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A B S T R A C T   

DFNA9 is a dominantly inherited form of adult-onset progressive hearing impairment caused by mutations in the 
COCH gene. COCH encodes cochlin, a crucial extracellular matrix protein. We established a genomically hu-
manized mouse model for the Dutch/Belgian c.151C>T founder mutation in COCH. Considering upcoming 
sequence-specific genetic therapies, we exchanged the genomic murine Coch exons 3–6 for the corresponding 
human sequence. Introducing human-specific genetic information into mouse exons can be risky. To mitigate 
unforeseen consequences on cochlin function resulting from the introduction of the human COCH protein-coding 
sequence, we converted all human-specific amino acids to mouse equivalents. We furthermore optimized the 
recognition of the human COCH exons by the murine splicing machinery during pre-mRNA splicing. Subsequent 
observations in mouse embryonic stem cells revealed correct splicing of the hybrid Coch transcript. The inner ear 
of the established humanized Coch mice displays correctly-spliced wild-type and mutant humanized Coch alleles. 
For a comprehensive study of auditory function, mice were crossbred with C57BL/6 Cdh23753A>G mice to remove 
the Cdh23ahl allele from the genetic background of the mice. At 9 months, all humanized Coch genotypes showed 
hearing thresholds comparable to wild-type C57BL/6 Cdh23753A>G mice. This indicates that both the introduc-
tion of human wildtype COCH, and correction of Cdh23ahl in the humanized Coch lines was successful. Overall, 
our approach proved beneficial in eliminating potential adverse events of genomic humanization of mouse genes, 
and provides us with a model in which sequence-specific therapies directed against the human mutant COCH alle 
can be investigated. With the hearing and balance defects anticipated to occur late in the second year of life, a 
long-term follow-up study is ongoing to fully characterize the humanized Coch mouse model.   

1. Introduction 

Affecting about 20 % of the global population, hearing loss repre-
sents the most frequent sensory deficit in humans (WHO, 2023). 
Regardless of the cause, hearing loss significantly impacts communica-
tion, education and employment, and it is the primary modifiable risk 
factor for developing dementia (Jiang et al., 2023; Shan et al., 2020). No 
disease-modifying therapies are available to slow down or prevent 

progressive sensorineural hearing loss from happening. Current man-
agement of hearing loss is therefore focused on hearing rehabilitation, 
primarily addressing symptoms. Patients experience the burden of pro-
gressive hearing loss before hearing aids or cochlear implants are fitted. 
Although these devices have a significant effect on speech understand-
ing, they do not always lead to normal speech understanding, especially 
in noisy environments (Van Rompaey, 2020). 

Many cases of hearing loss are caused by a genetic defect. A genetic 
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etiology has been reported for over 50 % of cases in children. The ge-
netics of adult-onset hearing loss are much more complicated due to the 
influence of environmental factors that can damage auditory function. 
Nevertheless, heritability has been suggested for 31− 47 % of age-related 
hearing loss cases (Christensen et al., 2001; DeStefano et al., 2003; 
Karlsson et al., 1997; Tu and Friedman, 2018). Although the minority of 
hearing loss cases display an autosomal dominant inheritance pattern, 
these usually present with a post-lingual to adult onset of progressive 
hearing loss. Not only can these disorders provide unique insights into 
the molecular mechanisms that may also underly age-related hearing 
loss (or presbycusis), the onset of progression of hearing loss provides a 
window of opportunity to deliver (genetic) treatments that aim to slow 
or halt disease progression in an early state. 

To this day, animal models are essential to understand the patho-
physiology of hearing loss, as well as to develop novel treatments. 
Despite the fact that several other animal species display a higher level 
of anatomic similarity to the human cochlea (e.g. guinea pigs, sheep and 
primates), mice models have become indispensable in unraveling the 
molecular mechanism underlying auditory function, and in the investi-
gation of novel methods to treat hearing loss (Ohlemiller, 2019; Reiss 
et al., 2022). Using a combination of reverse genetics and targeted ge-
netic manipulation, this field has established a collection of hundreds of 
mice strains suffering from a wide array of hearing loss disorders (Bowl 
et al., 2017; Ohlemiller et al., 2016). However, the large majority of 
these models carry either loss-of-function alleles, or mouse-specific 
missense variants. Very few of these models are specifically developed 
for the assessment of human mutation-specific genetic treatments. 

Humanized mice, originally defined as mice engrafted with func-
tional human cells or tissues, have become instrumental to investigate 
the function of human cells or tissues in the context of a live organism 
(Fujiwara, 2018). More recently, the term humanized mouse is also used 
to describe mouse models in which human genes, or orthologous vari-
ants associated with inherited disorders, have been introduced. In the 
current era of (sequence-specific) genetic therapies, these genetically 
humanized mouse models provide a valuable tool to investigate the 
molecular and therapeutic efficacy of genetic therapies targeting the 
human genome or transcriptome, in an animal model. The most 
simplified humanized mouse models carry only the (orthologous) 
human pathogenic variant, in an otherwise murine gene. For example, 
the orthologue of c.1325G>A (p.C442Y) has been introduced in the 
murine Myo6 gene as a means to investigate the semi-dominant inher-
itance pattern of hearing loss in humans carrying this variant (Wang 
et al., 2019). And although the term humanized was not used in the 
paper, the knock-in mouse model for the DNFA9-associated c.263G>A 
(p.G88E) mutation in COCH used the same principle (Robertson et al., 
2008). With this approach, the ability to investigate sequence-specific 
therapeutics critically depends on the similarity of the sequences 
flanking the variant of interest. A more elegant approach is the intro-
duction of larger fragments the human gene of interest, as was done to 
establish the mouse model for a cryptic splice site mutation associated 
with Usher Syndrome type 1c (Lentz et al., 2007). In theory, one could 
replace the entire murine gene by the human ortholog with a hearing 
loss mutation. We have no knowledge of mouse models for hearing loss 
that have been established using this approach. For other disorders, such 
as Huntington’s Disease (HD) and Duchenne Muscular Dystrophy 
(DMD), mouse models have been established by the transgenic delivery 
of the complete human genomic sequence of the disease-associated gene 
(Gray et al., 2008; Hoen et al., 2008). Advantage of these models is the 
presence of the complete human genomic sequence, allowing for the 
preclinical investigations of RNA- and DNA-targeting therapeutic stra-
tegies. For HD in particular, breeding of mice transgenic for human 
wild-type and mutant HTT gene with mice carrying loss of function al-
leles, resulted in a highly elegant model in which the targeting of mutant 
HTT through in cis SNPs can be studied (Southwell et al., 2013). The 
approach taken to develop these models also has its limitations. The 
human transgenes are not introduced at the endogenous locus, and the 

complete regulatory landscape of these genes is therefore not recapitu-
lated. Secondly, pre-mRNA splicing of human transcripts does not 
necessarily have the same outcome in murine cells as in human cells, 
which potentially limits the feasibility of this strategy for many target 
sequences (Garanto et al., 2013). Note that the aforementioned HD and 
DMD mouse models do not appear to be affected by any of the above 
limitations, and both have earned their stripes in translational research, 
as have many other mouse models in which point mutations orthologous 
to human disease-associated variants have been successfully introduced. 
The different strategies used to develop these models highlight the 
increasingly important considerations in the development of humanized 
mouse models. Especially for animal models in which researchers aim to 
simultaneously address pathophysiological research questions, and 
replicate the human genetic situation for preclinical research on 
sequence-specific genetic therapies. 

