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Summary 

Hearing loss inherited as a recessive trait, occurs more frequently than autosomal dominant, 

mitochondrial or X-linked deafness. Variants of more than 70 genes are associated with 

nonsyndromic hearing loss inherited as an autosomal recessive disorder but, only a few 

genes/variants are exclusively associated with moderate-severe hearing loss. Consequently, less is 

known about the genetic bases of recessively inherited moderate-severe hearing loss despite being 

more prevalent as compared to profound deafness. Therefore, this study focuses on the genetic 

understanding of moderate-severe hearing loss in Pakistani individuals. 

Participants from 26 families were included in this research. All affected individuals 

predominantly manifested moderate-severe hearing loss. A stepwise experimental approach was 

used for molecular characterization of the phenotypes of the subjects from sixteen families. 

Linkage to known deafness genes were excluded for ten families. This was followed by genome-

wide homozygosity mapping or Whole Exome Sequencing (WES) to identify mutations in any 

gene which could be associated with the segregating phenotype in the families. Additionally, 

samples from affected individuals of eight consanguineous families prescreened for GJB2 were 

directly subjected to WES for the identification of known or novel genes involved in hearing loss.  

The results of WES for multiplex families revealed that alleles of the reported autosomal recessive 

deafness causing genes are also the major contributor to the etiology of moderate-severe hearing 

loss in Pakistan. Eleven known and seven novel variants in the reported deafness genes co-

segregated with moderate-severe hearing loss in these families. Variants of SLC26A4, ESPN and 

OTOF were the three major contributors in this cohort. Variants in ESPN were identified for the 

first time to cause moderate-severe hearing loss in three different families. Results of WES 

revealed that for about 19 % of families included in this study, variant in a single gene could not 

account for hearing loss in all affected individuals of a particular family, suggesting intrafamilial 

locus heterogeneity.  

An interesting genetic outcome was observed for family HLGM10. WES revealed two variants, 

one homozygous mutation in TMC1 and the other in KCNQ4, segregating in two different branches 

of the family. Variants in both genes are known to cause moderate-severe or profound hearing loss 

phenotypes. So far, variants in KCNQ4 have been only reported for dominant nonsyndromic 
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deafness. For family HLGM10, the individuals with the KCNQ4 p.(Pro291Leu) variant in the 

homozygous condition, had a more severe phenotype with early onset of the hearing loss. In 

contrast, heterozygous individuals had a mild hearing loss of which they were unaware. Their mild 

hearing loss also started later, probably in the second decade of life. Therefore, this case 

demonstrated that p.(Pro291Leu) variant in KCNQ4 can be inherited in a semi-dominant mode 

with variable severity and age of onset for mono-allelic or bi-allelic forms.  

Missense variants in two genes, ITSN2 and CLDN9 were identified in two different families as a 

likely cause of moderate-severe hearing loss in affected individuals. The missense variants in both 

genes are predicted to affect the conserved regions of respective proteins. However, ITSN2 is 

located in an overlapping chromosomal position between OTOF and DFNB47. Although 

genotyping with STR and SNP markers excluded the linkage to both, the regulatory regions of the 

two genes remain to be explored.  

CLDN9 was a stronger candidate as its role in etiology of hearing loss was already demonstrated 

in a murine model.  While this thesis was about to be submitted, the association of CLDN9 with 

human deafness was demonstrated in a small Turkish family. The segregation analysis and 

homozygosity mapping data supported CLDN9 as the only causative gene in the current family. 

Further studies were performed to predict the effect of particular missense variant and its 

importance in causing hearing loss.  The in situ hybridization and immunohistochemical studies 

suggested that both mRNA of CLDN9 and the encoded protein are present in the inner ear. The 

expression of the gene and localization of protein was observed in both sensory and nonsensory 

epithelia. The localization of mutant CLDN9 was tested in Madin-Darby Canine Kidney II 

(MDCK-II) cell lines which suggested that the variant does not affect the targeting of the protein 

to its specific location. However, the in silico protein modelling suggests that the variant in CLDN9 

affects the protein to protein cis interaction in the cell.  

A part of this research was concentrated on the identification of genetic causes of moderate-severe 

hearing loss in sporadic individuals from Pakistan. A total of twenty isolated cases of hearing loss 

were included. After the phenotypic evaluation, WES was applied to DNA of all subjects. The 

results for WES revealed ten novel and five known variants in reported deafness genes. No 

potential pathogenic variant was identified for three subjects. A missense variant in ESRRB was 
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identified for the first time in one subject who had moderate-severe hearing loss. A novel candidate 

gene BHLHE22 was identified for the phenotype in one individual. It was suspected that few genes 

would appear as a predominant causative factor for isolated hearing loss due to a founder effect, 

but variants in multiple genes were identified. It indicates that genetics of deafness in individuals 

with no previous history of hearing loss is as complex as that of familial cases. Therefore, WES of 

large cohorts of isolated cases may also serve as a potential source to expand the genetics of 

hearing loss.  
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Hearing loss: an overview 

Hearing loss refers to a decreased sensitivity towards sound or the complete inability to hear. 

Today, nearly 466 million world population suffer from disabling hearing loss (World Health 

Organization (WHO), 2018). It includes 1 in 500 newborns (Morton and Nance, 2006), 34 million 

children, and 50 % of all individuals over the age of 75 (Yamasoba et al., 2013). In Pakistan, 

around 40-60% marriages are between first cousins or at least among relatives (Hussain and 

Bittles, 1998). Therefore, the occurrence of recessive disorders, particularly deafness is higher (2.4 

%) as compared to the world prevalence rate (1.7 %) (WHO, 2012). 

Defective hearing can be grouped into many types depending on the damaged part in auditory 

system, time of onset, severity, mode of inheritance and/or association of any other phenotypes. In 

general, hearing loss is of three types depending on the part of the auditory system that has been 

damaged. When hearing is affected by any condition or disorder of the outer or middle ear, the 

result is a conductive hearing loss. However, the dysfunction of inner ear or the auditory nerve 

causes sensorineural hearing loss. Sometimes, combined defects in outer or middle ear and 

inner/auditory nerve lead to both conductive and sensorineural hearing loss. This type of deafness 

is referred to as mixed hearing loss. A person may become deaf before the development of speech 

(prelingual or congenital) or after the speech development (postlingual). Many environmental 

factors such as excessively loud noise, medication, aging, head trauma or ear infections can also 

cause postlingual hearing loss. 

Hearing loss can range from a mild (26-40 dB HL), moderate (41-70 dB HL), severe (71-90 dB 

HL) threshold to profound deafness (>90 dB HL) (Shearer et al., 2017). It is termed progressive 

when there is a gradual loss of hearing with the growing age of individual. Inherited deafness in 

30 % of cases is accompanied with other clinical findings such as blindness, renal dysfunction, 

dysregulation of thyroid or skeletal deformities. This is known as syndromic hearing loss. It is a 

recognized feature of more than 400 syndromes such as Pendred syndrome, Alport syndrome and 

Usher syndrome. However, hearing loss is identified as an isolated clinical finding in 70 % of the 

cases and referred to as nonsyndromic hearing loss (Bitner-Glindzicz, 2002). In almost 80-90 % 

of nonsyndromic genetic deafness, hearing loss is transmitted as autosomal recessive (DFNB) 

disorder while it follows dominant mode of transmission (DFNA)  in 15 % of cases. Less than 1 
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% cases of deafness are due to variants in genes on X-chromosome or mitochondrial DNA 

(Friedman and Griffith, 2003) while one gene TBLY1 (Di Stazio et al., 2018) and a copy number 

variation of TSPX1 along with translocation from chromosome 1 onto Y chromosome (Fu et al., 

2011)  have also been implicated in Y-linked hearing loss.  

Large consanguineous families have served as a significant resource towards the identification of 

genes/variants involved in recessive disorders such as hearing loss (Friedman and Griffith, 2003; 

Richard et al., 2019). Hundreds of genes, mutations of which can cause hearing disorder have been 

mapped and characterized using populations practicing consanguinity as a key resource. Among 

these, 31 genes for autosomal recessive nonsyndromic hearing loss (ARNSHL) were first studied 

in Pakistani population (http://hereditaryhearingloss.org/ Accessed, June 2019).  Most of the 

identified genes and variants are described for the cases with profound deafness. However, the 

prevalence of moderate or severe hearing loss in general population is higher as compared to 

profound deafness. The correct estimate for patients exhibiting moderate-severe phenotype is not 

available due to ascertainment bias since most individuals are identified from schools for deaf, 

where children with this phenotype are not well represented. Therefore, it is necessary to broaden 

the study and continue to identify specific genes/variants for the proper diagnosis and management 

of moderate-severe hearing loss in patients.  

Deafness has serious consequences on social, physical and psychological life of affected person. 

Hearing loss impairs exchange of information and significantly impacts routine life of an affected 

individual. It causes loneliness, depression, frustration, isolation, stress, difficulty in learning and 

communication. Therefore, social life as well as professional life of a deaf individual can be 

negatively influenced. In many developing countries, deaf people are deprived of their rightful 

place in the society and are considered as social burdens.  

Hearing loss in some cases can be treated by using hearing aids or cochlear implants. However, 

these are unaffordable for many people and only benefit persons with a specific phenotype. 

Recessive hearing loss caused by genetic factors can be addressed to some extent by genetic 

counseling. For this purpose, the common genetic factors and causes in a population must be 

known. Once such factors are revealed, it will be relatively easy to determine the segregation and 

load of disease in the population. The knowledge of causative genetic entities will also help to 
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provide guidance to such families for better management of disease. Furthermore, it is essential to 

understand the mechanism of hearing loss on molecular basis as this may be helpful in 

identification of novel therapeutic targets in the future.   

Ear and hearing  

In vertebrates, ears are present on either sides of the head in a symmetric manner. The whole 

auditory organ is comprised of three sections; outer ear, middle ear and inner ear (Figure 1.1). The 

outer ear is comprised of a convoluted pinna, concha and the ear canal. The structure of the pinna 

and the ear canal in mammals contribute to the species’ specific threshold sensitivity (Møller and 

Jannetta, 1983; Fuchs, 2010). For instance, in humans the ear canal is 2.3 cm long and 0.74 cm 

wide which resonates at the frequency ranging from 3 kHz to 4 kHz (Fuchs, 2010).The pinna and 

ear canal collectively function to localize and focus sound from the surroundings and transfer it to 

the tympanic membrane in the middle ear.  

The middle ear is a cavity which is filled with air and located inside the temporal bone. It consists 

of the tympanic membrane, the oscillation chain formed by three bones malleus, stapes and incus, 

and a round and oval window. The sound waves with high pressure cause outward movement of 

the tympanic membrane while inward movement is caused by low pressure sound waves. The 

acoustic signal from the tympanic membrane is transferred to cochlea in the inner ear at the oval 

window. This involves the oscillations of three bones of the middle ear. The cochlea is surrounded 

by bone and filled with incompressible fluid. The sound pressure signals generate impedance 

mismatch due to the difference of two media. Size ratio of tympanic membrane, mechanical 

characteristics of malleus, stapes and incus and the oval widow play important role in the 

impedance matching (Fuchs, 2010). 

The cochlea has three parallel membranous cavities; scala vestibuli, scala media and scala tympani 

(Figure 1.2A). These compartments are filled with fluids of different ionic concentrations. 

Reissner’s membrane separates scala vestibuli and scala media, while basilar membrane separates 

scala media and scala tympani. The scala media has organ of Corti which is comprised of hair 

cells, supporting cells and the tectorial membrane (Figure 1.2B). Outer hair cells (OHCs) are 

cylindrical in shape and are arranged in three rows and present in a large number in organ of Corti. 

These cells are surrounded by Dieters’s cells on their lateral surface. Inner hair cells (IHCs) are 
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flask shape structures, and are present in a single row. These cells are usually surrounded by inner 

(IPCs) and outer phalyngeal cells (OPCs) and inner sulcus cells (ISCs) (Brownell et al., 1985). 

The two types of hair cells are separated by pillar cells. Both outer and inner hair cells have small 

microvilli like projections at the apical surface called stereocilia. Stereocilia are arranged in three 

rows, in a graded staircase configuration. The outer hair cells are attached to tectorial membrane 

through the tallest stereocilia.  

The incoming acoustic signal oscillates the basilar membrane which transmits the oscillations to 

the organ of Corti. These oscillation in organ of Corti induces the movement of tectorial 

membrane. It slides along the stereocilia of hair cells and opens the mechanically gated potassium 

channels, converting mechanical signal to electrical signal. Influx of potassium ions results in 

opening of Ca++ channels due to alteration in the action potential of the sensory cells. The release 

of calcium through these channels induces the eflux of neurotransmitters to the nerve endings 

present at specific positions in basilar membrane. The excited axons transmit the message to 

specific cell bodies inside temporal lobe where it is detected as a specific signal (Furness et al., 

2010).  
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Figure 1.1: Structure of human ear. External ear is composed of auricle and auditory meatus. 

Middle ear is composed of tympanic membrane and three ossicles. Inner ear consists of the cochlea 

and vestibular organ (Hudspeth et al., 2013). 
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Figure 1.2: Magnified image of inner ear. A, Section of cochlea indicating three different 

compartments in the inner ear. All the cavities are surrounded by a bony wall of cochlea. The organ 

of Corti resides in the scala media. B, Magnified section for the organ of Corti. The enlarged view 

indicates the arrangement of hair cells and supporting cells in the organ. A total of four rows of 

hair cells are present. The outer hair cells (OHCs) are attached to the tectorial membrane through 

the tallest stereocilia. The outer and inner hair cells are separated by pillar cells. The OHCs are 

supported by Dieters’s cells on the lateral surface (Hudspeth et al., 2013).  
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Genetics of autosomal recessive moderate-severe hearing loss 

Sensory hearing loss is predominantly caused by protein products of the genes which play a part 

in ionic equilibrium in cochlea, the organization of cells, development, function and survival of 

the hair cells. Additionally, the variants of genes encoding tectorial membrane, neural transmitters 

and factors for cell growth have also been reported as a cause of autosomal recessive nonsyndromic 

deafness ((Duman and Tekin, 2012); http://hereditaryhearingloss.org/ Accessed, June, 2019). It 

was estimated that 1 % of coding genes in humans may have significant role in normal hearing 

(Friedman and Griffith, 2003) which has already been exceeded. Most of the genes in hearing loss 

have been studied in recessive profound cases. However, due to high prevalence of moderate-

severe phenotype in general population, it can be hypothesized that a large number of genes may 

have a role in causing autosomal recessive moderate or severe hearing impairment.  

Genes involved in recessive, moderate-severe hearing loss are now being studied in various 

populations. It has been hypothesized that defects in genes encoding tectorial membrane or its 

associated components exclusively lead to moderate-severe deafness. Additionally, mutations in 

genes disrupting the function of hair cells also cause moderate or severe phenotype (Grillet et al., 

2009). So far, 13 genes (ADCY1, BDP1, CAPB2, CDC14A, CLDN9, GRXCR2, KARS, MET, 

MPZL2, OTOA, OTOG, OTOGL, STRC and TECTA) were first reported in association with stable 

or progressive moderate or severe deafness. While the present research was being prepared for 

submission, a variant in CLDN9 was identified in a trio of a Turkish family (an affected mother 

and her two children) and related to moderate-profound deafness (Sineni et al., 2019). There are 

two loci (DFNB33, DFNB71), genes for which have still to be identified. Both of them are reported 

in families manifesting severe degree of hearing loss. These studies have revealed the potential of 

novel findings in the research area of hearing loss with moderate or severe phenotype. 

Genes encoding tectorial membrane and its associated components 

There are four genes; TECTA, OTOA, OTOG and OTOGL which encode tectorial membrane and 

its components. TECTA encodes α-tectorin which is vital for the formation of non-collagenous 

extracellular matrix. It is connected to the organ of Corti through the largest stereocilia of the outer 

hair cell and acts as an amplifier in the hearing process (Meyer et al., 2007). Variants in α-tectorin 

cause moderate-severe hearing loss which is evident by decrease in auditory response at higher 
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frequencies (U shape audiogram) in humans (Mustapha et al., 1999; Naz et al., 2003). Similarly, 

Tecta null mice show less sensitivity to sound due to detached tectorial membrane and missing 

noncollagenous matrix (Legan et al., 2000).  

OTOA encodes otoancorin which has an important role in cellular binding with other surfaces. 

Pathogenic variants in this gene cause mild to severe hearing loss due to disrupted tectorial 

membrane (Verpy et al., 2001; Zwaenepoel et al., 2002). Loss of Otoa in murine models causes 

deafness due to detachment of tectorial membrane at the limbal surface, which elevates action 

potential in inner hair cells (Lukashkin et al., 2012). 

OTOG encodes otogelin which forms the non-collagenous part of tectorial membrane, covering 

neuroepithelium of inner ear. It adds to the strength and stability of the membrane by stabilization 

of the interactions between other fibers in the tectorial membrane. It is also present in the vestibule, 

where it supports the attachment of otoconial membranes (Simmler et al., 2000). An Otogelin-like 

protein (OTOGL), a homologue of OTOG is also present as an important component of tectorial 

membrane in inner ear. Both proteins share striking similarities in structure, localization and 

function (Yariz et al., 2012). Variants in either OTOG or OTOGL cause moderate-severe degree 

of hearing loss in humans (Schraders et al., 2012; Yariz et al., 2012; Oonk et al., 2014; Yu et al., 

2019). Otog knock out mice also have moderate-profound hearing loss due to reduction in the 

resistance of tectorial membrane (Simmler et al., 2000). Similarly, Otogl knock down in zebrafish 

leads to sensorineural hearing loss (Yariz et al., 2012).    

Genes important for hair cell organization and function  

STRC encodes stereocilin which is an extracellular structural protein present in stereocilia of outer 

hair cells (Francey et al., 2012). Large cohort studies in Caucasians have demonstrated that 

deletion variants in STRC are the most prevalent cause of mild to moderate hearing loss (Villamar 

et al., 1999; Francey et al., 2012; Vona et al., 2014; Sagong et al., 2016; Plevova et al., 2017; 

Yokota et al., 2019). The Strc -/- mice lose lateral links between stereocilia resulting in the 

disorganization of hair cell bundles (Verpy et al., 2008).  

A hypo functional allele of CABP2 was reported for moderate-severe hearing loss from three 

consanguineous families of Irani origin.  Calcium Binding protein-2 (CABP2) is present in the 
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inner ear, brain and retina. It is known to regulate the calmodulin facilitated influx of calcium ions 

into the inner hair cells (Schrauwen et al., 2012). Mutant and knockout mice for Cabp2 exhibited 

suppression of voltage dependent Ca++ channels in inner hair cells, moderate-severe deafness along 

with deterioration of outer hair cells with age (Picher et al., 2017; Yang et al., 2018).  

A nonsense variant in adenylate cyclase (ADCY1) gene has been described with mild to moderate 

degree of hearing impairment in a family originating from Pakistan (Santos-Cortez et al., 2014). 

ADCY1 is expressed during the stages of development and organization of inner ear. It is 

predominantly localized to the stereocilia of hair cells where it is involved in the regulation of 

mechanotransduction channel activity present in the stereocilia. The function of ADCY1 was 

studied in zebrafish models. It emphasized that defects in this gene lead to loss of 

mechanotransduction channel activity in zebrafish (Santos-Cortez et al., 2014). 

The expression of GRXCR2 was observed in stereocilia, cochlea as well as vestibule in the inner 

ear. A frameshift mutation in GRXCR2 gene was found in a family from Pakistan, manifesting 

moderate-severe hearing loss (Imtiaz et al., 2014). Deletion mutations of Grxcr2 in mice cause 

defects in organization and orientation of cochlear stereocilia bundles with severe hearing loss 

(Avenarius et al., 2018).  

Truncating variants in MPZL2 predominantly show moderate hearing loss with mild progression 

in humans (Bademci et al., 2018; Wesdorp et al., 2018). It encodes a junctional protein of epithelial 

cells which is known as myelin protein-zero like 2 (MPZL2). Study of MPZL2/Mpzl2 variants 

suggested loss of stability in organ of Corti, slow degeneration of hair cells, supporting cells and 

spiral ganglion neurons which ultimately lead to moderate hearing loss in both species (Wesdorp 

et al., 2018).  

Recently, a truncating variant in CLDN9 was reported to cause moderate-profound deafness in 

humans (Nakano et al., 2009; Sineni et al., 2019). This gene encodes a tight junction protein which 

is important for hearing, as already demonstrated in mice.    

Genes involved in cellular processes 

KARS encodes lysyl-tRNA synthase which is widely expressed in hair cells. Variants in KARS 

were identified in three Pakistani families representing moderate-severe phenotype in affected 



 

11 
 

individuals. It has been hypothesized that variants in KARS effect the process of aminoacylation 

in inner ear cells leading to perturbation of cellular processes and ultimately hearing loss (Santos-

Cortez et al., 2013). 

A variant disrupting the normal stop codon was identified in BDP1 with moderate-severe hearing 

loss in humans. BDP1 is a constituent of transcription activation complex and required by RNA 

polymerase III for its function. It is present in the endothelial cells of blood vessels which surround 

stria vascularis and the cochlear duct (Girotto et al., 2013).  

In one study, a homozygous missense mutation in mesenchymal epithelial transition factor (MET) 

has been identified. MET serves as a receptor for HGF and individuals with mutated gene has 

severe degree of hearing impairment (Mujtaba et al., 2015).  

Contribution of profound and progressive deafness genes in etiology of 

moderate-severe phenotype 

Genes implicated for cochlear homeostasis and ionic balance 

The normal auditory function relies on the maintenance of ionic environment in the compartments 

of inner ear. There are many genes, particularly those encoding cellular junctions or ion channels, 

which regulate the ionic balance and cause mild to profound deafness when mutated. There are 

three important connexins; CX31 (GJB3), CX30 (GJB6) and CX26 (GJB2) which are expressed 

as components of cochlear gap junctions. GJB2 is among the well-studied connexin expressed in 

the inner ear and more than 200 variants in this gene cause both autosomal dominant and recessive 

forms of deafness with phenotypic variability in different populations (Bayazit and Yılmaz, 2006). 

Mutations in the GJB2 gene account for up to 50 % of cases with congenital and stable or 

progressive, moderate-profound hearing loss in some European populations (Kenneson et al., 

2002). Similarly, 9.5 % cases of moderate-severe deafness in Pakistan is due to variants in GJB2 

(Salman et al., 2015). Certain variants in this gene are specific to ethnic populations and are 

associated with variable degree of hearing loss. For instance, c.30delG is most frreuent among 

Middle East countries and Caucasians and 167delT in Ashkenazi Jews (Gasparini et al., 2000). 

Similarly, two variants p.(Trp24Ter) and p.(Trp77Ter), present either in the homozygous or 
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compound heterozygous state, are involved in moderate-severe or profound hearing loss in 

Pakistan (Santos et al., 2005; Salman et al., 2015).  

Several different genes encoding tight junctions and their associated proteins play important role 

in inner ear ion homeostasis. Variants in a tight junction encoding gene CLDN14 have been 

documented to cause deafness. Initially, the variants in this gene were identified to cause 

autosomal recessive nonsyndromic profound hearing loss among Pakistani, Tunisian and 

Moroccan consanguineous families (Wilcox et al., 2001; Belguith et al., 2009; Charif et al., 2013). 

However, three reports from Pakistan and Canada suggest CLDN14 as a contributor towards 

moderate-severe or progressive deafness (Wilcox et al., 2001; Bashir et al., 2010).  

A tight junction protein encoded by MARVELD2 is located on tricellular contacts in inner ear. Five 

different splice site and a stop gain variant of MARVELD2 in eleven Pakistani families were 

documented to cause variable hearing loss ranging from moderate-profound (Riazuddin et al., 

2006; Chishti et al., 2008). A nonsense variant in MARVELD2 has been identified in a 

consanguineous Iranian family with profound deafness (Babanejad et al., 2012). It has been 

observed that variants co-segregating with either moderate or profound phenotype usually remove 

conserved regions of the cytosolic domain. Consequently, MARVELD2 is not capable of binding 

with various scaffolding proteins including ZO-1.  

Pendrin, encoded by SLC26A4, is a transmembrane solute carrier protein which is important for 

the maintenance of ionic balance in the cochlea. Variants in SLC26A4 are recurring cause of 

recessive and nonsyndromic profound deafness worldwide. However, there are few splice site and 

missense variants which are a significant cause of moderate or severe deafness (Kitamura et al., 

2000). Moreover, there are two variants p.Val239Asp and p.Ser57Ter in this gene which are 

equally known for profound and moderate-severe hearing loss (Khan et al., 2013). In another report 

it has been observed that similar variants for profound hearing loss can lead to moderate-severe 

hearing loss in Pakistani population (Naz et al., 2017). Some variants of SLC26A4 also lead to the 

progression of hearing loss in humans (Luxon et al., 2003). 

Two other genes BSND and CLIC5, encode ion transport channel proteins. Variants in both genes 

are known to be associated with nonsyndromic, progressive hearing loss (Riazuddin et al., 2009; 

Seco et al., 2015). 
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Genes encoding proteins important for cellular organization  

Some cytoskeletal proteins, the myosins such as MYO3A, MYO7A and MYO15A are present in 

the inner ear and play an important role in cellular trafficking.  

Splicing variants in MYO3A are involved in the etiology of progressive hearing loss in a family 

from Middle East (Walsh et al., 2002). The expression of MYO3A is identified at the shaft and 

apical region of stereocilia (Schneider et al., 2006) and its presence is critical for the transport 

within the stereocilia (Walsh et al., 2011). Additionally, mice with mutated MYO3A also exhibited 

degeneration of hair cells with the increasing age. 

MYO7A is generally expressed in stereocilia and the cuticular plate of hair cells where it organizes 

stereocilia. Various pathogenic alleles of MYO7A are involved in severe to profound phenotype in 

most of the cases. However, two missense variants in MYO7A have been described for association 

with moderate-severe hearing loss (Hildebrand et al., 2010).  

Similarly, MYO15A variants present in both isoform 1 and 2 predominantly cause congenital 

profound deafness with few exceptions (Naz et al., 2017). However, variants which affect only the 

long isoform 1 are known to cause moderate-severe degree hearing loss (Bashir et al., 2012).   

The expression of GRXCR1 is reported in the hair cells while it localizes along the length of the 

stereocilia. It is involved in the organization of actin fibers in stereocilia. Variants in GRXCR1 

were reported in Dutch, Pakistani and Irani families manifesting moderate-severe or profound 

hearing loss with or without progression (Odeh et al., 2010; Schraders et al., 2010).   

The expression of TRIOBP was detected along the length of stereocilia associated with F-actin 

filaments. Till date, all homozygous variants reported in this gene are associated with profound 

deafness. However, one nonsense, one duplication and two frameshift variants were observed in 

compound heterozygous state in two Dutch individuals with moderate deafness (Wesdorp et al., 

2017). 

CDH23 is expressed in hair cells and Reissner’s membrane. It is important for the morphogenesis 

of stereocilia in inner ear. Few missense variants of CDH23 along with compound heterozygosity 
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have been observed to cause moderate-severe and severe-profound, progressive hearing 

impairment (Astuto et al., 2002; Naz et al., 2017). 

Genes for cell growth, differentiation and survival 

Two deletion variants in HGF are known for profound hearing loss in a large number of families 

of Pakistani origin (Schultz et al., 2009). It encodes a growth factor for hepatocytes which regulates 

signal transduction in cell growth and differentiation. Recently, one of the reported deletion has 

been identified in a single family with moderate-severe hearing loss. The younger individual had 

better hearing than that of older one indicating the progression of hearing loss (Naz et al., 2017).   

SERPINB6 encodes a serine protease inhibitor. It is localized to the hair cells and greater epithelial 

ridge in the organ of Corti. A single Turkish family with moderate-severe deafness has been 

reported with a nonsense variant in SERPINB6 (Sırmacı et al., 2010). Patients from this family 

also had progression with the age. The hearing thresholds for Serpinb6 mutant mice demonstrated 

patterns similar to age related deafness. It suggested that it has some role in protection against 

leakage of lysosomal content and non-specific tissue damage in inner ear (Tan et al., 2013).  

Genes involved in neuronal transmission 

OTOF encodes otoferlin, which is important for neurotransmitter release in the hair cell ribbon 

synapse. Variants in OTOF are a large contributor to prelingual, profound hearing loss in different 

world populations (Najmabadi and Kahrizi, 2014). However, some specific variants have been 

observed to cause moderate-severe deafness (Choi et al., 2009; Yildirim-Baylan et al., 2014; Naz 

et al., 2017; Almontashiri et al., 2018; Kim et al., 2018).  

The discovery of new genes for hearing loss has yielded a huge number of genes important for 

defining the structure and function of auditory system. For instance, some particular variants of 

TMC1, GIPC3, TMPRSS3, ILDR1, TPRN, PTPRQ, PJVK, SYNE4, LHFPL5, ELMOD3 and 

LOXHD1 were also identified as a causative factors for nonsyndromic moderate or severe to 

profound, progressive hearing loss among different populations (http://hereditaryhearingloss.org/ 

Accessed, June 2019). ELMOD3 is an exception among these genes for which stable, severe-

profound deafness has been reported. Only a few families are known for each gene and there is a 

need to ascertain variants of these genes in additional families as well. 
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Genes associated with syndromic hearing loss  

In some cases it is difficult to identify syndromic and nonsyndromic forms of deafness due to late 

onset of syndromic features. There are two common recessively inherited syndromes associated 

with deafness; Pendred syndrome (PDS) and Usher syndrome (USH) which are often identified as 

nonsyndromic cases.  

Pendred syndrome is present among every 10/100,000 individuals (Anwar et al., 2009). Hearing 

loss, goiter and/or enlarged vestibular aqueduct are some key features of this syndrome. The 

hearing loss is usually congenital or has early onset while goiter may appear in the later years of 

second decade of the life. In most cases the hearing loss is reported to be severe-profound while 

for few other cases it is mild to moderate. So far, numerous deletions, missense and truncating 

variants in SLC26A4 have been observed to cause Pendred syndrome. Only splice site as well as 

few missense variants are described in association with nonsyndromic hearing impairment, 

DFNB4 (Choi et al., 2009). Additionally, there are variants which are equally known in DFNB4 

as well as PDS in few cases (Masmoudi et al., 2000; Tsukamoto et al., 2003).  

Usher syndrome is another prevalent syndrome (6/100,000), and often misdiagnosed and studied 

as a nonsyndromic disorder. The key features of the syndrome include retinitis pigmentosa, 

vestibular dysfunction and hearing loss. It can be classified into three types depending on the 

severity and onset of these symptoms. Usher syndrome type 1 (USH1) is the most severe form 

with prelingual profound hearing loss and progressive retinitis pigmentosa in early age of life. 

