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ABSTRACT

CABP2 modulates presynaptic Cay1.3 Ca?" channel function in inner hair cells (IHCs) and is required for indefatigable synaptic
sound encoding. Biallelic variants in CABP2 are associated with non-syndromic hearing loss (DFNB93). Otoacoustic emissions
have been observed in an Italian family with a homozygous CABP2 variant, indicating preservation of outer hair cell-mediated
cochlear amplification. Hence, DFNB93 belongs to the hearing disorders caused by impairment of IHC synapses, termed auditory
synaptopathy. DFNB93 mouse models have recapitulated findings and demonstrated that lack of CaBP2 impairs synaptic sound
encoding by enhanced steady-state inactivation of Cay1.3 Ca?" channels. Furthermore, preclinical studies have demonstrated
feasibility of gene therapy. As growing evidence from OTOF clinical trials confirms synaptopathies as promising therapeutic targets
for hearing restoration, CABP2 ranks highly among the candidate genes for virus-mediated gene therapy to restore hearing. This
perspective summarizes the preclinical gene replacement studies for hereditary hearing loss and outlines the characteristics that
make genetic targets ideal for therapy development. It reviews the current literature on human CABP2 studies, pre-clinical therapy
development, and introduces a patient registry that aims to support research involvement with the CABP2 patient community. We
conclude with a preview of the next steps toward CABP2 gene therapy clinical trials.

1 | Introduction for communication and daily life, with more than 700 million

people projected to be affected by 2050 [1]. In the Western world,
Hearing impairment is the most common sensory disorder in ~ roughly one to two per 1000 newborns are diagnosed with hearing
humans, affecting approximately 432 million adults and 34 impairment, with at least 60% of cases attributed to genetic
million children to an extent that poses significant challenges  causes [2, 3]. The prevalence of hearing impairment increases
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dramatically with age, affecting over 80% of individuals by the
age of 80 years [4]. In children, hearing impairment can adversely
impact speech and language development, as well as education,
while in adults, it has been linked to depression and cognitive
decline, all of which impact quality of life. Beyond the critical
period of speech and language development, hearing deficiency
can contribute to difficulties in maintaining relationships that are
helpful for emotional resilience and social well-being throughout
life.

The experiences of individuals with hearing impairment and
deafness are diverse, covering a range of perspectives, identities,
and values. Many individuals identify as part of the Deaf com-
munity, which embraces deafness as a cultural and linguistic
identity rather than a deficit or disability [7]. A respectful and
inclusive treatment that acknowledges the linguistic and cultural
identities and personal journeys is important in healthcare for
deafindividuals [8]. This includes the support of informed choice
for patients regarding genetic testing, therapeutic interventions,
and involvement in research questions. Our registry is meant to
serve as a resource for researchers and patients to interact and
exchange knowledge and data.

Despite the importance of hearing, major barriers to accessing
multidisciplinary hearing healthcare persist for those seeking
therapeutic options. This also applies to higher income countries
where hearing healthcare may be partially or fully covered by
national healthcare schemes, as cost and stigma remain common
obstacles to access [9]. Early clinical diagnosis and intervention
can support access to communication tools and resources for
helping individuals more fully engage with their environments.
Regardless of its underlying cause, hearing impairment poses a
major global challenge that demands multifaceted solutions for
those seeking solutions. Standard treatment options for hearing
restoration, irrespective of the exact disease mechanism, include
hearing aids, which amplify sounds for individuals with mild to
moderate hearing impairment, and electrical cochlear implants
for individuals who do not sufficiently benefit from acoustic
amplification. Patients with auditory synaptopathy and auditory
neuropathy typically gain little benefit from using hearing aids,
as the functional problem is not hearing sensitivity but neural
sound processing. The outcome of cochlear implant rehabilita-
tion depends on several factors, such as the neural status of the
cochlea, and is limited by poor spectral sensitivity [10, 11]. Current
developments include improved neural-electrode interfacing and
optogenetic cochlear implants for better spectral selectivity, as
well as regenerative strategies for improving the neural status of
the cochlea [10, 11]. Moreover, causative treatment options, such
as by gene replacement, in monogenic deafness are emerging
(Table 1). Genetic auditory synaptopathy is an attractive target
for gene therapy as the structure and integrity of the cochlea are
relatively well preserved. Encouraging signs come from the early
stages of the first clinical trial for otoferlin-associated hearing
impairment, setting a blueprint for further clinical trials [12-
14]. Genetic testing has become an important routine tool for
hearing healthcare in individuals with unlikely environmental
or non-genetic causes. These developments highlight a growing
momentum toward precision medicine in the treatment of hear-
ing impairment, where understanding the underlying genetic
causes can lead to more effective individualized therapies. A
detailed understanding of the exact disease mechanism is crucial