DFNA9 is a form of dominantly inherited hearing loss and vestibular 
dysfunction caused by pathogenic missense variants in the COCH gene. 
In Belgium and the Netherlands, we estimate that over 1500 people 
carry the c.151C>T founder mutation in COCH, making this mutation 
one of the most frequent causes of autosomal dominant hearing loss in 
our region. Lacking curative treatments for DFNA9, we aim to develop a 
genetic therapy that can prevent the formation of the mutant cochlin 
protein, which is assumed to cause DFNA9 through a non- 
haploinsufficiency disease mechanism (de Vrieze et al., 2021; Jans-
sensdeVarebeke et al., 2018). In view of the dominant inheritance 
pattern, and efforts to develop a therapeutic strategy that specifically 
targets mutant (and not wild-type) COCH, it is of the utmost importance 
to develop a mouse model that carries both the humanized mutant, and 
humanized wild-type Coch alleles. In addition, we previously identified 
that c.151C>T in COCH is part of a shared haplotype with a low pop-
ulation frequency, which contains several other variants that can serve 
as therapeutic targets (de Vrieze et al., 2021). Lastly, DFNA9 is caused 
by amino acid changes in the cochlin protein. Although highly 
conserved between human and mouse, there are amino acids that differ 
between both species. The introduction of human amino acids into 
murine cochlin can potentially affect protein function. Considering the 
aforementioned successes and limitations of introducing human 
sequence in the genome of an animal model, there is a fine line between 
success and failure. 

Here, we present our rational design and risk reduction strategy used 
to develop a genomically humanized DFNA9 mouse model for the COCH 
the c.151C>T allele. In line with previous references to Beethoven for 
the Tmc1 mouse model of hearing loss, we named our humanized 
mutant mouse strain “elise” (after one of Ludwig von Beethoven’s most 
popular compositions. To establish this mouse model, we exchanged the 
genomic murine Coch exons 3–6 for the corresponding human wild-type 
and mutant sequence. This allows us to evaluate sequence-specific ge-
netic treatments directed against the mutant, human COCH sequence. 
We converted all human-specific amino acids to mouse equivalents and 
further refined the recognition of human COCH exons in mouse cochlear 
cells. Subsequent observations in mouse embryonic stem cells revealed 
correct splicing of the hybrid Coch transcript, which was found to be 
recapitulated in the inner ears of the eventual mouse models. For a 
comprehensive study of auditory function in this model, mice were 
crossbred with C57BL/6 Cdh23753A>G mice to remove the ahl allele 
which is associated with progressive age-related hearing loss. Pre-
liminary data on auditory function indicates that Cdh23ahl-associated 
hearing loss precedes the (anticipated) hearing loss caused by the 
c.151C>T mutation. Furthermore, the Cdh23ahl does not appear to alter 
auditory function in the genomically humanized mutant Coch mice. The 
presented approach can be broadly applied to the development of hu-
manized animal models for any disorder. 
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2. Material and methods 

2.1. Sequences and sequence alignments 

Genomic sequences are annotated on reference genomes GRCh38/ 
hg38 (human) and GRCm39/mm39 (mouse). Human COCH transcript 
and cochlin protein sequences used in this work are NM_001135058.2 
and NP_001128530.1. Mouse Coch transcript and cochlin protein 
sequence used are NM_007728 and NP_031754.1. T-Coffee web server 
was used to generate multiple sequence alignments (https://www.ebi. 
ac.uk/Tools/msa/tcoffee/) (Tommaso et al., 2011). 

2.2. In silico 3D modeling of human and mouse cochlin 

3D-models for both human and mouse cochlin were obtained from 
the AlphaFold Protein Structure Database (Jumper et al., 2021; Varadi 
et al., 2021). Subsequent analysis and comparison was performed using 
the YASARA & WHAT IF twinset (Krieger et al., 2002). 

2.3. Cloning of constructs 

The COCH minigene construct was cloned using Gateway cloning 
technology (Invitrogen, Carlsbad, USA). The genomic region (including 
in cis SNPs, see de Vrieze et al., 2021) of wild-type and c.151C>T mutant 
human COCH exons 3 to 7 (transcript variant 1; NM_001135058.2) were 
amplified using Gateway-adapted primers 5′-CCACGGCTTTAATT 
TTCTCATC-3′ and 5′-CACCAACCAAGAGAATATGG-3′ and cloned in a 
pDONR201 vector. After sequence validation, the insert was cloned into 
the previously published Gateway-adapted pCI-NEO splice vector (Yariz 
et al., 2012). Site-directed mutagenesis PCRs were performed to produce 
the vectors with the variants in the splice-acceptor and splice donor 
sites, and subsequently to recode the protein-coding sequence of human 
COCH towards murine cochlin. In brief, primers were designed to have 
the variant of interest flanked up- and downstream by 12–15 nt of 
sequence complementary to the original vector. Primers were used to 
amplify the original vector for 12–15 cycles using Phusion high fidelity 
polymerase (#M0530L, New England Biolabs, Ipswich, MA, USA). 
Amplified vectors were transformed in DH5α cells (#18263012, Invi-
trogen, Waltham, MA, USA) after DpnI (#R0176L, New England Bio-
labs) digestion to eliminate template vectors. After extraction and 
sequence verification of the resulting plasmid, subsequent mutagenesis 
reactions were performed until all changes were introduced. The 
resulting hybrid wild-type and mutant COCH sequences are provided in 
supplementary file S1. To clone the hybrid sequence between the 
flanking murine Coch sequence in expression vector pcDNA3, GeneArt 
seamless cloning (#A14606, Invitrogen) was used. All fragments 
(backbone, upstream murine Coch, hybrid COCH and downstream mu-
rine Coch) were amplified using primers 5′-TCCCAGTCCCTC 
GACTGTGCCTT-3′ and 5′-GAGGGCATCCCTATAGTGAGTCGTATT-3′ 
(pcDNA3), 5′-CTATAGGGATGCCCTCGTCCAGG-3′ and 5′-TCACTGCAG 
TCTCTCCCACGAGG-3′ (murine Coch), 5′-GGAGAGACTGCAGTGATG 
CAATCATAGCTCAT-3′ and 5′-TAGCTTACCTTTATTGCCAGTTTTCT 
TC-3′ (hybrid COCH), 5′-CAATAAAGGTAAGCTAATTGCTCGG-3′ and 
5′-AGTCGAGGGACTGGGACTCACTATG-3′ (murine Coch). The final 
vector is shown in Fig. S2. 

2.4. In-vitro splice assays 

Murine cochlea precursor cell line UB-OC1, kindly donated by 
Matthew Holley, was cultured at 33 ◦C in high-glucose DMEM supple-
mented with 10 % fetal calf serum, 1 % penicillin/streptomycin, 1 mM 
sodium pyruvate and 50 U/mL of γ-Interferon (Rivolta et al., 1998). 
Transfections were performed in 6-well plates. At 60–70 % confluency, 
cells were transfected with 1 µg of pcNEO splice vector or pcDNA3 
hybrid COCH vector using polyethylenimine as previously described for 
HEK293T cells (Roosing et al., 2014). After 24 h, cells were harvested for 

transcript analysis. 

