hearing impairment is a remarkably heterogeneous monogenic condition, involving hundreds of genes,
most of them with very small (< 1%) epidemiological contributions. The exception is GJB2, the gene encoding con-
nexin-26 and underlying DFNB1, which is the most frequent type of autosomal recessive non-syndromic hearing
impairment (ARNSHI) in most populations (up to 40% of ARNSHI cases). DFNB1 is caused by different types of patho-
genic variants in GJB2, but also by large deletions that keep the gene intact but remove an upstream regulatory
element that is essential for its expression. Such large deletions, found in most populations, behave as complete
loss-of-function variants, usually associated with a profound hearing impairment. By using CRISPR-Cas9 genetic
edition, we have generated a murine model (Db 1™ that reproduces the most frequent of those deletions,
del(GJB6-D1351830). Dfnb1¢™?’# homozygous mice are viable, bypassing the embryonic lethality of the Gjb2 knockout,
and present a phenotype of profound hearing loss (>90 dB SPL) that correlates with specific structural abnormalities
in the cochlea. We show that Gjb2 expression is nearly abolished and its protein product, Cx26, is nearly absent all
throughout the cochlea, unlike previous conditional knockouts in which Gjb2 ablation was not obtained in all cell
types. The Dfnb1¢™?’* model recapitulates the clinical presentation of patients harbouring the del(GJB6-D1351830)
variant and thus it is a valuable tool to study the pathological mechanisms of DFNB1 and to assay therapies for this
most frequent type of human ARNSHI.
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Introduction

Inherited hearing impairment is a very heterogene-
ous group of disorders, which differ in their clinical fea-
tures and genetic causes. Hearing loss can manifest as
an isolated condition (non-syndromic hearing impair-
ment, NSHI) or in association with clinical signs in other
organs, as it occurs in hundreds of syndromes. Like-
wise, hundreds of genes are involved in the syndromic
conditions, and over 130 genes in NSHI. All patterns of
inheritance have been reported, with a predominance of
autosomal recessive forms [38]. Given this extreme het-
erogeneity, most of the different subtypes of inherited
hearing impairment have a very small epidemiological
contribution to the whole [19]. A remarkable exception
is DFENBI, which is by far the most frequent type in most
studied populations (up to 40% of all cases of autosomal
recessive non-syndromic hearing impairment, ARNSHI)
[8].

DFNB1 ARNSHI is caused by pathogenic variants that
affect the G/B2 gene, which encodes connexin-26 (Cx26),
a protein of the intercellular gap junctions [27]. GJB2 is
expressed in diverse cell types from many different tis-
sues. In the inner ear, Cx26 is a component of two gap
junction networks: the epithelial network, which couples
all the supporting cells of the organ of Corti, interdental
cells of the spiral limbus, and root cells in the spiral liga-
ment; and the connective tissue network, which couples
fibrocytes and mesenchymal cells in the lateral wall, and
basal and intermediate cells of the stria vascularis. Cx26
is also expressed in type I neurons of the spiral ganglion
[30]. Of note, it is not expressed in the sensory hair cells.
Connexin channels in these gap junction networks play
a variety of roles: i) spatial buffering of potassium ions,
which, after intervening in the transduction of the audi-
tory signal, need to be dispersed through the gap junction
networks to avoid the toxic effects of their accumulation
[24],ii) transport of metabolites, especially glucose [9],iii)
transport of potassium ions within the stria vascularis
for their secretion into endolymph [39], iv) intercellular
transport of inositol 1,4,5-trisphosphate (IP3) and propa-
gation of the subsequent calcium waves, which coordi-
nate the activity of the supporting cells [3]. In addition,
Cx26 hemichannels also participate in purinergic sign-
aling by mediating the release of ATP by the supporting
cells [1]. How the disruption of these diverse functions
contributes to the loss of hearing is still debated [14].

Most pathogenic variants resulting in DFNB1 NSHI lie
within the coding region of GJB2. These include truncat-
ing variants (nonsense mutations, frameshifting small
insertions and deletions) and non-truncating variants
(missense mutations). A few pathogenic variants in splice
sites or in the core promoter have also been reported.
Finally, the spectrum of pathogenic variants also includes
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several large deletions, not involving G/B2 but removing
long DNA stretches far upstream of the gene (reviewed
in [18]). These deletions are thought to remove a cis-
acting regulatory element that would be essential for the
expression of GJB2 in the inner ear ([35, 42]). Deletion
del(G/B6-D13S1830) was the first to be reported [16].
It encompasses 309 kb and eliminates the neighbouring
genes CRYLI, encoding crystallin lambda 1, and GJB6,
which codes for connexin-30 (Cx30), also a component
of the gap junction networks of the inner ear. Deletion
del(GJB6-D13S1830) has been found frequently in sev-
eral populations, where it accounts for up to 8% of all
DENBI pathogenic variants [17].

The degree of hearing loss in DFNB1 NSHI is widely
variable. This is primarily a consequence of the type of
causative mutation, as specific missense variants disrupt
some but not all of the functions that Cx26 plays in the
cochlea, as indicated above. But there must be other fac-
tors, as illustrated by homozygotes for the most common
¢.35delG mutation, whose hearing losses range from mild
to profound [36]. It was hypothesized that this variability
could be due to modifier genetic factors, but the identifi-
cation of these modifiers remains elusive [25]. In spite of
these difficulties, a broad genotype—phenotype correla-
tion could be revealed, as truncating mutations produce
more severe hearing losses than non-truncating muta-
tions. Interestingly, the c.35delG/del(G/B6-D13S1830)
genotype is consistently associated with a more severe
(frequently profound) hearing loss [36].

Given the intricacies and epidemiological relevance
of DENB1 ARNSHI, obtaining a murine model to dis-
sect in detail the DFNBI pathological processes became
an essential objective. The first attempt to analyse a Gjb2
knockout (KO) mouse model generated by gene target-
ing quickly unraveled, because homozygous mutant mice
died in utero at around day 11 post coitum [22]. Such
embryonic lethality is due to the fact that murine Cx26,
unlike its human equivalent, has an essential role in the
transplacental transport of glucose, and maybe other
nutrients, from maternal blood [22]. This difficulty was
circumvented via conditional knockout (CKO) technol-
ogy by the creation of a floxed model, Gjb2*F/<P [15],
that was crossed with mice which expressed Cre recom-
binase under the control of different promoters, driving
Gjb2 ablation in a cell type- or time-specific manner.
Analysis of those models yielded valuable data on the
pathological processes underlying Dfnb1 hearing impair-
ment. However, there were significant phenotypic dif-
ferences among models because it was not possible to
obtain complete Gjb2 ablation in all cochlear cell types
synthesizing Cx26.

In spite of their epidemiological relevance and their
unusual pathogenic mechanism, ie. abolishing the
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expression of an otherwise intact GJ/B2 gene in the
inner ear, no murine model has been constructed to
date for the far upstream large DFNB1 deletions. Here
we report on the design, generation and characteriza-
tion of the first Dfnbl mouse model that imitates the
del(G/B6-D13S1830) deletion. The hearing loss phe-
notype and the cochlear structural changes that we
observed in homozygous mice are discussed in com-
parison with the findings from previous Dfnb1 models.

Table 1 Sequences and coordinates of the guides that were
used for CRISPR edition

Guide RNA sequence (5’-3") GRCm38/mm10 coordinates

G1(Gjb6) ACGGCAGAAGGUGCGCAU chr14:57,124,415-57,124,437
UGAGG

G2 (Gjb6) CUGCCCGAAAGUUUAUAC chr14:57,124,476-57,124,498
GUGGG

G3 (CrylT) CGCCAUGGCAGAUCCGGG  chr14:57,398,443-57,398,465
CCUGG

G4 (CrylT)  GCGGGUCGCGCGCCAGAA  chr14:57,398,505-57,398,527
UAAGG

In bold, PAM sequences
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Materials and methods

Designing RNA guides and testing on Neuro2a murine cells
Selection of RNA guides for CRISPR experiments was
performed by using the Breaking-Cas web tool [32], on
the basis of having the highest arbitrary scores (>95) and
the fewest putative off-targets. To improve the efficiency
of the edition, we used four guides (Table 1). Two guides
were located in exon 3 of Gjb6 and two others in exon 1
of Cryl1 or just upstream, respectively (Fig. 1). The crR-
NAs were purchased from Integrated DNA Technologies
(IDT, Coralville, IA, USA).

