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Abstract: 

Hearing loss is a widespread global issue, affecting millions of individuals, with genetic factors playing a 

significant role in its development. This condition, particularly in children, has far-reaching consequences on 

speech, language acquisition, and social development. Sensorineural hearing loss (SNHL) stands as the most 

prevalent sensory impairment. Its root causes encompass a wide range of genetic and environmental factors, 

which can result in hearing impairment of various types. Habilitation options usually center around 

amplification through wearable or implantable devices. Nevertheless, there are ongoing investigations into 

gene therapy-based approaches aimed at restoring and preventing hearing loss. Recent studies illustrate the 

therapeutic potential of molecular agents administered to the inner ear for the improvement of various types 

of hearing loss. While current interventions rely on hearing aids and cochlear implants, advances in genetic 

diagnosis and therapy offer hope for early intervention and improved outcomes in addressing sensorineural 

hearing loss. 
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INTRODUCTION: 

The hearing loss is most prevalent sensorineural 

deficit. It constitutes a significant public health 

concern, impacting individuals across all age 

groups. 
[1]

 As per the World Health Organization, 

there are 466 million individuals globally who 

experience disabling hearing impairment, and 

among them, 34 million are children. Hearing loss 

has genetic origins in 70% of congenital cases and 

25% of cases that develop in adulthood. 
[2,3]

 In 

children, congenital hearing loss can have adverse 

effects, including speech and language acquisition 

delays, as well as issues related to social and 

emotional development. 
[3,4]

 For adults, hearing 

impairment is linked to social and psychological 

challenges and, in the elderly, can be associated 

with more pronounced cognitive decline. 
[5,6] 

Hearing loss can result from a combination of 

genetic and environmental factors, leading to 

various forms of hearing impairment, including 

congenital or late onset, stable or progressive, 

drug-induced, noise-induced, age-related, 

traumatic, or post-infectious. In otherwise healthy 

newborns with hearing loss, when factors like 

noise exposure, age-related causes, and trauma 

are ruled out, the most common etiologies are 

genetic factors or infections acquired prenatally, 

often linked to cytomegalovirus. 
[2]

 

While hearing loss can affect various cell types 

along the auditory pathway, one of the most 

prevalent types arises from the harm or loss of 

sensory hair cells and the connected auditory 

neurons that form synapses within the cochlea. 

This condition is collectively known as 

sensorineural hearing loss. Presently, the sole 

choices for improving sensorineural hearing loss 

(SNHL) are hearing aids or cochlear implants. 
[7-9]

 

Utilizing genetic diagnosis for hearing loss 

enables the assessment of disease prognosis and 

opens the door to potential early therapeutic 

interventions. The discovery of genes linked to 

hearing loss has provided a more profound 

understanding of the fundamental mechanisms 

involved in normal hearing and the development 

of hearing-related conditions. 
[10]

 

Recent advancements in techniques for altering 

and rectifying genetic irregularities, coupled with 

our growing knowledge of the genes linked to 

deafness, have made gene-based therapy an 

attractive option for addressing hearing impair-

ment. 
[11,12] 

 

GENETIC APPROACHES TO HEARING 

LOSS: 

The gene therapy has expanded beyond its initial 

definition, which involved treating genetic 

diseases by replacing a faulty gene with a 

functional one through gene transfer. Gene 

therapy is presently defined as the delivery of 

nucleic acids, either DNA or RNA, to address or 

prevent a disorder using a range of approaches, 

which includes gene replacement, gene silencing, 

as well as base and prime editing or in situ repair 

techniques.
 [13,14]

 The obstacles common to all 

these methods revolve around achieving precise, 

secure, and effective delivery of therapeutic 

materials (including DNA, RNA, oligonucleo-

tides, siRNA, or the molecular components of the 

CRISPR) into target cells. This is often facilitated 

by employing a modified viral vector (as 

explained later) or, less frequently, non-viral 

vectors like liposomes. 
[1] 

 

 

Fig1. Gene Therapy in inner ear 
[15]
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Technological advances in editing genes to 

address hearing impairment 

Gene Replacement:  

Gene replacement therapy, the most commonly 

employed approach in gene therapy, has found 

extensive application in addressing recessive 

HHL (Hereditary Hearing Loss). 
[16]

 The 

inaugural successful instance of gene replacement 

therapy for HHL was documented in 2012, 

involving a VGlut3 knockout mouse model. 
[17]

 

