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2 Abbreviations 

   
A Adenine 
ABR Auditory brainstem response 
ACTG1 Actin, gamma-1; MIM: *102560 
ADGRV1 Adhesion G protein-coupled receptor V1; MIM: 

*602851 
bp Base pair 
BDP1 B-double prime 1, subunit of RNA polymerase III 

transcription initiation factor IIIb; MIM: *607012 
CDH23 Cadherin 23; MIM: *605516 
cDNA Complementary DNA 
CEACAM16 Carcinoembryonic antigen-related cell adhesion 

molecule 16; MIM: *614591 
CHD7 Chromodomain helicase DNA-binding protein 7; MIM: 

*608892 
Chr Chromosome 
CIB2 Calcium and integrin binding family member 2; MIM: 

*605564 
CLDN14 Claudin 14; MIM: *605608 
CLRN2 Clarin 2; MIM: *618988 
CNV Copy number variation 
COL9A1 Collagen, type IX, alpha-1; MIM: *120210 
COL9A2 Collagen, type IX, alpha-2; MIM: *120260 
COL9A3 Collagen type IX alpha 3 chain; MIM: *120270 
COL11A1 Collagen, type XI, alpha-1; MIM: *120280 
dB Decibels 
DCDC2 Doublecortin domain-containing protein 2; MIM: 

*605755 
DFN Deafness locus annotation (DeaFNess); also 

represents non-syndromic X-linked 
deafness locus annotation 

DFNA Autosomal dominant non-syndromic deafness 
DFNB Autosomal recessive non-syndromic deafness 
DNA Deoxyribonucleic acid 
DVD Deafness Variation Database 
ECG Electrocardiogram 
ES Exome sequencing 
ESRRB Estrogen-related receptor, beta; MIM: *602167 
ESPN Espin; MIM: *606351 
ESTs Expressed sequence tags 
GS Genome sequencing 
G Guanine 
GAB1 Grb2-associated binding protein 1; MIM: *604439 
GAS2 Growth arrest-specific 2 
gDNA Genomic DNA 
GJB2 Gap junction protein, beta-2; MIM: *121011 
GIPC3 GIPC PDZ domain-containing family, member 3; MIM 

*608792 
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GPSM2 G protein signalling modulator 2; MIM: *609245 
GRXCR1 Glutaredoxin, cysteine-rich, 1; MIM: *613283 
HI Haploinsufficient/haploinsufficiency 
HL Hearing loss 
HGF Hepatocyte growth factor; MIM: *142409 
LHFPL5 LHFPL tetraspan subfamily, member 5; MIM: *609427 
ID Intellectual disability 
ILDR1 Immunoglobulin-like domain-containing receptor 1; 

MIM: *609739 
KARS Lysyl-tRNA synthetase; MIM: *601421 
kb Kilobase pair 
kHz Kilohertz 
LOH Loss of heterozygosity 
LOF Loss of function  
LOXHD1 Lipoxygenase homology domain-containing 1; MIM: 

*613072 
LR-PCR Long-range polymerase chain reaction 
MAF Minor allele frequency 
MARVELD2 MARVEL domain-containing protein 2; MIM: *610572   
Mb Megabase pair 
MIM Online Mendelian Inheritance in Man 
mL Milliliter 
MLPA Multiplex ligation-dependent probe amplification 
mRNA Messenger ribonucleic acid 
MYH4 Myosin, heavy chain 4, skeletal muscle; MIM: *160742 
MYH9 Myosin, heavy chain 9, non-muscle; MIM: *160775 
MYO3A Myosin IIIA; MIM: *606808 
MYO6 Myosin VI; MIM: *600970 
MYO7A Myosin VIIA; MIM: *276903 
MYO15A Myosin XVA; MIM: *602666 
NGS Next generation sequencing 
nt Nucleotide 
OTOA Otoancorin; MIM: *607038 
OTOF Otoferlin; MIM: *603681 
OTOG Otogelin; MIM: * 604487 
PCDH15 Protocadherin 15; MIM: *605514 
PCR Polymerase chain reaction 
PNPT1 Polyribonucleotide nucleotidyltransferase 1; MIM: 

*610316 
PJVK Pejvakin; MIM: *610219 
PTPRQ Protein-tyrosine phosphatase, receptor-type, Q; MIM: 

*603317 
PDZD7 PDZ domain-containing 7; MIM: *612971 
RDX Radixin; MIM: *179410 
qPCR Quantitative polymerase chain reaction 
S1PR2 Sphingosine-1-phosphate receptor 2; MIM: *605111 
SLC26A4 Solute carrier family 26, member 4; MIM: *605646 
SLC26A5 Solute carrier family 26, member 5; MIM: *604943 
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SLC22A4 Solute carrier family 22 (organic cation transporter), 
member 4; MIM: *604190 

SNP Single nucleotide polymorphism 
SNV Single nucleotide variant 
STRC Stereocilin; MIM: *606440 
SYNE4 Spectrin repeat-containing nuclear envelope protein 4; 

MIM: *615535 
TBC1D24 TBC1 domain family, member 24; MIM: *613577 
TECTA Tectorin, alpha; MIM: *602574 
TMC1 Transmembrane channel-like protein 1; MIM: *606706 
TMIE Transmembrane inner ear-expressed gene; MIM: 

*607237 
TMPRSS3 Transmembrane protease, serine 3, MIM: *605511  
TPRN Taperin; MIM: *613354 
TRIOBP Trio- and F-actin-binding protein; MIM: *609761 
USH1C Usher syndrome 1C/Harmonin; MIM: *605242 
USH2A Usher syndrome 2A; MIM: *608400 
USH3A Usher syndrome 3A/Clarin 1; MIM: *606397 
WHO World Health Organization 
WHRN Whirlin; MIM: *607928 
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3 Summary 

In humans, hereditary hearing loss (HL) is a frequently occurring disorder with genetic 

heterogeneity. The incidence of sensorineural HL is 1 to 2 per 1000 at birth, and it is estimated 

that this disorder can be linked to as many as 1000 different genes. The main aim of this thesis 

is to identify novel genes and clarify clinical heterogeneity related to HL. The cohort for the thesis 

was mainly collected from Iran, with some families also from Germany. Using exome sequencing, 

genome sequencing, and functional in vitro tests, including splicing assays for a variety of genes, 

we detected and established diagnoses in about 74% of our patients. Interestingly, I was involved 

in the identification of a novel gene: CLRN2, which causes non-syndromic sensorineural HL. This 

thesis also confirmed gene-disease evidence for two genes, COL11A1 and COL9A3, causing 

non-syndromic HL and Stickler syndrome type 6, respectively. In another part of this thesis, the 

phenotype related to MPDZ was expanded and its role was consolidated in human HL. 

Additionally, I contributed to functional validation of selected variants identified in PIGS and IPO8 

that are associated with variable syndromic HL. Furthermore, I was also involved in a project that 

established that KARS1 causes syndromic HL with variable phenotypes, but HL is the main 

phenotype in all patients. In summary, the results of this thesis added several genes to molecular 

genetic diagnostic panels, as well as the literature and are highly recommended for re-analysis 

in unsolved cases with HL.  
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4 Zusammenfassung 

Beim Menschen ist erblicher Hörverlust (HL) eine häufig auftretende Erkrankung mit genetischer 

Heterogenität. Die Inzidenz von sensorineurales HL liegt bei 1 bis 2 pro 1.000 Personen bei der 

Geburt, und es wird geschätzt, dass diese Störung mit bis zu 1.000 verschiedenen Genen in 

Verbindung gebracht werden kann. Das Hauptziel dieser Arbeit besteht darin, neue Gene zu 

identifizieren und die klinische Heterogenität im Zusammenhang mit HL zu klären. Die Kohorte 

für die Arbeit wurde hauptsächlich aus dem Iran zusammengestellt, einige Familien kamen auch 

aus Deutschland. Mithilfe von Exomsequenzierung, Genomsequenzierung und funktionellen In-

vitro-Tests, einschließlich Splicing-Assays für eine Vielzahl von Genen, konnten wir bei etwa 74 

Prozent unserer Patienten Diagnosen erkennen und stellen. Interessanterweise war ich an der 

Identifizierung eines neuen Gens beteiligt: CLRN2, das nicht-syndromalen sensorineuralen HL 

verursacht. Diese Arbeit bestätigte auch den Nachweis einer Generkrankung für zwei Gene, 

COL11A1 und COL9A3, die nicht-syndromales HL bzw. Stickler-Syndrom Typ 6 verursachen. In 

einem anderen Teil dieser Arbeit wird der Phänotyp im Zusammenhang mit MPDZ erweitert und 

seine Rolle bei menschlichem HL gefestigt. Darüber hinaus habe ich zur funktionellen 

Validierung ausgewählter Varianten beigetragen, die in PIGS und IPO8 identifiziert wurden und 

mit variablem syndromalem HL assoziiert sind. Darüber hinaus war ich auch an einem Projekt 

beteiligt, das feststellte, dass KARS1 syndromales HL mit variablen Phänotypen verursacht, 

wobei HL bei allen Patienten der Hauptphänotyp ist. Zusammenfassend lässt sich sagen, dass 

die Ergebnisse dieser Arbeit mehrere Gene in molekulargenetische Diagnostik-Panels sowie in 

die Literatur eingebracht haben und für eine erneute Analyse in ungelösten Fällen mit HL 

dringend empfohlen werden.  
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6 Introduction  

6.1 The global burden of HL 

HL is a significant global health issue that affects millions of people worldwide (1). In 2019, it was 

estimated to affect 1.57 billion people (2), or roughly 20.3% of the global population. Of these, 

1.17 billion (1.1231.22) people had mild HL (74.3% [71.8376.8]) and 12.65 million (10.34315.48) 

individuals had complete HL (2). Projections for 2050 estimate at least 700 million people will 

have moderate to complete HL (3). The burden of HL is not limited to the individuals experiencing 

it; it also has far-reaching consequences for their families, communities, and society as a whole 

(2). HL can lead to communication difficulties, social isolation, reduced educational, employment 

opportunities, and decreased quality of life (4). The causes of HL are diverse and can be 

attributed to various factors. These include genetic predisposition, complications during 

pregnancy or childbirth, certain infectious diseases such as meningitis or measles, chronic ear 

infections, exposure to excessive noise levels (both occupational and recreational), and the use 

of certain medications (5). 

The impact of HL on different populations varies across regions and income levels. Low- and 

middle-income countries tend to have higher rates of HL due to limited access to healthcare 

services for prevention, early detection, and treatment. Additionally, these countries often lack 

resources for rehabilitation services such as hearing aids or cochlear (the inner ear's sensory 

organ responsible for hearing) implants. The burden of HL extends beyond health implications; 

it also carries significant economic costs. The World Health Organization estimates that 

unaddressed HL results in an annual global cost of around $750 billion due to lost productivity 

and healthcare expenditures (6). 

6.2 Etiologies of HL 

HL can be caused by a variety of factors, ranging from genetic conditions to environmental 

exposures. Understanding the etiologies of HL is crucial for diagnosis, treatment, and prevention. 

The genetic contribution is about 50% of cases with HL, including both non-syndromic and 

syndromic forms and the rest is likely caused by environmental contributors, shown in Figure 1 

(7). Some of the environmental factors that can cause HL include congenital infections (8), 

ototoxic medications (9), noise exposure (10, 11), age-related changes (12), trauma (13), 

autoimmune disorders (14), and tumours (15).  
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Figure 1 Global overview of environmental and genetic contributions to congenital HL 

6.3 Audiometric and clinical aspects of HL 

HL can be characterized by different aspects including type, onset, severity, and affected 

frequencies.  

6.3.1 Classifications of HL 

The classification of HL includes four types: conductive, sensorineural, mixed and central 

auditory dysfunction.  

Conductive HL is due to abnormalities of the external ear or/and middle ear that prevent the 

transfer of sounds from the outer to inner ear, making it difficult to hear soft sounds while louder 

sounds may be muffled. Depending on the severity and the root cause, it can be treated partially 

or fully by surgical intervention or pharmaceuticals (16). Sensorineural HL is due to defects in the 

hair cells in the inner ear, the vestibulocochlear nerve or in the central nervous system (17).  This 

type accounts for about 90% of reported HL (18). Mixed HL is a combination of two above types. 

Central auditory dysfunction or central auditory processing disorder is a rare and poorly 

understood type of HL which impacts the central auditory nervous system. Patients with this type 

have normal outer, middle and inner ear anatomy with maintained function; however, they have 

problems in the neural processing of the auditory stimuli (19). This disease is primarily a condition 

that affects children and is highly prevalent in patients with learning difficulties like dyslexia, 

attention deficit disorder, and autism spectrum disorder (20). It can affect adults at different ages 

with a variety of etiologies such as cerebrovascular disease, malignancy, and neurotoxicity (21). 

6.3.2 Onset of HL  

The onset of HL is categorized to five classes including: congenital, prelingual, postlingual, adult 

and presbycusis.  
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Congenital HL presents at birth and should be diagnosed by three months of age (22). Prelingual 

HL occurs before the completion of speech and language development (23). If HL occurs later in 

life, it is referred to as postlingual. Postlingual HL starts after speech and language development 

(24). Adult-onset HL is highly prevalent and can have gradual or sudden onset. Presbycusis, or 

age-related HL, typically occurs after middle age. This type is a progressive and irreversible 

bilateral sensorineural HL, and it results from degeneration of the cochlea or other structures in 

inner ear and auditory system. Presbycusis impacts a quarter of the world population and is 

increasing in prevalence due to the growing number of people exposed to noise in industrial 

regions of the world (25).  

6.3.3 Severity of HL 

The severity of HL can be measured in two ways: how loud the sound needs to be for hearing 

and which frequencies are harder for a person to hear (26).  

The loudness of sound is measured in decibels (dB). To understand in simple examples, the 

following are common sounds with their corresponding approximate dB: Breathing: 10 dB; normal 

speaking volume with someone: 40-60 dB; lawnmower: 90 dB; rock concert: 120 dB; and 

gunshot: 140 dB. Prolonged exposure to sounds higher than 85 dB can damage hearing.  

The second way to characterize hearing is through involved frequencies that are measured in 

Hertz (Hz). The most important frequency range for conversation is 250 Hz to 8000 Hz; therefore, 

this range is used for hearing measurements as well. The frequency level can be shown in three 

different categories including low: less than 500 Hz, medium: between 500 to 2000 Hz and high: 

more than 2000 Hz. Based on Table 2, the degree of HL can be categorized in six main types 

(2).   