A CRISPR assay was performed on murine neuroblas-
toma Neuro2a cells to evaluate the performance of the
guides [23]. First, we verified by Sanger sequencing that
the sequence of each of the four guide targets was indeed
identical in the Neuro2a cell genome. Then, 200,000 cells
were seeded per well in 4 wells of a P24 plate, each well
containing 0.5 mL of complete medium (DMEM, sup-
plemented with 10% fetal bovine serum, without anti-
biotics). Cells were incubated at 37 °C with 5% CO, for
24 h. Cas9-RNP complexes were prepared in four tubes
by adding (per tube): 500 ng of Cas9 protein (Alt-R S.p.
HiFi Cas9 Nuclease V3, IDT, Coralville, IA, USA), 125 ng
of Edit-R tracrRNA (Alt-R CRISPR-Cas9 tracrR, IDT,

Gib2 Gjb6 Cryll
o P
A | ] Ll 1 ! | | | | | -
Ll :I I I 1) T I I 1
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Fig. 1 Deletion engineered at the murine DfnbT locus. A Map of the chromosome 14 region targeted in this study, including genes of interest.
Scissors indicate the localization of CRISPR guides, and arrows show the primers used to test for the deletion (primer arrows not to scale). B
Genomic sequences of Gjb6 exon 3 and Cryl1 exon 1 regions, showing the location of the CRISPR guides, deletion breakpoints and primers
that were used. Exonic sequences appear in blue bold capital letters, primers are highlighted in green background and underlined, and CRISPR
guides are marked with different background colors. The actual breakpoints in each region are indicated by a red zigzag line, as deduced

from the Sanger sequence of A1-B2 breakpoint PCR (bottom)
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Coralville, IA, USA), 125 ng of each of the four crRNAs
(Alt-R CRISPR-Cas9 crRNA, IDT, Coralville, IA, USA),
1 pl of P3000 reagent (Invitrogen, Waltham, MA, USA),
and OptiMEM medium to a final volume of 25 pl. The
mix was incubated for 5 min at room temperature. A
lipofectamine solution (1.5 ul of Lipofectamine 3000
(Invitrogen, Waltham, MA, USA) in 23.5 ul of Opti-
MEM) was added to each tube of the Cas9-RNP com-
plexes. After incubation for 15 min at room temperature,
the final mix was added to the cells (50 pl per well). Cells
were incubated at 37 °C with 5% CO, for 3 days. DNA
was extracted using the High Pure PCR Template Prepa-
ration Kit (Roche, Basel, Switzerland) following the man-
ufacturer’s instructions.

To track the effects of the genomic editing three PCR
assays were developed, using different combinations
of four primers: Al (5-GGGGTCAATGCCACATTT
CAGT-3’), Bl (5-CATTTCTTCCCGGTGTCTCACAT-
3), A2 (5-CGCACCGATTTAAGGCTCTCC-3’) and
B2 (5-CAGTATCCGCTCATGGTTTAATGGT-3’). The
A1-B1 assay amplified the region around the proximal
breakpoint, whereas the A2-B2 assay amplified the region
around the distal breakpoint. The A1-B2 combination
allowed us to check whether the desired deletion had
occurred (Fig. 1).

CRISPR-Cas9 RNP microinjection into mouse fertilized
eggs

A mix of 30 ng/pl of Cas9 mRNA (Dharmacon, Lafayette,
CO, USA) and 15 ng/ul of each sgRNA (crRNA-tracr-
RNA) (Dharmacon, Lafayette, CO, USA) was prepared
in sterile embryo-quality water. The final volume was
adjusted to 50 pl using microinjection buffer (1 mM
Tris—HCI pH 7.5; 0.1 mM EDTA pH 7.5), centrifuged
for 30 min at 14,000 x g at 4°C and kept on ice until use.
Transgenic mice were produced by the CNB-CBMSO
Transgenic Core Facility. RNA was microinjected into
the cytoplasm of B6CBAF2 (Envigo; derived from inter-
crossing BOCBAF1/OlaHsd) fertilized oocytes [26] using
standard procedures [2, 20, 23].

CRISPR reagents were microinjected into 72 mouse
B6CBAF?2 fertilized oocytes. Subsequently, the 27 sur-
viving embryos (37.5%) were transferred into two foster
females, resulting in the birth of 5 (18.5%) newborn mice.

Mouse husbandry

All experimental procedures involving mice were vali-
dated by the local CNB-CSIC and IIBM-CSIC Ethics
Committees on Animal Experimentation. These proce-
dures were then favourably evaluated by the institutional
CSIC Ethics Committee and approved by the Autono-
mous Government of Madrid, in accordance with Span-
ish (RD 53/2013) and European legislation. All mice were
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housed at the registered CNB animal facility, where they
had ad libitum access to food (regular rodent chow) and
water. They were maintained on a light/dark cycle of
08:00—-20:00. Both male and female mice were used indis-
tinctly in the experiments.

Genotyping genome-edited mice

Mouse genomic DNA was extracted from tail biop-
sies (<1 cm) using the High Pure PCR Template Prepa-
ration Kit (Roche, Basel, Switzerland) following the
manufacturer’s instructions. PCR assays to track the
effects of the edition were performed as described for
Neuro2a cells. All positive results were confirmed by
sequencing. Selected positive mice were backcrossed to
C57Bl/6]JOlaHsd (Envigo, Indianapolis, IN, USA) for five
consecutive generations. N5 mice were used to obtain
homozygous mice for the intended deletions.

Auditory function assessment

One month-old, male and female Dfnb1°"*”* homozy-
gous (HOM, n=6, three males and three females), hete-
rozygous (HET, n=12, nine males and three females) and
wild type (WT, n=10, nine males and one female) mice,
in C57BL/6JOlaHsd (Envigo, Indianapolis, IN, USA)
background, were included in the assessment. Control
WT mice were littermates of the HOM mice. Auditory
brainstem responses (ABR) recordings of one month-
old mice were performed on a TDT ABR and DPOAE
acquisition system, with a RZ6 processor (Tucker-Davis
Technologies, Alachua, FL, USA), as reported [5]. In
brief, mice were anesthetized with ketamine (100 mg/
kg; Imalgene 1000; Merial, Lyon, France) and xylazine
(10 mg/kg; Rompun 2%; Bayer, Leverkusen, Germany)
by intraperitoneal injection and the ABR tests were per-
formed in a sound-attenuating chamber. Two different
sound stimuli, clicks and tone bursts, were generated
with SigGenRZ software (TDT). Stimuli were calibrated
using SigCalRZ software and a PCB 377C01 precision
condenser microphone, with a 426B03 preamplifier and
a 480C02 signal conditioner. Click (duration 0.1 ms) and
tone burst (duration 5 ms, 2.5 ms each for rise and decay,
without plateau) at 4, 8, 16, 24, 32 and 40 kHz stimuli
were delivered by a MF1 open field magnetoelectrostatic
speaker (TDT) at 30 (click) or 50 (tone bursts) pulses per
second, and from 90 to 10 dB SPL, in 5-10 dB steps. The
evoked response was collected with stainless steel nee-
dle electrodes placed at the vertex (active), ventrolateral
to the right ear (reference) and tail base (ground), pro-
mediated, and analyzed with BioSigRZ software (TDT).
ABR records for both click and pure tones were obtained
after averaging 1000 evoked responses. Hearing thresh-
olds were established at the lowest SPL level that pro-
duced a noticeable ABR five peaks wave and evoked a
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peak-to-peak voltage 2 SD above the mean background
activity. When possible, wave amplitudes, latencies, and
inter-wave latencies were determined at 70 dB SPL click
stimulation. Statistical analysis was performed with IBM
SPSS statistics v29.0 software. Considering the sample
size and the results of the Kolmogorov—Smirnov nor-
mality test, differences among genotypes were assessed
by the nonparametric Kruskal-Wallis H test, and were
considered significant at p<0.05 (*p<0.05, **»<0.01,
**p<0.01). We did not observe any differences between
sexes. Analysis restricted to male animals (3 HOM, 9
HET, 9 WT) yielded the same results as those of males
and females altogether.