VGlut3, responsible for encoding vesicular 

glutamate transporter-3, plays a crucial role in 

glutamate release at the afferent synapse of inner 

hair cells (IHCs). Adeno-associated virus (AAV), 

a non-enveloped virus, can be genetically 

modified to transport DNA into specific target 

cells. In the case of neonatal VGlut3 knockout 

(KO) mice, delivering the VGlut3 cDNA using 

AAV1 through the round window membrane 

(RWM) into the inner ear significantly restored 

their auditory function, nearly returning it to 

normal levels. The remarkably high transduction 

efficiency, with approximately 100% of IHCs 

being transduced, likely contributed to the 

effectiveness of this treatment. 
[18]

 

HHL associated with VGlut3 mutations is 

uncommon and typically manifests as an 

autosomal dominant disorder (DFNA25). This 

genetic profile does not align well with the gene 

replacement strategy. However, following the 

confirmation of the strategy's efficacy in the inner 

ear, numerous studies focusing on alternative 

models of HHL have surfaced. 
[19]

 

The gene associated with deafness, TMC1, has 

emerged as one of the most prominent targets for 

gene therapy. TMC1 encodes a mechanosensitive 

ion channel located at the tips of hair bundles, and 

mutations in this gene are responsible for 

DFNB7/11 and DFNA36. Mouse models carrying 

recessive Tmc1 point mutations (c.A545G) or 

dominant Tmc1 mutations (c.T1253A), known as 

Baringo and Beethoven (Bth), respectively, serve 

as models for human DFNB7/11 and DFNA36 

conditions. The Jeffrey R. Holt group has 

conducted three studies involving gene 

replacement therapy targeting Tmc1. 
[20-22]

 

In these investigations, they optimized AAV 

vectors to enhance the recovery of hearing 

function by improving the transduction efficiency 

of outer hair cells (OHCs). OHCs are typically 

challenging to transduce using traditional AAV 

serotypes. The initial study conducted in 2015 

utilized AAV2/1 to introduce a functional Tmc1 

gene into the Tmc1 knockout mouse model 

through the RWM. This intervention resulted in 

an improvement in hearing threshold by 

approximately 15–30 dB. However, the viral 

transduction primarily occurred in IHCs, with 

persistent dysfunction observed in OHCs. 
[20]

 

In recent studies, researchers have presented 

evidence for the effectiveness of gene 

replacement therapy in treating HHL caused by 

mutations in Kcne1 and Syne4, marking a 

significant breakthrough. 
[23,24]

 Mutations in 

KCNE1, which is expressed in the stria vascularis 

(SV), are associated with Jervell and Lange-

Nielsen syndrome type 2 (JLNS2). Wu et al. 

conducted a recent study demonstrating that the 

injection of AAV1-CB7-Kcne1 into the postnatal 

scala media (PSCC) of Kcne1-deficient mice at 

P0–P2 resulted in a dose-dependent improvement 

in auditory function. Specifically, in the low-

dosage group, there was an improvement of 0–30 

dB, while the high-dosage group exhibited an 

improvement of 40–70 dB in the 8–18 kHz 

frequency range. 
[23]

 In another study, the SYNE4 

gene, responsible for encoding the nesprin-4 

protein located in the outer nuclear membrane, 

was the focal point. Mutations in this gene give 

rise to DFNB76 in humans, a condition 

characterized by the mislocalization of OHC 

nuclei and subsequent OHC degeneration. 
[23]

 

Although gene replacement therapy has achieved 

considerable success in addressing HHL due to its 

efficiency and ease of manipulation, this strategy 

does come with certain drawbacks. For instance, 

it carries the potential risks of overexpression or 

ectopic expression of genes, as it cannot precisely 

regulate gene expression in accordance with 

cellular requirements. Furthermore, it presents 

challenges when attempting to introduce a sizable 

exogenous gene using multiple viral vectors due 

to capacity limitations. 
[19] 

 

Gene Suppression: 

RNA-level gene suppression therapies have the 

capacity to alter the expression of specific RNA 

molecules without disrupting DNA. It mainly 

includes two techniques RNAi and ASO. 

