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Reporting Summary
Nature Portfolio wishes toto improve the reproducibility ofof the work that wewe publish. This form provides structure for consistency and transparency
inin reporting. For further information onon Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present inin the figure legend, table legend, main text, oror Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given asas a discrete number and unit ofof measurement

A statement onon whether measurements were taken from distinct samples oror whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- oror two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description ofof all covariates tested

A description ofof any assumptions oror corrections, such asas tests ofof normality and adjustment for multiple comparisons

A full description ofof the statistical parameters including central tendency (e.g. means) oror other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) oror associated estimates ofof uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees ofof freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information onon the choice ofof priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification ofof the appropriate level for tests and full reporting ofof outcomes

Estimates ofof effect sizes (e.g. Cohen's d, Pearson's r),), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability ofof computer code

Data collection

Data analysis

For manuscripts utilizing custom algorithms oror software that are central toto the research but not yet described inin published literature, software must bebe made available toto editors and
reviewers. WeWe strongly encourage code deposition inin a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability ofof data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, oror web links for publicly available datasets
- A description ofof any restrictions onon data availability

- For clinical datasets oror third party data, please ensure that the statement adheres toto our policy

Rüdiger Behr, Tobias Moser

Feb 17, 2026

Data was collected with custom written (in Matlab R2012a) asas well asas freely available (Audacity v 3.2) software was used .

Python version 3.13 and R 4.3 were used for data analysis.

Data Availability

All data leading toto the figures and results inin the main text and supplementary material have either been uploaded toto the Zenodo repository: XXXXX. Images are
available within the figures themselves.
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Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender

Reporting on race, ethnicity, or
other socially relevant
groupings

Population characteristics

Recruitment

Ethics oversight

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid 
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in 
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used. 

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has 
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary.  Please state if this 
information has not been collected. 

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why 
they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables 
(for example, race or ethnicity should not be used as a proxy for socioeconomic status). 

Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the 
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or 
administrative data, social media data, etc.)

Please provide details about how you controlled for confounding variables in your analyses.

Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic 
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study 
design questions and have nothing to add here, write "See above."

Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and 
how these are likely to impact results.

Identify the organization(s) that approved the study protocol.

The present work describes the generation of OTOF deficient commen marmosets for which a priori no sample size calculation is possible.

No data were excluded from the analysis.

The current work generated OTOF deficient marmoset monkeys. Within the group of WT and KO animals the main experimental findings
werereplicable between animals.

Randomization was not possible due to the nature of the work: the genotype itself created the experimental groups which were compared.

Blinding was not possible: all animals generated in this work were known to the experimenters. Monkeys are individually identifiable.
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Materials & experimental systems

n/a Involved inin the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research ofof concern

Plants

Methods

n/a Involved inin the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used

Validation

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender inin
Research

Laboratory animals

Wild animals

Reporting onon sex

Field-collected samples

Ethics oversight

Note that full information onon the approval ofof the study protocol must also bebe provided inin the manuscript.

Novel plant genotypes

Seed stocks

Authentication

Plants

The following primary antibodies were used (rabbit anti Otof, 1215, SySy 2017, chicken anti Parvalbumin, 195 006 SySy). The
secondary antibodies were: goat anti rabbit 633, A 2121 070, Thermo Fisher; goat anti chicken 568, ab175711, abcam.

goat anti rabbit 633, A 2121 070, Thermo Fisher; cross reacts:

Against human IgG, human serum, mouse IgG, mouse serum and bovine serum

https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-21070

goat anti chicken 568, ab175711, abcam; cross reacts: Mouse, Rat, Rabbit, Horse, Cow, Human, Pig

https://www.abcam.com/en-us/products/secondary-antibodies/goat-chicken-igy-h-l-alexa-fluor-568-preadsorbed-ab175711

chicken anti Parvalbumin, 195 006 SySy; cross reacts:rat, mouse

https://sysy.com/product/195006

rabbit anti Otof, 1215, SySy 2017; custom antibody produced byby Synaptic systems

Common marmoset monkeys ofof either sex were used. Animals were followed from birth until 1 year ofof age.

N/A

Findings were applicable toto both sexes. Sex was not considered due toto the nature ofof the work generating OTOF deficient animals with
IVF.

N/A

Experimental approval was granted byby the Lower Saxony authorities (LAVES License #33.19–42,502-04–19/3221).

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.
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Generation of marmoset monkeys with a non-mosaic
disruption of the OTOF gene as a model of human deafness
Corresponding Author: Dr Tobias Moser

This file contains all reviewer reports in order by version, followed by all author rebuttals in order by version. 

Version 0: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
The article titled "Generation of marmoset monkeys with a non-mosaic disruption of the OTOF gene as a model of human
deafness" by Kahland describes the successful creation of a non-mosaic OTOF knockout marmoset model for DFNB9, a
form of human genetic deafness. Using CRISPR-Cas9-mediated genome editing of embryos and zygotes, they obtain two
homozygous OTOF-KO offspring that exhibit profound hearing loss and absent otoferlin expression in inner hair cells.
Auditory brainstem response (ABR), distortion product otoacoustic emissions (DPOAE), and cochlear immunostaining
analyses confirm auditory synaptopathy. The authors further characterize spontaneous vocalizations and suggest these are
preserved in the absence of auditory feedback, providing a potential model for testing gene therapies or implants. 

Major comment 
1. The creation of a non-mosaic OTOF-KO marmoset model is a notable technical achievement and is thoroughly
characterized, the absence of a therapeutic intervention (e.g., AAV-mediated OTOF gene delivery) represents a significant
limitation. Given that human clinical trials are already underway and showing promising results, the main added value of this
non-human primate model lies in its potential for translational validation, particularly regarding vector delivery, expression
levels, and long-term functional recovery. 
2. Only two KO animals were obtained from 81 embryo transfers. This low efficiency limits statistical interpretation and raises
concerns about scalability. 
3. Key challenges, low editing yield, high costs, ethical constraints, potential immune responses to Cas9 or gene therapy,
are only briefly acknowledged. 
4. No detailed discussion of how this model complements or surpasses rodent models in gene therapy applications. 

Minor Points 

1. Some figures (e.g., Figure 3 and 4) would benefit from clearer legends and labeling of axes. Indicate explicitly which data
correspond to individual animals versus group means. 
2. in Figure 5, include a higher-magnification inset of IHCs with and without otoferlin staining to better illustrate the
immunofluorescence result. 

Reviewer #2 

(Remarks to the Author) 
Results from independent Otoferlin (OTOF) gene therapy (GT) trials reported less than 2 years ago represent a breakthrough
in hearing research. OTOF GT is a promising alternative to cochlear implant for pediatric DFNB9 patients. In addition, a
recent report indicates that a 23-year-old DFNB9 patient also showed significant improvement in hearing after OTOF GT (Qi
et al., The Lancet, 2025, Volume 405, Issue 10481, 777-779). Nevertheless, important questions related to OTOF-GT



including safety (immune response), durability, therapeutic window, and complete restoration of hearing remain to be
addressed. Research using preclinical models is critical to advancing treatment to clinical trials and to patients. Hearing
research has benefited enormously from studies in mice, which, among other things, helped advance GT trials for DFNB9.
However, differences in anatomy, physiology, manifestation of the phenotype, vocal development, and lifespan create
limitations to extrapolating results from mice to humans. Evaluating the efficacy of novel therapies in a non-human primate
(NHP) genetic model for hearing loss is expected to yield results with greater translational predictive value compared to
efficacy results from organoids and/or rodent models. NHP genetic models will be valuable in evaluating the efficacy,
specificity, and durability of novel therapies. Kahland et al. report (manuscript under review) on the generation of marmoset
monkeys with non-mosaic disruption of the OTOF gene as a model of human deafness. This is an important development
that could help address preclinical optimization and characterization needs for OTOF GT. However, the small sample size –
two OTOF KO marmosets – is not sufficient to support all the conclusions in the manuscript. 

Main Comments: 
1. A genetic modification protocol for NHPs that yield a low rate of mosaicism will be valuable for generating genetic models
of hearing loss and other disorders. The authors used a multi-step protocol that combines IVF protocol in marmosets and
CRISPR/Cas9 editing, in which each of the core methods used required fine-tuning or further optimization. The multistep
protocol yielded two compound heterozygote OTOF KO offspring with hearing loss phenotype. The latter is consistent with
the hearing loss phenotype previously reported in Otof KO mice, demonstrating successful targeting/disabling of OTOF in
animals #5 and #6 (Fig. 1). However, the claim that they have developed an optimized multistep protocol to yield non-
mosaic transgenic NHPs based on two KO animals (n=2) is concerning; additional KO animals with identical outcomes
would support their claim. The challenges associated with generating a genetic model in a NHP species are recognized.
However, the sample size (n=2 KOs) is too small to come to a firm conclusion. 

2. Congenital deafness significantly impairs vocal development in DFNB9 patients due to the lack of auditory input. Slow
and incomplete speech development in a DFNB9 patient who received OTOF GT would indicate limited efficacy of the
specific AAV-OTOF gene sequence used or other novel therapy under investigation. In developing and optimizing novel
therapies for DFNB9, our hope is that the development of vocalization in the OTOF KO NHP models could be a surrogate to
address the GT efficacy issue. Intriguingly, in the 2 KO marmosets, the congenital deafness did not alter vocal pattern
generation at the infant stage (2-4 weeks postnatal). The authors conclude, “This suggests that these vocalizations are a
largely innate behavior and, at this level of analysis do not require hearing experience and auditory feedback” (lines 421-
422). There is evidence in the literature (as the authors note) that auditory input/feedback is integral to the
development/maturation of vocal pattern generation in marmosets. For example, their ability to produce mature-sounding
contact calls. Did the authors record vocal patterns generated in the KOs beyond postnatal week four? It is interesting that
the hearing status of the animals was assessed at 6 months of age, but the manuscript includes no indication that the vocal
patterns of the KO animals were recorded beyond 4 weeks postnatal to document any deficiency in vocal development. For
example, KO animals’ ability to produce mature-sounding contact calls compared to wild type controls? 

3.Two KOs marmosets generated out of 56 viable embryos transferred to surrogates. This low yield (3.65%) will make it
difficult to achieve a sufficient sample size for preclinical optimization and characterization of novel therapies, especially
when there is wide variation in the treatment outcome. It is not clear if we can depend on breeding (in captivity) or would it be
necessary to use the IVF-CRISPR/Cas9 protocol must be employed to generate sufficient number of OTOF KO animals to
evaluate novel therapies. and allow for reproducibility of the protocol elsewhere. The authors should discuss and clarify this
point in the manuscript. If we need to rely on the latter, that will further reinforce comment #1. 