There are few variants in USH1 genes; MYO7A, SANS and CDH23 which manifest less severe 

hearing loss and are more similar to less severe forms of Usher syndrome (Naz, 2012). Recently, 

an ESPN variant has been reported in Usher syndrome type 1 (Ahmed et al., 2018). 

Usher syndrome type 2 and 3 are usually associated with moderate-severe hearing loss. The 

retinitis pigmentosa is diagnosed in later stages of life. Therefore, these two types of Usher 

syndrome are more frequently misdiagnosed as nonsyndromic moderate-severe hearing loss. So 

far, 5 genes have been identified for less severe forms of usher syndrome. These include USH2A 

(OMIM 608400), WHRN (OMIM 607928), CLRN1 (OMIM 606397), HARS (OMIM 142810) and 

ADGRV1 (OMIM 602851).  
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Populations with high consanguinity rates and large kindreds have served as an ideal resource to 

study hearing loss with recessive mode of inheritance. Pakistan is among one of the top countries 

with fastest growing population and high rates of cousin marriages. However, the specific 

distribution of known genes or alleles in Pakistani or other populations is yet to be determined. 

Moreover, the knowledge of genetics of recessive, moderate-severe deafness is still limited. Even 

though the genetic etiology of hearing loss has been determined in hundreds of cases from various 

populations around the globe, there are still numerous individuals who have no genetic diagnosis. 

Given the complexity of inner ear structure and hearing mechanism, the latest estimate is that there 

are approximately a thousand genes which are involved in hearing (Steel, 2014). The presence of 

many unsolved cases and recurrence of genetic heterogeneity among molecularly characterized 

families further supports that a large number of genes necessary for hearing remain unidentified. 

With the advancement of sequencing technologies and in silico tools, it can be anticipated that 

many genes important for hearing will be identified in the prospective years.  
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Methodologies to study genetics of deafness 

The methods to study the genetics of hearing loss are largely grouped as classical approaches and 

advanced approaches. Each method has significantly contributed to the research on defining 

molecular underpinnings of deafness. 

Classical Approaches 

Genetic linkage analysis and positional cloning 

Linkage analysis is the classical technique used for the identification of disease causing loci/genes 

for Mendelian disorders. It has been a useful technique to analyze consanguineous families and 

has identified mutations in disease causing genes in many autosomal recessive disorders including 

hearing loss (Strachan and Read, 2011). Linkage analysis allows to test the segregation of specific 

disease characteristics along with certain genetic markers widespread in the human genome. Short 

Tandem Repeat (STR) markers or Single Nucleotide Polymorphism (SNP) are used as identifying 

markers on regions of interest for a disease phenotype. The choice of using STR markers or SNPs 

depends on their availability in the region of interest and their variability.  

Genotyping is completed utilizing different markers in individuals. Haplotypes of alleles, inherited 

from both parents are generated. The haplotypes are further analyzed to identify an interval in 

which a disease gene may be located. The results of linkage analysis are indicated in the form of 

logarithm of the odd (LOD) score. It is the statistical measurement of the possibilities whether two 

genes are close to each other and are inherited together more often than expected by chance. A 

LOD score which is >3 is the evidence of strong linkage. After the initial identification of a 

candidate region using linkage analysis, the gene may be identified by candidate gene sequencing 

and/or the sequencing of all genes located in the interval.  

Homozygosity mapping 

Homozygosity mapping is a method to search for stretches of chromosomal homozygosity 

common only in affected individuals of a family. It is a powerful technique to identify a candidate 

region which may contain a disease gene/allele for rare recessive disorders. The homozygous 

regions are mapped either by STR markers or SNP arrays as in linkage analysis. The haplotypes 
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are generated and then common chromosomal homozygous regions in affected individuals are 

inspected. These are analyzed for a potential gene of interest by candidate gene or positional 

cloning approaches. 

SNP Genotyping 

SNPs are genetic variations which can serve as important genetic markers in study of inherited 

disorders. SNP genotyping has successfully identified 12 loci for autosomal recessive 

nonsyndromic hearing impairment which include DFNB79, DFNB81/85, DFNB89, DFNB90, 

DFNB91, DFNB93, DFNB95, DFNB96, DFNB97, DFNB98 DFNB101 and DFNB102 (Grillet et 

al., 2009; Shahin et al., 2010; Sırmacı et al., 2010; Ali et al., 2011; Ansar et al., 2011; 

Charizopoulou et al., 2011; Tabatabaiefar et al., 2011; Delmaghani et al., 2012; Santos-Cortez et 

al., 2013; Santos-Cortez et al., 2014; Mujtaba et al., 2015; Seco et al., 2015). Two automated 

platforms for SNP genotyping; Affymetrix and Illumina, are available which work on a common 

principle with few variations. 

In Affymetrix SNP arrays, the genomic DNA is enzymatically sheared into small fragments. In 

the subsequent process, common adapters are attached to these fragments and are used for 

enrichment of DNA fragments of 200-1000 bp. The enriched fragments are purified and labelled 

at their ends. The labelled fragments are allowed to hybridize to small chips arrayed with 4-6 

copies of 25-mer probes, designed for the SNP markers or their alleles. The differential 

hybridization of labelled fragments to the probes generates a florescent signal which is detected 

for the specific allele of that marker. 

Illumina uses the methodology in which the genomic DNA is first amplified then enzymatically 

fragmented using Nextera kit. The fragments are purified and annealed to locus specific probes 

(50-mers) attached on BeadChips. The annealed DNA serve as a template and label is incorporated 

by a single base extension at 3ʹ end. The signals are scanned using Illumina iScan and results are 

obtained as images. 

Linkage analysis and homozygosity mapping can also be followed by next generation sequencing 

after a few candidate genes for a disease are excluded. This strategy has been successful in 

identifying the stretches of homozygosity with disease gene(s) among subjects practicing 
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consanguinity from all over the world (Aller et al., 2010; Ramzan et al., 2013; Ganapathy et al., 

2014; Seco et al., 2015; Richard et al., 2019). 

Mouse mutants 

There are almost 200 shared homologous regions some of which are syntenic among mice and 

human chromosomes (Copeland et al., 2002). Moreover, the human and mouse cochlea exhibit 

great physiological resemblance to each other. These characteristics have presented mouse as an 

excellent model organisms to identify genes important in hearing. 

Three major forms of mouse mutants are used in the study and identification of human hearing 

loss genes. First are the spontaneous mutants which are accidentally generated by nature. There 

are over 60 natural mouse models including shaker1 (Gibson et al., 1995), shaker2 (Probst et al., 

1998), Snell’s waltzer (Avraham et al., 1995) and waltzer (Di Palma et al., 2001; Wilson et al., 

2001) that have facilitated the study of human hearing. The identification of the recessive 

nonsyndromic deafness genes: MYO7A, MYO15A, OTOA, TMIE, TMC1, MYO6, POU3F4, 

POU4F3 and EYA4 among many others has been completed after the respective orthologous mice 

genes were identified as cause of deafness first. 

Second form of mouse mutants are those generated by radiation or DNA damaging chemical 

mutagens. N-ethyl-N-nitrosourea (ENU) is a common mutagen known to induce point mutations. 

It incorporates one mutation per 700 loci in mouse which can provide a source to generate mutants 

for diverse disorders. The mouse progeny is screened for a distinct phenotype such as hearing loss 

at 3rd generation. Subsequently, the phenotype which is recognized in mice is traced to 

chromosomal regions and respective gene(s) are identified. Several large ENU mutagenesis 

screens have led to identification of mouse models for hearing. Few hearing loss genes that are 

studied using ENU mutated mouse include Gjb2 (Coghill et al., 2002), Comt2 (Du et al., 2008), 

Loxhd1 (Grillet et al., 2009), Cldn9 (Nakano et al., 2009), Cdh23 ((Manji et al., 2011); 

http://www.informatic.jax.org) and Myo6 (Williams et al., 2013). 

Third form of mutants include transgenic mice generated by knock out or clustered regularly 

interspaced short palindromic repeat (CRISPR) editing methods. Two major projects, knock out 

mouse project (KOMP, http://www.nih.gov/science/models/mouse/knockout) and European 
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conditional mouse mutagenesis program (EUCOMM, http://www.eucomm.org) were initiated to 

generate and analyze knock out mouse to study various genetic disorders. Many genes responsible 

for hearing loss were identified in humans and further studied using these knock out mice. 

CRISPR/Cas9 is the most advance technique to generate mutant mouse models and is still in 

infancy regarding the study of hearing loss. A CRISPR/Cas9 mouse model was generated 

successfully for engineering Cdc14a which is an orthologue of a known human deafness causing 

gene (Imtiaz et al., 2017). Gene engineering can also be applied for the treatment of disorder by 

targeting dominant or recessive mutations. For instance the CRISPR strategy preferentially 

disrupted the dominant deafness causing allele in Tmc1. The Cas9 guide RNA lipid complex 

targeting the mutant allele was successful in reducing autosomal dominant progressive hearing 

impairment in mice (Gao et al., 2018).   

Advanced methods to study genetics of hearing loss 

Use of forward and reverse genetics techniques with multi-generation, large consanguineous 

families is helpful to identify genetic components of the auditory system. However, along with the 

classical methods, advanced techniques such as next generation sequencing have made a great 

contribution towards the discovery of novel genes in hearing as well as defining etiology of hearing 

loss. 

Next generation sequencing 

Sanger sequencing, referred to as first generation sequencing was the first automated method of 

sequencing. These advanced approaches are classified as next-generation sequencing (NGS). NGS 

is a fast as well as highly accurate method of sequencing DNA based on massively parallel 

sequencing. In this technique multiple strands of DNA are sequenced in parallel fashion which 

generates large amounts of data (Metzker, 2010; Gilissen et al., 2011). NGS can be performed for 

either whole exome or genome. At present, WES is the most suitable tool used in the study of 

hereditary disorders including hearing loss due to relatively low cost and ease of data analysis. To 

date, eighteen genes causing recessive hearing loss GPSM2, CABP2, KARS, ADCY1, GRXCR2, 

CLIC5, EPS8, FAM65B, MET, NARS2, EPS8L2, TMEM132E, SIPR2, SLC22A4, CDC14A, 

MPZL2, GRAP and CLDN9 (Walsh et al., 2010; Delmaghani et al., 2012; Schrauwen et al., 2012; 

Santos-Cortez et al., 2013; Behlouli et al., 2014; Diaz-Horta et al., 2014; Imtiaz et al., 2014; 
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Santos-Cortez et al., 2014; Dahmani et al., 2015; Li et al., 2015; Mujtaba et al., 2015; Seco et al., 

2015; Simon et al., 2015; Said et al., 2016; Santos-Cortez et al., 2016; Bademci et al., 2018; Li et 

al., 2019; Sineni et al., 2019) have been identified using WES. Three major platforms; Illumina, 

Roche 454 and Applied Biosystems SOLiD are used for this purpose. The major steps involved in 

all platforms include DNA fragmentation, enrichment, amplification of libraries attached on the 

solid surface, sequencing of amplified paired end libraries and imaging. The sequence data 

obtained is finally aligned to the reference genome assembly.  

The fragmentation of DNA is carried out by mechanical shearing or it can also be subjected to 

enzymatic action under controlled conditions. After this step, the fragmented DNA is ligated with 

adapters and enrichment is performed.  The enrichment protocol involves the hybridization of 

fragmented DNA libraries with probes which are labeled with biotin. The hybridized DNA is 

captured using Streptavidin beads and then amplified using PCR. The target DNA is sequenced 

and the incorporation of each nucleotide is detected as a signal. All three platforms use sequencing 

of both ends of the DNA fragments (paired end sequencing) in a single or separate runs. Numerous 

sequencing reactions are carried out simultaneously on the solid surface and later on the detected 

signals are saved in the form of an image. Subsequently, the images are aligned to form a read 

which is then aligned to reference genome assembly. The data is filtered against different databases 

and bioinformatics tools are applied. The sorted variants are saved in the form of excel files which 

are manipulated during further analyses.   

The present study utilized linkage analysis and homozygosity mapping to exclude the involvement 

of known deafness genes. SNP genotyping and WES was performed to identify causative 

gene/variant for hearing loss in potential families. 
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Chapter 2  
 

Materials and Methods 
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Institutional review board approval 

This study was approved by Institutional Review Board (IRB) of School of Biological Sciences, 

University of the Punjab, Lahore, Pakistan. All the families that took part in this research signed 

written consent forms which were provided to them. In addition, participants of 10 to 18 years of 

age signed a simplified consent form, while their parents also consented for them and minor 

children. 

Recruitment of subjects with nonsyndromic moderate-severe deafness 

Source for locating subjects 

The subjects for participation in the research were identified by visiting twelve different Special 

education centers, schools and organizations for deaf situated in different localities of Punjab 

province (Figure 2.1). Thirteen families with nonsyndromic moderate-severe hearing loss were 

identified and collected with the help of initial audiometric data provided by the schools. Samples 

from eleven other families and 73 sporadic cases were included in this study which had been 

collected previously (Bashir, 2011; Mujtaba, 2013; Salman, 2013). Two families HLMI01 and 

HLMI02 from Dr. Sadaf Naz’s lab, School of Biological Sciences were also included in this study. 
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Figure 2.1: Geographical map of Punjab province, Pakistan. Red dots indicate the most frequently 

visited areas for collection of families with moderate-severe hearing loss. 
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Inclusion criteria and evaluation of hearing acuity 

The probands were selected on the basis of audiometric records and observation of teachers from 

the respective schools. More than 15 children were identified by this method. The extended 

families of 13 probands were contacted on the basis of following; 

 Consanguineous marriages/common ancestors  

 Predominantly Families with at least three or more affected individuals with hearing loss  

 Absence of any syndromic associations with hearing loss 

A comprehensive pedigree was obtained for each family ascertained for the study. Detailed 

questioning regarding family history, disease onset and progression, kinship, use of oto-toxic 

medication, medical history for heart and renal dysfunction, skin, eye or abnormal hair 

pigmentation, night blindness and trauma was completed to check the suitability of family for 

inclusion in the study. Families with most syndromic and any environmental causes of hearing 

loss were not enrolled. Initial pedigree drawings for each family were completed with CYRILIC® 

version 1.15 (Cherwell Scientific Publishing Ltd.) and were later drawn using Macromedia® 

FreeHand® MX software. 

Hearing threshold of both ears of the affected individuals was checked at frequencies of 250 Hz, 

500 Hz, 1,000 Hz, 2,000 Hz, 4,000 Hz and 8,000 Hz. All the readings were obtained in ambient 

noise conditions by a DANPLEX portable audiometer model DA65 (Denmark). The degree of 

hearing loss was defined by pure tone averages (PTA) at frequencies of 500 Hz, 1,000 Hz, 2,000 

Hz, and 4,000 Hz. Hearing loss was classified as moderate (PTA 41-70 dB HL), severe (PTA 71-

95 dB hL) or profound (PTA >95 dB HL) according to guidelines (European Concerted Action 

Projects on Genetics of Hearing Impairment 1996; http://hereditaryhearingloss.org Accessed June, 

2019). The results were recorded in the form of audiogram.  

The hearing assessment of toddlers and children less than 8 years was conducted by a modified 

distraction test (Ewing and Ewing, 1944). In this procedure, the attention of a deaf child in response 

to a sudden loud sound was recorded. Ewing and Ewing proposed that a normal child immediately 

responds to the audio signal by turning the head towards the source of sound. However, a child 
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with residual hearing only responds to the louder sound. This test was performed two to three times 

after 15-30 minutes intervals to estimate the hearing threshold of younger affected children.  

Outer ear and auditory canal was also examined for all the deaf individuals with the help of an 

otoscope. 

Assessment of balance and vestibular dysfunction 

The assessment of vestibular function was carried out by Romberg and Tandem gait tests. In 

Romberg test, patients were made to stand in a straight position where their feet touched each other 

and they were requested to close their eyes. If they lost their balance or swayed, a problem in inner 

ear or vestibular dysfunction was suspected. 

Similarly, for the Tandem gait test, patients were requested to walk in a straight line in such a way 

that their arms were close to their bodies. It was made sure that the toes of back foot were touching 

the heel of the leading foot. Failure to move in a straight line in a stable manner was indicative of 

vestibular problems. 

Blood sampling and DNA extraction 

Blood samples (5-10 mL) were obtained in vacutainer tubes from all the consenting affected and 

unaffected individuals of the ascertained families. DNA was extracted by following a standard 

method (Miller et al., 1988; Grimberg et al., 1989).  

Lysis of red blood cells 

Blood samples in vacutainer tubes were mixed gently and 5 mL was poured to 50 mL falcon tubes. 

Red blood cells were lysed by adding 5 mL lysis buffer A (0.32 M sucrose, 10 mM Tris-HCl, 5 

mM MgCl2, 1 % Triton pH=7.6) and 20 mL cold water. The tubes were placed on ice during this 

step for 10-15 minutes. Once the incubation was complete the leucocyte pellet was harvested by 

centrifugation at 3500 rmp for 15-20 minutes in a centrifuge (Eppendorf 5804, Hamburg, 

Germany) operated at 4°C. The pellet was washed twice with 2 mL lysis buffer A and 6 mL cold 

water to get rid of lysed red blood cells.  
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Lysis of leucocytes  

The leucocyte pellet obtained after centrifugation was dissolved in 5 mL lysis buffer B (20 mM 

Tris-HCl, 4 mM Na2EDTA, 100 mM NaCl pH=7.4) by pipetting up and down and then incubated 

overnight in a water bath at 45°C after addition of 500 µL of 10 % SDS and 20 µL Proteinase K 

(20 mg/mL). This lysis step ensured degradation of proteins and release of genetic material in the 

solution. 

Removal of proteins 

Next day, the degraded proteins from lysed leucocytes were removed by the addition of high 

concentration of sodium salt (4 mL of 5.3 M NaCl). As the cations in the solution increased, 

solubility of the proteins decreased. Moreover, the introduction of sodium salt also created an 

attraction between phosphate backbone of DNA and sodium ions. Insoluble proteins were pelleted 

down by spinning the tubes at 4500 rpm for 15-20 minutes in a centrifuge (Eppendorf 5804, 

Hamburg, Germany) operated at 4°C. The DNA was present as sodium salt in the supernatant 

which was carefully collected in a fresh 15 mL falcon tubes after discarding the pellet. Samples 

were centrifuged again at 3500 rpm, 4°C for 15-20 minutes to remove any remaining protein. 

Precipitation of DNA 

The supernatant obtained in previous step was transferred to a new 50 mL falcon tubes. Chilled 

isopropanol was added to the supernatant in an equal volume. The addition of isopropanol forced 

the DNA and sodium ions to bind more tightly. Therefore, DNA got dissociated from water and 

precipitated out of solution. The tubes were centrifuged at 4500 rpm for 15 minutes in centrifuge 

(Eppendorf 5804, Hamburg, Germany). DNA was collected as a pellet at the bottom of tubes and 

supernatant was carefully removed without disturbing DNA pellet.    

Washing and storage of DNA 

In the next step, the precipitated DNA pellet was washed with 1 mL of 70 % ethanol to remove 

salt and left behind impurities and air dried for 3-4 hours. DNA was re-suspended in 500 µL low 

TE buffer (10 mM Tris-HCl pH 8, 0.2 mM Na2EDTA). For smaller quantities of blood (less than 

300 µL) GeneAll® Exgene™ Blood SV DNA extraction kit (GeneAll Biotechnology co., Ltd.) was 

used according to manufacturers’ instructions.  
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Any remaining nucleases were deactivated by heating DNA in a water bath at 70°C for one hour. 

Working dilutions of 1:10 or 25 ng/µL in low TE buffer were prepared for further analysis. DNA 

stocks were stored at -20°C. 

DNA extraction from saliva 

Blood was the preferred sample collected for DNA extraction from the all participants. Saliva was 

collected to extract DNA from only three individuals who were infants.  

Sample collection 

Saliva specimen from respective individuals was collected using ORAgene®DNA kit 

(DNAGenotek Inc. Ottawa, ON, Canada). Briefly, kit consisted of two swabs, a small tube, a 

funnel lid containing a liquid bag to mix with saliva and a screw cap. A swab was gently rubbed 

inside the mouth around cheek pouch or along the gums for 1 minute to soak up the swab with 

saliva. Once the swab was saturated with saliva, it was emptied in the V-notch of the funnel lid by 

twisting and pushing motion against the walls of V-notch. The process was repeated to fill tube 

with the specimen to the mark on it. It was made sure that swab remained intact during sample 

collection and in case of wear and tear, a fresh swab was used. Once the tube was filled up to the 

mark, it was tapped against a hard surface to remove any bubbles. The tube was held upright and 

the lid on the funnel was closed by firmly pushing the lid until the liquid in the bag was released. 

The funnel lid was un-screwed from the tube and discarded properly. The tube with the sample 

was covered with a new screw cap and shaken gently for few seconds. Specimen was labeled and 

swabs were discarded properly.  

Protocol for DNA extraction from saliva 

Collected samples were brought to lab at room temperature and extraction was done with 

prepIT™-L2P kit (DNAGenotek Inc. Ottawa, ON, Canada). In brief, 500 µL saliva samples were 

transferred to 1.5 mL microcentrifuge tube. 20 µL (1/25th of total volume) of PT-L2P was added 

to the samples and mixed by vortexing for 30 seconds to precipitate impurities. Samples were 

incubated on ice for 10 minutes and then centrifuged at 13,000 rpm (Eppendorf 5415R, Hamburg, 

Germany) for 10 minutes at room temperature. The impurities formed the pellet which was 

discarded and DNA in supernatant was carefully transferred to a fresh 1.5 mL microcentrifuge 
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tube. DNA was precipitated by addition of 600 µL of 95 % ethanol at room temperature. Sample 

was mixed gently by inverting 5-10 times and allowed to stand for 10 minutes at room temperature. 

Ethanol was removed after centrifugation at 13000 rpm (Eppendorf 5415R, Hamburg, Germany) 

for 2 minutes and pellet was air dried for 3-4 hours. DNA was dissolved in 500 µL of low TE 

buffer. Storage was same as for the samples extracted from blood.   

DNA quality and quantification analysis 

DNA concentration was assessed by spectrophotometry absorbance at 260 nm. The quality was 

determined by analyzing 260/280 absorbance ratio and electrophoresis on 0.8 % agarose gel 

prepared in 0.5X TAE buffer (1 M Tris-base, 500 mM Na2EDTA, 57.1 mL/1000 mL glacial acetic 

acid).  

Screening of known deafness genes 

DNA samples obtained from some families and sporadic individuals were subjected to screening 

of common deafness genes. These included most of the genes from previous studies which have 

been reported as a causative factor for autosomal recessive nonsyndromic deafness in a high 

proportion of Pakistani population. The description of all common DFNBs associated with 

autosomal recessive nonsyndromic hearing loss checked in the selected familial cases are provided 

(Table 2.1). In addition, some genes of interest to lab and those for Usher syndrome were also 

included in the screening for some families. The families excluded by linkage were processed for 

WES or SNP genotyping. However, no further work was carried out for HLGM13, HLGM18 and 

HLMR11. 
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Table 2.1: List of genes screened in the selected families enrolled in the study.  

 

Names of genes Families screened 

GJB2, MYO15A, SLC26A4, 

TMC1, TMPRSS3, OTOF, 

CLDN14, HGF  

HLMR2, HLMR3, HLMR4, HLMR5, HLMR6, HLMR7, 

HLMR8, HLMR9, HLMR10, HLMR11, HLMI01, HLMI02,  

MYO7A, CDH23, USH1C, 

PCDH15, CIB2, WHRN, 

CDC14A, PDZD7, USH2A, 

VLGR1, CLRN1, SANS, 

HARS 

HLMR3, HLMR4, HLMR5, HLMR9, HLMR11, HLGM10, 

HLGM13, HLGM18, HLGM26 

TECTA, GRXCR1, TRIOBP, 

MYO6, PJVK, BSND, TPRN, 

PTPRQ, MET, GRXCR2, 

GIPC3 

HLMR3 

 

The genes were selected either on the basis of prevalence in Pakistani population or their 

association with autosomal recessive syndromic or nonsyndromic hearing loss. 
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Sequencing of GJB2 and HGF 

Variants of GJB2 accounts for 6-10 % of cases for moderate-severe hearing loss in Pakistani 

population (Santos et al., 2005; Salman et al., 2015). Therefore, presence of variants in this gene 

was analyzed by Sanger sequencing of coding exon 2 in all the affected individuals. Similarly, two 

non-coding variants of HGF (Δ3 = c.482+1986_1988delTGA; Δ10 = 

c.482+1991_2000delGATGATGAAA) have been described in 8 % of deaf cases from Pakistan 

(Schultz et al., 2009; Richard et al., 2019). These variants of HGF were examined by Sanger 

sequencing of the respective region in all the affected participants of the study. 

Homozygosity mapping 

Genotyping with STR markers is a widely used method in molecular biology and has been greatly 

employed to undertake linkage analysis in various diseases (Litt and Luty, 1989). Some commonly 

associated genes with autosomal recessive nonsyndromic hearing impairment, prevalent in 

Pakistani population were screened using STRs. These markers were selected from the flanking 

region of the respective genes. At least 2-3 STR markers were used which were mostly 

dineucleotide or tetranucleotide repeats present upstream and downstream of each gene and had 

≥70 % heterozygosity. Primers were designed with Primer3 software 

(http://frodo.wi.mit.edu/primer3/) for the product range of 150-500 bp and Tm of the primers were 

kept between 55°C-65°C. In most cases, one of the fluorescent labels FAM, VIC, NED or PET 

was directly attached to the forward primer at 5ʹ end. However, in some cases the fluorescent label 

was fused into the PCR product through M13 genotyping method (Schuelke, 2000). For this 

purpose three primers; sequence specific forward primer with M13 tail at 5ʹ end, sequence specific 

reverse primer and a universal fluorescent labelled M13 primer were added in a single PCR 

reaction. In initial few cycles, sequence specific primer with M13 tail is incorporated in the PCR 

product. Later on, the fluorescent labelled M13 primer is incorporated into the product and hence 

the products were fluorescently labelled (Figure 2.2).  
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Figure 2.2: Basic scheme of M13 genotyping. A, Initially the sequence specific forward primer is 

incorporated into the PCR product. The M13 tail attached at the 5ʹ end serves as the target for 

universal fluorescent labeled M13 primer. B, Once the sequence specific primer is incorporated, 

its quantity is depleted in the PCR reaction, allowing the fluorescent labeled M13 primer to get 

attached to the PCR product (Imtiaz and Naz, 2012).  
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Three to four DNA samples from each family were subjected to amplification with STRs. To 

minimize the number of PCRs, most amplifications were done in multiplex reactions (Imtiaz and 

Naz, 2012). The primers with size difference of 50-100 and similar Tm and fluorescent label were 

considered for pooling in multiplex PCR. 

All PCR reactions for STR genotyping (simplex and multiplex) were set up in 10 µL volume which 

contained 1 µL of 10X PCR buffer (450 mM Tris HCl pH 9, 110 mM, (NH4)2SO4, 67 mM 2-

mercaptoethanol, 45 µM EDTA, 1100 µg/mL, BSA) (Jeffreys et al., 1990), 0.8 µL of 2.5 mM of 

each dNTPs, 0.8 µL of 25 mM MgCl2, 0.075-0.1 U Taq DNA Polymerase (Thermo Fischer 

Scientific), 0.24 µL of 10 µM M13 primer, 0.24 µL of each primer (10 µM) and 50 ng of DNA. 

Touchdown PCR protocol was used to amplify the DNA (Figure 2.3) on Bio-Rad MyCycler™ 

thermal cycler or ABI 2720 (Applied Biosystems, USA). Products were resolved on 1.5 % agarose 

gel using 6X Xylene Cyanol FF (Xylene Cyanol FF 0.25 %, Glycerine 30 %) loading dye and 

observed under UV illuminator before pooling.  
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Figure 2.3: Touchdown PCR profile for the amplification of STR markers. The annealing 

temperature for initial 11 cycles was 5-10°C higher than the calculated temperature. It gradually 

decreases by 1°C until it reaches the calculated annealing temperature of the primers. Later on the 

rest of the amplification is completed using the calculated annealing temperature. STR; Short 

Tandem Repeat. 
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Preparation of samples for capillary electrophoresis 

Allelic products labelled with PET-5 µL, NED-4 µL, VIC-3.5 µL and FAM-2.5 µL from simplex 

PCR reactions were pooled together for electrophoresis. However, for multiplex products the 

quantities were slightly increased and following quantity with respective labels was pooled 

together; PET-5.5 µL, NED-5 µL, VIC-4 µL and FAM-3 µL. The pooled products were processed 

on ABI genetic Analyzer 310 or 3730 (Applied Biosystems, USA). The data was assessed using 

Genemapper v3.2 software. The alleles were determined by using binning and allele size calling 

function of the software. The sizing data was carefully checked manually. Allele with the larger 

size was called first and named A while allele with small sizes were called later and named B, C 

onwards. If the markers screened for a gene were homozygous for all affected individuals, DNA 

from all the family members was checked for zygosity to establish or exclude the linkage. 

Moreover, if one or two markers were homozygous for all affected and unaffected individuals, 

additional markers from the respective upstream or downstream positions were analyzed. 

Sanger Sequencing 

Primer designing 

The primers were designed using Primer3 software (http://frodo.wi.mit.edu/primer3/). The primers 

were selected around the region of interest which was without any repeat or SNPs. Tm for all 

primers were kept between 55°C-65°C.  

PCR amplification 

The amplification of GJB2, HGF and exons of potential candidate genes shortlisted after the 

analysis of WES data was completed using same PCR reagents as described earlier. The reaction 

was performed in a 25 µL volume which contained 1X PCR buffer, 200 µM of each dNTPs, 2 mM 

MgCl2, 0.1 U Taq DNA Polymerase (Thermo Fischer Scientific), 10 µM each forward and reverse 

primers and 50 ng of DNA. The concentration of Taq DNA Polymerase was 0.22 U for 

amplification of GJB2. PCR profiles used for amplification of GJB2 and HGF are shown in figure 

2.4 A and B respectively. Other amplifications were done using touchdown program as described 

previously. DNA samples of 200 normal control population were amplified and sequenced for 

variants in respective genes. 
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Figure 2.4: PCR amplification profile for GJB2 and HGF. A, PCR profile followed for GJB2 

amplification. B, PCR profile followed for HGF amplification. 