Cochlear morphology

For histological analysis, mice were anesthetized by
intraperitoneal injection of pentobarbiturate (Dolethal,
Vetoquinol, Spain) and then intracardially perfused with
fresh phosphate-buffered saline (PBS) 0.1 M and pH
7.4, and 4% paraformaldehyde (PFA; Merck, Darmstadt,
Germany) in PBS. Dissected inner ears were placed in
fresh fixative solution (4% PFA) for 12 h, washed with
PBS, decalcified in 5% EDTA (pH 6.5, Sigma-Aldrich,
St. Louis, MO, USA) for 7-10 days, and finally embed-
ded in paraffin wax or resin (Historesin Standard kit,
Leica #14,702,218,500) [7]. Paraffin cochlear midmo-
diolar serial Sects. (7 um) were obtained on a RM2155
microtome (Leica Microsystems, Deerfield, IL, USA) and
hematoxylin—eosin-stained for gross cochlear cytoarchi-
tecture. For details, historresin serial Sects. (2 pm) were
obtained and stained with cresyl-violet. Paraffin sections
were also used for immunodetection of connexin 26
(mouse anti-Cx26, invitrogen #13-8100, dilution 1:400)
and connexin 30 (mouse anti-Cx30, invitrogen #70-0258,
dilution 1:400), following the avidin—biotin-peroxidase
(ABC) method using 3,3-DAB as chromogen [21]. Images
were acquired with a Zeiss AxioPhot microscope (Carl
Zeiss, Jena, Germany) and captured with an Olympus
DP70 digital camera (Melville, NY, USA). Three mice of
each genotype were assessed for historesin sections. Four
mice of each genotype were assessed for paraffin sec-
tions. All of them were assessed at P30.

Quantification of Gjb2 expression in whole cochleae

The cochleae of the mice were frozen in RNAlater (Inv-
itrogen, Waltham, MA, USA) for proper conservation,
and processed for gene expression study as reported
[6]. Briefly, total RNA was extracted from one coch-
lea from each mouse (two wild-type, two heterozygotes
and two homozygotes). After quality control and fluo-
rometer (QuBit) quantitation of the RNAs, cDNAs were
synthesized with 300 ng total RNA as template and ran-
dom hexamer primers, by using Superscript II reverse

Page 5 of 14

transcriptase (Life Technologies, Carlsbad, CA, USA) as
recommended. Quantification of Gjb2 expression was
performed by real-time quantitative PCR (RT-qPCR) in
a 7700 Real Time PCR System (Life Technologies, Carls-
bad, CA, USA). Specific primer pairs were designed with
Primer Express software v3.0 (Life Technologies, Carls-
bad, CA, USA) for the following products: Gjb2 (5’- CGC
TCCTCCGGACACAGT-3 and 5- TGTTGACACCCC
CGAGGAT-3) and control Hprt (5- GCAGTACAG
CCCCAAAATGG-3" and 5- CAACACTTCGAGAGG
TCCTTTTC-3). For each assay, we analysed different
amounts of cDNA (20, 100 and 500 ng) in duplicate. RT-
qPCR reactions were carried out with 8 pmol of each
primer by using the TB Green Premix Ex Taq (T1li RNase
plus) qPCR kit (Takara Bio, Shiga, Japan) with the follow-
ing amplification procedure: incubation at 50 °C (2 min);
denaturation at 95 °C (10 min); 60 cycles of denaturation
at 95 °C (15 s), annealing at 59 °C (30 s) and extension at
72 °C (30 s); and a final dissociation step of 95 °C (15 s),
60 °C (30 s) and 95 °C (15 s). Fluorescence was measured
once per cycle, at the end of the extension step. Analysis
of the relative amounts of Gjb2 transcript as regards the
expression of the reference gene Hprt was performed by
the mathematical model of Pfaffl [34].

Results

Design of a targeted deletion at the Dfnb1 locus

and validation in murine Neuro2a cells

Our objective was to imitate as closely as possible the
del(G/B6-D13S1830) deletion [16] (Fig. 1). We chose
four guides, two on each side of the deletion, to be used
simultaneously in the same assay, in order to improve the
efficiency of the edition. The two proximal guides were
selected on a 181-bp DNA segment within Gjb6 exon
3, which contains the murine equivalent of the human
proximal breakpoint, flanked by 90 bp on each side. To
imitate the human distal breakpoint, guides could not
be chosen on the exact murine homologous region, as it
contains repeated elements that are undesirable targets
for CRISPR guide selection. Instead, we designed guides
on a closely-located region of unique sequence, which
contains Cryll exon 1 and a short upstream DNA stretch
(Fig. 1).

The efficiency of the guides was tested by performing
CRISPR-Cas9 mutagenesis on murine Neuro2a cells. The
occurrence of the desired deletion was tracked through
PCR amplification, as described in Materials and Meth-
ods. The A1-B2 products, only amplifiable if the dele-
tion had occurred (Fig. 1), were obtained and sequenced,
confirming that deletions had taken place between the
expected breakpoints. Therefore, the guides were appro-
priate to generate a Dfnbl1 deletion allele in mice.
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Generation of mice harbouring the Dfnb7¢m%74 allele

A mix of combined CRISPR reagents (Cas9 mRNA and
each of the four sgRNAs) was injected into 72 mouse
B6CBAF?2 fertilized oocytes. 27 surviving embryos were
transferred into two foster mothers, which eventually
gave birth to 5 founder mice (18.5%).

We extracted genomic DNA from tail biopsies and gen-
otyped the progeny of the 5 founder mice with the three
PCR assays that are described in Materials and Methods
(Fig. 1; Suppl. Figure 1). Only one of the five founders,
male B9690, was able to transmit the deleted allele to the
progeny. Sequencing of the A1/B2 PCR product identi-
fied with precision the deletion breakpoints (Fig. 1B),
revealing a deletion that spans 274,050 bp from Gjb6
exon 3 to Cryl1 exon 1. We termed this allele Dfinb19"*7%,

Heterozygous Dfnb1°"?*”* mice were backcrossed
to C57BL/6]JOlaHsd for five consecutive generations.
Upon reaching N5 (which actually corresponds to a
minimum of 98,4% C57BL/6] purity), heterozygous mice
were subsequently intercrossed to generate Dfib1"*"*
homozygotes (HOM), which were born at the expected
Mendelian frequency. Indeed, Dfnb1°"?”* HOM were
viable, fertile and otherwise indistinguishable from their
wild-type (WT) or heterozygous (HET) littermates.

Hearing loss in Dfnb 1?74 homozygotes

We next evaluated hearing in P30 Dfnb1°"?”* mutant
HOM, HET and WT mice. DfubI®"** HOM mice
showed a severe to profound hearing loss, with signifi-
cantly increased ABR thresholds in response to click
and tone-burst stimuli, compared to age-matched nor-
mal-hearing WT mice (Fig. 2a-c). No ABR responses
were obtained after click stimulation, even at the maxi-
mum sound intensity employed (90 dB SPL), in any
of the HOM mice included in the study, thus a generic
100 dB SPL value was annotated for statistical analysis.
ABR thresholds for 4—-16 kHz (Fig. 2d) were also signifi-
cantly elevated compared to wild-type (»<0.001). Dfn-
b1°"?” HET mice presented a hearing phenotype similar
to WT, with normal hearing thresholds (<45 dB SPL)
for click and low frequency (4—16 kHz) stimuli, and ele-
vated thresholds for high frequency (24—40 kHz) tones.

(See figure on next page.)
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No significant differences in ABR thresholds were found
between HET and WT mice.

We calculated the latency and amplitude of ABR waves
I to V, which correspond to different nuclei in the audi-
tory pathway in the brainstem (Fig. 2b), in the ABR
recordings obtained in response to click stimuli, from 90
to 10 dB SPL in HET and WT mice. We plotted latency/
intensity and amplitude/intensity curves for ABR wave I
(Fig. 2e) and found no differences between HET and WT
genotypes, with the expected physiological increase of
the latency and decrease of the amplitude with the click
level. Similarly, we calculated interpeak latencies between
waves I-II, II-IV and I-IV in response to click stimuli at
70 dB, again without any differences between HET and
WT mice (Fig. 2f).