Other comments: 
Line 147. Replace ‘regime’ with ‘regimen.’ 
Line 186: “ … was supplemented with 0-25 ng/µl hCas9 mRNA …” Why is this 0-25 ng/µl and not a fixed concentration, as it
is for group 3? Please explain. 
Also, it would appropriate to state ‘human codon optimized Cas9 nuclease’ before first use of the abbreviation ‘hCas9.’ 
Line 213: What about hCas9? 
Lines 228-229: Could the authors elaborate on the refinement of the injection technique? 
Line 348: Replace “ … produce…” with “produced …” 
_______________ 

Reviewer #3 

(Remarks to the Author) 
This manuscript reports the successful generation of a non-human primate marmoset model of OTOF-related deafness. After
gene therapy was performed in mice models for Otof-related deafness, clinical trials in humans have been done using AAV
gene replacement. The transition from mice to humans has been rapid, with a need for exploring safety, efficacy and
longevity in an intermediate model. Hence the authors created a CRISPR marmoset with an OTOF knock-out, replicating
OTOF auditory synaptopathy. This CRISPR/Cas9-based editing strategy resulted in biallelic knockout animals that exhibit
profound hearing loss. 

In the introduction, the authors described the marmoset and its advantages as a non-human primate model (NHP).
Moreover, they stated the ethical justification since hearing impairment is common and reduces quality of life. These
marmosets will be relevant for explosring open questions regarding gene therapy treatment, including capsid-promotor
combinations, an immunomodulation protocol and the consequences of treating both ears. 



Guide RNAs were used to generate the editing of exon14 of the OTOF gene, with the modification of using 4 guides to avoid
indels. A thorough description was provided regarding the creation of the marmoset knock-outs. Auditory synaptopathy was
detected by using ABR and DPOAE. No otoferlin was detected in cochleas derived from one of the knock-out marmosets.
No evidence was found for evidence for mosaicism, a common issue with marmosets. 

Comments for improving the manuscript: 

1. When does auditory function emerge in marmosets? Does it occur prenatally in the uterus as in humans, or postnatally as
observed in mice? It would be worth adding these points to the introduction. 
2. What is the similarity of the human and marmoset OTOF human orthologs? Please add this information. 
3. The number of live births was quite low. Is this standard for marmoset or might there be an effect by OTOF on
development? 
4. The genotypes of two offspring are described. What is the genotype of the third live born animal (line 232)? It’s not clear
who animal 5 and 6 are relative to the 3 offspring that survived. 
5. As the vocalization behavior was performed at the age of 2 to 4 weeks, and ABR at 6 months, it would be better to
describe the results in chronological order. 
6. At what age was the immunostaining performed? Were the images taken under the same conditions? It seems like there
is a residual expression of OTOF, particularly in the left ear of the cochlea shown. 
7. Did you check the hearing of the marmosets earlier prior to 6 months? 

Reviewer #4 

(Remarks to the Author) 
The field of genetic forms of deafness has known considerable advances in the past 30 years. Since the characterization of
the first deafness gene in the 1990s, there are currently more than 150 deafness genes that have been shown to cause
isolated deafness and for which the underlying pathophysiological mechanisms have been or are being characterized.
Since the 2010s, numerous preclinical attempts have shown that in several models, a substantial recovery of hearing can be
achieved. In 2019, complete recovery of auditory thresholds after gene therapy could be demonstrated in mutant mice for the
Otof genetic form. In 2024, several consortia around the world have injected the first vectors in patients and analysis of the
degree of hearing recovery and its maintenance are under evaluation. The article by Tobias Kahland et al. reports the
generation of marmoset monkeys with a non-mosaic disruption of the OTOF gene as a model of human deafness. The
creation of a non human primate preclinical model is of importance because it will increase the safety of future generations
of vectors rather than translating findings directly from mice to patients. The article is generally well written, clearly exposing
the stakes of their work for the auditory field. It describes the challenges encountered to generate a stable model,
characterizes the auditory phenotype of the OTOF model, and the nature of their vocalizations. Although this work is very
important in terms of impact, a proof of principle on hearing restoration would have been a real plus, even if one has to admit
that the long generation time of marmoset means that this work is likely to take several more years. 

I have intermediate/minor issues that can in theory be addressed by the authors and are presented by order of appearance
in the article : 

-Introduction, line 65. The authors claim « some 1/1 human :mouse orthologs have developed new temporal and spatial
expression trajectories…. ». Could the authors give precise examples of their claim ? It is generally considered that mice
replicate very well the pathophysiology of deafness in humans with very rare exceptions. 

-introduction line76. The claim « Clearly, a knowledge gap remains regarding the efficacy, specificity and longevity of gene
therapy » is surprising coming from a group that contributes or has contributed to the otoferlin gene therapy and taking into
account the fact that clinical trials are ongoing in patients. The authors should specify precisely based on articles which
aspects need to be further examined carefully and why mice did not answer these questions. Otherwise, this sentence
sounds as if enormous risks have been taken by translating findings in mice directly to patients. To the best of my
knowledge, although an OTOF NHP model did not exist before, preclinical trias have tested toxicity and expression
maintenance in NHPs. 

-introduction , line 126. For the role of otoferlin, the authors must cite original papers. A key paper by Pangrsic et al, 2010
(PMID: 20562868) should be cited and the review is anterior to at least one other key paper like in 2017 (Michalski et al.,
PMID: 29111973). Together with these two papers, the original paper by Roux et al, 2006 should be recited. 

-Results line 156 : What is special about exon 14 ? Could the authors mention to which otoferlin domain does it correspond
and why the choice of that particular exon? 

-Results : Have the authors tried to determine which Otof isoforms are expressed in the marmoset ? Several Otof isoforms
have been reported in humans and mice. There are probably interspecies differences. It would be informative to know if the
authors could establish whether there are several OTOF isoforms in marmosets. 

-Results, line 335. Although I am a non specialist of this field, I respectfully disagree with the word « Intriguingly ». No other
species comes close to humans in terms of language. It is probably the major specificity that differentiates us from other
species. There has been several papers on mouse call in the past and the same result was found. There are no major



differences in the mouse vocalizations between hearing and deaf mice. The article would benefit from a discussion careflully
comparing their results with similar studies in deaf mouse models. See for example : PMID: 23536072, PMID: 25062471 

-Figure 3 : Marmoset WT ABRs seem to have 3 waves. However, in the supplementary figure, the authors label Waves1 to
5. Could the authors label the waves in their main figure and give wave details in terms of spieces differences between
marmoset, humans and mice. 

-Figure 5 : Figure 5 could benefit from bigger insets on IHCs. Why is there so much background in the OTOF KO marmoset
compared to the WT control. Haven’t the authors used the same settings in both conditions ? If not, this should be detailed. 

-Discussion paragraph line 423-437. This paragraph is unclear. The authors did not find major differences in their call
analysis but cite other articles that found differences in other experimental settings ; Could the author carefully report
differences and comonalities with their study. Have the same developmental periods been compared ? how long were the
parental deprivations etc… 

-Discussion lines 450-454. The manuscript discussion should more indicate in much more details the reasons why a
marmoset model is important for gene therapy trials and for cochlear implants. 

-Discussion. I have not found any mention or comparison with other NHP models of deafness like for Usher syndrome. See
PMID: 35710827 

-Suppl Fig. 4. I am not sure to understand properly Suppl figure 4. It is somewhat misleading and gives the wrong impression
of the importance of the unexplained waves in animal 6. These waves were obtained at important sound levels compared to
wild-type controls. Therefore using a comparison based on hearing threshold gives these waves more unnecessary
importance than needed. For instance, in Fig.1C, the panel gives the impression KO waves are 4 times bigger than in the
WT just because there is a larger working range in WT mice. The authors should at least show what happens at higher
levels than +30dB above threshold in WT monkeys. In panel « a », the comparison of a 80 dB signal in WT versus a 100 dB
signal in KO is also misleading. Between 80 and 100 dB, there is roughly a 100 fold difference in sound intensity…so putting
in parallel these 2 signals that have similar amplitude are misleading. They should put in parallel the KO signal at 80 dB for
example. 

Minor : 

-Abstract, line 42. The authors should tell why preclinical optimization remains invaluable to establish OTOF-gene therapy. 

-Results line 308 : Typo on « A repeated measures ANOVA with within subject… » ? 

-line 653. There is a typo « a94% » 

- I am uncertain there is a Supplementary figure 2 legend on genotyping results 

-line 43. Typo at « Fig (XB) » ? 

Version 1: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
The authors have addressed the reviewer comments thoroughly and thoughtfully. The additional clarifications and revisions
have markedly improved the clarity and scientific rigor of the manuscript. I particularly appreciate the expanded discussion
highlighting the translational and late-preclinical relevance of the OTOF-KO marmoset model. The newly added section
clearly delineates its potential applications for AAV-based OTOF gene therapy and its implications for cochlear implant
research. Although direct experimental validation of gene delivery falls outside the scope of this study, the authors have
appropriately acknowledged this limitation. 

Reviewer #2 

(Remarks to the Author) 
The detailed responses to comments and changes to manuscript are noted and appreciated. In the revised manuscript, a
deviation from the WT vocal development was documented in the two KOs at later stages. This is interesting. However, it is
not clear whether the marmoset Otoferlin KOs will mimic vocal development deficits observed in DFNB9 patients and, in that
respect, serve as a superior surrogate to the mouse model for testing the efficacy of OTOF gene therapy. Nevertheless, the
diligent work of the authors to optimize various steps in the protocol to improve the odds of generating non-mosaic disruption
of OTOF and a model for deafness in DFNB9, are noteworthy. I believe this work will serve as an important reference for
investigators hoping to be generating NHP genetic models. The manuscript's overall significance outweighs my
reservations. 