  

B 

A 
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Amplification method for GC rich exons 

The primers required for the amplification of GC rich exons were designed using the same method 

as described previously. However, one parameter chosen for these primers was different from 

others. The primers intended for amplification of GC rich exons were designed with higher melting 

temperatures of 70°C-80°C. The GC rich exons were amplified by a specific protocol (Naz and 

Fatima, 2013). The reaction was completed in a final volume of 50 µL. All the reagents used for 

PCR were same as mentioned earlier for STR genotyping. However, the concentration of MgCl2 

was increased to 4.5 mM and Taq DNA polymerase to 1.25 U. Along with the standard reagents 

5-10 % DMSO and 1.25 % formamide were also added to the PCR mixture. The DNA was 

denatured at 95°C for 3 minutes prior to the addition of PCR mix. After the addition of PCR 

reagents further denaturation of 2 minutes was provided at 94°C. The annealing of primers was 

done at 70°C for 45 seconds for initial 7 cycles and then at 41°C for 45 seconds for 33 cycles 

(Figure 2.5). The PCR products were resolved on 1.5 % agarose gel, treated and sequenced as 

described below. 
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Figure 2.5: PCR profile for the amplification of GC rich exons. DNA was denatured for the first 

3 minutes and then PCR mix was added to it. This serves as a hot start for the reaction. The 

annealing was carried out at a high temperature of 70°C in the first seven cycles to increase the 

specificity of reaction. In all the amplifications annealing was carried out for 45 seconds instead 

of 20 seconds. 
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Treatment of PCR products 

The products obtained after PCR were enzymatically cleaned for the removal of unused dNTPs 

and primers. For this purpose, a mixture of Exonuclease I (20 U/µL, ThermoFisher Scientific) and 

alkaline phosphatase (1 U/µL, ThermoFisher Scientific) was added to PCR product. It was then 

incubated at 37°C for 1 hour. Later, enzymes were inactivated by increasing the temperature to 

85°C for 15 minutes to stop the reaction. The treated product was then diluted by addition of 12-

15 µL of PCR grade water. 

Sequencing reaction 

Sequencing PCR was completed using BigDye® Terminator (v3.1) Cycle Sequencing Kit 

(ThermoFisher Scientific) with respective forward or reverse primer. The reaction was carried out 

in a total volume of 10 µL and the reaction mixture was prepared as follows: 0.5 µM either forward 

or reverse primer, 0.5 µL BDT, 1.5 µL of 5X sequencing buffer, 6 µL of treated & diluted PCR 

product with PCR grade water added to make up the final volume. Sequencing PCR was carried 

out on Bio-Rad MyCycler™ thermal cycler or ABI 2720 (Applied Biosystems, USA). Initial 

denaturation was performed at 96°C for 1 minute followed by 35 cycles of denaturation at 96°C 

for 45 seconds, annealing at 50°C for 30 seconds and extension at 60°C for 4 minutes. A single 

step of final extension at 60°C for 5 minutes was added to the end of program. 

Precipitation and sample preparation  

Samples were precipitated with 3 µL 125 mM Na2EDTA and 30 µL 95 % Ethanol in 0.5 mL tubes 

or 96 wells plates. Precipitation mixture (33 µL) was mixed with the samples and kept in a dark 

place for 30 minutes at room temperature. To make a firm pellet of precipitates in tubes, 

centrifugation was done at 13,000 rpm (Eppendorf 5415R) at room temperature. However, the 96 

wells plates were centrifuged at 4500 rpm (Eppendorf) at room temperature to make pellets. Rest 

of the procedure was same for both tubes and plates. After this step, supernatant was removed and 

pellet was rinsed with 30 µL of 80 % ethanol. The pellets were air dried in dark for 5-7 minutes. 

The pellets were then dissolved in Hi-Di™ formamide and denatured at 95°C. Next, the samples 

were electrophoresed on ABI Genetic Analyzer 310 or 3730 (Applied Biosystems).   
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Sequencing data analysis 

Sequencing results were examined using Seqman™II software (version 5.00 DNASTAR Inc.) 

after adding known sequence of respective exons. Initially, variants were assessed by using blat 

tool of UCSC genome browser (http://genome.ucsc.edu) to categorize them as common SNPs or 

rare variants. Further databases such as Human Gene Mutation Database (HGMD; 

www.hgmd.cf.ac.uk/), Deafness Variation Database (DVD; deafnessvariationdatabase.org/) and 

Online Mendelian Inheritance in Man (OMIM; https://www.omim.org/) were also accessed. In 

addition, scientific reports and literature was surveyed. 

SNP genotyping 

Samples from the families HLMR4 and HLRBS10 were selected for SNP genotyping analysis 

after exclusion of known deafness genes. All affected individuals and at least one unaffected 

member from each family was selected for the procedure. A total of 960,919 SNPs were analyzed 

for the selected subjects by using Infinium® OmniExpressExome-8 v1.4 BeadChip with Infinium 

HD super assay. The major steps to carry out this assay comprised of quantification, amplification, 

fragmentation and precipitation of DNA followed by hybridization to a BeadChip.  

Quantification of DNA 

The final concentration of genomic DNA required for SNP genotyping was approximately 200 ng. 

The quantity of DNA was initially measured with NanoDrop and dilution of 100 ng/µL was 

prepared in low TE (10 mM Tris, 1 mM EDTA). Further dilution to 50 ng/µL was prepared in a 

96 well plate after measurement with Qubit 2.0 fluorometer (Invitrogen Qubit ds DNA HS Assay 

Kit) and 4 µL of each sample was used for the next steps. 

Amplification of DNA 

The required quantity of DNA was transferred to a new 96 well plate and DNA was denatured by 

alkali treatment for 10 minutes at room temperature. Neutralization was done as instructed in the 

manual. After the neutralization step the plate was immediately placed overnight in an Illumina 

hybridization oven at 37°C for amplification. The whole genome amplification of sample DNA in 

this step increased the amount by several folds. 
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Fragmentation and precipitation of DNA 

The plate with amplified DNA product was removed from the oven and subjected to fragmentation 

by controlled enzymatic activity. Endpoint fragmentation method was used to avoid over 

fragmentation of the sample DNA. The fragmented sample was precipitated by addition of iso-

propanol followed by incubation at 4°C for 30 minutes. Centrifugation was done at 3,000 xg and 

4°C for 20 minutes to obtain a firm pellet. Supernatant was immediately discarded on an absorbent 

sheet and plate was left inverted and uncovered for 1 hour to dry the pellets.  

Hybridization of DNA to Multi BeadChips 

The DNA pellet was dissolved in the resuspension buffer supplied with the kit. Subsequently, the 

barcoded BeadChips were prepared and the fragmented DNA samples were applied to them. They 

were kept for 16-24 hours at 48°C in an Illumina hybridization oven to hybridize to locus specific 

50-mer oligo on each bead. Overall, 8 DNA specimen were applied to a distinctive BeadChip. The 

BeadChips were assembled in a tightly sealed and moistened BeadChip hybridization chamber.  

Washing, staining and imaging of BeadChips 

After the incubation was complete, the BeadChips were washed to remove any un-hybridized 

DNA. Further, the DNA coated BeadChips were stained with fluorescent dye and analyzed by 

Illumina supplied iScan system. The iScan system excites the fluorophores with laser and records 

the image of light emitting from the fluorophores. The output data for each scanned BeadChip (8 

samples) was created in the form of single intensity data file (.idat) and numerous image files 

(.jpg/tif). 

Data analysis with GenomeStudio and AutoSNPa 

The genotype data in the form of .idat file was read and examined by Illumina GenomeStudio® 

software (version2) using standard genotyping module in the program. Illumina provides standard 

cluster file (.egt) defining each locus and manifest file (.bpm) listing the SNPID and annotation 

for respective BeadChip. Both the cluster files and manifest files are required to upload the data in 

the GenomeStudio®. Individual SNP genotyping data with call rate more than 95 % (passing 

criteria) was exported as .txt file from GenomeStudio.  Moreover, the .txt files for each individual 

were submitted to AutoSNPa version 3 software (Carr et al., 2006) under the tab ‘Get Patient Data 
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File’ for further visualization of homozygosity regions. Once the files were added, SNP data was 

displayed by clicking ‘View SNP’ button. The data was displayed as chromosomal maps. Yellow 

color indicated heterozygous regions, black represented homozygous regions and white showed 

the regions with no or poor data. Shared regions of homozygosity were searched among the 

individuals of each family following the mentioned color code in the software. 

WES 

WES was performed on samples from one or more affected individuals from 18 families to identify 

the causative agent for hearing loss. The sequencing was performed at four different sites; 

Otogenetics USA, Macrogen Inc. Seoul, Korea, Baylor-Hopkins Center for Mendelian Genomics, 

USA and NIDCD/NIH, USA using Illumina Hi-Seq instruments. Samples from six families were 

selected for library construction and sequencing at NIDCD/NIH. The libraries were constructed as 

below.  

Exome library construction 

For selected samples from six families, DNA was initially quantified with NanoDrop and then 

adjusted to a concentration of 100 ng/µL. It was normalized and diluted with 1 M Tris-HCl (pH 

8.5) to the concentration of 50 ng/µL. The final concentration was measured with Qubit 2.0 

fluorometer (Invitrogen Qubit ds DNA HS Assay Kit) and 5 ng/µL was used for library 

preparation. Single DNA library comprised of 6 different samples. Each sample was uniquely 

labeled by addition of exclusive set of 2-8 base indexes, index1 (i7) and index2 (i5) to each sample. 

Exome libraries were prepared using Illumina® TruSeq Rapid Exome Library Prep kit (8rxn/ 6 

plex) (FC-144-002) and were submitted to central facility for sequencing at NIH.  

Exome libraries and sequencing for other families 

The WES for five families was completed by using commercial facilities at Otogenetics, USA and 

Macrogen, Seoul, Korea. Samples from 20 sporadic cases and seven families were exome 

sequenced in collaboration with Baylor-Hopkins Center for Mendelian Genomics. Agilent V4 

enrichment kit was used for sequencing and paired end reads were generated at 100X coverage on 

an Illumina HiSeq 2000 sequencer. 
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WES data analysis 

The output VCF (Variant Call File) were downloaded and annotated using web based 

wANNOVAR. (http://wannovar.usc.edu/) against GRCh37/hg19 assembly. The data was 

downloaded from the website as .csv file. The data sheets contained fields for population 

frequencies from databases gnomAD (Genome Aggregation Database), ExAC (Exome 

Aggregation Consortium), GME (The Greater Middle East variome project), NHLBI-ESP6500 

(National Heart, Lung and Blood Institute-Exome Sequencing Project, 6500) and 1000Genomes. 

It also contained pathogenicity scores from different in-silico pathogenicity prediction programs. 

The different steps of work flow for exome data comprised of manual filtering (Figure 2.6). First, 

the variants were sorted on the basis of allele frequency in the global as well as ethnic population. 

Population frequencies were observed in gnomAD, ExAC, NHLBI-ESP650 and 1000 Genome 

project database phase 3. Those variants were retained which had the population frequency less 

than 0.01. Second, the variants were separated on the basis of zygosity and only homozygous 

variants were retained in the first analyses. The third filter was applied on the homozygous variants 

and exonic and splice site variants were separated from intronic variants. All splice site, non-

synonymous variants, frameshifts, inframe deletions and insertions were scrutinized further. 

Extensive filtering reduced the number of variants to 2-10 for each sample which were then 

checked for relevancy to disease and segregation in the family by sequencing.  In addition, REVEL 

scores (http:// sites.google.com/site/revelgenomics/) were also assessed for the potential variants. 

All homozygous, heterozygous, compound heterozygous synonymous, frameshift or splice 

mutations present in known deafness genes were carefully examined.  
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Figure 2.6: Flow chart representing the methodology for filtering variants from exome data.

MAF; minor allele frequency. 

Type filtering 

(Synonymous/Nonsynonymous/Frameshift/Indels) 

examinedVariant identified Variant not identified 

Heterozygous and compound 

heterozygous variants were 

Region Filtering (exonic/intronic/splice site) 

Zygosity Filtering 

(Homozygous/Heterozygous) 

WES 

Variant Call Files (ANNOVAR analysis) 

Frequency Filtering 

(MAF<0.01 in 1000 Genomes, NHLBI 

ESP650, ExAC and gnomAD) 
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Display of regions of homozygosity from WES data 

WES data was used to determine the common regions of homozygosity between the samples from 

same families. AgileVCFMapper (Seelow et al., 2009) was used for this purpose. Sequencing data 

in the form of .vcf data file was uploaded in the software and read depths was selected as 20. Once 

software completed reading the file, the results were shown as chromosomal maps with physical 

positions. Regions of homozygosity were denoted by black stretches, heterozygous regions in 

yellow stretches while regions with no calls were shown in white/gray in the output window.  

Segregation analysis and screening of normal hearing controls for variants in 

potential genes 

A set of allele specific primers was designed to check the inheritance pattern of KCNQ4 variant in 

ethnically matched control individuals with Tetra primers ARMS PCR (Ye et al., 2001). Two sets 

of primers were designed with an online tool, Primer1 (http://primer1.soton.ac.uk/primer1.html). 

To increase the specificity of the primers, a mismatch was introduced at third or fourth base from 

the 3ʹ end in each allele specific primer. The F1 and R1 primers were the common gene specific 

primers while the F2 and R2 primers were the allele specific primers to detect altered and reference 

alleles. The amplification was completed in a 10 µL reaction using standard laboratory reagents 

with addition of DMSO and touchdown PCR protocol was followed. The products were resolved 

on 1.5 % agarose gel and observed on a UV transilluminator. The frequency of seven other 

potential variants in the control population was assessed by Sanger sequencing. 

Protein alignment and prediction analysis 

The conservation of partial protein sequences were observed for all novel missense variants. The 

sequences for various species were retrieved from Uniprot (www.uniprot.org) and aligned with 

CLUSTALO (http://www.ebi.ac.uk/Tool/clustalo) software. The effects of variants were predicted 

using online prediction tools such as MutationTaster (http://www.mutationtaster.org/), SIFT and 

PROVEAN. Pathogenicity scores from REVEL (http:// sites.google.com/site/revelgenomics/) and 

CADD were also determined to predict the pathogenecity of respective variant. 
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In situ Hybridization (ISH) assay 

The RNAscope® 2.5 High Definition (HD) Red manual assay was used to detect the level of 

mRNA in intact cochlear tissue (See fixation and preparation of tissue of samples). It works on the 

principle of hybridization of ~20 double-Z RNA probes to complementary mRNA sequence of the 

target in the tissue (Figure 2.7). Z-probes contain three regions; lower region, spacer sequence and 

an upper region. The lower region is 18-25 bases and specifically binds to the target RNA. The 

upper region is a 14 base region. When a pair of Z-probes is hybridized to the target RNA, a 

preamplifier binds to the 28 base upper region of two Z-probes. The preamplifier only binds to a 

pair of Z-probe. It is not able to attach to a single Z-probe hybridized to target RNA. Therefore, it 

confers specificity to the technique. Binding of preamplifier to double Z-probes lead to the 

attachment of signal amplifier molecules to enhance the signal. The whole assembly is labelled by 

the addition of fluorescent probes and RNA is detected under microscope (Wang et al., 2012). 
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Figure 2.7: Schematic representation of RNAScope assay. Step 1. Tissue fixation on slide and 

permeabilization to allow the probes to access the target RNA. Step 2. Z-probes hybridize in pairs 

to target RNA in the tissue. Step 3. Pre-amplifier identifies paired Z-probe and it provides a binding 

site for the attachment of amplifier. Amplifiers enhance the specific hybridization signal. The 

signal is detectable when the labelled probes conjugated with a fluorophore bind to pre-amplifier, 

amplifier complex with Z-probes. Step 4. Signals are detected using epifluorescence microscope 

(Wang et al., 2012). 
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Fixation and preparation of tissue sections 

The cochlear samples for In situ hybridization were dissected from C57BL6/J mouse at postnatal 

day 14. Approval for the procedures involving animals was obtained by institutional animal care 

and use committee at NIDCD, NIH, USA. Cochlea were fixed in freshly prepared 4 % 

paraformaldehyde in 1X PBS for 24 hours at 4°C. Samples were then decalcified by incubating in 

0.125 M EDTA for two weeks at room temperature. The tissue was immersed in 15 % sucrose 

followed by 30 % sucrose at room temperature for 2 hours. A mixture of 30 % sucrose and 

Optimum Cutting Temperature (OCT) embedding media (Sakura Finetek) was prepared in 1:1 

ratio. Samples were immersed in the mixture for 30 minutes and stored in OCT embedding media 

for overnight at 4°C. Finally, the OCT embedding media was dispensed in the molds, specimen 

was transferred into it and stored with dry ice at -80°C. Before preparing the sections, samples 

were equilibrated to -20°C for 1 hour and air dried. Cryo-sections of 12 µm thickness were made 

at an angle close to mid modiolar plane. Two appropriate sections were mounted on one slide. 

Permeabilization 

The sections on the slides were treated with RNAScope® pretreatment kit to get rid of endogenous 

peroxidases and for permeabilization of the fixed tissue. It was supplied with hydrogen peroxide 

and protease plus reagent. 2-4 drops of hydrogen peroxide was applied to each section for 10 

minutes at room temperature. The sample appeared to be dissolved completely in the solution after 

treatment with hydrogen peroxide. The slides were rinsed gently with the distilled water and 

incubated for 30 minutes in a non-humidified HybEZ™ oven preheated to 60°C to retrieve 

samples. The slides were washed again with distilled water and finally with 100 % ethanol for 5 

minutes. The slides were kept at room temperature for few minutes for air drying. A barrier of 

0.75” x 0.75” was created around each section on the slide with the help of ImmEdge Hydrophobic 

Barrier PAP Pen (Vector laboratories, H-4000) to minimize the use of solutions in subsequent 

steps. After the barrier was dry, 2-4 drops of RNAScope® protease plus reagent was applied to the 

samples for permeabilization. The slides were incubated for 30 minutes in a humidified HybEZ™ 

oven pre-warmed at 40°C.  
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Hybridization of probes to target mRNA 

After protease treatment, slides were placed in an EZ-Batch™ Slide Rack and submerged in 

distilled water. The rack was moved up and down for 3-5 times to wash the slides and this step 

was repeated one more time before application of probes. Gene specific double-Z RNA probes 

(Ref: 437641) and negative control probe (RNA probe against bacterial DapB gene) were ordered 

from Advanced Cell Diagnostics. The probes were kept in a 37°C incubator for 10-20 minutes 

before use. The heat treatment of probes was necessary in order to equilibrate them to working 

temperature and to avoid secondary structure formation. The slides were shifted to HybEZ™ 

Humidity Control Tray and 2-3 drops of respective probe was applied to each section inside 

hydrophobic boundary. The tray was tightly covered with the lid and incubated for 2 hours at 40°C 

in HybEZ™ Oven.  

Amplification of hybridization signals  

Slides were rinsed with 1X washing buffer after incubation. Six different RNAScope® detection 

reagents; Amp1-6 were applied to the samples one after the other. After each application, samples 

were incubated at 40°C in HybEZ™ and rinsed with the 1X washing buffer. It was made sure that 

samples did not get dry during application of the solution or washing. Once the sample was treated 

with Amp6, it was washed and stained according to the guidelines provided by the manufacturer. 

The slides were then observed with NIKON Ci-L brightfield microscope and images were saved 

in .tif format.  

Whole mount dissection and Immunohistochemistry  

The cochlear and vestibular whole mounts were prepared to visualize the presence of claudin9 

protein in sensory and non-sensory epithelium of inner ear.  

First Dissection 

A C57BL6/J mouse at the age of 14 days was used to dissect inner ear. Head was separated from 

the rest of the body. Skin and muscles were removed by stretching it away at the base of skull. The 

skull was cut into two halves and brain was detached from the bony part using the tip of scissors. 

At this age bony skull was soft, therefore, right and left temporal regions were separated with the 
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help of scissors from the rest of the skull. Specimens were immediately stored in Leibovitz’s buffer 

(Invitrogen) in a 60 mm culture dish. Excessive tissue was removed under a dissection microscope. 

Samples were washed with 1X PBS and fixed in Prefer fixative (Anatech Ltd. Battle Creek, MI) 

overnight at 4°C.  

Second Dissection 

Samples were equilibrated to room temperature before starting fine dissections. A fresh 60 mm 

dish was filled 2/3rd with 1X PBS. Equilibrated specimens were transferred to fresh petri dish 

containing PBS. Under the dissection microscope, temporal bone was held with a #4 forcep in the 

vestibular region. Cochlear bone became brittle after fixation. With the help of another #4 forcep, 

excessive tissue and cochlear bone was peeled away. A 2.5 mm spring scissors was inserted in to 

the oval window and a cut was made along the lateral side of the basal cochlear turn. That cut 

separated the basal turn from the vestibular region. Using fine forceps, the apical middle and basal 

cochlear turns were separated from the modiolus. Afterwards, tectorial and Reissener’s membranes 

were removed by gently pulling them away with forceps. Organ of Corti was cut with the help of 

spring scissors and stria vascularis was separated. The organ of Corti was placed in a chamber 

slide containing fresh 500 µL 1X PBS. 

The vestibular part comprising of saccule, utricle and 3 ampules was pulled from the bony cavity 

with the help of a forceps. Sensory epithelium was separated from non-sensory epithelium with 

the help of spring scissors under the dissection microscope. Dissected parts were transferred to the 

chamber slide containing 500 µL 1X PBS.  It was made sure that all the parts were submerged in 

the fluid rather than sticking to the walls of chamber or floating on the top. 

Immunostaining 

1X PBS was removed from the chamber slide with the help of a pipette and 200 µL of 0.2 % Triton 

X-100 was added for tissue permeabilization. Incubation was completed for 15-20 minutes and the 

samples were again rinsed with 1X PBS and blocked with blocking solution (2 % BSA and 5 % 

goat serum) for 2 hours at room temperature or overnight at 4°C. Staining was performed by 

incubating the specimens with primary antibodies; anti-rabbit claudin9 antibody and anti-mouse 

occludin antibody (1:20) for 2 hours at room temperature. After three subsequent washings with 

1X PBS, samples were stained with Alexa Flour conjugated anti-rabbit and anti-mouse secondary 
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antibodies and Alexa Flour conjugated phalloidin actin (1:100) for 30 minutes at room 

temperature. Specimens were mounted on slides with ProLong® Gold Anti-fade reagent without 

DAPI (Molecular Probes) and slides were kept in the refrigerator for 6-12 hours. Images were 

taken at NIH central facility with LSM780 confocal microscope (Carl Zeiss) under 63x.  

Side directed mutagenesis and localization of mouse CLDN9 in Madrin-Darby 

Canine Kidney II (MDCK-II) cells 

The protein coding region of mouse Cldn9 (NM_020293) was cloned into a pEYFP-C1. The 

p.(Glu159Lys) substitution in mouse Cldn9, equivalent to the p.(Glu159Lys) of human CLDN9, 

was introduced into mouse Cldn9 using a GENEART™ Site-Directed Mutagenesis system 

(Invitrogen). Wild type and mutated plasmids were transfected into MDCK-II cells (ATCC, CRL-

2936™) with Lipofectamine reagent (Invitrogen). After 24 hours, the cells were rinsed with 1X 

PBS and fixed in ice cold methanol. Triton X100 (0.5 %) in 1X PBS was used to permeabilize the 

cells, which were then blocked with 2 % BSA and 5 % goat serum for 2 hours. The cells were 

incubated with anti-mouse anti occludin antibody, as well as anti-rabbit claudin9 antibody for 2 

hours. The cells were stained with Alexa Flour 647 anti-mouse IgG and Alexa Flour 480 anti-

rabbit IgG, mounted using Prolong Gold Antifade with DAPI (Molecular Probes) and observed 

under 63x, LSM780 (Zeiss, Germany).    

Transepithelial electrical resistance (TEER) assays 

Expression plasmids 

Construction of the EYFP-CLDN9WT-encoding tet-off plasmid (EYFP-CLDN9WT-pUHD10-3H) 

was described previously (Nakano et al., 2009). To create a CLDN9E159K-encoding version of the 

same plasmid (EYFP-CLDN9E159K-pUHD10-3H), a c.475G>A point mutation was inserted into 

the CLDN9-encoding region of EYFP-CLDN9WT-pUHD10-3H using the GENEART™ Site-

Directed Mutagenesis system (Invitrogen). The absence of unintended mutations in EYFP-

CLDN9E159K-pUHD10-3H was confirmed using Sanger sequencing. 
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MDCK-II cell culture 

Tet-off MDCK-II cells (a kind gift from Dr. Charles Yeaman, University of Iowa) were grown in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS; 

Atlanta Biologicals), penicillin (100 units/mL; Thermo Fisher Scientific), and streptomycin (100 

mg/mL; Thermo Fisher Scientific). To generate stable clones of MDCK-II cells that express 

CLDN9WT or CLDN9E159K in an inducible fashion, linearized EYFP-CLDN9WT-pUHD10-3H and 

EYFP-CLDN9E159K-pUHD10-3H were transfected into tet-off MDCK-II cells using 

Lipofectamine LTX Reagent and PLUS Reagent (Thermo Fisher Scientific). Stable clones were 

isolated following selection with hygromycin (300 µg/mL; Thermo Fisher Scientific). All MDCK-

II cell cultures were maintained at 37°C in humidified air atmosphere containing 5 % CO2. 

Measurement of TEER and transepithelial dextran diffusion 

Parental (non-transfected) tet-off MDCK-II cells and the isolated stable clones of transfected tet-

off MDCK-II cells were seeded onto Transwell Permeable Supports (12 mm diameter and 0.4 µm 

pore size, Corning) at a density of 4.5×104 cells/cm2. These Transwell cultures were incubated in 

the presence or absence of doxycycline (100 ng/mL; Clontech) for 6 days; during this time, 

hygromycin was omitted from the culture medium. Tet-off MDCK-II cells formed confluent 

monolayers on the Transwell inserts in 3 days, and electrical resistance was measured on days 4–

6 using Millicell Electrical Resistance System (Millipore) in cell culture medium. Electrical 

resistance was also measured across blank inserts. TEER was calculated by subtracting the 

resistance measured across the blank inserts from the resistance measured across the inserts with 

the tet-off MDCK-II monolayers. TEER was measured in three Transwell cultures per cell clone, 

time point, and condition (i.e., doxycycline-treated and untreated). TEERs from these technical 

replicates were averaged to obtain a single TEER for each clone, time point, and treatment 

condition.  

Following the TEER measurements on day 6, the cell culture medium on tet-off MDCK-II cells 

was replaced with Fluorescence Assay Medium composed of FluoroBrite DMEM (Thermo Fisher 

Scientific), 5 % FBS, L-glutamine (4 mM, Thermo Fisher Scientific), and doxycycline (0 or 100 

ng/mL). Cells were incubated in the Fluorescence Assay Medium (270 µL in the upper chamber 

and 1 mL in the lower chamber) for 1 hour. At the end of the 1 hour incubation period, 30 µL mix 
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of FluoroBrite DMEM and FITC-dextran 4 kDa (FD4) or FITC-dextran 500 kDa (FD500) (both 

from Sigma) was added to the upper chamber to set the concentration of FD4 and FD500 to 2.5 

mg/mL at time 0. Transwell cultures were incubated with FD4 and FD500 at 37°C in humidified 

air atmosphere containing 5 % CO2. After 6 hour incubation, samples (150 µL) were collected 

from the lower chamber for fluorescence measurements (λex = 458 nm, λem = 520 nm) in a 

microplate reader (Victor3 Multilabel Counter, PerkinElmer). Concentrations of FD4 and FD500 

in the collected samples were determined by extrapolation from standard curves. Apparent 

permeability coefficients (Papp) were calculated using Eq. 1 as previously described (Nakano et al., 

2009):  

 

Papp = Vr × dC × dt-1 × A-1 × C0
-1

   (1) 

 

where Vr (cm3) is the volume of the acceptor compartment, dC × dt-1 is the slope of change in 

solute concentration in the acceptor compartment over time (µg/mL × s-1), A is the membrane 

surface area (cm2), and C0 is the initial concentration of solute in the donor compartment (µg/mL). 

FD4 permeability of monolayers of tet-off MDCK-II cells was measured in two Transwell cultures 

per cell clone and condition (i.e., doxycycline-treated and untreated). Data from these technical 

replicates were averaged to obtain a single Papp number per clone and condition. FD500 

permeability of monolayers of tet-off MDCK-II cells was measured in one Transwell culture per 

cell clone and condition. 

Computational modeling of CLDN9 

The structure of mouse CLDN15 protein (PDB identifier: 4P79) was used as a template to build a 

structural model with HHpred of human CLDN9 (NP_066192). The sequence coverage and 

sequence identity confirmed mouse CLDN15 as a suitable template to model human CLDN9. The 

sequence alignment obtained from HHpred was submitted to MODELLER and the best homology 

model for wild-type human CLDN9 (residue 1-196, (NP_066192)) and the mutant p.(Glu159Lys) 

of CLDN9 was selected after 2,000 iterations and evaluation by PROCHECK.  

 



 

54 
 

 

 

 

 

 

Chapter 3  
 

Results 
 



 

55 
 

Families and audiological profile 

Twenty six consanguineous families were included in this study to evaluate the association of 

known or novel gene variants with hearing loss. Most of these families were from Lahore and 

nearby rural areas. All the families had at least two or multiple affected individuals born to normal 

parents in cousin marriages. Detailed questioning regarding family and clinical history confirmed 

the presence of nonsyndromic, recessive hearing loss. No other environmental factors such as the 

use of antibiotics or trauma was reported to be responsible for hearing loss in affected individuals. 

Audiometry in ambient noise conditions revealed moderate-severe or severe degree of hearing loss 

in a majority of the affected participants (Table 3.1). Negative findings of Romberg and tandem 

gait tests indicated that participants had normal vestibular function.  
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Table 3.1: Participating families and Pure Tone Averages of affected individuals  

N/A; not available 

Family ID No. of affected individuals Pure Tone Average (500-4000Hz) dB HL 

HLMR1 4 83, 88, 91, 99 

HLMR2 3 88, 91 

HLMR3 3 68, 76 

HLMR4 3 76, 89, 98 

HLMR5 4 58, 72 

HLMR6 4 68, 75 

HLMR7 3 60, 65 

HLMR8 4 83, 84, 90 

HLMR9 8 74, 80, 78, 80, 67, 81, 74 

HLMR10 3 68, 77 

HLMR11 6 83, 83 65, 77 

HLMR12 7 60, 63, 64, 68, 70, 84 

HLMI01 7 73, 76, 80 95 

HLMI02 4 70, 74 ,85 

HLGM03 3 78 

HLGM09 3 71, 89 

HLGM10 4 53, 93 

HLGM11 3 84, 85, 85 

HLGM13 3 83, 88, 111 

HLGM18 4 51 56, 59 

HLGM20 4 60, 61, 63, 66 

HLGM23 4 75, 78, 80, 81 

HLGM26 7 45, 84, 99 

HLGM27 3 N/A 

IHT02 3 79, 85, 94 

HLRBS10 2 71, 83 
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Results after Sanger sequencing of GJB2 and HGF  

Samples of affected individuals from all 26 families were screened for variants in GJB2 (OMIM 

121011) by Sanger sequencing. Samples from eight families HLMR1, HLMR4, HLMR5, 

HLMR9, HLMR11, HLMR12, HLGM26 and HLGM27 were screened for two common 

pathogenic variants of HGF (OMIM 142409) by Sanger sequencing. Homozygous variants for 

GJB2 or HGF were identified in affected members of two families (Table 3.2).  
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Table 3.2: Details of families with variants in GJB2 and HGF.  

