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1. Summary 

The auditory system is an exquisitely complex sensory organ dependent upon the 

synchronization of numerous processes for proper function. The molecular characterization of 

hereditary hearing loss is complicated by extreme genetic heterogeneity, wherein hundreds of 

genes dispersed genome-wide play a central and irreplaceable role in normal hearing function. 

The present study explores this area on a genome-wide and single gene basis for the detection of 

genetic mutations playing critical roles in human hearing. 

This work initiated with a high resolution SNP array study involving 109 individuals. A 6.9 Mb 

heterozygous deletion on chromosome 4q35.1q35.2 was identified in a syndromic patient that 

was in agreement with a chromosome 4q deletion syndrome diagnosis. A 99.9 kb heterozygous 

deletion of exons 58-64 in USH2A was identified in one patient. Two homozygous deletions and 

five heterozygous deletions in STRC (DFNB16) were also detected. The homozygous deletions 

alone were enough to resolve the hearing impairment in the two patients. A Sanger sequencing 

assay was developed to exclude a pseudogene with a high percentage sequence identity to STRC 

from the analysis, which further solved three of the six heterozygous deletion patients with the 

hemizygous, in silico predicted pathogenic mutations c.2726A>T (p.H909L), c.4918C>T 

(p.L1640F), and c.4402C>T (p.R1468X). A single patient who was copy neutral for STRC and 

without pathogenic copy number variations had compound heterozygous mutations [c. 

2303_2313+1del12 (p.G768Vfs*77) and c.5125A>G (p.T1709A)] in STRC. It has been shown 

that STRC has been previously underestimated as a hearing loss gene. One additional patient is 

described who does not have pathogenic copy number variation but is the only affected member 

of his family having hearing loss with a paternally segregating translocation 

t(10;15)(q26.13;q21.1).  

Twenty-four patients without chromosomal aberrations and the above described patient with an 

USH2A heterozygous deletion were subjected to a targeted hearing loss gene next generation 

sequencing panel consisting of either 80 or 129 hearing-relevant genes. The patient having the 

USH2A heterozygous deletion also disclosed a second mutation in this gene [c.2276G>T 

(p.C759F)]. This compound heterozygous mutation is the most likely cause of hearing loss in this 

patient. Nine mutations in genes conferring autosomal dominant hearing loss [ACTG1 

(DFNA20/26); CCDC50 (DFNA44); EYA4 (DFNA10); GRHL2 (DFNA28); MYH14 (DFNA4A); 

MYO6 (DFNA22); TCF21 and twice in MYO1A (DFNA48)] and four genes causing autosomal 

recessive hearing loss were detected [GJB2 (DFNB1A); MYO7A (DFNB2); MYO15A (DFNB3), 
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and USH2A]. Nine normal hearing controls were also included. Statistical significance was 

achieved comparing controls and patients that revealed an excess of mutations in the hearing loss 

patients compared to the control group. The family with the GRHL2 c.1258-1G>A mutation is 

only the second family published worldwide with a mutation described in this gene to date, 

supporting the initial claim of this gene causing DFNA28 hearing loss. Audiogram analysis of 

five affected family members uncovered the progressive nature of DFNA28 hearing impairment. 

Regression analysis predicted the annual threshold deterioration in each of the five family 

members with multiple audiograms available over a number of years.  
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2. Zusammenfassung 

Das Gehör als komplexes Sinnesorgan ist für eine einwandfreie Funktion abhängig von der 

Synchronisation zahlreicher Prozesse. Durch die extreme genetische Heterogenität wird die 

molekulare Charakterisierung einer erblich bedingten Schwerhörigkeit erschwert, da hunderte 

genomweit verteilter Gene eine zentrale und unersetzliche Rolle beim Hören spielen. Die 

vorliegende Studie untersucht dieses Forschungsgebiet auf genomweiter Ebene und auf der Basis 

von Einzelgenen, um genetische Mutationen zu ermitteln, die eine entscheidende Rolle bei der 

menschlichen auditiven Wahrnehmung besitzen.  

Diese Arbeit beginnt mit einer Studie an 109 Personen unter Zuhilfenahme von hochauflösenden 

SNP-Arrays. In dieser Studie wurde eine 6,9 Mb heterozygote Deletion auf Chromosom 

4q35.1q35.2 bei einem syndromalen Patienten identifiziert, die eine Übereinstimmung mit einem 

Chromosom 4q-Deletionssyndrom aufwies. Bei einem weiteren Patienten wurde eine 99,9 kb 

heterozygote Deletion der Exons 58-64 in USH2A nachgewiesen. Zwei homozygote Deletionen 

und fünf heterozygote Deletionen in STRC (DFNB16) wurden ebenfalls detektiert. Die 

homozygoten Deletionen waren ausreichend, um die Schwerhörigkeit bei beiden Patienten zu 

klären. Ein Sanger-Sequenzierungs-Assay wurde entwickelt, um ein Pseudogen mit einer hohen 

prozentualen Sequenzidentität zu STRC von der Analyse auszuschließen. Dadurch konnten drei 

der sechs heterozygoten Deletionspatienten mit hemizygot in silico vorhergesagten pathogenen 

Mutationen, c.2726A>T (p.H909L), c.4918 C>T (p.L1640F) und c.4402C>T (p.R1468X), 

aufgeklärt werden. Ein Patient, der eine kopieneutrale STRC Variation und keine pathogenen 

Kopienzahlvariationen besaß, zeigte eine compound heterozygote Mutation 

[c.2303_2313+1del12 (p.G768Vfs*77) und c.5125A>G (p.T1709A)] in STRC. Es wurde gezeigt, 

daß die Beurteilung von STRC als Hörstörungsgen bisher unterschätzt wurde. Zusätzlich wird ein 

Patient beschrieben, der keine pathogenen Kopienzahlvariationen aufwies, aber das einzige 

Familienmitglied mit einer Schwerhörigkeit und einer paternalen segregierten Translokation 

t(10;15)(q26.13;q21.1) war.  

Vierundzwanzig Patienten ohne Chromosomenstörungen und der oben beschriebene Patient mit 

einer USH2A heterozygoten Deletion wurden mit einem Next Generation Sequencing Panel 

bestehend aus entweder 80 oder 129 für das Hören relevanter Gene untersucht. Der Patient mit 

einer USH2A heterozygoten Deletion zeigte eine zweite Mutation in diesem Gen [c.2276G>T 

(p.C759F)]. Diese compound heterozygote Mutation ist die wahrscheinlichste Ursache für die 
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Schwerhörigkeit des Patienten. Neun Mutationen in Genen, die zu einem autosomal dominanten 

Hörverlust führen [ACTG1 (DFNA20/26); CCDC50 (DFNA44); EYA4 (DFNA10); GRHL2 

(DFNA28); MYH14 (DFNA4A); MYO6 (DFNA22); TCF21], sowie zwei MYO1A (DFNA48) 

Mutationen und Mutationen in vier weiteren Genen, verantwortlich für autosomal rezessive 

Schwerhörigkeit [GJB2 (DFNB1A); MYO7A (DFNB2); MYO15A (DFNB3) und USH2A], 

konnten identifiziert werden. Neun normal hörende Kontrollen waren ebenfalls in diese Studie 

einbezogen worden. Durch einen Vergleich der Kontrollen mit den Patienten konnte eine 

statistische Signifikanz erreicht werden, die einen Überschuss an Mutationen bei der 

Patientengruppe gegenüber der Kontrollgruppe aufzeigte. Die Familie mit einer GRHL2 c.1258-

1G>A Mutation ist die erst zweite Familie weltweit, die mit einer Mutation in diesem Gen 

publiziert worden ist. Dies unterstützt die initiale Behauptung, dass dieses Gen für eine DFNA28 

Schwerhörigkeit verantwortlich ist. Die Audiogrammanalyse von fünf der betroffenen 

Familienmitglieder lässt eine voranschreitende Natur der DFNA28 Hörschädigung erkennen. 