Table 2 Lay description of thresholds and severities in pure tone audiometry  

Severity Lay description Decibel 

range 

Normal  Normal hearing   0319 dB  

Mild Has great difficulty hearing and understanding another person talking in a noisy place 

(e.g., on an urban street) 

20334 

dB 

Moderate Is unable to hear and understand another person talking in a noisy place (e.g., on an 

urban street), and has difficulty hearing another person talking even in a quiet place 

or on the telephone 

35349 

dB 

Moderately 

severe 

Has difficulty hearing normal conversation and can only start to hear sounds that are 

as loud as or louder than heavy traffic 

50364 

dB 
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Severe Is unable to hear and understand another person talking, even in a quiet place, and 

unable to take part in a telephone conversation; difficulties with communicating and 

relating to others sometimes cause emotional effects (e.g., worry or depression) 

65379 

dB 

Profound Is unable to hear and understand another person talking, even in a quiet place, is 

unable to take part in a telephone conversation, and has great difficulty hearing 

anything in any other situation; difficulties with communicating and relating to others 

often cause worry, depression, and loneliness 

80394 

dB 

Complete Cannot hear at all in any situation, including even the loudest sounds, and cannot 

communicate verbally or use a telephone; difficulties with communicating and 

relating to others often cause worry, depression, or loneliness 

95+ dB 

 

6.4 Assessment of the auditory system 

The method of assessment of hearing depends on the individual's age and neurologic status (i.e., 

ability to respond to queries from the audiologist). 

6.4.1 Audiometry 

Several types of audiometry are used in clinical practice. The selection of the type that is used is 

based on the individual's age or ability to respond to queries from the audiologist. Visual response 

audiometry is appropriate for children less than 2.5 years. Conditioned play audiometry is 

effective for children between 2.5-5 years. In conventional audiometry (known as pure-tone 

audiometry), the suggested age is more than 5 years (27).  

The gold standard of hearing measurement is the pure-tone audiogram. The audiogram 

illustrates the minimum levels (in dB hearing level, as per ANSI S3.6-1996) at which a listener 

can detect pure-tone signals. These signals are measured at octave intervals within a frequency 

range of 250-8000 Hz for both ears. This range includes the entire spectrum of speech sounds. 

As a result, the mean of the pure-tone detection thresholds aligns with the average threshold for 

speech (28). 

6.4.1.1 Configuration or shape of audio profile  

The pattern of HL across frequencies is crucial in determining the underlying causes of hearing 

impairment and guiding treatment options, such as hearing aids or cochlear implants. 

Audiologists use audiograms, which graphically represent a person9s hearing thresholds at 

various frequencies, to diagnose and classify the pattern and the degree of HL accurately. If the 

audiogram is drawn in colours, red is for thresholds detected by the right ear, and blue shows 

thresholds detected by the left ear (29).  

The following are also the explanation of common patterns of audiogram (30):  
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A person with normal hearing has no significant HL across the entire frequency range, typically 

from 125 Hz to 8,000 Hz. Their hearing threshold levels are within the normal range for their age 

group. The first pattern of HL is pantonal, or flat, HL shown as a flat audiogram with a uniform 

degree of HL across all frequencies. It means that the hearing thresholds are similar for low, mid, 

and high frequencies. Flat HL is often not varying more than 20 dB among the frequencies. The 

second pattern is sloping HL, where the degree of HL increases as the frequency gets higher. 

For example, a person might have relatively mild HL in the lower frequencies (bass sounds) but 

a more significant loss in the higher frequencies (treble sounds). This pattern is common in age-

related HL (presbycusis). The third pattern is U-shaped (Cookie-Bite) HL, and it resembles a U 

shape on the audiogram. It indicates that a person has better hearing in the low and high 

frequencies but a dip in the mid-frequency range. U-shaped HL can be associated with genetic 

factors or specific medical conditions. The fourth pattern is rising HL where the degree of HL is 

better in the high frequencies and worse in the low frequencies. It can be caused by genetic 

factors or specific medical conditions like enlarged vestibular aqueduct syndrome (EVAS).  

In Figure 2, four different categories are demonstrated with degree of severity of the audiograms 

for hearing impairment. In this figure, the Y-axis represents the 8Hearing Threshold9 in decibels 

(dB) and measures the minimum sound intensity needed for a specific sound frequency to be 

heard. Lower dB values represent softer sounds, while higher dB values represent louder sounds. 

The X-axis shows the frequencies (measured in Hertz, Hz), and it means that a person9s ability 

to hear can differ for low-pitched (low-frequency) and high-pitched (high-frequency) sounds. The 

<red circle= means unmasked air conduction thresholds in the right ear and <blue X= means 

unmasked air conduction in the left ear.  
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Figure 2 Four categories for audiogram shape for individuals with hearing impairment. 

6.4.2 Objective measures 

Objective measures do not require participation of the individual and are typically used in young 

children or individuals who are unable to participate in other types of audiometric testing requiring 

active responses. Below are two methods used in clinical practice: 

6.4.2.1 Auditory brainstem response (ABR) 

Also called Brainstem Auditory Evoked Response (BAER) or Brainstem Evoked Response 

Audiometry (BERA), this diagnostic test is used to evaluate the auditory pathway's functionality, 

from the inner ear (cochlea) to the brainstem. The primary purpose of the ABR test is to assess 

a person's hearing, especially in cases where traditional behavioral audiometry (pure-tone 

audiometry) may not be feasible or reliable. It is often used for newborn hearing screening, 

assessing hearing in infants and young children, and diagnosing auditory disorders (31).  

6.4.2.2 Otoacoustic Emissions (OAE) 
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OAE testing is a non-invasive diagnostic test used to assess the functionality of the cochlea 

(specifically the function of the hair cells). OAE testing measures the emission of sound waves 

generated by the cochlea in response to auditory stimuli (32).  

6.4.3 Conduction tests  

Conduction tests are used to distinguish between middle ear dysfunction (conductive HL) and 

inner ear dysfunction (sensorineural HL) by comparing sound conduction through air and bone. 

Air conduction tests measure responses to auditory stimuli presented through the external 

auditory canal, while bone conduction tests measure responses transmitted through the temporal 

bone (27). 

6.4.4 Tympanometry 

Tympanometry is a routine audiometric evaluation that assesses the function of the tympanic 

membrane and middle ear, aiming to differentiate conductive HL from sensorineural HL (27).  

6.4.5 Vestibular function 

Vestibular assessment evaluates the peripheral vestibular system's integrity. This testing 

assesses the inner ear's ability to maintain balance and coordinate vestibular-ocular pathways 

crucial for head position maintenance in space. Imbalance, dizziness, and vertigo are common 

among individuals with HL due to the shared physiology and developmental origin of the cochlea 

(responsible for hearing) and the vestibular organs (saccule, utricle, and semicircular canals) 

(27). 

6.5 Non-syndromic HL 

Non-syndromic HL occurs without any other symptoms, and it accounts for approximately 70% 

of genetic HL cases at birth (Figure 1).  

As the search for novel genes is on-going, the exact number of genes causing the HL is not yet 

possible to determine. Based on Hereditary HL database and last updated evidence, there are 

148 genes associated with non-syndromic HL (33). Twelve genes (shown by a star in Table 3) 

can be inherited in both autosomal recessive and dominant patterns. It is estimated that 

autosomal dominant HL (represented by DFNA) comprises 20%, autosomal recessive HL 

(represented by DFNB) characterizes 75-80%, X-linked (DFN) constitutes 2%, and deleterious 

variants in the mitochondria represent 1% of all non-syndromic HL  (7). Among the common HL-

associated genes in diverse populations, GJB2 is the most well-known, and for many years, this 

gene was routinely screened in HL diagnostics before parallel sequencing methods emerged. 

GJB2 encodes connexin 26 with a main role to form functional gap-junction protein (34). During 

auditory function, connexin 26 maintains K+ homeostasis through traversing gap junctions (35). 

SLC26A4 is also one of the most common genes in various genetic ancestries around the world. 
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This gene encodes pendrin that is mainly expressed in the inner ear, thyroid and kidney (36). 

Pendrin has 12 predicted transmembrane domains and is related to the solute carrier 26 family. 

This protein, as a transmembrane anion exchanger, has a role in exchanging chloride, 

bicarbonate (37), formate (38), and iodide (39). It has been demonstrated that disrupted pendrin 

function in the ear changes pH via HCO3-transport and increases oxidative stress (40).  

The genes comprising the molecular epidemiology of HL vary based on population. In Pakistan, 

five common genes including GJB2, HGF, MYO7A, SLC26A4, and TMC1 together explain 57% 

of profound deafness (41). In the Chinese population, the most commonly involved genes are 

GJB2, SLC26A4, and MT-RNR1 (42, 43). In the Iranian population, after first excluding GJB2 in 

probands, over half of all diagnoses are attributable to variants in five genes: SLC26A4, MYO15A, 

MYO7A, CDH23, and PCDH15 (44).  

Several genes associated with non-syndromic HL are also associated with syndromic conditions. 

GIPC3 is responsible for progressive sensorineural HL that can be associated with audiogenic 

seizures. STRC causes deafness-infertility syndrome in males when deleted in conjunction with 

CATSPER2 (45). Variants in CDC14A cause deafness-infertility in males. GPSM2 was initially 

associated with non-syndromic HL but later determined to cause Chudley-McCullough syndrome 

(46, 47).  

For some genes, only few cases have been reported and the disease relationships are noted 

with question marks in OMIM, for instance COL4A6 and CLRN2. Hence, in addition to exploring 

novel genes, I systematically examined our database for discoveries that enhance the existing 

literature. Notably, this thesis contributed to work that led to the publication of the second report 

associating COL11A1 with non-syndromic autosomal dominant HL. Previous gene-disease 

associations of COL11A1 are well established for autosomal dominant Marshall syndrome (48), 

autosomal dominant or recessive Stickler syndrome (49), and as well as autosomal recessive 

fibrochondrogenesis (50). These syndromes have phenotype-overlap including an auditory 

phenotype with mild-to-moderate HL and outer ear malformation. Booth et al. 2019 identified an 

extensive family with autosomal dominant inheritance pattern with a novel splice-site variant in 

COL11A1 (51). The current work consolidates that splicing variants in COL11A1 cause non-

syndromic autosomal dominant HL in two unrelated families with several affected family 

members.  

Table 3 Non-syndromic HL gene list 

Nr. 
Locus (OMIM) Gene (OMIM) Key Reference (PubMed) 

Locus 
(OMIM) 

Gene (OMIM) 
Key Reference 
(PubMed) 

1 DFNB1A GJB2 Kelsell et al., 1997 DFNA1 DIAPH1 Lynch et al., 1997 

2 DFNB2 MYO7A Liu et al., 1997; Weil et al., 1997 DFNA2A KCNQ4 Kubisch et al., 1999 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=220290
http://www.ncbi.nlm.nih.gov/omim/121011
http://www.ncbi.nlm.nih.gov/pubmed/9139825?dopt=Abstract
http://www.ncbi.nlm.nih.gov/omim/600060
http://www.ncbi.nlm.nih.gov/omim/276903
http://www.ncbi.nlm.nih.gov/pubmed/9171832?dopt=Citation
http://www.ncbi.nlm.nih.gov/pubmed/9171833?dopt=Citation
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3 DFNB3 MYO15A Wang et al., 1998 DFNA2B GJB3 Xia et al., 1998 

4 DFNB4 SLC26A4 Li et al., 1998 DFNA2C IFNLR1 Gao et al., 2017 

5 DFNB6 TMIE Naz et al., 2002 DFNA3A GJB2* Kelsell et al., 1997 

6 DFNB7/11 TMC1 Kurima et al., 2002 DFNA3B GJB6 Grifa et al., 1999 

7 
DFNB8/10 TMPRSS3 Scott et al., 2001 

DFNA4A MYH14 Donaudy et al., 

2004 

8 DFNB9 OTOF Yasunaga et al., 1999 DFNA4B CEACAM16* Zheng et al., 2011 

9 
DFNB15/72/95 GIPC3  

Ain et al., 2007; Rehman et al., 

2011; Charizopoulou et al., 2011 

DFNA5 GSDME Van Laer et al., 

1998 

10 

DFNB16 STRC  Verpy et al., 2001 

DFNA6/14/38 WFS1 Bespalova et al., 

2001; Young et al., 

2001 

11 
DFNB18 USH1C 

Ouyang et al., 2002; Ahmed et 

al., 2002 

DFNA7 LMX1A* Wesdorp et al., 

2018 

12 
DFNB18B OTOG Schraders et al., 2012 

DFNA8/12 TECTA* Verhoeven et al., 

1998 

13 
DFNB21 TECTA Mustapha et al., 1999 

DFNA9 COCH Robertson et al., 

1998 

14 DFNB22 OTOA Zwaenepoel et al., 2002 DFNA10 EYA4 Wayne et al., 2001 

15 DFNB23 PCDH15 Ahmed et al., 2003 DFNA11 MYO7A* Liu et al., 1997 

16 DFNB24 RDX Khan et al., 2007 DFNA13 COL11A2* McGuirt et al., 1999 

17 DFNB25 GRXCR1 Schraders et al., 2010 DFNA15 POU4F3 Vahava et al., 1998 

18   GAS2 Chen et al., 2021 DFNA17 MYH9 Lalwani et al., 2000 

19 
DFNB26 GAB1 Yousaf et al., 2018 

DFNA20/26 ACTG1 Zhu et al., 2003; van 

Wijk et al., 2003 

20 
DFNB28 TRIOBP 

Shahin et al., 2006; Riazuddin 

et al., 2006 

DFNA22 MYO6* Melchionda et al., 

2001 

21 DFNB29 CLDN14 Wilcox et al., 2001 DFNA23 SIX1 Mosrati et al., 2011 

22 DFNB30 MYO3A Walsh et al., 2002 DFNA25 SLC17A8 Ruel et al., 2008 

23 DFNB31 WHRN Mburu et al., 2003 DFNA27 REST Nakano et al., 2018 

24 
DFNB32/105 CDC14A 

Delmaghani et al., 2016; Imtiaz 

et al., 2017 

DFNA28 GRHL2 Peters et al., 2002 

25 
DFNB35 ESRRB Collin et al., 2008 

DFNA34 NLRP3 Nakanishi et al., 

2017 

26 DFNB36 ESPN Naz et al., 2004 DFNA36 TMC1* Kurima et al., 2002 

27 DFNB37 MYO6 Ahmed et al., 2003 DFNA37 COL11A1 Booth et al., 2018 

28 DFNB39 HGF Schultz et al., 2009 DFNA40 CRYM Abe et al., 2003 

29 DFNB42 ILDR1 Borck et al., 2011 DFNA41 P2RX2 Yan et al., 2013 

30 DFNB44 ADCY1 Santos-Cortez et al., 2014 DFNA44 CCDC50 Modamio-Hoybjor et 

al., 2007 

31 DFNB48 CIB2 Riazuddin et al., 2012 DFNA50 MIRN96 Mencia et al., 2009 

32 DFNB49 MARVELD2 Riazuddin et al., 2006 DFNA51 TJP2 Walsh et al., 2010 

33 DFNB49 BDP1 Girotto et al., 2013 DFNA56 TNC Zhao et al., 2013 

34 DFNB53 COL11A2 Chen et al., 2005 DFNA64 SMAC/DIABLO Cheng et al., 2011 

35 DFNB57 PDZD7 Booth et al, 2015 DFNA65 TBC1D24* Azaiez et al., 2014; 

Zhang et al., 2014 

36 DFNB59 PJVK Delmaghani et al., 2006 DFNA66 CD164 Nyegaard et al., 

2015 

37 DFNB60 SLC22A4 Ben Said et al., 2016 DFNA67 OSBPL2 Xing et al., 2014; 

Thoenes et al., 2015 

38 DFNB61 SLC26A5 Liu et al., 2003 DFNA68 HOMER2 Azaiez et al., 2015 

http://www.ncbi.nlm.nih.gov/omim/600316
http://www.ncbi.nlm.nih.gov/omim/602666
http://www.ncbi.nlm.nih.gov/pubmed/9603736?dopt=Abstract
http://www.ncbi.nlm.nih.gov/omim/600791
http://www.ncbi.nlm.nih.gov/omim/605646
http://www.ncbi.nlm.nih.gov/pubmed/9500541?dopt=Abstract
http://www.ncbi.nlm.nih.gov/omim/600971
http://www.ncbi.nlm.nih.gov/omim/607237
http://www.ncbi.nlm.nih.gov/pubmed/12145746?dopt=Abstract
http://www.ncbi.nlm.nih.gov/omim/600974
http://www.ncbi.nlm.nih.gov/omim/606706
http://www.ncbi.nlm.nih.gov/pubmed/11850618?dopt=Abstract
http://www.ncbi.nlm.nih.gov/omim/601072
http://www.ncbi.nlm.nih.gov/omim/605511
http://www.ncbi.nlm.nih.gov/pubmed/11137999?dopt=Abstract
http://www.ncbi.nlm.nih.gov/omim/601071
http://www.ncbi.nlm.nih.gov/omim/603681
http://www.ncbi.nlm.nih.gov/pubmed/10192385?dopt=Abstract
http://www.omim.org/entry/601869
http://www.ncbi.nlm.nih.gov/omim/608792
http://www.ncbi.nlm.nih.gov/pubmed/17690910
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39 DFNB63 LRTOMT/COMT2 Ahmed et al., 2008; Du et al., 