2.5. Transcript analysis 

Total RNA from UB-OC1 cells and murine embryonic stem cells was 
extracted with the Nucleospin RNA kit (#740955, Machery-Nagel, 
Düren, Germany) according to the manufacturer’s instructions. To 
extract RNA from mouse temporal bones, samples were homogenized in 
Trizol™ (#15596026, Invitrogen) using a Bio-Gen PRO200 Homoge-
nizer (#01–01200, PRO scientific, Oxford, CT, USA) Next, RNA Trizol 
extraction was performed according to the manufacturer’s instructions, 
followed by a second clean-up of the RNA sample using the Nucleospin 
RNA kit. The obtained RNA was reverse transcribed using the iScript 
cDNA synthesis kit (#1708891, Bio-Rad, Hercules, CA, USA). To 
investigate pre-mRNA splicing, part of the cDNA was amplified under 
standard PCR conditions using Q5 polymerase (New England Biolabs, 
#M0491L, Ipswich, MA) and primers 5′-CGGAGGTCAACAACGAGTCT- 
3′ and 5′-AGGTGTAGGGGATGGGAGAC-3′ (recognizing exons 3 and 5 of 
the human RHO gene) or primers 5′-ACGTGTGGTCCTTCTGTTCC-3′ and 
5′-CAGGATCCCTGCTCTCTGC-3′ (recognizing murine exons 1 and 7). 
Primers 5′-ACTGGGACGACATGGAGAAG-3′ and 5′- TCTCAGCTGTG 
GTGGTGAAG-3′, recognizing mouse Actb, were used for amplification 
controls. Quantitative PCR of all Coch transcripts, regardless of hu-
manization, was done using GoTaq qPCR mix (#A6002, Promega, 
Madison, WI, USA) and primers 5′-TTGCATTTGTTGACAAGGCTGT-3′ 
and 5′-CCAAACCAGTTGGGCATGTG-3′. These primers recognize exon 9 
and 10 which are identical between all mouse strains. Expression is 
normalized to an index of three housekeeping genes calculated by 
Bestkeeper (Pfaffl et al., 2004). Primers to amplify the housekeeping 
genes are Eef2 (5-’TGTCAGTCATCGCCCATGTG-3′ and 5′-CATCCTTG 
CGAGTGTCAGTGA-3′), Rpl37 (5′- CCAAGCGCAAGAGGAAGTATAA-3′ 
and 5′- CATGTCTGAATCTGCGGTAGAC-3′) and Gapdh (5′-CTCCCA 
CTCTTCCACCTTCG-3′ and 5′-GCCTCTCTTGCTCAGTGTCC-3′). The hu-
manized mutant and wild-type alleles are amplified using an 
allele-specific Taqman™ assay as previously published (de Vrieze et al., 
2021). G-blocks with wild-type and mutant PCR targets were used to 
calculate transcript levels per µg RNA as previously described (Dulla 
et al., 2021). 

2.6. Generation of the mouse lines 

The humanized wild type, floxed Coch and humanized mutant, 
floxed Coch mouse models were developed by genOway (Lyon, France) 
by replacing mouse Coch genomic sequence from intron 2 to the exon 6 
by its human counterpart, either wild type or harboring the c.151C>T 
(p.P51S) point mutation in human exon 3 (mouse counterpart of human 
p.P51 is p.P53). Single nucleotide polymorphisms (SNP) rs12432528:T, 
rs1124181:C, rs143609554:T, rs7140538:T, rs7140258:A, rs10701465: 
dupAG were included to the mutant sequence. In addition, the 
rs1124181:C SNP was included to both the wild-type and mutant 
models. The presence of loxP sites flanking the humanized region pro-
vides the opportunity to generate a knock-out allele. The Coch gene 
targeting vectors were constructed from genomic C57BL/6 N mouse 
strain DNA and fully sequenced to confirm vector integrity. Linearized 
targeting vector was transfected into C57BL/6 ES cells according to 
GenOway’s electroporation procedures. G-418 resistant ES cell clones 
were subsequently validated by PCR, using primers hybridizing within 
and outside the targeted locus, and whole locus sequencing to confirm 
the absence of any genetic alteration. Recombined ES cell clones were 
microinjected into C57BL/6 blastocysts, and gave rise to male chimeras 
with a significant ES cell contribution. Breedings were established to 
remove the Neomycin cassette and produce the humanized wild type, 
floxed and humanized mutant, floxed Coch mouse lines. These hetero-
zygous animals were genotyped by PCR, and further validated by full 
sequencing of the Coch locus, including the homology arms. The 
resulting humanized wild-type allele has been deposited at the mouse 
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genome informatics database (MGI) as Coch<tm1(COCH)Geno> (MGI 
reference: 7441,935). The humanized c.151C>T mutant allele has been 
deposited as Coch<tm2(COCH*P51S)Geno> (MGI reference: 
7441,936). For the mutant line, the synonym Elise was deposited after 
the popular name for Beethoven’s Bagatelle No. 25 in A minor (Für 
Elise). 

2.7. Elimination of the cdh23ahl locus 

C57BL/6 mice are known to suffer from age-related hearing loss (ahl) 
resulting from the c.753G>A mutation in the Cdh23 gene. As the overall 
goal is to develop a long-term model, we backcrossed the generated 
humanized COCH mice to the C57BL/6 (Cdh23753A>G) background, in 
which the mutation that leads to ahl has been successfully corrected 
(Mianné et al., 2016). This backcrossing resulted in 6 different strains 
that are subject of further investigation in current and future work 
(Table 1). 

2.8. Visualization of cochlin in the spiral ligament 

Mice were euthanized with an overdose of pentobarbital (200 mg/ 
ml). The skull of the mouse was cut open with scissors and brain tissue 
was removed to expose the temporal bones bilaterally. The otic capsule 
and surrounding tissue was removed so a small incision could be made in 
the apex. The cochleae were fixated in 4 % paraformaldehyde (PFA) for 
1 h. Afterwards, they were washed 3 × 5 min with PBS and incubated in 
0.5 M EDTA overnight. The cochleae were washed with PBS and incu-
bated in increasing sucrose concentrations (2 h in sucrose 5 %, 2 h in 
sucrose 10 % and overnight in sucrose 20 %). Next, cryosectioning was 
performed in the desired orientation and the sections were washed with 
PBS for 3 × 5 min and placed in 0.1 % Triton X-100 for 30 min, followed 
by an incubation in blocking solution (20 % goat serum and 20 % 
donkey serum in PBS) for 1 h. The slices were incubated overnight with a 
rat monoclonal anti-Cochlin primary antibody at 4 ◦C (1:200; 
#MABF267, clone 9A10D2, Merck Millipore, Burlington, MA, USA). 
Next sections were washed 4 × 3 min with PBS after which they were 
incubated for 1 h at room temperature with a goat anti-rat Alexa Fluor 
488 secondary antibody (1:1000; #A11006, Invitrogen) in blocking 
solution. Then the sections were washed again with PBS, and incubated 
with DAPI (1 µg/ml, Sigma) in PBS for 10 min. Afterwards, the samples 
were washed 2 × 2 min with demineralized water and mounted in 
ProLong™ Gold Antifade (#P10144, Invitrogen). Sections were visual-
ized using Olympus BX51 fluorescence microscope equipped with an 
Olympus DP71 digital camera. Olympus CellSens software was used for 
image acquisition and processing. 

2.9. Hearing assessments 

Long-term follow-up of auditory function in all seven strains is 
currently ongoing (starting with n = 40 per group). Subsets of animals 
are sacrificed at selected timepoints throughout the long-term 

phenotypic follow-up that will be part of subsequent publication. Here, 
we present the result of the hearing assessment obtained in adult mice at 
9 months of age in equal numbers of males and females. Since DFNA9 
and Cdh23-related hearing loss are late-onset disorders, conducting 
hearing assessments at earlier stages lacks meaningful significance. 