 

  

Family ID Gene Transcript/Variant First 

report 

PubMed 

ID 

HLMR2 GJB2 NM_004004/ 

c.358_360del 

p.(Glu120del) 

15967879 

HLMR12 HGF NM_000601/ 

c.482+1986_1988delTGA 

19576567 
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Family HLMR2 

There were three affected individuals in family HLMR2 (Figure 3.1A) with moderate-severe 

hearing loss (Figure 3.1B). A reported deletion in GJB2 was detected for this family (Table 3.2). 

The segregation of the variant was tested on the available DNA samples (Figure 3.1C). The variant 

c.358_360del p.(Glu120del) was homozygous in all affected individuals and heterozygous in 

unaffected parents and siblings. This mutation has been described as one of the compound 

heterozygous variant in only one affected individual (Murgia et al., 1999) and annotated as variant 

of uncertain significance in HGMD and DVD. This second finding of the same variant in these 

three affected individuals supports pathogenic potential of this allele. 

Family HLMR12 

HLMR12 was a family (Figure 3.2A) with multiple individuals affected with moderate-severe 

hearing loss, five of whom were enrolled in the study (Figure 3.2B). A known variant 

c.482+1986_1988delTGA in HGF was identified in homozygous condition in all five affected 

members of the family (Table 3.2). The obligate carries were heterozygous while others were either 

heterozygous for the variant or had the reference sequence (Figure 3.2C). The identical variant has 

been reported to cause profound hearing impairment in multiple families of Pakistani origin 

(Schultz et al., 2009). The same 3 base pair deletion in HGF has also been previously reported in 

one family where it was associated with progressive and severe deafness (Naz et al., 2017). 

Interestingly, in the current family, this variant is responsible for stable, moderate-severe hearing 

impairment (Figure 3.2B). 
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Figure 3.1: Pedigree of family HLMR2 with audiograms and sequencing traces. A, Family 

HLMR2. The circles represent females, squares represent males and double horizontal lines 

indicate cousin marriage. Shaded circles and squares denote affected individuals. The respective 

genotypes of the available family members for the deletion variant c.358_380del in GJB2 are 

mentioned below the symbols. ‘+/-’ indicates heterozygous condition and ‘-/-’ indicates 

homozygous deletion. B, Audiometric profile for individuals IV:1 and IV:3 indicates moderate-

severe hearing loss. Both individuals were unresponsive at higher frequencies. C, Partial 

chromatograms for coding exon 2 of GJB2 for a control and an affected individual IV:1 with the 

variant. Arrow indicates the position of the deletion. 
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Figure 3.2: Family HLMR12, audiometric profile and chromatograms with the variant. A, 

Pedigree of HLMR12. Genotypes for the deletion variant c.482+1986_1988delTGA are indicated 

below the respective symbols. ‘+’ indicates reference allele and ‘-’ indicates the mutant allele. B, 

Audiograms of affected individuals indicate moderate-severe degree hearing loss. C, 

Representative nucleotide sequence chromatograms of a sample with the reference sequence and 

homozygous 3 bp deletion in intron 4 of HGF from an affected individual.  
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Results after STR genotyping for selected deafness genes 

Sixteen families (HLMR3, HLMR4, HLMR5, HLMR6, HLMR9, HLMR10, HLMR11, HLMI01, 

HLMI02, HLGM03, HLGM10, HLGM13, HLGM18, HLGM26, HLRBS10 and IHT02) were 

screened by homozygosity mapping for linkage to six commonly known genes for hearing loss in 

Pakistani population. Additionally, twelve genes reported for hearing loss associated with Usher 

syndrome were also screened in these families. Linkage to different loci was identified in three 

families HLMR10, HLMI01 and HLMI02 (Table 3.3).   
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Table 3.3: Results after STR genotyping for families HLMR10, HLMI01 and HLMI02. 

N/A, variants not assessed by Sanger sequencing, -, no variant identified after Sanger sequencing 

  

Family ID Gene Transcript/Variant First report 

PubMed ID 

HLMR10 SLC26A4/ 

TMC1 

N/A - 

HLMI01 SLC26A4 - - 

HLMI02 TMPRSS3 NM_024022/ 

c.323–6G>A 

p.(Val108Alafs) 

11137999 
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Families HLMR10 and HLMI01 

In family HLMR10, linkage was observed with markers for both SLC26A4 (OMIM 605646) and 

TMC1 (OMIM 606706) (Figure 3.3A). There were three affected siblings (Ages: 2-10 years) in 

this family with moderate-severe degree of hearing impairment (Figure 3.3B) and parents 

confirmed the prelingual onset in all three affected siblings. No syndromic phenotype associated 

with hearing loss was apparent in any of the affected individual. Further screening was not 

performed on this family. However, in future this family could be subjected to computed 

tomography of temporal bone and inner ear to identify enlarged vestibular duct. It would be helpful 

to rule out the involvement of either SLC26A4 or TMC1 as a causative factor of hearing loss. 

HLMI01 was a large family with a total of seven affected participants in different consanguineous 

marriages (Figure 3.3C). Pure tone averages for affected individuals ranged from 73-95 dB HL 

(Figure 3.3D). Hearing impairment in family HLMI01 was linked to markers spanning SLC26A4. 

All the exonic with contiguous intronic regions of SLC26A4 were analyzed by Sanger sequencing, 

but no variant was identified. This indicates that the variant may be located in a regulatory region 

of SLC26A4. There is also a remote possibility that a mutation in another closely located gene may 

be involved in causing the phenotype in this family. 

Family HLMI02 

The hearing loss in family HLMI02 (Figure 3.4A) was of moderate-severe degree (Figure 3.4B) 

with prelingual onset. The phenotype of this family was verified to be linked to markers spanning 

TMPRSS3 (OMIM 605511) after homozygosity mapping (Figure 3.4A). Sequencing of all coding 

exons of TMPRSS3 revealed a known cryptic acceptor splice site variant c.323-6G>A (Scott et al., 

2001) in intron 4. However, the prelingual onset, moderate-severe phenotype in affected members 

of HLMI02 is different from that reported before. This variant was reported to cause childhood 

onset, progressive hearing loss which was profound by the second decade of life (Scott et al., 

2001). 

Samples from none of the remaining nine families (HLMR3, HLMR4, HLMR5, HLMR6, 

HLMR9, HLMR11, HLGM13, HLGM18 and HLGM26) were consistent with linkage to the tested 

common hearing loss genes.  
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Figure 3.3: Pedigrees and audiograms of families HLMR10 and HLMI01. A, Family HLMR10. 

All available DNA samples from the family were included in the screen. The genotypes for 

markers spanning SLC26A4 and TMC1 are given below the respective symbol. B, Audiograms for 

affected individuals indicating moderate-severe degree of hearing loss. C, Family HLMI01 and 

results of linkage analysis. Hearing loss in family HLMI01 was linked to markers screened for 

SLC26A4. Genotype for each marker is written below the symbol for respective individual. D, 

Hearing threshold for better ear is given which indicates moderate-profound degree of hearing 

loss.  
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Figure 3.4: Family HLMI02 and audiograms. A, Pedigree of HLMI02. The linkage data is shown 

for markers tested for TMRSS3. The genotypes for the variant c.323-6G>A are also indicated. B, 

Audiometry indicated moderate-severe hearing loss in the affected individuals. 
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WES results 

Samples from three families (HLRBS10, HLGM03 and HLGM10) which had been first analyzed 

by Sanger sequencing and linkage analysis were subjected to WES. One or two samples of affected 

individuals were chosen from each family.  

A missense variant in CLDN9 (OMIM 615799) was implicated for hearing loss in humans. 

Moreover, variants in a new gene ITSN2 (OMIM 604464) was identified in family HLGM03. 

Hearing loss in family HLGM10 was due to a KCNQ4 (OMIM 603537) variant.  

Identification of a missense variant in CLDN9  

Family HLRBS10 

Family HLRBS10 resided in Sheikhupura and had two affected siblings born to parents who were 

in a cousin marriage (Figure 3.5A). Both individuals had prelingual, bilateral, moderate-severe 

hearing impairment (Figure 3.5B). Audiometry for elder individual IV:2 was repeated after 9 years 

(at age 17). There had been no progression in his hearing loss (data not shown) which indicates 

that hearing loss is stable. 
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Figure 3.5: Pedigree, audiograms and sequence traces for family HLRBS10. A, Genotypes for 

segregating variant c.475G>A in CLDN9 is shown below the symbol of respective individuals. B,

Audiograms indicate moderate-severe or moderate-profound hearing loss in affected individuals. 

The individual IV:2 was unresponsive at higher frequencies in right ear. C, chromatograms from 

control and affected individuals. The position of mutation is underlined in the control sequence. 

Arrow indicates the mutation in sequence from affected individual. 
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Results for SNP genotyping of HLRBS10 

Hearing loss in this family was excluded from linkage to any known deafness gene tested by STR 

genotyping. SNP genotyping was performed for one affected individual (IV:2), one unaffected 

sibling (IV:1) and an unaffected parent (III:2).  

More than 95 % of SNPs were present with successful call rates in all samples. The quality control 

call rates for all samples were also greater than 90 %. Homozygosity analysis by AutoSNPa 

identified four large stretches of autozygosity in the affected individual’s (IV:2) sample located on 

four different chromosomes (2:140,574,598-165,187,321, 4:0-70,771,076, 9:100,538,980-

115,344,250 and 16:2,325,676-6,264,464) (Figure 3.6). These were large regions (4-70 Mb) 

including numerous genes. The second affected individual, IV:3 was homozygous only on 

chromosome 16, as determined by segregation analyses of 14 SNPs located in these chromosomal 

regions (data not shown). Therefore, hearing loss in this family was linked only to chromosome 

16. 
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Figure 3.6: Regions of homozygosity obtained from AutoSNPa software for HLRBS10. The 

identities of the individuals are mentioned above the respective columns. Yellow indicates 

heterozygosity, black indicates homozygosity, white indicate no calls/centromeric region. The 

homozygous regions are marked with red box. 
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Results of WES for HLRBS10 

WES data were analyzed for the presence of variants of all the reported deafness genes and no 

potential pathogenic variant was identified. Subsequent analyses and data filtering revealed a total 

of six homozygous variants for further analyses. Three of these variants affected the genes located 

in regions of homozygosity on chromosomes 4, 9 and 16 (Fig. 3.6). Two other variants were 

present on chromosomes 3 and 18 while one was identified in a gene located on chromosome X 

(Table 3.4).  All except two variants were not checked further since they were not conserved in 

vertebrate orthologues, had low CADD scores or were predicted to be benign by multiple software 

(Table 3.4 and data not shown). 

The variants on chromosome 9 and 16 (Table 3.4) were selected for segregation analyses using 

Sanger sequencing. Only one variant c.475G>A in CLDN9 segregated with the phenotype in the 

family, since the obligate carriers were heterozygous, and both hearing impaired individuals were 

homozygous for the variant (Figure 3.5A). c.475G>A variant was not present in 173 (346 

chromosomes) ethnically matched control individuals from Pakistan. This variant was absent from 

all different databases including gnomAD, ExAC, GME, 1000Genomes and NHLBI-ESP6500. 

The variant c.475G>A, p.(Glu159Lys) in CLDN9 was a strong candidate for hearing loss as 

c.102T>C, p.(Phe35Leu) allele of its orthologue, Cldn9 causes deafness in mouse (Nakano et al., 

2009).  

Pathogenicity prediction 

Substitution of Lysine for Glutamate at position 159 is predicted to be damaging by multiple 

bioinformatic software including SIFT, PolyPhen-2 and Mutation Taster (Table 3.4). Moreover, 

high CADD and REVEL scores (32 and 0.92 respectively) also supported the software prediction 

data.  

Conservation of Glu159 

The amino acid at position 159 was highly conserved in all vertebrate species as well as other 

members of claudin protein family. 
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Table 3.4: List of filtered variants identified after WES of individual IV:2 from family HLRBS10. 

Chr. Position Gene Transcript/Variant Pathogenicity Status 
SIFT MT PolyPhen2 CADD 

score 
Biallelic variants located in regions of homozygosity  

4 16017829 PROM1 NM_006017/ 
c.1037A>G 
p.(Asn346Ser) 

D N P 13 Discarded, 
due to low 

CADD 
score, non-

conservation 
in vertebrate 
orthologues 

9 79252425 PRUNE2 NM_001308048/ 
c.8881T>C 
p.(Tyr2962His) 

D D D 26 Did not 
segregate 

16 3063838 CLDN9 NM_020982/ 
c.475G>A 
p.(Glu159Lys) 

D D D 32 Conserved, 
segregated 

Biallelic variants not located in regions of homozygosity  

3 47041657 NBEAL2 NM_015175/ 
c.4068G>A 
p.(Phe1356Leu) 

T B D 12 Discarded, 
due to low 

CADD 
score, non-

conservation 
in vertebrate 
orthologues 

18 9525826 RALBP1 NM_006788/ 
c.1324A>C 
p.(Lys442Gln) 

T D P 24 Discarded 
due to non-

conservation 
in vertebrate 
orthologues 

X-linked hemizygous variant  

X 71825238 PHKA1 NM_002637/ 
c.2698T>C 
p.(Tyr900His) 

D D D 28 Discarded 
due to non-

conservation 
in vertebrate 
orthologues 

The chromosomal positions are mentioned according to reference human genome assembly 

GRCh37/hg19. MT; Mutation Taster, SIFT; Sorting Intolerant From Tolerant. T; Tolerated, D; 

Damaging/Deleterious/Disease causing, P; Probably damaging, N; Neutral.  
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Expression and localization analysis of claudin 9 (CLDN9) 

The expression of Cldn9 and localization of CLDN9 was determined in mouse inner ear. The 

expression of endogenous mouse Cldn9 mRNA was tested in a wild type C57BL6/J mouse by in 

situ hybridization. The results indicated high expression of Cldn9 in mouse inner ear (Figure 3.7). 

The mRNA was predominantly identified in both cochlear and vestibular parts.  

The localization of endogenous protein was confirmed by using mouse specific anti-Cldn9 

antibody raised in rabbit. Staining with the antibody revealed that CLDN9 (NP_064689) was 

present in sensory epithelium (Figure 3.8) as well as non-sensory epithelium of inner ear (Figure 

3.9). This localization pattern was similar to an earlier report (Kitajiri et al., 2004).  
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Figure 3.7: In situ hybridization of Cldn9 mRNA in P1, C57BL6/J mouse. Cldn9 mRNA is 

expressed in various organs of inner ear including Hair cells, sulcus cells, Reissener’s membrane 

and stria vascularis. SV; stria vascularis, SP; spiral prominence, RM; Reissener’s membrane, HCs; 

hair cells, ISCs; inner sulcus cells, SLi; spiral limbus, ESCs; external sulcus cells. 
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Figure 3.8: Localization of CLDN9 in mouse inner ear detected by immunostaining and confocal 

microscopy. CLDN9 is present in outer as well as inner hair cells. Arrows indicate the rows of 

hair cells. Green shows staining with CLDN9 antibody, red indicates staining with anti ZO-1 

antibody. Yellow indicates merged signal obtained due to staining with both antibodies, indicating 

co-localization of the two detected proteins. Scale bar 15 µm. 



 

76 
 

  A 

B 

Figure 3.9: Localization of CLDN9 in nonsensory epithelium of inner ear. A and B, CLDN9 is 

present in marginal cells of stria vascularis and the Reissener’s membrane. Green shows staining 

with CLDN9 antibody, red indicates staining with anti ZO-1 antibody. Blue is Phalloidin 390  

used for staining actin filaments in cell membrane in panel A and DAPI for staining nuclei in 

panel B. The merge signal in panel A indicates that CLDN9 is present in the cellular membrane. 

Scale bar 10 µm. 
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Effect of Glu159Lys on the localization of CLDN9 

CLDN9 is a transmembrane protein which constitutes tight junctions. In order to determine the 

effect of a missense change c.475G>A, p.(Glu159Lys), the localization of mouse CLDN9 was 

tested in MDCK-II cell lines. Briefly, wild type and mutant EYFP tagged Cldn9 constructs were 

transfected in to the cell lines. The imaging data showed that the missense variant p.(Glu159Lys) 

did not affect the targeting of the protein to the cell membrane (Figure 3.10).  
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Figure 3.10: Maximum intensity projection images for localization of CLDN9 in MDCK-II cells. 

Both wild type and mutant constructs were targeted to cell membrane and were present in the 

regions of cell-to-cell contact. ZO-1 a tight junction associated protein in the cell membrane 

(indicated in pink) was used as a tight junction marker. Anti-CLDN9 antibody (red) was used as 

an additional marker to detect EYFP-C1-CLDN9 (wt) and EYFP-C1-CLDN9 (E159K) (detected 

in green). The localization of CLDN9 was not affected by the mutation c.475G>A, p.(Glu159Lys) 

as shown by comparison of merged images (top and bottom panels). Scale bar is 20 µm in upper 

panel and 15 µm in lower panel.   
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Effect of Glu159Lys on TEER 

To test the potential effects of the Glu159Lys substitution on the barrier function of CLDN9, the 

TEER of CLDN9WT- and CLDN9E159-expressing cultures of MDCK-II cells. Given that N-

terminal tags do not obstruct with the barrier function of claudins rather it facilitates the expression 

analysis (Weber et al., 2015), the N-termini of CLDN9WT and CLDN9E159K were fused to EYFP. 

The DNA sequences of these fusion constructs were inserted downstream of a tetracycline 

response element and transfected into tet-off MDCK-II cells. Subsequent culturing was done for 

stable clones on microporous filters in the presence or absence of doxycycline. Fluorescence 

microscopy confirmed that doxycycline “turned off” efficiently the expression of EYFP-

CLDN9WT and EYFP-CLDN9E159K in the isolated cell clones (Figure 3.11). TEER measurements 

in monolayer cultures of the transfected cell clones and parental (non-transfected) cells 

demonstrated that the expression of either EYFP-CLDN9WT or EYFP-CLDN9E159K increased the 

TEER (Figure 3.12A). Moreover, the extent of the TEER increase was similar in the EYFP-

CLDN9WT-expressing and EYFP-CLDN9E159K-expressing cultures (Figure 3.12B). Thus, TEER 

measurements did not reveal a difference in the barrier functions of CLDN9WT and CLDN9E159K.  

The effects of Glu159Lys was then tested on the transepithelial diffusion of FD4 because previous 

studies showed that claudins can affect the transepithelial diffusion of non-ionic solutes of less 

than 5 kDa in size (McCarthy et al., 2000; Furuse et al., 2002). FD4 was added to the apical side 

of the same tet-off MDCK-II cultures that were used for the TEER assays, and samples were 

collected from the basolateral side 6 h later for the quantification of FD4 concentration. These 

assays revealed that the FD4 permeability of tet-off MDCK-II cell cultures increased with the 

expression of EYFP-CLDN9WT and EYFP-CLDN9E159K, and that the FD4 permeabilities of 

EYFP-CLDN9WT-expressing and EYFP-CLDN9E159K-expressing cultures were similar (Figure 

3.13). In a second set of transepithelial diffusion assays, FD500 was used because it is excluded 

from the paracellular route but not from the transcytosis-dependent transport pathway (Matter and 

Balda, 2003). The FD500 diffusion assays revealed that the permeability of tet-off MDCK-II cell 

cultures for FD500 was unaffected by the presence of EYFP-CLDN9E159K in the cells (Figure 

3.13). Together, these data indicate that the expression of either CLDN9WT or CLDN9E159K 

increases the paracellular permeability of tet-off MDCK-II cell cultures for FD4. Given that 

CLDN9WT and CLDN9E159K increased both TEER and transepithelial FD4 diffusion, this data 
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supports the notion that distinct paracellular pathways exists for the transepithelial flux of small 

ions and larger non-charged solutes (France and Turner, 2017).  
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Figure 3.11: Doxycycline withdrawal-dependent expression of EYFP-CLDN9WT and EYFP-

CLDN9E159K in tet-off MDCK-II cells. EYFP (green) and DAPI (blue) fluorescence signals in 

doxycycline-treated (dox+) and non-treated (dox-) stable clones of tet-off MDCK-II cells that were 

transfected with EYFP-CLDN9WT-encoding (upper two rows) or EYFP-CLDN9E159K-encoding 

(lower two rows) tet-off plasmids. Green signal in dox- lane indicates that withdrawal of 

doxycycline turn on the expression of EYFP-CLDN9WT and EYFP-CLDN9E159K in MDCK-II cell 

lines. Scale bars 25 µm. 
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Figure 3.12: Effects of CLDN9WT and CLDN9E159K on the barrier properties of monolayer cultures 

of MDCK-II cells. A, Transepithelial electrical resistance (TEER) of doxycycline-treated (dox+) and 

doxycycline non-treated (dox-) cultures of non-transfected tet-off MDCK-II cells (non-transf.) and stable 

clones of tet-off MDCK-II cells transfected with an EYFP-CLDN9WT-encoding (CLDN9WT) or an 

EYFP-CLDN9E159K-encoding (CLDN9E159K) tet-off plasmid. TEER was measured on the indicated days 

after seeding on Transwell Permeable Support. Doxycycline was used to turn off expression of EYFP-

CLDN9WT and EYFP-CLDN9E159K in the stable clones. Data are mean ± SEM (n = 6 clones in EYFP-

CLDN9WT group, 4 clones in EYFP-CLDN9E159K group, and 1 parental cell type). B, Differences in the 

TEERs (ΔTEERs) of dox- and dox+ cultures from the indicated groups of tet-off MDCK-II cells on days 

4, 5, and 6 after seeding. ΔTEERs were calculated from the data shown in (A). Two-way ANOVA p = 

0.02 for transfection status, Dunnett’s post hoc test *p < 0.05 and #p = 0.06, control group: CLDN9WT.  
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Figure 3.13: Effect of CLDN9E159K on the barrier properties of monolayer cultures of MDCK-II 

cells for large solutes. Apparent permeability coefficients (Papp) illustrating the FD4 and FD500 

permeabilities of dox+ and dox- cultures from the indicated groups of tet-off MDCK-II cells on day 

6 after seeding. Each symbol represents the value for an independent stable clone (CLDN9WT and 

CLDN9E159K groups) or the parental cell type (non-transf.) under dox+ and dox- conditions. Boxes 

show the maximum and minimum values in the indicated groups, and horizontal lines near the middle 

of boxes indicate medians (paired t-test, FDR-adjusted *p < 0.05, NSp > 0.1). 
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In silico predictions for the effect of Glu159Lys on human CLDN9 

Heterogeneous group of tight junction proteins are required to form a tight junction in a cell 

membrane. These proteins interact in either cis or trans conformation with each other. It was 

therefore checked if the variant could potentially affect interaction of human CLDN9 

(NP_066192). 

CLDN9 dimer was modelled using the cis dimer from mouse CLDN15 (NP_068365) as a template. 

The analysis revealed that the interaction between Glu159-Ser69 is conserved in the wild type 

CLDN9 dimer (Figure 3.14). When the Glu159 was replaced with Lysine the interaction with 

Ser69 on the second monomer was abolished (Figure 3.15). To further evaluate the claudin-claudin 

interaction live imaging and co immunoprecipitation assays are in progress at LMG, NIH, USA in 

collaboration. 
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Figure 3.14: Computational modeling of CLDN9 using CLDN15 as a template. The interaction 

between Glu159-Ser69, equivalent residues to Glu157-Ser67 is conserved in the claudin9 dimer.  
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Figure 3.15: Computational modeling of Glu159Lys in human CLDN9. The introduction of a 

lysine at position 159 at the dimer interface disrupts the interaction with Ser69.  
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Family HLGM03 and variant in ITSN2 

Family HLGM03 had three affected individuals and deafness segregating in the family was 

autosomal recessive (Figure 3.16A). Air conduction pure tone audiometry for individual IV:5 

revealed moderate-severe hearing impairment (Figure 3.16B).  

A missense variant c.4705G>A, p.(Gly1569Arg) in ITSN2  was identified (Figure 3.16A) in all 

affected individuals of family HLGM03. The variant segregated with the phenotype, being 

homozygous in the three affected cousins and heterozygous in other family members (Figure 

3.16C). DNA was tested for the presence of variant in 144 individuals (288 chromosomes). The 

variant was identified in heterozygous condition from the DNA of 2/144 (0.006) ethnically 

matched controls. An allele frequency of 0.004 was observed for this variant in the South Asian 

population in gnomAD. However, in silico analyses by three of four prediction tools suggested the 

ITSN2 variant was damaging. No other potential variant was identified from WES data.  

Moreover, only a single common region of autozygosity on chromosome 2 containing ITSN2 was 

observed (Figure 3.16D) after AgileVCFMapper analysis. It was located between a known 

deafness locus, DFNB47 and a known deafness gene OTOF (Figure 3.16E). Haplotypes generated 

by genotyping microsatellite markers and SNPs clearly excluded the linkage of the phenotype to 

either locus or the gene (Figure 3.16A). 
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Figure 3.16: Pedigree, audiogram and homozygosity regions for family HLGM03. A, Haplotypes 

generated for HLGM03 by genotyping closely linked SNPs and STRs located upstream and 

downstream flanking regions of ITSN2 are shown below each individual’s symbol. Position of variant 

c.4705G>A in ITSN2 is also shown (24.40 Mb). Data shows that only one affected individual (IV:3) 

is homozygous for the markers at DFNB47 locus. Similarly, one unaffected parent (III:1) is 

homozygous for markers spanning OTOF. B, Audiogram from one affected individual (IV:5) in 

HLGM03. Hearing threshold for better hearing ear is plotted at different frequencies which indicates 

moderate-severe hearing loss. C, Sequencing traces for a homozygous wild type individual (IV:7) 

and homozygous affected individual (IV:5) for variant c.4705G>A in ITSN2. D, Autozygous regions 

obtained from exome data by AgileVCFMapper. The single homozygous region on chromosome 2 

shown for HLGM03 includes DFNB47, ITSN2 and OTOF.  E, Chromosome 2 p-region indicating 

positions of DFNB47, ITSN2 and OTOF.  
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Family HLGM10 and a missense variant in KCNQ4  

Family HLGM10 was recruited from Pattoki and it had multiple affected individuals born in 

different cousin marriages (Figure 3.17A). This family was first visited in year 2009 and at that 

time only two deaf individuals III:7 and IV:5 and few unaffected individuals were available to 

participate in the study. Later on, extended family with more affected individuals was included in 

2018. Audiometric evaluation confirmed moderate-severe or severe-profound degree of hearing 

loss in affected individuals (Figure 3.17B).  

WES was applied on two affected individuals III:7 and VI:3. No pathogenic variant common to 

both individuals was identified. Separate analysis of data for each affected individual revealed a 

known pathogenic variant c.236+1G>A of TMC1 in VI:3, which was homozygous in IV:5 and 

heterozygous in obligate carriers. A missense variant in KCNQ4 was observed in one branch of 

the family. Individual III:7 was homozygous for variant c.872C>T, p.(Pro291Leu) in KCNQ4. 

Sanger sequencing revealed that affected individual V:5 was also homozygous for the same variant 

of KCNQ4 while others were either carriers for the variant or had the wild type allele (Figure 

3.17C).  The variant in KCNQ4 was not detected in 200 chromosomes from ethnically matched 

controls.  

Audiometery was performed for the carrier individual IV:7 (45 years) in ambient noise conditions. 

The examination showed mild to moderate degree of hearing loss in that individual (Figure 3.17B), 

of which she was not aware. Hearing test for individual V:3 (15 years), homozygous for the wild-

type allele showed that he had normal hearing (Figure 3.17B).  The two individuals III:7 (at 65 

years) and V:5 (at 8 years) of this family who were homozygous for the variant had moderate-

profound and moderate-severe degree of pre-lingual hearing loss, respectively (Figure 3.17B).  
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Figure 3.17: Pedigree, audiograms and electropherograms of KCNQ4 variant. A, Family 

HLGM10. Asterik shows the individuals for which WES was done. The nucleotide variant 

c.872C>T in KCNQ4 and c.236+1G>C in TMC1 is indicated below the symbols of the respective 

participants. B, Pure tone audiograms of individuals of the participating families including wild 

type, carrier and affected individuals. Squares and crosses represent the hearing thresholds for the 

left and right ears, respectively. C, Electropherograms of KCNQ4. Sequence analyses showing the 

missense mutation p.(Pro291Leu)  in family HLGM10 in a carrier, homozygous affected and 

homozygous wild type individual, respectively. The arrow indicates the position of the mutation. 

Note that the individual homozygous for the wild type allele is heterozygous for an adjacent 

common SNP, rs12117176.  
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WES results for remaining families 

WES was applied to seven families (HLMR3, HLMR4, HLMR5, HLMR6, HLMR9, HLGM26 

and IHT02) samples of which were excluded for linkage to selected known deafness genes.  

Samples from affected individuals of eight consanguineous families (HLMR1, HLMR7, HLMR8, 

HLGM09, HLGM11, HLGM20, HLGM23 and HLGM27) which had been only screened for GJB2 

variants were also selected for WES. Variants in eight previously described deafness genes were 

identified for fourteen families. Ambiguous results were obtained for family IHT02. 

There were six reported and seven novel pathogenic variants identified in affected members of 

these families (Table 3.5). Few of the novel variants differ substantially from their previously 

reported association with the degree of hearing loss. The variants in known deafness genes 

comprised missense, frameshift, splicing and stop gain mutations in ESPN (OMIM 606351), 

SLC26A4 (OMIM 605646), OTOF (OMIM 603681), MYO7A (OMIM 276903), CDH23 (OMIM 

605516), LHFPL5 (OMIM 609427), MARVELD2 (OMIM 610572) and MSRB3 (OMIM 613719). 

Six of the families with variants exhibited intra-familial locus heterogeneity.  
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Table 3.5: List of variants in known deafness genes identified after WES for familial cases. 