for optimal clinical counseling of patients with hearing impair-
ment and specifically in those with auditory synaptopathy. As
gene-based interventions continue to emerge, patient registries
are set to become essential tools for connecting patients with
research efforts to support future clinical trials.

This article reviews preclinical gene replacement strategies for
the treatment of hereditary hearing loss, touches on the criteria
of a good therapeutic target, and outlines qualities of CABP2
that make it an excellent therapeutic target. In anticipation of
clinical trials, we developed and released a registry for CABP2-
associated hearing impairment. As we build on experience from
the development of the Otoferlin Registry (Clinical Trials Identi-
fier: NCT05946057 [71]), these tools are likely to play a crucial role
in supporting research and translation, a topic that will be briefly
explored here.

2 | Preclinical Gene Replacement Strategies for
Hereditary Hearing Loss

The human inner ear is a complex, fluid-filled, three-dimensional
structure encased within the densest bone of the body and
located deep in the base of the skull [72]. The remarkable
complexity of the auditory system is mirrored by extensive
genetic heterogeneity, with over 155 genes identified to date as
causal for non-syndromic (isolated) hearing impairment (https://
hereditaryhearingloss.org/). Efforts of the last 15 years have
revolutionized genetic sequencing technologies that make it
possible to analyze all hearing loss-associated genes in patients,
expediting diagnostics and research [73]. Given the diversity
of genetic causes, comprehensive molecular genetic testing has
proven essential for determining the precise basis of hearing
impairment, to define non-syndromic versus syndromic forms,
and is a crucial part of clinical trial eligibility among other
benefits of a genetic diagnosis (summarized previously [3]).

To address genetic heterogeneity, the field has undertaken major
efforts in preclinical development of gene therapies (reviewed
previously [74, 75]), including gene replacement approaches that
have been applied to mouse models to combat hearing loss caused
by a variety genes, as summarized in Table 1. Gene replacement
involves delivery of a coding gene sequence (transgene), along
with regulatory elements, promoters, enhancers, and other sta-
bilizing sequences in a transgene cassette, to the target cell with
viral vectors, typically using adeno-associated virus (AAV). AAVs
have, so far, emerged as the vector of choice due to good safety
profile, including low immunogenicity, sustained transgene
expression, and modifiable capsids to tailor vectors in specific cell
types [74, 75]. Gene replacement is also the approach applied in
the recent otoferlin clinical trials (summarized previously [76]).

