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Abstract

Usher Syndrome (USH) is the most common deaf-blind syndrome, affecting
approximately 1 in 6000 people worldwide. This genetic condition is characterized by a
combination of hearing loss (HL), retinitis pigmentosa, and, in some cases, vestibular
areflexia. Among the subtypes of USH, USH type 1 is considered the most severe form,
presenting profound bilateral congenital deafness, vestibular areflexia, and early onset
RP. USH type 2 is the most common form, exhibiting congenital moderate to severe HL
for low frequencies and severe to profound HL for high frequencies. Conversely, type 3
is the rarest, initially manifesting mild symptoms during childhood that become more
prominent in the first decades of life. The dual impact of USH on both visual and
auditory senses significantly impairs patients’ quality of life, restricting their daily
activities and interactions with society. To date, 9 genes have been confirmed so far for
USH: MYO7A, USHIC, CDH23, PCDH15, USH1G, CIB2, USH2A, ADGRV1, and CLRNI1.
These genes are inherited in an autosomal recessive manner and encode proteins
expressed in the inner ear and retina, leading to functional loss. Although non-genetic
methods can assist in patient triage and disease extension evaluation, genetic and
molecular tests play a pivotal role in providing genetic counseling, enabling
appropriate gene therapy, and facilitating timely cochlear implantation (CI). The
CRISPR/Cas9 system and viral-based gene replacement therapy have recently emerged
as highly promising techniques for treating USH. Regarding drug therapy, PTC-124 and
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Nb54 have been identified as promising drug interventions for genetic HL in USH.
Simultaneously, CI has proven to be critical in the restoration of hearing. This review
aims to summarize the genetic and molecular diagnosis of USH and highlight the
importance of early diagnosis in guiding appropriate treatment strategies and

improving patient prognosis.
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Core Tip: Usher Syndrome (USH) is a genetically inherited condition characterized by
both hearing loss and vision impairment, leading to restrictions in daily activities and
social interactions. Therefore, gaining a comprehensive understanding of the genetic
and molecular aspects of this syndrome is of utmost importance to facilitate early
intervention and enhance the quality of life for affected individuals. This review aims to
summarize the genetic and molecular diagnosis and current treatments of USH and
underscore the significance of early diagnosis in guiding appropriate treatment

approaches.

TRODUCTION

Usher Syndrome (USH) is the most common deaf-blind syndrome, affecting
approximately 1 in 6000 people in the deaf population (approximately 400000 people
worldwide)2. In the United States, this condition affects 16000 to 20000 people and
represents 3% to 6% of early childhood deafnessi3l.

2/50




This genetic condition involves a combination of hearing loss (HL), visual impatience
due to retinitis pigmentosa (RP), and, in some instances, vestibular areflexia leading to
balance issuesl*?l. USH impact on ciliary cell functions classifies it as a ciliopathy,
making it a complex disorder with significant consequences for affected individuals!®7].

USH follows an autosomal recessive pattern, with nearly complete penetrance-about
100%. Currently, nine causative genes have been identified and confirmed for specific
USH subtypes: MYO7A, USH1C, CDH23, PCDH15, and SANS for Usher type 1 (USH1);
USH2A, ADGRV1, and WHRN for Usher type 2 (USH2); CLRN1 for Usher type 3
(USH3) L.

The subtypes of USH are graded based on symptom severity and age of onset, with
USH1 being the most severe form(®°l, Patients do not recover auditory function or
develop language ability unless fitted with a cochlear implantation (CI)[>19l. CI not only
rehabilitate hearing but also enhance speech intelligibility and significantly improve the
overall quality of lifel5l.

USH significantly affects the quality of life of patients due to its dual impact on vision
and hearing. Visual and hearing impairments can lead to limitations in daily activities
and interaction with society, including social life, communication, access to information,
and mobilityl™2l. As a result, these individuals often rely on other senses to
communicate and to interact with society, such as tactile, kinesthetic, smell, haptic, and
tastell3l. The progressive loss of vision necessitates constant adaptation in
communication methods, which can be time-cognitive-and energy consuming. Vision
loss also impedes the use of visual sigréanguage[“?lﬂ. Moreover, USH1 patients cannot
rely on this form of communication due to the early onset of RP and vision loss,
creating additional communication challenges(>'>1¢l, Regarding vestibular dysfunction,
early motor training can be applied to improve balance and mobility, enhancing
proprioception and vision utilization!!3l.

At this moment, there is no effective treatment for USHIV. Patients rely on
supportive techniques like hearing aids and CI, that play a vital role in prolonging

hearing time and restoring auditory function, but do not promote complete
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rehabilitation or inhibit the disease progressionl8-20l. However, gene therapy has been
making promising developments for visual and hearing restoration through
CRISPR/Cas9 system, antisense oligonucleotides (ASOs) and viral vectors, like
lentivirus and adenovirus, and drug therapy, with short interfering RNA (siRNA) and
translational readthrough inducing drugsl4151621] Early diagnosis appears to be crucial
for enhancing the prognosis of USH patients, enabling timely intervention in young
ages by promoting early delivery of gene therapy and rehabilitation of hearing, visual,
and vestibular function in early childhood(224. Thus, this review aims to summarize the
genetic and molecular diagnosis of USH and correlate an early diagnosis with

appropriate treatment and improved prognosis.