2.9.1. Anesthesia 
Mice were anesthetized with an intraperitoneal (i.p.) injection with a 

ketamine (100 mg/kg body weight) and xylazine (20 mg/kg body 
weight) mixture. Reflexes were assessed by a hind limb withdrawal re-
flex. In case mice did not reach an areflexive state, boosters of ketamine/ 
xylazine one-fifth of the original dose were administered fifteen minutes 
after anesthesia induction. Hearing assessment was started five minutes 
after ketamine/xylazine injection. After anesthesia induction, mice were 
individually placed in a sound-attenuating chamber (Industrial Acoustic 
Company, North Aurora, IL, USA) on a homeothermic heating pad sys-
tem (Harvard Apparatus, Holliston, MA, USA) to maintain constant body 
temperature (37 ± 0.5 ◦C). Prior to each recording session, ophthalmic 
ointment (Duratears, Alcon, Geneva, Switzerland) was applied to the 
eyes to prevent corneal drying. 

2.9.2. Distortion Product Otoacoustic Emissions (DPOAE) 
Anesthetized mice were placed on their left flank under a device 

securely holding an acoustic probe tightly fitted into the right external 
auditory canal. Two tones (f1 and f2) were administered simultaneously 
in the right ear only via a close-field method. DPOAE responses (2f1− f2) 
were measured over a frequency range from 5 to 32 kHz, more specif-
ically at 4, 4.5, 5.2, 6, 6.9, 8.0, 9.2, 10.6, 12.1, 13.9, 16.0, 18.4, 21.1, 
24.3, 27.9, and 32.0 kHz. The primary tone ratio f2/f1 was set to 1.22. 
DPOAE responses were evoked by a non-symmetric DPOAE protocol, 
using unequal primary tone stimulus intensities (i.e., L1 > L2). Five 
intensity levels were presented with L1 going from 70 to 30 dB SPL and 
L2 = L1 − 10 dB SPL. Duration of testing was approximately 10 min per 
animal. To enable statistical analysis and calculations of the mean, un-
obtainable DPOAE thresholds at our equipment’s limits of 70 dB SPL 
were defined as 80 dB SPL. 

2.9.3. Auditory Brainstem Responses (ABR) 
Evoked responses were recorded using disposable subcutaneous 

needle electrodes (28 G) positioned over the vertex of the skull (active 
electrode), the left mastoid (reference electrode) and the right hindlimb 
(ground electrode). Evoked potentials were measured after administra-
tion of frequency-specific sound stimuli through a free-field electrostatic 
speaker placed 10 cm in front of the animal’s head. BioSig32 software 
(Tucker-Davis Technologies, Alachua, FL, USA) was used to generate 
tone burst stimuli of 2 msec in length with a gate of 1 msec at frequencies 
4, 8, 16, 32 and 41 kHz in 5 dB steps starting at 90 dB SPL down to a 
minimum SPL of 10 dB. A stimulus repetition rate of 32 per second was 
used and 800 trials were recorded for each frequency to obtain a good 
averaged response. ABR thresholds were defined as the lowest stimulus 
level at which any reproducible ABR waveform could be reliably 

Table 1 
humanized wild-type and c.151C>T mutant Coch mouse strains.  

Strain name full name description 

CochhWT/ 

hWTCdh23cor 
B6N(Cg)-Cdh23<ahl+em3H> Coch<tm1.1(COCH) 
Geno>/Ant 

Mice homozygous for the wild-type humanized Coch allele and the Cdh23753A>G correction 

CochhP51S/ 

hP51SCdh23cor 
B6N(Cg)-Cdh23<ahl+em3H> Coch<tm2.1 
(COCH*P51S)Geno>/Ant 

Mice homozygous for the c.151C>T (p.P51S) mutant humanized Coch allele and the Cdh23753A>G 

correction 
CochhWT/ 

hP51SCdh23cor  
Biallelic humanized mouse with the wild-type and mutant Coch allele in compound heterozygosity, 
and homozygous for the Cdh23753A>G correction 

CochhWT/ 

hWTCdh23ahl  
Mice homozygous for the wild-type humanized Coch allele and the Cdh23ahl allele 

CochhP51S/ 

hP51SCdh23ahl  
Mice homozygous for the c.151C>T (p.P51S) mutant humanized Coch allele and the Cdh23ahl allele 

CochhWT/ 

hP51SCdh23ahl  
Biallelic humanized mouse with the wild-type and mutant Coch allele in compound heterozygosity, 
and homozygous for the Cdh23ahl allele  
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observed in the evoked response at appropriate latencies upon visual 
inspection and was determined by comparing the ABR waveforms with 
several suprathreshold ABRs. In addition, amplitudes of wave I were 
assessed at all frequencies. Upon completion of testing, needle elec-
trodes were removed, and animals were moved individually to heated 
cages and monitored until complete recovery. Duration of testing was 
approximately 30 min per animal. To enable statistical analysis and 
calculations of the mean, unobtainable ABR thresholds at our equip-
ment’s limits of 90 dB SPL were defined as 95 dB SPL. 

2.10. Statistics 

Statistical analyses were done in Graphpad Prism (Graphpad Soft-
ware, Boston, MA, USA). One-way ANOVA with Tukey’s posttest was 
performed on gene expression data. Since audiometry data was not 
normally distributed, Kruskal Wallis tests were performed to analyze 
hearing thresholds between the different mouse strains at 9 months of 
age. 

3. Results and discussion 

3.1. COCH gene and cochlin protein are highly conserved between human 
and mouse 

In order to design the humanized COCH mouse model, we first 
compared the COCH gene and cochlin protein between human and 
mouse. The human COCH gene is located on chromosome 14, and 
contains 11 protein-coding exons. Besides the reference transcript 

(transcript variant 1, NM_001135058.2; Fig. 1A), several alternative 
transcripts have been described within the GENCODE project (Frankish 
et al., 2018), of which the biological relevance remains unclear. Most 
noteworthy is transcript variant 3 (NM_001347720) containing a 195 bp 
extension of exon 2, which has been found in human cochlear and 
vestibular cells at comparable levels to transcript variant 1 (Schrauwen 
et al., 2016). The murine Coch gene is found on chromosome 12, and has 
only two annotated transcripts within GENCODE, both of which trans-
late into the same cochlin amino acid sequence. Transcript variant 1 
(NM_007728) has the same intron-exon structure as shown in Fig. 1A, 
whereas transcript variant 2 (NM_001198835) has an alternatively 
spliced 5′UTR. 