3 | Criteria for Gene Therapeutic Targets for
Hearing Restoration

A strong therapeutic candidate for gene therapy must meet
several key criteria. First, the timing of cochlear degeneration
must allow intervention before irreversible hair cell loss occurs,
as human hair cells do not regenerate, known as “therapeutic
window.” The course of hearing loss reported in human natural
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history studies combined with histological studies in mouse
models have been important for estimating this therapeutic
window. While the human inner ear starts to respond to sounds
at ~20 weeks gestation [77], hearing in the mouse starts roughly
2 weeks after birth (~P12-P14). For a comparative timeline, genes
associated with stable cochlear architecture and hair cell presence
beyond the equivalent of the human postnatal period (e.g., P28
in mice) are ideal for therapy [78]. Second, the expression profile
of the target gene must align with AAV tropism. Advances in
capsid engineering of synthetic AAV variants (e.g., Anc80L65
and AAV9-PHP.B) have enhanced transduction and therapeutic
efficacy in mice; however, vector and promoter optimization for
many cell types of the inner ear is still an active area of research
[74]. Third, gene size is important due to the limited packaging
capacity of AAVs (~4.8 kb). While dual-AAV approaches have
enabled the delivery of larger genes (e.g., [41, 40]), triple-AAV
approaches remain experimental and have so far been less reliable
[17]. Transgenes fitting into the single- or dual-AAV capacity
are currently preferred. Additionally, mouse models, and ideally
additional models in other species (e.g., pigs and non-human pri-
mates), recapitulating the human clinical situation are important
for conducting studies to assess efficacy of preclinical therapies.
Given the long-term safety profiles of gene therapies remain
unknown, the first trials will focus on severe or progressive
hearing loss. Until safety and efficacy are better understood
in human trials, it is likely that mild and moderate forms of
hearing loss will not yet be ethically justified given risk-benefit
considerations. Finally, the prevalence of each of the genetic
forms of hearing loss influence the uptake to commercialization.

To illustrate the above: the most common form of hereditary
hearing impairment is caused by GJ/B2 (DFNBIA; OMIM: 121011),
encoding Connexin 26, forming gap junctions among cochlear
supporting cells and fibrocytes crucial for K* recycling [79, 80].
Deleterious variants in GJ/B2 in humans are associated with
congenital severe to profound hearing impairment. At least
half of patients initially present with residual hearing that is
progressively lost [81]. The situation in the mouse is much
different with homozygous deletion of Gjb2 being lethal [79].
Conditional deletion of Gjb2 in mouse models has been the only
productive strategy to dissect cochlear pathology that shows dis-
rupted cellular homeostasis early in development, with complete
hair and supporting cell degradation before P30 [27]. Precise
expression of Gjb2 in correct cell types is crucial for integrity of
electrical activity, but achieving this specificity with AAVs has
been challenging. Most AAV vectors transduce multiple inner ear
cell types and use strong, ubiquitous promoters, which can lead
to mis-expression. In the case of Gjb2, this has resulted in toxicity,
including elevated hearing thresholds and lethality, highlighting
the need for more targeted delivery strategies that are actively
being pursued [24-27]. Despite high human prevalence of GJB2-
associated hearing impairment and small gene size, several
preclinical models have outlined a number of challenges for
putative translation (Table 1).

4 | CABP2:From Gene Discovery to Therapy
Development

CABP2 (OMIM: 607314), encoding Ca?*-binding protein 2, was
identified as causing autosomal recessive non-syndromic hearing

loss (DFNB93) through the identification of a founder variant
(NM_016366.3:c.637+1G>T) in three consanguineous Iranian
families presenting moderate to severe autosomal recessive
hearing impairment with characteristic U-shaped audiograms
[82]. Follow-up functional studies and detailed phenotyping of
an Italian 4-year-old child with a homozygous loss-of-function
variant (NM_016366.3:c.466G>T (p.Glul56Ter)) revealed mid-
frequency, moderate-to-severe hearing loss, and transitory evoked
otoacoustic emissions [83]. This finding indicated preserved outer
hair cell function, identifying the first individual with DFNB93
precisely diagnosed with an auditory synaptopathy.

A mouse model with a deletion of Cabp2 exons 3 and 4
showed reduced auditory brainstem responses and increased
hearing thresholds despite preserved distortion product otoacous-
tic emissions corroborating auditory synaptopathy [83, 84]. The
underlying synaptic disease mechanism is an enhanced steady-
state inactivation of inner hair cell (IHC) voltage-gated Ca**
channels due to the lack of CaBP2 regulation. This reduces the
number of Ca®" channels available for triggering glutamatergic
transmission from IHCs impairing synaptic sound encoding by
spiral ganglion neurons [16, 83] (Figure 1).