CLINICAL FEATURES

USH exhibits considerable clinical heterogeneity attributed to the characteristic genetic
polymorphism of the disease. Variability is observed not only in symptomatology but
also in disease intensity and aggressiveness among different USH subtypes.
ParticularlyaL emerges as a significant point of variation in these subtypes. USH1 is
considered the most severe form of the disease, presenting with profound bilateral
congenital deafness and vestibular areflexia, which remains non-progressive. USH1 is
typically detected in the early years due to its impact on infants” development, affecting
language, balance, and motor skillsl?5]. It is essential to highlight that in the early years,
vision compensates for deafness. However, as blindness emerges and progresses, this
compensation becomes inadequate, leading to increased complexity in the conditionl($l.
The most prevalent form of USH is type 2, which is characterized by congenital
bilateral HL of moderate to severe intensity/2°l. The HL exhibits a characteristic sloping
pattern, wherein low frequencies show mild to moderate impairment, while high
frequencies experience severe to profound impairment. Diagnosis typically occurs
around the age of 9120, and the HL follows a non-progressive course, reaching stability
around the third decade of lifel’3l. There is evidence suggesting a clear indication of HL

progression, particularly in cases of USH2AI?l. Additionally, it is worth noting that
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vestibular issues are rare in these patients, as they typically maintain their balance
within the normal range.

In turn, USH3 is the rarest form, initially showing mild affection during childhood,
which becomes more prominent in the first decades of life and may vary until
adulthood. Nevertheless, unlike USH2, USH3 presents with a progressive HL with a
sloping pattern, leading to severe to profound deafness between the third and fourth
decades of lifel?8]. Another distinguishing feature between USH2 and USH3 is vestibular
alteration. USH3 exhibits variability in the expression of vestibular disorders due to the
genetic variability in this subtypel2], which is not commonly observed in USH2, as it
usually preserves vestibular functionl??1.

A common characteristic among all USH subtypes is that HL always occurs before
visual changes, with the age of onset being the only variable. The visual impairment
characteristic of USH is RP, a bilateral degeneration of the retina, starting peripherally
and progressing towards the center. It initially affects the rods, leading to constriction of
peripheral vision. As degeneration progresses, central blindness occurs, accompanied
by impairment of the cones, which makes color perception and contrast sensitivity
difficult(3?l. RP varies among the subtypes; USH1 has an earlier onset, manifesting in the
first decade of life and leading to complete blindness while still an infant. On the other
hand, USH2 shows a later presentation of RP, and USH3 commonly exhibits RP during
early youthl?l. In USH2, visual loss begins with mild changes, such as difficulty seeing
in low light environments or night blindness, which can occur even in adulthood due to
gene expression influences!?l. Fundus changes, such as atrophy or depigmentation of
the retinal pigment epithelium, can also be observed!(2°l.

Recent studies have attempted to investigate the correlation between USH and
neurological and behavioral disorders, such as psychosis, schizophrenia, and autism in
children with Usher?!l. These findings may have multifactorial origins due to the
polygenic and pleiotropic nature of the disease. Additionally, they could contribute to
the development of other alterations, as well as sensory and functional impairments,

while lifestyle and behavior may also influence the development of clinical
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manifestations. Among all USH subtypes, some physical and psychological
implications may be more pronounced in adults with USH, including fatigue,
headaches, neck and shoulder pain, difficulty managing problems, and reduced social
trustl13l, However, further research in this area is crucial to understand the correlation
and impact of USH on the expression of other pathologies with neuropsychological
impairment.

For a concise overview of the symptoms involved in each USH type, please refer to

Table 1.

GENETIC AND MOLECULAR DIAGNOSIS

USH is classified into three subtypes based on the severity of symptoms, disease
progression, and age of onset. Early diagnosis is crucial for effective clinical
management and gaining a better understanding of genotype-phenotype relationships
in this condition. It also helps anticipate therapeutic options, including CI322l. Children
with sensory impairments in vision and/or hearing have specific educational needs for
their full development in different areasl®l. Non-genetic methods can aid in patient
triage and evaluating the extent of the disease. Audiological tests, such as otoscopy,
pure tone audiometry, and brainstem potential measurements (if specific frequencies
are required), along with vestibular function tests-Romberg test, videonystagmography,
and caloric vestibular test-posturography, and ophthalmological evaluation, such as
color vision testing, visual field testing, autofluorescence imaging, and
electroretinogram, can be utilized for this purposel®!. In USH2, the most prevalent
subtype, patients” audiograms typically display a decreasing pattern with HL
predominantly affecting elevated frequencies. Additionally, a reduced visual field
creates a tunnel-like vision, and in severe cases, this field can be limited to 20 degrees or
fewer. However, children with USH2A may exhibit unexpected HL in low frequencies
and experience challenges in early vocabulary development/®l. Please refer to Figure 1

for a schematic of the diagnosis pathway.
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The genetic landscape of clinical presentations in USH is notably complex, with
approximately twelve genes linked to the three primary subtypes and other atypical
phenotypesl32%], and 9 genes have been confirmed to cause this condition so far.
Among these genes, MYO7A, USHIC, CDH23, PCDH15, and USHIG are linked to
USH1, while USH2A, ADGRV1, and WHRN are associated with USH2, and CLRNI1 is
linked to USH3[®l. These genes follow an autosomal recessive inheritance pattern and
encode proteins expressed in the inner ear and retinal3¢l. Notably, the proteins encoded
by these genes interact with each other, forming essential complexes crucial for the
development and function of cilia in the inner ear and retina. When any of these
proteins are absent or lose their function, it can lead to sensorineural degeneration in
both the inner ear and retinal®1.

Thus, prenatal diagnosis can become a useful tool, through the collection of amniotic
fluid and genetic tests, especially when the clinicalﬁuenotype does not allow a clear
clinical diagnosisi3l. Currently, the development of next generation sequencing (NGS)
has greatly transformed the molecular diagnostics of both clinically and genetically
highly heterogeneous neuro-sensory disorders, allowing rapid screening of large gene
panels or the entire exomel*3°]. This technique has demonstrated to be time and cost-
efficient: genome can be sequenced within 3 d, at a cost of $1000 approximately.
However, in cases of absence of insurance coverage or a public health system, patients
might be unable to afford the testsl#041].