Dfnb1°™?74 homozygotes present gross abnormalities

in cochlear morphology

We analyzed cochlear gross morphology of P30 Dfn-
b1°"?”* HOM, HET and WT mice in resin and paraffin
sections stained with cresyl violet and hematoxylin—eosin
respectively. Compared to WT mice, Dfnb1°"*’* HOM
mice presented major cytoarchitecture aberrations in
their cochleae (Fig. 3A, B), especially at the organ of
Corti and nearby regions, including: a thickened tecto-
rial membrane; large inner sulcus cells, attached to the
tectorial membrane; absence or reduction of the inter-
nal spiral sulcus; and joined internal and external pillars
and absence or reduction of tunnel of Corti, compared
to WT (Fig. 4). These findings were more evident in the
basal and middle cochlear turns, and appear to a lesser
extent in the apical turn. Inner and outer hair cells, as
well as their supporting cells, appear normal, although
some outer hair cells are lost in certain regions (Suppl.
Figs. S2 & S3). Most of the HOM mice also showed a
larger Reissner membrane, sometimes folded (Fig. 3B).
Morphological alterations in HOM mice are reminis-
cent of immature cochlear structures observed during
early postnatal development in mouse, suggesting a lack
of maturation of key elements for normal cochlear physi-
ology in Dfnb1°"?*”* HOM mice. In general, Dfnb1°"*"*
HET mice showed normal cochlear structure and size

Fig. 2 Auditory phenotype of P30 Dfnb 1"’ HOM mice. a ABR in response to click stimulus at different level from 90 to 30 dB SPL, in WT, HET
and HOM Dfnb1¢™?74 mice. Latin numbers (--V) indicate the standard ABR peaks. b Scheme showing the main neural centers in the auditory
pathway and their correspondence with the ABR wave peaks (AN (1): auditory nerve; CN (Il), cochlear nucleus; SOC (lll): superior olivary complex;
LL (IV): lateral lemniscus; IC (V), inferior colliculus; NLL: Lateral lemniscus nuclei; MGB, medial geniculate body; SC, superior colliculus; TL, temporal
lobe; AC, auditory cortex. ¢, d ABR thresholds (in dB SPL) in response to click (c) and 4-40 kHz pure tones (d) in WT (white), HET (grey) and HOM
(black) Dfnb1¢™"# mice. Statistically significant differences in click and 4, 8 and 16 kHz thresholds were found between WT and HOM mutant mice.
(e) Input-output curves (latency/intensity and amplitude/intensity) for ABR peak | and (f) wave interpeak latencies I-Il, II-IV and I-IV in WT and HET

mutant mice
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HOM

Fig. 3 Cx30 expression in the cochlea of P30 Dfnb 1™ HOM mice. Representative micrographs of cochlear paraffin sections stained

with hematoxylin—eosin (A, B) or immunostained against Cx30 (C, D), showing the basal region of WT (A, C) and Dfnb1¢™¥"# HOM (B, D) mice. WT
mice present a normal cochlear cytoarchitecture and Cx30 expression in the spiral limbus, organ of Corti (surrounding supporting cells, arrows in C)
and lateral wall. Dfnb1¢™?’# HOM mice show a complete absence of Cx30 expression (D) and gross alterations in the Reissner membrane, tectorial
membrane, and organ of Corti, compared to WT (B). LW, lateral wall; RM, Reissner membrane; SG, spiral ganglion; SL, spiral limbus; SM, scala media;

ST, scala tympani; sTV, stria vascularis; SV, scala vestibuli. Scale bar: 100 mm

that were similar to those of the WT, with no evident
malformations in the scala media.

Cochlear Cx26 levels and Gjb2 expression are drastically
reduced in Dfnb1°™?74 homozygotes

We carried out immunodetection for connexins 30 and
26 in paraffin sections. Cx30 immunostaining in WT
mice was located mostly in the spiral limbus, lateral wall
and organ of Corti (Fig. 3C and Suppl. Fig. S4). Cx30 was
completely absent in Dfirb1°"?”* HOM mice (Fig. 3D), as
expected. As for Cx26, immunostaining in the WT was
located in the same cochlear regions than Cx30 (spi-
ral limbus, organ of Corti and lateral wall), although to
a lesser extent (Fig. 5A-D and Suppl. Fig. S5). Interest-
ingly, Dfnb1°"*”* HOM mice showed a drastic reduc-
tion in the staining of Cx26, which was almost absent in
the organ of Corti, spiral limbus and lateral wall of the
HOM mice cochlea (Fig. 5E-H). The reduction in Cx26
staining in Dfnb1°"?”* HOM mice was more evident in
the basal cochlear turn, where the alterations in the tun-
nel of Corti were most severe (Fig. 5F & H). To ascer-
tain whether this reduction in Cx26 levels happened at
the transcriptional level, we investigated Gjb2 expres-
sion in WT, HET and HOM Dfub1¢"?”* mice (two each)

by real-time quantitative PCR (RT-qPCR) performed
on cDNA synthesized from RNA extracted from whole
cochleae (Fig. 6). We observed that Gjb2 expression was
nearly abolished in Dfnb1°"*”* HOM mice and that HET
mice showed a reduction in Gjb2 transcription to about
half of mean WT level.

Discussion

In this work we have successfully generated a mouse
model imitating del(G/B6-D13S1830), the most fre-
quent of the large deletions that result in DFNB1 ARN-
SHI. Heterozygous Dfib1°"*’* mice do not differ from
their wild-type littermates in auditory thresholds and
inner ear cytoarchitecture, showing that the Dfnb1"%"*
allele is recessive, like its human counterpart. The audi-
tory phenotype of homozygous Dfnb1°"*”* mice is essen-
tially identical to that observed in del(GJ/B6-D1351830)
homozygous or c¢.35delG/del(G/B6-D13S1830) com-
pound heterozygous human subjects, i.e. profound hear-
ing loss across all frequencies.

Early attempts to generate a Gjb2 knockout (KO)
mouse model by gene targeting were hampered by the
concomitant disruption of the transplacental transport of
glucose that led to embryonic lethality [22]. This obstacle
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Fig. 4 Organ of Corti cytoarchitecture in P30 Dfnb1¢™?”# HOM mice. Representative micrographs of historesin cochlear sections stained with cresy/
violet, showing the organ of Corti at the basal (A, B) and apical (C, D) regions in WT (A, C) and Dfnb1¢™¥’# HOM (B, D) mice. WT mice present
normal Corti cytoarchitecture, whereas Dfnb1¢m2”4 HOM mice show an absent spiral sulcus (SS) with presence of large inner sulcus cells, vacuolated
interdental cells, and reduced or collapsed tunnel of Corti (TC, asterisks in B, D) due to the lack of separation between pillar cells (PC, arrows in B,
D). These alterations are most severe in the basal turn of the cochlea. At apex region, the homozygous mouse shows spiral sulcus separated

from the tectorial membrane, inner sulcus cells lower than in more basal regions (small arrows in D), and small tunnel of Corti (asterisk in D)

with separate pillars. BC, border cells; DC, Deiter cells; IDC, interdental cells; IHC, inner hair cells; IPhC, inner phalangeal cells; ISC, inner sulcus cells;
OHC, outer hair cell; PC, pillar cells; SL, spiral limbus; SS, spiral sulcus (inner sulcus); TC, tunnel of Corti; TM, tectorial membrane. Scale bar: 50 mm

was circumvented through the generation of conditional
knockout (CKO) models based on the floxed Gijl“"P /loxP
mouse [15] by excising Gjb2 just in specific cochlear cell
types - with promoters such as Otog-Cre [15], FoxgI-Cre
or Pax2-Cre [41] — or after birth, with tamoxifen-induci-
ble promoters for Cre expression [10—13, 37, 43]. The two
CKO approaches, though, could not guarantee Gjb2 abla-
tion in all cochlear cell types synthesizing Cx26, resulting
in phenotypic differences among CKO models (Table 2).
In addition to these KOs, a knock-in (KI) model was con-
structed to investigate the effects of the highly frequent
c.35delG truncating GJB2 mutation (Table 2). This KI
mouse was made viable by performing enhanced tetra-
ploid embryo complementation, a complex process with
low success rate (just 1.78% of reconstituted embryos
survived into adulthood) [28]. In contrast, our Dfirb1°"*™*
model keeps the structure of Gjb2 intact, but abolishes its
expression almost completely, leading to a nearly absent
Cx26 staining in the organ of Corti, spiral limbus and
lateral wall (including stria vascularis) in HOM mice.
In fact, the deletion was hypothesized to remove cis-
acting regulatory sequences that are essential for Cx26

expression at least in the inner ear [31, 35, 42]. The Dfu-
b1°"?™ mice are viable and fertile, suggesting that the
embryonic lethality does not occur because either those
regulatory sequences would be essential for Gjb2 expres-
sion only in the cochlea or they would be dispensable in
the placenta. In any case, our model successfully targets
both the epithelial and the connective-tissue gap junction
networks in the cochlea, in contrast to CKO models, as
indicated above.