Eine jährliche Verschlechterung der Hörschwelle bei jedem der fünf Familienmitglieder konnte 

eine Regressionsanalyse anhand von Audiogrammen, die über eine Anzahl von Jahren zur 

Verfügung standen, vorhersagen. 
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3. Introduction 

3.1 Global burden of hearing loss 

According to the World Health Organization (WHO), hearing loss (HL) is listed as one of the top 

three most common causes of disability and among the three most prevalent conditions affecting 

the global population [1]. In a worldwide survey of six major and 14 sub-regions, the WHO 

estimated that as of 2004, there were approximately 360.8 million individuals with mild HL 

(defined by audiometric thresholds in the better ear between 26-40 decibels (dB)), and 275.7 

million individuals with moderate to profound HL (with hearing thresholds in the better ear 

greater than 40 dB) totaling 636.5 million people affected with mild to profound HL [1]. As the 

most recent WHO report surveying the global impact of HL is ten years old, these numbers will 

certainly increase as surveying methodologies improve and cohesive selection rationale are 

applied across individual epidemiological studies. A German survey that conservatively excluded 

children under the age of 14 and adhered to the WHO audiometric threshold for defining HL 

beginning at 26 dB for epidemiological inclusion, which is a higher threshold than customarily 

accepted, disclosed there are over 13 million people living in Germany with HL fitting these 

criteria, with many more under recognized or unaccounted for individuals [2]. These troubling 

statistics are expected to increase in coming years reflecting an aging and increasing world 

population, with a growing proportion of the younger generation leisurely exposing themselves 

to prolonged excessive sound in the form of mp3s and iPods.  

While there is no question that those living with even mild HL can face personal disadvantages 

throughout everyday life, the intensified effects of HL can be observed on a macroscale. Non-

communicable diseases including HL have a profound impact on healthcare expense, prolonged 

disability, and national gross domestic product (GDP) [3]. For instance, in 2005, Australia had 

reported an annual loss of earnings equivalent to 1.4% of GDP representing $11.75 billion 

(Australian dollars), with the largest expense being reported loss in productivity [4]. When 

further broken down, this means that per annum, each Australian with HL paid $3,314, or every 

Australian, regardless of hearing status, paid $578 [4]. This figure does not account for the 

additional $11.3 billion required for disease burden with disability-adjusted life years [4]. Such 

tremendous financial hardship is often compounded by other negative consequences not only 

affecting employment with reduced work force and early retirement due to HL, but also 

introduces potential co-morbidities such as depressive symptoms, decreased quality of life, social 

isolation, reduced independence, and increased risk of mortality [5].  
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Although the precise global impact of HL is presently unclear, HL is undoubtedly a major public 

health concern that deserves considerable attention [6]. 

 

3.2 Etiologies of hearing loss 

HL is one of the most common birth defects in the developed world stemming from both 

environmental and genetic components [7]. While the environmental spectrum includes 

premature birth, infection, physical trauma, and pharmacologic ototoxicity, these contribute to an 

etiology of less than 50 percent of HL cases [8]. The genetic contribution, including both 

syndromic and non-syndromic forms of HL, account for between 50-60 percent of cases, yielding 

an approximate incidence rate of one to two per one thousand newborns with bilateral permanent 

sensorineural HL at the time of newborn hearing screening [8]. Figure 1 depicts a schematic 

overview of the different causes of HL with the approximate percentage comprising each major 

category of HL. 

 

Figure 1. Classifications of hearing loss. A schematic diagram illustrates the different forms of 

hearing loss with the approximate percentages of occurrence. The primary focus of 

this study is highlighted in the red section. DFN and GJB2 descriptions are included in 

sections 3.2.2.1 and 3.2.2.4.1, respectively. 
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3.2.1 Syndromic hearing loss 

Syndromic hearing loss (SHL) is the presence of HL in the context of one or more secondary 

clinical features, usually involving at least one additional organ system. In some syndromes, HL 

is a mild or irregular clinical feature of the larger phenotypic picture, while in others, HL is a 

consistent, predictable and clinically significant feature [9]. Some SHL cases are erroneously 

assumed as non-syndromic because of very mild secondary, missed, or overlooked phenotypes. 

Furthermore, the development of additional phenotypes may occur long after HL is diagnosed 

[10]. All types of autosomal, X-linked, and mitochondrial mutation inheritance are possible, as 

well as the possibility of arising sporadically or de novo. There are between 300 and 400 known 

syndromes with HL in combination with other clinical indications [9]. Syndromes that include 

HL comprise approximately 30% of all HL with a genetic etiology. Twenty examples of 

syndromes with brief information about inheritance and phenotypes associated with HL are listed 

in the following Table 1. 
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Syndrome name Gene(s), chr bands Inheritance and additional phenotypes References 

Alport COL4A3, COL4A4, 

COL4A5 

X-linked (COL4A5), autosomal dominant and recessive; 

renal failure, hematuria, ocular lesions 

[11] 

Alström 

 

ALMS1 Autosomal recessive; juvenile blindness, cardiomyopathy, 

endocrinology disorders, and metabolic dysfunction 

[12] 

Brachio-Oto-Renal EYA1, SIX1 Autosomal dominant; auricular malformations, brachial 

arch closure defects, renal abnormalities 

[13] 

CHARGE CHD7 Autosomal dominant; Colobomba, Heart detects, Atresia 

of the choanae, Retarded growth and development, Genital 

hypoplasia and Ear anomalies and/or deafness 

[13] 

DiGeorge/ 

Velocardiofacial 

TBX1 Autosomal dominant; chronic otitis media, hyperactive 

behaviour, middle and inner ear malformations, 

craniofacial anomalies (including cleft palate), 

cardiovascular defects, thymus hypoplasia, and learning 

disabilities 

[14] 

Down Trisomy 21 Sporadic; mental retardation, malformations of the heart 

and gastrointestinal tract, increased risk of leukemia 

[15,16] 

Ehlers-Danlos FKBP14 Autosomal recessive; progressive kyphoscoliosis, 

myopathy, joint hypermobility, and hyperplastic skin 

[17] 

Friedreich ataxia FXN Autosomal dominant; ataxia of gait, limb weakness, loss 

of tendon reflexes, nystagmus, kyphoscoliosis, cardiac 

complications are a frequent cause of mortality 

[18,19] 

Goldenhar/ 

Hemifacial 

microsomia 

14q32; 

multifactorial 

Autosomal recessive/sporadic; craniofacial anomalies 

(facial asymmetry, mandibular hypoplasia, preauricular 

tags), with vertebral, renal, cardiovascular and central 

nervous system defects  

[20] 

Hunter-MacDonald Unknown Autosomal dominant; short stature, skeletal dysplasia, 

cardiac abnormalities, pectus carinatum, cranial nerve 

palsies, hand and foot abnormalities  

[21] 

Hurler IDUA Autosomal recessive; coarse facial features, corneal 

clouding, mental retardation, mucopolysaccharidosis type 

IH 

[22] 

Jarvell and Lange-

Nielsen 

KCNE1, KCNQ1 Autosomal recessive; prolonged QT intervals often 

causing syncope, high risk of sudden death  

[23] 

Neurofibromatosis II NF2 Autosomal dominant; vestibular schwannoma with 

tinnitus, balance dysfunction, facial weakness, and risk of 

early death from brainstem compression 

[24] 
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Noonan BRAF, KRAS, 

NRAS, PTPN11, 

RAF1, SOS1 

Autosomal dominant; short stature, congenital heart 

defects, facial dysmorphology, broad thorax/pectus 

carinatum, undescended testes, recurrent otitis media  

[25] 

Norrie NDP X-linked; eye disorders, mental retardation [26] 