Sincerely, 
Kumar 

Reviewer #4 

(Remarks to the Author) 
The analysis of call duraation is a real plus for the study. The authors have generally well addressed all my questions and
concerns except one minor: 

-Despite announcing having added all key original papers, the authors omitted PMID: 29111973. 
See comment in the first submission: 
“Pangrsic et al, 2010 (PMID: 20562868) should be cited and the review is anterior to at least one other key paper like in
2017 (Michalski et al., PMID: 29111973). Together with these two papers, the original paper by Roux et al, 2006 should be
recited.” 
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permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
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REVIEWER COMMENTS 
 
Reviewer #1 (Remarks to the Author) 
 
The article titled "Generation of marmoset monkeys with a non-mosaic disruption of the OTOF gene 
as a model of human deafness" by Kahland describes the successful creation of a non-mosaic OTOF 
knockout marmoset model for DFNB9, a form of human genetic deafness. Using CRISPR-Cas9-
mediated genome editing of embryos and zygotes, they obtain two homozygous OTOF-KO offspring 
that exhibit profound hearing loss and absent otoferlin expression in inner hair cells. Auditory 
brainstem response (ABR), distortion product otoacoustic emissions (DPOAE), and cochlear 
immunostaining analyses confirm auditory synaptopathy. The authors further characterize 
spontaneous vocalizations and suggest these are preserved in the absence of auditory feedback, 
providing a potential model for testing gene therapies or implants. 
 
We thank this reviewer for the comments and advice to further improve our manuscript. We have 
completely overhauled the MS following the reviewer’s advice, and performed additional experiments 
and analyses, which further strengthened our manuscript. Below is our point-by-point response to the 
reviewer’s concerns and comments.  
 
Major comment 
1. The creation of a non-mosaic OTOF-KO marmoset model is a notable technical achievement and is 
thoroughly characterized, the absence of a therapeutic intervention (e.g., AAV-mediated OTOF gene 
delivery) represents a significant limitation. Given that human clinical trials are already underway and 
showing promising results, the main added value of this non-human primate model lies in its potential 
for translational validation, particularly regarding vector delivery, expression levels, and long-term 
functional recovery. 
 
We agree with the reviewer’s assessment of the contribution regarding the methodological advance 
and the value for late preclinical work. In response to this comment, we have amended the discussion 
to better delineate the future use of the newly generated NHP model (last section of discussion). 
 
2. Only two KO animals were obtained from 81 embryo transfers. This low efficiency limits statistical 
interpretation and raises concerns about scalability. 
 
We achieved a major gain in efficiency after optimization of CRISPR activity, injection timing and 
technique, and optimization of embryo transfer, including more efficient synchronisation between the 
embryo recipient and the developmental stage of the in-vitro-produced embryo. The two genetically 
modified animals were obtained only after optimization of the injection mixture and the injection 
stage. We report all results, including those from the initial optimization experiments. Such data are 
rarely included in final manuscripts, but we consider them essential to prevent unnecessary trials by 
other groups and, hence and foremost, to reduce animal use in future studies. 
 
After optimization of the injection mixture and stage, we performed five embryo transfers with a total 
of 15 embryos. Three animals were born (implantation rate 20%; 3/15), of which one was genetically 
modified. This corresponds to a rate of 20% genetically modified animals per transfer (1/5) and 6.7% 
per embryo transferred (1/15). Compared with outcomes reported by other groups working on genetic 
editing in nonhuman primates (reviewed in ref. 1), our results are comparable to or exceed most 
published values. 
 
In a subsequent experimental phase, we adopted a new anesthesia regimen and, in some cases, 
transferred frozen–thawed embryos. The impact of each factor on embryo production and 



implantation will be analyzed in future work and reported separately. Overall, during this phase the 
yield of genetically modified offspring declined (see Supplementary Table 1) but remained within the 
range reported for nonhuman primates, supporting the promise of our approach. 
 
For clarity, outcomes obtained after protocol optimization are summarized in Supplementary Table 1. 
 
Moreover, in response to the reviewer’s comment, we have added the following statement to the 
section of the discussion that deals with limitations of our study: “Only two OTOF-KO animals were 
obtained from 81 embryos transferred in this present study. We achieved a major gain in efficiency 
from learnings such as the success with increased CRISPR activity. Our most efficient protocol resulted 
in rates of 20% genetically modified animals per transfer and of ~7% per transferred embryo 
(Supplementary Table 1), which is comparable to or exceeds most published values1. Future work will 
generate further animals using the optimized protocol and by cross-breeding the existing OTOF-KOs 
with wildtype marmosets. Parallel efforts of generating OTOF-mutant macaques from a spontaneously 
arisen mutation will help serving the urgent needs described above2. This notwithstanding, the 
generation times will remain a limiting determinant for the availability of the NHP models of DFNB9.“ 
  
3. Key challenges, low editing yield, high costs, ethical constraints, potential immune responses to Cas9 
or gene therapy, are only briefly acknowledged. 
 
In response to the reviewer’s comment, we extended the discussion accordingly: “Further challenges 
of our approach concern the risk of off-target CRISPR effects. We consider it low due to the short 
lifetime of CAS9-protein, hCas9 mRNA, and sgRNAs as compared to plasmid-encoded hCas9 and 
plasmid encoded sgRNAs. Moreover, the Cutting Frequency Determination (CDF) specificity score was 
above 90 out of 100 for all four guide RNAs, indicating a very low probability for off-target effects3,4, 
and the 16 bioinformatically most likely off-target sites75,76 were found to be unaltered (Suppl. Mat. 
1).” 
 
 
4. No detailed discussion of how this model complements or surpasses rodent models in gene therapy 
applications. 
 
In response to the reviewer’s comment, we extended the discussion accordingly (Value of OTOF-KO 
marmosets for future work and limitations of the present study): “Here, OTOF-KO NHP models could 
play a critical role in improving OTOF-related gene therapy before moving to clinical trials in humans, 
complementing the highly relevant work in mouse mutants. For example, NHP models will allow for 
extended studies on efficacy and longevity of functional restoration upon gene therapy. Correlating 
auditory function following OTOF-related gene therapy assessed at the physiological and behavioral 
level with postmortem analysis of otoferlin expression in IHCs will allow to optimize dosing, vectors, 
promotors, transgene, and AAV administration. Moreover, NHP models will support late-preclinical 
studies of the dependence of the functional outcome on time point of intervention, AAV-dose, 
presence of neutralizing antibodies, and immunomodulation, and will allow analyses of off-target 
expression. In addition, OTOF-KO marmosets could be useful for the development of next-generation 
cochlear implants. Further, this model uniquely allows to explore how auditory feedback shapes vocal 
development, thereby deepening our understanding of basic neuroscience and driving translational 
clinical research into auditory disorders. We conclude that the key role of appropriate NHP models of 
genetic deafness for late-preclinical testing of novel therapies offset the challenges, such as slow 
generation time, risk of off-target effects of CRISPR, potential immune responses to Cas9, high costs, 
and ethical concerns regarding disease modeling in NHP.” 
 
Minor Points  



 
1. Some figures (e.g., Figure 3 and 4) would benefit from clearer legends and labeling of axes. Indicate 
explicitly which data correspond to individual animals versus group means. 
 
This has been rectified. 
 
2. in Figure 5, include a higher-magnification inset of IHCs with and without otoferlin staining to better 
illustrate the immunofluorescence result. 
 
This has been rectified. 
 
 
 
  



Reviewer #2 (Remarks to the Author) 
 
Results from independent Otoferlin (OTOF) gene therapy (GT) trials reported less than 2 years ago 
represent a breakthrough in hearing research. OTOF GT is a promising alternative to cochlear implant 
for pediatric DFNB9 patients. In addition, a recent report indicates that a 23-year-old DFNB9 patient 
also showed significant improvement in hearing after OTOF GT (Qi et al., The Lancet, 2025, Volume 
405, Issue 10481, 777-779). Nevertheless, important questions related to OTOF-GT including safety 
(immune response), durability, therapeutic window, and complete restoration of hearing remain to be 
addressed. Research using preclinical models is critical to advancing treatment to clinical trials and to 
patients. Hearing research has benefited enormously from studies in mice, which, among other things, 
helped advance GT trials for DFNB9. However, differences in anatomy, physiology, manifestation of the 
phenotype, vocal development, and lifespan create limitations to extrapolating results from mice to 
humans. Evaluating the efficacy of novel therapies in a non-human primate (NHP) genetic model for 
hearing loss is expected to yield results with greater translational predictive value compared to efficacy 
results from organoids and/or rodent models. NHP genetic models will be valuable in evaluating the 
efficacy, specificity, and durability of novel therapies. Kahland et al. report (manuscript under review) 
on the generation of marmoset monkeys with non-mosaic disruption of the OTOF gene as a model of 
human deafness. This is an important development that could help address preclinical optimization 
and characterization needs for OTOF GT. However, the small sample size – two OTOF KO marmosets – 
is not sufficient to support all the conclusions in the manuscript. 
 
We thank this reviewer for the comments and advice to further improve our manuscript. We have 
completely overhauled the MS following the reviewer’s advice, and performed additional experiments 
and analyses, which further strengthened our manuscript. Below is our point-by-point response to the 
reviewer’s concerns and comments.  
 
Main Comments: 
 
1. A genetic modification protocol for NHPs that yield a low rate of mosaicism will be valuable for 
generating genetic models of hearing loss and other disorders. The authors used a multi-step protocol 
that combines IVF protocol in marmosets and CRISPR/Cas9 editing, in which each of the core methods 
used required fine-tuning or further optimization. The multistep protocol yielded two compound 
heterozygote OTOF KO offspring with hearing loss phenotype. The latter is consistent with the hearing 
loss phenotype previously reported in Otof KO mice, demonstrating successful targeting/disabling of 
OTOF in animals #5 and #6 (Fig. 1). However, the claim that they have developed an optimized 
multistep protocol to yield non-mosaic transgenic NHPs based on two KO animals (n=2) is concerning; 
additional KO animals with identical outcomes would support their claim. The challenges associated 
with generating a genetic model in a NHP species are recognized. However, the sample size (n=2 KOs) 
is too small to come to a firm conclusion. 
 
We concur with the reviewer on the proof-of-concept nature of our study. We achieved a major gain 
in efficiency after optimization of CRISPR activity, injection timing and technique, and optimization of 
embryo transfer including more efficient synchronisation between the embryo recipient and the 
developmental stage of the in-vitro-produced embryo. The two genetically modified animals were 
obtained only after optimization of the injection mixture and the injection stage. We report all results, 
including those from the initial optimization experiments. Such data are rarely included in final 
manuscripts, but we consider them essential to prevent unnecessary trials by other groups and, hence 
and foremost, to reduce animal use in future studies. 
 