Of note, our model does remove the neighbouring Gjb6
gene, whose product, Cx30, also participates in the gap
junction networks of the inner ear. However, it is known
that Cx30 is dispensable for hearing in mice [4] and that
the severe hearing loss observed in a prior Gjb6 knockout
model [40] was caused by a polar effect of the engineered
mutation on the Gjb2 gene located downstream, pro-
voking a strong reduction in the synthesis of Gjb2 tran-
scripts and of Cx26 [4]. Nevertheless, it is possible that
Cx30 may play some role in attenuating the effects of the
absence of Cx26, and so the lack of both connexins may
be responsible for the more severe phenotype (profound
deafness) that is associated with the deletion.
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Fig. 5 Cx26 expression in the cochlea of P30 Dfnb 1™ HOM mice. Representative micrographs of cochlear paraffin sections stained

with hematoxylin—eosin or immunostained against connexin-26 in WT (A-D) and Dfnb 1™’ HOM mice (E-H). WT mice show normal cochlear
cytoarchitecture (A) and connexin 26 expression (B) in the spiral limbus (C), organ of Corti (supporting cells, arrows in C) and lateral wall (D),

both in basal (A-D) and apical (not shown) regions. In contrast, Dfnb15m?74 HOM mice present gross morphological alterations such as collapse

of the tunnel of Corti (insets in E and G, asterisk in G) and a drastic reduction in connexin-26 expression, which is detected residually in just a few
pillar cells (arrow in F) and supporting cells (arrows in H). These changes were most severe in the basal turn (E-F) compared to apical turn (G-H).
LW, lateral wall; PC, pillar cells; SG, spiral ganglion; SL, spiral limbus; sTV, stria vascularis; TC, tunnel of Corti; TM, tectorial membrane. Scale bar: 100 um
(A-B) and 50 um (C-H)
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of the expression level of Gjb2 for each genotype

Table 2 Characteristics of DFNB1 mouse models
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CKO models based on the Gjb2*P"*P mouse show a
degeneration of the organ of Corti with missing support-
ing cells, the death of outer hair cells (OHC) and sur-
viving inner hair cells (IHC), plus a concomitant severe
hearing loss (ABR thresholds at 70-80 dB SPL) across
all frequencies (Table 2). Although the loss of the endo-
cochlear potential due to the disruption of the epithelial
barrier in the organ of Corti was originally suggested as
one of the causes for this hearing loss, subsequent work
indicated instead that the major cause was a lack of mat-
uration of the synaptic machinery of IHC [10, 12, 15,
29]. In contrast, the Dfirb1°"*”* model shows a markedly
different phenotype in which the final structural devel-
opment of the organ of Corti is arrested, the tunnel of
Corti does not open, supporting cells do not degenerate
and all IHC and most OHC survive. In the CKO mod-
els, Cx26 is absent just in the organ of Corti (Otog-Cre)
or in the organ of Corti and the spiral limbus (Foxgl-Cre,
Pax2-Cre, Rosa26“"ERT, Rosa26“*F"T) and Cx30 expres-
sion throughout the cochlea remains normal. In the Dfn-
b1°"** model, though, Cx26 is absent from nearly all
cochlear structures, and Gjb6 is knocked out. Indeed,
all five known roles for connexins 26 and 30 within the
cochlea are effectively eliminated in Dfnb1°"?”* mice,
which results in a structurally and functionally immature
cochlea and the profound deafness phenotype observed
(ABR thresholds>90 dB SPL). The phenotype of the
c.35delG KI is similar to that of the Dfib1°"?”* mouse,
with an immature sensory epithelium without tunnel of

Model genotype Gjb zloxP/onP Gjb 2onP/onP Gjb zloxP/onP Gjb zloxP/onP Gjb2 c.35delG Kl Dfnb1em274/em274
Otog-Cre Foxg1-Cre or Rosa26eERT ROSA26"¢/Es1
Pax2-Cre
Type CKO CKO TMX-inducible CKO  TMX-inducible CKO Kl KO
Cochlear structures  Organ of Corti Organ of Corti & Organ of Corti, Organ of Corti & All All
without Cx26 spiral limbus KD elsewhere spiral limbus
Cx30 expression Normal Normal Normal Normal Reduced Abolished

Severe (70), all
frequencies

P30

Degeneration
with missing sup-

Hearing loss (ABR
threshold in dB SPL)

Age at ABR
Organ of Corti

porting cells
Hair cells Death of OHC,
intact IHC
References Cohen-Salmon et al.

2002 [15]

Severe (80), all
frequencies

P21 & P84

Degeneration
with missing sup-
porting cells, no TC

Death of OHC,
intact IHC

Wang et al. 2009
[41]

Changetal. 2015
[1a]

Liang et al. 29

Severe (80), all
frequencies

P21, P30, P60, P120

Degeneration
with missing sup-
porting cells

Death of OHC,
intact IHC

Sun et al. 2009 [37]
Chenetal. 2014a
[11]

Changetal. 2015
[10]

Chenetal. 2018
[13]

Profound (> 110), all
frequencies

P14, P20, P30

Degeneration
with missing sup-
porting cells, no TC

Not reported

Chen et al. 2014b
[12]
Zhu et al. 2015 [43]

Profound (> 80), all
frequencies

P14 &P35

Immature, no TC

Some OHC loss,
intact IHC

Lietal. 2023 [28]

Profound (> 90), all
frequencies

P30

Immature, no TC

Some OHC loss,
intact IHC

This work

Abbreviations: CKO Conditional knockout, KI knockin, KO knockout, TMX tamoxifen, KD knockdown, TC tunnel of Corti, OHC outer hair cells, IHC inner hair cells
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Corti, surviving IHC, mostly intact OHC and profound
hearing loss (slightly lower ABR thresholds at 80 dB
SPL) across all frequencies. Intriguingly, cochlear Cx30
expression in the ¢.35delG KI was reported as downregu-
lated all throughout the cochlea from P14 onward [28],
a co-regulation between Cx26 and Cx30 first described
by Ortolano et al. [33]. It is tempting to speculate that
the difference in the severity of the hearing loss between
c.35delG KI and Dfnb1°"?”* models, albeit small (ABR
thresholds at 80 dB SPL versus >90 dB SPL), is due to dif-
ferences in the cochlear levels of Cx30 (downregulated
versus abolished). If it were true, the expression levels of
Cx30 may be a modifier factor that could contribute to
the phenotypic variability that is observed among sub-
jects carrying the same GJB2 genotype.

In conclusion, the Dfnb1°"*”* mouse faithfully reca-
pitulates the effects of the prevalent, loss-of-func-
tion del(G/B6-D13S1830) human variant, providing a
straightforward and easy-to-breed model to investigate
mechanisms of pathogenicity and assay possible therapies
for DFNB1 ARNSHI. Indeed, the del(G/B6-D13S1830)
allele keeps structurally intact the G/B2 gene, and so it
could be amenable to strategies intended to reactivate its
expression.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-024-10289-z.

[ Supplementary Material 1. }

Acknowledgements

We thank the Non-Invasive Neurofunctional Evaluation facility and the
Genomics Unit of Institute for Biomedical Research “Sols-Morreale” CSIC-UAM,
and the Histology facility of National Biotechnology Center, CSIC, for technical
support in ABR tests, RNA extraction, and histological processing, respectively.