To date, nearly two dozen patients with CABP2-associated hear-
ing impairment have been published (Table 2), the majority
of whom report moderate to severe hearing impairment. Mea-
surement of otoacoustic emissions, so far, have been rarely
done (Table 2), making comprehensive auditory phenotyping a
high priority for further investigations. Replication studies to
validate auditory synaptopathy are imperative. An additional
point remaining poorly described in the literature concerns
understanding speech in noise, which has important implica-
tions for the daily lives of affected individuals. In particular,
mouse phenotyping indicates that auditory fatigue [16], that is,
a pathological decline of the auditory percept during ongoing
stimulation due to enhanced adaptation of auditory nerve spiking
activity, will need to be assessed. Understanding how different
CABP?2 variants contribute to phenotypic diversity and interfere
with and modulate Ca** channel function remains to be explored
in suitable disease models. Promising preclinical studies have
yielded encouraging results [15, 16], showing the feasibility of
Cabp2 gene therapy, consolidating CABP2 as an attractive target
for therapy development. The first preclinical therapy of Cabp2-
associated hearing impairment used AAV2/1 and AAV-PHP.eB
vectors to deliver Cabp2 coding sequence into the cochleae of P5-7
Cabp2~/~ mice [15]. High transduction efficiency and restoration
of THC Cayl1.3 function was reflected as improved hearing in
Cabp2~/~ mice. Further studies including Cabpl and Cabp2 dou-
ble knockout in the mouse model showed severely impaired IHC
Ca?* currents, synaptic transmission, and hearing that were all
substantially recovered with transgenic expression of Cabp2 [16].

Evaluation of known genes associated with isolated hearing loss
yielded a short list that included CABP2 among the best suited
genes amenable for gene therapy, particularly due to preservation
of cochlear architecture after P28, small gene size (human RNA
size is 660 bp) allowing transgene packaging into a single AAV,
and expression in hair cells [78]. The only unfavorable factor so
far is the rarity of CABP2-associated hearing impairment, which
may be due to incomplete reporting and can thus be addressed
with a patient registry.
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FIGURE 1 | Function of CABP2 at the afferent synapse of inner hair cells (IHCs) and spiral ganglion neurons (SGNs) and gene replacement

in DFNB93. CABP2 antagonizes voltage- and calmodulin (CaM)-mediated inactivation of Cay1.3 Ca?* channels at the THC active zones to sustain

presynaptic glutamate release for indefatigable sound encoding. AAV-mediated expression of transgenic CABP2 restores Ca?* influx and sound encoding
in mouse models of DFNB93. Abbreviations: AP, action potential; EPSC, excitatory postsynaptic current; GluA, AMPA-type glutamate receptor.

5 | The CABP2 Registry: A Model for Precision
Medicine in Rare Diseases

Given the rarity of CABP2-associated hearing loss and its consid-
erable therapeutic potential, we established the CABP2 Registry
(Clinical Trials Identifier: NCT06680934) as a centralized plat-
form for patient data collection. It promotes collaboration among
patients, who voluntarily contribute genetic and clinical data, and
researchers, accelerating functional studies and discovery.

The registry utilizes a secure web-based REDCap database.
Participants complete the entire process online, from consent to
data entry, using electronic case report forms. To ensure privacy,
the system includes two separate databases: one for patient-
identifiable information and another for clinical and genetic data.
Workflows, consent materials, and questionnaires were devel-

oped through a multidisciplinary collaboration among experts in
otolaryngology, human genetics, and data protection and tested
in both English and German. Study information materials and
consent forms include versions for adults, parents, adolescents
(14-17 years), and children (10-13 years), with parental co-consent
and electronic signature required for minors.

Figure 2 shows the registry workflow. Upon receiving a molecular
genetic diagnosis of CABP2-associated hearing impairment,
participants can access study materials through multiple ways:
a simple Google search for “CABP2 Registry,” the Orphanet
CABP2 Registry page, ClinicalTrials.gov (NCT06680934), or
the Institute for Auditory Neuroscience Patient Information
page (http://www.auditory-neuroscience.uni-goettingen.de/
cabp2_registry_en.html). Participants are encouraged to ask
questions before providing digital consent. Upon enrolment,
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01 03 05 07 09 "
Genetic Diagnosis Registration Process Submission to Project Validation
Patient is diagnosed with 1. Use of REDCap platform Manager 1. Review by data curators Potential to inform research and
biallelic variants in CABP2 hosted by UMG 1. Automatic case ID assigned Upload genetic reports and 1. Genetic report therapy development
2. Participants visit: via REDCap audiometry data 2. Clinical data
http://www.auditory- 2. Project manager alerted Guidance for questions 2. Discrepancy resolution

neuroscience.uni-
goettingen.de/cabp2_registry_en.