 

RNAi:  
RNA interference (RNAi) is a biological 

mechanism in which RNA molecules hinder gene 

expression or translation by targeting and 

deactivating specific messenger RNA (mRNA) 

molecules. In therapeutics, its primary focus often 

revolves around two distinct categories of small 

RNA molecules, namely small interfering RNA 

(siRNA) and microRNA (miRNA). 
[25]

 These 

small RNA agents constitute an innovative class 

of therapeutic interventions with the potential to 

address a wide spectrum of disorders, including 

cancer and infectious diseases. Numerous clinical 

trials involving siRNA and miRNA-based 
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medications have commenced, and there is now 

an RNAi-based therapeutic option available for 

the treatment of hereditary transthyretin-mediated 

amyloidosis in adults. The extensive range of 

miRNA functionality stems from its partial 

complementarity to multiple messenger RNAs 

(mRNAs). 
[26-28]

 

In the research study conducted by, Shibata et al. 
[29]

 devised an artificial miRNA designed to 

specifically target the mutation-carrying TMC1 

allele in Beethoven mice, which serve as a murine 

model for human autosomal dominant non-

syndromic hearing loss at the DFNA36 locus. 

They successfully attenuated the progressive 

hearing loss phenotype in mice treated at P1–2. 

Subsequently, Yoshimura et al. 
[30]

 conducted a 

follow-up study in which they treated older 

animals. They observed that a deceleration in the 

progression of hearing loss in animals treated at 

P15 and P30, the outcomes were less remarkable. 

Notably, in animals treated at P60, no discernible 

effect was observed. These findings imply that, 

for TMC1-related deafness, the window of 

opportunity for intervention through RNAi is 

temporally constrained, and beyond a specific 

point in time, targeted allele suppression ceases to 

have an effect. 

In general, miRNAs exhibit lower specificity and 

typically regulate the expression of multiple 

genes. 
[26]

 They originate from a non-coding RNA 

primary transcript (pri-miRNA) that undergoes 

processing in the cell nucleus. This processing 

involves the conversion of pri-miRNA into a 

stem-loop pre-miRNA structure by the action of 

Drosha, an RNase III enzyme, and DGCR8, a 

double-stranded RNA-binding protein. Subse-

quently, the pre-miRNA is transported to the 

cytoplasm by Exportin 5, facilitated by GTP 

bound to the Ran protein. Once in the cytoplasm, 

the double-stranded ds RNA portion of the pre-

miRNA is cleaved by Dicer, resulting in the 

production of a mature miRNA molecule. This 

mature miRNA can then be incorporated into the 

RNA-induced silencing complex (RISC). At this 

stage, both miRNA and siRNA utilize the same 

downstream intracellular machinery. The 

extensive regulatory capacity of miRNAs is 

attributed to their partial complementarity to 

multiple mRNA targets. 
[26-28] 

 

Antisense oligonucleotides (ASO): 

Antisense oligonucleotides (ASOs) are chemi-

cally modified nucleic acid sequences designed to 

bind to complementary RNA sequences through 

Watson–Crick base pairing. They exert control 

over gene expression through two primary 

mechanisms, which depend on their chemical 

properties and target. 
[31]

 ASOs, which are 

synthetically modified nucleic acid sequences, 

possess diverse functionalities, including up-

regulating, down regulating, or modifying protein 

isoforms by binding to complementary RNA 

sequences. 
[32]

 The first mechanism, ASO 

knockdown, involves the cleavage of the RNA 

strand from the RNA–DNA duplex by 

ribonuclease-H (RNase-H). This cleavage leads to 

the degradation of the mRNA.  The second 

mechanism, splice site switching, occurs when 

ASOs interfere with alternative splicing by 

targeting splice sites, exons, or introns. This 

interference results in the exclusion or inclusion 

of specific exons. 
[32]

 Currently, five ASOs have 

received approval from the US Food and Drug 

Administration, and numerous clinical trials are in 

progress. The first ASO to gain approval, 

fomivirsen, is employed for the treatment of 

cytomegalovirus-induced retinitis in patients with 

acquired immune deficiency syndrome. 
[33]

 

ASOs serve as potent gene suppression tools, 

capable of inhibiting the expression of mutant 

genes through either the degradation of target 

mRNA or the modulation of mRNA's alternative 

splicing. Additionally, various delivery routes are 

applicable for this treatment, encompassing 

intravenous injection, intraperitoneal injection, as 

well as local injection into sites like the inner ear, 

muscles, and nervous system. 
[34] 

Wang and colleagues demonstrated that by 

directly microinjecting ASO-29 into the otic 

vesicle at embryonic day 12.5 (E12.5), they were 

able to restore harmonin expression and enhance 

auditory and vestibular function in Ush1c c.216A 

mutation mice. 
[35]

 

Since the therapeutic timeframe for restoring 

hearing in the Ush1c mice model with congenital 

deafness is approximately between P0 and P5, 

and considering that humans experience the onset 

of hearing much earlier than mice, it is crucial to 

conduct further investigations to determine the 

optimal treatment window in humans. This would 

involve assessing the effectiveness of early 

interventions within the inner ear. 
[36] 

 

CRISPER Gene Therapy: 

The remarkable efficiency and adaptability of 

CRISPR/Cas9 have positioned it at the forefront 

as a versatile tool for both preventing and treating 

human diseases. 
[2]

 Targeted genome editing has 

emerged as a potent tool in biological research. 