Family 
ID 

HL Gene Transcript/Variant Variant 
effect 

Population 
frequency 

First 
report/ 
PMID ExAC gnomAD 

HLMR3 Moderate ESPN 
 

NM_031475/ 
c.2019dupG 
p.(Leu674AlaTer72) 

Frameshift - - This study 

HLMR6 Moderate-
severe 

c.2254G>T 
p.(Glu752Ter) 

Stop gain - - This study 

HLMR9 Moderate-
severe 

c.1720delG 
p.(Ala574fsTer72) 

Frameshift - - This study 

HLMR5 Moderate MSRB3 
 

NM_198080/ 
c.412-1G>A 

Splice 
acceptor 

0 0.000032 This study 

HLMR7 Moderate MYO7A 
 

NM_000260/ 
c.3136dupC 
p.(Leu1046fs) 

Frameshift - - This study 

HLMR8 Severe CDH23 
 

NM_022124/ 
c.4730G>C 
p.(Arg1577Pro) 

Missense - - This study 

HLGM11 Severe OTOF 
 

NM_001287489/ 
c.4362+1G>C 

Splice 
donor 

- - This study 

HLGM20 Moderate c.2965_2967del 
p.(Phe989del) 

Deletion - 0.000033 27573290 

HLMR1 
HLGM27 

Severe/ 
Moderate-
severe 

SLC26A4 
 

NM_000441/ 
c.1337A>G 
 p.(Gln446Arg) 

Missense 0.00054 0.00061 10700480 

HLGM23 Severe SLC26A4 
 

c.302A>C 
p.(Gln101Pro) 

Missense 0.000061 0.000065 This study 

HLGM09 Severe SLC26A4 
 

c. 235C>T 
p.(Arg79Ter) 

Stop gain - - 18813951 

HLMR4 Severe MARVELD2 
 

NM_001038603/ 
c.1331+2T>C 
p.(C395fsTer403) 

Splice 
donor 

0.00012 0.00019 17186462 

HLGM26 Moderate-
severe 

LHFPL5 
 

NM_182548/ 
c.250delC 
p.(Leu84Ter) 

Deletion - 0.000065 16459341 

 ‘–’ indicates the absence of variant from public databases.  HL; hearing loss, PMID; PubMed-

Indexed for MEDLINE (http://www.ncbi.nlm.nih.gov/pubmed). 
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Variants in SLC26A4 and hearing loss 

Samples from most of the families included for WES after screening of GJB2 were found to have 

variants in SLC26A4. Four out of seventeen families (23%) had variant in this gene and hearing 

loss was moderate-severe in affected individuals.  

In family HLGM09 (Figure 3.18A) there were seven affected individuals born in multiple 

consanguineous marriages. Hearing thresholds for two individuals (IV:5, age 22 years and V:16, 

age 20 years) were 71 and 89 dB indicating severe degree hearing loss (Table 3.1). Distraction test 

for a minor individual (V:9, age 5 years) indicated moderate hearing loss. Discussion with parents 

was consistent with a stable hearing loss in the affected individuals. A nonsense variant, c.235C>T, 

p.(Arg79Ter) in SLC26A4 was identified in homozygous condition in all affected individuals 

except for individual V:6 (Figure 3.18B). The variant p.(Arg79Ter) has been associated with age 

related or profound deafness in affected individuals (Wu et al., 2010). However, in affected 

individuals of family HLGM09, the hearing loss was prelingual and moderate or severe. 

Family HLGM27 (Figure 3.19A) was recruited from a town nearby Lahore. There were three deaf 

individuals in the pedigree. The audiograms for family HLGM27 were not available as children 

were minor at the time of sampling. Discussions with parents and observations by distraction test 

were indicative of moderate-severe hearing loss in affected children. A reported missense variant, 

c.1337A>G, p.(Gln446Arg) (Reardon et al., 2000) in SLC26A4 was identified in this family after 

exome sequencing (Figure 3.19B).  
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Figure 3.18: Pedigree and sequencing traces for nonsense variant in SLC26A4. A, Family HLGM09. 

The variant c.235C>T was homozygous in affected individuals except for individual V:6 who was 

homozygous for the reference allele. B, Electropherograms for a reference and homozygous mutated 

allele from respective individuals. The reference allele is underlined in control sequence. 
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Figure 3.19: Pedigree and chromatogram for a missense variant in SLC26A4. A, Family HLGM27. 

A known missense variant c.1337G>A segregated in the family with hearing loss. B, 

Chromatograms indicating reference sequence from an unaffected participant and homozygous 

mutant allele from the affected individual. The altered nucleotide is indicated by an arrow in the 

sequence from an affected individual. 
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Two other families HLMR1 and HLGM23 had missense variants in SCL26A4. Sanger sequencing 

revealed genetic heterogeneity in family HLMR1 as all affected paticipants were not homozygous 

for the variant. 

 For family HLMR1 (Figure 3.20A) WES was performed for three individuals (V:5, V:9 and V:15) 

affected with hearing loss of >70 dB. A known missense variant c.1337A>G p.(Gln446Arg) 

(Reardon et al., 2000) in SLC26A4 was homozygous in affected individuals from only two 

branches of the family while other two closely related affected individuals had either the reference 

allele or were heterozygous for the variant. No other potential variant was identified after the 

analysis of exome sequencing data for individuals who did not have the SLC26A4 homozygous 

variant.  

In family HLGM23 (Figure 3.20B) there were four deaf individuals born to consanguineous 

parents in two sibships. The affected participants had severe hearing loss (Table 3.1). WES for 

individual IV:3 identified a novel missense variant c.302A>C p.(Gln101Pro) in SLC26A4. The 

variant segregated with moderate-severe hearing impairment in affected individuals of this family 

however, a normal father in second branch (III:9) was also homozygous for the similar variant. 

The unaffected father was not willing for audiometric examination to confirm his status of hearing. 

The variant had a minor allele frequency of 0.00008 in public databanks. It was predicted to be 

damaging by at least three in silico prediction programs. 
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Figure 3.20: Families HLMR1 and HLGM23 and segregation of missense variants in SLC26A4. 

A, A known missense variant c.1337A>G was identified for family HLMR1. However, all affected 

individuals were not homozygous for the variant. The variant segregated in only two branches of 

the family. B, A novel missense variant c.302A>C was identified for family HLGM23. All the 

affected individuals are homozygous for the variant. The normal father III:9 also has the disease 

genotype.  
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Variants in ESPN and hearing loss 

Variants in ESPN were the second most frequently identified cause of hearing loss (17%) in this 

study. Two frameshift (c.2019dupG, p.(Lys672_Gly673fs); c.1720delG, p.(Ala574fsTer72)) and 

one nonsense mutation c.2254G>T p.(Glu752Ter) were found in three families. 

Family HLMR3 (Figure 3.21A) had three affected individuals with moderate hearing loss (Figure 

3.21B). A novel frameshift variant c.2019dupG, p.(Leu674AlafsTer72) in ESPN (Figure 3.17C) 

was identified by WES. It was absent in public databanks and was homozygous in all affected 

individuals (Figure 3.21A).  

Family HLMR6 (Figure 3.22A) had three individuals with moderate-severe degree of hearing 

impairment (Figure 3.22B). WES identified a novel nonsense variant c.2254G>T, p.(Glu752Ter) 

in ESPN (Figure 3.22C). The global allele frequency observed for this variant was 0.00009 in 

gnomAD, with no individual homozygous in the control population.  

Family HLMR9 (Figure 3.23A) had multiple deaf individuals with moderate-severe hearing loss 

(Figure 3.23B). A novel frameshift variant c.1720delG, p.(Ala574fsTer72) was identified in ESPN 

by WES. Sanger sequencing of all the available DNA samples showed that the variant segregated 

with moderate-severe hearing loss in this family. All the affected individuals were homozygous 

for the variant. This variant was absent from public databanks. 

  



 

99 
 

 

Figure 3.21: Pedigree and audiogram of family HLMR3 and nucleotide sequence traces for variant 

in ESPN. A, Family HLMR3 and segregation of c.2019dupG in ESPN. ‘dup/wt’ indicates 

heterozygous and ‘dup/dup’ indicates homozygous condition for the variant. B, Hearing threshold 

tested in ambient noise conditions indicate moderate-severe hearing loss in the family. C, Partial 

chromatogram for duplication variant in ESPN. Respective amino acids are mentioned under each 

triplet. Note that the reading frame is shifted (Leu to Ala) due to the addition of one nucleotide at 

position 2019.  
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Figure 3.22: Family HLMR6, hearing profile and chromatogram for variant in ESPN. A, A novel 

stop gain variant c.2254G>T segregated in family with hearing loss. All affected individuals were 

homozygous for the mutant allele. B, Audiometric data for individuals V:2 and V:3 indicated 

moderate-severe degree of hearing loss. C, Partial chromatogram for stop gain variant in ESPN. 

The position of mutant allele is shown by an arrow and reference allele is underlined in the control 

sequence.  
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Figure 3.23: Family HLMR9 and audiometric profile. A, A novel frameshift variant c.1720delG 

in ESPN segregated in family with hearing loss. All affected individuals were homozygous for the 

mutant allele. ‘-/-’ indicates homozygous and ‘+/-’ indicates heterozygous state. B, Audiometric 

data for all affected individuals indicated moderate-severe or severe hearing loss.  
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Variants in OTOF and hearing loss 

Two variants in OTOF were responsible for hearing impairment in families HLGM11 and 

HLGM20.  

Family HLGM11 had three individuals affected with hearing loss (Figure 3.24A). All individuals 

were between ages 12-20 years and manifested severe hearing loss (Figure 3.24B). WES was 

carried out for all individuals who were affected. The data analysis revealed a novel splicing 

variant c.4362+1G>C in OTOF segregating with the deafness in this family.  

Family HLGM20 had five individuals with hearing impairment in two sibships (Figure 3.24C). 

All those individuals had moderate degree of hearing loss (Figure 3.24D) and were of ages ranging 

from 10-20 years. A reported in-frame deletion c.2965_2967del, p.(Phe989del) (Naz et al., 2017) 

was identified in OTOF which segregated with the phenotype. 
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Figure 3.24: Pedigrees and audiograms for family HLGM11 and HLGM20. A, A novel splicing variant 

c.4362+1G>C in OTOF segregated with phenotype in family HLGM11. All affected individuals were 

homozygous for the variant. B, Hearing loss in affected individuals of family HLGM11 is of severe to 

profound degree. None of the individuals showed a response at high frequency sounds. C, Family 

HLGM20 with segregating deletion variant c.2965_2967del in OTOF. The genotypes for each individual 

is written below the respective symbol. ‘+/-’ is heterozygous and ‘-/-’ is homozygous for the deletion 

variant. D, Audiometry data for available affected participants indicate the presence of moderate-severe 

degree of hearing loss.  
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Other genes and their association with hearing loss 

In family HLMR5 (Figure 3.25A) a known splicing variant c.412-1G>A (Richard et al., 2019) was 

identified in MSRB3. The affected individuals had moderate-severe hearing impairment (Figure 

3.25B). Previously, variations in this gene have been described to cause prelingual deafness of 

profound degree (Ahmed et al., 2011). However, in family HLMR5, the variant c.412-1G>A was 

homozygous in only one affected individual indicating locus heterogeneity (Figure 3.25A and C). 

The frequency for this variant in South Asian population was very low (0.000032- gnomAD) and 

it was not found in other public databanks.  

In family HLMR7 (Figure 3.26A) a frameshift variant c.1337dupC, p.(Leu1046fs) in MYO7A was 

identified. The frameshift variant segregated with moderate-severe deafness (Figure 3.26B and C) 

and was absent in public databanks. The variant altered a conserved amino acid in the protein. The 

affected individuals did not have Usher syndrome phenotype at the time of sampling (ages 16-19 

years).  

In family HLMR8 (Figure 3.27A) a missense variant, c.4730G>C, p.(Arg1577Pro) of unknown 

significance in CDH23 segregated with hearing loss (Figure 3.27B and C). Discussion with parents 

and physical examination of affected individuals were consistent with the presence of 

nonsyndromic deafness. The variant identified in CDH23 affected an amino acid which was 

absolutely conserved among different vertebrate species. It was also absent from public databases. 

Family HLGM26 had eight deaf individuals in different cousin marriages (Figure 3.28A). Hearing 

loss in this family was of moderate-profound degree (Figure 3.28B). A deletion variant c.250delC, 

p.(Leu84Ter) in LHFPL5 was responsible to cause hearing loss in only one individual (Figure 

3.28C). All other hearing impaired individuals were heterozygous for the variant or were 

homozygous for the control allele (Figure 3.28A).  The variant has already been described to cause 

profound degree of hearing impairment in one family originating from Pakistan (Shabbir et al., 

2006).  
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Figure 3.25: Family HLMR5, audiogram and sequencing traces. A, Family representation of 

HLMR5. A splicing variant c.412-1G>A in MSRB3 was homozygous in only one affected individual 

of the family. B, Audiometry revealed moderate-severe hearing loss. C, Nucleotide sequencing trace 

for the reference and mutated allele. 
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Figure 3.26: Pedigree, hearing profile and chromatograms for family HLMR7. A, A duplication variant 

c.3136dupC was identified in MYO7A for family HLMR7. All affected individuals are homozygous for 

the duplication and unaffected sibling and mother are heterozygous. ‘dup/wt’ indicates heterozygous 

and ‘dup/dup’ indicates duplication. B, Hearing threshold for better hearing ear was recorded as an 

audiogram for all affected individuals. It indicated that hearing loss is of moderate-severe degree. C,

Sequencing traces for variant in heterozygous condition and homozygous condition.  
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Figure 3.27: Family HLMR8, audiograms and partial chromatogram. A, A novel missense variant 

c.4730G>C was identified in CDH23 for family HLMR8. Sanger sequencing revealed that all 

affected individuals were homozygous for the variant. B, Audiometry indicated severe to profound 

degree of hearing loss. C, Chromatograms for the homozygous wild type and homozygous mutant 

allele from respective individuals. The point of mutation is underlined in the control sequence and 

by arrow in the sequence from affected individual. 
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Figure 3.28: Family HLGM26, hearing profile and electropherograms. A, Segregation analysis of 

a deletion variant c.250delC of LHFPL5 showed genetic heterogeneity. Two affected individuals 

were either heterozygous ‘+/-’ or homozygous ‘-/-’ for the control allele while others were 

homozygous for the variant. B, Hearing loss in the affected individuals was moderate-severe or 

severe to profound. C, Chromatograms from control and homozygous affected individuals. The 

reading frame is underlined in the control sequence. The fourth codon indicated by an arrow is 

converted to a stop codon by the deletion of single nucleotide ‘C’ in the affected individual. 
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Family HLMR4 

Family HLMR4 resided in a small village near Faisalabad. It had three affected individuals born 

in cousin marriages in different branches (Figure 3.29A). The affected individuals were of ages 

between 9-22 years. Hearing loss was of severe or severe to profound degree among the affected 

participants (Figure 3.29B). It was likely progressive as the youngest individual had better hearing 

as compared to the other affected individuals. Parents reported that all deaf individuals had 

prelingual hearing loss.  

Results of SNP genotyping 

None of the three affected individuals shared homozygosity for common markers for Usher 

syndrome and nonsyndromic deafness genes. SNP genotyping was applied to the samples of three 

affected individuals (V:2, V:5 and VI:2) from family HLMR4.  

Genotype call rate and quality control call rate were ≥95 % for all the samples. Data was analyzed 

together or in combination of two in case of genetic heterogeneity. The largest region (16Mb) was 

shared between only two individuals VI:2 and V:5. A total of six common regions of homozygosity 

were observed in all affected cousins (Table 3.6). These regions were small and did not span any 

known deafness gene. WES was then performed for this family. 
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Table 3.6: Details of homozygosity regions identified by SNP genotyping in affected individuals 

of HLMR4.  

Individual ID Chromosomal position Total region (Mbs) 
 
V:2 and V:10 

Chr16: 46-48 2 
Chr19: 51-53 2 
Chr20: 54-56 2 

 
 
V:2 and VI:2 

Chr7: 118-120 2 
Chr8: 122-130 8 
Chr12: 73-75 2 
Chr20: 1-6 6 
Chr22: 23-25 2 

 
 
 
VI:2 and V:5 

Chr1: 37-41 4 
Chr8: 46-48 2 
Chr15: 65-66 1 
Chr17: 25-30 5 
Chr17: 56-61 5 
Chr18: 18-34 16 
Chr19: 28-30 2 
Chr20: 4-8 4 

 
 
V:2, V:5 and VI:2 

Chr7: 73-74 1 
Chr8: 6-8 2 
Chr15: 30-32 2 
Chr17: 19-20 1 
Chr18: 32-34 2 
Chr20: 4-6 2 

 

Note that the largest region is of 16Mb on chromosome 18 which is common for only two affected 

individuals. 
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Results of WES for family HLMR4 

WES was applied to samples from individuals V:2, V:5 and VI:2. Ingenuity analysis revealed a 

known splice site variant in MARVELD2 (Riazuddin et al., 2006) in DNA of individuals V:2 and 

VI:2. The variant in MARVELD2 was homozygous condition in two branches (V:2 and VI:2) the 

affected individual in the third branch (individual V:5) was homozygous for the reference sequence 

(Figure 3.29A). A four base pair deletion mutation in MYO7A was identified for individual V:5. 

This same homozygous variant was present with the MARVELD2 variant in the sample of 

individual V:2 (Figure 3.29B).   
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Figure 3.29: Family HLMR4, audiograms and partial chromatograms. A, Pedigree of family HLMR4. 

The genotypes of variants in both MARVELD2 and MYO7A are mentioned below each individual. +/+ 

indicates homozygous wild type, ‘+/-’ indicates heterozygous and ‘-/-’ is for homozygous deletion. 

Note that individual V:2 is homozygous for variants in both genes. B, Audiograms for better hearing 

ear suggests moderate-profound degree of hearing loss. C, Sequencing traces for variant in 

MARVELD2 are shown for the reference and homozygous mutated allele. The position of alteration is 

underlined and marked with arrow in the control and affected sequence.  

 



 

113 
 

Family IHT02 and variant in GIPC2 

IHT02 was a family with three individuals (Figure 3.30A) who manifested congenital bilateral 

severe-profound hearing impairment (Figure 3.30B). The deafness phenotype was not linked to 

the tested known genes for hearing loss.  

Samples from the individuals IV:2, IV:3 and IV:4 were subjected to WES. Analysis of WES data 

revealed a homozygous variant in exon 1 of GIPC2 (c.233C>A, p.(Pro78Glu)) in all three affected 

siblings and exon 14 of CDC14A (c.1403C>T, p.(Ser468Leu)) in two affected members of family 

IHT02 (Table 3.7). Sanger sequencing revealed that the variant within GIPC2 segregated with the 

phenotype (Figure 3.30C). However, the CDC14A variant was excluded as one affected individual 

(IV:2) was heterozygous and the unaffected mother and the unaffected brother (III:2, IV:1) were 

homozygous for the variant (data not shown). Two out of hundred ethnically matched control 

individuals (200 chromosomes) were heterozygous for the GIPC2 variant with an allele frequency 

of 0.01. The South Asian specific allele frequency of the GIPC2 variant in the gnomAD and ExAC 

database was 0.004 and 0.005 respectively. No variation affecting GIPC2 untranslated regions, 

predicted branch points in the introns or in the evolutionary conserved regions was identified by 

Sanger sequencing. 

AgileVCFMapper revealed a total of four autozygous regions located on chromosomes 1 (which 

included GIPC2), 6 (which included MYO6), 13 (Figure 3.30D) and 3 (data not shown) for family 

IHT02. SNPs located in all these regions segregated with the phenotype except for those on 

chromosome 3 (data not shown). The possibility of a MYO6 variant present in the affected 

individuals interacting with GIPC2 was also considered as variations in MYO6 lead to autosomal 

recessive and dominant deafness (Melchionda et al., 2001; Ahmed et al., 2003). However, no 

exonic variant was identified in MYO6. All identified variants in MYO6 were intronic 

polymorphisms. 
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Table 3.7: In silico predictions and global allele frequencies of identified variants in family IHT02. 

 

 

The allele frequencies observed for respective variants in ethnically matched control population is 

given in the last column. ‘*’ indicates that variant in CDC14A did not segregate with the phenotype 

as normal mother was also homozygous for the variant. SIFT: Sorting Intolerant From Tolerant, 

MT: Mutation Taster, B: Benign, T: Tolerated, D: Damaging, REVEL: Rare Exome Variant 

Ensemble Learner, ExAC: Exome Aggregation Consortium, gnomAD: genome Aggregation 

database, N/A: Not Assessed 

 

 

Family ID Gene Variant Polyphen2 SIFT MT CADD REVEL ExAC 
Global 

gnomAD 
Global 

Ethnic 
controls 

IHT02 GIPC2 NM_017655 
c.233 C>A 
p.(Pro78Gln) 

B T D 14.83 0.328 0.0008 0.0006 0.01 

CDC14A* NM_003672 
c.1403C>T 
p.(Ser468Leu) 

D T D 14.17 0.071 0.00008 0.00007 N/A 
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Figure 3.30: Pedigree, audiogram, electropherogram and homozygosity regions in family IHT02. A, 

Family diagram of IHT02 representing segregation of GIPC2 variant with hearing loss. B, Audiometric 

profile of the affected individuals indicating severe-profound hearing loss in the affected individuals.  

C, Sequence chromatograms showing transversion mutation at position 233 in exon 1 of GIPC2. The 

affected individual is homozygous for the variant while a normal control has the reference sequence. D, 

Homozygosity regions observed after AgileVCFMapper analyses among all affected individuals on 

chromosome 1, chromosome 6 and chromosome 13. The blue and black regions indicate the stretches 

of homozygosity.  
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Molecular heterogeneity 

In families HLMR1, HLMR4, HLMR5, HLGM09, HLGM10 and HLGM26 intrafamilial locus 

heterogeneity was observed. The known or novel pathogenic mutations associated with hearing 

loss in a single gene were either homozygous wild type or heterozygous in some of the deaf 

individuals in each family.  

Overall genetic findings in familial cases 

A total of 26 families were studied for possible cause of moderate-severe hearing impairment. Of 

these families, 29 % were resolved in initial screening step using Sanger sequencing and linkage 

analysis (Table 3.8). WES resolved 69 % families in which a known or novel variants were 

identified. Molecular heterogeneity was observed for 23 % of cases. 
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Table 3.8: List of families, techniques applied for screening and their outcomes. 

Family ID Sanger 
sequencing 

of GJB2 
and/or HGF 

Variant 
identified 

STR 
genotyping 

Linkage 
with known 

deafness 
gene 

SNP 
genotyping 

Identification 
of novel locus 

WES Gene(s) 
identified 

GJB2 HGF 

HLMR1 
 

Yes No No No - No - Yes SLC26A4 

HLMR2 Yes Yes No No - No - No - 

HLMR3 Yes No No Yes No No - Yes ESPN 

HLMR4 Yes No No No - Yes No Yes MARVELD2/
MYO7A 

HLMR5 Yes No No Yes No No - Yes MSRB3 

HLMR6 Yes No No Yes No No - Yes ESPN 

HLMR7 Yes No No Yes No No - Yes MYO7A 

HLMR8 Yes No No Yes No No - Yes CDH23 

HLMR9 Yes No No Yes No No - Yes ESPN 

HLMR10 Yes No No Yes Yes No - No - 

HLMR11 Yes No No Yes No No - No - 

HLMR12 Yes No Yes No - No - No - 
HLMI01 Yes No No Yes Yes No - No - 

HLMI02 Yes No No Yes Yes No - No - 

HLGM03 Yes No No Yes No No - Yes ITSN2 

HLGM09 Yes No No No - No - Yes SLC26A4 

HLGM10 Yes No No Yes No No - Yes KCNQ4/ 
TMC1 

HLGM11 Yes No No No - No - Yes OTOF 

HLGM13 Yes No No Yes No No - No - 

HLGM18 Yes No No Yes No No - No - 

HLGM20 Yes No No No - No - Yes OTOF 

HLGM23 Yes No No No - No - Yes SLC26A4 

HLGM26 Yes No No Yes No No - Yes LHFPL5 

HLGM27 Yes No No No - No - Yes SLC26A4 

IHT02 Yes No No Yes No No - Yes GIPC2 

HLRBS10 Yes No No Yes No Yes No Yes CLDN9 
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Etiology of moderate-severe hearing loss in sporadic cases  

Subjects and their audiological phenotype 

A total of twenty single affected cases with no previous familial history of hearing impairment 

were included from different areas of Punjab. All the probands were born to parents in 

consanguineous marriages. The participating individuals were of ages ranging between 5-23 years. 

In all cases there were no additional clinical features which ruled out the presence of syndromic 

deafness. The severity of hearing loss ranged from moderate-severe degree (Table 3.9). All 

individuals were detected deaf before they began to speak. 
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Table 3.9: List of families with sporadic case of hearing loss and audiometric details.  

Case Identifier Gender Pure Tone Average (500-4000Hz) dB 

HL 

HLMS1 M Moderate hearing loss* 

HLMS7 M Moderate hearing loss* 

HLMS29 M Moderate hearing loss* 

HLMS31 F Moderate hearing loss* 

HLMS32 M Moderate hearing loss* 

HLRBS2 M 65 

HLRBS3 M 71 

HLRBS4 F 75 

HLRBS5 F 86 

HLRBS6 M 70 

HLRBS12 M 85 

HLRBS13 M 73 

HLRBS14 M 81 

SPK1 F Moderate hearing loss* 

SPK5 M Moderate hearing loss* 

SPK6 M 81 

SPK7 M 76 

IPK4 F 88 

IPK5 M 70 

HLGMSA01 M Moderate hearing loss* 

* indicates the evaluation by distraction test as audiometry was not possible due to minor age. HL; 

Hearing Loss, M; Male, F; Female. 
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Overall genetic findings in single affected individuals 

The genetic basis of hearing loss in the recruited participants was analyzed by WES. The summary 

of the variants identified and their pathogenicity predictions are provided (Table 3.10). In brief, 

variants were identified in eleven genes for seventeen cases yielding 85 % detection rate for this 

cohort. Of the seventeen identified variants, 88 % (15/17) were grouped as variants of clinical 

significance.  The variants detected for 58 % cases (10/17) were not previously reported in the 

literature for hearing loss. Moreover, these variants were also absent from population databases. 

The majority of variants were unique to only one individual. However, only one variant 

c.4990_491del, p.(Tyr1497fs) in OTOF was detected in two unrelated probands. Inconclusive 

results were obtained for 10 % of cases. 
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Table 3.10: Details of genes and variants obtained from the analysis of WES. 

Case ID Gene Transcript/ 
Variant 

Variant 
effect 

Genotype Pathogenicity REVEL 
Score 

Global frequency First 
report/ 
PMID SIFT PolyPhen2 MT ExAC gnomAD 

HLRBS13 
 
HLRBS14 

OTOF NM_001287489/ 
c.4490_4491del 
p.(Tyr1497fs) 

Frameshift 
 

Homo N/A,N/A,D N/A - - This study 
Homo N/A,N/A,D N/A - - This study 

SPK6 c.2443delC 
p.(Gln815fs) 

Homo N/A,N/A,D 0.41 - - This study 

SPK5 GJB2 NM_004004/ 
c.158G>T 
p.(Cys53Phe) 

Missense Homo D,D,D 0.95 - - This study 

SPK1 c.370C>T 
p.(Gln124X) 

Stopgain Homo D,N/A,D N/A 0.00009 0.00008 9600457 

HLMS29 BSND NM_057176/ 
c.52G>C 
p.(Leu18Val) 

Missense Homo T,D,N 0.40 0.00006 0.00006 VUS/ 
This study 

HLRBS4 c.35T>C 
p.(Ile12Thr) 

Missense Homo D,D,D 0.81 0.00002 0.00001 19646679 

HLRBS2 SLC26A4 NM_000441/ 
c.2687dupA 
p.(Phe562fs) 

Frameshift Homo N/A,N/A,D N/A - - 18167283 

HLRBS12 c.269C>T 
p.(Ser90Leu) 

Missense Homo D,D,D 0.89 0.00008 0.00001 12676893 

HLRBS3 OTOA NM_144672/ 
c.3188C>G 
p.(Pro1063Arg) 

Missense Homo D,D,D  - - This study 

SPK7 NM_144672/ 
 

 Homo   - -  

HLMS31 RDX NM_001260492/ 
c.551+2T>C 

Splicing Homo N/A,N/A,D N/A - - This study 

HLMS32 MYO7A NM_000260/ 
c.4313C>T 
p.(Ala1438Val) 

Exonic 
 

Het D,B,D 0.75 0.00001 0.000 VUS/ 
This study 

IPK4 CABP2 NM_001318496/ 
c.6651G>T 

Splicing Homo N/A,N/A,D N/A 0.0011 0.0010 22981119 

HLGMS1 CHD7 NM_017780/ 
c.5131G>A 
p.(Asp1711Asn) 

Exonic Het T,D,D 0.39 0.00001 0.000008 This study 

HLMS7 BHLHE22 NM_157414/ 
c.187G>C 
p.(Gly63Arg) 

Missense Homo D,P,N 0.38 0.00008 0.0001 This study 

HLRBS6 ESRRB NM_004452/ 
c.733G>C 
p.(Asp245His) 

Missense Homo D,D,D 0.89 - - This study 

IPK5 Unresolved 
HLRBS5 
HLMS1 

 

N/A; Not Applicable, D; Disease causing/Deleterious/Damaging, P; Probably damaging, N; 

Neutral, T; Tolerated, B; Benign, VUS; Variant of Uncertain Significance. 
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Variants in known deafness genes in sporadic cases 

Mutations in OTOF affected three individuals with deafness in this cohort. A representative 

audiogram is shown in Figure 3.31. Two novel frameshift variants were identified for three 

different participants. The variant c.4990_491del, p.(Tyr1497fs) was present in both individuals 

HLRBS13 and HLRBS14. Similarly, another novel frameshift variant c.2443delC, p.(Gln815fs) 

was identified for individual SPK6.  

GJB2, SLC26A4, OTOA (OMIM 607038) and BSND (OMIM 606412) also affected more than one 

individuals. All the variants identified in these genes were previously known to cause variable 

degree of hearing impairment in familial cases. However, one variant c.158G>T, p.(Cys53Phe) in 

GJB2, one variant c.52C>G, p.(Leu18Val) in BSND and one variant c.3188C>G, p.(Pro1063Arg) 

in OTOA were identified for the first time. 