2008 

DFNA69 KITLG Zazo Seco et al., 

2015 

40 DFNB66 DCDC2 Grati et al., 2015 DFNA70 MCM2 Gao et al., 2015 

41 DFNB66/67 LHFPL5 Tlili et al., 2005; Shabbir et al., 

2006; Kalay et al., 2006 

DFNA73 PTPRQ* Eisenberger et al., 

2017 

42 DFNB68 S1PR2 Santos-Cortez et al., 2016 DFNA71 DMXL2 Chen et al., 2016 

43 DFNB70 PNPT1 von Ameln et al., 2012 DFNA90 MYO3A* Grati et al., 2016 

44 DFNB73 BSND Riazuddin et al., 2009 DFNA74 PDE1C Wang et al., 2018 

45 DFNB74 MSRB3 Waryah et al., 2009; Ahmed et 

al., 2011 

DFNA75 TRRAP Xia et al., 2019 

46 DFNB76 SYNE4 Horn et al., 2013 DFNA76 PLS1 Morgan et al., 2019 

47 DFNB77 LOXHD1 Grillet et al., 2009 DFNA82 ATP2B2 Smits et al., 2019 

48 DFNB79 TPRN Rehman et al., 2010; Li et al., 

2010 

DFNA79 SCD5 Lu et al., 2020 

49 DFNB82 GPSM2 Walsh et al., 2010 DFNA78 SLC12A2 Mutai et al., 2020 

50 DFNB84 PTPRQ Schraders et al., 2010 DFNA83 MAP1B Cui et al., 2020 

51 DFNB84 OTOGL Yariz et al., 2012 DFNA21 RIPOR2*/FAM65B de Bruijn et al., 

2020 

52 DFNB86 TBC1D24 Rehman et al., 2014 DFNA84/ 

AUNA2 

ATP11A Pater et al., 2022/ 

Chepurwar et al., 

2023 

53 DFNB88 ELMOD3 Jaworek et al., 2013 DFNX1* PRPS1 Liu et al., 2010 

54 DFNB89 KARS1 Santos-Cortez et al., 2013 DFNX2 POU3F4 De Kok et al., 1995 

55 DFNB91 SERPINB6 Sirmaci et al., 2010 DFNX4 SMPX Schraders et al., 

2011; Huebner et 

al., 2011 

56 DFNB93 CABP2 Schrauwen et al., 2012 DFNX5 AIFM1 Zong et al., 2015 

57 DFNB94 NARS2 Simon et al., 2015 DFNX6 COL4A6 Rost et al., 2014 

58 DFNB97 MET Mujtaba et al., 2015    

59 DFNB98 TSPEAR Delmaghani et al., 2012    

60 DFNB99 TMEM132E Li et al., 2015    

61 DFNB100 PPIP5K2 Yousaf et al., 2018    

62 DFNB101 GRXCR2 Imtiaz et al., 2014    

63 DFNB102 EPS8 Behlouli et al., 2014    

64 DFNB103 CLIC5 Seco et al., 2014    

65 DFNB104 FAM65B/RIPOR2 Diaz-Horta et al., 2014    

66 DFNB105 see DFNB32      

67 DFNB106 EPS8L2 Dahmani et al., 2015    

68 DFNB108 ROR1 Diaz-Horta et al., 2016    

69 DFNB107 WBP2 Buniello et al., 2016    

70 DFNB109 ESRP1 Rohacek et al., 2017    

71 DFNB 111 MPZL2 Wesdorp et al., 2018    

72 DFNB113 CEACAM16 Booth et al., 2018    

73 DFNB114 GRAP Li et al., 2019    

74 DFNB115 SPNS2 Ingham et al., 2019    

75 DFNB116 CLDN9 Sineni et al., 2019    

76 DFNB117 CLRN2 Vona et al., 2021     

77 DFNB119 SPATA5L1 Richard EM et al.,2021     

Note: The current list of non-syndromic HL loci with causative genes was obtained from the Hereditary HL Homepage 

and OMIM. 
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6.6 Syndromic HL  

The term syndromic HL is applied when a patient experiences HL along with other medical 

abnormalities. About 20% of children with genetic HL exhibit additional associated symptoms. 

This section outlines the assessment and treatment of syndromic sensorineural HL and 

emphasizes the importance of the interprofessional team in enhancing care for affected patients. 

Similar to non-syndromic HL, it is categorized based on mode of inheritance that includes 

autosomal recessive, autosomal dominant, X-linked and mitochondrial. Syndromes exhibiting a 

recessive inheritance pattern include Usher, Pendred and Jervell and Lange-Nielsen syndrome; 

syndromes with an autosomal dominant inheritance pattern include Stickler syndrome, 

Waardenburg syndrome, neurofibromatosis type 2, Treacher Collins syndrome, and branchio-

oto-renal syndrome (Melnick-Fraser syndrome); and syndromes with an X-linked inheritance 

pattern include Alport, Norrie, and otopalatodigital syndrome. 

In the following sections, the major syndromes associated with different patterns of inheritance 

are briefly described.  

6.6.1 Usher syndrome 

Usher syndrome is the most common type of syndromic HL. Usher syndrome is predominantly 

characterized as concomitant deafness and blindness with variable vestibular dysfunction and 

has four clinical sub-types. Type 1 causes profound sensorineural HL with absent vestibular 

function and retinitis pigmentosa (RP), which initially causes night-blindness and loss of 

peripheral (side) vision due to the progressive degeneration of cells in the retina. Type 2 causes 

moderate HL and RP with normal vestibular function. Type 3 results in progressive HL with 

variable vestibular function and RP. Type 4 is characterized by late onset of RP and usually late- 

onset of progressive sensorineural HL without vestibular involvement (52, 53). So far, the 

following genes are associated with these four types of Usher syndromes: CDH23, CIB2, 

ADGRV1, MYO7A, PCDH15, PDZD7, USH1G, USH1C, USH2A, CLRN1, and ARSG (52, 54-

57).  

6.6.2 Pendred syndrome 

Pendred syndrome is associated with abnormal iodine metabolism and is caused by biallelic 

pathogenic variants in SLC26A4. Patients with this syndrome typically develop euthyroid goiter 

around the age of 8 years, along with bilateral moderate to severe high-frequency sensorineural 

HL with some residual low-frequency hearing. The most frequent inner ear abnormality seen in 

Pendred syndrome is an enlarged vestibular aqueduct, which is a connection between the inner 

ear's vestibule and the brain (58). 

6.6.3 Jervell and Lange-Nielsen syndrome 
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Jervell and Lange-Nielsen syndrome is associated with profound sensorineural HL and cardiac 

arrhythmias caused by prolongation of the QT interval. This syndrome is associated with two 

genes: KCNE1 or KCNQ1; 90% are caused by KCNQ1 variants. Patients with this syndrome 

commonly exhibit abnormalities in both the inner ear and cardiac muscle due to biallelic 

pathogenic variants. Electrocardiogram (ECG) results in these individuals demonstrate enlarged 

T waves and a prolonged QT interval. Syncope is the typical manifestation observed in these 

patients (59). 

6.6.4 Stickler syndrome 

Stickler syndrome is inherited in both autosomal recessive and dominant manners, but most of 

the genes for this syndrome are associated with a dominant inheritance pattern. This thesis 

highlights Stickler type 6 as associated with rare biallelic variants in COL9A3. Stickler syndrome 

is characterized by cleft palate, micrognathia, myopia, retinal detachment, cataracts, and 

marfanoid habitus. The other sub-types of this syndrome are due to variants in COL2A1 (Stickler 

type 1), COL11A1 (Stickler type 2), COL11A2 (Stickler type 3), COL9A1 (Stickler type 4), and 

COL9A2 (Stickler type 5) (60).  

6.6.5 Waardenburg syndrome 

Waardenburg syndrome is the most common form of autosomal dominant sensorineural HL, 

associated with 3% of childhood HL. This syndrome consists of HL (bilateral, unilateral, or 

asymmetric), pigmentary anomalies, and craniofacial features. The pigmentary anomalies 

include a white forelock, very pale blue eyes or different coloured eyes (such as one blue and 

one brown), premature greying of hair, and vitiligo. The craniofacial features include widely 

spaced medial canthi, a broad nasal root, and confluent eyebrows. There are four sub-types of 

Waardenburg syndrome. Type 1 is characterized by heterochromia iridis, a white forelock, patchy 

hypopigmentation, and widely spaced medial canthi. Congenital sensorineural HL is present in 

20% of these patients. Type 2 patients do not have widely spaced medial canthi, distinguishing 

them from type 1. Up to 50% of these patients will have sensorineural HL. Type 3 includes the 

features of type 1 as well as microcephaly, skeletal abnormalities, and mental retardation. Type 

4 is similar to type 2 but also includes Hirschsprung9s disease, a gastrointestinal malformation. 

The following genes account for the  different sub-types of this syndrome: EDN3, EDNRB, MITF, 

PAX3, SNAI2, and SOX10 (58). 

6.6.6 Neurofibromatosis type 2 

Neurofibromatosis type 2 is caused by pathogenic variants in NF2 leading to alterations in the 

merlin protein. This condition is characterized by bilateral vestibular schwannomas, cafe-au-lait 

spots, and subcapsular cataracts. Bilateral vestibular schwannomas are found in approximately 
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95% of individuals with this condition, but typically do not cause symptoms until early adulthood 

(61). 

6.6.7 Treacher Collins syndrome 

Treacher Collins syndrome, also known as mandibulofacial dysostosis, is characterized by facial 

malformations such as underdeveloped cheekbones, slanted eye openings, incomplete lower 

eyelids, underdeveloped jaw, abnormal external ear or ear canal, misaligned teeth, and a cleft 

palate. Around 30% of patients experience conductive HL, but sensorineural HL or vestibular 

dysfunction can also be present. Ossicular malformations are commonly observed. The most 

common causal gene is TCOF1, encoding the treacle protein (62). 

6.6.8 Branchio-oto-renal 

Branchio-oto-renal also known as Melnick-Fraser syndrome is present in approximately 2% of 

children with congenital HL. This syndrome is characterized by the presence of ear pits/tags, 

branchial cleft sinuses, and renal involvement ranging from minor dysplasia to complete 

agenesis. To date, three genes are established causing this syndrome including EYA1, SIX5 and 

SIX1. Forty percent of these patients exhibit cochlear dysplasia, while 75% experience a 

significant HL. The type of HL can vary, with some patients having either conductive or 

sensorineural HL, and others having a mixed HL (58). 

6.6.9 Alport syndrome 

Alport syndrome causes lesions in the basement membrane collagen of the kidney and inner ear, 

leading to renal failure and progressive sensorineural HL. Pathogenic variants in COL4A5 (X-

linked), COL4A4 (autosomal recessive) and COL4A3 (autosomal dominant and recessive) are 

responsible for this syndrome.  

6.6.10 Norrie syndrome 

Norrie syndrome is an X-linked disorder characterized by ocular symptoms, progressive 

sensorineural HL, and intellectual disability. All patients are either born blind or they lose vision 

in the first years of life and have progressive sensorineural HL in the first or second decades of 

life (63). The onset of other phenotypes like seizure can also occur at a young age (64). This 

disease is caused by mutation in NDP, which encodes norrin. 

6.6.11 Otopalatodigital syndrome 

Otopalatodigital syndrome is associated with craniofacial deformities, hypertelorism, flattened 

midface, small nose, and cleft palate and includes: otopalatodigital syndrome type 1 (OPD1), 

otopalatodigital syndrome type 2 (OPD2), frontometaphyseal dysplasia type 1 (FMD1), Melnick-

Needles syndrome (MNS), and terminal osseous dysplasia with pigmentary skin defects 

(TODPD). These patients also have short stature and abnormalities in their toes and fingers such 
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as varying lengths and spaces between digits. They also experience conductive HL due to 

ossicular abnormalities. The molecular genetic diagnosis of this syndrome is identification of 

pathogenic variants in the X-linked gene, FLNA (65). 

6.7 American College of Medical Genetics and Genomics (ACMG) guideline for the 

evaluation and diagnosis of HL 

The ACMG published the first practice guideline for the clinical evaluation and etiologic diagnosis 

of HL in 2014 (66). An updated algorithm for the evaluation of clinical and diagnostic of HL was 

recently published (67). This updated framework outlines the process for evaluating and 

diagnosing HL, incorporating genetic counselling and testing. The process begins with the clinical 

confirmation of HL. If additional findings are revealed during the evaluation, pre-test genetic 

counselling is conducted, followed by a standard clinical evaluation to identify genetic syndromes 

with genetic testing as indicated. Genetic testing could include single gene tests, multi-gene 

panels, chromosome analysis, or microarray depending on clinical findings. If a syndromic 

diagnosis is made according to these genetic tests, the process diverges based on whether HL 

is common in the syndrome. If it is, post-test genetic counselling initiates familial testing as 

needed. If HL is not common in the syndrome, a comprehensive HL gene panel is performed and 

if negative based on panel, ES or GS may be considered. If no additional findings are revealed 

during the initial evaluation, a comprehensive HL gene panel is directly administered. Positive 

results indicating pathogenic variant(s) that explain HL also lead to post-test genetic counselling 

and familial testing as indicated. Negative results lead to considering CMV testing on newborn 

screening blood-spot and re-evaluating periodically or considering research testing. 

We also followed this approach and additionally screened a prevalent gene implicated in HL, 

GJB2, in our patient cohort due to its high frequency of pathogenic variants and low cost of 

screening by Sanger sequencing. Below is an introduction about the main steps of this approach 

that we performed in our cohort.  