Among the three primary programmable 

nucleases—ZFNs (zinc finger nucleases), 

TALENs (transcriptional activator-like effector 

nucleases), and CRISPR (clustered regularly 

interspaced short palindromic repeats)/Cas9 
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(CRISPR-associated protein 9) ZFNs and 

TALENs necessitate the use of relatively large 

DNA fragments, typically in the range of 500 to 

1500 base pairs. In contrast, Cas9 can precisely 

identify a target sequence with just a 20-base pair 

guide RNA (gRNA). Furthermore, CRISPR/Cas9 

offers the advantage of multiplexing, as it allows 

for the delivery of multiple gRNAs to 

simultaneously target multiple genes within the 

same cell. 
[37]

 

Yeh and colleagues recently employed a targeted 

approach to address Tmc1 in the recessive 

Baringo mouse model, which carries the c.A545G 

mutation. Utilizing the mutation's specific nature, 

they harnessed a modified Cas9 nickase enzyme 

linked to cytidine deaminase. This innovative 

enzyme configuration enabled a single-base pair 

modification, facilitating the repair of the 

c.A545G mutation without the need for a double-

stranded break. To deliver this cytosine base 

editor system, they packaged it into a dual AAV 

system, which was administered to the inner ear 

on post-natal day 1. 
[38] 

Hsu and colleagues 
[39]

 have illustrated that 

limiting the concentration of single-guide RNA 

(single-gRNA) and Cas9 can enhance the on-

target effects. In parallel, Kim et al. 
[40]

 have 

engineered RNA-guided nucleases to reduce the 

likelihood of producing off-target insertions and 

deletions (indels). In the context of auditory 

research, Gao et al. 
[41]

 conducted an experiment 

involving the injection of Cas9–gRNA–lipid 

complexes targeting the mutant TMC1 allele into 

P1 Beethoven mice. This intervention led to a 

substantial reduction in the progression of hearing 

loss. The study revealed significant preservation 

of hearing in the frequency range of 8 to 23 kHz, 

with average ABR thresholds being 15 dB lower 

in treated ears when compared to their untreated 

contralateral counterparts. Notably, this study 

marked the first demonstration of the potential of 

CRISPR/Cas9 for treating autosomal dominant 

hearing loss associated with hair cell dysfunction. 

The research revealed that the CRISPR-CasRx 

system achieved a substantial 70% reduction in 

Tmc1 Bth mRNA expression in an in vivo setting. 

Importantly, this reduction was accomplished 

with minimal off-target effects. Consequently, 

this intervention led to improvements in auditory 

function by enhancing the survival rate of hair 

cells and reducing the extent of hair bundle 

degeneration. 
[42] 

 

Cochleostomy: 

Cochleostomy provides a direct route for 

delivering vectors into the endolymph by creating 

a hole between the basal turn of the cochlea and 

the round window. In adult mice, this surgical 

procedure presents more challenges because their 

cochlear bone is less pliable compared to neonatal 

mice. In neonatal mice, the trauma caused by the 

procedure can seal automatically with minimal 

endolymph leakage. Kilpatrick et al. demonstrated 

that, in adult mice, the virus successfully 

transduced hair cells (HCs) and supporting cells 

(SCs) through cochleostomy with minimal high-

frequency hearing loss. 
[43]

 In contrast, Kawamoto 

et al. conducted a comparison between 

cochleostomy and canalostomy, revealing that 

while cochleostomy resulted in higher transdu-

ction efficiency, it also caused more significant 

hearing loss in adult mice. 
[44]

 Furthermore, Chien 

et al. reported that cochleostomy inflicted more 

substantial trauma compared to the RWM 

injection, although their transduction rates were 

similar. 
[45]

 Therefore, cochleostomy is considered 

invasive in adult mice, potentially disrupting the 

cochlear structure or inner ear homeostasis by 

mixing endolymph and perilymph. Additionally, 

this method has limitations regarding the volume 

of injections. The human cochlea is larger, which 

may facilitate future interventions in human 

patients. However, further validation is required. 