Pendred SLC26A4 Autosomal recessive; euthyroid goiter, vestibular aqueduct 

enlargement, absence of interscalar septum between upper 

and middle cochlear turns 

[13] 

Pfeiffer FGFR1, FGFR2 Autosomal dominant; craniosynostosis with hand and foot 

abnormalities 

[27] 

Stickler COL2A1, COL9A1, 

COL9A2, 

COL11A1, 

COL11A2 

Autosomal dominant and recessive; retinal detachment, 

myopia, cataract, midfacial underdevelopment (as part of 

Pierre Robin sequence) 

[28] 

Usher CDH23, CIB2, 

GPR98, HARS, 

MYO7A, PCDH15, 

PDZD7, SANS, 

USH1C, USH2A, 

USH3A 

Autosomal recessive; retinitis pigmentosa; there are three 

types arranged according to severity and onset of HL and 

retinal degeneration 

[26,29-32] 

Waardenburg EDN3, EDNRB, 

MITF, PAX3, 

SNAI2, SOX10 

Autosomal dominant; white forelock, heterochromia of 

iris, congenital leukoderma; there are four different types 

(I-IV) characterized by severity; HL can be unilateral 

[13] 

Table 1. Syndromes commonly associated with hearing loss. Chr is the abbreviation for 

chromosome. 

3.2.2 Non-syndromic hearing loss 

3.2.2.1 The history of non-syndromic deafness locus mapping and 

identification 

Identification of the genes involved in non-syndromic hearing loss (NSHL) contributes to a 

larger understanding of the processing of auditory functions. Historically, linkage analysis 

involving large multigenerational families was the only way to map statistically significant loci 

to a physical or genetic position with the goal of subsequently identifying a genetic variant 

responsible for the described HL. This led to the annotation of deafness (DFN) loci that are 

numbered according to the order in which they were mapped, with several loci merging into one 

locus over a number of years as the causative gene is eventually disclosed. As the search for new 

HL genes is on-going, it is not yet possible to determine the exact number of genes that are 

involved in proper hearing function; however, estimates of the total number of genes with 

important hearing function puts this number around 1% of coding genes in the human genome or 

just over 200 genes [33]. As depicted in Figure 1, it is estimated that autosomal dominant hearing 
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loss (ADHL: represented by DFNA) comprises 15-20%, autosomal recessive hearing loss 

(ARHL: represented by DFNB) characterizes 75-80%, X-linked (DFN) constitutes 1-4%, and 

mutations in the mitochondria represent 1-2% of all NSHL [34]. To date, there are 48, 28 and 3 

DFNB, DFNA and DFN loci with 52, 31 and 4 genes identified, respectively (Table 2), including 

a fraction of these genes exhibiting both dominant and recessive modes of inheritance. Many loci 

are mapped and numbered without a causative gene presently identified. The scope of this 

dissertation extends to the analysis of autosomal and X chromosomal mutational fallout in HL 

patients. 
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Recessive Hearing Loss  Dominant Hearing Loss  X-linked Hearing Loss 

DFNB Gene  DFNA Gene  DFN Gene 
DFNB1A GJB2  DFNA1 DIAPH1  DFN2 PRPS1 
DFNB1B GJB6  DFNA2A KCNQ4  DFN3 POU3F4 
DFNB2 MYO7A  DFNA2B GJB3  DFN6 SMPX 
DFNB3 MYO15A  DFNA3A GJB2  - COL4A6 
DFNB5 SLC26A4  DFNA3B GJB6    
DFNB6 TMIE  DFNA4 MYH4/CEACAM16    

DFNB7/11 TMC1  DFNA5 DFNA5    
DFNB8/10 TMPRSS3  DFNA6/14/38 WFS1    

DFNB9 OTOF  DFNA8/12 TECTA    
DFNB12 CDH23  DFNA9 COCH    

DFNB15/72/95 GIPC3  DFNA10 EYA4    
DFNB16 STRC  DFNA11 MYO7A    
DFNB18 USH1C  DFNA13 COL11A2    
DFNB21 TECTA  DFNA15 POU4F3    
DFNB22 OTOA  DFNA17 MYH9    
DFNB23 PCDH15  DFNA20/26 ACTG1    
DFNB24 RDX  DFNA22 MYO6    
DFNB25 GRXCR1  DFNA23 SIX1    
DFNB28 TRIOBP  DFNA25 SLC17A8    
DFNB29 CLDN14  DFNA28 GRHL2    
DFNB30 MYO3A  DFNA36 TMC1    
DFNB31 WHRN  DFNA41 P2RX2    
DFNB35 ESRRB  DFNA44 CCDC50    
DFNB36 ESPN  DFNA48 MYO1A    
DFNB37 MYO6  DFNA50 MIRN96    
DFNB39 HGF  DFNA51 TJP2    
DFNB42 ILDR1  DFNA56 TNC    
DFNB44 ADCY1  DFNA64 DIABLO    
DFNB48 CIB2  - CRYM    
DFNB49 MARVELD2  - TBC1D24    
DFNB49 BDP1       
DFNB53 COL11A2       
DFNB59 PJVK       
DFNB61 SLC26A5       
DFNB63 LRTOMT       

DFNB66/67 LHFPL5       
DFNB70 PNPT1       
DFNB74 MSRB3       
DFNB77 LOXHD1       
DFNB79 TPRN       
DFNB82 GPSM2       
DFNB84 PTPRQ       
DFNB84 OTOGL       
DFNB86 TBC1D24       
DFNB88 ELMOD3       
DFNB89 KARS       
DFNB91 GJB3       
DFNB93 CABP2       
DFNB98 TSPEAR       
DFNB101 GRXCR2       
DFNB102 CLIC5       

- SERPINB6       
- OTOG       
 EPS8       

Table 2. Non-syndromic hearing loss gene list. A current list of NSHL loci with causative 

genes obtained from the Hereditary Hearing Loss Homepage. 
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3.2.2.2 Pedigree analysis and family history 

Pedigree analysis, wherein the hearing and clinical statuses of multiple generations of family 

members are disclosed, provides a critical source of information for genetic analysis. HL is 

described as a Mendelian, or single gene, trait that is caused by inheritance of a mutation(s) in a 

single gene that can be autosomal dominant, autosomal recessive or X-linked. Intrafamilial 

variability, variable expressivity, and incomplete penetrance can occasionally describe specific 

genes or mutations within particular genes, but is atypical for NSHL. For example, the 

homozygous mutations c.35delG, c.167delT, and c.235delC in GJB2 have demonstrated 

complete penetrance with variable expressivity [35], and mutations in MYO1A are believed to 

demonstrate reduced penetrance and/or expressivity explaining normal hearing in individuals 

with damaging mutations [36]. 

Autosomal dominant. In an autosomal dominant disorder, an affected individual is 

heterozygous for the disease allele and has a 50% chance of having children with the same allelic 

configuration. A pedigree from a family affected with autosomal dominant HL would most likely 

show multiple generations affected with a similar type of HL, with the exception of a founder, de 

novo mutation, or a family with few members. Mutational segregation analysis would require all 

clinically affected individuals to have the mutation and clinically healthy individuals to be 

mutation negative.  

Autosomal recessive. Autosomal recessive inheritance is especially important in HL, since 

between 75-80% of HL is described as recessive. Each affected individual is either homozygous 

or compound heterozygous for mutations in a single gene and unaffected individuals can either 

be homozygous wild type or heterozygous carriers. The children of heterozygous carrier parents 

have a 25% chance of inheriting a combination of alleles conducive to a recessive disease status. 