USH differential diagnosis includes RP with non-genetic HL, simultaneous
nonsyndromic RP and deafness, and “Usher-plus”. Regarding RP with non-genetic HL,
HL can be explained by congenital infections, such as congenital cytomegalovirus,
toxoplasmosis, and syphilis. Thus, conducting newborn tests for congenital infections is
essential to distinguish between genetic and non-genetic HLI#241 Simultaneous
nonsyndromic RP and deafness presents a clinical feature very similar to USH. In
contrast to nonsyndromic RP, which exclusively affects the eyes, syndromic RP impacts
additional neurosensory systems, including hearing. Hence, careful consideration of

extraocular manifestations, family medical history, and genetic testing can help to
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elucidate the diagnosis/*-4¢l. Lastly, the presence of symptoms extending beyond deaf-
blindness, termed “Usher-plus”, may indicate alternative genetic origins such as
pseudo-USH, Heimler syndrome, cone-rod degeneration, retinal dystrophy, and
premature aging syndrome. In such instances, NGS emerges as a valuable tool for
distinguishing between these diverse diagnosesl4-46l.

Moreover, establishing a precise molecular diagnosis is essential for genetic
counseling and promoting appropriate gene therapy for affected individualsl32351. Table
2 summarizes the USH genes, comparing with the OMIM number, representative
mutations, and respective geographic regions/ethnicities linked with these mutations.

Table 2 comparison between USH genes, OMIM number, representative mutations,
and ethnic/geographic regions. In the following sections, we will provide detailed
information about the specific genes associated with each clinical subtype of USH,

summarized in Figure 2.

SH1
USH1 is the most severe subtype and is characterized by a severe to profou
prelingual sensorineural HL (SNHL), early RP onset and vestibular alterationsl’l. In

addition to being clinically heterogeneous, USH is also genetically heterogeneous.

MYO7A

Consisting of 49 exons and encompassing an 87 kb genomic region, it was the first gene
to be associated with USHPPS*I. MYO7A is the most prevalent gene among USH1, and
pathogenic variants in this gene comprise 50% of the cases included in this subtypel®>-621.
MYO7A gene encodes myosin VIIA, an actin-binding motor protein found in the
cytoplasm and stereocilia of inner ear hair cells and within the connecting cilium and
periciliary membranes of retinal photoreceptors(3263. Mutations in this gene are
respoEible for USH1B, affecting approximately 29% to 50% of cases!®-0l. In addition,

they are also associated with non-syndromic recessive deafness 2, non-syndromic
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dominant deafness 11 and atypical USHI®], This gene has been studied in gene therapy

in phase I/1I clinical trialsl8l.

USHi1C

The genomic region of the USHIC gene extends to 51 kb and contains a total of 28
exons, eight of which having alternative splicing!®.%l. This gene has been described as
causative of USH1 and non-syndromic HLI®l. Mutations in coding regions that are
alternatively spliced (exons 15 and 22 to 28) have been related to non-syndromic HLI[7I
and mutations in constitutive coding to USHI. The USHIC gene encodes for the
harmonin protein, a scaffold protein, expressed in several human cells, but with a key
role in the USH protein network, especially in meghanosensitive hair cells of the inner
ear and in photoreceptors and Miiller glia cells[7!l-consisting of 899 amino acids-, and a
variety of scaffold proteins, all of which contain PDZ domains that are in charge of
organizing protein complexes, and binding with USH1 and USH2 proteins in both the
inner ear and retinal®7273]. Subcellular expression of harmonin is related to the USH1C

phenotypel™l.

CDH23

CDH23 is the second most frequently mutated gene in USH1 and has also been
associated with non-syndromic autosomal recessive HLF5l. CDH23 gene encodes
cadherin 23, a cell-cell adhesion protein with cadherin-like domains, important for the
development and organization of stereocilia in the cochlea and vestibule, in addition to
being part of the Usher protein network[’3. Nonsense, frameshift, splice-site and
ﬁlissense mutations in the CDH23 gene have been associated with USHI1D. In addition,
missense mutations that allow a residual protein function to be maintained, sufficient
for the correct retina function, have been predominantly related to HL, whereas

truncating variants are responsible for USH176-7.

a
PCDHI5
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The PCDH15 gene, which comprises a genomic region of 980 kb formed by 33 exons, is
associated with both USH1 and non-syndromic HL, similar to CDH23[8-82l. PCDH15
gene encodes protocadherin 15, which belongs to the cadherin family, mediates
calcium-dependent cell-cell adhesion and plays an important role in cochlear and
retinal function. Variants of this gene are related to USH1FI®l. Furthermore, it has been
reported that mutations in the PCDH15 and CDH23 genes can interact and lead to HL in

digenic heterozygotesl84l.

USH1G

Is the smallest USH gene, with a 7 kb genomic region and containing three exons, two
of which are coding. It has been associated with USH1 and atypical USH, but, in recent
years, it has also been described as possibly being responsible for non-syndromic HLIS5
871. This gene encodes a multivalent scaffold protein, SANS, which is associated with
microtubule-based intracellular transport, regulation of endocytosis, and primary
ciliogenesis. Deficiency in this protein and pathogenic USH1G mutations affect the

splicing of genes related to cell proliferation and USHI®SI.

USH type 2
The diagnosis of a patient with USH2 initially involves a clinical evaluation. Congenital
HL is bilateral and classified as moderate to severe. Before the age of 40, the acuity
reduction tends to be stable, but it is more severe in high frequencies and milder in low
frequencies. Vision loss can begin in early childhood and progress throughout life,
showing no differences between the 3 types of USHI®. Generally, equilibrium is not
affected. The patient’s physical exam and general state of health typically do not present
significant findings that contribute to a more definitive diagnosis. However, the medical
history can reveal a recessive genetic inheritance pattern(30l.