This approach allows direct access to the scala 

media, enabling substantial transduction in the 

marginal cells of the stria vascularis (SV). This is 

challenging to replicate with perilymph injection 

methods. 
[46]

   

 

Canalstomy: 
Kawamoto et al. introduced the canalostomy 

technique as an alternative to the injection of 

RWM in the field of mouse cochlear gene 

therapy. In this study, they employed a method 

involving injecting an adenovirus carrying the 

bacterial lac Z gene through a fenestration made 

in the posterior semicircular canal, with the 

cannula directed toward the crus commune. 
[44]

 

This method allows for the introduction of viral 

vectors into both the cochlea and vestibule 

without causing hearing impairment or obvious 

vestibular dysfunction in adult mice.
[44,47]

 

However, it remains challenging to determine 

whether the transgenes are effectively delivered 

into the endolymph or perilymph, a factor 

contingent on the orientation of the tube during 

the surgical procedure.
[44]

 Later, Suzuki et al. 
[47] 

made modifications to this technique by using 

AAV2/Anc80L65 and targeting the injection 

toward the ampulla. Importantly, this 

modification did not compromise hearing, and it 

achieved a 100% transduction rate in inner hair 

cells (IHCs) and 80–90%, 35–70%, and 20–35% 



Gene Therapy In Treatment Of Hearing Loss: A Miracle Coming Soon                                                           Section A-Research paper 
 

Eur. Chem. Bull. 2022, 11(Issue 12), 1745 –1752                          1750 

transduction rates in apical, mid, and basal outer 

hair cells (OHCs), respectively. 

 

 

Summary of Gene therapy 
Author Gene Expression site Vector Route 

Akil et al. (2012) 
[17] 

VGlut3 IHCs AAV2 RWM, cochleostomy 

Askew et al. 

(2015) [20] 
TMC1 HCs AAV2 RMW 

Taiber et al. (2021) 

[24] 
SYNE4 OHCs AAV9-PHP.B PSCC 

Wang et al. (2020) 

[35] 

Ush1c 

c.216G>A 
HCs - Otocysts 

Lentz et al. (2020 
[34] 

Ush1c 

c.216G>A 
HCs - 

RWM, trans-tympanic 

membrane topical 

tympanic membrane 

Wu et al. (2021) [23] KCNE1 SV AAV1 PSCC 

Yoshimura et al. 

(2019) [29] 
TMC1 HCs AAV2/9(miRNA) RWM+CF 

Zheng et al. (2022) 

[17] 
TMC1 HCs 

AAV9-PHP.eB (CasRx 

RNA editing) 
RWM 

Gao et al.101 

(2018) [41] 
TMC1 HCs Lipofectamine 2000 PSCC 

Yeh et al. (2020) 

[38] 
TMC1 HCs  inner ear 

Shibata et al. 

(2016) [30] 
GJB2 SCs rAAV2/9 (miRNA) RWM 

 

This chart provides an overview of different 

genes, their expression sites, vector types, and 

routes of administration in studies related to inner 

ear research. It is essential to acknowledge that 

this is a limited selection of studies. Presently, 

over 20 pre-clinical investigations employing 

knockout mice or mouse models simulating 

human deafness conditions have demonstrated 

varying levels of restored hearing function after 

the replacement of the faulty gene within the 

cochlea. 
[1]

  

 

Conclusions and Future Directions: 

Gene therapy holds significant promise as a 

curative strategy for HL, as it has the potential to 

offer targeted treatment to fully restore auditory 

function, an accomplishment that conventional 

medical approaches cannot achieve. In this 

context, we have explored gene therapy as a 

potential treatment for hearing loss, focusing on 

three primary strategies: gene replacement, gene 

suppression, and gene editing which are currently 

employed in gene therapy. To advance the use of 

gene therapy for hearing loss in clinical settings, 

there is an ongoing need for significant 

advancements and breakthroughs.  

Numerous reports have detailed gene therapy 

experiments in neonatal and adult mouse models 

of human deafness, showcasing varying degrees 

of success. Hearing loss is a widespread issue 

affecting millions globally. Nevertheless, it is 

crucial to recognize that there are numerous 

challenges to address before gene therapy for 

hearing loss can be administered to patients. This 

process could extend for several years beyond the 

successful conclusion of clinical trials. 

Furthermore, we require a thorough under-

standing of potential treatment side effects, 

encompassing factors such as the immune 

response and the treatment's durability, both of 

which remain poorly understood, particularly 

when applied to humans. 
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