Authors’ contributions

M.D-R, SM.-C. and J.C. contributed equally to this work and must be consid-
ered first co-authors. MD-R, SM.-C,, J.C, AF, FJ.d.C, LM, IV-N.and I.d.C. con-
tributed to the study conception and design. Material preparation and data
collection were performed by M.D-R, SM.-C, JC, M.C, GG, BM.-B, EG-R, AF,
and FJ.d.C. Analysis of results was performed by M.D-R, SM-C, J.C, FJd.C, and
1.d.C. The first draft of the manuscript was written by M.D.-R, SM.-C, J.C, AF,
FJ.d.C, and .d.C. All authors reviewed and commented the first draft, and read
and approved the final manuscript.

Funding

This work was supported by the Instituto de Salud Carlos Il (ISCIII), Madrid,
Spain, National Plan for Scientific and Technical Research and Innovation
2017-2020, with cofunding from the European Regional Development Fund,
"A way to make Europe’, grant number PI20/00619 (to I. d. C.); by MINECO/
FEDER THERAPY PID2020-115274RB-100/AEI/10.13039/501100011033, CM
IND2020/BMD-17454 and MINA-CM P2022/BMD7236 (to IVN); and by MINECO
BIO2015-70978-R and intramural funds from Centro de Investigacion Biomé-
dica en Red de Enfermedades Raras (CIBERER) (to L.M.). SMC and BMB hold
CIBERER-ISCIII contracts.

Availability of data and materials
B6.CBA-Dfnb1em274/Lmon CRISPR genome-edited mice are available directly
from Lluis Montoliu's laboratory at CNB-CSIC in Madrid (Spain) and will be

Page 12 of 14

deposited shortly in the European Mouse Mutant Archive (EMMA-Infrafrontier;
https:/infrafrontiereu/) from where these mice will be made available to

the entire scientific community. Mouse Genome Informatics (MGI) database
accession number: MGL:7,581,999 (synonym Del(14Gjb6-Cryl1)1Lmon).

Declarations

Ethics approval and consent to participate

All experimental procedures involving mice were validated by the local CNB-
CSIC and 1IBM-CSIC Ethics Committees on Animal Experimentation. These
procedures were then favourably evaluated by the institutional CSIC Ethics
Committee and approved by the Autonomous Government of Madrid, in
accordance with Spanish (RD 53/2013) and European legislation. This study is
reported in accordance with ARRIVE guidelines.

Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Servicio de Genética, Hospital Universitario Ramoén y Cajal, IRYCIS, Madrid,
Spain. 2Institute for Biomedical Research “Sols-Morreale’, Spanish National
Research Council-Autonomous University of Madrid, Madrid, Spain. *Hospital
La Paz Institute for Health Research (IdiPAZ), Madrid, Spain. *Anatomy

and Embryology Department, Faculty of Veterinary, Universidad Complutense
de Madrid, Madrid, Spain. >Department of Molecular and Cellular Biology,
National Centre for Biotechnology (CNB-CSIC), Madrid, Spain. °Centro de
Investigacion Biomédica en Red de Enfermedades Raras (CIBERER-ISCII),
Madrid, Spain.

Received: 6 February 2024 Accepted: 7 April 2024
Published online: 11 April 2024

References

1. AnselmiF, Hernandez VH, Crispino G, Seydel A, Ortolano S, Roper SD,
Kessaris N, Richardson W, Rickheit G, Filippov MA, Monyer H, Mammano
F. ATP release through connexin hemichannels and gap junction transfer
of second messengers propagate Ca2+ signals across the inner ear. Proc
Natl Acad Sci U S A. 2008;105(48):18770-5. https://doi.org/10.1073/pnas.
0800793105.

2. Behringer R, Gertsenstein M, Vintersten Nagy K, Nagy A. Manipulating
the mouse embryo - A laboratory manual. New York: Cold Spring Harbor
Laboratory Press; 2014.

3. Beltramello M, Piazza V, Bukauskas FF, Pozzan T, Mammano F. Impaired
permeability to Ins(1,4,5)P3 in a mutant connexin underlies recessive
hereditary deafness. Nat Cell Biol. 2005;7(1):63-9. https://doi.org/10.1038/
ncb1205.

4. Boulay AC, del Castillo FJ, Giraudet F, Hamard G, Giaume C, Petit C, Avan
P, Cohen-Salmon M. Hearing is normal without connexin30. J Neurosci.
2013;33(2):430-4. https://doi.org/10.1523/JNEUROSCI.4240-12.2013.

5. Cediel R, Riguelme R, Contreras J, Diaz A, Varela-Nieto I. Sensorineural
hearing loss in insulin-like growth factor I-null mice: a new model of
human deafness. Eur J Neurosci. 2006;23(2):587-90. https://doi.org/10.
1111/].1460-9568.2005.04584 X.

6. Celaya AM, Sénchez-Pérez |, Bermudez-Mufioz JM, Rodriguez-de la Rosa
L, Pintado-Berninches L, Perona R, Murillo-Cuesta S, Varela-Nieto |. Deficit
of mitogen-activated protein kinase phosphatase 1 (DUSP1) accelerates
progressive hearing loss. Elife. 2019;8:239159. https://doi.org/10.7554/
elife.39159.

7. Celaya AM, Rodriguez-de la Rosa L, Bermudez-Munoz JM, Zubeldia JM,
Romé&-Mateo C, Avendano C, Pallardé FV, Varela-Nieto I. IGF-1 Haplo-
insufficiency Causes Age-Related Chronic Cochlear Inflammation and
Increases Noise-Induced Hearing Loss. Cells. 2021;10(7):1686. https://doi.
0rg/10.3390/cells10071686.


https://doi.org/10.1186/s12864-024-10289-z
https://doi.org/10.1186/s12864-024-10289-z
https://infrafrontier.eu/
https://doi.org/10.1073/pnas.0800793105
https://doi.org/10.1073/pnas.0800793105
https://doi.org/10.1038/ncb1205
https://doi.org/10.1038/ncb1205
https://doi.org/10.1523/JNEUROSCI.4240-12.2013
https://doi.org/10.1111/j.1460-9568.2005.04584.x
https://doi.org/10.1111/j.1460-9568.2005.04584.x
https://doi.org/10.7554/eLife.39159
https://doi.org/10.7554/eLife.39159
https://doi.org/10.3390/cells10071686
https://doi.org/10.3390/cells10071686

Dominguez-Ruiz et al. BMC Genomics

20.

21.

22.

23.

(2024) 25:359

Chan DK, Chang KW. GJB2-associated hearing loss: systematic review of
worldwide prevalence, genotype, and auditory phenotype. Laryngo-
scope. 2014;124(2):E34-53. https://doi.org/10.1002/lary.24332.

Chang Q, Tang W, Ahmad S, Zhou B, Lin X. Gap junction mediated inter-
cellular metabolite transfer in the cochlea is compromised in connexin30
null mice. PLoS ONE. 2008;3(12):e4088. https://doi.org/10.1371/journal.
pone.0004088.

Chang Q, Tang W, Kim Y, Lin X. Timed conditional null of connexin26 in
mice reveals temporary requirements of connexin26 in key cochlear
developmental events before the onset of hearing. Neurobiol Dis.
2015;73:418-27. https://doi.org/10.1016/j.nbd.2014.09.005

. Chen S, SunY, Lin X, Kong W. Down regulated connexin26 at different

postnatal stage displayed different types of cellular degeneration and for-
mation of organ of Corti. Biochem Biophys Res Commun. 2014;445(1):71-
7. https://doi.org/10.1016/j.bbrc.2014.01.154.

Chen J, Chen J, Zhu Y, Liang C, Zhao HB. Deafness induced by Connexin
26 (GJB2) deficiency is not determined by endocochlear potential (EP)
reduction but is associated with cochlear developmental disorders.
Biochem Biophys Res Commun. 2014;448(1):28-32. https://doi.org/10.
1016/j.bbrc.2014.04.016.