From the initial clinical suspicion, genetic panels can be requested to identify the
specific genes related to USH2. Alternatively, if necessary, a comprehensive genetic

sequencing can be performed, capable of encompassing both USH2 and other
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hereditary disorders that present similar symptoms, such as NGS. This approach allows
for a more thorough investigation and a better chance of reaching a precise diaggosis/3°l.
The three genes more widely related to the USH2 are USH2A (USH Type 2A), ADGRV1
(adhesion G protein-coupled receptor V1) or GPR98 (G protein-coupled receptor 98),
and WHRN (whirlin) or DFNB31 (Autosomal recessive non syndromic HL 31)[8%9].

USH2A

USH2A is more largely related to USH2. This gene is located in the long arm of
chromosome 1, presenting two isoforms: a short, responsible for generating an
extracellular protein present in the inner ear and retina, and a long, also dominant,
related to the synthesis of usherin protein, which is expressed in the human retina,
mainly in photoreceptor cellsaand also contributes to development of cochlear hair
cellsl?492]. Mutations in this gene are the most common cause of USH2 and are
associated with moderate to severe congenital HL, photoreceptor degeneration, and
non-syndromic autosomal recessive RPI%:%l. The impact of the clinical manifestations is
extremely diverse, due to the different types of possible mutationsP’l. Missense
mutations in the USH2A gene can lead to the creation of proteins with altered structures
due to the replacement of one amino acid with another, resulting in proteins that do not
function properly or have reduced functionality. These types of mutations are often
associated with later-onset symptoms. Mutations like nonsense, indel, or splicing
mutations in the USH2A gene can indeed lead to early clinical manifestations in
individuals due to the premature appearance of a stop codon and the synthesis of a

smaller protein/®l.

ADGRV1

ADGRV1 is located in the long arm of chromosome 5%l The ADGRV1 gene is
accountable for the synthesis of the adhesion G protein-coupled receptor vl (ADGRV1)
protein, which is expressed in the retina, inner ear and central nervous system

(CNS)[137], The protein produced by ADGRV1 contributes to the development of hair
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cells of the inner ear, and the formation of the fibrous connections between the apical
segment and cilia of photoreceptor cells, essential for proper signal transduction in both
the auditory and visual systemsl®]. Therefore, encoding disorders in this protein lead to
impaired cell signaling and cell-cell adhesion, which may contribute to the progression
of hearing and vision lossl*”#1. This gene can contribute to a higher incidence of HL,
typically occurring within the first 10 years of life. Moreover, the HL related to the
ADGRVI mutations is often mild to severe, constant, and non-progressive, associated
with physiologic maintenance of central vision and other structure and functional

parameters until the end of the adult stagel“fl.

WHRN

WHRN is located on the long arm of chromosome 9%l WHRN encodes for the scaffold
whirlin protein, which is expressed in the retina and inner earl%7l. It is involved in the
formation of the periciliary membrane complex in photoreceptors and is essential for
the development of hair cells in the cochlea and the elongation process of the stereocilia
in hair cells0412] Furthermore, WHRN plays an important role in supporting and
stabilizing some protein interactions in the inner ear('%3l. The potential implications of
WHRN mutations are similar to those observed in other genes associated with this
syndrome, such as USH2A, including retinal degeneration, HL and autosomal recessive
non-syndromic deafness type 31 (DFNB31)42102104] The clinical manifestations vary
depending on the protein region affected by the mutation, ranging from severe deafness
associated with normal retinal function to moderate HL with progressive retinal

degenerationl®l.

USH type 3

USH3 is an autosomal recessive disorder that represents the rarest of the USH
manifestations, with 1% to 6% of the total casel21%7l. The exceptions are Finnish and
Ashkenazi Jewish families, in whom this percentage can reach 40% or morel832l. On the

other hand, recent studies indicate that other locations may also have a higher
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prevalence, such as an epidemiologic clinical genetic study conducted in Japan in which
USH3 accounted for 24.8%, the same percentage as USH1[105],

Another important aspect is the variable presentation of USH3 in relation to the other
types, which is relevant for clinical diagnosis. SNHL is predominantly post lingual and
progressive, more intense in the first and second decades of life, interspersed with
periods of stabilityl®1%l. Its onset usually occurs in childhood but can manifest until
around 35 years®2l. Even though patients may present with significant deafness,
hearing is still preserved in the early stages of speech development, allowing speech not
to be compromised(832106] As for RP, it is more likely to occur in the post-pubertal
period, above 17-20 years, which starts with night blindness and progresses to visual
field loss[®l. Finally, it is worth mentioning that half of the affected people will develop
vestibular problems, unlike USH1 in which practically all patients present this

deficitl8106],

CLRN1

Regarding the genetic aspects, only the CLRN1 gene, which is located on chromosome
3g25, has been directly related to the development of USH3[131%l. Thus, the literature
classifies alterations in this gene as USH3A, with the possibility that, like the other types
of USH, other variants will be described in the futurel®l. This gene encodes a
tetraspanin-like glycoprotein with 4 transmembrane domains called clarin-1, expressed
in the hair bundle stereocilia present in the vestibular and cochlear systems, whose
dysfunction interferes with the development of the inner ear neuroepithelium and can
lead to deafnessl®32106] The exact mechanism that mutations in CLRN1 cause on the
retina has not yet been fully clarified, with the hypothesis of its inappropriate
expression directly in photoreceptor cells[32] or changes on the actin cytoskeleton of the
cells of the Miiller glia, preventing the processes of adhesion and transmembrane
signaling!!?7l. Some alterations of this gene are common according to ethnicity, such as
the nonsense mutation ¢.528T>G or p.Y176X in Finnish, the missense mutation

¢.144T>G or p.N48K in Ashkenazi Jewish families, or p.Y63X and p.C40G in Spanish,
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the latter being also related to early HL and speech problems, in addition to cases of

areflexiall06],

ABHD12

Finally, there is the ABHD12 gene on the short arm of chromosome 20, which encodes
the alpha/beta-hydrolase domain-containing 12, involved in the metabolism of
endocannabinoid lipid transmitter 2-arachidonoyl glyceroll821l. Even though mutations
in this gene are classically related to the development of polyneuropathy, HL, ataxia,
RP, and cataracts (PHARC) syndrome, a recent study reported the occurrence of a
nonsense variation of ABHD12 in two people from a Chinese family who were clinically
diagnosed with USH3['%8], Thus, the authors raise the possibility that it can be related to
the development of incomplete PHARC phenotypes or even interact with Usher

proteinsl21l.