The pedigrees of recessive families are typically limited to one generation or oftentimes the 

children of the nuclear family, sometimes appearing as sporadic cases if a limited number of 

children are present. This can lead to unexpectedly affected children if there is no prior family 

history of a genetic disorder. One exception to this is seen in consanguineous kinships where 

multiple generations can be affected. Large consanguineous families have provided a powerful 

source of pedigree information by means of recessive loci mapping via linkage analysis and 

disease gene identification. Mutational segregation analysis would require clinically affected 

individuals to be either homozygous or compound heterozygous. In either case, parents would be 

heterozygous asymptomatic carriers. 
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Consanguineous marriage is common in many parts of the world, such as the Middle East, parts 

of South Asia, sub-Saharan Africa and South East Asia [37]. The high rate of consanguinity in 

Pakistan makes it an ideal population to study a recessive trait such as HL. It is estimated that 

60% of marriages in Pakistan are consanguineous, of which, over 80% are between first degree 

cousins [38]. These marriages result in an increased prevalence of children harbouring a 

homozygous recessive variant in recessive genes [37]. Genetic studies involving the Pakistani 

population alone has led to the identification of a combined 31 recessive genes and loci. The 

discovery of these loci highlights the extensive genetic heterogeneity of NSHL and also 

reinforces the advantages of certain population types in a candidate gene study. 

X-linked. In autosomal dominant and recessive inheritance, males and females have an equal 

probability of inheriting a disorder. Antagonistically, X-linked inherited disorders affect males 

either exclusively or more severely than affected females. Fifty percent of the male children from 

a carrier female mother will be affected. The pedigrees of X-linked families show only affected 

males and unaffected females, or females with a later onset and/or with a milder phenotype. The 

presence of a milder phenotype could be explained by a skewed X inactivation mechanism 

during early embryonic life, allowing for an imbalance or skew deviating from a typical 50:50 

ratio of maternally:paternally originating X chromosome expression [79].  

3.2.2.3 Gene and protein classes involved in hearing loss 

Genes demonstrate a broad and dynamic expression in various tissue types at distinctive 

developmental stages and after exposure to a variety of environmental conditions. Furthermore, 

certain transcript types are exclusively expressed in specific tissues [80]. Because of this 

transcriptional complexity, mutations in genes can have seemingly unconnected outcomes such 

as NSHL exclusively despite exhibiting a wide tissue distribution, since ear-specific functions are 

irreplaceably lost. 

Although there are hundreds of genes localizing to the auditory system, there are typically three 

main categories of genes/proteins that share central features to the ear and brain (Table 3). These 

categories are genes involved in: (1) homeostasis of the cochlea, (2) structure and function of the 

hair cell, and (3) cytoskeletal formation [81]. There are many unknown genes remaining to be 

elucidated, as well as already identified genes with poorly or limited understood function.



INTRODUCTION 14 

 

 

Category Description Examples of genes 

Ion homeostasis Circulation and recycling of ions through ion 

channels 

CLDN14, GJB2, GJB3, 

GJB6, KCNQ4, SLC26A4 

Structure and function of 

auditory components 

Adhesion molecules that compose tip links in hair 

cells, scaffolding proteins with organizational 

involvement and myosins that maintain cell shape 

CDH23, MYH14, MYO6, 

MYO7A, MYO15A, PCDH15 

Cytoskeleton formation Regulate cell shape, transport and motility: broken 

down into extracellular matrix components, 

attachment of otoconial membrane to sensory hair 

bundles, and transcription factors that ensure normal 

growth and development 

ACTG1, COL11A2, COCH, 

ESPN, GRHL2, OTOA, 

STRC  

Table 3. Summary of gene classes involved in non-syndromic hearing loss [81]. 

3.2.2.4 Non-syndromic hearing loss genes 

The extensive genetic heterogeneity elucidating HL adds to the already complex picture of 

sensory disorders. Non-syndromic cases constitute the majority of genetic HL with the only 

described abnormality being reduced hearing capability. There are several genes that are 

important to highlight in the context of this dissertation. 

3.2.2.4.1 The primary recessive genes GJB2 and STRC  

GJB2 (DFNB1A). Despite the highly diverse genetic nature of HL, GJB2 (chr13q11q12), the 

gene encoding a gap junction ion channel required for hair cell cortilymph homeostasis [82], 

accounts for a disproportionately high number of HL cases in the European population than 

would be expected. One single mutation in GJB2 (c.35delG) (Figure 1) is responsible for roughly 

one out of every three HL cases in Germany and manifests as profound prelingual HL [81]. The 

presence of this mutation has been evaluated in a number of diverse populations wherein a one in 

31 carrier rate was disclosed in Mediterranean individuals with an estimated causative 

involvement to be between 28 to 63% of HL cases [83]. However, the implication of GJB2 

mutations is not consistent across all populations. In the African American [84], Pakistani [85] 

and Indonesian [86] populations, GJB2 mutations contribute very little to the diagnosis of HL.  

Although GJB2 is largely regarded as a recessive NSHL gene, specific mutations confer 

progressive ADHL (DFNA3A), as well as syndromic HL with distinctive skin phenotypes [87]. 

DFNA3A HL typically begins in childhood with high tones initially affected progressing to 

include middle tones by the sixth decade of life [88]. 
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STRC (DFNB16). The structure, function and expression of stereocilin (STRC) have formerly 

been investigated in animal models that indicate the presence of various stereocilia links running 

laterally between and across each of the rows, joining adjacent stereocilia within the outer hair 

cell’s hair bundle. These links are proposed as providing varying longitudinal rigidity in response 

to mechanical stimuli that result in the opening of stereociliary mechano-electrical transduction 

channels [89,90]. During all stages of mouse embryonic development extending into postnatal 

day (P) 19, there is a rapid development and refinement of stereocilin link architecture that is 

important for full maturation [91].  

STRC has emerged as an increasingly important gene for recessive NSHL [92]. The mutational 

fallout of STRC is complicated by a non-processed pseudogene adjacently positioned in a 100 

kilobase pair (kb) segmental duplication on chr15q15.3 with 98.8% genomic and 99.6% coding 

sequence identity [93,94]. Two independent studies estimate the deletion carrier frequency 

between 1.0 and 1.6% in the general population, with an extrapolated incidence of STRC HL up 

to 1 in 16,000 individuals [92,93,95]. Given the high carrier frequency for copy number 

variations (CNVs) in STRC, CNV detection via multiplex ligation-dependent probe amplification 

(MLPA), high resolution whole-genome microarray (single nucleotide polymorphism, or SNP 

array, and array CGH, or comparative genomic hybridization), quantitative polymerase chain 

reaction (qPCR) and Sanger sequencing are important for determining the copy number and 

mutation status of this gene in HL patients. Due to the presence of a closely linked pseudogene, 

accurate next generation sequencing (NGS) data acquisition of this gene is not possible, making 

the only currently available method for mutational analysis the Sanger sequencing assay 

described in Attachment 3. 

Individuals with HL as the result of STRC have uniquely sloping audiograms such as the 

audiogram depicted in Figure 3C. This aspect will be described in greater detail in the 

Audiometry section. 

3.2.2.4.2 The autosomal dominant gene GRHL2 (DFNA28) 

Grainyhead-like 2 (GRHL2) is a highly conserved transcription factor with a role in the 

development and function of certain tissues. The same developmental pathways that are activated 

during embryogenesis can also be activated in cancer during tumour progression [96]. Presently, 

GRHL2 (chr8q22) has implication in the tumour progression of colorectal, gastric, breast, oral 

squamous cell and hepatocellular carcinomas [97-103], as well as idiopathic pulmonary fibrosis 

[96].  
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Despite a strong link to cancer, GRHL2 is associated with age-related hearing impairment [104] 

and is an ADHL (DFNA28) NSHL gene [105]. Expression has been documented in the mouse 

cochlear duct at embryonic day (E) 18.5 and P5 [105,106]. Zebrafish studies involving Tol2 

transposon-mediated insertional mutagenesis revealed abnormal anatomical development of the 

otocysts, otoliths and semi-circular canals [107]. GRHL2 was initially mapped for DFNA28 

NSHL from a five-generation North American family affected with HL [105]. Prior to the family 

described in Attachment 4, this was the only family with a GRHL2 mutation causing NSHL 

described in the literature. The family in Attachment 4 is the second family with a GRHL2 

mutation confirming the importance of this gene in normal hearing function. 