6.8 Pedigree analysis and family history 

As HL can be caused by a variety of etiologies and exhibits diverse possible modes of 

inheritance, family history and pedigree analysis are essential steps to understanding the 

possible genetic contribution to HL and method for molecular genetic diagnosis. For many genes, 

intrafamilial variability, variable expressivity and incomplete penetrance are described. Drawing 

an informative pedigree requires that the information from at least three generations be collected. 

The information in pedigrees provides hints about the mode of inheritance, how to interpret 

variants of uncertain significance and prioritize segregation studies after identification of the 
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primary finding as diagnostics. For example, if an identified variant is of uncertain significance, 

and we know, based on the pedigree, that there are additional affected and unaffected 

individual(s) in the family, it is recommended to perform Sanger sequencing to segregate the 

variant in the family members. These segregation results help clarify the variant of uncertain 

significance by either adding more strength for its probable pathogenicity or supporting its 

exclusion as in the case of discordant segregation. Family history is also helpful to evaluate the 

genetic finding. For instance, if a variant arises de novo, it means the disease is most likely 

sporadic in the family unless there is a germline mosaic variant.  

6.9 Patient recruitment  

The patient cohort included 166 index patients from Iran and Germany with various forms of 

hearing impairment. The inclusion criteria were flexible to include patients with all types of 

suspected hereditary non-syndromic and syndromic HL (sensorineural, conductive, or mixed) 

with variable degrees from mild to profound. The age of onset and age of last measurement were 

important in our documentation process. Suspected hearing loss due to an environmental cause 

led to study exclusion (Figure 3).  

 

Figure 3 Framework of approaches to the clinical evaluation and etiologic diagnosis of HL 

6.10 Stage-wise testing for the identification and characterization of variants 

Based on ACMG guideline for the evaluation and diagnosis of HL and following study inclusion 

and exclusion criteria, the following steps were performed. 

6.10.1 GJB2 pre-screening 
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GJB2 is the most common cause of congenital non-syndromic HL (68, 69). The first GJB2 variant 

implicated in autosomal recessive non-syndromic HL was reported in 1997, and since then over 

300 pathogenic variants have been identified worldwide (see the Connexin-deafness website: 

http://davinci.crg.es/deafness/ and Deafness Variation Database (DVD): 

https://deafnessvariationdatabase.org/). In the US, GJB2 variants are estimated to be 

responsible for about 15-20% of deafness cases (70), while in Asian countries like Japan, they 

account for 12.5% of cases (71). The most common pathogenic variant in the European 

population is c.35delG p.Gly12fs*2, while in individuals with Asian genetic ancestry, the most 

prevalent pathogenic variants are c.235delC p.Leu79Cysfs*3 and c.109G>A p.Val37Ile (72). 

As GJB2 is a relatively small gene with two exons, it is possible to evaluate the coding region by 

Sanger sequencing using two primer pairs. All the index patients in the cohort with a suspected 

non-syndromic HL were screened using Sanger sequencing for GJB2 variants.  

6.10.2 Genome-wide SNP array analysis 

Genome-wide SNP arrays identify heterozygous or homozygous SNP genotypes in the genome 

and support copy number variation (CNV) analysis to detect chromosomal abnormalities. There 

are two types of probes in this method for detection of SNP genotypes or CNVs. Besides 

microdeletion/microduplication detection, loss of heterozygosity (LOH), mosaicism, and 

uniparental disomy (UPD) can be detected. In this thesis, SNP array data was mainly used for 

homozygosity mapping and CNV analysis that was performed using homozygosity mapper (73), 

and GenomeStudio, respectively.  

6.10.3 ES 

The human genome has 3 billion nucleotides from four bases (A, T, C, and G). Only 1.5-2% of 

the genome is comprised of exons (Expressed regiON) that are translated into protein. ES is 

designed to sequence this part of the genome, with a diagnostic rate of roughly 45-50% (74). ES 

not only covers all exons, but it can also detect canonical and noncanonical splice sites. The 

main pitfall of ES includes lack of coverage of deep intronic variants, as well as limitations in 

coverage uniformity and the detection of duplications and repeat expansion variants, which all 

can be covered by GS.  

6.10.4 GS 

Over the last decade, the price of next generation sequencing (NGS) has significantly decreased, 

allowing for GS as the preferred method for molecular genetic diagnostic testing. This method 

provides the sequence of the entire genome and can allow for the identification of all types of 

variants including single nucleotides variants (SNVs), CNVs and structural variants (SVs). By 

developing and updating the bioinformatics pipeline (DRAGEN), repeat expansion variants can 

http://davinci.crg.es/deafness/
https://deafnessvariationdatabase.org/
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also be detected. However, limitations remain with respect to the identification of complex 

rearrangements, as well as imprinting and methylation disorders, which can alternatively be 

detected by long-read sequencing or whole-genome bisulfite sequencing, respectively.  

6.11 Functional studies 

Functional studies aim to investigate how target genes contribute to biological processes, such 

as protein interactions, signalling pathways, gene expression regulation, and cellular functions. 

The scope of this project characterized variants identified in novel genes. One recurring variant 

type included splicing variants that were functionally characterized using in vitro splicing assay 

(minigene assay).  

6.12 In-silico tools for predicting the impact of variants on splicing 

In-silico splice prediction tools, such as those included in Alamut Visual Plus v.1.4, have been 

developed to predict variants that may impact pre-mRNA splicing. The following splicing tools 

were used to predict the probability of aberrant splicing for target variant: SpliceSiteFinder-like, 

MaxEntScan, GeneSplicer, and NNSplice (Figure 4).  

SpliceSiteFinder-like is based on position weight matrices computed from a set of human 

exon/intron junctions for donor and acceptor sites. The tool calculates a score, which is the 

probability of observing a sequence given the motif model (matrix). This allows it to predict 

potential splice sites within a DNA sequence, providing valuable insights into the splicing process 

(75). MaxEntScan uses the 8Maximum Entropy Principle9 to account for both adjacent and non-

adjacent dependencies between positions. This approach generalizes most previous probabilistic 

models of sequence motifs, such as weight matrix models and inhomogeneous Markov models. 

MaxEntScan provides a score for potential splice sites within a DNA sequence, aiding in the 

prediction and analysis of splice-altering single nucleotide variants (76). GeneSplicer is a 

computational method used for predicting splice sites in genomic DNA of various eukaryotes. It 

has been trained and tested successfully on several organisms, including Plasmodium falciparum 

(malaria), Arabidopsis thaliana, human, Drosophila, and rice which aids in understanding of gene 

structure and function (77). NNSplice is an in-silico tool used for predicting splice sites in genomic 

DNA sequences. It uses a neural network-based approach to identify the 59 and 39 splice sites, 

which are crucial for pre-mRNA splicing. By accurately predicting these splice sites, NNSplice 

aids in the understanding of gene structure and function and can help identify variants that may 

disrupt normal splicing (78).  



33

 

Figure 4 A splicing variant visualized in Alamut tool

This figure illustrates four panels. The top two panels represent the 5´ and 3´ regions for the reference sequence 

(wild-type), while two lower panels correspond to the variant (mutated). Each tool demonstrates scores represented 

as bars at variant positions. The scoring scale varies for each tool: a score of zero predicts that splicing does not 

occur at that position, whereas a high score suggests a high probability of splicing.  

Besides four abovementioned tools, two other tools predict regulatory elements including 

ESEfinder and RESCUE-ESE. The figure 5 depicts these predictions, using the CLRN2 variant 

(c.494C>A) as an example (79).  

ESEfinder is a computational tool used to predict the impact of regulatory variants within genomic 

regions. These variants can alter regulatory elements such as enhancers, transcription factor 

binding sites, and DNA methylation regions. ESEfinder annotates these variants using 

information from large-scale projects that discover regulatory elements in different tissues and 

organisms. It predicts their effects, including potential pathogenicity, using rule-based and 

machine learning approaches (80). RESCUE-ESE is a hybrid computational/experimental tool 

designed to predict the impact of regulatory variants within exonic regions. Specifically, it focuses 

on exonic splicing enhancers (ESEs)4short oligonucleotide sequences that enhance pre-mRNA 

splicing when present in exons (81). 
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Figure 5 ESEfinder and RESCUE-ESE analyses for the variant in CLRN2  

Using ESEfinder and RESCUE-ESE, the splicing sequence patterns were explored in both the wild-type (upper 

panel) and mutated (lower panel) human sequences at position c.494. The nucleotide at c.494 is highlighted in red. 

Above each sequence, ESE hits are indicated. Additionally, the green boxes below the nucleotide at c.494 

corresponds to RESCUE-ESE hexamers. Notably, the c.494C>A variant is predicted to introduce an ESE hexamer, 

as evidenced by the string of green boxes in the lower sub-panel. 

6.13  Objectives and outcomes of doctoral research 

The present work is embedded in a larger collaborative cohort study of Iranian and German 

families with syndromic and non-syndromic HL. The aim is to establish the role of potential novel 

genes and allelic disorders of known genes. After excluding patients achieving a diagnosis 

through identification of likely causal variants in GJB2, ES was performed to identify variants for 

expanded exome-wide analysis. In five families with several affected siblings who remained 

undiagnosed after ES, we performed GS to attempt to identify novel genes or deep intronic 

variants. For segregation analysis, we performed Sanger sequencing in available DNA from 

family members. Additionally, minigene assays were performed for selected variants with 

predicted impact on splicing. In this study, allelic disorders of two genes were confirmed. First, 

the gene-disease association between COL11A1 and non-syndromic HL was strengthened by 

including two unrelated families with established novel variants impacting splicing. Second, the 

association of biallelic variants in COL9A3 as causal for Stickler syndrome type 6 was 

investigated in three unrelated families harbouring novel variants. Moreover, the discovery of 

novel variants in MPDZ further expanded the spectrum of phenotypes associated with MPDZ-

related disorders. Additionally, this work solidified the role of MPDZ in HL by presenting a family 

with three affected individuals and analysing available phenotyping data in a mouse model. My 

work also contributed to establishing CLRN2 as a novel autosomal recessive non-syndromic HL 

gene (DFNB117). Collaborating in a significant study, I was also involved in establishing the role 

of SPATA5L1 in both syndromic and non-syndromic (DFNB119) HL. Furthermore, novel variants 
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in CDC14A, ADGRV1, IPO8, PIGS, and KARS1 were confirmed through in vitro functional study 

(minigene assay). The minigene findings contribute valuable insights into the functional impact 

of these variants.  

7 Results and discussion (Summary and discussion of published results) 

7.1 Novel Loss-of-Function Variants in CDC14A are Associated with Recessive 

Sensorineural HL in Iranian and Pakistani Patients (Attachment 1) 

Cell Division Cycle 14A (CDC14A) is associated with DFNB32, as well as hearing impairment 

and infertile male syndrome. This gene is located on chromosome 1p21.2 and is essential for 

centrosome separation and productive cytokinesis during cell division (82). In addition to being 

present in the kinocilia of hair cells, this gene is also found in the basal bodies and sound-

transducing stereocilia of the mouse inner ear (83). Mice with a homozygous variant in Cdc14a 

experienced postnatal degeneration of hair cells, although their kinocilia remained normal in 

length. Additionally, these mice exhibited degeneration of seminiferous tubules and defects in 

spermiation, leading to infertility in males (84). Before this study, only nine genetic variants have 

been published related to HL, of which, five also associated with male infertility. Biallelic variants 

in this gene cause varying degrees of HL severity from moderate to profound. In this study, ES 

and gene mapping approaches were performed in two unrelated families (family 1, Iranian and 

family 2, Pakistani), uncovering a homozygous splicing variant (c.1421+2T>C p.?) abolished the 

donor splice site in intron 14 in family 1 and a homozygous frameshift variant (c.1041dupC 

p.Ser348Glnfs*2) in family 2. Both variants were submitted to LOVD V3.0 under the accession 

IDs 00269609 and 00269610. Segregation analyses were performed in available family members 

of both families. Functional in vitro splicing study (minigene assay) of the variant in family 1 

(c.1421+2T>C p.?) was performed, and it showed that the variant activates a cryptic splice site 

in the exonic region.  In order to determine if the variant in family 2 (c.1041dupC) causes 

nonsense-mediated mRNA decay (NMD) of CDC14A, the relative expression of CDC14A mRNA 

was measured. The introduction of a premature termination codon immediately after p.348 would 

result in the truncation of 44% of the amino acid residues in full length CDC14A. The infertility 

did not analyse in patients due to limitations. This study was published in the International Journal 

of Molecular Sciences. In this study, I collected clinical information for the Iranian family. 

7.2 The Many Faces of DFNB9: Relating OTOF Variants to Hearing Impairment 

(Attachment 2) 

OTOF encodes otoferlin, a critical protein at the synapse of auditory sensory cells, the inner hair 

cells (IHCs). In the absence of otoferlin, IHC signal transmission fails due to impaired release of 
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synaptic vesicles at the IHC synapse. Biallelic pathogenic variants in this gene cause autosomal 

recessive profound deafness (DFNB9). All pathogenic and likely pathogenic variants reported in 

literature or clinical database entries were collected (Leiden Open Variation Database v3.0 

(LOVD v3), the DVD, ClinVar, and the Human Gene Mutation Database (HGMD)). This included 

84 missense, 44 frameshift, 43 nonsense, 36 splice site, 7 in-frame duplications or deletions, 3 

CNVs, as well as 1 stop loss and regulatory variant each. Additionally, we reviewed the broad 

phenotypic spectrum reported in patients with variants in OTOF that includes milder HL, as well 

as progressive and temperature-sensitive HL.  By the end of preparation of our publication, 220 

pathogenic and likely pathogenic variants in OTOF were reviewed and curated. 

Studies in Otof-knock-out mouse models revealed that in the absence of otoferlin from IHCs, very 

few neurotransmitter-filled synaptic vesicles fuse with the plasma membrane (85). Thus, acoustic 

stimuli still generate receptor potentials in the IHCs (and OHCs), but this information is not passed 

to the auditory pathway. In vitro studies indicating that otoferlin can interact with neuronal SNARE 

proteins contributed to the hypothesis that otoferlin acts as a synaptotagmin-like Ca2+ sensor for 

exocytosis (86). However, later studies revealed that such neuronal SNAREs are expressed at 

only very low levels in IHCs and are absent from IHC synapses (87). Instead, the mechanism of 

vesicle fusion might rely on a unique molecular mechanism in IHCs (88). Later studies in a mouse 

line with the mutation of a presumed Ca2+-binding site revealed a slight delay and slowing down 

of Ca2+-triggered exocytosis, which would be in line with a Ca2+-dependent acceleration of 

exocytosis and was interpreted as a Ca2+ sensor function for otoferlin in exocytosis and vesicle 

replenishment (89). However, the Ca2+-binding capability of the site targeted in this study is still 

under debate. Mouse model studies also showed that in a reduction of otoferlin protein, IHC 

synapses are constantly deficient of fusion-competent synaptic vesicles. Consequently, no ABRs 

can be recorded in these animals (90).   