After optimization of the injection mixture and stage, we performed five embryo transfers with a total 
of 15 embryos. Three animals were born (implantation rate 20%; 3/15), of which one was genetically 



modified. This corresponds to a rate of 20% genetically modified animals per transfer (1/5) and 6.7% 
per embryo transferred (1/15). Compared with outcomes reported by other groups working on genetic 
editing in nonhuman primates (reviewed in ref. 1), our results are comparable to or exceed most 
published values. 
 
In a subsequent experimental phase, we adopted a new anesthesia regimen. The impact of each factor 
on embryo production and implantation will be analyzed in future work and reported separately. 
Overall, during this phase the yield of genetically modified offspring declined (see Supplementary Table 
1) but remained within the range reported for nonhuman primates, supporting the promise of the 
proposed approach. 
 
For clarity, the outcomes obtained after protocol optimization are summarized in Supplementary Table 
1. 
 
In response to the reviewer’s comment, we have now extended the last section of the discussion to 
cover the “Value of OTOF-KO marmosets for future work and limitations of the present study”. 
 
“Only two OTOF-KO animals were obtained from 81 embryos transferred in this present study. We 
achieved a major gain in efficiency from learnings such as on the failure of grafting genotyped embryos 
and the success with increased CRISPR activity. Our most efficient protocol resulted in rates of 20% 
genetically modified animals per transfer and of ~7% per transferred embryo (Supplementary Table 1), 
which is comparable to or exceeds most published values1. Future work will generate further animals 
using the optimized protocol and by cross-breeding the existing OTOF-KOs with wildtype marmosets. 
Parallel efforts of generating OTOF-mutant macaques from a spontaneously arisen mutation will help 
serving the urgent needs described above2. This notwithstanding, the generation times will remain a 
limiting determinant for the availability of the NHP models of DFNB9.“ 
 
2. Congenital deafness significantly impairs vocal development in DFNB9 patients due to the lack of 
auditory input. Slow and incomplete speech development in a DFNB9 patient who received OTOF GT 
would indicate limited efficacy of the specific AAV-OTOF gene sequence used or other novel therapy 
under investigation. In developing and optimizing novel therapies for DFNB9, our hope is that the 
development of vocalization in the OTOF KO NHP models could be a surrogate to address the GT 
efficacy issue. Intriguingly, in the 2 KO marmosets, the congenital deafness did not alter vocal pattern 
generation at the infant stage (2-4 weeks postnatal). The authors conclude, “This suggests that these 
vocalizations are a largely innate behavior and, at this level of analysis do not require hearing 
experience and auditory feedback” (lines 421-422). There is evidence in the literature (as the authors 
note) that auditory input/feedback is integral to the development/maturation of vocal pattern 
generation in marmosets. For example, their ability to produce mature-sounding contact calls. Did the 
authors record vocal patterns generated in the KOs beyond postnatal week four? It is interesting that 
the hearing status of the animals was assessed at 6 months of age, but the manuscript includes no 
indication that the vocal patterns of the KO animals were recorded beyond 4 weeks postnatal to 
document any deficiency in vocal development. For example, KO animals’ ability to produce mature-
sounding contact calls compared to wild type controls? 
 
We fully agree with the reviewer that a detailed comparative analysis of the vocal behaviour of KO and 
WT animals would be highly valuable and informative. This conviction drove us to design our 
experiments to be as similar as possible to earlier work by the lab of Steffen Hage (Gultekin et al. 2021; 

doi: 10.1126/sciadv.abf2938) in order to be able to compare the vocal development of KO and WT 

animals. Consequently, we did assess the vocal behaviour of our KO animals over time. For the 
resubmission, we have now included comparison of WT and KO vocal behaviour regarding the duration 
of vocalizations in 2 recording periods (week 2 – 4 and week 18 – 20, referring to data of (Gultekin et 

https://doi.org/10.1126/sciadv.abf2938


al. 2021) for WT) illustrated in the new figure 5. Intriguingly, our analysis points to alternative 
developmental trajectories in KO vs. WT animals in that KO animals exhibit shorter maximum call 
durations and that their increase with age does not catch up with WT animals. 
Currently, we feel that we do not have sufficient data to draw strong conclusions regarding 
developmental trajectories and similarities between mature sounding calls of WT and KO animals. For 
the original submission, we therefore chose to limit the analysis to rather coarse level of analysis. 
 
 
3. Two KOs marmosets generated out of 56 viable embryos transferred to surrogates. This low yield 
(3.65%) will make it difficult to achieve a sufficient sample size for preclinical optimization and 
characterization of novel therapies, especially when there is wide variation in the treatment outcome. 
It is not clear if we can depend on breeding (in captivity) or would it be necessary to use the IVF-
CRISPR/Cas9 protocol must be employed to generate sufficient number of OTOF KO animals to 
evaluate novel therapies. and allow for reproducibility of the protocol elsewhere. The authors should 
discuss and clarify this point in the manuscript. If we need to rely on the latter, that will further 
reinforce comment #1. 
 
While we achieved a major gain in efficiency in the generation of OTOF-KOs we have extended the 
“limitations of the present study” section of the discussion in response to the reviewer’s comment: 
“Future work will generate further animals using the optimized protocol and by cross-breeding the 
existing OTOF-KOs with wildtype marmosets. Parallel efforts of generating OTOF-mutant macaques 
from a spontaneously arisen mutation will help serving the urgent needs described above2. This 
notwithstanding, the generation times will remain a limiting determinant for the availability of the 
NHP models of DFNB9.” 
 
Other comments: 
 
Line 147. Replace ‘regime’ with ‘regimen.’  
 
This has been rectified. 
 
Line 186: “ … was supplemented with 0-25 ng/µl hCas9 mRNA …” Why is this 0-25 ng/µl and not a 
fixed concentration, as it is for group 3? Please explain. 
 
At the initial stage of the project, we determined that injection into MII oocytes was too traumatic and 
the 2-pronuclei stage is to be preferred for CRISPR/Cas9 mixture injection. We also continued to 
optimize the composition of the injection mixture. Group 2 included injections into zygotes performed 
with 15-20 ng/µl Cas9 protein and 10 ng/µl of each sgRNA. Some mixtures injected into Group 2 
zygotes were additionally supplemented with 25 ng/µl hCas9 mRNA. Since none of the 3 embryos 
developed after injection with mRNA has been transferred, we did not include those experiments into 
a separate group. For optimal clarity, we changed the text accordingly. 
 
Also, it would appropriate to state ‘human codon optimized Cas9 nuclease’ before first use of the 
abbreviation ‘hCas9.’ 
 
This has been rectified. 
 
Line 213: What about hCas9? 
 
This has been rectified. 



 
Lines 228-229: Could the authors elaborate on the refinement of the injection technique? 
 
Under “refinement of the injection technique” we mean fine-tuning of the injection technique with 
optimization of the microinjector flow rate, speed of needle insertion and withdrawal, depth of needle 
insertion, etc. 
 
Line 348: Replace “ … produce…” with “produced …” 
 
This has been rectified. 
 
 
  



Reviewer #3 (Remarks to the Author): 
 
 
This manuscript reports the successful generation of a non-human primate marmoset model of OTOF-
related deafness. After gene therapy was performed in mice models for Otof-related deafness, clinical 
trials in humans have been done using AAV gene replacement. The transition from mice to humans 
has been rapid, with a need for exploring safety, efficacy and longevity in an intermediate model. 
Hence the authors created a CRISPR marmoset with an OTOF knock-out, replicating OTOF auditory 
synaptopathy. This CRISPR/Cas9-based editing strategy resulted in biallelic knockout animals that 
exhibit profound hearing loss. 
 
In the introduction, the authors described the marmoset and its advantages as a non-human primate 
model (NHP). Moreover, they stated the ethical justification since hearing impairment is common and 
reduces quality of life. These marmosets will be relevant for explosring open questions regarding gene 
therapy treatment, including capsid-promotor combinations, an immunomodulation protocol and the 
consequences of treating both ears. 
 
 
Guide RNAs were used to generate the editing of exon14 of the OTOF gene, with the modification of 
using 4 guides to avoid indels. A thorough description was provided regarding the creation of the 
marmoset knock-outs. Auditory synaptopathy was detected by using ABR and DPOAE. No otoferlin was 
detected in cochleas derived from one of the knock-out marmosets. No evidence was found for 
evidence for mosaicism, a common issue with marmosets. 
 
We thank this reviewer for the comments and advice to further improve our manuscript. We have 
completely overhauled the MS following the reviewer’s advice, and performed additional experiments 
and analyses, which further strengthened our manuscript. Below is our point-by-point response to the 
reviewer’s concerns and comments.  
 
Comments for improving the manuscript: 
 
1. When does auditory function emerge in marmosets? Does it occur prenatally in the uterus as in 
humans, or postnatally as observed in mice? It would be worth adding these points to the introduction. 
 
This has been done. The following text was added: “This is reflected also in a more similar 
development, anatomy and physiology5. For example, humans and NHPs start hearing in utero (onset 
of hearing in marmosets likely in last month before birth6), while rodents show a postnatal hearing 
onset. This is particularly relevant in the context of gene therapy studies, where postnatal intervention 
could meet a structurally intact sensory organ in rodents, while degeneration e.g. of dysfunctional hair 
cells might limit the feasibility of gene therapy in NHPs and humans7.” 
 
2. What is the similarity of the human and marmoset OTOF human orthologs? Please add this 
information. 
 
Human canonical OTOF and the long marmoset OTOF isoform (UniProt F7IDY5) are both 1997 aa long. 
The functionally critical domain architecture (six C2 domains, C-terminal TM helix) is conserved across 
mammals, and the sequences of human and marmoset OTOF are over 90% identical, even more similar 
in the C2 domain cores, and almost completely conserved in the TM region8. 
 
3. The number of live births was quite low. Is this standard for marmoset or might there be an effect 
by OTOF on development? 



 
In general, the rate of cleavage, progression, and implantation of embryos after interventions such as 
injection of CRISPR reagents is expected to be lower than with untreated, intact embryos, especially in 
marmoset, which exhibit species-specific peculiarities of the zona pellucida, ooplasm, and oolemma.  
 
We achieved a major gain in efficiency after optimization of CRISPR activity, injection timing and 
technique, and optimization of embryo transfer including more efficient synchronisation between the 
embryo recipient and the developmental stage of the in-vitro-produced embryo. The two genetically 
modified animals were obtained only after optimization of the injection mixture and the injection 
stage. We report all results, including those from the initial optimization experiments. Such data are 
rarely included in final manuscripts, but we consider them essential to prevent unnecessary trials by 
other groups and, hence and foremost, to reduce animal use in future studies. 
 