 

3.3 Types of hearing loss 

The ear is comprised of three main components: the outer, middle, and inner ear (Figure 2). 

Defects in any of these areas yield a uniquely identifiable HL, namely conductive, sensorineural, 

mixed, and central auditory dysfunction. In order to distinguish the different types of HL, direct 

measurements that separate the conduction of the sound through the external and middle ear 

components (by air conduction measurement) and the response of the inner ear (by bone 

conduction measurement) are performed through audiogram measurements that are discussed in 

greater detail in the Audiogram section. The precise determination of HL is important for follow-

up treatment and therapy options, since not all remedial alternatives are the same for all types of 

HL. 

A patient with conductive HL would demonstrate normal bone conduction, since the inner ear is 

unaffected, but would have increased air conduction thresholds indicative of a defect in the 

external of middle ear. This differs from a patient with sensorineural HL wherein both air and 

bone conduction are uniformly increased and overlap at each frequency. Mixed HL is present 

when both air and bone conduction thresholds are increased, but the thresholds are not 

overlapping [108]. 
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Figure 2. Anatomy of the ear. Source: http://www.fairview.org/healthlibrary/Article/83594  

Onset of HL relative to the critical period for speech and language acquisition is another aspect 

that can be assessed for HL delineation. Prelingual HL begins before the age of five years, when 

language is typically acquired [8]. Postlingual HL begins any time after the age of five years until 

the fourth or fifth decades of life, with later onset being most likely due to age-related HL 

(presbycusis) [34]. 

3.4 Audiometry 

Audiometry measures air and bone conduction components to assess how well sound is 

processed in individuals. Initial identification of HL is based upon increased audiometric 

thresholds beyond the normal range of sound perception in the 0-20 dB intensity range across the 

commonly measured frequencies of 0.25, 0.50, 1.0, 2.0, 4.0, and 8.0 kilohertz (kHz). The 

difference between the plotted patient thresholds in each ear against normal range thresholds 

determines the severity of HL that can be categorized as mild, moderate, moderately severe, 

severe and profound, accordingly (Figure 3A). HL is considered mild when hearing thresholds 

increase to 21-40 dB, moderate from 41-55 dB, moderately severe from 56-70 dB, severe from 

71-90 dB, and thresholds > 91 dB are indicative of profound HL (Figure 3A). A normal hearing 

person can hear all frequencies between 0 and 20 dB intensities (Figure 3B).  
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Apart from measuring severity of HL, audiograms provide additional supporting information that 

aid with the proper diagnosis of HL. An aspect of HL that can be audiometrically assessed is the 

progressive or stable character by assessing threshold measurements. For this determination, a 

collection of patient audiograms over a number of years are analyzed per frequency measurement 

over time. Furthermore, lateralization or sidedness of HL can be easily seen by the increasing 

threshold differences across ears. Though not always the case, unilateral HL is more commonly 

seen in syndromes compared to classical NSHL [34]. 

Audiometric profiles can be conducive to a diagnostic hypothesis as the genotype-phenotype 

correlation of NSHL is constantly expanding with every new HL gene revealed and every case 

report going into further depths about the audiological spectrum of HL genes. High frequency 

HL is commonly seen in mutations in STRC (DFNB16) [41], KCNQ4 (DFNA2) [109], DFNA5 

(DFNA5) [110], and COCH (DFNA9) [111] (Figure 3C) lower frequency HL is characteristic of 

DIAPH1 (DFNA1) [112] and WFS1 (DFNA6/14/38) [113] (Figure 3D), middle frequency, or 

“cookie bite” hearing loss is seen in COL11A2 (DFNA13) [114], TECTA (DFNA8/12) [115] 

(Figure 3E), or flat with all frequencies having roughly the same threshold as seen with MYO6 

(DFNA22) [116] (Figure 3G). On extremely rare occasions, a “tent” audiogram profile (Figure 

3F) with low and high frequencies acutely affected and middle frequencies in the normal to 

moderate HL range appear. However, this is likely the result of a combination of low frequency 

HL such as WFS1 and either presbycusis or acoustic trauma [117].  
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Figure 3. Example audiograms. A. Hearing loss can be categorized according to threshold 

plotting as mild, moderate, moderately severe, severe or profound. B. Example of an 

audiogram measurement from a normal hearing person. C. Sloping audiogram 

indicating HL is more acute in the high frequencies. D. Reverse sloping audiogram 

with lower frequencies acutely affected. E. Cookie bite profile with low and high 

frequencies better than middle frequency tones. F. Tent profile with low and high 

frequencies more severely affected compared to middle frequencies. G. Flat 

audiogram where all frequencies are affected to roughly the same degree. 

 

3.5 Current overview of hearing loss clinical diagnosis 

The diagnosis of HL is often challenging and involves a multidisciplinary team of professionals 

for holistic investigation [118], and to the credit of decade-long work and international 

collaboration, numerous diagnostic improvements have been met with great success. Firstly, in 

the context of pediatric HL, implementation of universal newborn hearing screening programs 

have reduced the average time of diagnosis in infants from 24 to 30 months to two to three 
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months [119]. Furthermore, and not limited to pediatric cases, once HL is observed, a complete 

clinical work-up is ordered for the patient to distinguish genetic from acquired, as well as to rule 

out the presence of HL in the context of a syndrome. This clinical work-up includes: kidney and 

thyroid sonography, urinalysis, electrocardiogram (ECG), neurological examination, blood 

profile (including, liver (alanine aminotransferase and aspartate aminotransferase), thyroid 

(thyroid stimulating hormone and thyroxine), cholesterol, kidney (creatinine) and free fatty acid 

values), serological analysis for toxoplasmosis, cytomegalovirus, herpes simplex virus and 

rubella, as well as ophthalmological examination and magnetic resonance imaging of brain, inner 

ear and temporal bones. Simultaneously, genetic testing routinely begins with GJB2 and MLPA 

(P163 GJB-WFS1 probe mix, MRC-Holland) testing, that detects CNVs and single nucleotide 

variants (SNVs) in GJB2, GJB3, GJB6, POU3F4, and WFS1. Additional genes are also included 

in testing when further clinical indications in addition to HL are present. For example, SLC26A4 

is tested with goiter or enlarged vestibular aqueduct and OTOF is tested when recessive auditory 

neuropathy is present. Recent improvements in genetic testing, including the advent of high 

throughput NGS technologies are able to translate into improved patient care as many mutations 

in HL genes demonstrate a characteristic age of onset, progression, and pattern of inheritance. 

Particularly of interest to clinicians is target capture NGS involving only a sub-set of disease 

relevant genes in the form of gene panels that generate sequencing data for dozens or hundreds of 

genes in parallel that has the advantage over conventional polymerase chain reaction (PCR)-

based direct sequencing approaches in that it is able to achieve faster results at a fraction of the 

price [120]. 