Otoferlin isoforms 

OTOF has long and short isoforms with alternative splicing of exons 6, 31 and 47. With respect 

to a potential functional role of the short isoforms, a review of pathogenic and likely pathogenic 

variants has shown no indication that variants only affecting the long, but not short, isoforms 

would cause a milder phenotype. This confirms that the long isoform is critically required for 

normal hearing function (91). There are two long isoforms for OTOF: isoform (a) was detected 

from brain cDNA extraction with the last codon in exon 47 but an alternative splice isoform (e) 

skips exon 47, instead using exon 48 to encode the C-terminus. Pathogenic and likely pathogenic 

variants in exon 48 confirmed that this exon is critical for the human cochlea. 

Founder variants in OTOF 
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In Japanese patients with auditory neuropathy/synaptopathy, biallelic OTOF variants were 

uncovered in 56% of cases that included the identification of a founder variant c.5816G>A 

p.Arg1939Gln (92). The c.2485C>T p.Gln829* founder variant was identified in 87% of patients 

diagnosed with auditory neuropathy/synaptopathy in the Spanish population (93). Another 

founder variant c.5098G>C p.Glu1700Gln was identified in Taiwanese patients with progressive, 

moderate-to-profound HL. This variant was found to be present in 23% of a selected patient 

cohort consisting of 22 individuals with auditory neuropathy/synaptopathy (94). 

Temperature-Sensitive Auditory Synaptopathy 

There are nine variants in the OTOF gene that have been reported to cause temperature-

dependent HL: c.1544T>C p.Ile515Thr, c.1621G>A p.Gly541Ser, c.4819C>T p.Arg1607Trp, 

c.3239G>C p.Arg1080Pro, c.2093G>C p.Arg698Thr, c.5410_5412delGAG p.Glu1804del, 

c.4981G>A p.Glu1661Lys, c.2383delC p.Leu795Serfs*5 and c.2975_2978del p.Gln994Valfs*6. 

At elevated temperature, patch clamp recordings revealed a decrease in exocytosis when cells 

were heated from near-physiological (35337°C) to elevated temperatures (38.5340°C). The wild-

type protein is able to refold in higher temperatures. Potentially, any slight destabilization of this 

highly flexible protein might decrease the chance of re-folding after heat exposure, such that 

more protein is degraded at a slightly elevated body temperature, thereby exacerbating the 

hearing disturbance. 

Current and Future Therapies for DFNB9 

Diagnosing deafness caused by biallelic variants of OTOF or auditory 

neuropathies/synaptopathies of other origins is not reliably possible with OAE screening. 

However, in most countries, OAE assessment is the preferred method for screening in the first 

year of life, which may result in deafness not being diagnosed during this critical period, leading 

to missed opportunities for cochlear implantation. Therefore, it is recommended that newborn 

hearing screening protocols include ABRs, or a combination of OAEs and ABRs, to support early 

diagnosis. In this review, we introduced the currently favored gene therapeutic approach involves 

replacing the defective gene by transducing IHCs with correct cDNA by means of recombinant 

adeno-associated viruses (AAVs), reviewed in (95). Two separate trials have since shown 

promising results for this gene (96, 97). In this review, I collected all published variants, curated 

them and illustrated in Figure 2 of this paper.  

7.3 Aberrant COL11A1 splicing causes prelingual autosomal dominant non-

syndromic HL in the DFNA37 locus (Attachment 3) 

Collagen type XI alpha‐1 chain (COL11A1) is associated with autosomal dominant Marshall 

syndrome (MRSHS) and autosomal dominant or recessive Stickler syndrome type 2, as well as 
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autosomal recessive fibrochondrogenesis (FBCG1). Each of these syndromes has a phenotypic 

overlap that includes skeletal abnormalities and dysmorphic features, as well as variable cleft 

palate, ocular, and auditory phenotypes that can include mild‐to‐moderate HL and outer ear 

malformations. Very recently, this gene has been associated with autosomal dominant non-

syndromic HL (51) . In our study, two non-consanguineous families with two separate splicing 

variants in COL11A1 were identified that were re-evaluated in light of the new gene-disease 

association. After checking detailed clinical information by our colleagues, the first index was a 

37‐year‐old proband, presenting stable, down‐sloping, moderate‐to‐severe, high‐frequency 

sensorineural HL, as well as hypothyroidism and diabetes. The speech discrimination with regard 

to monosyllables was 70% and 50% at 65‐dB hearing level on the right side and 80% at 65 dB 

hearing level on the left side when evaluated at 34 and 37 years of age, respectively. He has 

worn hearing aids since age 6 years. His daughter was diagnosed with severe HL at the age of 

two years. All syndromic features including myopia, retinal detachment, midface hypoplasia, 

submucous cleft palate, and arthritis/joint pain have been excluded in both affected individuals. 

The second index of this study was a 31‐year‐old, female, presented moderate sensorineural HL 

in the mid‐ and high frequencies since early childhood. She did not have a severe form of HL that 

might be suggestive of progression. Her son was born at term after an unremarkable pregnancy 

and failed newborn hearing screening. The mother reported a cleft lip and palate, an occurrence 

not previously reported with Stickler syndrome type 2 and assumed to be due to other genetic or 

multifactorial causes. She reported no other abnormalities. Her son does not have any other 

symptoms except HL.  

Two novel heterozygous variants in COL11A1 were identified that each disrupt canonical splice 

sites: NM_080629.2:c.652‐1G>C (ClinVar Accession: RCV000487702.2; LOVD Genomic 

Variant Accession: 0000686099) and NM_080629.2:c.4338+2T>C, arising de novo, (ClinVar 

Accession: RCV000585624.2; LOVD Genomic Variant Accession: 0000686100).  

A minigene assay and TA cloning was performed for the c.652‐1G>C genetic variant that 

identified two aberrant in-frame splice effects: r.652_663del p.Gly218_Gln221del and 

r.652_666del p.Gly218_Gln222del. For the second variant, c.4338+2T>C, the minigene assay 

showed three abnormally spliced amplicons including r.4338_4339ins4338+1_4338+4 

p.Gly1447Alafs*12; r.4338_4339ins4338+1_4338+30 p.Gly1447Alafs*9 and r.4285_4338del 

p.Gly1429_Met1446del. In this study, I performed the minigene assay for the c.4338+2C genetic 

variant and confirmed the percnetage of multiple bands in both minigene results by TA cloning.  

Although the precise mechanism of COL11A1‐associated hearing impairment has not been 

elucidated, disruption of COL11A1 is consistently associated with HL, as demonstrated by about 
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84% of individuals diagnosed with MRSHS having HL, which supports the critical function of this 

protein in the auditory system (98). It also demonstrated that the source of COL11A1 mRNA is 

in the tectorial membrane and suggested its mutation affects normal cochlear function (99). 

Moreover, the pleiotropy exhibited by this gene, like other genes that are associated with 

syndromic and non-syndromic HL, remains to be fully characterized. In summary, this work 

characterized two novel splice altering variants associated with DFNA37, providing confirmatory 

evidence of COL11A1 as a bona fide autosomal dominant non-syndromic HL gene. It is 

recommended that COL11A1 be included in the routine diagnostic testing of patients with both 

syndromic and non-syndromic forms of deafness. 

7.4 Expanding the phenotype of PIGS-associated early onset epileptic 

developmental encephalopathy (Attachment 4) 

Phosphatidylinositol glycan class S (PIGS) encodes a GPI-AP, specifically a subunit of the GPI 

transamidase complex that catalyses the attachment of preformed GPI to proteins containing a 

C-terminal GPI attachment signal. Biallelic pathogenic variants in PIGS have been reported for 

developmental and epileptic encephalopathy type 95 (DEE95). The phenotype for patients with 

DEE95 included severe global developmental delay, seizures, hypotonia, weakness, ataxia, and 

dysmorphic facial features, but also multiple joint contractures (consistent with fetal akinesia) in 

two fetuses. In this study, six patients with biallelic variants in PIGS were reported. All patients 

showed the previous reported phenotypes. Several patients also showed evidence of other 

phenotypes such as renal malformation (1/6, 17%), visual impairment (3/6, 50%), severe HL (2/6, 

33%), and acquired arthrogryposis (2/6, 33%).  

Table 4 PIGS genetic findings in five families 

Family 

number 

Variant c. and p. positions 

(NM_033198.4) 

Zygosity Comment 

Family 1 

and 2 

c.174G>C  

p.Gln58His 

Homozygous  The in vitro functional study was 

confirmed its impact on splicing 

Family 3 c.1070G>A  

p.Gly357Asp 

Homozygous within a 10-Mb block of homozygosity 

Family 4 c.986C>G  

p.Pro329Arg 

Homozygous Two affected, one deceased 

 

Family 5 c.1141_1164dup24  

p.Asp381_Val388dup and 

c.734G>A p.Trp245* 

Compound 

heterozygous 

Confirmed the trans status in parents 

 

My contribution to this study focused on a minigene assay to assess aberrant splicing for the 

c.174G>C variant. It was designed to capture a 508-bp amplicon including exons 2 and 3, as well 
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as a 369-bp amplicon with only exon 3. The amplicon with the homozygous c.174G>C variant 

revealed only exon 3 (369 bp), indicating a skipping of exon 2 that was Sanger sequence 

confirmed. This out-of-frame deletion of exon 2 (r.35_174del) would result in a premature stop 

codon p.Glu12Alafs*31.  

This study also introduced PIGS as a causal for syndromic HL. Furthermore, the significance of 

screening PIGS for infantile epilepsy is emphasized by our data. This can aid in the better 

understanding of new PIGS variants with the assistance of biochemical findings and flow 

cytometry analysis. Additionally, PIGS is not included in most commonly used epilepsy gene 

panels, indicating that it may be a more common cause of early infantile epilepsy than previously 

thought. With the expansion of epilepsy genetic testing and increased accessibility of ES, it is 

expected that more patients will be diagnosed in the future. 

7.5 A biallelic variant in CLRN2 causes non-syndromic HL in humans 

(Attachment 5) 

The main aim of this thesis was to identify novel genes in HL and expand the phenotypes caused 

by known genes or clarify the clinical heterogeneity.  

In the CLRN2-project, a diverse array of methodologies were employed, including genotyping, 

gene mapping, CNV analysis, ES data analyses, PCR and Sanger sequencing, CRISPR/Cas9-

mediated inactivation of this gene in mice and zebrafish, and a minigene assay. These combined 

approaches were instrumental in elucidating the role of CLRN2, a novel gene, in the context of 

HL. A homozygous missense variant (c.494C>A p.Thr165Lys (NM_001079827.2)) in an Iranian 

family with three affected and 11 unaffected individuals was identified. Based on self-reporting of 

family, the earliest reported clinical diagnosis of HL in affected individuals was between 2 and 3 

years of age. Newborn hearing screening was not routinely performed when the affected 

individuals were born, so it cannot be confirmed hearing was normal at birth. 

The in-silico prediction via ESEs suggested that this variant impacts splicing. Therefore, in vitro 

functional assays (minigene assays) were performed in three different cell lines (HEK293, COS-

7 and ARPE-19 cells), with all three experiments showing the same result, with the c.494C>A 

variant yielding two bands; one ~ 650 bp band matching the expected normally spliced exon, and 

a second abnormal band that was approximately ~ 1360 bp. Sequencing of these amplicons 

validated normal splicing including the c.494A variant and also revealed a retained intron 2 in the 

aberrantly spliced transcript. The retention of intron 2 results in a new reading frame that 

introduces a stop codon 26 amino acids after the native exon 2 splice site (p.Gly146Lysfs*26). 

Therefore, our data showed that the CLRN2 c.494C>A variant probably affects protein function 
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in two ways: (1) as a missense variant (p.Thr165Lys) producing a mutant full length protein and 

(2) as a splice variant leading to intron retention.  

In order to explore the crucial function of clarin 2 in the inner ear, zebrafish clrn2 mutant 

phenotype and Clrn2del629/del629 mutant mice were produced that did not possess a functional 

protein. Analysis of Clrn2del629/del629 mice using ABR measurements demonstrated elevated 

hearing thresholds when compared to their Clrn2+/+ littermate controls at postnatal day 21 (mean 

click threshold of 87 dB SPL ± 7 s.d. and 24 dB SPL ± 6 s.d., respectively). 

Altogether, this is the first time that CLRN2 has been implicated as a gene responsible for 

deafness in humans, which has been confirmed through animal studies. Further investigation of 

families with CLRN2 biallelic variants will be crucial in understanding the clinical characteristics 

of this type of HL. The experiments with zebrafish and mice have established that defective clarin 

2 protein in hair cells is likely the cause of HL, as it is necessary for the proper organization and 

maintenance of mechanosensitive hair bundles. In this study, I performed TA cloning to clarify 

the percentage of different products after minigene assay.  

7.6 Bi-allelic variants in IPO8 cause a connective tissue disorder associated with 

cardiovascular defects, skeletal abnormalities, and immune dysregulation 

(Attachment 6) 

Importin 8 (IPO8) has 25 exons that encode a 1,037 amino acid protein with the b-importin N-

terminal domain (223102 aa) and a CSE1-like domain (2023441 aa) containing a RanGTPase-

binding motif characteristic of B-importins. I collaborated in a study that identified 11 novel 

variants in 12 individuals, with seven as homozygotes and four as compound heterozygotes in 

IPO8 (GenBank: NM_006390.3). Out of the seven homozygous variants, four were likely LOF 

variants including three nonsense and one frameshift (c.2407C>T p.Arg803*, c.82C>T p.Gln28*, 

and c.2129C>G p.Ser710*, and c.728delC p.Pro243Leufs*27). One of the homozygous variants 

was a splicing variant (c.2695+3_2695+7delAAAGT) and two were missense variants (c.262G>A 

p.Asp88Asn and c.2500C>T p.Arg834Trp). The compound heterozygous variants were 

frameshift variants leading to a premature stop codon (c.2279delT p.Leu760ProfsTer10 and 

c.1538delC p.Pro513Leufs*13) in trans with a splicing (c.2900-1G>A p.?) and a missense variant 

(c.2245T>C p.Cys749Arg), respectively. Both, c.2695+3_2695+7delAAAGT and c.2900-1G>A 

variants were predicted to impact splicing according to SpliceAI. My contribution to this work 

involved analysis of the c.2695+3_2695+7delAAAGT variant using a minigene assay. The results 

demonstrated skipping of exon 22 and activation of a cryptic splicing site. 

In summary, 12 individuals from nine families with bi-allelic LOF variants in IPO8 were identified 

who presented with a syndromic association characterized by cardio-vascular anomalies, joint 
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hyperlaxity, and various degrees of dysmorphic features and developmental delay as well as 

immune dysregulation. One of the patients had severe language delay (first words spoken at the 

age of 6 years) contributed to by moderate to severe bilateral conductive HL. This study 

introduced that pathogenic variants in IPO8 can cause conductive HL and this gene is associated 

with syndromic HL. 