After optimization of the injection mixture and stage, we performed five embryo transfers with a total 
of 15 embryos. Three animals were born (implantation rate 20%; 3/15), of which one was genetically 
modified. This corresponds to a rate of 20% genetically modified animals per transfer (1/5) and 6.7% 
per embryo transferred (1/15). Compared with outcomes reported by other groups working on genetic 
editing in nonhuman primates (reviewed in ref. 1), our results are comparable to or exceed most 
published values. 
 
In a subsequent experimental phase, we adopted a new anesthesia regimen and, in some cases, 
transferred frozen–thawed embryos. The impact of each factor on embryo production and 
implantation will be analyzed in future work and reported separately. Overall, during this phase the 
yield of genetically modified offspring declined (see Supplementary Table 1) but remained within the 
range reported for nonhuman primates, supporting the promise of the proposed approach. 
 
For clarity, the outcomes obtained after protocol optimization are summarized in Supplementary Table 
1. 
Moreover, in response to the reviewer’s comment, we added the following statement to the section 
of the discussion that deals with limitations of our study: 
 
“Only two OTOF-KO animals were obtained from 81 embryos transferred in this present study. We 
achieved a major gain in efficiency from learnings such as on the failure of grafting genotyped embryos 
and the success with increased CRISPR activity. Our most efficient protocol resulted in rates of 20% 
genetically modified animals per transfer and of ~7% per transferred embryo (Supplementary Table 1), 
which is comparable to or exceeds most published values1. Future work will generate further animals 
using the optimized protocol and by cross-breeding the existing OTOF-KOs with wildtype marmosets. 
Parallel efforts of generating OTOF-mutant macaques from a spontaneously arisen mutation will help 
serving the urgent needs described above2. This notwithstanding, the generation times will remain a 
limiting determinant for the availability of the NHP models of DFNB9.“ 
 
4. The genotypes of two offspring are described. What is the genotype of the third live born animal 
(line 232)? It’s not clear who animal 5 and 6 are relative to the 3 offspring that survived. 
 
We are sorry for the confusion caused. Two of the eight offspring, which had a wild-type genotype 
died during birth or soon thereafter. 
 
5. As the vocalization behavior was performed at the age of 2 to 4 weeks, and ABR at 6 months, it 
would be better to describe the results in chronological order. 
 



Thank you for this valuable suggestion, which we thoroughly considered. In conclusion, we would like 
to refrain from changing the order, so that the deafness phenotype is reported first as this is critical 
for motivating, presenting, and discussing the vocalization phenotype. 
 
6. At what age was the immunostaining performed? Were the images taken under the same 
conditions? It seems like there is a residual expression of OTOF, particularly in the left ear of the cochlea 
shown. 
 
We suspect that the overall higher fluorescence in the otoferlin channel reflects an elevated 
background signal upon treatment of the left cochlea. We had dosed the animal with OTOF dual-AAV  
in a procedure described in ref. 9, except for not including kanamycin. As mentioned in the MS, the 
animal had to be euthanized 3 days after surgery due to a complication during anaesthesia. From our 
experience and that in the field, the time from dosing does not suffice for sufficient transgene 
expression, which is confirmed by the immunolabeling for the N-terminal alpha tag of otoferlin (Fig. 1 
of the letter). Moreover, in response to this comment, we analyzed the immunofluorescence intensity 
of the otoferlin channel in regions covering inner hair cells and inner border cells in which a transgenic 
otoferlin expression is highly unlikely (even with broad-acting promotors10). We conclude that the 
observed signal is most likely unspecific and does not represent transgenic otoferlin. We consider it 
most likely to represent a signal related to the application procedure and not to AAV transduction.      
 

 
Figure 1 for letter: Immunofluorescence of the organ of Corti of animal 5 (same images as in figure 6 
for parvalbumin and otoferlin). Immunofluorescence for the ALFA-Tag present at the C-terminus of the 
OTOF-transgene is depicted in yellow. No specific staining (above the background fluorescence level 
visible also in the non-treated control animal) was detectable. Scale bar 100µm 
 
7. Did you check the hearing of the marmosets earlier prior to 6 months?  
 
No, this was not analyzed earlier. There is very few experience in anesthesia of very young marmosets. 
In order to reduce experimental risk for the animals, we planned the experiments for the age of 6 



months, where routine ID tag implantation occurs under general anesthesia. For this reason, our 
approved animal protocol does not allow any testing under anesthesia at an age < 6 months.  
 
Reviewer #4 (Remarks to the Author): 
We would like to thank the reviewer for the comments and advice to further improve our manuscript. 
We have completely overhauled the MS following the reviewer’s advice, performed additional 
experiments and analyses, which further strengthened our manuscript. Below is our point-per-point 
response to the reviewer concerns and comments.  
 
 
The field of genetic forms of deafness has known considerable advances in the past 30 years. Since the 
characterization of the first deafness gene in the 1990s, there are currently more than 150 deafness 
genes that have been shown to cause isolated deafness and for which the underlying 
pathophysiological mechanisms have been or are being characterized. Since the 2010s, numerous 
preclinical attempts have shown that in several models, a substantial recovery of hearing can be 
achieved. In 2019, complete recovery of auditory thresholds after gene therapy could be demonstrated 
in mutant mice for the Otof genetic form. In 2024, several consortia around the world have injected 
the first vectors in patients and analysis of the degree of hearing recovery and its maintenance are 
under evaluation. The article by Tobias Kahland et al. reports the generation of marmoset monkeys 
with a non-mosaic disruption of the OTOF gene as a model of human deafness. The creation of a non 
human primate preclinical model is of importance because it will increase the safety of future 
generations of vectors rather than translating findings directly from mice to patients. The article is 
generally well written, clearly exposing the stakes of their work for the auditory field. It describes the 
challenges encountered to generate a stable model, characterizes the auditory phenotype of the OTOF 
model, and the nature of their vocalizations. Although this work is very important in terms of impact, 
a proof of principle on hearing restoration would have been a real plus, even if one has to admit that 
the long generation time of marmoset means that this work is likely to take several more years. 
 
We would like thank the reviewer for the fair assessment of the challenges associated with working 
with NHPs. We concur with the conclusion “that a proof of principle on hearing restoration would have 
been a real plus” which, unfortunately, we have not yet managed to achieve despite >5 years of work 
on the project. We have now included a discussion of these important points in the section “Value of 
OTOF-KO marmosets for future work and limitations of the present study”. 
 
I have intermediate/minor issues that can in theory be addressed by the authors and are presented by 
order of appearance in the article : 
 
-Introduction, line 65. The authors claim « some 1/1 human :mouse orthologs have developed new 
temporal and spatial expression trajectories…. ». Could the authors give precise examples of their 
claim ? It is generally considered that mice replicate very well the pathophysiology of deafness in 
humans with very rare exceptions. 
 
The reviewer correctly notes that mice generally replicate the pathophysiology of human hereditary 
deafness. Indeed, for the great majority of known deafness genes, mouse knockouts or mutants show 
hearing loss similar to humans11–13. However, there are rare but important exceptions where a gene 
variant causing deafness in humans fails to produce a hearing-impaired phenotype in mice. In these 
cases, the mouse “equivalent” mutation does not result in hearing loss or causes only mild phenotypic 
changes, rendering the disease mechanisms difficult to study in mice. Recent research has identified 
several such one-to-one orthologs and has traced these phenotypic discrepancies to differences in 
genes expression patterns (spatial and/or temporal) between rodents and primates14 (Hosoya et al., 



2016). Below we refer to specific examples provided by Hosoya et al., 2016, to substantiate the claim 
that some 1:1 human–mouse orthologs have diverged in expression and function: 

 CRYM (μ-crystallin) – Mutations in CRYM cause progressive, adult-onset hearing loss in 
humans (down-sloping audiogram)15. However, Crym-knockout mice do not exhibit any 
hearing impairment16. A key difference is that in mice the Crym protein is only weakly 
expressed in the cochlea (largely confined to the lateral wall fibrocytes and spiral limbus) and 
is absent from the sensory hair cells14. In primates, by contrast, CRYM is broadly expressed in 
the inner ear – including the hair cells of the organ of Corti and surrounding supporting cells. 
Thus, the human inner ear relies on CRYM in cell types critical for hearing, whereas the mouse 
cochlea does not, which likely explains why loss of CRYM is deleterious in humans but benign 
in mice14. 

 GJB3 (Connexin 31) – GJB3 encodes a gap-junction protein, and dominant mutations in human 
GJB3 cause nonsyndromic hearing loss (DFNA2B/DFNB91) by disrupting cochlear cell–cell 
communication. Mice lacking Gjb3 (Cx31), however, have normal hearing under laboratory 
conditions17. One reason is that the function of Cx31 in the mouse cochlea is minor and 
partially redundant. In mice, Cx31 is expressed only in a subset of supporting cells of the lateral 
wall (spiral ligament fibrocytes) and spiral limbus, and not in the organ of Corti sensory 
epithelium14. In the primate cochlea, by contrast, Cx31 is expressed more widely – for example, 
in the spiral ligament (type I fibrocytes), basal cells of the stria vascularis, Reissner’s 
membrane, and supporting cells of the organ of Corti14. The broader expression of Cx31 in 
primates is likely the reason why human GJB3 mutations can disrupt cochlear electrogenic 
homeostasis and mechanotransduction more severely than Gjb3 mutations in mice. In short, 
the limited Cx31 expression and compensation by other connexins, like Cx26, allows Gjb3-
mutant mice to retain hearing, whereas humans with GJB3 mutations develop hearing loss14 . 

 GRHL2 (Grainyhead-like 2) – Heterozygous mutations in the transcription factor encoding 
GRHL2 gene cause DFNA28, an autosomal dominant progressive hearing loss in humans8, and 
SNPs in GRHL2 have been associated with age-related hearing loss19. Mice, however, do not 
recapitulate this phenotype. Grhl2+/- (haploinsufficient) mice have essentially normal hearing, 
and inner-ear specific knockouts have only subtle effects on cochlear function in experimental 
settings. Notably, the spatial GRHL2 expression in the cochlea differs between species. In 
mouse cochlea, Grhl2 is strongly expressed in the stria vascularis and limited supporting cell 
domains, but not in hair cells. In the marmoset cochlea, GRHL2 protein is present in a much 
broader set of cells – including the spiral ligament fibrocytes, the inner and outer hair cells, 
their surrounding supporting cells, and spiral ganglion neurons14. The absence of Grhl2 in 
critical sensory cells of the mouse ear (and potential developmental compensation in mice) 
are the likely reasons why mouse mutants do not show deafness, whereas humans with GRHL2 
mutations lose hearing due to dysfunction in the primate-specific expression domains. 