The encoded cochlin protein is composed of multiple protein do-
mains (Fig. 1B). The signal peptide, shown green, is encoded by exon 1. 
The LCCL (Limulus factor C, Coch-5b2 and Lgl1) domain is encoded by 
exons 2–5 and contains several DFNA9-associated missense variants, 
including the founder mutation c.151C>T. Cochlin furthermore con-
tains two vWFA (von Willebrand factor type A) domains, which are 
encoded by exons 6 to 10 (vWFA1) and exons 10 and 11 (vWFA2), as 
shown in red in Fig. 1B. The amino acid sequence of human and mouse 
cochlin is highly similar (94 % sequence identity). Comparison of the 3D 
protein models of human and mouse cochlin also reveals a very high 
degree of structural similarity (Fig. 1C), both in the overall folding of the 
protein, and in the region of the proline residue at position 51 (position 
53 in mice). Replacing the proline with a serine, as results from the 
c.151C>T (p.P51S) mutation in COCH, is predicted to affect both the 
human and mouse cochlin protein in the same manner. Interestingly, the 
3D models suggest that the P51S mutation does not induce a 

Fig. 1. Composition of the COCH gene and cochlin protein. (A) Graphical representation of the human COCH intron-exon structure. The colors correspond to the 
protein domains encoded by the different exons, as shown in (B). (B) Protein domain architecture of human cochlin, showing the signal peptide (SP) in green, the 
Limulus factor C, Coch-5b2 and Lgl1 (LCCL) domain in blue, and the two von Willebrand Factor A domains (vWFA) in red. The numbers indicate the amino acids 
boundaries based on the Alphafold 2 models. (C) 3D models of human and mouse cochlin proteins. Both proteins fold in a highly similar and typical manner in which 
the LCCL and vWFA domains can be clearly distinguished. Details of the LCCL domains of human and mouse cochlin show proline 51 (proline 53 in mouse) in green, 
and the DFNA9-associated serine in red, and underline the high degree of similarity of both mutant and wild-type cochlin between both species. 
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conformational change to the LCCL domain in either species. The two 
cysteines flanking P51 are likely to form a disulphide bond that anchors 
the structure of the domain, on which the P51S change is predicted to 
have little effect. This contradicts previous literature suggesting that the 
P51S amino acid substitution causes misfolding of the protein (Bae et al., 

2014; Liepinsh et al., 2001; Yao et al., 2010). The work of Robertson and 
co-workers, investigating the intracellular localization and secretion of 
mutant cochlin in mammalian cells, is more in line with our conclusions 
from the 3D protein models as they suggest that the deleterious effects of 
several DFNA9 mutations (including P51S, V66G and G88E) primarily 

Fig. 2. Rational design of the humanized P51S cochlin mouse model. (A) Sequence alignment of human COCH and murine Coch sequences flanking human 
cytosine 151 (shown in bold). Three nucleotide differences can be observed in the 20 nucleotides upstream and downstream of cytosine 151, revealing the limitation 
of testing sequences specific therapeutics. (B) Alignment of human and mouse cochlin amino acid sequence encoded by exons 1 to 8. The proline at position 51 is 
highlighted in bold. Amino acid residues that, when mutated, lead to DFNA9 are underlined. The background colors are in line with the cochlin protein domains as 
visualized in Fig. 1B. (C) Graphic representation of the human and mouse COCH allele, and of the amino acids that different between species. Human sequence is 
indicated in blue, mouse in green. The hybrid humanized Coch fragment depicts the humanization of exons 3–6, with retention of mouse-specific amino acid 
sequence. LoxP sites are introduced in intron 2 and intron 6. (D). Representation of the different alleles and breeding strategy towards the final humanized DNFA9 
mouse model carrying both alleles in heterozygosity. Breeding of these mice with a CRE driver line leads to a mouse strain carrying premature stop codons in Coch. 
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occur beyond the point of secretion, in the unique environment of the 
extracellular matrix of the inner ear (Robertson et al., 2003). Regardless 
of the consequences of the P51S substitution on cochlin function, the 
observed similarity in 3D protein models between human and mouse 
suggests that we can indeed investigate the molecular consequences of 
P51S when introducing the orthologous amino acid substitution in 
mouse. 

3.2. Design of hybrid humanized Coch alleles with recoded amino acids to 
avoid potential changes to cochlin function in the humanized mouse 

First and foremost, our humanized Coch mouse model should allow 
for the investigation of human-specific therapies that aim to block the 
production of P51S cochlin in a sequence-specific manner. This means 
that (1) the sequence flanking the human c.151C>T variant should be 
introduced in the mouse, and (2) a second strain is required carrying 
corresponding human wild-type allele to assess allele-specificity of such 
therapeutics. The nucleotides immediately up- and downstream of po-
sition 151 in human COCH are largely identical to the murine counter-
parts (Fig. 2A). There are however 3 nucleotides that differ between 
human and mouse, which are likely to be part of the targeting sequence 
of genome-editing and antisense oligonucleotides therapeutics. In 
addition, we previously identified several genetic variants with a low 
population frequency that are in cis with the c.151C>T mutation, which 
could therefore serve as alternative therapeutic targets (de Vrieze et al., 
2021). To investigate therapeutics directed against SNPs on the mutant 
allele, it is important to also introduce (some of) these variants into the 
mouse model. The variant in intron 5 (c.436+368_436+369dupAG, 
rs10701465), is particularly interesting to include in the mouse model as 
it creates a larger difference between both alleles than a single nucleo-
tide change. 

Although we would ideally replace the complete mouse Coch gene 
with the human orthologue, this would also alter the cochlin amino acid 
sequence. More than 20 amino acid substitutions have been described to 
result in DFNA9 (Verdoodt et al., 2020), but the molecular mechanism 
underlying these mutations remains uncertain. As such, it is virtually 
impossible to predict if we can replace mouse-specific amino acids of 
cochlin for the human counterparts without altering protein function. 
For this reason, we also quickly rejected transgenic introduction of the 
complete human COCH gene using a similar approach as previously used 
to establish humanized mouse models for e.g. Duchenne Muscular 
Dystrophy (DMD) and Huntington’s Disease (HD) (Gray et al., 2008; 
Hoen et al., 2008). 

Alternatively, we investigated the option to generate hybrid hu-
manized Coch alleles (coined CochhWT and CochhP51S), a strategy that has 
been very successful in the past, for example in the development of both 
a murine and porcine model for Usher syndrome type 1c (Grotz et al., 
2022; Lentz et al., 2007). We defined the target fragment of the 
wild-type and mutant human COCH gene to span from exon 3 (con-
taining c.151C) to exon 6 (in order to include the SNP in intron 5). This 
will result in the humanization of the complete LCCL domain of cochlin 
and, if unaddressed, the introduction of 10 human-specific amino acids 
in the mouse cochlin protein (Fig. 2B). To eliminate even the slightest 
chance that the introduction of the human-specific amino acids in-
terferes with normal cochlin function, we decided to recode the 10 
human-specific amino acids back to the murine triplets. As a result, the 
final hybrid humanized hCoch alleles will encode the complete mouse 
cochlin amino acid sequence (wild-type or P51S) (Fig. 2C). The envi-
sioned mouse model for DFNA9 will carry one humanized mutant allele, 
and one humanized wild-type allele, in compound heterozygosity 
(Fig. 2D). Additionally, loxP sites were introduced into the recombina-
tion template to allow for the generation of loss-of-function alleles 
(c.89_886del p.P31Nfs*4) after breeding the humanized mice with a 
CRE driver line. 

3.3. Strategic adjustments to the splice donor and splice acceptor sites 
secure normal pre-mRNA splicing of human Coch exons in mouse inner ear 
cells 

Previous studies revealed that species-specific differences in pre- 
mRNA splicing can affect the functional outcome and translational 
value of humanized animal models (Garanto et al., 2015; Slijkerman 
et al., 2018). Aiming to prevent this, we investigated pre-mRNA splicing 
of human COCH exons 3–6 in mouse inner ear cells prior to the gener-
ation of the humanized mice. We cloned the genomic sequence of COCH 
exon 3 to exon 7, and 1 kb of flanking intronic sequence between the two 
RHO exons of the midigene splice vector (Fig. 3A). Next, we transfected 
this vector into UB-OC1 cells, which are derived from the embryonic 
auditory sensory epithelia of immortomouse (Rivolta et al., 1998) to 
investigate recognition of the human splice sites by the splicing ma-
chinery of mouse inner ear cells (Fig. 3B). Amplification of transcripts 
using primers complementary to the 5′ and 3′ RHO exons revealed that 
human COCH exons 4 and 7 are poorly recognized by the murine 
splicing machinery. The majority of transcripts lacked either exon 4, 
exon 7, or both. Splicing of exons 3, 5 and 6 occurred similar to the 
reference transcripts. A second PCR, using primers directed against 
COCH exons 3 and 7, confirmed the skipping of exon 4 to be a problem 
for the development of a humanized mouse model (Fig. 3C). It further-
more showed that correct pre-mRNA splicing occasionally occurs in the 
transfected mouse cells. 