HARS

The HARS gene is located on chromosome 5q31 and encodes histidyl-tRNA synthetase,
a cytoplasmic enzyme that enables the insertion of histidine into protein chains/(®'3l.
Nevertheless, there are just a few cases described in the literature that identify this
mutation in patients diagnosed with USH3, which also needs to be better elucidated. In
these individuals, in addition to the typical symptoms of USH3, neurological symptoms

also have been reported(81332] (Figure 2).

THERAPEUTIC APPROACHES

Gene therapy

Gene therapy has shown promising advances in treating USH, offering the possibility of
restoring hearing and vision. Viral-based gene replacement therapy and DNA editing
techniques are currently at the forefront of research regarding hearing and vision
recoveryl??2. Gene therapy includes msertion, deletion, or replacement of whole genes,

or the editing of pathogenic sequences with copies of the genel2.
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CRISPR/Cas9 systen
Among these techniques, CRISPR/Cas9-a gene editing modality-stands out due to its
high efficiency, simplicity, and targeting capabilityl>10].

CRISPR/Cas9 system enables precise modifications to DNA sequences, making it a
preferred choice for gene editingl®l. By creating double-strand breaks in DNA
sequences, it allows for the modification and repair of a single base transition or
transversion at the DNA level using a template DNA with the desired sequencel5109].
Furthermore, the CRISPR/Cas9 system facilitates the mediation of large deletions and
insertions, offering a more permanent treatment option/1®l. While clinical application
remains a challenge, gene therapy has shown successful results in animal models. The
inner ear has proven to be an attractive target, as CRISPR/Cas9 has demonstrated
success in a mouse model with autosomal dominant deafnessl!1021l, In aéioneering
study by Overlack et all''l, gene editing was attempted for USH using zinc finger
nucleases to target the p.R31X mutation in the human USHI1C gene. The in vitro results
revealed partial repair of the USHIC gene and successful recovery of the harmonin
protein in a p.R31X cell line following the transfection!5113], indicating its potential on
restoring function in inheritedéetinal disorders induced by disease-cause mutations. In
terms of retinal interventions, mouse models of USH1C and USH1G have indicated that
cones sensitive to oxidative stress may pose limitations in increasing the number of
cone-like cells for RP treatment/12. Consequently, identifying new suitable targets and
optimizing efficiency remain significant challenges. A study employing viral delivery to
fibroblasts derived from USH2 patients demonstrated a rescue of usherin expression.
Despite these prising results, the efficiency was not significant enough to proceed to
clinical trialsi23l. Exon skipping is a mechanism that prompts the cellular machinery to
bypass an exon containing a mutation. In the context of USH, exon skipping has proven
to be a significant approach for mutations within exon 13, recurrent in USH2A. In Bis
way, the CRISPR/Cas9 system effectively excised the full-length exon containing the
€.2299delG, ¢.2276G>T, and ¢.2802T>G mutations within exon 13 without inducing a
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frameshift. Moreover, the EDIT-101 trial (NCT03872479) demonstrated sufficient
therapeutic safety by using dual CRISPR/Cas9 guides to target an intronic mutation,
thereby reducing the risk of coding sequence break, and thus, of adverse effects and
treatment failurel?!l. As a result, the trial was able to progress through clinical trials for
Leber Congenital Amaurosis treatment. Base editors, including cytosine and adenine
base editors, have shown potential in repairing up to 30% of human pathogenic
mutations, including USH2A genell14115]. LISH2A can also be corrected through the

replacement of the mutated codon with a conservative amino acid change[m.

Prime editing tools

Compared to CRISPR/Cas9, prime editing has a wider applicability, due to its capacity
to mediate all base transitions in addition tg small deletions up to 80 base pairs and
insertions of up to 44 base pairs. In USH2A, prime editing tools enable the correction of
all pathogenic point mutation in USH2A gene, such as ¢.2276G>T, 2802T>G,
c.11864G>A, c.1256G>T, C.BIB6G>A, €.7595-2144A>G, ¢.8559-A>G, and c.9799T>CI21l.
In turn, the study using CGF166 in patients with unilateral or bilateral severe-to-
profound HL was pioneering in targeting the inner ear to proceed to clinical trials. It
employed a recombinant adenovirus 5 (Ad5) vector containing cDNA encoding
ATOH]1, delivered via intra-labyrinthine infusion!"¢l. This study aimed to evaluate the
safety of this method and its effects on pure tone audiometry over a two-year period.
However, the trial was suspended due to lack of efficacy(2110]

A major challenge faced by gene therapy in USH is that human hair cells are fully
mature with response to sound at 25-27 wk of gestation, with damages in hair bundles
and ribbon synapse already established!'7”18]. In mice, however, the inner ear is still
developing at birth, which explains why interventions can be successful in mouse

models and may not have similar results in humans[118l.