 

3.6 Strategies for mutation detection  

Each of the methods subsequently described have resolution limitations for the detection of 

sequence or chromosomal aberrations. For example, the SNP arrays employed in this study can 

detect deletions and duplications with a 5-6 kb resolution. The ability to detect large 

chromosomal aberrations emphasizes the importance of SNP arrays, which is not currently a 

reliable aspect of NGS bioinformatics. Sequencing methods can easily detect indels that reside 

below the resolution of microarrays in the base pair (bp) size range. The methodology described 

in subsequent sections combines methods to reduce the resolution limitations of each method. 
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3.6.1 Whole-genome SNP array analysis 

Whole-genome SNP arrays provide a number of informative benefits as a research and diagnostic 

tool. There are two types of probes on the SNP arrays yielding different data: (1) genotyping 

probes allow for SNP genotyping making the determination of SNP heterozygosity or 

homozygosity possible and (2) intensity only probes fill in providing a higher resolution for CNV 

calling giving hint to chromosomal aberration. Together, these probes allow for the detection of 

CNV, loss of heterozygosity (LOH), mosaicism, and uniparental disomy (UPD). In the context of 

this project, the detection or exclusion of large CNVs is important with the decision to either 

proceed to the next method for investigation or make a concrete diagnosis. In addition, the 

genotyping data can be used for haplotype analysis such as parent-of-origin in the context of a 

large deletion, determination of percent identity by descent, homozygosity mapping 

(HomozygosityMapper), or linkage analysis, since the genotyping quality on SNP arrays is 

consistently excellent.  

The Illumina Omni1-Quad arrays were used in this study to yield Log R Ratio and B allele 

frequency data per chromosomal aberration that was detected using cnvPartition and QuantiSNP 

[121] CNV algorithms and visualized in GenomeStudio. Figure 4 shows a visual overview of the 

different call types.  
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Figure 4. SNP array interpretation. Illustration of normal copy number (CN = 2), 

heterozygous deletion (CN = 1) heterozygous duplication (CN = 3) and copy neutral 

LOH (CN = 2), from top to bottom. The left plot shows the Log R Ratio that 

calculates copy number intensities. The right plot shows the B allele frequency that 

indicates genotyping results. Heterozygous SNPs plot along the AB central line, 

whereas homozygous SNPs plot on either the zero or one axis as AA or BB [122]. 

The Illumina Omni1-Quad arrays provide over 1.1 million 60mer probe markers with a median 

spacing of 1.2 kb for whole-genome coverage including 98% of RefSeq genes (hg19) [122]. The 

SNP markers originate from the HapMap and 1000 Genomes projects and > 600,000 markers are 

positioned within 10 kb of a gene providing informative CNV coverage [122].  

Microarrays were performed on a total of 109 individuals for research. Of those, 90 were 

classified as non-syndromic, ten had syndromes that could not be excluded at the time of clinical 

data collection and nine had various syndromic features. CNVs that were disclosed from the 

arrays were validated via PCR when homozygous deletions or qPCR when heterozygous 

deletions or duplications were detected. 

3.6.2 Next generation sequencing 

While Sanger sequencing has long been regarded as the gold standard of molecular genetic 

testing, it has tremendous limitations that make it an unfeasible approach for detecting mutations 

in a large subset of genes, which is a practical approach for a disorder such as HL that has 
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hundreds of genes with implication in HL. In contrast to Sanger sequencing, NGS platforms 

allow for the massively parallel sequencing of single deoxyribonucleic acid (DNA) amplicons 

that permit the scaling up of data output by orders of magnitude [123]. NGS can take the form of 

targeted gene panels of clinically relevant genes, whole exome sequencing (WES) of the entire 

protein-coding fraction of the genome or whole genome sequencing. In the context of this 

dissertation, only panel NGS is of relevance. Potentially significant mutations that were of 

interest given the clinical background of the patient were Sanger sequence validated for 

confirmation of the mutation via a second method. 

 

3.7 Multiple approaches to hearing loss diagnostics  

One of the goals from this work was to understand the types of mutations that underlie HL. To 

initiate this process, GJB2 negative patients were screened in stages, beginning with a whole-

genome Illumina Omni1-Quad microarray study comprising 109 individuals and followed by a 

targeted deafness gene NGS analysis of 25 hearing impaired individuals. Patients positive for 

mutations that either segregate or are in agreement with clinical histories when parents are 

unavailable for genetic testing are regarded as solved cases and are no longer queued for further 

investigation. Figure 5 illustrates the schematic overview of the study. 
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Figure 5. Schematic overview of the study. The two different methods are boxed in red. The 

number of patients included in each of the different methods is indicated in 

parenthesis.  

CNVs that encompass a large number of genes are analyzed on a gene-by-gene basis for gene 

content and implication that a change in gene dosage would have on HL. Similarly, when a SNV 

or indel affecting a gene is uncovered, a number of different databases and resources are 

exploited for interpretation: dbSNP, Exome Variant Server (EVS), MutationTaster, PolyPhen-2, 

SIFT, ClinVar, SwissVar, HGMD, 1000 Genomes Project, STRING, as well as location of SNV 

relative to protein domain coding sequence, and amino acid and nucleotide (nt) conservation. For 

all variation, regardless of size, resources that are used for ascertainment of gene information are: 

OMIM, GeneCards, UniGene, UCSC Genome Browser, DECIPHER, DGV, Ensembl, MGI, 

Zfin, and PubMed. The pathogenicity clues yielded from this work either support or reject the 

likelihood a mutation or gene being a new NSHL candidate gene or implicated as a causative 

mutation in a known HL gene. 
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4. Objectives 

The present work has several aims. One goal is using molecular methods to realize the basis of 

the genetic heterogeneity of HL without GJB2 involvement, wherein diverse subsets of genes 

play critical roles in hearing, and to determine whether the mutational spectrum of patients is 

disclosed by mutations in the same gene or different genes. In order to accomplish this, patients 

need to be tested in stages at different resolutions, beginning with a SNP array and following 

with targeted deafness gene NGS with appropriate in silico analysis. Apart from analyzing the 

potential effects of several genes, this study focuses on the phenotypic spectrum of GRHL2 and 

the mutational spectrum of STRC. To this end, the establishment of a STRC Sanger sequencing 

assay is a paramount objective for accurately assessing mutations in STRC to avert pseudogene 

influence. 
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5. Materials and Methods 

One hundred nine individuals with suspected genetic HL who were pre-screened and negative for 

genetic mutations in commonly affected genes were recruited for the NSHL research study. 

Parental and/or patient consent was obtained from all patients. Patients were recruited mainly 

from the Universities of Würzburg and Mainz. Clinical, audiological and familial information 

were obtained to assist mutation analysis. 

5.1 Copy number variation analysis 

5.1.1 Illumina Omni1-Quad SNP array (See Attachment 1, Materials 

and Methods) 

The Illumina Omni1-Quad SNP array is used for the detection of chromosomal structural 

aberrations such as duplications and deletions in genomic DNA (gDNA). They also generate 

genotypes that can determine which parental allele is involved in the chromosomal abnormality. 

Copy-neutral LOH, UPD and mosaicism can also be disclosed from SNP arrays. The genotypes 

produced from these arrays can be used for homozygosity mapping and linkage analysis. 

5.1.2 Cytogenetic analysis (See Attachment 1, Materials and Methods) 

Metaphase chromosomes were prepared from the short term culture of peripheral blood 

lymphocytes of the patient stimulated with phytohaemagglutinin according to standard 

procedures. Chromosomes were subjected to G-banding with trypsin-Giemsa (GTG Banding). 

Structural analysis of chromosomes of the proband was performed routinely at the 500 band level 

and at the specific region involved in chromosomal aberrations was assigned based on ISCN 

2013 criteria.  

5.1.3 Fluorescent in situ hybridization (See Attachment 1, Materials and 

Methods) 

Fluorescent in situ hybridization (FISH) is a technique used for the localization of chromosomal 

breakpoints. It can also disclose aberrations such as deletions, duplications, as well as 

chromosomal translocations and inversions. FISH is an especially important method in the 

presence of a balanced translocation, since array CGH or SNP array cannot detect such events. 