Aiming to improve recognition of human COCH exons 4 in murine 
cells, we first compared the human and murine sequences of splice 
donor and acceptor sites, and calculated the splice-site strengths using 
NNSPLICE 0.9 (Reese et al., 1997). At both sites, the sequence is 
reasonably well conserved (Fig. 4A). At the splice acceptor site, the exon 
sequence is identical between human and mouse, whereas the exonic 
sequence of the splice donor site differs by 1 nucleotide. We previously 
showed that recognition of a human (cryptic) exon can be improved in 
zebrafish by strengthening the intronic sequence of the splice donor and 
splice acceptor sites (Schellens et al., 2022). In view of the predicted 
strengths, the human splice donor site is particularly weak (0.18, vs. 
0.57 in mouse). Both the human and mouse splice acceptor site have a 
higher predicted strength (0.89 and 0.63, resp.). Lacking clear cut-off 
values for efficient splicing, we investigated options to improve the 
predicted splice-site strength of both sites. The previously published 
consensus splice acceptor and splice donor sequence of human and 
mouse are highly identical (Abril et al., 2005). In both human and 
mouse, the exonic splice acceptor sequence deviates from the canonical 
sequences at 2 out of 3 positions. Since changing these nucleotides 
would alter the encoded protein, we opted to change the intronic 
sequence of the acceptor site in order to better match the optimal 
sequence. At nearly all intronic acceptor positions, a thymine is associ-
ated with most-efficient splicing. Indeed, the introduction of 5 thymine 
nucleotides increased the NNSPLICE score to 0.99 (Fig. 4B). Similarly, 
introducing an adenine in the intronic splice donor sequences increased 
the NNSPLICE score to 0.97. We introduced the proposed variants into 
the midigene splice vector, and transfected these improved vectors in 
UB-OC1 cells to assess whether the inclusion of exon 4 was improved. 
Amplification from RHO exon 3 to RHO exon 5 revealed that introduc-
tion of the variants prevents the formation of the amplicon lacking both 
exon 4 and exon 7 (Fig. S3). Sequencing of the amplicons revealed that 
exon 4 was included in nearly all amplicons. To better visualize the 
improvements in pre-mRNA splicing resulting from the introduction of 
splice-strengthening variants in the intronic acceptor and donor sites, 
the COCH transcript was amplified from exon 3 to exon 7 (Fig. 4C). 
While the skipping of exon 4 was resolved by the introduced changes in 
the splice sites, retention of intron 6 presented as a potential problem in 
the generation of the humanized mouse. Additionally, a PCR from COCH 
exon 5 to RHO exon 5 revealed that exon 7 skipping remains a potential 
problem (Fig. 4D). 

COCH exons 6 and 7 are separated by an intron of 90 nucleotides in 
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length. Since there are no potential targets for therapy in this part of the 
human COCH gene, we hypothesized that keeping the complete mouse 
intron 6 and exon 7 sequence in the hybrid Coch allele might be the 
easiest solution. To investigate this, we cloned a vector encoding the 
final situation in the mouse genome from exon 1 to exon 7. Breakpoints 
between murine and human sequence were chosen in intron 2 (mouse 
c.89–735 -> human c.83–721) and at the first nucleotide of intron 6 
(human c.481 -> mouse c.487+1). Wild-type and mutant hybrid Coch 

vectors were produced in which the human in cis variants of the corre-
sponding alleles are included, and in which all human-specific amino 
acids were recoded to the mouse amino acids. The resulting hybrid Coch 
vectors were transfected into UB-OC1 cells to investigate splicing of the 
hybrid Coch transcript in mouse inner ear cells. Correct splicing was 
observed in both the wild-type and mutant hybrid transcript (Fig. 4E). 
This indicates that the improvement to the splice sites of exon 4 was 
indeed successful to secure normal splicing of the hybrid humanized 

Fig. 3. Splicing of human COCH exons in murine inner ear cells. (A) Graphic representation of the midigene splice vector in which cloned the human genomic 
COCH fragment containing exons 3 to 7 between two RHO exons. Arrows indicate primer positions used to amplify midigene transcripts. (B) RT-PCR analysis 
investigating the splicing of the complete midigene reveals multiple products in which exon 4, exon 7 or both exons 4 and 7 are not included in the final transcript. 
(C) Amplification from exon 3 to exon 7 reveals that a small proportion of transcripts is correctly spliced. All amplicons were validated with Sanger sequencing. 

Fig. 4. Improving recognition of COCH exon 4 in mouse cells. (A) Sequence alignment of human and mouse COCH exon 4, including the splice acceptor and 
splice donor sites (box). NNSPLICE score is given at the end of each row with a splice site as a measure of splice site strength. (B) Sequence alignment of the original 
splice acceptor and splice donor sites, and the proposed improvements (green). (C) RT-PCR analysis investigating the splicing of COCH exons 4 to 7 shows a strong 
improvement in the recognition of COCH exon 4. Retention of intron 7 was also observed in part of the amplicons. (D) RT-PCR analysis using primers on COCH exon 5 
and RHO exon 5 shows that skipping of exon 7 remains unaltered between the original and improved midigenes. (E) Plasmid map of the hybrid humanized Coch 5′ 
gene fragment used to investigate pre-mRNA splicing of human COCH exons within the eventual humanized transcript. RT-PCR analysis using primers on Coch exons 
1 and 7 showed that the majority of transcripts is splice correctly, and a small proportion shows retention of intron 7. (F) Analysis of humanized Coch pre-mRNA 
splicing in mouse ES cell clones that were used to generate the chimeric founder mice. Wild-type ES cells were included as controls. Sanger sequencing was used to 
confirm the sequence of all amplicons that are schematically depicted in panels C-F. 
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Coch transcript. A small amount of intron 6 retention also occurs in a 
transcript with mouse intron 6 and exon 7, while skipping of exon 7 is no 
longer observed. Non-sequential splicing is known to occur (Gazzoli 
et al., 2016), and if the removal of intron 6 occurs slightly slower and 
less efficient as compared to the other introns, overexpression of the 
hybrid Coch gene fragment may create a non-physiological situation in 
which a small amount of intron 6 retention remains visible. Regardless 
of the cause, we concluded that the intron 6 retention is likely a feature 
of the murine transcript, and therefore requires no further improvement. 

Having improved the recognition of the human COCH exons in 
mouse inner ear cells as much as possible with these in-vitro assays, the 
template vectors containing the final sequences to be introduced into the 
mouse genome were shipped to GenOway, where the mice with hu-
manized alleles were produced. The generation of a transgenic or hu-
manized mouse cost a significant amount of time and money. Therefore, 
we included a final checkpoint in the development of the humanized 

mice, and investigated pre-mRNA splicing of the hybrid humanized Coch 
alleles in the embryonic stem (ES) cells used to produce the chimeric 
founder mice. The ES cells produced by GenOway were investigated for 
(hybrid) Coch pre-mRNA splicing. Although the alleles in the humanized 
ES cells still contain a proprietary selection cassette for transgenesis, we 
observed only correctly spliced amplicons in true wild-type ES cells, and 
in the wild-type and mutant humanized ES cells (Fig. 4F). Note that the 
retention of intron 6 was not observed in these cells that endogenously 
express the hybrid humanized Coch transcript. 