Variants in few other genes such as RDX (OMIM 179410), MYO7A, CABP2 (OMIM 607314), 

CHD7 (OMIM 608892) and ESRRB (OMIM 602167) were also found to contribute to hearing loss 

in few individuals. All variants identified in these genes were homozygous except for those 

identified in CHD7 and MYO7A. Two novel variants in these genes were identified in heterozygous 

condition with moderate-severe deafness. Disease causing variants in ESRRB have been previously 

described to cause profound hearing impairment. In individual HLRBS6 a novel variant 

c.733G>C, p.(Asp245His) in ESRRB was responsible to cause severe hearing loss (Figure 3.32).  
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Figure 3.31: Individual HLRBS13 and audiogram. A, There was no familial history of hearing 

loss in family of individual HLRBS13. Parents were consanguineous. ‘-/-’ indicates that individual 

HLRBS13 is homozygous for the variant c.4490_4491del in OTOF. B, The affected individual 

had severe hearing loss.  
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Figure 3.32: Family information of individual HLRBS6 and audiogram. A, There was no familial 

history of hearing loss and parents were in consanguineous marriage. A novel variant c.733G>C 

in ESRRB was identified in individual HLRBS6 for hearing loss. B, The affected individual had 

moderate-severe hearing loss and did not show response at high frequency in both ears. 
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Novel candidate gene implicated for hearing loss 

A missense variant, c.187G>C, p.(Gly63Arg) in BHLHE22 (OMMIM 613483) was identified in 

individual HLMS7 who had moderate-severe hearing loss. BHLHE22 has a high expression level 

in inner and outer hair cells in adult mouse (https://umgear.org). This variant was predicted to be 

disease causing by various on line prediction tools. The variant had a high CADD score of 22.9 

and a relatively low REVEL score i.e. 0.38. The variant was rare as it had very low frequency 

(0.00008 and 0.0001) in ExAC and gnomAD respectively, with no individuals homozygous in the 

control population. It had a high GERP++ score of 3.18. Further studies to validate this gene as a 

causative agent for hearing loss are required. 
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The genetic cause of hearing loss was studied for twenty six consanguineous families and twenty 

isolated cases with moderate-severe deafness. As profound deafness is clinically distinct from 

moderate-severe hearing loss, it was hypothesized that there would be a unique spectrum of 

variants of deafness genes as well as distinct mutant alleles of the reported deafness genes as causes 

of moderate-severe hearing impairment.  

Homozygous missense variants implicated for first time in recessive hearing 

loss 

CLDN9 variant and family HLRBS10 

WES led to the discovery of a missense variant c.475G>A, p.(Glu159Lys) in CLDN9 encoding a 

tight junction protein, which segregated with moderate-severe deafness in one family. Glutamate 

at position 159 is a highly conserved residue in orthologues of different vertebrates (Figure 4.1A) 

as well as in diverse claudin family members with a few exceptions (Figure 4.1B). So far, one 

truncating variant in CLDN9 has been reported with progressive moderate-profound deafness 

(Sineni et al., 2019) which was reported as this work was being submitted.  

Tight junctions are located at the lateral surface of the epithelial cells and serve to tightly seal the 

space between the cells. The freeze structure analysis of cochlea revealed that inner ear also has 

well developed tight junctions (Jahnke, 1975). The presence of tight junctions prevents free 

movement of ions and thus maintains selective permeability and ionic gradient in the inner ear 

compartments (Furuse et al., 1999). Later, it was revealed that tight junctions in inner ear maintain 

high K+ ion concentration in the endolymph (Kitajiri et al., 2004; Van Itallie and Anderson, 2006) 

which serves as a main drive for the transmission of electric potential to the auditory nerve. 

Therefore, intact tight junctions are vital for the conservation of electric potential of endolymph 

and ultimately for normal hearing.    
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Figure 4.1: CLUSTALO alignment for CLDN9 from representative vertebrate orthologues and 

human claudin paralogues. A, Alignment of CLDN9 orthologues. The mutated residue is indicated 

in bold, and Glu159 is absolutely conserved in all vertebrate species. The CLDN9 sequences for 

X. tropicalis and A. carolinensis correspond to hypothetical proteins XP_002941737.1 and 

XP_008115746.1 respectively, while others are encoded by known genes in the representative 

species. B, Partial sequence alignment for 23 paralogues of CLDN9 from human genome 

indicating the high conservation of Glu159. The arrowhead indicates the Glu159 residue. 

Interestingly, CLDN14, which is another tight junction protein and is required for normal hearing, 

also has a glutamate at the corresponding position.   
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Tight junctions are comprised by any of at least one of the twenty four members of the claudin 

family (Anderson et al., 2004). Claudin9 is often found as a constituent of tight junctions. It is a 

small four pass transmembrane proteins ranging from 20-24 kDa, encoded by CLDN9 (Figure 4.2 

A & B). Like all the family members, CLDN9 consists of intracellular N-terminal and C-terminal 

and two extracellular loops (Figure 4.2B). The first extracellular loop is important for selective ion 

permeability (Colegio et al., 2003; Wen et al., 2004) and polymerization of neighboring claudins 

into strands (Mrsny et al., 2008). Second extracellular loop is important for the homophilic claudin-

claudin interactions (Piontek et al., 2008). The permeability and barrier functions of claudins are 

largely based on intermolecular claudin-claudin interactions.  
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Figure 4.2: Schematic representation of CLDN9 and encoded protein. A, CLDN9 is an intronless 

gene. Start and stop codons shows the region which is transcribed. B, CLDN9 is comprised of 318 

amino acids, with four transmembrane regions and two extracellular loops. N and C termini reside 

in the cytoplasmic region. The arrow indicates the position of mutated residue identified in 

individuals with hearing loss. TM1-3; transmembrane domains, ECL1,2; extracellular loop 1 and 2. 
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Various members of claudins are present in different tissues. Immunofluorescence studies have 

also revealed that few claudin proteins are localized in the inner ear. Eight different claudins, 

claudin1, claudin2, claudin3, claudin9, claudin10, claudin12, claudin14 and claudin18 are reported 

to be present in the organ of Corti. In addition to these, claudin8 is only present in Reissener’s 

membrane and spiral limbus while claudin11 localizes to the basal cells of the stria vascularis 

(Kitajiri et al., 2004). Variations of nine claudins (CLDN 1, 3, 4, 9, 10, 11, 14, 16 and 19) have 

been reported in different disorders. Three of these claudins (CLDN 9, 11 and 14) are important 

for hearing as variants affecting these proteins have been demonstrated to cause hearing loss in 

humans or moue. Numerous variants in CLDN14 are known to cause nonsyndromic profound 

deafness at DFNB29 locus in humans (Wilcox et al., 2001), while targeted deletion of Cldn14 

causes deafness in mice (Ben-Yosef et al., 2003). Cldn11 knockout mouse model manifested 

deafness due to loss of endocochlear potential (Gow et al., 2004; Kitajiri et al., 2004). ENU 

generated Cldn9 homozygous mutant mice models lose hearing due to deterioration of hair cells 

shortly after birth, an effect which is similar to that reported for Cldn14 null mice (Ben-Yosef et 

al., 2003; Nakano et al., 2009). The phenotypes in mice are considered to be associated with 

disturbance of ionic balance in the inner ear. Therefore, it suggests that the ionic barrier formed by 

these claudin proteins is critical for hearing.  

CLDN9 is an intronless gene located on chromosome 16 (Figure 4.2A). CLDN9 serves as a 

paracellular ion permeability barrier in cochlea and particularly maintains the endolymphatic K+ 

ion concentration and endocochlear potential (Nakano et al., 2009). Of the 24 family members, 

CLDN9 is the most highly expressed in inner ear and CLDN9 localizes to the hair cells and sensory 

epithelia of the vestibulum (Kitajiri et al., 2004). The previous experiments and those carried out 

as part of this research revealed that both mRNA and protein are present in the sensory and non-

sensory epithelia of the inner ear. However, it was observed in the present study that CLDN9 is 

also a part of the tricellular junctional complex in the outer hair cells. So far, only tricellulin 

encoded by MARVELD2 is known to be a constituent of tricellular junctions in the inner ear 

(Riazuddin et al., 2006). It can be postulated that CLDN9 may also contribute to the formation of 

the tricellular junctional barrier along with MARVELD2.  

The localization of mutated CLDN9 was similar to that of wild type when transfected in MDCK-

II cell lines. These results are in accordance to a previous research on murine models where a 
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missense variant p.(Phe35Leu) did not affect the targeting of protein to the cell membranes 

(Nakano et al., 2009). The localization of protein was altered when there was a frameshift variant 

in the protein. However, it was observed that the truncated CLDN9 in HEK293 cells were 

overexpressed in that study which gives rise to a possibility that the protein has been degraded in 

proteasome. However, western blots were not shown to support this idea (Sineni et al., 2019). 

The TEER measurements and dextran diffusion assays did not reveal a difference in the molecular 

functions of CLDN9WT and CLDN9E159K. However, the possibility that the high expression of 

CLDN9E159K in the transfected cells might have masked mild defects in the barrier function of 

CLDN9E159K cannot be ruled out. Another limitation of TEER assays in present study is that the 

effects of the Glu159Lys substitution on CLDN9 function was tested in a heterologous expression 

system. Thus, it remains possible that inner ear-specific tight junction proteins affect the molecular 

function of CLDN9E159K in such way that is not apparent in the analyzed expression system.  

This data indicates that CLDN9WT and CLDN9E159K increase both TEER and transepithelial 

diffusion of FD4 in MDCK-II cell cultures. Previous studies showed that overexpression of 

CLDN1 and occludin also increases both TEER and paracellular diffusion of FD4 (Balda et al., 

1996; McCarthy et al., 1996; McCarthy et al., 2000). These seemingly paradoxical changes in ion 

conductance and FD4 permeability are consistent with the dual paracellular pathway model 

(Sasaki et al., 2003; Weber et al., 2015). According to this model, small ions and larger (0.6-5 

kDa) non-charged solutes traverse tight junctions via two separate routes. Small ions pass through 

paracellular channels formed by ‘pore-forming’ claudins (e.g., CLDN2), and larger solutes pass 

through the leak pathway created by focal and transient openings in tight junction strands. In the 

leak pathway, the tight-junction strand openings allow step-by-step flux of solutes through small 

intercellular spaces that are separated from one another by anastomosing tight junction strands. In 

the context of this model, present data suggests that overexpression of CLDN9WT and CLDN9E159K 

reduces the permeability of the channel pathway but increases the permeability of the leak 

pathway.  

Another possible reason for this effect of Glu159Lys is the location of the mutant residue. The 

variant p.(Glu159Lys) is present in extracellular loop 2 of CLDN9 (Figure 4.2B). It has been 

shown that amino acids constituting extracellular loop 2 of claudins are involved in dimerization 
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of the protein instead of making a seal or barrier, specifically for CLDN5 (Blasig et al., 2006). 

Since, the residue at position 159 is conserved in both CLDN5 and CLDN9 and outcomes of 

transepithelial electrical resistance assay with p.(Glu159Lys) in CLDN9 have no effect on 

permeability of cells, it can be postulated that Glu159 may have an important role in claudin-

claudin interaction instead.  

Tight junction strand formation requires two components. First is the oligomerization, which is 

the longitudinal association of claudin molecules along one plasma membrane and is defined as 

cis interaction. Second is the polymerization, which is an interplay of claudin oligomers present 

on one cell surface with those on the next one, which is termed as trans interaction. Claudins in 

the tight junctions of opposing cell membranes are able to form polymers along the two membranes 

only after trans interaction, resulting in the formation of tight junction strands (Blasig et al., 2006; 

Haseloff et al., 2010). 

CLDN9 and CLDN15 have 53 % amino acid similarity. It was predicted by protein modelling that 

p.(Glu159Lys) will disrupt the cis-interaction of claudin9. It has been reported that Glu157 of one 

monomer in CLDN15 (equivalent to position Glu159 in CLDN9) interacts with Ser67 (equivalent 

to position Ser69 in CLDN9) of the second monomer (Figure 4.3). This interaction is crucial to 

keep the cis interaction intact in CLDN15. It was observed that whenever Glu157 or Ser67 in 

CLDN15 were substituted with any other amino acid, the interaction between Glu157-Ser67 was 

disrupted. Moreover, the transfected HEK293T cells with CLDN15 containing the mutated 

residues also failed to form tight junction strands (Zhao et al., 2018). The protein model for 

mutated Glu159 in CLDN9 also indicated the loss of cis interaction between the monomers. This 

effect was similar to the mutation of Glu157 residue of CLDN15. Hence, it can be deduced that 

similar to Glu157 in CLDN15, the variant p.(Glu159Lys) in CLDN9 may have important role in 

tight junction strand formation in cells. 

In summary, the identification of variant of CLDN9, its expression and functional characterization 

emphasizes that it may have an important contribution to normal hearing in humans. Although a 

family with truncating variant in CLDN9 has been reported, but it alone is not sufficient to 

implicate the gene in hearing. Future experiments are required to study the pattern of association 

of CLDN9 with other claudins and with itself and to investigate the formation of tight junctions as 
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well as tricellular junctions in the inner ear. The effect of p.(Glu159Lys) variant on the function 

and formation of tight junctions in inner ear also remains to be studied.  
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Figure 4.3: Mouse claudin15 is 38 % identical, has a similarity index of 55 % to human CLDN9. Ser 

and Glu outlined with red are conserved in both proteins and are known to disrupt tight junction 

formation of CLDN15 when mutated. 
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Variant in ITSN2 and hearing loss in family HLGM03 

ITSN2 encodes intersectin-2 which is a Src homology-3 containing large protein of 1697 amino 

acids (Figure 4.4A). It is involved in cell signaling, membrane trafficking and polymerization of 

actin filaments during endocytosis.  ITSN2 has a well characterized C2B domain at its C-terminal 

which binds to Ca++ (Wong et al., 2012). The variant, c.4705G>A, p.(Gly1569Arg) which 

segregated with deafness in this study, is located in an uncharacterized region of the protein (Figure 

4.4A) located immediately at the start of the C2B domain (1570-1675). The glycine at position 

1569 is conserved in numerous vertebrates (Figure 4.4B). Therefore, substitution of glycine with 

positively charged arginine may adversely affect ITSN2 binding to Ca++. 

The segregation of the gene variant in the family, the absolute conservation of the amino acid 

residue p.(Gly1569) and the expression of Itsn2 in the cochlear epithelial hair cells of mice inner 

ears (Scheffer et al., 2015) suggests it as a potential causative gene for hearing loss. However, the 

presence of a known locus for deafness, DFNB47 upstream and a gene for hearing loss, OTOF 

downstream the segregating region in family HLGM03, raises the possibility of a change in the 

regulatory elements of one of these genes as the cause of the phenotype. Moreover, more than 56 

genes are present between DFNB47 and ITSN2 and 17 genes between ITSN2 and OTOF. 

Therefore, a chance exists for the pathogenic variant to be located in a regulatory region of any of 

these genes as well. Further investigations through whole-genome sequencing can resolve these 

issues. 
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Figure 4.4: Structure of ITSN2 and conservation of mutated residue. A, ITSN2 is a protein with 

multiple domains. The number of amino acids comprising each domain are mentioned below. The 

mutated glycine residue lies at the beginning of C2B domain which is essential for calcium 

binding. B, Glycine residue is among the conserved amino acid as indicated in the partial sequence 

from representative vertebrate species. EH; Eps15 homology domain, SH3;Src homology 3 

domain, RhoGEF; Guanine nucleotide exchange factor for Rho like GTPases, PH; Pleckstrin 

homology domain, C2B; calcium binding domain 2. 
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KCNQ4 variant p.(Pro291Leu) affecting the severity and onset of hearing loss  

Affected individuals from family HLGM10 presented a classic case of semi-dominant inheritance 

due to a missense variant c.872C>T, p.(Pro291Leu). Semi-dominant inherited traits have been 

reported before for many other disorders. For example, a more severe phenotype in individuals 

homozygous for the same variant has been described for Olmsted syndrome, Charcot-Marie-Tooth 

disease, Epidermolytic ichthyosis and Optic atrophy (Pesch et al., 2001; Nicholson et al., 2008; 

Nousbeck et al., 2013; Cao et al., 2016). Further, some genes cause both dominant and recessive 

forms of hearing loss, including CEACAM16, COCH, GJB2, MYO6, MYO7A, PTPRQ, TECTA 

and TMC1. Up till now, only one splice-site variant of MYO6 (OMIM 600970) has been 

unambiguously shown to cause semi-dominant inheritance of nonsyndromic hearing loss 

(Brownstein et al., 2014). Although a splice-site variant in SLC26A5 (OMIM 604943) was reported 

to be semi-dominant (Liu et al., 2003), subsequent studies have suggested that heterozygosity for 

variants in this gene does not cause hearing loss (Tang et al., 2005; Teek et al., 2009).  

The variant c.872C>T, p.(Pro291Leu) affects a conserved residue in the pore region of KCNQ4 

channel (Figure 4.5A). The pore region of KCNQ4 maintains ion selectivity of the channel and 

regulates hair cell membrane potential in the inner ear. The Pro291amino acid residue is conserved 

from mammals to teleost fish (Figure 4.5B). Moreover, proline at this position is conserved in 

other KCNQ homologues and more broadly in other K+ channel family members (Talebizadeh et 

al., 1999).  

In a previous report of the p.(Pro291Leu) variant, two individuals of one family (one parent and a 

child) were affected with dominantly inherited hearing loss. The age of onset was 17 years for both 

affected individuals (Naito et al., 2013).  In light of the hearing loss present in one individual 

heterozygous for the KCNQ4 variant presented here, and the two reported before (Naito et al., 

2013), it is possible that all carriers of the variant in family HLGM10 may also have a mild hearing 

loss of which they are as yet unaware. In addition, the progression of hearing loss detected for the 

oldest affected participant in this research, suggests that hearing loss is also progressive in 

individuals who are homozygous for the KCNQ4 p.(Pro291Leu) variant. 

These results together with a previous report (Naito et al., 2013), indicate that the KCNQ4 variant 

p.(Pro291Leu) causes early onset, progressive hearing loss in homozygous individuals and late 
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onset, progressive mild to moderate hearing loss when inherited in a heterozygous state. It suggests 

that the same variant may affect the severity of the phenotype as well as the age of onset in mono-

allelic or bi-allelic forms. 
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Figure 4.5: Protein structure and alignment of KCNQ4. A, Graphical representation of KCNQ4 

indicating various domains constituting the protein. The variant identified in affected individual 

with hearing loss is present in pore helix region. B, Partial sequence alignment of KCNQ4 protein 

indicating the conservation of proline residue. S1-S6; Transmembrane domains, PH; pore helix, 

B-seg; B segment domain. 
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Variants in known deafness genes as a cause of moderate-severe hearing loss 

SLC26A4; A high contributor to hearing loss 

The involvement of SLC26A4 to moderate or severe hearing ipairment in this cohort was as high 

as 15 % in contrast to that of 7.23 % due to variants of the same gene to profound deafness in 

Pakistan (Riazuddin et al., 2012). However, the difference could be due to the small sample size 

of this study as compared to the former. Two variants, a missense p.(Gln446Arg) and a stop gain 

p.(Arg79Ter) were identified as cause of moderate-severe deafness in three families. These 

variants have been previously reported to cause prelingual or age-related profound deafness 

(Reardon et al., 2000; Wu et al., 2010) or Pendred syndrome in other studies (Kahrizi et al., 2009). 

The findings of different thresholds of hearing with the same variants indicates the contribution of 

other genetic as well as environmental factors determining the severity of hearing loss.  

The audiometric thresholds of the individuals homozygous for the two SLC26A4 variants were not 

correlated to their ages (Figure 4.6A). For instance, in family HLGM09 the variant p.(Arg79Ter) 

segregated with hearing loss. The younger individual (age 10 years) had a more severe phenotype 

(PTA 89 dB HL) as compared to the older individual (age 14 years) who had a less severe hearing 

loss (PTA 71 dB HL). Similarly, the severity of hearing loss was also not correlated to the type of 

mutation. For example, p.(Arg79Ter) is a stop gain mutation which is expected to result in loss of 

protein (Pera et al., 2008). However, the homozygous individuals for p.(Arg79Ter) had a less 

severe hearing loss (PTA 71 dB HL and 89 dB HL) when compared to homozygous individuals 

for missense p.(Gln446Arg) who had a more severe hearing loss (PTA 90 dB HL).  

A novel variant p.(Gln101Pro) was present in SLC26A4 for family HLGM23. This variant 

modifies a highly conserved glutamine to proline in the protein (Figure 4.6B). A study on the 

functional characterization of both wild type and mutated protein postulated that the substitution 

or omission of prolines in SLC26A4 leads to dramatic reduction in anion transport (Dossena et al., 

2009). Therefore, it is possible that the variant p.(Gln101Pro) may have destructive effect on the 

structure as well as function of the protein.     
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Figure 4.6: Pure tone averages (PTA) of individuals with SLC26A4 variants and conservation of 

novel missense variant. A, PTA of hearing thresholds at 500, 1000, 2000 and 4000 Hz, for the 

better hearing ears in affected members with homozygous variants in SLC26A4 are plotted as a 

function of age of the participants. The degree of hearing loss is different across and within families 

with variants in SLC26A4 without correlation to age, an observation which is supported by the 

straight regression line in the graph. B, Clustal alignment of partial protein sequence indicates that 

glutamine at position 101 (indicated in bold) is a highly conserved residue.  
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ESPN variants implicated for first time in moderate-severe hearing loss 

The variants in ESPN gene were the second largest contributor (11.5 %) responsible for moderate-

severe hearing loss in this study.  

ESPN is comprised of 13 exons (Figure 4.7A) which encodes a multifunction actin bundling 

protein ‘espin’. The deduced 846 amino acids protein was first identified as localized to 

ectoplasmic specializations at the point of contact between Sertoli cells and spermatids in the testes 

(Bartles et al., 1996; Bartles et al., 1998), but later studies reported its presence in other tissues 

including stereocilia of hair cells (Sekerková et al., 2004). It is comprised of eight ankyrin repeats 

followed by two regions which are rich in proline, a P-loop present in an actin binding WH2 motif, 

and a coiled coil domain (Figure 4.7B). In this study, two novel frameshift variants 

p.(Ala574fsTer72); p.(Leu674fsTer72) and a novel stop gain variant p.(Glu752Ter) were 

identified in ESPN in exons 8, 9 and 10 respectively for the three participating families. These 

variants are located in exons encoding the proline rich region, WH2 domain or coiled coil domain 

forming actin bundling module (Figure 4.7B). The frameshift variants are likely to generate a stop 

codon after the addition of 72 amino acids resulting in a truncated protein of approximately 720 

amino acids. Similarly, the nonsense variant c.2254G>T, p.(Gln752Ter)  produces a stop codon in 

the open reading frame, which probably leads to the premature termination of the protein, if 

translated. The resulting mutant proteins may lose either the complete actin bundling module or at 

least a part of it, rendering the protein incapable of binding with actin molecules (Bartles et al., 

1998). 

Many studies have revealed the genotype-phenotype correlation for several variants in known 

deafness genes. Most of these studies suggest that usually missense and splice variants lead to less 

severe hearing loss while, loss of function variants usually cause profound deafness. Recessive 

frameshift and deletion variants in ESPN were reported to cause profound deafness along with 

vestibular defect (Naz et al., 2004), while some variants are known to cause deafness without 

vestibular defects (Boulouiz et al., 2008). In one study, two missense and one deletion variants 

were identified to cause autosomal dominant mild-severe hearing impairment (Donaudy et al., 

2006). A homozygous 18 bp deletion in ESPN has also been described to cause deafness with 

vision loss (Ahmed et al., 2018). Conversely, in the present study the recessive frameshift and stop 
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gain variants in ESPN segregated with moderate-severe hearing loss (PTA ranging from 67 to 81 

dB HL) in three families. None of the affected individuals presented any gross vestibular defects 

or vision impairment at the time of sampling (ages ranging between 9-35 years). These results 

suggest the involvement of modifier factors which may reduce the severity of phenotype in these 

affected individuals.  
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Figure 4.7: Structure of ESPN and encoded protein. A, Exons are represented as filled boxes and 

introns are represented by lines. The mutations identified in this cohort are mentioned above the 

respective exon. B, Exons 1-4 encode Ankyrin repeats, exons 7-8 encode the proline rich repeats 

(PR-1 and PR-2) and actin binding domain xAB. Exon 9 encodes a p-loop containing WH2 

domain. Actin binding module (ABM) which contains a coiled coil domain is encoded by exons 

10-13. PR-1; Proline repeat 1, PR-2; Proline repeat 2, xAB; Actin Binding domain, WH2; Wiskott 

Aldrich syndrome homology region 2, ABM; Actin Bundling Molecule. 
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OTOF, MSRB3, LHFPL5 

Mutations in OTOF were the third significant contributor (7.6 %) responsible for hearing loss in 

participating individuals of this study. A novel splice variant c.4362+1G>C and a reported in-

frame deletion c.2965_2967del, p.(Phe989del) was identified in OTOF. Variants in OTOF are 

among the most common contributors (3.1 %) to hearing loss after SLC26A4, GJB2 and HGF in 

Pakistani population (Richard et al., 2019). Variants in OTOF are consistently being reported to 

cause less severe, profound or progressive deafness at the DFNB9 locus (Yasunaga et al., 1999; 

Migliosi et al., 2002; Choi et al., 2009; Yildirim-Baylan et al., 2014; Kim et al., 2018). However, 

three reports of a splice site and missense variants were documented to cause moderate-severe 

hearing impairment (Varga et al., 2006; Chiu et al., 2010). In another study comprised of 

individuals with variants of OTOF, a correlation between genotypes to respective phenotypes was 

established. It was observed in this study that affected individuals homozygous for truncating 

variants had more severe degree of hearing loss in comparison to those with non-truncating 

variants (Matsunaga et al., 2012). Studies on various ethnic populations have revealed that DFNB9 

subjects carry variants particularly in exons 1-20 (Choi et al., 2009). However, a recent study 

reported that the DFNB9 mutations were distributed in exons 21-46 in Koreans (Kim et al., 2018) 

which is perhaps an indicator of ethnic prevalence of these mutations. The variants in OTOF in 

affected individuals from Pakistan do not show specific mutation hotspots as they are present in 

all exons of the gene (Choi et al., 2009). The variants identified in this study were located in exons 

24 and 35 respectively. The splice variant is predicted to cause skipping of exon 35 which will 

lead to an in-frame deletion of 45 amino acids in OTOF. This could be a partially functional protein 

or a completely non-functional protein. A possibility exists that the protein could be degraded due 

to instability.  

Variants in LHFPL5 rarely cause hearing loss. The variant p.(Leu84Ter) in LHFPL5 was 

previously reported to cause profound hearing impairment in the Pakistani population (Shabbir et 

al., 2006). However, the same variant causes severe to profound phenotype in family HLGM26. It 

was also observed that individual IV:11 (age 21 years) with homozygous variant had profound 

hearing loss at higher frequencies as compared to individual V:10 (6 years) who has severe degree 

of hearing loss (PTA 84 dB HL) and was heterozygous for the variant. Further sequencing work 

is required in order to exclude the presence of any variant in the untranslated regions of the gene. 
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In family HLMR5, one individual II:8 (age 65 years) was homozygous for the variant and she had 

profound hearing loss according to the observation of her relatives. Audiometry was not performed 

as she was not willing for the test. The splice variant c.412-1G>A in MSRB3 was recently described 

for one deaf family originating from Pakistan however, the audiometric data was not available to 

compare the phenotype (Richard et al., 2019). Other two affected individuals (IV:6 and IV:7) were 

either heterozygous or wild type for the allele and had moderate hearing loss (PTA 58 dB HL and 

PTA 72 dB HL respectively). In future, whole exome/genome sequencing can be performed for 

these individuals to identify a causative variant for the phenotype.  

Variants in genes of Usher syndrome type 1 causing moderate-severe hearing 

loss 

MYO7A 

MYO7A is a large protein with three major domains. First is the motor domain which lies at the 

N terminal. The second is the regulatory domain which consists of five IQ motifs while the third 

is the tail domain at C terminal. The tail domain consists of one small coiled coil domain and 2 

large repeats. Each repeat is comprised of MyTh4 (myosin tail homology 4) and FERM (ezrin, 

radixin and moesin) domains and are parted by one SH3 (Src homology 3) domain (Lévy et al., 

1997). 

A great majority of homozygous variants in MYO7A are a leading cause of Usher syndrome type 

1B (USH1B) (Riazuddin et al., 2008; Bonnet et al., 2016). There are only two missense variants 

associated with autosomal recessive and nonsyndromic hearing loss of variable degree (DFNB2) 

(Riazuddin et al., 2008; Hildebrand et al., 2010). Most of the missense variants in MYO7A do not 

alter the localization pattern of the protein in the inner ear (Riazuddin et al., 2008).  However, the 

variants altering the tail domains may affect the binding ability of protein with cargo substances 

in the eye or the ear (Liu et al., 1997; Liu et al., 1998). This residual function of mutant protein 

might be a possible explanation for the normal vision in individuals with hearing loss and no vision 

loss at DFNB2 locus.  

A frameshift mutation c.3136dupC in MYO7A, previously reported for Usher syndrome 

(Riazuddin et al., 2008) was identified in this study. Individuals in family HLMR7 had moderate-
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severe hearing loss in contrast to the previous report. No information for onset of hearing and 

vision loss with this variant was mentioned in the previous report, however, the affected 

individuals participating in this study were of ages 16, 18 and 19 years. These individuals had 

normal vestibular function and did not complain of night vision loss. The early onset of retinal 

phenotype was excluded by discussion with parents and observation of the affected individuals. 

The final exclusion of late onset retinal phenotype requires retinal tests in future.  

CDH23 

CDH23 consists of 69 exons and encodes a large protein of 3354 amino acid residues. The protein 

has a small signal peptide at N-terminal which is followed by 27 extracellular cadherin repeats 

(EC1-27). Most of these cadherin repeats have Ca2+ binding motifs which are crucial for 

interaction with other cytoskeletal and matrix proteins. A transmembrane domain is located at C-

terminal of the protein along with a short cytoplasmic region (Bolz et al., 2001). Variants in 

CDH23 are a major cause of both Usher syndrome type 1D (USH1D) and nonsyndromic deafness 

at the DFNB12 locus. In general, it has been observed that individuals with USH1D carry 

truncating mutations in contrast to individuals with hearing loss at DFNB12 who have missense 

variants (Bork et al., 2001; Astuto et al., 2002; Ammar-Khodja et al., 2009). However, three 

variants p.(Ala484Pro), p.(Tyr1209Ala) and p.(Arg1507Gln) have been identified which cause 

USH1D with mild ocular phenotype (Becirovic et al., 2008).  