5.1.4 Quantitative PCR (See Attachment 1, Materials and Methods) 

qPCR is a method that quantitates the copies of a DNA input. The test and control samples are 

diluted to a 10 ng/µl concentration. The result of the test sample is compared against four total 
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controls, with two having normal DNA concentrations and two with a 1:2 dilution simulating a 

heterozygous deletion. The sample is normalized against the controls for the calculation of a 

copy number, as well as a percent variation value as a quality control indicator. All valid qPCRs 

must have a percent variation value ≤ 2% to be considered a valid investigation. 

5.1.5 Parent-of-origin determination (See Attachment 1, Materials and 

Methods) 

Maternal and paternal SNP genotypes from the Illumina Omni1-Quad array were compared to 

the configuration in the child proband. This analysis is especially important when a large deletion 

or duplication is detected. 

5.2 Expression of ATE1 and SLC12A1 during zebrafish development 

5.2.1 Zebrafish in situ hybridization (See Attachment 5, Materials and 

Methods) 

Zebrafish (Danio rerio) are a model organism to study the spatiotemporal gene expression 

pattern during embryonic development using in situ hybridization. At desired time points, labeled 

nucleic acid hybridizes specific messenger RNA (mRNA) sequences, if expressed, that localizes 

and depicts the gene expression patterns in developing tissues. 

5.2.2 Positional cloning of translocation breakpoints (See Attachment 5, 

Materials and Methods) 

Positional cloning is a method to refine breakpoints in a translocation to delineate the precise bp 

breakpoint position or to narrow the interval of interest harbouring the breakpoint to a smaller 

region. It also directly illustrates the plausible gene disruption within the breakpoint region 

allowing for functional evaluation. 

5.3 Sanger sequencing 

5.3.1 Long-range PCR (See Attachment 2, Materials and Methods) 

Long-range PCR (LR-PCR) is required for the amplification of PCR products over 5 kb using a 

mixture of DNA polymerases that remain stable for the amplification of a long target. 

5.3.2 Sanger sequencing (See Attachment 2, Materials and Methods) 

Sanger sequencing determines the nt order of an amplicon using a chain termination method. 

This entails the separation of the double stranded DNA, the annealing of a sequence primer, a 

chain termination sequencing step essentially using four separate reactions for each of the four 
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nucleotides that bind to the single DNA strand, and then the release of the template and 

separation on a high resolution denaturing gel electrophoresis. 

5.4 GRHL2 splice site analysis 

5.4.1 mRNA isolation (See Attachment 4, Materials and Methods) 

mRNA isolation methods involve the sampling of a tissue, such as saliva, with a stability reagent 

to protect mRNA degradation for follow-up extraction, whereby mRNA is purified for 

complementary DNA (cDNA) synthesis.  

5.4.2 cDNA synthesis (See Attachment 4, Materials and Methods) 

cDNA synthesis begins with an mRNA template that is converted to a stable DNA form. The 

enzyme reverse transcriptase is required for cDNA synthesis. This method is important for the 

confirmation of a splice mutation because splicing has already occurred in the mature mRNA 

strand. 

5.5 Next Generation Sequencing 

5.5.1 Target enrichment NGS (See Attachment 5, Materials and 

Methods) 

Target enrichment NGS design selects genes or gene regions through the selective capture and 

enrichment of gene exons and flanking intronic sequence during library preparation. Libraries are 

massively parallel sequenced on an Illumina HiSeq2000 that generates 100 bp paired-end reads. 

5.5.2 Bioinformatic analysis (See Attachment 5, Materials and Methods) 

Sequencing reads are aligned to the hg19 genome build. Quality and sequence depth are analyzed 

after alignment and variant calling are performed using DNAnexus. The analysis filtering 

pipeline used in this study are described in Attachments 4 and 5. 
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6. Summary and Discussion of Published Results 

6.1 Terminal chromosome 4q deletion syndrome: a case report and 

mapping of critical intervals for associated phenotypes 

Chromosome 4q deletion syndrome is subdivided into two classifications based on the 

delineation of the location of the long arm of chromosome 4q that is deleted (Figure 6). With an 

incidence rate of 1 in 100,000, chromosome 4q deletion syndrome is a rare event. The high 

degree of variability in presentation among patients complicates the clinical diagnosis. To date, 

there are over 150 cases presented in the literature for large deletions involving any part of the 

long arm of chromosome 4, many of which were characterized using traditional techniques such 

as GTG banding only, making the genotype-phenotype delineation complicated [124].  

Terminal chromosome 4q syndrome is characterized by a broad spectrum of phenotypes 

including intellectual disability (ID), craniofacial dysmorphism, rotated or low-set ears, cleft 

palate, micrognathia, congenital heart defects, craniofacial, skeletal and digital abnormalities, and 

occasionally autism spectrum disorder, behavioural disorders and developmental delay 

[125,126]. Distal deletions in 4q34q35 are associated with an especially extensive presentation of 

characteristic features, making prognostic outcome extremely challenging [127]. HL is a rarely 

reported phenotype of this syndrome; however, in addition to the case presented in this 

dissertation, two other cases, one de novo deletion case [128] and a single DECIPHER case 

(#256186) have been diagnosed with terminal chromosome 4q deletion syndrome, but had a 

variety of unrelated phenotypes making a phenotypic delineation difficult. 

 

Figure 6. Chromosome 4q deletion syndrome classifications. The 4q interstitial classification 

is the presence of heterozygous deletions spanning from the centromere (C) to 4q28.3 

and the 4q terminal division spans from 4q31.1 to 4qter (q terminus) [126]. 
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Syndromes with HL as part of a larger multi-system phenotypic picture represent approximately 

30% of HL cases with a genetic etiology. A male patient with initial presentation of NSHL at 

four months of age was included as part of the microarray study that disclosed a large 6.9 

megabase (Mb) (chr4:184,046,156-190,901,117, hg19) heterozygous deletion that included 18 

OMIM genes on chromosome 4q35.1q35.2 (Attachment 1, Figure 1B). Upon acquisition and 

thorough analysis of medical records, a number of phenotypes in line with the diagnosis of 

terminal chromosome 4q deletion syndrome were discovered. The proband’s phenotypes include: 

aortic isthmus stenosis that was corrected with balloon angioplasty and patent foramen ovale in 

the first year of life, submucous cleft palate and velopharyngeal insufficiency surgically 

corrected at the age of five years, chronic Eustachian tube dysfunction that was operated several 

times with myringomy tubes throughout life, as well as bifid uvula and bilateral cryptorchidism 

requiring a right testicular orchiopexie. An abdominal sonogram assessing kidney physiology 

could not rule out the possibility of a left duplex kidney malformation. He had an abnormally 

small thyroid but tested euthyroid. As he has required multiple surgeries throughout childhood, a 

record with deficiencies of blood coagulation factors IX (56%), XI (48%), and XII (38%) was 

available. He had elevated prothrombin time of 46.5 s (normal: 25-39 s) and lupus anticoagulant 

confirmatory test of 1.26 (normal: 0.91-1.07). Further coagulation testing was negative for von 

Willebrand disease. Shortened cardiac PQ wave intervals on an ECG indicated atrioventricular 

node irregularity. Neurological evaluation at the age of five showed a deficiency in age-

appropriate coordination. Mild developmental delay of approximately six months at the age of 

three to four years was detected, but follow-up testing has shown that this deficiency has since 

been remediated. A reported speech and language development delay was present that is believed 

to be a compounded effect from both HL and extensive hospitalization history. He currently 

attends a regular school and does not demonstrate a learning disability.  