Chen S, Xie L, Xu K, Cao HY, Wu X, Xu XX, Sun'Y, Kong WJ. Develop-
mental abnormalities in supporting cell phalangeal processes and
cytoskeleton in the Gjb2 knockdown mouse model. Dis Model Mech.
2018;11(2):dmm033019. https://doi.org/10.1242/dmm.033019.

Chen P WuW, Zhang J, Chen J, LiY, Sun L, Hou S, Yang J. Pathological
mechanisms of connexin26-related hearing loss: Potassium recy-

cling, ATP-calcium signaling, or energy supply? Front Mol Neurosci.
2022;15:976388. https://doi.org/10.3389/fnmol.2022.976388.
Cohen-Salmon M, Ott T, Michel V, Hardelin JP, Perfettini |, Eybalin M, Wu T,
Marcus DC, Wangemann P, Willecke K, Petit C. Targeted ablation of con-
nexin26 in the inner ear epithelial gap junction network causes hearing
impairment and cell death. Curr Biol. 2002;12(13):1106-11. https://doi.
0rg/10.1016/50960-9822(02)00904-1.

del Castillo |, Villamar M, Moreno-Pelayo MA, del Castillo FJ, Alvarez A, Tell-
erfa D, Menéndez |, Moreno F. A deletion involving the connexin 30 gene
in nonsyndromic hearing impairment. N Engl J Med. 2002;346(4):243-9.
https://doi.org/10.1056/NEJMoa012052.

del Castillo I, Moreno-Pelayo MA, Del Castillo FJ, Brownstein Z, Marlin S,
Adina Q, Cockburn DJ, Pandya A, Siemering KR, Chamberlin GP, Ballana E,
Wuyts W, Maciel-Guerra AT, Alvarez A, Villamar M, Shohat M, Abeliovich
D, Dahl HH, Estivill X, Gasparini P, Hutchin T, Nance WE, Sartorato EL,
Smith RJ,Van Camp G, Avraham KB, Petit C, Moreno F. Prevalence and
evolutionary origins of the del(GJB6-D1351830) mutation in the DFNB1

locus in hearing-impaired subjects: a multicenter study. Am J Hum Genet.

2003;73(6):1452-8. https://doi.org/10.1086/380205.

del Castillo FJ, Del Castillo I. DFNB1 Non-syndromic Hearing Impairment:
Diversity of Mutations and Associated Phenotypes. Front Mol Neurosci.
2017;10:428. https://doi.org/10.3389/fnmol.2017.00428.

del Castillo |, Morin M, Dominguez-Ruiz M, Moreno-Pelayo MA. Genetic
etiology of non-syndromic hearing loss in Europe. Hum Genet.
2022;141(3-4):683-96. https://doi.org/10.1007/500439-021-02425-6.
Ferndndez A, Morin M, Munoz-Santos D, Josa S, Montero A, Rubio-
Ferndndez M, Cantero M, Fernandez J, Del Hierro MJ, Castrillo M, Moreno-
Pelayo MA, Montoliu L. Simple Protocol for Generating and Genotyping
Genome-Edited Mice With CRISPR-Cas9 Reagents. Curr Protoc Mouse
Biol. 2020;10(1):e69. https://doi.org/10.1002/cpmo.69.
Fuentes-Santamarfa V, Alvarado JC, Rodriguez-de la Rosa L, Murillo-
Cuesta S, Contreras J, Juiz JM, Varela-Nieto I. IGF-1 deficiency causes
atrophic changes associated with upregulation of VGIuT1 and
downregulation of MEF2 transcription factors in the mouse cochlear
nuclei. Brain Struct Funct. 2016;221:709-34. https://doi.org/10.1007/
500429-014-0934-2.

Gabriel HD, Jung D, Bltzler C, Temme A, Traub O, Winterhager E, Willecke
K. Transplacental uptake of glucose is decreased in embryonic lethal
connexin26-deficient mice. J Cell Biol. 1998;140(6):1453-61. https.//doi.
0rg/10.1083/jcb.140.6.1453.

Harms DW, Quadros RM, Seruggia D, Ohtsuka M, Takahashi G, Montoliu L,
Gurumurthy CB. Mouse Genome Editing Using the CRISPR/Cas System.
Curr Protoc Hum Genet. 2014;83:15.7.1-27. https://doi.org/10.1002/04711
42905.hg1507583.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Page 13 of 14

Hibino H, Kurachi Y. Molecular and physiological bases of the K+ circula-
tion in the mammalian inner ear. Physiology (Bethesda). 2006;21:336-45.
https://doi.org/10.1152/physiol.00023.2006.

Hilgert N, Huentelman MJ, Thorburn AQ, Fransen E, Dieltjens N,
Mueller-Malesinska M, Pollak A, Skorka A, Waligora J, Ploski R, Castorina P,
Primignani P, Ambrosetti U, Murgia A, Orzan E, Pandya A, Arnos K, Norris
V, Seeman P, Janousek P, Feldmann D, Marlin S, Denoyelle F, Nishimura
CJ, Janecke A, Nekahm-Heis D, Martini A, Mennucci E, Toth T, Sziklai I, Del
Castillo I, Moreno F, Petersen MB, lliadou V, Tekin M, Incesulu A, Nowa-
kowska E, Bal J, Van de Heyning P, Roux AF, Blanchet C, Goizet C, Lancelot
G, Fialho G, Caria H, Liu XZ, Xiaomei O, Govaerts P, Granskov K, Hostmark
K, Frei K, Dhooge |, Vlaeminck S, Kunstmann E, Van Laer L, Smith RJ, Van
Camp G. Phenotypic variability of patients homozygous for the GJB2
mutation 35delG cannot be explained by the influence of one major
modifier gene. Eur J Hum Genet. 2009;517-24. https://doi.org/10.1038/
€jhg.2008.201.

Horii T, Arai Y, Yamazaki M, Morita S, Kimura M, Itoh M, Abe Y, Hatada I.
Validation of microinjection methods for generating knockout mice by
CRISPR/Cas-mediated genome engineering. Sci Rep. 2014;4:4513. https://
doi.org/10.1038/srep04513.

Kelsell DP, Dunlop J, Stevens HP, Lench NJ, Liang JN, Parry G, Mueller RF,
Leigh IM. Connexin 26 mutations in hereditary non-syndromic sensori-
neural deafness. Nature. 1997;387(6628):80-3. https://doi.org/10.1038/
387080a0.

Li Q, Cui C, Liao R, Yin X, Wang D, Cheng Y, Huang B, Wang L, Yan M, Zhou
J,Zhao J, Tang W, Wang Y, Wang X, Lv J, Li J, Li H, Shu Y. The pathogenesis
of common Gjb2 mutations associated with human hereditary deaf-
ness in mice. Cell Mol Life Sci. 2023;80(6):148. https://doi.org/10.1007/
500018-023-04794-9.

Liang C, Zhu'Y, Zong L, Lu GJ, Zhao HB. Cell degeneration is not a primary
causer for Connexin26 (GJB2) deficiency associated hearing loss. Neurosci
Lett. 2012;528(1):36-41. https://doi.org/10.1016/j.neulet.2012.08.085.

Liu W, Bostrom M, Kinnefors A, Rask-Andersen H. Unique expression of
connexins in the human cochlea. Hear Res. 2009;250(1-2):55-62. https://
doi.org/10.1016/j.heares.2009.01.010.

Moisan S, Le Nabec A, Quillévéré A, Le Maréchal C, Férec C. Characteriza-
tion of GJB2 cis-regulatory elements in the DFNB1 locus. Hum Genet.
2019;138(11-12):1275-86. https://doi.org/10.1007/500439-019-02068-8.
Oliveros JC, Franch M, Tabas-Madrid D, San-Leén D, Montoliu L,

Cubas P, Pazos F. Breaking-Cas-interactive design of guide RNAs for
CRISPR-Cas experiments for ENSEMBL genomes. Nucleic Acids Res.
2016;44(W1):W267-71. https://doi.org/10.1093/nar/gkw407.

Ortolano S, Di Pasquale G, Crispino G, Anselmi F, Mammano F, Chiorini
JA. Coordinated control of connexin 26 and connexin 30 at the regula-
tory and functional level in the inner ear. Proc Natl Acad Sci U S A.
2008;105(48):18776-81. https://doi.org/10.1073/pnas.0800831105.