3.4. Normal expression of hybrid humanized Coch alleles and cochlin 
protein in the mouse cochlea 

The hybrid humanized mouse strains were delivered as F1 genera-
tion with heterozygous humanized alleles on a C57BL/6 background 
with the Cdh23ahl allele. We simultaneously set up a breeding strategy to 

Fig. 5. Correct expression and pre-mRNA splicing of humanized Coch and cochlin in the mouse inner ear. (A) RT-PCR analysis revealing correct pre-mRNA 
splicing of Coch in all three genotypes. (B) Sanger sequencing traces confirming the absence or presence of the DFNA9-associated c.151C>T mutation. The original 
human (Hs), and hybrid (hyb) Coch sequence are shown below the Sanger traces. Differences between original human COCH and hybrid Coch, resulting from the 
recoding of human-specific amino acids, are underlined. (C) Quantitative analysis of total Coch gene expression. Normalized expression is depicted as mean ± SD. 
Housekeeping index contains Eef2, Rpl37 and Gapdh. (D) Absolute qPCR of humanized wild-type and mutant Coch transcripts in the temporal bones of each genotype. 
Expression values are calculated as number of transcripts per µg RNA. Mean and individual values are displayed for those genotypes that carry the allele encoding the 
target transcripts. (E) Cochlin expression in the spiral ligament (SL) and spiral limbus (sl) of the cochlea (Cochlin antibody, green) in the different mouse strains. Stria 
vascularis is indicated with SV. 
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produce the mice as shown in Table 1, and performed a preliminary 
study on humanized Coch expression and pre-mRNA splicing. Once all 
genotypes had been bred, temporal bones were dissected from 5-month- 
old humanized mice for a thorough investigation of gene and protein 
expression (Fig. 5). RT-PCR analysis on mRNA isolated from temporal 
bones revealed a single amplicon for mouse Coch in complete wild-type 
mice. In all three genotypes of humanized mice (CochhWT/hWT, CochhWT/ 

hP51S and CochhP51S/hP51S), the same pre-mRNA splicing pattern was 
observed as was seen for mouse Coch (Fig. 5A). Note that the retention of 
intron 6 that was observed in the in-vitro studies was not detected in the 
mouse temporal bone. Sanger sequencing confirmed that the amplicons 
contained indeed humanized wild-type and humanized mutant Coch 
(Fig. 5B). Note that two peaks are visible at nucleotide 157 of the het-
erozygous humanized mice, confirming that both alleles are expressed in 
this strain. When comparing the Sanger traces to the human sequence, 
two of the nucleotide substitutions resulting from recoding the human- 
specific amino acids are visible downstream of the c.151C>T variant. To 
investigate whether humanized Coch and native mouse Coch alleles are 
equally expressed, a quantitative RT-PCR was conducted using primers 
recognizing the exons 9 and 10, which are outside the transgenic region 
and thus allow the amplification of Coch in all mouse strains. Although 
mild differences in total Coch expression can be observed between the 
different mouse strains, normalized transcript levels are not significantly 
different between strains (one-way ANOVA, Tukey’s multiple compari-
son test) (Fig. 5C). The lowest P-value is 0.2 for the comparison between 
Coch+/+ and CochhP51S/hP51S samples. We furthermore observed equal 
expression of humanized wild-type and humanized mutant Coch tran-
scripts in temporal bones of heterozygous mice (Fig. 5D). As a final 
confirmation that the genomic humanization was successful, cochlin 
protein was visualized in temporal bone slices of wild-type mice. Results 
showed that cochlin expression was present in the spiral ligament and 
spiral limbus in all the different genotypes indicating that humanization 
of the Coch gene was successful and did not have an impact on cochlin 
protein formation (Fig. 5E). Note that in the homozygous humanized 
lines, humanized wild-type and humanized mutant cochlin can be spe-
cifically visualized, whereas as mixture of both is anticipated to be 
visualized in the heterozygous CochhWT/hP51S. Specificity of the antibody 
is shown by the lack of anti-cochlin immunoreactivity in the cochlea of 
Coch− /− mice (Supplementary file S4). Overall, the obtained data on 
humanized Coch transcripts and cochlin protein suggest that the 
genomic humanization of the mouse line was successful. Although we 
cannot know for sure how the original human COCH transcript would be 
spliced in the murine cochlea, we conclude that the in-vitro investiga-
tion of pre-mRNA splicing, and subsequent changes to the splice donor 
and splice acceptor site were important to ensure normal pre-mRNA 
splicing of the eventual hybrid transcript. As some of the previous hu-
manized animal models did display unforeseen problems with the 
recognition of human exons (Garanto et al., 2015; Slijkerman et al., 
2018), our approach presents a quick and easy method to investigate 
splicing in a relevant cellular context, and introduce improvements if 
needed. The UB-OC1 cell line was selected as it is derived from the 
mouse cochlea, and expresses many genes related to inner ear function, 
including Coch. However, UB-OC1 cells are of an ectoderm origin, 
whereas Coch-expressing fibrocytes are derived from the mesoderm 
(Furness, 2019; Rivolta et al., 1998). As such, UB-OC1 cells present a 
valuable tool, but do not offer the exact context of the fibrocytes. It 
might be possible to investigate pre-mRNA splicing in fibrocytes using 
primary cell cultures from the cochlear lateral wall of mice, or by 
injectoporation of midigene construct into the mouse cochlea (Gratton 
et al., 1996; Xiong et al., 2014). However both options do require 
experimental animals, and methods for efficient delivery of midigenes 
into the fibrocytes have yet to be established. 

3.5. Humanization of the Coch gene has no negative impact on hearing 
function 

Based on a previous publication of a knock-in mouse model for the 
c.263G>A (p.G88E) mutation in Coch, onset of an auditory and vestib-
ular phenotype is anticipated to occur between 15 and 21 months of age. 
Based on previously published in-vitro data on cleavage and secretion of 
P51S and G88E cochlin, we have no reason to assume that mice carrying 
the P51S mutation will develop auditory and vestibular phenotypes 
different from the G88E mouse. As such, the Cdh23ahl allele in the 
background of the mice in which the humanized alleles were introduced, 
is anticipated to result in hearing defects before the onset of a DFNA9- 
associated phenotype. Previous work, in which the Cdh23ahl allele was 
repaired using CRISPR-Cas9 (Cdh23cor), revealed that 24-week-old mice 
carrying the ahl allele already display a significant increase in ABR 
threshold at 32 kHz as compared to mice with the corrected allele 
(Mianné et al., 2016). Therefore, we crossed our hCoch mice with 
Cdh23cor mice to remove the ahl allele from our mouse strains. Extensive 
auditory and vestibular phenotyping is ongoing. Here, we present the 
first results obtained in mouse of mixed sex. Outer hair cell function is 
assessed by performing DPOAE measurements. Our results indicate that 
outer hair cell function at 9 months is similar between Cdh23cor mice and 
wild-type humanized CochhWT/hWT mice (Fig. 6A). Significant differ-
ences in DPOAE thresholds are observed between Cdh23ahl/ahl mice and 
the mice corrected for the ahl locus (Cdh23cor) starting from 16 kHz up to 
32 kHz, as expected. The exact p-values are reported in the supple-
mentary file S5. In line with the phenotype of the G88E mice, no outer 
hair cell defect was observed in both heterozygous (CochhWT/hP51S) and 
homozygous (CochhP51S/hP51S) humanized Coch strains as compared to 
humanized wild-type controls (Fig. 6B). Since we speculated that the 
Cdh23ahl allele could accelerate the phenotype of humanized mutant 
Coch mice, we also investigated auditory function for all three human-
ized Coch genotypes in the Cdh23ahl background (Fig. 6C). No differ-
ences were observed between humanized wild-type and mutant strains. 
However, the significant differences in threshold that are observed at 16 
kHz and above for all humanized Coch genotypes in the Cdh23ahl 