ASOs and viral vectors
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ASOs and viral vectors are both valuable tools in gene therapy research. ASOs consist
of short sequences of RNA/DNA that can inhibit translation by binding to
complementary RNA strandsl'™”l. In mouse models of USHIC, studies have
demonstrated successful auditory and vestibular rescue by using ASOs to prevent the
transcription of the c.216G > mutation!118120,121,123]

Viral vectors, including adenovirus, adeno-associated virus (AAV), retrovirus, HSV,
and lentivirus, have also been utilized in inner ear therapies(12212. Among these, viral-
based gene replacement therapy has shown superior efficiency compared to non-viral
vectors, making it the most promising approach in gene therapy for USH at presentl124].
Recombinant viral vectors possess inherent capabilities for cellular transduction,
making them ideal for in vivo gene delivery. However, they do encounter challenges
such as limited packaging capacities and potential immunogenicityl5. AAV have
emerged as the vector of choice for gene therapy due to their low immunogenicity, high
cellular specificity, and sustained gene expressionl5l. Nonetheless, their relatively small
packaging capacity poses a challenge for treating USH, as the most common USH genes
exceed the 4.7 kb packaging limit of AAV, such as the USH2A gene sequencel>1%12], To
address this limitation, researchers have explora oversized AAV transgene constructs
(fAAV) to increase AAV packaging capacity. A study by Allocca et all'? identified
rAAV2/5 as a potential packager capable of carrying up to 9.8 kb of genetic material in
mouse models. Despite these efforts, some studies have indicated that fAAV vectors
contain heterogeneous mixtures of gene fragments and do not carry full-length genes,
reducing their efficiency in transduction capacity. Consequently, AAV vectors
containing more than 5 kb of genetic material are less efficient in terms of transduction
capacityl®l. Notwithstanding this limitation, AAV has shown potential in treating Usher
retinal degeneration by effectively transducing photoreceptors!?l. On the other hand,
adenovirus, another commonly used vector with a large packaging capacity, faces
challenges due to its immunogenic response in most individuals, limiting its application
in gene therapy!'28l. Moreover, adenovirus exhibits low tropism for photoreceptor cells,

further restricting its use in eye-targeted studies!'?l. Lentiviruses, derived from the
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human immunodeficiency virus and possessing large packaging capacity, ﬁer promise
in USH research. In an in vivo study, lentiviral gene delivery corrected melanosome
mislocalization and opsin accumulation at the photoreceptor connecting cilium in a
mouse model of USH1B!3]. Additionally, subretinal delivery of UshStat to shakel mice
protected photoreceptors from light-induced degeneration, potentially aiding in
preventing RP in USH1 patients!'*],

Furthermore, Emptoz et all132 achieved improvements in hearing and hair cell
organization in USH1G mice by delivering rAAV2/8 containing USH1G cDNA to the
inner ear. Similarly, Zou et all133] onstrated protein restoration of durable inner ear
expression of Usher genes, and Pan et al®! achieved gene and protein recovery of
harmonin in a mouse model of USHIC using rAAV2/Anc80L65, a synthetically-
produced V. AAV9-PHP.B has also been employed to package the Clrn-1 gene,
providingéescue of low-frequency hearing (4-8 kHz) in a mouse model of USH3A
deafness. However, the tropism and potential toxicity of AAV9-PHP.B in the CNS
require further investigationl5134].

Another promising approach for treating USH involves the ProQR commercial
project, which demonstrated the retention of usherin function after ASO-mediated
skipping of exon 13['3l. Gene replacement therapies like the ProQT trial for USH2A and
UshStat for USH1 have shown progress, but they are limited in their ability to target
specific mutations and provide only temporary effectsl2ll. UshStat, intended for USH1
patients, delivers MYO7A cDNA using a lentiviral vector, but its development did
progress further. On the other hand, the ProQR trial utilized ASOs (QR-421a) to bind to
an mRNA splice site in the USH2A gene, leading to exon 13 skipping, and the trial
advanced to phase 1/2. However, this treatment approach targets only mutations
within exon 13, while other exons are skipped, resulting in deleterious frameshifts and a
temporary treatment effect!'®2!]. To address the challenge of targeting larger genes (> 4.7
kb), researchers have explored dual vector approaches. Nonetheless, this method also
compromises efficiency, as demonstrated by Trapani et all!%5], who achieved only 6%

retinal transduction using dual AAVS8 vectors. Dual vector approaches have been
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successful for the MYO7A gene in USH1B but present challenges for USH2A due to the
gene’s large sizell%. Nonetheless, these approaches can be adapted using PR tools
for split delivery!?L In terms of clinical applicability, these tools are still not ideal for
therapeutic use, due to its struggle to achieve therapeutic efficiency, risk of
immunogenicity, and safety concerns: CRIPR/Cas9 can induce double-strand breaks
and lead to indel events and catastrophic chromothirpsis. On the other hand, FDA
recently approved AAV for the treatment of adults with severe hemophilia A, at an

acquisition cost of $2.9 million, considering it relatively safel1%21].

Drug therapy g
2
RNA-based drug therapy offers a promising approach to silence or interfere with gain-

of-function mutations and has been extensively studied for non-Usher genetic HLI4l.

siRNA

siRNA has shown success in targeting the R75W allele variant in the G]JB2 gene, which
is associated with autosomal recessive HL. In the study by Maeda et all%], siRNA
treatment effectively suppressed GJB2 expression by more than 70%, preventing HL.
Sirr&arly, in the study by Shibata et all37], microRNA was identified as a potential target
for non-syndromic deafness caused by gain-of-function mutations in the TMC1 gene.
ASOs provide a means to modulate gene expression by complementary binding to
mRNA, making them useful for targeting pathogenic mutations[13%139. One advantage
of ASO gene delivery is that it is not constrained by gene size. However, the challenge
lies in the relatively short half-life of ASOs, necessitating recurrent and invasive

administration to the eye for a lasting effect when targeting retinal pathologies*9l.