 DFNA5 (GSDME) – DFNA5 is an example of a human deafness gene20 with a unique pathogenic 
mechanism. In humans, certain dominant mutations in DFNA5 (GSDME) cause late-onset, 
progressive hearing loss, probably by creating a truncated gasdermin protein that triggers cell 
death in cochlear tissues21. A knockout of Gsdme in mice, on the other hand, has no effect on 
hearing22, consistent with the notion that DFNA5 mutations harm hearing via a toxic gain of 
function rather than loss of function. In any case, the DFNA5 expression pattern in the ear also 
differs between species. In mice, Gsdme expression is thought to be largely restricted to the 
stria vascularis (based on transcriptomics data), whereas in the primate inner ear 
DFNA5/GSDME is broadly expressed – detected not only in the stria vascularis, but also in 
spiral ligament fibrocytes, inner and outer hair cells, supporting cells, and cochlear neurons14. 
This wider primate expression pattern can explain why human DFNA5 mutations likely affect 
many cochlear cell types, whereas a mouse Gsdme defect (especially if only a null allele) might 
be more easily compensated or inconsequential in cells that do not normally rely on GSDME. 



 ATP6V1B1 – Recessive mutations in ATP6V1B1 (encoding the B1 subunit of vacuolar H+-ATPase) 
cause distal renal tubular acidosis with sensorineural hearing loss in humans23. Mice lacking 
Atp6v1b1 show the expected kidney phenotype (metabolic acidosis), but surprisingly do not 
become deaf – their inner ear development and auditory thresholds remain near-normal24. A 
likely explanation is, again, an inter-species difference in gene expression. Mouse Atp6v1b1 is 
expressed only in a narrow region of the cochlea (the spiral limbus adjacent to the sensory 
epithelium). In the common marmoset cochlea, by contrast, ATP6V1B1 is found throughout 
the lateral wall (spiral ligament fibrocytes), in the spiral limbus, in the hair cells and supporting 
cells of the organ of Corti, and in the auditory neurons14. The human inner ear appears to 
depend on V-ATPase function in many cell types (endolymph pH homeostasis, etc.), whereas 
the mouse cochlea may utilize the B2 subunit (ATP6V1B2, which is partly redundant) for these 
purposes. Thus, losing ATP6V1B1 impairs hearing in humans, but not in mice, due to different 
expression patterns and compensation in the cochlea. 

 
Each of the cases above exemplifies how a 1:1 orthologous gene can acquire a new temporal and 
spatial expression pattern in one lineage, leading to a divergent phenotype when that gene is 
disrupted. In the five examples (CRYM, GJB3, GRHL2, DFNA5/GSDME, ATP6V1B1), mutations in the 
corresponding genes are all known to cause hearing loss in humans, yet the corresponding mouse 
variants (despite high sequence homology) do not cause comparable hearing loss. Researchers have 
directly attributed this to differences in gene regulation. The spatial expression patterns of these 
deafness genes in the cochlea are markedly different between rodents and primates14. In primates 
(including humans) the genes tend to be more widely expressed in more cell types or at different 
developmental stages than in mice, so the human mutations disrupt the auditory system in ways that 
a mouse mutation does not14. In other words “the discrepancy of gene expression between rodents 
and primates accounts for the phenotypic difference” in these models14. 
 
In response to the reviewer’s comment, we now added the following sentence after the quoted 
phrase: 
 
“For example, while many forms of monogenic human deafness, including OTOF-related auditory 
synaptopathy, can be modelled in mice, there are documented exceptions for deafness genes GJB3, 
CRYM, GRHL2, DFNA5, and ATP6B11.”   
 
 
-introduction line76. The claim « Clearly, a knowledge gap remains regarding the efficacy, specificity 
and longevity of gene therapy » is surprising coming from a group that contributes or has contributed 
to the otoferlin gene therapy and taking into account the fact that clinical trials are ongoing in patients. 
The authors should specify precisely based on articles which aspects need to be further examined 
carefully and why mice did not answer these questions. Otherwise, this sentence sounds as if 
enormous risks have been taken by translating findings in mice directly to patients. To the best of my 
knowledge, although an OTOF NHP model did not exist before, preclinical trias have tested toxicity and 
expression maintenance in NHPs. 
 
We rephrased the indicated passage in response to this comment: “Further work, ideally including 
studies in an NHP model, is required to evaluate the efficacy, specificity, and longevity of the gene 
therapy1. For example, the question as to whether expression of transgenic otoferlin in the OTOF-
deficient primate cochlea is limited to inner hair cells (IHCs, i.e. target-cell specific expression) can only 
be addressed by post-mortem histology.” 
 
 
-introduction , line 126. For the role of otoferlin, the authors must cite original papers. A key paper by 



Pangrsic et al, 2010 (PMID: 20562868) should be cited and the review is anterior to at least one other 
key paper like in 2017 (Michalski et al., PMID: 29111973). Together with these two papers, the original 
paper by Roux et al, 2006 should be recited. 
 
This has been rectified. Some of the indicated references had indeed been cited, but we now introduce 
them early on. 
 
 
-Results line 156 : What is special about exon 14 ? Could the authors mention to which otoferlin 
domain does it correspond and why the choice of that particular exon? 
 
This has been rectified. We found this strategy to successfully delete otoferlin expression in mice. In 
response to the comment we added this information: “Hence, four sgRNAs (Table 1) were selected 
using the guide RNA selection tool CRISPOR25,26 to target exon 14 of the marmoset OTOF gene, 
following a successful knockout strategy employed in mice27,28.” 
 
-Results : Have the authors tried to determine which Otof isoforms are expressed in the marmoset ? 
Several Otof isoforms have been reported in humans and mice. There are probably interspecies 
differences. It would be informative to know if the authors could establish whether there are several 
OTOF isoforms in marmosets. 
 
The suggested analysis would be of great interest, indeed: To date, data availability is still limited in 
the field. To our knowledge, no inner C. jacchus ear transcriptome dataset is available in the gEAR 
database or in literature. Exon 14 is present in all seven transcript variants (X1 to X7) predicted for C. 
jacchus at NCBI. The same applies to the four published and nine predicted mouse variants. In contrast, 
among the five known human Otof transcription variants, exon 14 is only included in variants 1 and 5.  
Thus, the reviewer’s point is well taken and we aim to develop a method for marmoset scRNAseq 
protocol that will be of great use for our ongoing and future projects. 
 
-Results, line 335. Although I am a non specialist of this field, I respectfully disagree with the word « 
Intriguingly ». No other species comes close to humans in terms of language. It is probably the major 
specificity that differentiates us from other species. There has been several papers on mouse call in 
the past and the same result was found. There are no major differences in the mouse vocalizations 
between hearing and deaf mice. The article would benefit from a discussion careflully comparing their 
results with similar studies in deaf mouse models. See for example : PMID: 23536072, PMID: 25062471 
 
In response to the reviewer’s comment we revised the MS accordingly: “Taken together, OTOF-KO 
animals were as vocally active as age-matched wild-type controls and produced the full vocal 
repertoire of infant marmosets. This is reminiscent of related analyses of deaf Otof KO mice29 and other 
deaf mouse mutants30.” 
 
-Figure 3 : Marmoset WT ABRs seem to have 3 waves. However, in the supplementary figure, the 
authors label Waves 1 to 5. Could the authors label the waves in their main figure and give wave details 
in terms of spieces differences between marmoset, humans and mice. 
 
In marmosets, ABR waveforms are highly variable between animals and strongly depend on – in 
comparison to mouse – the spatial configuration of recording electrode configuration. Earlier work by 
others has also demonstrated that different waves are dependent on sound level and can merge (e.g. 

Harada & Tokuriki, 1997; doi: 10.1016/s0168-5597(96)96015-3 ). We chose the Vertex to ipsilateral 
mastoid configuration as in most cases waves II, III and V are visible (Harada & Tokuriki, 1997). Further, 

https://doi.org/10.1016/s0168-5597(96)96015-3


it should be noted that in general the amplitude of marmoset ABR is substantially smaller than in mice 
but comparable to human clinical ABR. 
 
 
-Figure 5 : Figure 5 could benefit from bigger insets on IHCs. Why is there so much background in the 
OTOF KO marmoset compared to the WT control. Haven’t the authors used the same settings in both 
conditions ? If not, this should be detailed. 
 
This has been rectified.  
We suspect that the overall higher fluorescence in the otoferlin channel reflects an elevated 
background signal upon treatment of the left cochlea. We had dosed the animal with OTOF dual-AAV  
in a procedure described in ref. 9, except for not including kanamycin. As mentioned in the MS, the 
animal had to be euthanized 3 days after surgery due to a complication during anaesthesia. From our 
experience and that in the field, the time from dosing does not suffice for sufficient transgene 
expression, which is confirmed by the immunolabeling for the N-terminal alpha tag of otoferlin (Fig. 1 
of the letter). Moreover, in response to this comment, we analyzed the immunofluorescence intensity 
of the otoferlin channel in regions covering inner hair cells and inner boarder cells in which a transgenic 
otoferlin expression is highly unlikely (even with broad-acting promotors10). We conclude that the 
observed signal is most likely unspecific and does not represent transgenic otoferlin. We consider it 
most likely to represent a signal related to the application procedure and not to AAV transduction.      
 