7.7  Unraveling the genetic complexities of combined retinal dystrophy and 

hearing impairment (Attachment 7) 

Analysis of a deaf3blind cohort of 59 families was performed. This study includes the analysis of 

seven Mexican and 52 Iranian probands with combined retinal degeneration and hearing 

impairment (without intellectual disability). The clinical assessment encompassed 

ophthalmological examinations and a HL questionnaire. In this cohort, Usher syndrome, was 

primarily attributed to biallelic variants in MYO7A (USH1B in 16 probands), USH2A (17 

probands), and ADGRV1 (USH2C in 7 probands), and it was diagnosed in 44 out of 59 (75%) 

unrelated probands. Among the probands, 9 out of 59 (15%) exhibited other genetic conditions 

characterized by dual sensory impairment. These included Alström syndrome (observed in 3 

patients), cone-rod dystrophy and HL 1 (seen in 2 probands), and Heimler syndrome (presented 

in 1 patient). Additionally, unexpected findings included individual probands with Scheie 

syndrome, coenzyme Q10 deficiency, and pseudoxanthoma elasticum. Two (3%) probands were 

partially solved and only three (5%) remained undiagnosed and the overall diagnostic yield of ES 

in this cohort was 92%. In vitro functional study (minigene assay) was performed for variants 

identified in two genes. I performed minigene assay for two variants to establish their impact on 

splicing (ADGRV1 c.9623+3A>C and PDSS2 c.702+1G>A splice variants). The minigene assay 

of the ADGRV1 variant identified that the main donor splice site was not used and instead two 

cryptic donor splice sites in exon 44 were used, yielding an in-frame deletion r.9495_9623del 

p.Tyr3166_Arg3208del, frameshift deletion r.9530_9623del p.Gly3177Glufs*5, and partially 

caused skipping of exon 44 r.9448_9623del p.Ala3150Serfs*11. The minigene assay for the 

PDSS2 variant detected that this variant causes skipping of exon 4, leading to an in-frame 

deletion r.631_702del p.Val211_Lys234del. 

In summary, the findings from this study unveiled novel variants that contribute to the enrichment 

of existing scientific literature. It suggested that patients with dual sensory loss as the primary 

symptoms may suffer from various syndromes that include both hearing and vision impairment, 

not only limited to Usher syndrome, and can include mild symptoms or the absence of additional 

symptoms defining the syndrome. In many instances of monogenic disorders, the genotype does 

not accurately predict the phenotype. Variants found in patients with highly variable phenotypic 
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manifestations can also be present in seemingly healthy individuals, highlighting the importance 

of variable expressivity and reduced penetrance. 

7.8 Biallelic variants in KARS1 are associated with neurodevelopmental 

disorders and HL recapitulated by the knockout zebrafish (Attachment 8) 

Aminoacyl-tRNA synthetases (ARS) are a class of enzymes that charge tRNAs with their cognate 

amino acids. KARS1 (Lysyl-tRNA Synthetase 1) is one of the bifunctional ARS enzymes. In this 

study 10 new and four known biallelic missense variants in 22 affected individuals from 16 

unrelated families were reported. Although KARS1 was previously associated with non-

syndromic HL, in this report, all patients presented syndromic HL: All cases uniformly expressed 

neurological symptoms (22/22, 100%), frequently involving sensorineural HL  (20/21, 95%), 

seizures (13/22, 59%), hypotonia (9/22, 41%), cerebellar ataxia (7/22, 32%), spasticity (8/22, 

36%), strabismus (6/20, 30%)and nystagmus (4/20, 20%), and acquired joint contractures (4/22, 

18%). HL was severe-to-profound in 16/21 cases (76%), and 5/10 (50%) of them had cochlear 

implants. Other variable neurological features included visual impairment/optic atrophy (7/20, 

35%), quadriplegia (3/22, 14%), dystonia and tremor (2/22, 9%), neuropathy (1/10, 10%), 

neurophysiologically confirmed skeletal myopathy (2/22, 9%), generalized muscle atrophy (2/22, 

9%), and incontinence (4/22, 18%).  

Based on this report, inter- and intrafamilial phenotypic variability was noticed among individuals 

with the same variants in the present KARS1 cohort. For instance, three affected siblings in family 

11 (see the attachment 8 in appendix section) each harboured a homozygous KARS1 (c.379T>C 

p.Phe127Leu) variant, and although they shared common symptoms such as developmental 

delay, infantile-onset profound HL, dysmorphic facial features, spasticity, and varying degree of 

joint contractures, several important symptoms were expressed only by one of them. This 

included regression, epilepsy, optic atrophy, failure to thrive, and hyperactivity. 

An animal model (zebrafish disease model) was generated and phenotype to attempt to 

recapitulate the patients9 symptoms. In the brain of 5-day-old larvae, kars1−/− mutants exhibited 

a vacuolated spongiosis appearance with reduced cell density and disorganized segment 

boundaries compared to their wild-type siblings, as revealed by histological analysis. Additionally, 

the mutants showed a significant reduction in eye volume and complete loss of retinal layer 

organization, strongly indicating impaired vision. Furthermore, staining showed a marked 

decrease in the number of neuronal cells in both the brain and retina of the kars1−/− mutants 

compared to controls. Abnormal motor neuron morphology was also observed, including 

shrinkage of motor neuron axon projections and reduction of terminal axonal branching in the 
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mutants, further suggesting a significant alteration of locomotor function in these animals. 

Additionally behavioural testing showed hearing impairment in these models.  

Further investigations by this project identified that loss of kars1 leads to upregulation of p53, 

tissue-specific apoptosis, and downregulation of neurodevelopmental related genes, 

recapitulating key tissue-specific disease phenotypes of patients. Inhibition of p53 rescued 

several defects of kars1−/− knockouts. 

Overall, this study expands on the range of symptoms associated with KARS1 variants, including 

autism/hyperactivity. Several dysmorphic facial features were noted that have rarely been 

reported in previous studies, with 11 out of 52 individuals showing these features. These findings 

also provide further evidence for skeletal myopathy, which has previously been reported in only 

one case. The significance of hypertrophic cardiomyopathy is highlighted, as it has been reported 

in a few cases and is also present in our study. Additionally, this work suggests that cerebellar 

ataxia may be a more frequent feature of KARS1-associated phenotypes than previously thought, 

as it was present in 32% of this cohort compared to only 10% in previous reports. Overall, this 

analysis shows that KARS1 variants primarily affect neurological and neurosensory functions and 

are associated with facial dysmorphism, similar to other aminoacyl-tRNA synthetase disorders. 

In this study, I performed a minigene assay for select variant predicted to cause aberrant splicing. 

The minigene assay showed the variant behaves as wildtype, therefore the variant excluded from 

study and was not mentioned in the publication.  

7.9 Bi-allelic variants in SPATA5L1 lead to intellectual disability, spastic-dystonic 

cerebral palsy, epilepsy, and HL (Attachment 9) 

A substantial cohort of individuals with SPATA5L1 variants was assembled, revealing, for the 

first time, that biallelic pathogenic variants in this gene are associated with both non-syndromic 

and syndromic HL. Twenty-eight unique variants were identified with 25 compound heterozygous 

and 3 were homozygous.  

In 25 patients with syndromic HL, 22 patients had movement disorder, 18 of them had abnormal 

MRI, 16 of patients had hypotonia and visual impairment, 13 of them had epilepsy and 11 of 

these patients had microcephaly.  

In 22 patients with non-syndromic HL, all were of Ashkenazi Jewish decent, and in all, the 

missense variant (c.1398T>G p.Ile466Met), was identified in compound heterozygosity with 

various other pathogenic alleles, suggesting a hypomorphic founder allele, resulting in a partial 

rather than complete loss-of-protein function. My contribution to this study explored expression 

of SPATA5L1 in the mouse inner ear. SPATA5L1 is expressed at low levels in hair cells (inner 

and outer) as well as supporting cells (pillar and Deiter cells) in adult mice. 
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7.10  Identification of three novel homozygous variants in COL9A3 causing 

autosomal recessive Stickler syndrome (Attachment 10) 

COL9A3 serves as a good example of a gene that exhibits clinical heterogeneity. Previous 

studies have shown heterozygous variants in COL9A3 as causing multiple epiphyseal dysplasia 

type 3. It also has been shown that heterozygous COL9A3 variants have been identified as 

causing peripheral vitreoretinal degeneration and retinal detachment. Collagen IX proteins, 

encoded by COL9A1, COL9A2, and COL9A3, together form fibril heterotrimer-associated 

collagens. COL9A1 and COL9A2, are causally associated with autosomal recessive Stickler type 

4 and type 5, respectively. Through aggregating three unrelated families with deleterious biallelic 

variants in COL9A3, we confirmed its association with Stickler syndrome type 6.  

By performing ES in three families, three LOF variants: (c.107_116del p.Pro36Argfs*49, 

rs1470627424) in exon 2, (c.1204C>T p.Arg402*, rs989413835) in exon 23, and (c.355delC 

p.Leu119Serfs*9) in exon 7 were identified. We gathered detailed clinical information and 

measurements from our patients compared to previous publications and confirmed that short 

stature and cleft palate were not observed in this sub-type of Stickler syndrome. Interestingly, the 

degree of hearing loss is variable for this syndrome, ranging from moderate to profound (Figure 

6), for details see the attachment 10 in the appendix section.  

 

Figure 6 Audiogram from three patients with biallelic COL9A3 variants 

Before this study, four unrelated families were reported with homozygous LOF variants in this 

gene with overlapping phenotype (100-103). The current study confirmed that variants in 

homozygous status cause recessive Stickler syndrome, therefore designating it as Stickler 
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syndrome type 6. OMIM9s gene-phenotype curation of this gene was updated following 

publication to include Stickler syndrome type 6.  

In summary, this report consolidates that homozygous LOF variants in COL9A3 cause Stickler 

syndrome type 6. It was mainly demonstrated that high myopia and moderate-severe HL to be 

consistent features amongst all cases while skeletal findings seem more variable. 

7.11 Unraveling haplotype errors in the DFNA33 locus (Attachment 11) 

The original family that mapped the DFNA33 locus in 2009 was analysed using GS (104). 

However, the causal gene and a priority question in the field remained unidentified. As recently, 

it was demonstrated that ATP11A is responsible for autosomal dominant non-syndromic HL 

(DFNA84) (105), this gene was an obvious candidate gene potentially causing HL in the original 

family. Therefore, we performed GS in a member of the original family to determine if the DFNA33 

locus may also be assigned to ATP11A.  

After GS and analysis, we identified a deep intronic variant in ATP11A intron 8 

(chr13:113421269C>G (GRCh37), ENST00000375630: c.725 + 737C>T p.?) that was predicted 

via in-silico tools to activate exonic splice enhancers. A minigene assay showed that this intronic 

variant does not change the normal splicing process; therefore, the variant was classified as likely 

benign (PM2_Supporting, BP4_Supporting, and BS3_Strong; −4 points (likely benign point 

range: −6 to −1)) (106). After conducting short-read GS, this study determined that ATP11A is 

not the gene responsible for the DFNA33 locus. In this study, I performed the minigene assay for 

the deep intronic variant.  

7.12 Expanding the spectrum of phenotypes for MPDZ: report of four unrelated 

families and review of the literature (Attachment 12) 

MPDZ, also known as MUPP1, encodes the multiple PDZ domain crumbs cell polarity complex 

component. This protein stands as the largest among PDZ (PSD95/DLG1/ZO1) domain-

containing proteins, with 13 PDZ domains. The MPDZ gene-disease relationship with biallelic 

variants currently extends to congenital hydrocephalus type 2 with or without brain or eye 

abnormalities. However, the literature presents a continuously evolving and complex phenotypic 

landscape. Several studies have demonstrated that variants in MPDZ have additional features, 

including vision impairment, hearing impairment, cardiac abnormalities, controllable seizure, mild 

intellectual disability, lung hypoplasia, malrotation of the gut, and multicystic dysplastic kidney. In 

this study, four more families were introduced with variable phenotypes. Family 1 has three 

affected siblings with a compound heterozygous variant and two living affected siblings who have 

an overlapping phenotype with hydrocephalus, mild intellectual disability, delayed speech 
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development, and congenital HL (mild to moderate sensorineural HL). The LOF variant 

(c.3508C>T p.Arg1170*) in this family was entered in ClinVar but the second variant 

(c.5231+1G>A p.?) was a novel splicing variant. I performed a minigene assay on this variant 

and the result of this assay confirmed aberrant splicing and cryptic splice sites were used in the 

transfected cell line by this variant. The c.5231+1G>A variant indicates this donor splice site is 

skipped and instead, either usage of two cryptic splice sites or skipping of exon 38 occurred. The 

first cryptic splice site (TGGT) in exon 38 causes a frameshift variant: g.13121740_13121746del, 

r.5227_5231+2del p.Asn1745Tyrfs*36. The second cryptic splice site in this exon, TTGT, causes 

an inframe deletion: g.13121739_13121749del, c.5223_5231+2del p.Gly1742_Arg1744del. The 

skipping of exon 38 causes another frameshift variant: g.13121741_13121934del, 

c.5041_5231+3del p.Asn1681Lysfs*38. In this study, two patients (the index patients in families 

2 and 3) had spasticity that was not described in previous studies to date. The detected missense 

variants (c.4993G>A p.Ala1665Thr, c.5362G>C p.Val1788Leu, c.5701G>C p.Ala1901Pro) were 

classified as variants of uncertain significance. The auditory electrophysiology data from a 

knockout murine model (Mpdzem1(IMPC)J/em1(IMPC)J) generated by the International Mouse 

Phenotyping Consortium (IMPC) demonstrated severe hearing impairment. Aside from 

describing four families with biallelic MPDZ variants, a comprehensive review of the literature 

identified nine studies with 18 index patients that were reported to date. The systematic review 

analysis in this study summarized that hydrocephalus, vision impairment, macrocephaly, hearing 

impairment, and cardiovascular were the main clinical features described in patients with biallelic 

variants in this gene. The other phenotypes are intellectual disability, seizure, frontal bossing, 

skeletal anomalies, hypotonia, and spasticity. This study not only expands the MPDZ-related 

phenotype by highlighting hearing impairment and spasticity, but also emphasizes that missense 

variants in this gene might be disease causing and suggests further functional validation of the 

pathogenicity of missense variants in this gene. 

7.13 Conclusion and Outlook 

As NGS technology continues to advance and become more accessible for the analysis of 

increasing numbers of cases, it is now possible to rapidly discover unknown genes related to 

different rare diseases. One of the most common sensory disorders is HL, which is estimated to 

include nearly 1000 genes. The primary objective of this project was to identify novel HL 

associated genes or known genes causing unrecognized allelic disorders. Several genes 

involved in HL that exhibit allelic disorders or variable severity of phenotype were established 

during this thesis. These findings are crucial for diagnostic labs to include for accelerating 

diagnoses. During the completion of this thesis, the role of COL11A1 was confirmed in non-
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syndromic HL through the in vitro functional characterization of two novel splice variants. While 

multiple epiphyseal dysplasia-3 is a well-established disease caused by heterozygous 

pathogenic variants in COL9A3, few studies have demonstrated the role of homozygous 

pathogenic variants in Stickler syndrome. Here, we introduced three unrelated families with LOF 

variants in COL9A3, designating it as causal for Stickler syndrome, type 6 due to biallelic 

deleterious variants. Another project expanded the spectrum of MPDZ, confirming its role in HL 

through introducing a new family with three affected individuals with compound heterozygous 

variants. Additionally, I was involved in characterization of two novel genes: CLRN2, causing 

non-syndromic HL (DFNB117) and SPATA5L1, causing both syndromic and non-syndromic 

(DFNB119) HL. Further case series are necessary to consolidate the role of CLRN2 in HL as 

only one other report has very recently been published following the original gene discovery study 

(107). Regarding SPATA5L1, only a specific variant in a particular population has been shown 

to cause non-syndromic HL; however, further investigation is required to confirm whether this 

may be true of other variants. 