Translational readthrough inducing drugs
Translational Readthrough Inducing Drugs aim to prevent mRNA degradation by
nonsense-mediated decay and avoid the production of truncated proteins caused by

nonsense mutations/(>13142], This technique increases translational readthrough and is
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not gene or mutation-specific, while still allowing the cell to maintain expression
regulation(5141l. In the study by Nudelman ef alll#2l, Nb30, a synthetic derivative of
paromomycin, demonstrated potential in inducing nonsense suppression for USH1C
mutations. Additionally, PTC-124, another translational readthrough inducer, showed
superior recovery of protein function in USH1C mutationsl'43144]. These findings, along
with the study by Goldmann et al'4%], identified PTC-124 and Nb54 as promising drug
interventions for genetic HL in USH. In this view, PTC-124 is currently commercialized
as Translarna for Duchenne Muscular Dystrophy, for the price of $3000 per gram of
drug, which might be an obstacle for its acquisitionl!6l. Moreover, another limitation
faced by drug therapy is the potential of these aminoglycosides-Nb30, PTC-124, and
Nb54-to induce nephrotoxicity and ototoxicity, factor that may hinder its use in clinical

practicel140.141],

CI

Cl is a widely used and effective treatment for restoring hearing and mmunication in
patients with post-lingual severe-to-profound HL regarding their age, and in
prelingually deaf infants[46.147]. This procedure utilizes a neuroprosthetic device placed

within the cochlea, which allows direct interaction with the auditory nerve’s spiral

ganglia, effectively bypassing earlier deficits in the hearing pathway!148l,

USH1

Children with USH1 are the ideal candidates for CI, since they are considered
prelingually deafl'#°l. Early implantation, particularly before the age of two, is essential
for better clinical outcomes and rehabilitation, improving communication skills[24165], In
these patients, CI has shown to provide an almost identical phonological memory to
normal-hearing children[!5l. Similarly, Davies et all1¥9] systematic review revealed that
patients implanted before two years old exhibited better vocabulary and speech
perception, which can be attributed to their increased neural plasticity and continued

auditory stimulation before experiencing substantial sensory deprivation. Thus, earlier
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CI is directly associated with better functional auditory outcomes and effective
communication. Studiesl!5-153] have consistently shown that interventions before the
age of 3.5 years can lead to a near-normal hearing in patients with congenital deafness.
Chweya et all1%] systematic review of fifteen studies revealed that USH patients who
received CI at younger ages showed improvements in pure-tone audiometry, speech
perception, and expression outcomes after CI, while patients with prolonged auditory
deprivation showed worse outcomes in sentence recognition and speech detection. Wu
et all®] systematic review also showed that earlier CI achieved better auditory
outcomes than later implantation. However, delayed implantation leads to outcomes
more in IilE with other deaf children with CI[4%151], In addition, Remjasz-Jurek et allt5%]
evaluated auditory performance and speech intelligibility in children with USH up to
10 years after CI. The study found no statistically significant differences in auditory
outcomes between USH and NS patients. Nonetheless, it also highlighted the superior
results achieved by children implanted before the age of 3, compared to later
implantation in USH and NS groups. Moreover, when implanted at later ages, patients
often remain with severe HL when compared to patients who underwent CI as
children, achieving worse results in terms of equivalent HL in decibel hearing level. A
studyl'®! investigating outcomes of CI in bgth USH1 adults and children revealed that
USHI1 adults who underwent CI showed an average equivalent HL of 107.1 dB HL,
whereas USH1 children had an equivalent of 84.4 dB HL. On the other hand, USH1
patients who did not receive CI remained profoundly deaf, with pure-tone average
scores above 110 dB at 0.5 k% 1.0 kHz, and 2 kHz.

Recently, FDA approved or infants 9 mo of age or older with bilateral profound
SNHLI'®I, Considering that absence of auditory stimulation and auditory deprivation
can cause degeneration across the central auditory system and provoke abnormal
maturation in the auditory cortex, CI in the early months of life is decisive for adequate
central auditory development[!7]. Thus, the shorter the auditory deprivation, the more
effective the auditory rehabilitation and language development after CI in infants. As

Colletti et all'58] reported, CI before 12 mo of age resulted in near-normal vocabulary
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development compared to normal hearing children after ten years post-Cl. CI between
12-24 mo showed a slight decrease in vocabulary development, while CI at 24-36 mo
exhibited the most significant gap compared to normal ing. Despite the benefits of
CI in infants, it is necessary to consider its surgical risks. Infants are more vulnerable to
hypothermia, airway collapse, fluid imbalance, and hemodynamic instability, as well as
respiratory complications and other surgical complications, such as skin erythema, flap
necrosis, and device migration!*]. Due to an underdeveloped mastoid tip anatomy,
infants are also more vulnerable to facial nerve injury[!®l. Nevertheless, early
intervention is not always possible for all USH1 patients. Delayed diagnosis,
socioeconomic factors, and lack of information about the disease can impede timely
intervention, leading to difficulties in hearing, speaking, and communication when
compared to those who received early CI implantation(#’l. Moreover, CI is not
commonly recommended for prelingual profoundly deaf adults, as they generally
achieve lower auditory performance compared to post-lingual CI usersl!4¢l. Late CI also
is not commonly recommended for non-progressive congenital HL[1%]. Nonetheless, CI
in prelingual adults still offers improvements in auditory scores, quality of life, and self-
esteem[16-162], Lahlou et all'¥l retrospective study found that 44% of profound
prelingually deaf adults patients showed increased auditory performance, with a mean
speech intelligibility in silence of 65.0% + 4.1%, similar to post-lingually profoundly
deaf adults (67% to 76%) after CI. These results and imérovements on speech
recognition depend directly on previous hearing stimulations, development of hearing
skills, and maturation of the auditory pathways. In cases when recovery of auditory
response is not expected, CI can still benefits patients implanted ﬁl later ages by
promoting access to sound, An observational study!'®! involving 10 patients with
USH]1, implanted on average at 18.5 years, showed that only three patients improved
their sentence recognition, but sound detection was achieved by most of the patients,
which implies that late implantation can still provide access to sound. These results
highlight the significance of CI in improving the quality of life of USH1 patients, though

it may not yield optimal results in terms of speech understanding!!#¥14°l, Thus, genetic
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testing and screenings in newborns are essential for early diagnosis and intervention in
HL casesl!#], as early identification allows timely CI, leading to improved outcomes and