 
Figure 1 for letter: Immunofluorescence of the organ of Corti of animal 5 (same images as in Figure 6 
for parvalbumin and otoferlin. Immunofluorescence for the ALFA-Tag present at the C-terminus of the 
OTOF-transgene is depicted in yellow. No specific staining (above the background fluorescence level 
visible also in the non-treated control animal) was detectable. Scale bar 100µm 
 
 
 
-Discussion paragraph line 423-437. This paragraph is unclear. The authors did not find major 
differences in their call analysis but cite other articles that found differences in other experimental 



settings ; Could the author carefully report differences and comonalities with their study. Have the 
same developmental periods been compared ? how long were the parental deprivations etc… 
 
In our original submission, we focussed on an early postnatal timepoint and reported a rather coarse 
analysis in the to introduce the OTOF-KO marmosets in general. It is our conviction that a detailed 
analysis of the acoustic structure is highly interesting, warranted but better suited for a separate 
manuscript with more data and animals. 
We agree with the reviewer that as originally written the MS might be misleading in suggesting no 
difference in vocal behaviour between KO and WT animals. This interpretation is certainly too strong. 
Consequently, we have now significantly expanded this analysis and added a new figure 5 where we 
analysed the maximum call durations for different call types and find that KO animals display shorter 
vocalizations both in an early (week 2-4) and later (week 18 – 20) time period. While KO animals show 
increased call durations as expected from a maturation driven process, their call durations do not catch 
up with WT animals. These data suggest alternative developmental trajectories in WT and KO animals. 
 
 
-Discussion lines 450-454. The manuscript discussion should more indicate in much more details the 
reasons why a marmoset model is important for gene therapy trials and for cochlear implants. 
 
This has been rectified in the discussion section “Value of OTOF-KO marmosets for future work and 
limitations of the present study”: 
 
“Here, OTOF-KO NHP models could play a critical role in improving OTOF-related gene therapy before 
moving to clinical trials in humans complementing the highly relevant work in mouse mutants. models 
will allow for extended studies on specificity, efficacy, and longevity of the functional restoration upon 
gene therapy. For example, otoferlin levels in IHCs and target-cell specificity of transgenic otoferlin 
expression can now be assessed for different capsid-promotor combinations by post-mortem histology 
of the treated OTOF-KO marmoset cochlea. This will allow to correlate auditory function following 
OTOF-related gene therapy as determined at the physiological and behavioral levels with postmortem 
analysis of otoferlin expression in IHCs, thereby facilitating the optimization of dosing, vectors, 
promotors, transgene, and AAV administration. Moreover, NHP models will support late-preclinical 
studies on the dependence of the functional outcome on time point of intervention, AAV-dose, 
presence of neutralizing antibodies, and immunomodulation. In addition, OTOF-KO marmosets could 
be useful for the development of next generation cochlear implants. Further, this model uniquely 
enables the exploration of how auditory feedback shapes vocal development, thereby deepening our 
understanding of basic neuroscience and driving translational clinical research into auditory disorders. 
We conclude that the key role of appropriate NHP models of genetic deafness for late-preclinical 
testing of novel therapies offset the challenges such as slow generation time, risk of off-target effects 
of CRISPR, potential immune responses to Cas9, high costs and ethical concerns regarding disease 
modeling in NHP.” 
 
 
-Discussion. I have not found any mention or comparison with other NHP models of deafness like for 
Usher syndrome. See PMID: 35710827 
 
We thank the reviewer for this comment, now cite the corresponding study, and compare it to ours.  
 
-Suppl Fig. 4. I am not sure to understand properly Suppl figure 4. It is somewhat misleading and gives 
the wrong impression of the importance of the unexplained waves in animal 6. These waves were 
obtained at important sound levels compared to wild-type controls. Therefore using a comparison 
based on hearing threshold gives these waves more unnecessary importance than needed. For 



instance, in Fig.1C, the panel gives the impression KO waves are 4 times bigger than in the WT just 
because there is a larger working range in WT mice. The authors should at least show what happens 
at higher levels than +30dB above threshold in WT monkeys. In panel « a », the cmparison of a 80 dB 
signal in WT versus a 100 dB signal in KO is also misleading. Between 80 and 100 dB, there is roughly a 
100 fold difference in sound intensity…so putting in parallel these 2 signals that have similar amplitude 
are misleading. They should put in parallel the KO signal at 80 dB for example. 
 
 
We thank the reviewer for this important comment, which helps to provide a well-balanced 
presentation of the data. We aim to report the unexpected finding of an ABR-like response for a specific 
tone burst frequency (2 kHz) at levels ≥100 dB (SPL) and, hence, the efforts in the original submission 
to present the some of the data for dB (Hearing Level). We concur with the reviewer that this can be 
misleading and, therefore, have overhauled Fig. S4.  

1. Our protocol first tests click ABR responses. If no click response is seen at all, the pure tone 
ABR is measured at 100 dB SPL and multiple frequencies. Here, as no click response was 
observed but a hint for a response at 100 dB SPL for 2 kHz, we measured 2 kHz at 90, 100 and 
110 dB SPL. At 90 dB no response was observed. Therefore, no recordings were attempted at 
lower sound levels. For ethical reasons we did not record ABR traces of WT marmosets for 
levels >80 dB (SPL). 

2. We replotted previous panels b-e for dB (SPL) and added an analysis of the putative response 
in relationship to trials with stimulation in phase and antiphase. 

 
We have also improved the presentation and discussion of this unexpected finding: 
 
Results: 
“In contrast, no waves were observed for clicks even up to a sound level of 100 dB (SPL peak equivalent) 
for clicks (Fig. 3a) in OTOF-KO animals. Unexpectedly, for stimulation with pure tones, an isolated ABR-
like response in one ear following stimulation with 2 kHz tone bursts was observed starting at 100 dB 
(SPL). This response was observed for 2 kHz tone bursts regardless of their phase, indicating that it is 
unlikely to reflect a microphone potential of hair cells, and showed peak 1 and 2 latencies compatible 
with those of ABR waves I and II at 80 dB (SPL) in WT marmosets (Suppl. Fig. 4). In no other cases, an 
ABR was observed (Fig. 3b).” 
 
Discussion:  
“We currently do not know the precise mechanism underlying the isolated ABR-like response in one 
ear following stimulation with 2 kHz tone bursts at levels ≥100 dB (SPL). It phenomenon does not seem 
to reflect a microphone potential of hair cells. We currently cannot safely distinguish between the 
possibility of residual sound encoding in the absence of otoferlin, e.g. due to low-level genetic 
mosaicism (i.e. few WT IHCs, the second OTOF KO is to be treated with OTOF gene therapy) and a 
somatosensory or vestibular system origin of the response. Specifically, vestibular nerve compound 
action potentials with short latencies have been reported for Otof KO mice1.” 
 
Minor: 
 
-Abstract, line 42. The authors should tell why preclinical optimization remains invaluable to establish 
OTOF-gene therapy. 
 
This has been rectified in the discussion section “Value of OTOF-KO marmosets for future work and 
limitations of the present study”. 
 



 
-Results line 308 : Typo on « A repeated measures ANOVA with within subject… » ? 
 
This has been rephrased. 
 
 
-line 653. There is a typo « a94% » 
 
This has been rectified. 
 
- I am uncertain there is a Supplementary figure 2 legend on genotyping results 
 
This has been rectified. 
 
 
-line 43. Typo at « Fig (XB) » ? 
 
This has been rectified. 
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Supplementary Figure 1: PCR fragment length analysis by capillary electrophoresis 

 

 

Supp. Fig. 1: PCR fragment length analysis by capillary electrophoresis. PCR was performed using 
primers 1 and 2, flanking the region containing the sgRNA binding sites. The grey bar indicates the 
wildtype (wt) fragment length. (a) PCR on DNA from buccal swabs of animal #5. Two fragments of 526 
bp and 491 bp were detected. (b) PCR on DNA from buccal swabs of animal #8. Two fragments of 471 
bp and 361 bp were detected. (c) PCR on wt DNA. The expected wt fragment length of 718 bp was 
detected.  
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Supplementary Figure 2: Genotyping results 

 



 

 



 

 

 



 

 



 

 



 

 



 

Supp. Fig. 2: Genotyping results of animals 5 and 8. PCR products derived from isolated genomic 
DNA of animals 5 and 8 using primers 3 (CATAAGGCCAATGAGACCGACGAA) and 4 
(CACGTCGTTGACCTTGTCCGAG) were subcloned using TOPO cloning and sequenced. Sequences 
obtained were aligned to the OTOF gene of C. jacchus reference genome NC_071455.1 Chromosome 
14, mCalJac1.2pat.X, INSDC Assembly GCF_011100555.1; OTOF gene ID: 10040869), displayed in 
grey. Exemplary aligned sequences of animal 5 (orange) and animal 8 (red) derived from DNA isolated 
from buccal swaps are shown. Deletions in the animals’ alleles are indicated by light red boxes. 

  



Supplementary Figure 3: PCR genotyping of a sperm sample from Animal #8  

 

 

Suppl. Fig. 3: PCR genotyping of DNA samples from Animal #8 sperm (collected at 14 months of age 

and purified by swim-up) compared to marmoset wildtype (wt) sperm. Each PCR was performed with 

primers 1 and 2 flanking the region containing the sgRNA binding sites. The results are consistent with 

the PCR results for somatic cells from Animal #8 shown in Figure 2a and thus indicate the same genomic 

modification of the germ cells as occurred in somatic cells.. 

 

  



Supplementary Table 1. Experiments performed with the optimized CRISPR/Cas9 mix injected into 

zygotes 

 

Additional 

protocol 

variables 

OPU, n 
Transfers, 

n 

Embryos 

transferred, 

n 

Newborns, 

n 

Genetically 

modified 

newborns, 

n 

Percentage 

of 

genetically 

modified 

newborns 

per 

transfer, % 

Percentage 

of genetically 

modified 

newborns 

from all 

transferred 

embryos, % 

Old 

anaesthesia 
22 OPU 5 15 3 1 20% 6.7% 

New 

anaesthesia + 

frozen 

transfers 

20 OPU 15 41 1 1 7% 2.4% 

Total 42 20 56 4 2 10% 3.6% 

 

 

Supplementary Material 1: Off-Target analysis of OTOF-KO animal #5. 