A novel missense variant c.4730G>C, p.(Arg1577Pro) was identified for affected individuals of 

family HLMR8 with moderate-severe nonsyndromic hearing loss. The residue was conserved in 

all vertebrate species (Figure 4.8). Numerous missense variants in CDH23 are described for 

moderate-profound degree of recessive nonsyndromic deafness (Astuto et al., 2002; Schultz et al., 

2011; Shahzad et al., 2013; Naz et al., 2017). For USH1D, the onset of visual impairment by 

retinitis pigmentosa occurs during adolescence (15-21 years) (von Brederlow et al., 2002). In this 

study, the age of individuals carrying missense mutations in CDH23 was 5-12 years and they did 

not report any retinal phenotype. Though a missense variant was identified, and the individuals are 

likely to have DFNB12, follow up with electroretinography is required in future to exclude the late 

onset of ocular phenotype in the patients. 
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Figure 4.8: Clustal alignment indicating absolute conservation of mutated amino acid at position 

1577. The protein sequence for X.tropicalis correspond to a predicted CDH23 like protein 

XP_017946150.1, while others are encoded by experimentally verified genes from respective 

organisms. 
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Unexpected difficulties in identification of variants after WES 

WES is a powerful technique to resolve the genetic causes in highly genetically heterogeneous 

disorders such as hearing loss. Usually, difficulties and ambiguities in identification of single 

causative genes arise due to complex family structures, phenocopies and variable penetrance 

(Sirmaci et al., 2012; Chong et al., 2015).  In the current study, WES failed to resolve the genetic 

cause of deafness in one family IHT02 while ambiguous results were obtained for six families, 

HLMR1, HLMR4, HLMR5, HLGM09, HLGM10 and HLGM26, though variants segregating with 

the phenotype in few individuals were identified in these cases.  

For family IHT02, three stretches of homozygosity on chromosome 1, 6 and 13 were observed 

through analysis of WES data with AgileVCFMapper. The GIPC2 variant located on chromosome 

1 was an attractive candidate as a cause of hearing impairment in this family since different 

mutations in its paralogue, GIPC3, are known to result in deafness in mouse and human 

(Charizopoulou et al., 2011; Rehman et al., 2011). The GIPC2 variant segregated with the 

phenotype in the current family, however, it was excluded as a cause of the deafness in the affected 

individuals due to its high allele frequency of 0.01 revealed subsequently on screening one hundred 

ethnically matched controls, though the publicly available allele frequency was 0.0008 in ExAC 

and 0.0006 in gnomAD. This emphasizes the continued analyses of ethnically matched controls 

for candidate variants, rather than only relying on publically available allele frequencies.  Although 

subsequent conserved regions and branch points of GIPC2 were sequenced and no mutation was 

found, a possibility remains that the variant lies in an unknown regulatory region of gene which is 

important for its expression.  

STRING analysis of GIPC2 indicated a strong interaction with a known deafness protein MYO6 

(Figure 4.9). Variations of MYO6 cause autosomal recessive or dominant deafness (Melchionda et 

al., 2001; Ahmed et al., 2003). The GIPC homologous domains (GH1 and GH2) are conserved in 

all homologues of GIPC2. These domains are known to interact with MYO6. The possibility of a 

MYO6 variant present in the affected individuals interacting with GIPC2 and causing deafness was 

considered. More so, since the chromosome 6 region harboring this gene also segregated with 

phenotype in this family. However, only intronic polymorphisms were identified in MYO6, and 

none could be hypothesized to interact with GIPC2.  



 

151 
 

There are more than 30 genes on chromosome 1, more than 90 genes on chromosome 6 and 27 

genes on chromosome 13 located within the homozygosity regions (https://genome.ucsc.edu/) 

which also segregated with the hearing loss in family IHT02. Therefore, a strong possibility 

remains of a variant in any one of these genes to act as a modifier in causing deafness in the family, 

or for the pathogenic variant to be located in an un-sequenced DNA element of one of these genes. 
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Figure 4.9: Interaction of GIPC2 with other proteins. The highest local clustering coefficient score 

(0.853) was obtained for MYO6, which is a known deafness gene. None of other proteins shown 

in the association network were present in the candidate regions identified by AgileVCFMapper. 

They also had low clustering coefficient scores rendering them least important to be considered 

for analysis.   
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Molecular heterogeneity  

In Pakistan 40-60 % marriages are among relatives (Scott, 1973; Bittles, 2005) therefore it is 

usually expected that a single variant in one gene will be responsible for the disorder in one family. 

However, there were six families (HLMR1, HLMR4, HLMR5, HLGM09, HLGM10 and 

HLGM26) in this cohort for which a single variant in the identified gene did not segregate in all 

affected individuals. Few of the affected individuals had reference allele or were heterozygous for 

the identified variant or had variants in other deafness gene. Recent studies on large cohorts 

suggests the existence of high levels of inter and/or intra familial locus heterogeneity in Pakistani 

population (Rehman et al., 2015; Naz et al., 2017; Richard et al., 2019). From these studies it can 

be estimated that 15 % of total cases reported from Pakistan manifest intra-familial genetic 

heterogeneity. 

Homozygosity mapping and WES failed to reveal a common causative gene/variant in the above 

mentioned families with locus heterogeneity. WES was only partially helpful to solve the problem. 

The most interesting case was observed for family HLMR4 in which two genes MYO7A and 

MARVELD2 were identified in members of a single family. An individual V:2 (age 19 years) was 

homozygous for both variants in MYO7A (c.4994_4997del, p.(Asp1665Ter)) and MARVELD2 

(c.1331+2T>C, p.(Cys395Ter)) and had profound deafness (PTA 98 dB HL) as compared to the 

other two individuals (ages 11 years and 30 years respectively) who had a severe hearing loss 

(PTA 76 dB and 89 dB HL) due to variant of only one of either genes. A previous study has also 

shown the involvement of both GJB2 and SLC26A4 variants in one individual causing profound 

deafness (Rehman et al., 2015). 

In family HLGM10, two genes TMC1 and KCNQ4 were identified. Affected members in one 

branch of the family were homozygous for variant in TMC1 while other was homozygous for 

KCNQ4. In general, heterogeneity is observed in families where there are distant relationships or 

more than one common ancestor. However, cases are also known where more closely related 

individuals, from one common ancestor may also exhibit genetic heterogeneity. This is due to the 

presence of both ancestral and new mutations arising in the population. 
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Four other families had known variants in known genes. However, in this cohort variants c.412-

1G>A in MSRB3, c.235C>T in SLC26A4 and c.250delC in LHFPL5 were not homozygous in all 

affected individuals from respective families. No other variants in any other gene for individuals 

with heterozygous variant were detected from the data for the families which could account for the 

phenotype of the remaining individuals.   

Molecular heterogeneity is a recurrent phenomenon which must be kept under consideration while 

determining the genetic bases of hearing impairment in a family. However, whole genome 

sequencing may be helpful to solve the ambiguous cases and cases with molecular heterogeneity 

in future.  
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Moderate-severe hearing loss in sporadic cases 

The genetic predisposition of hearing loss in isolated cases was studied for the first time in 

Pakistan. It was suspected that variants in few genes may lead to sporadic hearing loss as is the 

case in many other world populations. However, multiple genes were found associated with 

sporadic hearing loss. Interestingly, the variants in OTOF were more frequent in this cohort as 

compared to previously published data for other populations. Three recent reports from Korea, 

Japan and China on the genetic predisposition of hearing loss in sporadic cases have been 

published. Each study included more than 60 participants with moderate-severe or severe-

profound deafness, in which they demonstrated SLC26A4 as the major contributor to hearing loss 

(Shin et al., 2012; Park et al., 2014; Jung et al., 2017).  

A variant c.733G>C, p.(Asp245His) in ESRRB was identified for the first time with moderate-

severe hearing loss. ESRRB is an estrogen related receptor beta gene which is known to cause 

hearing loss at DFNB35 locus. To date, six missense and one deletion and one frameshift mutation 

have been demonstrated to cause profound phenotype in large families. These mutations 

segregated with hearing loss in one Turkish (frameshift variant) (Collin et al., 2008), one Tunisian 

(missense variant) (Saïd et al., 2011) and five Pakistani consanguineous families (One deletion 

and four missense variants) (Collin et al., 2008; Lee et al., 2011). Most of these variants are present 

in the ligand binding domain of the protein. The variant identified in this study affects the ligand 

binding domain and the amino acid at this position is well conserved residue among vertebrate 

orthologues (Figure 4.10). However, instead of profound deafness, the missense variant was 

observed to cause moderate-severe phenotype in the affected individual in this study. It suggests 

that the severity of hearing impairment caused by these genes including ESRRB is modified by 

certain genetic or environmental factors.  
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Figure 4.10: Graphical representation of ESRRB and partial sequence alignment with other 

orthologues. A, ESRRB has two domains important for protein function. B, Alignment of ESRRB 

with representative vertebrate species indicating the conservation of mutated residue. DBD; DNA 

binding domain, LBD; ligand binding domain. 
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A missense variant c.187G>C, p.(Gly63Arg) in BHLHE22 was potentially implicated for 

moderate-severe hearing loss for individual HLMS7. BHLHE22 has a single coding exon which 

encodes a class E basic helix loop helix protein 22 (BHLHE22). It is a small protein of 381 amino 

acids which is comprised of a proline-rich domain at N terminal, followed by a glycine-rich domain 

and a polyglycine-serine region. A basic helix loop helix domain, and alanine-rich regions are 

present at C terminal of the protein (Figure 4.11). BHLHE22 serves as a sequence specific DNA 

binding transcription factor and mediates cell differentiation and proliferation. Mutant murine 

models have demonstrated that BHLHE22 is necessary for retinogenesis (Feng et al., 2006) and 

development of dorsal cochlear nuclei (Xu et al., 2002; Ross et al., 2012). However, there is no 

published data suggesting BHLHE22 as a causative factor for hearing loss.  

The variant c.187G>C in BHLHE22 has a relatively low conservation score (3.18; only conserved 

among mammals and some reptiles) and high pathogenicity scores (22.9). These scores may be 

explained by a previous study on transcriptional repressors which suggested that nonconserved 

regions are vital for the DNA binding function of the proteins (Tungtur et al., 2010). A total of 18 

nonconserved amino acids were studied. It was deduced from the experiments that these less 

conserved residues may have provided a drift during evolution for the correct folding and thus 

secondary structure of the respective protein (Tungtur et al., 2010).The variant c.187G>C, 

p.(Gly63Arg) in BHLHE22 is present between the proline and glycine rich region of the protein. 

The change in the linker region between glycine and proline, or serine rich region may affect the 

appropriate folding of the protein in the cell. Moreover, the presence of neutral and basic residues 

near helix loop helix domain is important for the DNA binding property of the domain. In future, 

the identification of BHLHE22 variants in additional individuals, families or mice with hearing 

loss will be useful to understand the role of this gene, if any, in hearing.  
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Figure 4.11: Diagrammatic representation of various domains in BHLHE22. BHLH; basic helix 

loop helix. 
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The diagnostic rate for sporadic cases in this research was relatively higher (75 %) as compared to 

other studies. For instance, a cohort of 63 simplex cases from China has been reported with 

successful diagnostic rate of 12.7% (Gu et al., 2015). Few other studies on sporadic cases from 

Korea, China and Japan have reported the mutation detection rates of 20 % (from 92 cases) (Yang 

et al., 2013), 23.1 % (from 13 cases) (Jung et al., 2017), 32 % (from 34 cases) (Shearer et al., 2010) 

and 45.4 % (from 11 cases) (Kim et al., 2015) using WES. The mutation detection rate in these 

studies is lower as they screened the individuals for common variants of GJB2 and SLC26A4 prior 

to WES. The present study did not use pre-screening before applying WES for the identification 

of causative gene/variant. However, even on excluding the GJB2 and SLC26A4 cases the 

identification rate for the present study still remains high (65 %). 

No variant was identified for three of the cases while variants of uncertain significance were 

identified for two cases after WES. Some pathogenic variants may have been overlooked due to 

the stringent criteria to classify a variant as pathogenic. Secondly, some pathogenic variants may 

have been missed as they could be present in intronic or regulatory regions of the genes. In future, 

synonymous variants could also be investigated for their association with the disease.  
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Conclusions 

The present study implicated missense variants in ITSN2 and CLDN9 in humans as candidates for 

causing moderate-severe hearing loss.  A known variant in KCNQ4 was found to be associated 

with variable age of onset and degree of severity of hearing loss. Many variants/genes previously 

implicated for profound hearing impairment were also identified as a cause of moderate-severe 

hearing loss in a large number of families. Some variants were new while others had been 

previously identified for profound deafness. It emphasizes the hypothesis of involvement of 

genetic modifiers which lead to less severe phenotype. Further investigation is required to identify 

the role of modifiers which can reduce severity of hearing loss. Genetic heterogeneity observed in 

the study points towards high genetic burden of mutation load in Pakistani population. The results 

from this study broaden the knowledge on genetics of less severe hearing loss. Further research in 

this field will identify more genes which can enhance the understanding about normal and 

defective hearing. 

Numerous studies are available worldwide which describe the genetic predisposition of deafness 

among isolated cases. For the first time, the present study indicated that similar genetic factors are 

involved in the etiology of hearing loss in sporadic cases as in familial cases in Pakistan. Most of 

the identified variants were rare which points to the unique genetic burden in this cohort. OTOF 

was the major contributor of hearing loss while, SLC26A4 commonly responsible for sporadic 

hearing loss in other populations affected a smaller percentage in Pakistani cases. Variants in a 

candidate gene BHLHE22 need to be explored for their link to hearing loss. Expansion of sample 

size is important to further elucidate the genetic contributors in isolated cases. The extent of genetic 

and allelic variability in sporadic hearing loss will become evident as more data is generated for 

the Pakistani and other populations. 
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The genetic underpinnings of recessively inherited moderate to severe
sensorineural hearing loss are not well understood, despite its higher
prevalence in comparison to profound deafness. We recruited 92
consanguineous families segregating stable or progressive, recessively
inherited moderate or severe hearing loss. We utilized homozygosity
mapping, Sanger sequencing, targeted capture of known deafness genes with
massively parallel sequencing and whole exome sequencing to identify the
molecular basis of hearing loss in these families. Variants of the known
deafness genes were found in 69% of the participating families with the
SLC26A4, GJB2, MYO15A, TMC1, TMPRSS3, OTOF, MYO7A and CLDN14
genes together accounting for hearing loss in 54% of the families. We
identified 20 reported and 21 novel variants in 21 known deafness genes; 16
of the 20 reported variants, previously associated with stable, profound
deafness were associated with moderate to severe or progressive hearing loss
in our families. These data point to a prominent role for genetic background,
environmental factors or both as modifiers of human hearing loss severity.
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Hearing loss is a common sensory impairment that
affects 278 million people worldwide (1). Dominant
and recessive alleles account for approximately half of
congenital or early onset childhood hearing loss that
can have a broad range of severity (2). A majority of
pathogenic recessive variants of genes associated with
hearing loss cause congenital or prelingual, severe to
profound, stable sensorineural deafness, which occurs
in approximately 1 in 1000 births (1). Autosomal domi-
nant inheritance is typically associated with post-lingual,
progressive hearing loss that can range from mild to
profound at onset or over the course of many decades.
In general, the hearing loss associated with dominant
inheritance is less severe than that associated with reces-
sive inheritance. A few mutant alleles of some profound
deafness-associated genes such as MYO7A and CDH23,
have been described to cause variable audiological phe-
notypes as well (3–5). The objective of this study was
to determine if other genes previously associated with
profound deafness also contribute to moderate or severe
hearing loss. Our study implicates 21 different genes as
well as modifiers in the etiology of recessively inherited
moderate to severe hearing loss.

Materials and methods

Families

The study was approved by the Institutional Review
Board at the School of Biological Sciences, University
of the Punjab, Lahore and the Combined Neuroscience
Institutional Review Board (protocol OH-93-N-016) at
the National Institutes of Health, USA. Samples were
collected with written informed consent from each
participant.

We ascertained 92 consanguineous Pakistani families;
90 residing in the province of Punjab and two fami-
lies from Khyber Pakhtunkhwa. Probands were identi-
fied through special schools in Punjab where children
with different disabilities are educated, from schools for
the deaf and through referrals from audiologists. In order
to identify probands from schools, we first inquired about
the extent of a child’s hearing ability from teachers,
which were verified by a distraction test that involves
recording a subject’s response to sound stimuli com-
ing from a hidden source. Pure tone thresholds of the
probands and other family participants, who expressed
willingness for audiometric testing, were measured at
0.25, 0.5, 1, 2, 4 and 8 kHz in a quiet room due to
the lack of a sound proof room. The pure-tone average
(PTA) was calculated by averaging the hearing thresh-
olds at 0.5, 1, 2 and 4 kHz (6). Hearing loss was clas-
sified on the basis of PTA as moderate (41–70 dB HL),
severe (71–95 dB HL), and profound (above 95 dB HL)

(6). Individuals with hearing thresholds between 31 and
40 dB HL were classified with mild hearing loss while
those with thresholds up to 30 dB HL were considered
to have normal hearing as performing audiometry in
ambient noise conditions may result in slightly elevated
thresholds for those with normal hearing (7). Subjects
were questioned about the age of the onset and progres-
sion in severity of their hearing loss. Vestibular func-
tion was evaluated by tandem-gait and Romberg tests.
Otoscopic examinations and medical histories were com-
pleted in order to exclude affected individuals due to
active external or middle ear disease, and syndromic or
environmental causes, though families with Usher syn-
drome were included. Funduscopy and electroretinogra-
phy examinations were conducted for the oldest affected
individuals in a subset of families.

Molecular characterization

Blood samples were collected from the participants and
genomic DNA was extracted by a standard method (8).
The sequence of GJB2 was analyzed for the affected
participants from all families by Sanger sequencing
(9). DNA samples from at least three affected indi-
viduals from 66 of 92 consanguineous families (Table
S1, Supporting information) were screened for linkage
to genes associated with non-syndromic recessively
inherited deafness (DFNB) and Usher syndrome (USH),
by homozygosity mapping as described (10, 11). In
brief, samples from at least three affected individuals
were chosen from each family, two to five tightly linked
microsatellite markers for each deafness gene were
polymerase chain reaction (PCR) amplified using fluo-
rescently tagged primers and the amplicons resolved by
capillary electrophoresis. If affected individuals were
homozygous for alleles of any of these markers, samples
from all participants of the respective family were geno-
typed for the linked, as well as additional downstream or
upstream markers to determine if there is cosegregation
with the phenotype.

After homozygosity mapping, Sanger sequencing of
the implicated genes was performed for 17 of the fami-
lies (Table S1). Samples from 53 families were screened
with massively parallel sequencing (Table S1). For tar-
geted capture and massively parallel sequencing of 108
genes with a demonstrated role in hearing (Table S2),
custom probes were designed to capture the exons and
approximately 50 bp of flanking intronic sequence. Frag-
ment library preparation and target enrichment were per-
formed according to the manufacturers’ instructions on
one randomly selected sample from each family (Table
S3) and sequencing was performed on an ABI SOLiD
5500. (Applied Biosystems, Carlsbad, CA, USA).
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For whole-exome sequencing, one to three samples
of affected individuals were randomly selected from
the chosen families (Table S3). Fragment libraries
were prepared with a Nextera Rapid Capture library
kit (REF#15034786) (Illumina, San Diego, CA, USA)
for paired end, dual index sequencing on an Illumina
HiSeq 1000 platform at the NIDCD, USA, while some
libraries were prepared and sequenced at Otogenetics,
USA on an Illumina HiSeq 2000 platform. Variants were
annotated using the web-based software wannovar
(http://wannovar.usc.edu/). Variants with overall pop-
ulation allele frequencies of >1% (0.01) in any of the
public databases (1000 genome dataset, 6500 exome
variant server, and Exome Aggregation Consortium,
ExAC, database) were removed. Only variants in protein
coding sequences or those affecting splice sites were
considered further. For HGF (OMIM 142409), we also
screened for the intronic variants that were shown to
be associated with non-syndromic deafness DFNB39
(OMIM 608265) (12).

All suspected pathogenic variants were evaluated
for cosegregation with the hearing loss phenotype in
families by PCR amplification and Sanger sequencing
using Big Dye Terminator V3.1 (Applied Biosystems,
Foster City, CA). Sequences of PCR primers are avail-
able on request. Allele frequencies of the novel variants
were assessed by Sanger sequencing using genomic
DNA from 100 to 200 ethnically matched unrelated
individuals from Pakistan with threshold for assigning
the variant as a polymorphism set to its detection in at
least 1% control chromosomes. The pathogenicity of
the missense variants was evaluated using in silico tools
provean (http://provean.jcvi.org/), sift (http://sift.bii.a-
star.edu.sg/), and mutation taster (http://www.
mutationtaster.org/). Possible splicing effects intro-
duced by variants identified near exon/intron junctions
were determined by human splicing finder (http://
www.umd.be/HSF/) and skippy (http://research.nhgri.
nih.gov/skippy/). Alignments of multiple protein
sequences were performed with clustal omega (http://
www.ebi.ac.uk/Tools/msa/clustalo/). The sequences of
orthologs for alignment of proteins were obtained from
UCSC genome server (https://genome.ucsc.edu/).

Calculation of percentage contributions and confidence
intervals

Individuals from 92 families participated in the study.
Percentage contribution of deafness genes to hearing
loss in this cohort were calculated based on 91 families
which included 7 families for which linkage of hear-
ing loss was detected to a reported deafness locus but
a pathogenic variant was not identified. The 95% confi-
dence intervals for contribution of genes to deafness were
calculated as described (https://onlinecourses.science.
psu.edu/stat200/node/48). A family with an USH1C vari-
ant was excluded from these calculations as Usher syn-
drome was manifested by the affected participants at
the time of enrollment, and therefore for this fam-
ily only the reported genes for Usher syndrome were
analyzed.

Results

Families

Most of the families we studied had multiple affected
individuals who were born to unaffected parents with
consanguineous marriages. Exceptions occurred in five
families, in which one (HLGM10, HLAI-10, HLAI-19,
and HLAI-20) or both parents (HLM1) were also
affected, with clear evidence for autosomal recessive
inheritance of hearing loss in other branches of the
respective pedigrees. Hearing loss in 71 families was
moderate or severe (Fig. 1a–d and Table 1). Another
20 families had a majority of individuals with moder-
ate or severe hearing loss while one to three affected
individuals presented profound deafness (Table 1).
The remaining one family (HLM1) had five members
affected with profound deafness at the time of enroll-
ment, which was said to have developed in all individuals
gradually from a mild hearing loss in childhood. In most
cases, previous audiograms were not available and
the age of onset of hearing loss could not be reliably
ascertained, though the hearing loss was reported to be
progressive in nature for 87 individuals in 22% of the
participating families (Table 1). None of the affected
individuals exhibited an imbalance on tandem gait or
Romberg tests.

Genetic analyses

We identified 20 previously described and 21 novel
pathogenic variants in reported deafness-associated
genes for 57 of the 92 participating families (Table 1).
For seven families, either a gene had not been identified
for the implicated locus or no mutations in the reported
exons of the corresponding genes were found although
the phenotype was linked to markers of a deafness locus
for which there are well-documented pathogenic alleles
(Table 1). Of the 20 variants identified in this study
that were previously reported to cause deafness (Table
S4), 15 were present in the public nucleotide variant
databases with overall allele frequencies ranging from
0.0000082 to 0.00024 (Table S5). These variants were
rare in the South Asian population as well, except for
the p.W24X variant in GJB2 with an allele frequency
of 0.004 and the p.V239D variant of SLC26A4 with an
allele frequency of 0.0017.

None of the 21 novel pathogenic mutations were
detected in the DNA of ethnically matched controls
(200–400 chromosomes) but 5 of these were identified
in the ExAC database and had an overall allele fre-
quency of 0.000008237–0.00005447 (Table S5). The
novel variants reported in our study have been deposited
in the ClinVar database (http://www.ncbi.nlm.nih.
gov/clinvar/).

Novel variants and involvement with moderate or severe
hearing loss

We identified novel variants in 13 known
deafness-associated genes in 21 of the 92 partici-
pating families (Table 1). Fifteen of the 21 variants
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Fig. 1. Selected pedigrees and pure tone audiograms. Pedigree drawings are provided for four of the participating families with the pure tone audiograms
showing degree of hearing loss across the test frequency range. Hearing thresholds of unaffected age matched controls acquired in similar settings range
between 20 and 30 dB HL. The ages of all affected individuals are noted on the right side of the audiogram. Results are plotted for the better hearing
ear in each case. (a) Variable degree of mild-to-moderate, moderate-to-severe, or moderate-to-profound hearing loss in family HLGM24 due to CDH23
missense mutation. (b) Moderate, moderate-to-severe, or moderate-to-profound hearing loss in family HLAI-16 due to MYO6 frameshift mutation. (c)
Mild-to-moderate, moderate, and moderate-to-severe hearing loss as observed in family HLGM19 which had a frameshift variant in TECTA. Note that
one of the affected individuals has a significantly lesser degree of hearing loss (d) Moderate-to-severe or severe-to-profound hearing loss was present
in family HLAI-22. The parents reported that the affected individuals had a progressive hearing loss.

are described in this manuscript (Table 1, Support-
ing information) while the other six variants were
reported earlier by us (Tables 1 and S4). These variants
(Table 1) did not differ substantially from those pre-
viously reported in the type of mutation or predicted
pathogenicity (Table 2, Supporting information). The

variants included frameshift, stop-gain, in-frame dele-
tions and missense mutations affecting evolutionary
conserved amino acid residues in MYO7A (OMIM
276903), MYO15A (OMIM 602666), OTOF (OMIM
603681), CDH23 (OMIM 605516), TRIOBP (OMIM
609761), TECTA (OMIM 602574), ESPN (OMIM

4



Genetic causes of hearing loss point to modifiers
Ta

bl
e

1.
D

et
ai

ls
on

th
e

pa
rt

ic
ip

at
in

g
fa

m
ilie

s,
th

ei
r

ph
en

ot
yp

es
an

d
th

e
id

en
tifi

ed
m

ut
at

io
ns

G
en

e
Fa

m
ily

ID
A

ffe
ct

ed
in

di
vi

du
al

sa
P

ur
e

to
ne

av
er

ag
e

(P
TA

50
0

–
40

00
H

z)
db

H
L

Va
ria

nt
C

om
m

en
tb

S
LC

26
A

4
(N

M
_0

00
44

1.
1)

H
LR

B
10

c
3

66
,7

8,
78

c.
17

0C
>

A
:p

.(S
er

57
X)

H
LR

B
2c

3
79

,8
3,

88
c.

71
6T

>
A

:p
.(V

al
23

9A
sp

)
H

LR
B

7c
5

73
,8

9
c.

71
6T

>
A

:p
.(V

al
23

9A
sp

)
H

LG
M

05
4

75
,8

3,
84

,9
8

c.
71

6T
>

A
:p

.(V
al

23
9A

sp
)

H
LA

I-
20

6
[1

]
84

,8
5,

89
,1

04
(p

ro
gr

es
si

ve
re

po
rt

ed
)

c.
71

6T
>

A
:p

.(V
al

23
9A

sp
)

H
LG

M
16

3
63

,6
9

c.
96

5d
up

A
:p

.(N
32

2K
fs

X8
)

H
LA

I-
15

4
71

,7
3,

94
,9

4
c.

13
37

A
>

G
:p

.(G
ln

44
6A

rg
)

H
LA

I-
21

5
79

,8
1,

94
,1

04
(p

ro
gr

es
si

ve
re

po
rt

ed
)

c.
13

37
A
>

G
:p

.(G
ln

44
6A

rg
)

H
LA

M
01

B
4

78
,8

3,
89

,9
8

c.
13

37
A
>

G
:p

.(G
ln

44
6A

rg
)

H
LA

M
06

5
64

,7
8,

79
,7

9
c.

13
37

A
>

G
:p

.(G
ln

44
6A

rg
)

H
LA

M
10

3
59

,7
0

c.
13

37
A
>

G
:p

.(G
ln

44
6A

rg
)

H
LA

M
12

A
2

70
c.

16
67

A
>

G
:p

.(T
yr

55
6C

ys
)

H
LA

M
12

B
1

[7
]

70
c.

16
67

A
>

G
:p

.(T
yr

55
6C

ys
)

H
LM

I0
1

7
73

,7
6,

80
,9

5
–

G
JB

2
(N

M
_0

04
00

4.
5)

H
LA

I-
02

c
8

81
,8

6,
88

,9
8,

10
3,

10
4

c.
71

G
>

A
:p

.(T
rp

24
X)

H
LA

I-
12

c
3

59
,7

1,
90

c.
71

G
>

A
:p

.(T
rp

24
X)

H
LG

M
25

c
5

70
,7

0,
94

c.
71

G
>

A
:p

.(T
rp

24
X)

H
LM

S
16

c
2

74
,7

9
c.

71
G
>

A
:p

.(T
rp

24
X)

H
LM

S
34

c
2

75
,7

8
c.

71
G
>

A
:p

.(T
rp

24
X)

H
LR

B
1c

4
54

,6
5,

71
,1

03
c.

23
1G

>
A

:p
.(T

rp
77

X)
H

LR
B

8c
6

70
,7

8,
78

c.
71

G
>

A
/c

.2
31

G
>

A
p.

(T
rp

24
X)

/p
.(T

rp
77

X)
H

LA
M

09
c

3
61

c.
71

G
>

A
/c

.2
31

G
>

A
p.

(T
rp

24
X)

/p
.(T

rp
77

X)
H

LM
R

2
3

88
,9

1
c.

35
8_

36
0

de
l:

p.
(G

lu
12

0d
el

)
M

YO
15

A
(N

M
_0

16
23

9.
3)

H
LR

B
3c

3
78

,7
8,

86
c.

11
85

du
pC

:p
.(G

lu
39

6A
rg

fs
X3

6)
H

LA
M

05
3

[1
]

70
,8

3,
86

c.
16

57
de

lC
:p

.(A
rg

55
3G

ly
fs

X7
6)

Fi
rs

tr
ep

or
t

H
LA

I-
06

3
68

,7
5

c.
24

56
C
>

A
:p

.(S
er

81
9X

)
Fi

rs
tr

ep
or

t
H

LA
M

07
6

65
,8

1,
98

c.
38

66
+

1G
>

A
H

LA
I-

10
4

83
,1

06
c.

65
89

C
>

T:
p.

(G
ln

21
97

X)
H

LA
I-

25
2

68
,7

0
c.

81
58

G
>

A
:p

.(A
sp

27
20

A
sn

)
Fi

rs
tr

ep
or

t
H

LA
I-

08
10

68
,7

3,
79

,1
03

,1
04

–
TM

C
1

(N
M

_1
38

69
1.

2)
H

LA
M

02
c

3
71

,7
5,

89
c.

10
0C

>
T:

p.
(A

rg
34

X)
H

LA
I-

27
c

3
61

,8
0,

81
(p

ro
gr

es
si

ve
re

po
rt

ed
)

c.
59

6A
>

T:
p.

(A
sn

19
9I

le
)

P
H

LA
I-

01
c

4
78

,8
6,

93
,9

3
(p

ro
gr

es
si

ve
re

po
rt

ed
)

c.
11

66
G
>

A
:p

.A
rg

38
9G

ln
)

H
LA

I-
04

c
4

65
,9

5,
10

1
c.