After primarily using ES for diagnosis in our cohort, approximately 26% of individuals remained 

unresolved. We will regularly reannotate and reanalyze these cases based on updated evidence 

and tools. Every method has its limitations; for example, ES cannot accurately detect deep 

intronic variants. All variants detected in our cohort were SNVs, but variants in CNVs/SVs should 

be considered which may not be easily detected by ES, especially duplications. Therefore, we 

will need to focus on these two types of variants. 

We have identified a potential novel gene associated with HL that is at an early stage of 

characterization. Besides functional studies, in vitro and animal models, we require further human 

cases. Consequently, we continuously monitor new cases by searching in different diagnosis 

labs and using specific tools like GeneMatcher.  

 

 



49

8 Acknowledgements 

I would like to express my sincere gratitude to Dr. Barbara Vona for her invaluable guidance and 

support throughout the process of writing my thesis. Her expertise, insightful feedback, and 

encouragement have been instrumental in shaping my research and improving the quality of my 

work. I am truly grateful for her time, patience, and dedication to helping me achieve my academic 

goals. Thank you for being an exceptional mentor and for providing me with the necessary tools 

to succeed.  

I would also like to acknowledge Prof. Olaf Rieß and Prof. Bernd Wissinger for their careful 

supervision.  

I would like to extend my heartfelt gratitude to the families and patients who participated in my 

thesis research. Your willingness to share your experiences and insights has been invaluable in 

advancing our understanding of the topic at hand. Your contribution has not only helped me fulfill 

my academic requirements but also has the potential to benefit others in similar situations. 

I would like to express my deepest appreciation to my wife, Maryam Najafi, for her unwavering 

support and understanding throughout the entire process of completing my thesis. Her constant 

encouragement, patience, and love have been my source of strength and motivation. She has 

been my sounding board, my editor, and my cheerleader, always there to lend a helping hand 

whenever I needed it. Without her unwavering support, I would not have been able to complete 

this project. I am truly grateful for her presence in my life and for being my partner in this journey. 

Thank you for everything, my love. 

 

 

  



50

 

9 References 

1.  . Available from: h琀琀ps://www.who.int/publica琀椀ons/i/item/addressing-the-rising-prevalence-of-hearing-
loss.
2. Hearing loss prevalence and years lived with disability, 1990-2019: 昀椀ndings from the Global Burden of 
Disease Study 2019. Lancet. 2021;397(10278):996-1009.
3. loss W-Dah.  [Available from: h琀琀ps://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-
loss.
4. McDaid D, Park AL, Chadha S. Es琀椀ma琀椀ng the global costs of hearing loss. Int J Audiol. 2021;60(3):162-70.
5. Korver AM, Smith RJ, Van Camp G, Schleiss MR, Bitner-Glindzicz MA, Lus琀椀g LR, et al. Congenital hearing 
loss. Nat Rev Dis Primers. 2017;3:16094.
6. Deafness and hearing loss 2023 [Available from: h琀琀ps://www.who.int/news-room/fact-
sheets/detail/deafness-and-hearing-loss 
7. She昀케eld AM, Smith RJH. The Epidemiology of Deafness. Cold Spring Harb Perspect Med. 2019;9(9).
8. Andronaco DW. Congenital Cytomegalovirus and Hearing Loss. J Obstet Gynecol Neonatal Nurs. 
2020;49(3):293-304.
9. Lindeborg MM, Jung DH, Chan DK, Mitnick CD. Preven琀椀on and management of hearing loss in pa琀椀ents 
receiving ototoxic medica琀椀ons. Bull World Health Organ. 2022;100(12):789-96a.
10. Wouters NL, Kaanen CI, den Ouden PJ, Schilthuis H, Böhringer S, Sorgdrager B, et al. Noise Exposure and 
Hearing Loss among Brewery Workers in Lagos, Nigeria. Int J Environ Res Public Health. 2020;17(8).
11. Noise and hearing loss. Consens Statement. 1990;8(1):1-24.
12. Bowl MR, Dawson SJ. Age-Related Hearing Loss. Cold Spring Harb Perspect Med. 2019;9(8).
13. Øhre B, Uthus MP, von Tetzchner S, Falkum E. Trauma琀椀za琀椀on in Deaf and Hard-of-Hearing Adult 
Psychiatric Outpa琀椀ents. J Deaf Stud Deaf Educ. 2015;20(3):296-308.
14. Mancini P, A琀琀uro F, Di Mario A, Portanova G, Ralli M, De Virgilio A, et al. Hearing loss in autoimmune 
disorders: Prevalence and therapeu琀椀c op琀椀ons. Autoimmun Rev. 2018;17(7):644-52.
15. To琀琀en DJ, Manzoor NF, Perkins EL, Cass ND, Benne琀琀 ML, Haynes DS. Management of ves琀椀bular 
dysfunc琀椀on and hearing loss in intralabyrinthine schwannomas. Am J Otolaryngol. 2021;42(4):102984.
16. Collins A, Beswick R, Driscoll C, Kei J. Conduc琀椀ve hearing loss in newborns: Hearing pro昀椀le, risk factors, 
and occasions of service. Int J Pediatr Otorhinolaryngol. 2023;171:111630.
17. Tanna RJ, Lin JW, De Jesus O. Sensorineural Hearing Loss.  StatPearls. Treasure Island (FL): StatPearls 
Publishing Copyright © 2023, StatPearls Publishing LLC.; 2023.

18. Hopkins K. Deafness in cochlear and auditory nerve disorders. Handb Clin Neurol. 2015;129:479-94.
19. Heine C, Slone M. Case studies of adults with central auditory processing disorder: Shi昀琀ing the spotlight! 
SAGE Open Med Case Rep. 2019;7:2050313x18823461.
20. Moore DR, Rosen S, Bamiou DE, Campbell NG, Sirimanna T. Evolving concepts of developmental auditory 
processing disorder (APD): a Bri琀椀sh Society of Audiology APD special interest group 'white paper'. Int J Audiol. 
2013;52(1):3-13.
21. Aris琀椀dou IL, Hohman MH. Central Auditory Processing Disorder.  StatPearls. Treasure Island (FL): 
StatPearls Publishing Copyright © 2023, StatPearls Publishing LLC.; 2023.

22. Chen MM, Oghalai JS. Diagnosis and Management of Congenital Sensorineural Hearing Loss. Curr Treat 
Op琀椀ons Pediatr. 2016;2(3):256-65.
23. Jallu AS, Hussain T, Hamid WU, Pampori RA. Prelingual Deafness: An Overview of Treatment Outcome. 
Indian J Otolaryngol Head Neck Surg. 2019;71(Suppl 2):1078-89.
24. Waldstein RS. E昀昀ects of postlingual deafness on speech produc琀椀on: implica琀椀ons for the role of auditory 
feedback. J Acoust Soc Am. 1990;88(5):2099-114.
25. Humes LE, Dubno JR, Gordon-Salant S, Lister JJ, Cacace AT, Cruickshanks KJ, et al. Central presbycusis: a 
review and evalua琀椀on of the evidence. J Am Acad Audiol. 2012;23(8):635-66.

https://www.who.int/publications/i/item/addressing-the-rising-prevalence-of-hearing-loss
https://www.who.int/publications/i/item/addressing-the-rising-prevalence-of-hearing-loss
https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss
https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss
https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss
https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss


51

26. Olusanya BO, Davis AC, Ho昀昀man HJ. Hearing loss grades and the Interna琀椀onal classi昀椀ca琀椀on of 
func琀椀oning, disability and health. Bull World Health Organ. 2019;97(10):725-8.
27. Shearer AE, Hildebrand MS, Schaefer AM, Smith RJH. Gene琀椀c Hearing Loss Overview. In: Adam MP, 
Feldman J, Mirzaa GM, Pagon RA, Wallace SE, Bean LJH, et al., editors. GeneReviews(®). Sea琀琀le (WA): University 
of Washington, Sea琀琀le Copyright © 1993-2024, University of Washington, Sea琀琀le. GeneReviews is a registered 
trademark of the University of Washington, Sea琀琀le. All rights reserved.; 1993.

28. Fletcher H. A method of calcula琀椀ng hearing loss for speech from an audiogram. Acta Otolaryngol Suppl. 
1950;90:26-37.
29. Salmon MK, Brant J, Hohman MH, Leibowitz D. Audiogram Interpreta琀椀on.  StatPearls. Treasure Island (FL): 
StatPearls Publishing Copyright © 2023, StatPearls Publishing LLC.; 2023.

30. Pi琀琀man AL, Stelmachowicz PG. Hearing loss in children and adults: audiometric con昀椀gura琀椀on, 
asymmetry, and progression. Ear Hear. 2003;24(3):198-205.
31. Sininger YS. Auditory brain stem response for objec琀椀ve measures of hearing. Ear Hear. 1993;14(1):23-30.
32. Young A, Ng M. Otoacous琀椀c Emissions.  StatPearls. Treasure Island (FL): StatPearls Publishing Copyright © 
2023, StatPearls Publishing LLC.; 2023.

33. Hereditary Hearing Loss [Available from: h琀琀ps://hereditaryhearingloss.org/.
34. Bruzzone R, White TW, Paul DL. Connec琀椀ons with connexins: the molecular basis of direct intercellular 
signaling. Eur J Biochem. 1996;238(1):1-27.
35. Kikuchi T, Kimura RS, Paul DL, Adams JC. Gap junc琀椀ons in the rat cochlea: immunohistochemical and 
ultrastructural analysis. Anat Embryol (Berl). 1995;191(2):101-18.
36. Evere琀琀 LA, Glaser B, Beck JC, Idol JR, Buchs A, Heyman M, et al. Pendred syndrome is caused by 
muta琀椀ons in a puta琀椀ve sulphate transporter gene (PDS). Nat Genet. 1997;17(4):411-22.
37. Sco琀琀 DA, Wang R, Kreman TM, Andrews M, McDonald JM, Bishop JR, et al. Func琀椀onal di昀昀erences of the 
PDS gene product are associated with phenotypic varia琀椀on in pa琀椀ents with Pendred syndrome and non-
syndromic hearing loss (DFNB4). Hum Mol Genet. 2000;9(11):1709-15.
38. Sco琀琀 DA, Karniski LP. Human pendrin expressed in Xenopus laevis oocytes mediates chloride/formate 
exchange. Am J Physiol Cell Physiol. 2000;278(1):C207-11.
39. Sco琀琀 DA, Wang R, Kreman TM, She昀케eld VC, Karniski LP. The Pendred syndrome gene encodes a chloride-
iodide transport protein. Nat Genet. 1999;21(4):440-3.
40. Wangemann P, Itza EM, Albrecht B, Wu T, Jabba SV, Magan琀椀 RJ, et al. Loss of KCNJ10 protein expression 
abolishes endocochlear poten琀椀al and causes deafness in Pendred syndrome mouse model. BMC Med. 2004;2:30.
41. Naz S. Molecular gene琀椀c landscape of hereditary hearing loss in Pakistan. Human Gene琀椀cs. 
2022;141(3):633-48.
42. Fang Y, Gu M, Wang C, Suo F, Wang G, Xia Y. GJB2 as Well as SLC26A4 Gene Muta琀椀ons are Prominent 
Causes for Congenital Deafness. Cell Biochem Biophys. 2015;73(1):41-4.
43. Xiang YB, Tang SH, Li HZ, Xu CY, Chen C, Xu YZ, et al. Muta琀椀on analysis of common deafness-causing genes 
among 506 pa琀椀ents with nonsyndromic hearing loss from Wenzhou city, China. Int J Pediatr Otorhinolaryngol. 
2019;122:185-90.
44. Sloan-Heggen CM, Babanejad M, Behesh琀椀an M, Simpson AC, Booth KT, Ardalani F, et al. Characterising 
the spectrum of autosomal recessive hereditary hearing loss in Iran. J Med Genet. 2015;52(12):823-9.
45. Zhang Y, Malekpour M, Al-Madani N, Kahrizi K, Zanganeh M, Lohr NJ, et al. Sensorineural deafness and 
male infer琀椀lity: a con琀椀guous gene dele琀椀on syndrome. J Med Genet. 2007;44(4):233-40.
46. Diaz-Horta O, Sirmaci A, Doherty D, Nance W, Arnos K, Pandya A, et al. GPSM2 muta琀椀ons in Chudley-
McCullough syndrome. Am J Med Genet A. 2012;158a(11):2972-3.
47. Doherty D, Chudley AE, Coghlan G, Ishak GE, Innes AM, Lemire EG, et al. GPSM2 muta琀椀ons cause the 
brain malforma琀椀ons and hearing loss in Chudley-McCullough syndrome. Am J Hum Genet. 2012;90(6):1088-93.
48. Ala-Kokko L, Shanske AL. Mosaicism in Marshall syndrome. Am J Med Genet A. 2009;149a(6):1327-30.
49. Poulson AV, Hooymans JM, Richards AJ, Bearcro昀琀 P, Murthy R, Baguley DM, et al. Clinical features of type 
2 S琀椀ckler syndrome. J Med Genet. 2004;41(8):e107.
50. Tompson SW, Bacino CA, Sa昀椀na NP, Bober MB, Proud VK, Funari T, et al. Fibrochondrogenesis results from 
muta琀椀ons in the COL11A1 type XI collagen gene. Am J Hum Genet. 2010;87(5):708-12.