/\ html
“ /
02 04 06
Registry Access Points Informed Consent Data Processing

1. Searching “CABP2 Registry” 1. Download and review of 1. Data review
2. Institute for Auditory information pdfs 2. Data pseudonymization
Neuroscience at the University 2. Questions clarified by project 3. Secure transmission of
Medical Center Gottingen “Patient | manager registry questionnaire
Information” page 3. Signing consent forms
3. Orphanet CABP2 registry page 1. Study participation

4. ClinicalTrials.gov NCT06680934 2. Data processing

3. Review for adherence of data
protection policy

NN
REDCap

08 10

Dissemination of Results
Data compiled into natural history | 1. Double pseudonymization

REDCap alerts the project study for data presentation
manager about the acquisition of 2. Interaction with CABP2
participant data community

FIGURE 2 | The CABP2 Registry workflow and intended use of data to support clinical, basic, and translational research. The sequence of steps is

numbered from left to right.

REDCap automatically generates a case identifier and notifies
the project manager, who pseudonymizes the participant
using an external key stored separately on a secure server.
A unique registry access link is then emailed securely to the
participant.

The registry questionnaire collects structured information about
genetic test results, clinical course, family history, and hearing
rehabilitation. Participants may upload supporting documents
(e.g., audiograms and genetic reports) in a variety of possible
file formats, provided that personal information is removed.
Submissions are reviewed for completeness and compliance with
data protection standards. Participants receive encrypted copies
of their consent form and submitted data. They may revisit their
personalized link any time to make corrections, update infor-
mation, or add new audiometry. A second pseudonymization is
applied prior to publication or presentation of data.

This registry consolidates key patient data, fosters collaboration,
and accelerates research, particularly in the context of gene
therapy development. One envisioned output is to support nat-
ural history studies by enabling long-term tracking of disease
progression and identifying potential interventional points. Given
the limited commercial interest due to small patient populations,
academic-driven initiatives like this are essential for advancing
new treatments. As genetic therapies progress, patient registries
will play a key role in guiding translational research and improv-
ing care for individuals with hereditary hearing impairment.
The CABP2 Registry aims to connect patients who might other-
wise face hurdles in participating in research studies, especially
those in geographically dispersed or underrepresented areas, to
ongoing research, providing a deeper understanding of disease
mechanisms, therapy development, and clinical trial recruitment.
Importantly, registries also empower patients to contribute to
early-stage research and the shaping of trial designs, and identify
clinically meaningful endpoints. To our knowledge, this is the
second registry for isolated hearing impairment that has been
developed, following the success of the Otoferlin Registry [71]. As
research for hearing restoration progresses, registries such as the
CABP2 Registry will play an increasingly important role to bridge
translational application.

6 | Next Steps for CABP2 Therapy

The preclinical studies on Cabp2~/~ models have shown potential
for hearing restoration in DFNB93. However, continued efforts to
further improve rescue of hearing in Cabp2~/~ mice are warranted
and should include optimization of AAVs and their dosages,
timing of injection, as well as deeper research into promoter and
enhancer sequences. One of the challenges of CABP2 therapy,
once optimized and ready for investigator-initiated trials, will
be access to patients. Identifying and selecting them based
on motivation for therapy, severity, evidence of maintained
otoacoustic emissions, and general eligibility will be important
tasks. To proactively address this point, we have developed the
CABP2 Registry knowing that registries can be transformative
yet underutilized tools. Therefore, we hope that this registry will
increase odds of running clinical trials following further progress
toward clinical trials.
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