 

Suppl. Table 2: Primers and resulting PCR fragments in Off-Target analysis 

Name Sequence Chromo

some 

Expected 

Fragment 

size (bp) 

sense 

sgRNA1_offtarget1 

5'-GTAGGGACTGCAGAGTGCACAA -3' 10 1155 

antisense 

sgRNA1_offtarget1 

5'-TGGCATTACCCAGTAAGTGCTCA -3' 10  

sense 

sgRNA1_offtarget2 

5'-CAAGCATTTTCTATGTGCGGTCTG -3' 2 1324 

antisense 

sgRNA2_offtarget2 

5'-TTAGCCACCACATCCATAGGACA -3' 2  

sense 

sgRNA1_offtarget3 

5'-TTCCTCTATGGCTCCCCTAACCC -3' 5 1138 

antisense_ 

sgRNA1_offtarget3 

5'-CCAGAATGCACCTCAGTGACC -3' 5  



sense 

sgRNA1_offtarget4 

5'-GCCAGAGTATGCAGAACTGAC -3' 19 1124 

antisense 

sgRNA1_offtarget4 

5'-GAAACAGGTGAAATTCCTCGT -3' 19  

sense 

sgRNA2_offtarget1 

5'-TCATTAGGCTCAAATCAAGGCATC -3' X 1280 

antisense 

sgRNA2_offtarget1 

5'-GAGATTTATTTTGCCAAGGTTCAGG -3' X  

sense 

sgRNA2_offtarget2 

5'-CTTTGAAGTTAAGCATATAGCCCTC -3' 1 1222 

antisense 

sgRNA2_offtarget2 

5'-TGTAGTATCTGCACGTAATACTCACAC -3' 1  

sense 

sgRNA2_offtarget3 

5'-TGAGTTACACTGGAGGCTTCAAC -3' 20 956 

antisense 

sgRNA2_offtarget3 

5'-CCAATTAGAAAAGAGCAACAGCAC -3' 20  

sense 

sgRNA2_offtarget4 

5'-CTACAGTTTTCAGTGCCAACAGG -3' 1 959 

antisense 

sgRNA2_offtarget4 

5'-GCCCCAAAGTCAATGTATAGTCG -3' 1  

sense 

sgRNA3_offtarget1 

5'-CCGTGATCAAACACTGCAAGGAC -3' 8 1393 

antisense 

sgRNA3_offtarget1 

5'-GCAGTACATCTCCGCAAGAGC -3' 8  

sense 

sgRNA3_offtarget2 

5'-TACAAGTGCATGTAATGTCCACGTC -3' 5 1255 

antisense 

sgRNA3_offtarget2 

5'-TTCCTGCTTCTCATCAAACTTGCCTA -3' 5  

sense 

sgRNA3_offtarget3 

5'-GAGAAGTTCTAGTAAATGCCAAGCC -3' 2 1190 

antisense 

sgRNA3_offtarget3  

5'-GTCACCAATTCCACCCATGCAC -3' 2  



sense 

sgRNA3_offtarget4_5 

5'-TCAAAACTGGGGAGAGAGCAAGCTTC -3' 22 1393 

antisense 

sgRNA3_offtarget4_5 

5'-ACTTGTCCAAATGCAACAACAGCC -3' 22  

sense 

sgRNA4_offtarget1 

5'-CACTCAGTTTCCATTTGGTGCTT -3' 12 1255 

antisense 

sgRNA4_offtarget1 

5'-CCCTCCCCACCACAACACTCT -3' 12  

sense 

sgRNA4_offtarget2 

5'-GCTTTCTCCCAATTTACCTGCT -3' 1 1190 

antisense 

sgRNA4_offtarget2 

5'-GCCTCAAATCCCTGATGACCAC -3' 1  

sense 

sgRNA4_offtarget3 

5'-TGCTATATATCAGTTAGGACGGCAAA -3' 10 1210 

antisense 

sgRNA4_offtarget3 

5'-TCAATGCGAAAGTTTGATTTAAGCTA -3' 10  

sense 

sgRNA4_offtarget4 

5'-CTAAGTCTACCGGAAAGTATAGGC -3' 12 1119 

antisense 

sgRNA4_offtarget4 

5'-TAAACATCATGAATGGAGCTAAGCATC -3' 12  

antisense2 

sgRNA4_offtarget1 

5'-CAGCCAGAGACTGCACAATGTCA -3' 12 1155 
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Suppl. Fig. 4: Off-Target analysis of animal #5. Visualization of PCR results for animal 5 by gel 

electrophoresis. Analysis for sgRNA3, target 4 and sgRNA4, target 1 were repeated separately (right) 

due to lack of product or unclear sequencing results, respectively.  

1µl PCR product separated on a 1% agarose gel containing 0.25x GelRed (Biotium, VWR, #41003-1), 

100bp size marker (Thermo Scientific 8ng/µl, #SM0321), PCR products were subsequently sequenced 

by Sanger sequencing, no off-target effects were detected. 

  



Supplementary Material 2: Further statistical analysis of hearing tests 

ABR: 

In WT animals, ABR thresholds (Fig. 4B) were frequency dependent (repeated measures 

ANOVA: F(4,24) = 6.76, p = 0.00086). Post-hoc tests revealed significantly lower thresholds 

for 16 kHz (mean ± STD: 43.8 ± 9.16 dB SPL, n = 7 ears) in comparison with 2 kHz (paired t-

test with Bonferroni correction: p = 0.008; mean ± STD = 57.1 ± 12.5 dB SPL, n = 7 ears) and 

4 kHz (paired t-test with Bonferroni correction: p = 0.041; mean ± STD = 47.1 ± 9.51 dB SPL, 

n = 7 ears). For further statistical evaluation and if no response was observed, thresholds were 

set to 110 dB SPL. A repeated measures ANOVA with within subject factor frequency and 

between subject factor genotype revealed significantly different thresholds of KO and WT 

animals (F(1,8) = 1008.14, p = 1.05*10-9). No main effect of frequency was observed but a 

significant interaction with genotype (F(2.7,21.57) = 3.28, p = 0.045). Post-hoc t-tests revealed 

that thresholds for KO animals were significantly higher than thresholds in WT animals for all 

pure tone frequencies (2 kHz, p = 2.12e-04; 4 kHz: p = 3.99e-06, 8 kHz: p = 4.99e-06, 16 kHz: 

p = 4.51e-08; each with nwt = 7 ears, nko = 3 ears) as well as the click (p = 6.26e-08, nwt = 8 

ears, nko = 4 ears). 

 

DPOAE: 

A repeated measures ANOVA including within-subject factor frequency and between-subject 

factor genotype revealed a significant main effect of frequency (F(5,10) = 8.614, p = 0.002) but 

not of genotype (F(1,2) = 1.086, p = 0.424). Independent of genotype, thresholds for F1 = 13.9 

kHz (mean ± STD = 51 ± 5.48 dB SPL, n = 5 ears) were significantly lower than for F1 = 2.4 

kHz (mean ± STD = 82 ± 4.47 dB SPL, n = 5 ears) and F1 = 3.5 kHz (mean ± STD = 75 ± 0 

dB SPL, n = 4 ears; post hoc t-tests with Holm correction: 2.4 kHz vs. 13.9 kHz p ≤ 0.0002; 

3.28 kHz vs. 13.9 kHz p = 0.009; Fig. 4D). 

 

Supplementary Figure 5: Analysis of putative ABR response of OTOF-KO animal #8. 

In animal 8, a response to stimulation with 2 kHz pure tones was observed at 100 dB SPL and 

higher. Similar responses were not observed in the second KO animal (animal 5; Suppl. Fig. 

5a). ABR peaks were quantified with respect to their latency (Suppl. Fig. 5b) and amplitude 

(Suppl. Fig. 5c). The latencies of the waves of the 2 kHz response for KO animal 8 were 

comparable to ABR responses in WT animals. A two-way ANOVA with factors genotype and 

wave revealed a significant effect of wave (F(5,37) = 133.968, p = 1.22*10-22) and a significant 

interaction between genotype and wave (F(3,37) = 3.125, p = 0.037). This indicates that the 2 

kHz response for KO animal 8 differs from WT animals. The amplitudes increased much faster 

than expected from WT data. Here, a two-way ANOVA with factors genotype and wave 

revealed a significant effect of wave (F(5,37) = 3.794, p = 0.007) but also genotype (F(1,37) = 

14.807, 2, p = 0.000455) and a significant interaction between genotype and wave (F(3,37) = 

4.94, p = 0.006). We sought to further substantiate this observation by checking whether the 

waves can be considered outliers. Out of all detected waves, the amplitude of 2 waves were 

determined to be outliers and extreme. Both data points stem from animal 8 (KO, Suppl. Fig. 

5c). Rosner’s test for outliers revealed that 2 data points (R.1 = 3.66, R.2 = 4.08) are outliers 

and are not from the same distribution (p < 0.05). Taken together, the data indicates a potential 

pathological response at 2 kHz found for animal 8 (KO) and do not indicate the activation of 

the auditory pathway. Splitting the trials between phase and antiphase stimulation (Suppl. Fig. 

5f) reveals a consistent waveform, arguing against a methodological artefact or cochlear 

microphonic potential and in favor of a physiological response. 



 



 

Suppl. Fig. 5: Analysis of putative ABR response of OTOF-KO animal 8. a) ABR measurements of 

WT (black) and OTOF-KO (orange) animals to 2 kHz stimulation at 80 dB SPL (WT) or 100 dB SPL 

(KO). Each wave corresponds to data from one ear. b) latencies and c) amplitudes of identified ABR 

peaks (nomenclature following Harada&Tokuriki 1). Diamonds and dashed lines were used for KO data 

whereas circles and solid lines were used for WT data. 10 dB above threshold KO animal had high ABR 

peak amplitudes. Exemplary ABR growth functions of one WT (d) and KO (e) animal. The numbers on 

the left of a curve correspond to the sound level in dB (dB SPL). Identified peaks are given with black 

dots. f) data of animal 8 for 2 kHz stimulation averaged separately for trials with the stimulus presented 

either in phase (blue) or in antiphase (orange). Top row is the recorded stimulus and the filtered recorded 

data (between 300 Hz and 3 kHz) is on the second row. From left to right the sound level decreases by 

10 dB. Using a 2kHz notch filter on the data is shown in the lower row. Based on this analysis the 

putative response occurs both in phase and antiphase. 

 

 

 

Suppl. Fig. 5: ALFA-Tag immunofluorescence of the organ of Corti of AAV-treated animal 5 (same 

images as in figure 7 for parvalbumin and otoferlin). Immunofluorescence for the ALFA-Tag present at 

the C-terminus of the OTOF-transgene administered via AAV into the left ear of animal 5 is depicted in 

yellow. No specific staining (above the background fluorescence level visible also in the non-treated 

control animal and the non-treated ear of animal 5) was detectable. Scale bar 100µm 

 

1. Harada, T. & Tokuriki, M. Effects of click intensity and frequency on the brain-stem auditory evoked 

potentials in the common marmoset (Callithrix jacchus). Journal of Veterinary Medical Science 59, 

561–567 (1997). 
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