https://hereditaryhearingloss.org/


52

51. Booth KT, Askew JW, Talebizadeh Z, Huygen PLM, Eudy J, Kenyon J, et al. Splice-altering variant in 
COL11A1 as a cause of nonsyndromic hearing loss DFNA37. Genet Med. 2019;21(4):948-54.
52. Khateb S, Kowalewski B, Bedoni N, Damme M, Pollack N, Saada A, et al. A homozygous founder missense 
variant in arylsulfatase G abolishes its enzyma琀椀c ac琀椀vity causing atypical Usher syndrome in humans. Genet Med. 
2018;20(9):1004-12.
53. Velde HM, Reurink J, Held S, Li CHZ, Yzer S, Oostrik J, et al. Usher syndrome type IV: clinically and 
molecularly con昀椀rmed by novel ARSG variants. Hum Genet. 2022;141(11):1723-38.
54. Bayazit YA, Yilmaz M. An overview of hereditary hearing loss. ORL J Otorhinolaryngol Relat Spec. 
2006;68(2):57-63.
55. Bolz H, von Brederlow B, Ramírez A, Bryda EC, Kutsche K, Nothwang HG, et al. Muta琀椀on of CDH23, 
encoding a new member of the cadherin gene family, causes Usher syndrome type 1D. Nat Genet. 
2001;27(1):108-12.
56. Ebermann I, Wiesen MH, Zrenner E, Lopez I, Pigeon R, Kohl S, et al. GPR98 muta琀椀ons cause Usher 
syndrome type 2 in males. J Med Genet. 2009;46(4):277-80.
57. Pu昀昀enberger EG, Jinks RN, Sougnez C, Cibulskis K, Willert RA, Achilly NP, et al. Gene琀椀c mapping and 
exome sequencing iden琀椀fy variants associated with 昀椀ve novel diseases. PLoS One. 2012;7(1):e28936.
58. Huang BY, Zdanski C, Cas琀椀llo M. Pediatric sensorineural hearing loss, part 2: syndromic and acquired 
causes. AJNR Am J Neuroradiol. 2012;33(3):399-406.
59. Hedley PL, Jørgensen P, Schlamowitz S, Wangari R, Moolman-Smook J, Brink PA, et al. The gene琀椀c basis of 
long QT and short QT syndromes: a muta琀椀on update. Hum Mutat. 2009;30(11):1486-511.
60. Acke FRE, De Leenheer EMR. Hearing Loss in S琀椀ckler Syndrome: An Update. Genes (Basel). 2022;13(9).
61. Halliday D, Parry A, Evans DG. Neuro昀椀bromatosis type 2 and related disorders. Curr Opin Oncol. 
2019;31(6):562-7.
62. Marszałek-Kruk BA, Wójcicki P, Dowgierd K, [migiel R. Treacher Collins Syndrome: Gene琀椀cs, Clinical 
Features and Management. Genes (Basel). 2021;12(9).
63. Bryant D, Pauzuolyte V, Ingham NJ, Patel A, Pagarkar W, Anderson LA, et al. The 琀椀ming of auditory sensory 
de昀椀cits in Norrie disease has implica琀椀ons for therapeu琀椀c interven琀椀on. JCI Insight. 2022;7(3).
64. Sowden JC, Kros CJ, Sirimanna T, Pagarkar W, Oluonye N, Henderson RH. Impact of sight and hearing loss 
in pa琀椀ents with Norrie disease: advantages of Dual Sensory clinics in pa琀椀ent care. BMJ Paediatr Open. 
2020;4(1):e000781.
65. Robertson S. X-Linked Otopalatodigital Spectrum Disorders. In: Adam MP, Feldman J, Mirzaa GM, Pagon 
RA, Wallace SE, Bean LJH, et al., editors. GeneReviews(®). Sea琀琀le (WA): University of Washington, Sea琀琀le 
Copyright © 1993-2024, University of Washington, Sea琀琀le. GeneReviews is a registered trademark of the 
University of Washington, Sea琀琀le. All rights reserved.; 1993.

66. Alford RL, Arnos KS, Fox M, Lin JW, Palmer CG, Pandya A, et al. American College of Medical Gene琀椀cs and 
Genomics guideline for the clinical evalua琀椀on and e琀椀ologic diagnosis of hearing loss. Genet Med. 2014;16(4):347-
55.
67. Li MM, Tayoun AA, DiStefano M, Pandya A, Rehm HL, Robin NH, et al. Clinical evalua琀椀on and e琀椀ologic 
diagnosis of hearing loss: A clinical prac琀椀ce resource of the American College of Medical Gene琀椀cs and Genomics 
(ACMG). Genet Med. 2022;24(7):1392-406.
68. Zelante L, Gasparini P, Es琀椀vill X, Melchionda S, D'Agruma L, Govea N, et al. Connexin26 muta琀椀ons 
associated with the most common form of non-syndromic neurosensory autosomal recessive deafness (DFNB1) in 
Mediterraneans. Hum Mol Genet. 1997;6(9):1605-9.
69. Smith RJ, Bale JF, Jr., White KR. Sensorineural hearing loss in children. Lancet. 2005;365(9462):879-90.
70. Morton CC, Nance WE. Newborn hearing screening--a silent revolu琀椀on. N Engl J Med. 2006;354(20):2151-
64.
71. Usami S, Nishio SY, Nagano M, Abe S, Yamaguchi T. Simultaneous screening of mul琀椀ple muta琀椀ons by 
invader assay improves molecular diagnosis of hereditary hearing loss: a mul琀椀center study. PLoS One. 
2012;7(2):e31276.
72. Ohtsuka A, Yuge I, Kimura S, Namba A, Abe S, Van Laer L, et al. GJB2 deafness gene shows a speci昀椀c 
spectrum of muta琀椀ons in Japan, including a frequent founder muta琀椀on. Hum Genet. 2003;112(4):329-33.
73. homozygosity mapper [Available from: h琀琀ps://www.homozygositymapper.org/.

https://www.homozygositymapper.org/


53

74. Shickh S, Mighton C, Uleryk E, Pechlivanoglou P, Bombard Y. The clinical u琀椀lity of exome and genome 
sequencing across clinical indica琀椀ons: a systema琀椀c review. Hum Genet. 2021;140(10):1403-16.
75. Wang R, Wang Z, Wang J, Li S. SpliceFinder: ab ini琀椀o predic琀椀on of splice sites using convolu琀椀onal neural 
network. BMC Bioinforma琀椀cs. 2019;20(Suppl 23):652.
76. Shamsani J, Kazako昀昀 SH, Armean IM, McLaren W, Parsons MT, Thompson BA, et al. A plugin for the 
Ensembl Variant E昀昀ect Predictor that uses MaxEntScan to predict variant spliceogenicity. Bioinforma琀椀cs. 
2018;35(13):2315-7.
77. Pertea M, Lin X, Salzberg SL. GeneSplicer: a new computa琀椀onal method for splice site predic琀椀on. Nucleic 
Acids Research. 2001;29(5):1185-90.
78. Reese MG, Eeckman FH, Kulp D, Haussler D. Improved splice site detec琀椀on in Genie. J Comput Biol. 
1997;4(3):311-23.
79. Vona B, Mazaheri N, Lin SJ, Dunbar LA, Maroo昀椀an R, Azaiez H, et al. A biallelic variant in CLRN2 causes 
non-syndromic hearing loss in humans. Hum Genet. 2021;140(6):915-31.
80. Cartegni L, Wang J, Zhu Z, Zhang MQ, Krainer AR. ESE昀椀nder: a web resource to iden琀椀fy exonic splicing 
enhancers. Nucleic Acids Research. 2003;31(13):3568-71.
81. Fairbrother WG, Yeo GW, Yeh R, Goldstein P, Mawson M, Sharp PA, et al. RESCUE-ESE iden琀椀昀椀es candidate 
exonic splicing enhancers in vertebrate exons. Nucleic Acids Research. 2004;32(suppl_2):W187-W90.
82. Stegmeier F, Amon A. Closing mitosis: the func琀椀ons of the Cdc14 phosphatase and its regula琀椀on. Annu 
Rev Genet. 2004;38:203-32.
83. Delmaghani S, Aghaie A, Bouyacoub Y, El Hachmi H, Bonnet C, Riahi Z, et al. Muta琀椀ons in CDC14A, 
Encoding a Protein Phosphatase Involved in Hair Cell Ciliogenesis, Cause Autosomal-Recessive Severe to Profound 
Deafness. Am J Hum Genet. 2016;98(6):1266-70.
84. Im琀椀az A, Belyantseva IA, Beirl AJ, Fenollar-Ferrer C, Bashir R, Bukhari I, et al. CDC14A phosphatase is 
essen琀椀al for hearing and male fer琀椀lity in mouse and human. Hum Mol Genet. 2018;27(5):780-98.
85. Pangrsic T, Lasarow L, Reuter K, Takago H, Schwander M, Riedel D, et al. Hearing requires otoferlin-
dependent e昀케cient replenishment of synap琀椀c vesicles in hair cells. Nat Neurosci. 2010;13(7):869-76.
86. Beurg M, Michalski N, Sa昀椀eddine S, Bouleau Y, Schneggenburger R, Chapman ER, et al. Control of 
exocytosis by synaptotagmins and otoferlin in auditory hair cells. J Neurosci. 2010;30(40):13281-90.
87. Nouvian R, Neef J, Bulankina AV, Reisinger E, Pangršič T, Frank T, et al. Exocytosis at the hair cell ribbon 
synapse apparently operates without neuronal SNARE proteins. Nat Neurosci. 2011;14(4):411-3.
88. Pangršič T, Reisinger E, Moser T. Otoferlin: a mul琀椀-C2 domain protein essen琀椀al for hearing. Trends 
Neurosci. 2012;35(11):671-80.
89. Michalski N, Goutman JD, Auclair SM, Boutet de Monvel J, Tertrais M, Emptoz A, et al. Otoferlin acts as a 
Ca(2+) sensor for vesicle fusion and vesicle pool replenishment at auditory hair cell ribbon synapses. Elife. 2017;6.
90. Schwander M, Sczaniecka A, Grillet N, Bailey JS, Avenarius M, Najmabadi H, et al. A forward gene琀椀cs 
screen in mice iden琀椀昀椀es recessive deafness traits and reveals that pejvakin is essen琀椀al for outer hair cell func琀椀on. 
J Neurosci. 2007;27(9):2163-75.
91. Yasunaga S, Gra琀椀 M, Chardenoux S, Smith TN, Friedman TB, Lalwani AK, et al. OTOF encodes mul琀椀ple long 
and short isoforms: gene琀椀c evidence that the long ones underlie recessive deafness DFNB9. Am J Hum Genet. 
2000;67(3):591-600.
92. Matsunaga T, Mutai H, Kunishima S, Namba K, Morimoto N, Shinjo Y, et al. A prevalent founder muta琀椀on 
and genotype-phenotype correla琀椀ons of OTOF in Japanese pa琀椀ents with auditory neuropathy. Clin Genet. 
2012;82(5):425-32.
93. Rodríguez-Ballesteros M, Reynoso R, Olarte M, Villamar M, Morera C, Santarelli R, et al. A mul琀椀center 
study on the prevalence and spectrum of muta琀椀ons in the otoferlin gene (OTOF) in subjects with nonsyndromic 
hearing impairment and auditory neuropathy. Hum Mutat. 2008;29(6):823-31.
94. Chiu YH, Wu CC, Lu YC, Chen PJ, Lee WY, Liu AY, et al. Muta琀椀ons in the OTOF gene in Taiwanese pa琀椀ents 
with auditory neuropathy. Audiol Neurootol. 2010;15(6):364-74.
95. Reisinger E. Dual-AAV delivery of large gene sequences to the inner ear. Hear Res. 2020;394:107857.
96. Qi J, Tan F, Zhang L, Lu L, Zhang S, Zhai Y, et al. AAV-Mediated Gene Therapy Restores Hearing in Pa琀椀ents 
with DFNB9 Deafness. Adv Sci (Weinh). 2024:e2306788.
97. Lv J, Wang H, Cheng X, Chen Y, Wang D, Zhang L, et al. AAV1-hOTOF gene therapy for autosomal recessive 
deafness 9: a single-arm trial. Lancet. 2024.



54

98. Bacciu A, Di Lella F, Iaccarino I, Pasanisi E, Fava G, Vincen琀椀 V, et al. Audiologic Manifesta琀椀ons of Marshall 
Syndrome. Otol Neurotol. 2018;39(8):e691-e8.
99. Shpargel KB, Makishima T, Gri昀케th AJ. Col11a1 and Col11a2 mRNA expression in the developing mouse 
cochlea: implica琀椀ons for the correla琀椀on of hearing loss phenotype with mutant type XI collagen genotype. Acta 
Otolaryngol. 2004;124(3):242-8.
100. Faletra F, D'Adamo AP, Bruno I, Athanasakis E, Biskup S, Esposito L, et al. Autosomal recessive S琀椀ckler 
syndrome due to a loss of func琀椀on muta琀椀on in the COL9A3 gene. Am J Med Genet A. 2014;164a(1):42-7.
101. Hanson-Kahn A, Li B, Cohn DH, Nickerson DA, Bamshad MJ, Hudgins L. Autosomal recessive S琀椀ckler 
syndrome resul琀椀ng from a COL9A3 muta琀椀on. Am J Med Genet A. 2018;176(12):2887-91.
102. Nixon TRW, Alexander P, Richards A, McNinch A, Bearcro昀琀 PWP, Cobben J, et al. Homozygous Type IX 
collagen variants (COL9A1, COL9A2, and COL9A3) causing recessive S琀椀ckler syndrome-Expanding the phenotype. 
Am J Med Genet A. 2019;179(8):1498-506.
103. Markova T, Sparber P, Borovikov A, Nagornova T, Dadali E. Clinical and gene琀椀c characteriza琀椀on of 
autosomal recessive s琀椀ckler syndrome caused by novel compound heterozygous muta琀椀ons in the COL9A3 gene. 
Mol Genet Genomic Med. 2021;9(3):e1620.
104. Bönsch D, Schmidt CM, Scheer P, Bohlender J, Neumann C, Am Zehnho昀昀-Dinnesen A, et al. [A new gene 
locus for an autosomal-dominant non-syndromic hearing impairment (DFNA 33) is situated on chromosome 
13q34-qter]. Hno. 2009;57(4):371-6.
105. Pater JA, Penney C, O'Rielly DD, Gri昀케n A, Kamal L, Brownstein Z, et al. Autosomal dominant non-
syndromic hearing loss maps to DFNA33 (13q34) and co-segregates with splice and frameshi昀琀 variants in ATP11A, 
a phospholipid 昀氀ippase gene. Hum Genet. 2022;141(3-4):431-44.
106. Richards S, Aziz N, Bale S, Bick D, Das S, Gas琀椀er-Foster J, et al. Standards and guidelines for the 
interpreta琀椀on of sequence variants: a joint consensus recommenda琀椀on of the American College of Medical 
Gene琀椀cs and Genomics and the Associa琀椀on for Molecular Pathology. Genet Med. 2015;17(5):405-24.
107. Mendia C, Peineau T, Zamani M, Felgerolle C, Yahiaoui N, Christophersen N, et al. Clarin-2 gene 
supplementa琀椀on durably preserves hearing in a model of progressive hearing loss. Mol Ther. 2024.

 

 
 
 
 
 
 
 
 
 
 
 
 
  



55

 
 
 
 

10 Appendix 

 

10.1 Attachment  1  
Novel Loss-of-Function Variants in CDC14A are Associated with Recessive Sensorineural HL 
in Iranian and Pakistani Patients 



56



57



58



59



60



61



62



63



64



65



66



67



68



69

 



70

10.2 Attachment 2  
The Many Faces of DFNB9: Relating OTOF Variants to Hearing Impairment 
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10.3 Attachment 3  
Aberrant COL11A1 splicing causes prelingual autosomal dominant non-syndromic HL in the 
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10.4 Attachment 4 
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10.5 Attachment 5  
A biallelic variant in CLRN2 causes non‐syndromic HL in humans 
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10.6 Attachment 6  
Bi-allelic variants in IPO8 cause a connective tissue disorder associated with cardiovascular 
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10.7 Attachment 7  
Unraveling the genetic complexities of combined retinal dystrophy and hearing impairment 
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10.8 Attachment 8  
Biallelic variants in KARS1 are associated with neurodevelopmental disorders and HL 
recapitulated by the knockout zebrafish 
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10.9 Attachment 9  
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 Unraveling haplotype errors in the DFNA33 locus 



193



194



195



196



197



198



199

 



200

10.12 Attachment 12 
 
Expanding the spectrum of phenotypes for MPDZ: report of four unrelated families and review 

of the literature 



201



202



203



204



205



206



207



208



209



210



211



212



213



214

 