better quality of lifel146149],

USH?2

In USH2, HL is progressive. For these patients, auditory rehabilitation typically begins
with hearing aids in early childhoodl?l. However, when severe HL, poor speech
discrimination, and communication difficulties persist despite hearing aids, CI emerges
as a crucial step in auditory refabilitation(2414], Studies have consistently demonstrated
significant improvements in pure tone audiometry, speech perception, and overall
quality of life after CI, regardless of age at implantation. Hearing level had improved to
34 dB + 9 dB, and word recognition had also better outcomes[24164], A retrospective case-
control by Hartel et all?!l evaluated the performance of post lingually deaf adults with
USH2A, with a mean age of implantation of 59 years. The results showed improvement
in phoneme scores from 41% to 87% after CI. Thus, even when the mean age of
implantatiorbis relatively high, CI still results in notable improvements in hearing
restoration. There were no differences in benefit between USH2A patients and control

patients.

USH3
USH3 patients often experience HL before the third decade of life, either pre-lingual or
post-lingual'6%16°] For these cases as well, CI presents a viable option for restoring
hearing and improving communication!!®]. For patients with residual hearing and
progressive USH, the most beneficial timing for CI remains uncertain. Moreover, as
USH often has a late diagnosis, CI commonly does not occur early, with an average age
of 5.4 years, which impacts the effectiveness of rehabilitation efforts[166l.

Reconsidering surgical indication might be necessary in patients with lack of auditory
stimulations and relied solely on sign language. For these patients, CI may not attain

measurable benefits('®3l. Therefore, a comprehensive and multidisciplinary approach is
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essential for effective USH treatments, and must include psychologists, school
educators, and various physicians, collaborating to address the diverse needs of all

patients(46l.

CONCLUSION

In conclusion, USH is a significant deaf-blind syndrome, affecting a considerable
number of individuals worldwide. Although non-genetic methods can assist in patients’
triage, genetic testing is crucial for early diagnosis and effective clinical management,
improving prognosis. Gene therapy has shown potential for treating USH, but faces
challenges to produce significant and long-lasting therapeutic effects and guarantee
safety. Thus, searching for smaller pieces of Cas proteins or prime editors and
attempting to truncate existing proteins are possible strategies to bypass the packaging
limit of AAV and other tools. Nonetheless, further investigations and clinical trials are
necessary to validate the current approaches and bring them closer to clinical
application. Another concern that should be addressed is the potential cost of these
drugs and therapeutics and if it would be accessible to the population. Nevertheless,
early diagnosis and intervention are essential in optimizing CI success, since better
outcomes are directly associated with CI at younger ages. Moreover, early diagnosis
may also enhance, in the future, the successful delivery of gene therapy for the inner ear
and retina, improving auditory outcomes, language development, communication, and

quality of life.
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Figure Legends

Figure 1 Diagnosis pathway. Hearing, visual, and vestibular tests. Next generation

screening can be used for genetic diagnosis and confirmation.

Figure 2 Usher syndrome genes proteins. A: Genes involved in cochlear dysfunctions;
B: Genes involved in retinal dysfunctions. Parts of the figure were drawn by using
pictures from Servier Medical Art, by Servier, licensed under a Creative Commons

Attribution 3.0. USH: Usher syndrome.
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Table 1 Comparison between Usher syndrome types and symptoms

Type Hearing loss Vision loss Vestibular function
Type 1 Profound  bilateral Earlier onset, in the Vestibular areflexia at
HL at birth[26.149] first decade of lifelt326]  birthl(20]
Type 2 Moderate to severe Late childhood or Normall4l
HL at birth[1324] teens(26]
Type 3 Normal at birth, with Commonly in early Variablel!

progressive loss[25164]  youthl13.26]
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Table 2 Comparison between Usher syndrome genes, OMIM number, representative

mutations, and ethnic/geographic regions

Genes OMIM Representative mutations Ethnic/geographic
number regions

MYOZ7A 276903471 Deafness, autosomal dominant 11; China, Japan, Pakistan,
Deafness, autosomal recessive 2; Netherlands, Iran, and
Usher syndrome, type 1B[47] Sweden!47]

USHI1C 6052421481 Deafness, autosomal recessive Louisiana Acadians, and
18A; Usher syndrome, type 1Cl48]  Lebanon(43!

CDH23 60551614°1  Deafness, autosomal recessive 12; Cuba, Germany, and
Usher syndrome, type 1DI4%] Japan#l

PCDH15 605514501  Deafness, autosomal recessive 23; Pakistan!!
Usher syndrome, type 1F Pl

USHI1G 6076965511 Usher syndrome, type 1G5 Tunisia, Germany, and

(SANS) Jordanl5!l

USH2A 60840021 Retinitis pigmentosa 39; Usher Denmark, Norway,
syndrome, type 2Al%2 Spain, and Iraqi Jewishl2|

ADGRV1  6028515% Usher syndrome, type 2C; Usher Japan and Francel*l
syndrome, type 2C,
GPR98/PDZD7 digenic; Familial
Febrile Seizures 4[5

WHRN 60792854 Deafness, autosomal recessive 31; Palestine, Tunisia, and
Usher syndrome, type 2DI54] Germany/(54

CLRN1 6063975%  Retinitis pigmentosa 61; Usher Italy, Ashkenazi Jewish
syndrome, type 3Al%! population, and Spain!5]

ABHD12'  613599P° Polyneuropathy, hearing loss, Norway, United Arab

ataxia, retinitis pigmentosa, and

cataractl56!

Emirates, United States,
Algeria, and

Netherlands(56!

Spain,
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HARS! 142810571 Charcot-Marie-Tooth disease, Old Order Amish
axonal, type 2W; Usher syndrome families in

type 3Bl Pennsylvanial®]

1In study phase.
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