background as compared to those corrected for the ahl locus (Cdh23cor), 
emphasize the relevance of removing the ahl allele. Auditory Brainstem 
Responses (ABRs) are an indication of auditory pathway function, from 
the primary auditory neurons synapsing with the sensory cells of the 
cochlea, the inner hair cells, to the inferior colliculus in the midbrain. 
ABR thresholds at 9 months of age revealed that hearing function of 
humanized wild-type Coch mice is not impaired when comparing them 
with Cdh23cor wild-types (Fig. 6D). The typical loss of high frequency 
hearing associated with the Cdh23ahl allele is visible in CochhWT/hWT in 
which the ahl allele has not been repaired. Small differences can be 
observed between the three humanized Coch genotypes in Cdh23cor 

background at three out of five frequencies, but not to the extent of a 
hearing loss phenotype (Fig. 6E). In line with the results from the 
DPOAE, the ABR results also reveal significant differences between the 
mice corrected for the ahl locus on the Cdh23 gene and mice carrying the 
ahl locus (p < 0.001, supplementary file S5) at 16 kHz, 32 kHz and 41 
kHz (Fig. 6F). For clarity, DPOAE and ABR data is displayed in multiple 
graphs, visualizing different comparisons. Statistical analyses were 
performed on the entire dataset comparing all strains. Based on the 
Vestibular Deficit Index (VDI) which is a behavioral test battery that has 
been successfully used to assess the loss of vestibular function in mice 
(Verdoodt et al., 2021), we have no indication to suspect a vestibular 
defect at this age as vestibular rating scores remained within the normal 
control range across all groups. Nor is there any indication that the ahl 
locus on the Cdh23 gene has an effect on vestibular functioning mice. 

As hearing loss caused by the ahl locus starts at the highest fre-
quencies, which is confirmed by our measurements, our results indicate 
that rescuing the auditory function in our corrected hCoch mouse model 
by backcrossing to the C57BL/6 (Cdh23cor) background was successful 
and necessary since the onset of Cdh23ahl-associated hearing loss 
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precedes the (anticipated) hearing loss associated with DFNA9. C57BL/6 
remains a popular laboratory strain in hearing research and beyond. The 
presence or absence of the Cdh23ahl allele is assumed to have little 
consequences in preclinical studies using mouse models that display an 
early-onset or congenital hearing loss phenotype. Indeed, many suc-
cessful proof-of-concept studies on novel hearing loss therapeutics have 
been done in C57BL/6 mice. Here, we highlight the value of removing 
this allele from the C57BL/6 background based on the (anticipated) age 
of onset of the DFNA9-associated hearing loss phenotype. Additionally, 
the presence of the ahl allele can also be problematic in long-term 
follow-up studies investigating novel hearing loss treatments, As the 
extent to which auditory defects can be rescued declines with age. 
Lastly, cadherin 23 (encoded by the CDH23 gene) is a key component of 
the tip links of hair cell stereocilia, and as such, may influence the 
phenotypic outcome of hearing loss caused by other genetic variants 
through genetic interaction (Newton et al., 2022; Watson and Tempel, 
2013). Based on the data obtained so far in our humanized Coch mouse 
model, we find no evidence of a potential genetic interaction between 
Cdh23 and Coch variants. Ongoing phenotypic follow-up over a 2-year 
timeframe will reveal the extent of auditory and vestibular pheno-
types, and opportunities to investigate therapeutic strategies at the level 
of restoring or preventing hearing loss. 

4. Conclusions 

To this day, animal models are crucial to understand the function of 
the inner ear, and to develop novel treatments for hearing loss and 
vestibular dysfunction. Although stem cell technology is rapidly 
advancing to replace animal models, even for hearing loss disorders, 
animal models are still superior in mimicking the complexity of the 
human cochlea and vestibular system. Lacking an animal model for the 
c.151C>T founder mutation in COCH, which causes DFNA9, we aimed 
to establish a humanized mouse model that allows for a broad spectrum 
of fundamental and translational pre-clinical investigations. For many 
mouse models for inherited diseases, only the orthologous human 
variant is introduced in the mouse gene. With the increasing flexibility 
and efficiency of genetic modification, it is now possible to introduce 
bigger modifications in the animal genome, allowing the development of 
much more sophisticated animal models that can be used to answer a 
wide array of fundamental and therapeutic research questions. 

Following a similar as previously used murine and porcine models of 
inherited diseases such as Usher syndrome type 1c, we introduced the 
human DFNA9-associated mutation, and flanking sequence, into the 
mouse genome. Introducing human sequences in animal models can lead 
to unforeseen pre-mRNA splicing defects, this manuscript shows this can 
be easily identified and resolved in advance using a few simple in-vitro 

Fig. 6. Hearing assessment of our humanized mouse model. (A) DPOAE measurements in wild-type humanized CochhWT/hWT mice are similar to DPOAE 
thresholds observed in Cdh23cor mice but significantly different from DPOAE thresholds seen in Cdh23ahl mice in the range of 16–32 kHz. (B) DPOAE measurements 
are similar in humanized CochhWT/hWT, CochhWT/hP51S and CochhP51S/hP51S mice at 9 months of age. (C) After 9 months, DPOAE measurements are significantly 
different between Cdh23cor and Cdh23ahl mice starting from 16 kHz to 32 kHz. (D) ABR measurements indicate that hearing thresholds are similar between hu-
manized CochhWT/hWT and Cdh23cor mice but significantly different from hearing thresholds in Cdh23ahl mice at 16, 32 and 41 kHz. (E) No significant differences are 
observed between humanized CochhWT/hWT, CochhWT/hP51S and CochhP51S/hP51S mice at 9 months of age. (F) ABR assessment revealed that hearing thresholds in 
Cdh23cor mice significantly differ from hearing thresholds observed in Cdh23ahl mice at 16, 32 and 41 kHz. Data are not normally distributed, and are expressed as 
median ± 95 % CI. Statistical analyses are provided in supplementary file S5. 
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assays. By introducing carefully positioned loxP sites, allowing to also 
generate a loss-of-function mouse model, and producing a humanized 
wild-type strain, we now have access to a highly elegant and versatile 
genomically humanized mouse model for the c.151C>T founder muta-
tion that is causative for DFNA9. The development and breeding of mice 
with the ideal genotype to study DFNA9 (CochhWT/hP51S in Cdh23cor) took 
around three years. However, it now provides us with a unique model to 
investigate the efficiency and specificity of sequency-specific therapeu-
tic strategies directed against the human c.151C>T allele within a fully 
functional, mammalian cochlea. The overall design of the mouse model, 
and de-risking strategy that we followed, can serve as inspiration for the 
development of many other animal models for human diseases. 
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