Pfaffl MW. A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res. 2001;29(9): e45. https://doi.org/10.1093/
nar/29.9.e45.

Rodriguez-Paris J, Schrijver I. The digenic hypothesis unraveled: the GJB6
del(GJB6-D1351830) mutation causes allele-specific loss of GJB2 expres-
sion in cis. Biochem Biophys Res Commun. 2009;389(2):354-9. https://doi.
0rg/10.1016/j.bbrc.2009.08.152.

Snoeckx RL, Huygen PL, Feldmann D, Marlin S, Denoyelle F, Waligora J,
Mueller-Malesinska M, Pollak A, Ploski R, Murgia A, Orzan E, Castorina P,
Ambrosetti U, Nowakowska-Szyrwinska E, Bal J, Wiszniewski W, Janecke
AR, Nekahm-Heis D, Seeman P, Bendova O, Kenna MA, Frangulov A, Rehm
HL, Tekin M, Incesulu A, Dahl HH, du Sart D, Jenkins L, Lucas D, Bitner-
Glindzicz M, Avraham KB, Brownstein Z, del Castillo I, Moreno F, Blin N,
Pfister M, Sziklai |, Toth T, Kelley PM, Cohn ES, Van Maldergem L, Hilbert P,
Roux AF, Mondain M, Hoefsloot LH, Cremers CW, Lopponen T, Loppdnen
H, Parving A, Gronskov K, Schrijver I, Roberson J, Gualandi F, Martini A,
Lina-Granade G, Pallares-Ruiz N, Correia C, Fialho G, Cryns K, Hilgert N,
Van de Heyning P, Nishimura CJ, Smith RJ, Van Camp G. GJB2 muta-

tions and degree of hearing loss: a multicenter study. Am J Hum Genet.
2005;77(6):945-57. https://doi.org/10.1086/497996.

SunY, Tang W, Chang Q, Wang Y, Kong W, Lin X. Connexin30 null and con-
ditional connexin26 null mice display distinct pattern and time course of
cellular degeneration in the cochlea. J Comp Neurol. 2009;516(6):569-79.
https://doi.org/10.1002/cne.22117.


https://doi.org/10.1002/lary.24332
https://doi.org/10.1371/journal.pone.0004088
https://doi.org/10.1371/journal.pone.0004088
https://doi.org/10.1016/j.nbd.2014.09.005
https://doi.org/10.1016/j.bbrc.2014.01.154
https://doi.org/10.1016/j.bbrc.2014.04.016
https://doi.org/10.1016/j.bbrc.2014.04.016
https://doi.org/10.1242/dmm.033019
https://doi.org/10.3389/fnmol.2022.976388
https://doi.org/10.1016/s0960-9822(02)00904-1
https://doi.org/10.1016/s0960-9822(02)00904-1
https://doi.org/10.1056/NEJMoa012052
https://doi.org/10.1086/380205
https://doi.org/10.3389/fnmol.2017.00428
https://doi.org/10.1007/s00439-021-02425-6
https://doi.org/10.1002/cpmo.69
https://doi.org/10.1007/s00429-014-0934-2
https://doi.org/10.1007/s00429-014-0934-2
https://doi.org/10.1083/jcb.140.6.1453
https://doi.org/10.1083/jcb.140.6.1453
https://doi.org/10.1002/0471142905.hg1507s83
https://doi.org/10.1002/0471142905.hg1507s83
https://doi.org/10.1152/physiol.00023.2006
https://doi.org/10.1038/ejhg.2008.201
https://doi.org/10.1038/ejhg.2008.201
https://doi.org/10.1038/srep04513
https://doi.org/10.1038/srep04513
https://doi.org/10.1038/387080a0
https://doi.org/10.1038/387080a0
https://doi.org/10.1007/s00018-023-04794-9
https://doi.org/10.1007/s00018-023-04794-9
https://doi.org/10.1016/j.neulet.2012.08.085
https://doi.org/10.1016/j.heares.2009.01.010
https://doi.org/10.1016/j.heares.2009.01.010
https://doi.org/10.1007/s00439-019-02068-8
https://doi.org/10.1093/nar/gkw407
https://doi.org/10.1073/pnas.0800831105
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1016/j.bbrc.2009.08.152
https://doi.org/10.1016/j.bbrc.2009.08.152
https://doi.org/10.1086/497996
https://doi.org/10.1002/cne.22117

Dominguez-Ruiz et al. BMC Genomics (2024) 25:359

38.

39.

40.

41.

42.

43.

Taiber S, Gwilliam K, Hertzano R, Avraham KB. The Genomics of Auditory
Function and Disease. Annu Rev Genomics Hum Genet. 2022;23:275-99.
https://doi.org/10.1146/annurev-genom-121321-094136.

Takeuchi S, Ando M, Kakigi A. Mechanism generating endocochlear
potential: role played by intermediate cells in stria vascularis. Biophys J.
2000;79(5):2572-82. https://doi.org/10.1016/50006-3495(00)76497-6.
Teubner B, Michel V, Pesch J, Lautermann J, Cohen-Salmon M, Séhl G,
Jahnke K, Winterhager E, Herberhold C, Hardelin JP, Petit C, Willecke K.
Connexin30 (Gjb6)-deficiency causes severe hearing impairment and lack
of endocochlear potential. Hum Mol Genet. 2003;12(1):13-21. https://doi.
0rg/10.1093/hmg/ddg001.

Wang Y, Chang Q, Tang W, Sun 'Y, Zhou B, Li H, Lin X. Targeted connexin26
ablation arrests postnatal development of the organ of Corti. Biochem
Biophys Res Commun. 2009;385(1):33-7. https://doi.org/10.1016/j.bbrc.
2009.05.023.

Wilch E, Azaiez H, Fisher RA, Elfenbein J, Murgia A, Birkenhdger R, Bolz H,
Da Silva-Costa SM, Del Castillo |, Haaf T, Hoefsloot L, Kremer H, Kubisch C,
Le Marechal C, Pandya A, Sartorato EL, Schneider E, Van Camp G, Wuyts
W, Smith RJ, Friderici KH. A novel DFNB1 deletion allele supports the
existence of a distant cis-regulatory region that controls GJB2 and GJB6
expression. Clin Genet. 2010;78(3):267-74. https://doi.org/10.1111/j.1399-
0004.2010.01387 x.

Zhu, Chen J, Liang C, Zong L, Chen J, Jones RO, Zhao HB. Connexin26
(GJB2) deficiency reduces active cochlear amplification leading to late-
onset hearing loss. Neuroscience. 2015;284:719-29. https://doi.org/10.
1016/j.neuroscience.2014.10.061.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14


https://doi.org/10.1146/annurev-genom-121321-094136
https://doi.org/10.1016/S0006-3495(00)76497-6
https://doi.org/10.1093/hmg/ddg001
https://doi.org/10.1093/hmg/ddg001
https://doi.org/10.1016/j.bbrc.2009.05.023
https://doi.org/10.1016/j.bbrc.2009.05.023
https://doi.org/10.1111/j.1399-0004.2010.01387.x
https://doi.org/10.1111/j.1399-0004.2010.01387.x
https://doi.org/10.1016/j.neuroscience.2014.10.061
https://doi.org/10.1016/j.neuroscience.2014.10.061

	A murine model for the del(GJB6-D13S1830) deletion recapitulating the phenotype of human DFNB1 hearing impairment: generation and functional and histopathological study
	Abstract 
	Introduction
	Materials and methods
	Designing RNA guides and testing on Neuro2a murine cells
	CRISPR–Cas9 RNP microinjection into mouse fertilized eggs
	Mouse husbandry
	Genotyping genome-edited mice
	Auditory function assessment
	Cochlear morphology
	Quantification of Gjb2 expression in whole cochleae

	Results
	Design of a targeted deletion at the Dfnb1 locus and validation in murine Neuro2a cells
	Generation of mice harbouring the Dfnb1em274 allele
	Hearing loss in Dfnb1em274 homozygotes
	Dfnb1em274 homozygotes present gross abnormalities in cochlear morphology
	Cochlear Cx26 levels and Gjb2 expression are drastically reduced in Dfnb1em274 homozygotes

	Discussion
	Acknowledgements
	References