14
04

+
1G

>
T

H
LA

I-
14

c
3

70
,7

5,
88

(p
ro

gr
es

si
ve

re
po

rt
ed

)
c.

17
88

C
>

A
:p

.(S
er

59
6A

rg
)

H
LA

I-
17

c
6

80
,8

4,
95

–
TM

P
R

S
S

3
(N

M
_0

24
02

2
.2

)
H

LA
I-

13
5

66
,7

8,
84

,9
9

(p
ro

gr
es

si
ve

re
po

rt
ed

)
c.

20
8d

el
C

:p
.(H

is
70

Th
rfs

X1
9)

H
LA

M
08

3
80

,9
5

c.
12

19
T>

C
:p

.(C
ys

40
7A

rg
)

H
LM

1
5

11
0

(p
ro

gr
es

si
ve

re
po

rt
ed

)
c.

32
3

–6
G
>

A
H

LM
I0

2
4

70
,7

4,
85

c.
32

3
–6

G
>

A

5



Naz et al.

Ta
bl

e
1.

C
on

tin
ue

d

G
en

e
Fa

m
ily

ID
A

ffe
ct

ed
in

di
vi

du
al

sa
P

ur
e

to
ne

av
er

ag
e

(P
TA

50
0

–
40

00
H

z)
db

H
L

Va
ria

nt
C

om
m

en
tb

O
TO

F
(N

M
_1

94
24

8.
2)

H
LA

I-
09

4
73

,7
6

c.
29

65
_2

96
7d

el
:p

.(P
he

98
9d

el
)

Fi
rs

tr
ep

or
t

H
LG

M
14

3
76

,8
6,

89
c.

32
89

-1
G
>

T
Fi

rs
tr

ep
or

t
H

LA
I-

01
4

70
,8

4
c.

48
05

G
>

T:
p.

(G
ly

16
02

Va
l)

Fi
rs

tr
ep

or
t

H
LG

M
06

6
73

,8
6,

88
,1

00
–

M
YO

7A
(N

M
_0

00
26

0.
3)

H
LA

I-
19

7
85

,8
5,

94
(p

ro
gr

es
si

ve
re

po
rt

ed
)

c.
11

83
C
>

T:
p.

(A
rg

39
5C

ys
)

Fi
rs

tr
ep

or
t

H
LG

M
12

3
80

,8
9,

90
c.

63
54

G
>

C
:p

.(L
ys

21
18

A
sn

)
Fi

rs
tr

ep
or

t
H

LA
I-

07
3

73
–

C
LD

N
14

(N
M

_1
44

49
2.

2)
H

LR
B

5c
10

63
,7

4,
78

,7
9,

85
,8

8,
88

,8
8,

89
,9

1
c.

25
4T

>
A

:p
.(V

al
85

A
sp

)
H

LA
M

04
4

76
,8

5,
94

,9
4

c.
25

4T
>

A
:p

.(V
al

85
A

sp
)

H
LA

M
11

9
73

,8
3,

83
,8

4,
88

,9
1

c.
25

4T
>

A
:p

.(V
al

85
A

sp
)

C
D

H
23

(N
M

_0
22

12
4.

5)
H

LG
M

24
7

58
,7

4,
78

,8
3,

84
c.

78
14

A
>

G
:p

(A
sn

26
05

S
er

)
Fi

rs
tr

ep
or

t
G

IP
C

3
(N

M
_1

33
26

1.
2)

H
LA

I-
11

6
64

,8
3,

86
,9

6
(p

ro
gr

es
si

ve
re

po
rt

ed
)

c.
66

2C
>

T:
p.

(T
hr

22
1I

le
)

TE
C

TA
(N

M
_0

05
42

2.
2)

H
LG

M
19

3
38

,6
9,

73
c.

64
+

2T
>

C
Fi

rs
tr

ep
or

t
TR

IO
B

P
(N

M
_0

01
03

91
41

.2
)

H
LA

I-
26

3
74

,8
6

c.
29

68
C
>

T:
p.

(A
rg

99
0X

)
Fi

rs
tr

ep
or

t
ES

P
N

(N
M

_0
31

47
5.

2)
H

LM
R

3
1

[2
]

68
c.

20
19

du
pG

:p
.(L

eu
67

4A
fs

X7
2)

Fi
rs

tr
ep

or
t

M
YO

6
(N

M
_0

04
99

9.
3)

H
LA

I-
16

4
59

,6
3,

79
(p

ro
gr

es
si

ve
re

po
rt

ed
)

c.
17

29
_1

74
1d

el
:p

.(P
he

57
7I

le
fs

X2
8)

Fi
rs

tr
ep

or
t

H
G

F
(N

M
_0

00
60

1.
4)

H
LA

I-
18

2
[2

]
73

(p
ro

gr
es

si
ve

re
po

rt
ed

)
c.

48
2+

19
86

_1
98

8d
el

TG
A

D
FN

B
59

(N
M

_0
01

04
27

02
.3

)
H

LG
M

15
c

6
79

,8
1,

89
,9

0,
90

,1
09

(p
ro

gr
es

si
ve

re
po

rt
ed

)
c.

10
28

G
>

C
:p

.(C
ys

34
3S

er
)

B
S

N
D

(N
M

_0
57

17
6.

2)
H

LA
I-

23
5

70
(p

ro
gr

es
si

ve
re

po
rt

ed
)

c.
35

T>
C

:p
.(I

le
12

Th
r)

TP
R

N
(N

M
_0

01
12

82
28

.1
)

H
LR

B
6c

3
79

,9
4

(p
ro

gr
es

si
ve

re
po

rt
ed

)
c.

42
_5

2d
el

11
:p

(G
ly

15
A

la
fs

X1
50

)
P

TP
R

Q
(N

M
_0

01
14

50
26

.1
)

H
LR

B
4

3
73

c.
18

9d
el

C
:p

.(G
lu

65
Ly

sf
sX

95
)

Fi
rs

tr
ep

or
t

G
P

S
M

2/
D

FN
B

32
(N

M
_0

13
29

6.
4)

H
LR

B
11

5
75

,7
6,

90
,9

4
–

H
LA

I-
24

4
61

,6
9

(p
ro

gr
es

si
ve

re
po

rt
ed

)
–

M
ET

(N
M

_0
00

24
5.

2)
H

LG
M

17
c

9
74

,8
3,

89
,8

9,
89

,1
08

c.
25

21
T>

G
:p

.(P
he

84
1V

al
)

G
R

XC
R

2
(N

M
_0

01
08

05
16

.1
)

H
LA

I-
05

c
3

[1
]

54
,6

3,
73

(p
ro

gr
es

si
ve

re
po

rt
ed

)
c.

71
4d

up
T:

p.
(G

ly
23

9T
rp

fs
X7

4)
U

S
H

1C
(N

M
_0

05
70

9.
3)

U
S

H
-1

3
64

,7
3

c.
60

5d
up

C
:p

.(G
ly

20
3T

rp
fs

X4
7)

Fi
rs

tr
ep

or
t

U
S

H
1G

(N
M

_1
73

47
7.

4)
H

LR
B

12
c

3
69

,7
6,

81
c.

16
3_

16
4+

13
de

l
U

nk
no

w
n

H
LR

B
9

6
73

,7
3,

75
,8

0,
10

0
H

LR
B

13
3

69
,8

3
H

LG
M

02
3

78
,7

9,
88

H
LG

M
03

3
78

H
LG

M
04

3
85

,9
0,

94
H

LG
M

07
4

79
,7

9,
90

,9
4

H
LG

M
08

4
46

,4
9,

64
,8

4
H

LG
M

09
3

71
,8

9
H

LG
M

10
3

89
,9

3
H

LG
M

11
3

84
,8

5,
85

H
LG

M
13

3
83

,8
8,

11
1

(p
ro

gr
es

si
ve

re
po

rt
ed

)
H

LG
M

18
4

51
,5

6,
69

(p
ro

gr
es

si
ve

re
po

rt
ed

)
H

LG
M

20
4

60
,6

1,
63

,6
6

6



Genetic causes of hearing loss point to modifiers
Ta

bl
e

1.
C

on
tin

ue
d

G
en

e
Fa

m
ily

ID
A

ffe
ct

ed
in

di
vi

du
al

sa
P

ur
e

to
ne

av
er

ag
e

(P
TA

50
0

–
40

00
H

z)
db

H
L

Va
ria

nt
C

om
m

en
tb

H
LG

M
21

3
58

,6
6,

90
H

LG
M

22
11

84
,8

5,
86

,9
0,

91
,9

5,
98

,1
01

,1
03

H
LG

M
23

4
75

,7
8,

80
,8

1
H

LG
M

26
7

45
,8

4,
99

H
LA

I-
03

4
69

,9
0,

94
(p

ro
gr

es
si

ve
re

po
rt

ed
)

H
LA

I-
22

6
61

,7
4,

75
,7

6,
83

(p
ro

gr
es

si
ve

re
po

rt
ed

)
H

LA
M

01
A

4
78

,8
1,

95
H

LA
M

03
5

76
,7

6,
78

H
LA

M
12

B
7

80
,8

4,
85

,8
9

IH
T0

1A
3

43
,4

6,
74

(p
ro

gr
es

si
ve

re
po

rt
ed

)
IH

T0
2

3
79

,8
5,

94
H

LM
R

1
4

83
,8

8,
91

,9
9

H
LM

R
4

3
76

,8
9,

96

a
Th

e
nu

m
be

ro
fa

ffe
ct

ed
pa

rt
ic

ip
an

ts
or

in
di

vi
du

al
s

w
ith

pa
th

og
en

ic
m

ut
at

io
ns

in
de

af
ne

ss
ge

ne
s

is
de

no
te

d
by

an
in

te
ge

rw
hi

le
in

ca
se

of
fa

m
ilie

s
ex

hi
bi

tin
g

ge
ne

tic
he

te
ro

ge
ne

ity
nu

m
be

r
of

th
os

e
af

fe
ct

ed
in

di
vi

du
al

s
w

ith
ou

tt
he

ca
us

at
iv

e
va

ria
nt

s
ar

e
al

so
sh

ow
n

by
a

br
ac

ke
te

d
in

te
ge

r.
Th

e
P

TA
50

0-
40

00
H

z
of

th
e

la
tt

er
gr

ou
p

is
no

ts
ho

w
n

in
th

e
co

rr
es

po
nd

in
g

co
lu

m
ns

.
b
S

ee
Ta

bl
e

S
4

fo
r

re
fe

re
nc

es
to

th
e

fir
st

re
po

rt
s

of
th

es
e

m
ut

at
io

ns
.

c
D

at
a

fo
r

th
es

e
fa

m
ilie

s
w

er
e

pr
ev

io
us

ly
re

po
rt

ed
by

us
.

606351), MYO6 (OMIM 600970), PTPRQ (OMIM
603317) and USH1C (OMIM 605242) (Table 1, Fig. 2,
Supporting information).

The variants of TRIOBP, ESPN and MYO6 described
here implicate for the first time these genes in reces-
sively inherited moderate or severe hearing loss. Though
specific mutations of MYO15A and CDH23 are known
to be involved with moderate or severe hearing loss (3,
13–15), some of the variants we identified do not cor-
respond to the established genotype–phenotype corre-
lations for these genes (Supporting information). For
example, we found that homozygous mutations that
affected both isoforms 1 and 2 of MYO15A (16) were
associated with severe hearing loss (Table 1, Support-
ing information). This is in contrast to earlier findings
in which it was hypothesized that mutations which affect
both isoforms of MYO15A would result in profound deaf-
ness (13, 14).

We also found mutations in genes which are estab-
lished causes of moderate to severe hearing loss (Sup-
porting information) such as TECTA and PTPRQ (17,
18). It has been stated that PTPRQ mutations show weak
evidence for association to deafness (19). However, dif-
ferent studies (18, 20–23) and the frameshift variant
identified in three affected cousins in a participating fam-
ily in our research (Table 1) together establish PTPRQ as
a bona fide deafness gene.

Known variants as cause of moderate or severe hearing
loss

SLC26A4 (OMIM 605646) variants were the most
numerous in our cohort, associated with hearing loss in
12 families and in one of the eight affected individuals
in family HLAM12B. We found the same five nonsense,
missense and frameshift mutations (24) (Table 1) as
cause of the moderate or severe hearing loss, which were
previously reported to result in profound deafness in
other studies (Table S5, Fig. 3). Audiometric thresholds
among individuals homozygous for these SLC26A4
variants were not significantly correlated with age (ages
6–45 years, Spearman’s r = 0.226; p= 0.11) suggest-
ing that other genetic or environmental factors can
modify the phenotype associated with these mutations
(Fig. 3). For example, an 18-year-old individual in fam-
ily HLAI-20 had profound deafness (PTA 104 dB HL)
in contrast to the other older individuals in his family
(ages 45 and 35 years; PTA 84 and 89 dB HL, respec-
tively). Similarly, in families HLAI-15 and HLAM01B
in which the affected individuals were homozygous for
the p.Q446R variant of SLC26A4, the 25 and 26-year-old
individuals have better hearing (PTA 73 and 83 dB HL,
respectively) as compared with the younger affected
individuals (ages 10 and 12 years, PTA 104 and 98 dB
HL, respectively). The type of mutation was also not
correlated to the severity of the phenotype as three
individuals homozygous for a nonsense (p.Ser57X) or
a frameshift (c.965dupA) mutation in SLC26A4 had
moderate hearing loss (PTA 66, 63 and 69 dB HL) at
the ages of 12, 25 and 28 years, respectively (Table 1,
Fig. 3).
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Table 2. Results of in silico predictions for novel missense variants

Gene Variant
MT

score
MT

prediction
Prov
score

Prov
prediction SIFT score

SIFT

prediction

MYO15A (NM_016239.3) c.8158G>A:p.(Asp2720Asn) 23 D −4.42 D 0.016 D
OTOF (NM_194248.2) c.4805G>T:p.(Gly1602Val) 109 D −8.87 D 0 D
MYO7A (NM_000260.3) c.1183C>T:p.(Arg395Cys) 180 D −7.75 D 0 D

c.6354G>C:p.(Lys2118Asn) 94 D −4.33 D 0.001 D
CDH23 (NM_022124.5) c.7814A>G:p.(Asn2605Ser) 46 D −3.53 D 0 D

MT, MUTATION TASTER; Prov, PROVEAN; SIFT, sorting intolerant from tolerant; D, disease causing, deleterious and damaging predictions
from MUTATION TASTER, PROVEAN and SIFT, respectively.

Fig. 2. clustalo alignments among diverse vertebrate species. Alignments show absolute evolutionary conservation of novel amino acid changes
reported in this study. The sequences for MYO15A, OTOF, MYO7A and CDH23 correspond to the proteins encoded from transcripts NM_016239.3,
NM_194248.2, NM_000260.3 and NM_022124.5, respectively.

In addition to SLC26A4, some known variants of other
genes including GJB2 (OMIM 121011), MYO15A and
TMPRSS3 (OMIM 605511), were found segregating
with moderate or severe hearing loss in this study
but were previously reported as a cause of profound
deafness (Table 1, Supporting information). Comparison
of audiograms of affected individuals with identical
mutations in multiple families did not suggest that the
observed hearing threshold differences were age related.

It has been hypothesized that homozygosity for
TMPRSS3 frameshift variants results in profound deaf-
ness (25). We identified a homozygous frameshift
mutation as a cause of moderate or severe hearing loss in
one participating family (Table 1, Supporting informa-
tion). In addition, the age of onset of hearing loss in one
family with a cryptic acceptor splice site variant in intron
4 of TMPRSS3 (Table 1) was between 3 and 4 years and

was moderate to severe at the age of 22 years in contrast
to the deafness progressing to profound degree in two
families with the identical mutation (26) (Supporting
information).

Molecular heterogeneity

In families HLAI-05, HLAI-18, HLAI-20, HLAI-27,
HLAM01A, HLAM12B and HLMR3, some of the
affected individuals were not homozygous for the
pathogenic mutation found in deaf siblings or close
relatives (Fig. S1), indicating that variants of other genes
or environmental factors contribute to their hearing loss.

Overall contribution of deafness genes to the phenotype

Mutations of eight genes SLC26A4, GJB2, MYO15A,
TMC1, TMPRSS3, OTOF, MYO7A and CLDN14

8
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Fig. 3. Pure tone averages (PTA) of individuals with SLC26A4 variants.
PTA of hearing thresholds at 500, 1000, 2000 and 4000 Hz, for the
better hearing ears in affected members with homozygous mutations in
SLC26A4 are plotted as a function of age of the participants. The degree
of hearing loss is different across and within families with mutations in
SLC26A4 without correlation to age, an observation which is supported
by the straight regression line in the graph.

Table 3. Percentage contribution of genes to moderate or
severe hearing loss in Pakistan

Gene/locus
Number

of familiesa Percentage 95% CI

SLC26A4 13 14.3 7.1–21.5
GJB2 9 9.9 3.8–16
MYO15A 7 7.7 2.2–13.2
TMC1 6 6.6 1.5–11.7
TMPRSS3 4 4.4 0.1–8.7
OTOF 4 4.4 0.1–8.6
MYO7A 3 3.3 0–7
CLDN14 3 3.3 0–7
Other 13 genes or loci 14 – –
New genesb 2 – –
Unknown 26 28.6 –
Total 91 – –

CI, confidence interval.
aPercentages are calculated on the basis of 91 pedigrees
without the data of an USH1C family and includes data for
families for which linkage was detected to a locus with a LOD
score of ≥3 and a pathogenic mutation was not identified
after sequencing the corresponding gene (MYO7A for HLAI-07,
MYO15A for HLAI-08, SLC26A4 for HLMI01, TMC1 for HLAI-17,
OTOF for HLGM06 and GPSM2 for HLRB11).
bGRXCR2 and MET.

together accounted for hearing loss in 54% of the
families (Table 3). Variants of other genes were rare and
collectively accounted for the phenotype in 15% of the
families (Table 3).

Discussion

Persons with hearing loss of moderate or severe degree
may derive satisfactory benefit from hearing aids, while
cochlear implantation is a recommended treatment to
restore access to sound for individuals with profound

deafness. As profound deafness is clinically distinct
from moderate and severe hearing loss, we hypothesized
that there would be a spectrum of variants of unique
deafness genes as well as distinct mutant alleles of
the reported deafness genes as causes of moderate to
severe hearing loss. Although we did discover mutations
of GRXCR2 (OMIM 615762) (27) and MET (OMIM
164860) (28) as novel causes of progressive or severe
hearing loss, unexpectedly we found that exactly the
same mutations previously reported to be associated
with profound deafness can also cause moderate to
severe hearing loss. In fact, the combined contribution of
SLC26A4 and GJB2 to moderate or severe hearing loss
in this cohort is as high as 24.2% in contrast to that of
13.35% due to the mutant alleles of these same two genes
to profound deafness in Pakistan (29).

Phenotypic variability due to mutations in the same
gene is usually attributed to a difference in severity of
gene function disruption. Splice site variants not result-
ing in a complete loss of the protein and missense muta-
tions can sometimes be less damaging than nonsense and
frameshift mutations. However, of the 41 mutations that
we identified in reported deafness genes, 7 are nonsense
(17%), 11 cause frameshifts in the canonical reading
frames (27%), 5 are splice site mutations (12%), 2 are
in-frame deletions (5%), 1 is a regulatory variant (2%)
and the remaining 15 are missense mutations (37%).
The splice site mutations of MYO15A and USH1G are
predicted to result in the loss of the encoded proteins.
Phenotypic variation for the same mutant allele sug-
gests the presence of genetic modifiers, environmental
factors or both. We did not find variants in the mito-
chondrial genome that might account for phenotypic
variability observed in families in which affected indi-
viduals had identical mutations. In addition, we found
no rare variants of ATP2B2, a known modifier gene of
CDH23-related deafness (15). The possibility remains
to be explored that common variants of ATP2B2 are
modifiers.

Few studies have reported population wide involve-
ment of specific genes in moderate or severe hearing loss.
For example, copy number variations and point muta-
tions of STRC (OMIM 606440) contributed to approxi-
mately 6% of mild to moderate hearing loss in the United
States and Germany in a cohort of 763 individuals (30,
31). In Qatar, GJB2 variants accounted for 15% of mod-
erate to severe hearing loss in a cohort of 126 individuals
(32). Our work has indicated the involvement of 23 genes
in the genetics of moderate or severe hearing loss and
implicates modifiers in reducing the severity of the phe-
notype. Future molecular genetic insight and epidemi-
ological studies may be helpful in identifying specific
modifier variants in the genetic background of our study
subjects which, perhaps in combination with extrinsic
factors, partially suppress profound deafness.

Supporting Information

Additional supporting information including tables, figure and text
may be found in the online version of this article at the publisher’s
web-site.
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A B S T R A C T

Variants of KCNQ4 are one of the most common causes of dominantly inherited nonsyndromic hearing loss. We
investigated a consanguineous family in which two individuals had prelignual hearing loss, apparently inherited
in a recessive mode. Whole-exome sequencing analyses demonstrated genetic heterogeneity as variants in two
different genes segregated with the phenotype in two branches of the family. Members in one branch were
homozygous for a pathogenic variant of TMC1. The other two affected individuals were homozygous for a
missense pathogenic variant in KCNQ4 c.872C>T; p.(Pro291Leu). These two individuals had prelingual,
progressive moderate to severe hearing loss, while a heterozygous carrier had late onset mild hearing loss. Our
work demonstrates that p.Pro291L variant is semi-dominantly inherited. This is the first report of semi-dom-
inance of a KCNQ4 variant.

1. Introduction

Hereditary hearing loss is a heterogeneous sensory disorder. To
date, 45 genes have been reported for autosomal dominant non-syn-
dromic hearing loss (ADNSHL) while 73 genes have been identified for
autosomal recessive non-syndromic hearing loss (ARNSHL) (https://
hereditaryhearingloss.org, accessed February 2019). Further, some
genes cause both dominant and recessive forms of hearing loss, in-
cluding CEACAM16, COCH, GJB2, MYO6, MYO7A, PTPRQ, TECTA and
TMC1. Up till now, only one splice-site variant of MYO6 (OMIM
600970) has been unambiguously shown to cause semi-dominant in-
heritance of nonsyndromic hearing loss (Brownstein et al., 2014). Al-
though a splice-site variant in SLC26A5 (OMIM 604943) was reported
to be semi-dominant (Liu et al., 2003), subsequent studies have sug-
gested that heterozygosity for variants in this gene does not cause
hearing loss (Tang et al., 2005; Teek et al., 2009).

Autosomal dominant deafness-2A (DFNA2A-OMIM 600101) is

caused by heterozygous variants in KCNQ4 (Kubisch et al., 1999)
(OMIM 603537). It is considered to be one of the most common disease
causing genes for non-syndromic dominant deafness accounting for
about 9% of ADNSHL (Sloan-Heggen et al., 2016). KCNQ4 is a voltage
gated potassium channel that plays an important role in potassium re-
cycling in the inner ear (Kharkovets et al., 2000). More than 30 KCNQ4
variants have been identified that are involved in dominantly inherited
progressive hearing loss (http://www.hgmd.cf.ac.uk/ac/all.php, ac-
cessed February 2019). Majority of these are missense variants and
affect the pore region of KCNQ4.

Missense variants affecting the pore region are predicted to cause
severe hearing loss in a dominant-negative manner (Huang et al.,
2017). Heterozygous frameshift variants of this gene cause a less severe
phenotype, possibly due to haploinsufficiency (Wang et al., 2014).
However, KCNQ4 variant c.1044_1051del8; p.(Ala349ProfsTer19) has
been reported to cause autosomal recessive non-syndromic hearing loss
which seems to contradict this hypothesis (Wasano et al., 2015).
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In the present study we describe a KCNQ4 variant associated with
semi-dominant inheritance of hearing loss.

2. Materials and methods

This study was approved by Institutional Review Board of School of
Biological Sciences, University of the Punjab, Lahore Pakistan. All the
family members signed a written informed consent to participate in the
research.

We enrolled a consanguineous family HLGM10 (Fig. 1A) in which
some members had prelingual hearing loss, which was presumed to be
recessively inherited. Medical history was obtained from the family
members by asking relevant questions to exclude the involvement of
environmental factors or syndromes related to hearing loss. Peripheral
blood was drawn to extract DNA from the participants. Assessment of
hearing for consenting participants was carried out in ambient noise
conditions in 2009 and 2018. Romberg and Tandem Gait tests were
performed to find any gross vestibular defects in the affected

individuals.
Genes known to cause hearing loss were excluded by homozygosity

mapping, utilizing microsatellite markers in close proximity to the re-
spective genes. GJB2 was analyzed by Sanger sequencing. Whole-exome
sequencing (WES) was performed for individuals III:7 and VI:3 at
Baylor-Hopkins Center for Mendelian Genomics (BHCMG). Variant fil-
tering was completed using wANNOVAR and PhenoDB Variant Analysis
Tool (Sobreira et al., 2015). We selected for rare variants (gnomAD,
TOPMed, Exome Variant Server) and focused on exonic non-synon-
ymous, splice-site and insertion and/or deletion (indel) variants. All
targeted genes, including known deafness genes, were examined for
variants. Based on the prediction scores by multiple online programs,
the shortlisted variants were tested for segregation by Sanger sequen-
cing in all participants. The allele frequency of the selected variants was
also checked in 200 ethnically matched controls.

Fig. 1. Pedigree of HLGM10, audiograms, electropherograms and multiple alignment of partial protein sequence for KCNQ4. (A) Family HLGM10. Arrow shows the
proband. Solid circles and squares denote affected individuals. Asterisks mark the individuals whose DNA samples were subjected to whole-exome sequencing. The
genotypes for TMC1 c.236+1G>A, and KCNQ4 c.872C>T nucleotide variants are indicated below the symbols of the participants. (B) Pure tone audiograms of
individuals of the participating families including wild type, carrier and affected individuals for the branch segregating the KCNQ4 variant. Squares and crosses
represent the hearing thresholds for the left and right ears, respectively. The audiograms reveal the presence of mild to moderate hearing loss in the heterozygous
carrier, moderate to severe or severe to profound deafness in individuals homozygous for the variant and normal hearing in the individual homozygous for the
reference sequence. (C) Electropherograms of KCNQ4 sequence analyses showing the missense variant c.872C>T; p.(Pro291Leu) in a carrier, homozygous affected
and an individual homozygous for the reference wild-type allele, respectively. The arrow indicates the location of the variant. Note that the individual homozygous
for the reference allele is heterozygous for an adjacent common SNP, rs12117176. (D) Clustal omega alignment of a segment of KCNQ4 from diverse vertebrate
species. Alignment shows absolute evolutionary conservation of Pro291.
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3. Results

Four individuals in a consanguineous family, HLGM10 were af-
fected with hearing loss. Individuals III:7 (65 years old) and IV:5
(20 years old) displayed bilateral, severe to profound or moderate to
severe hearing loss, respectively (Fig. 1B and data not shown) when
first evaluated in 2009. No vestibular defect was detected after testing
for any affected individual.

Linkage to known deafness genes was not identified after homo-
zygosity mapping. Whole exome sequencing did not reveal a patho-
genic variant common to both individuals, III:7 and VI:3. When data
from each individual were analyzed separately, homozygous variants in
two different genes were identified. This included a known pathogenic
variant c.236+1G>A in TMC1 (NM_138691.2), which was detected in
the sample from individual VI:3. Sanger sequencing confirmed that the
same homozygous variant was present in affected individual IV:5 and
was heterozygous in obligate carriers (Fig. 1A). In individual III:7, a
homozygous pathogenic variant c.872C>T; p.(Pro291Leu) was iden-
tified in KCNQ4 (NM_004700.3), which has been previously reported
for dominantly inherited hearing loss (Naito et al., 2013). Sanger se-
quencing revealed that affected individual V:5 was also homozygous for
the same variant of KCNQ4 while others were either heterozygous for
the variant or had the reference allele (Fig. 1A, C). The variant was not
detected in 200 chromosomes from ethnically matched controls.

Audiometry was performed for individuals III:7, IV:7, V:3, and V:5
in 2018 while other members refused testing. The hearing loss of the
affected individual III:7 evaluated first in 2009 (Fig. 1B) had progressed
to profound degree in 2018 as no response was detected at any fre-
quency (data not shown). The age of individual IV:7 who is hetero-
zygous for the KCNQ4 variant was 45 years in 2018. Audiometric data
revealed mild to moderate hearing loss in this individual (Fig. 1B), of
which she was not aware at the time of testing. Though audiometric
evaluation was not possible for additional carriers of the variant, in-
terviews from the family indicated that none of them had reported the
presence of hearing loss.

Individual V:3, homozygous for the reference allele was 15 years old
and had normal hearing (Fig. 1B). The two individuals III:7 (at
65 years) and V:5 (at 8 years) were homozygous for the KCNQ4 variant
and had an early onset moderate to profound or moderate to severe
hearing loss, respectively (Fig. 1B) which progressed to profound de-
gree for individual III:7 in a period of nine years.

4. Discussion

Affected individuals presented here show a classic case of semi-
dominant inheritance due to a missense variant. This variant affects the
pore region of KCNQ4 channel. The pore region of KCNQ4 maintains
ion selectivity of the channel and regulates hair cell membrane poten-
tial in the inner ear. The Pro291amino acid residue is conserved from
mammals to teleost fish (Fig. 1D). Moreover, proline at this position is
conserved in other KCNQ homologues and more broadly in other K+

channel family members (Talebizadeh et al., 1999).
In a previous report of the p.(Pro291Leu) variant, two individuals of

one family (one parent and a child) were affected with dominantly
inherited hearing loss. The age of onset was 17 years for both affected
individuals (Naito et al., 2013). In light of the hearing loss present in
one individual heterozygous for the KCNQ4 variant presented here, and
the two reported before (Naito et al., 2013), it is possible that all car-
riers of the variant in family HLGM10 may also have a mild hearing loss
of which they are as yet unaware. In addition, the progression of
hearing loss detected for the oldest affected participant in this research,
suggests that hearing loss is also progressive in individuals who are
homozygous for the KCNQ4 p.(Pro291Leu) variant.

Semi-dominant inherited traits have been reported before for many
other disorders. For example, a more severe phenotype in individuals
homozygous for the same variant has been described for Olmsted

syndrome, Charcot-Marie-Tooth disease, Epidermolytic ichthyosis and
Optic atrophy (Pesch et al., 2001; Nicholson et al., 2008; Nousbeck
et al., 2013; Cao et al., 2016).

5. Conclusion

In summary, our results together with a previous report (Naito et al.,
2013), indicate that the KCNQ4 variant p.(Pro291Leu) causes early
onset, progressive hearing loss in homozygous individuals and late
onset, progressive mild to moderate hearing loss when inherited in a
heterozygous state. It suggests that the same variant may affect the
severity of the phenotype as well as the age of onset in mono-allelic or
bi-allelic forms.
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