Genetic testing on record included GJB2, GJB3, and GJB6 sequencing that could not be 

attributed to the HL in the patient, as he had a c.94C>T heterozygous mutation in GJB3, with a 

minor allele frequency (MAF) of 0.015 (rs1805063) which by itself does not cause HL. A 

targeted NGS panel including 129 deafness genes was performed after the microarray 

chromosome 4 aberration was detected. The NGS panel was negative for mutations that could 

explain the HL in the proband. qPCR confirmed the deletion in FRG1 exons 1 and 8, as well as 

that the deletion in DUX4L6 extends beyond the terminally defined breakpoint disclosed from the 

microarray to at least chr4:190,939,252 bp. Cytogenetic analyses of the mother and father, did 

not reveal any detectable gross abnormalities (Attachment 1, Figure 1A). However, a 
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4q35.1q35.2 deletion was evident in the proband from GTG banding. FISH analysis on 

metaphases from the three family members labelled with selected bacterial artificial 

chromosomes (BACs) hybridized to the expected 4q35.1 region in the parental metaphases 

labelling both homologs but confirmed the deletion on one of the proband’s chromosome 4 

metaphases. The FISH results did not indicate a cytogenetically cryptic subtelomeric 

translocation in the parental karyotypes. The proband’s mother and father were also included on 

the SNP array to determine from which parental allele the deletion arose (Attachment 1, Figure 

C). This analysis concluded an absence of maternal genotypes in the proband. The child appeared 

“homozygous” in the deletion interval because of the presence of genotypes only from one 

parental allele, namely the father. For example, at rs12643595, the mother is BB, the father is 

AB, and the child is AA, with the only possibility for inheritance of the A genotype from the 

father. With an incidence rate of 1 in 100,000, it is possible that a common underlying 

mechanism results in the large deletion in the chromosome 4q28.3qter region. An analysis of 

crossover recombination hotspots (Attachment 1, Figure 2, bottom section) shows enrichment in 

both male and female gametes in otherwise recombination cold chromosomal intervals. 

A literature review mapping and correlating the overlapping deletion intervals and phenotypes 

for a total of 36 patients with 4q terminal deletion syndrome was performed (Attachment 1, 

Figure 2 upper section, Attachement 1, Table S2). The genes contained in this interval 

(Attachment 1, Figure 2 middle section) were analyzed for possible roles in phenotypic 

presentation. Each of the deletion cases were plotted to determine common and overlapping 

phenotypes (Attachment 1, Figure 2 upper section). Emphasis on genes with an important link to 

the phenotypic spectrum of 4q deletion syndrome are described (Attachment 1, Table S1). From 

a review of the literature, cleft palate, ID, autism spectrum disorder, and two congenital heart 

defect critical interval loci were mapped. Further analysis of the gene content in this region 

allowed for the proposal of candidate genes for the various loci. The gene with possible 

implication in cleft palate is the maternally imprinted gene PDGFC that is linked with lethal 

clefting phenotypes in knockout mice [129], and non-syndromic orofacial clefting [130]. 

Furthermore, this gene is predicted to exhibit moderate haploinsufficiency (HI). The ID locus 

remains without a clearly linked candidate gene; however, the gene SCRG1 is of interest due to 

high brain expression and differential regulation in schizophrenia and bipolar disorder [131]. 

Heterozygous deletions in the gene FAT1 have implication in autism from two independent 

studies [132,133]. Behavioural disorders are also closely linked with this gene [134]. The large 

first congenital heart defect locus (Attachment 1, Figure 2 upper part, light green) overlaps with 
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two cardiac-important genes TLL1 and HAND2 with likely HI. Tll1 demonstrates importance for 

normal septation and blood circulation in the mouse [135]. Similarly, hand2 plays a role in 

zebrafish cardiac morphogenesis, as well as angiogenesis, right ventricle and aortic arch artery 

development [136]. The second congenital heart defect locus comprises a smaller region with 

two genes residing in the critical interval (PDLIM3 and SORBS2). Pdlim3 is involved in mouse 

right ventricular formation and thought to reinforce mechanical stability of cardiac muscle during 

development [137]. SORBS2 demonstrates a high expression in cardiac tissue after acute 

myocardial infarction [138]. 

It is well known that SNP arrays are poorly covered in telomeric and centromeric chromosomal 

regions because these regions are especially rich in repetitive sequences [139,140]. The qPCR 

distal to the telomeric breakpoint was performed to test the terminal limit of the deletion. It is not 

surprising that this was not ultimately resolved since arrays are uninformative in this region. 

This case highlights the necessity for patients to undergo medical evaluation at regular intervals 

to monitor not only hearing status, but also to document syndromic progression. This is 

especially important for patients having a large chromosomal aberration that is known to 

demonstrate a broad phenotypic spectrum, with the primary interest being better clinical 

management and prognosis. 

 

6.2 Disruption of the ATE1and SLC12A1 genes by balanced transloca-

tion in a boy with non-syndromic hearing loss 

Balanced reciprocal translocations affect approximately 0.1% of newborns [141]. In many cases, 

balanced reciprocal translocations do not have a phenotypic outcome; however, they can be 

associated with a number of consequences, which are thought to be attributed to gene disruption, 

cryptic imbalances, unmasking of a recessive mutation, or disruption in gene regulation. The 

majority of balanced translocations are inherited and about one in five is a de novo event [142]. 

When balanced translocations are associated with a disease, they are a powerful tool for the 

identification of the causative genes [143]. 

A family with a balanced reciprocal translocation t(10;15)(q26.13;q21.1) in three generations had 

no reported clinical indications apart from sensorineural HL in one of the children that started at 

six years of age. The proband developed normally in early childhood and achieved all 
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developmental milestones as expected. Clinical evaluations including thyroid function test, ECG, 

and kidney sonography were all normal. 

The proband was tested and negative for mutations in GJB2 and GJB6 and underwent subsequent 

cytogenetic analysis beginning with GTG banding that disclosed translocations between 

chromosomes 10 and 15 (Attachment 2, Figure 1A and 1B). The proband’s brother, parents, and 

paternal grandparents were recruited to determine possible segregation of the translocation in 

normal hearing family members. The GTG banding of the paternal grandfather and father 

disclosed the same chromosome 10 and 15 translocation. Breakpoints were provisionally 

delinieated that continued with FISH (Attachment 2, Figure 1C). The narrowing of breakpoints 

disclosed two interrupted genes: ATE1 and SLC12A1. The breakpoints in both of the genes were 

delineated to 10.1 and 8.7 kb intervals, respectively (Attachment 2, Figure 2). An Illumina SNP 

array was performed on all family members to exclude the involvement of large losses or gains 

of chromosomal material. CNVs with implication to HL were not detected. A target enrichment 

NGS deafness gene panel including 129 known, clinically relevant deafness genes was negative 

for informative SNVs. One mutation (c.1985G>A, p.G662E) in the DFNA48 gene MYO1A was 

reported as possibly pathogenic by UniProt and one previous publication [36]. Interestingly, this 

mutation also segregated in the proband’s father and paternal grandfather, both of whom have 

normal hearing, complicating the assignment of this mutation as pathogenic in this family. 

However, we cannot exclude the formal possibility of reduced penetrance since this was 

previously disclosed in this gene [36].  

ATE1 and SLC12A1 were Sanger sequenced in 180 GJB2-mutation negative children with 

NSHL. Seven synonymous, two benign non-synonymous and one probably damaging, in 

addition to four synonymous and one non-synonymous variants were detected in ATE1 and 

SLC12A1, respectively (Attachment 2, Table 1). The single pathogenic variant according to in 

silico prediction is the heterozygous variant c.1208A>G, p.Y403C (rs148135505: MAF = 0.001) 

in ATE1. While this mutation is rare in dbSNP and the exome variant server (EVS), limited 

conclusions can be made connecting this gene to the proband because secondary to HL, the 

patient with this mutation also suffers from chronic bilateral tinnitus, as well as reverse sloping 

audiogram configurations with low frequencies acutely affected and normal hearing at 6 and 8 

kHz. This is contradictory to the audiogram profile from the proband, with normal hearing up to 

1 kHz and then sloping in the higher thresholds to 60 dB at 8 kHz.  
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The expression of both genes was evaluated in the zebrafish. Major expression of ate1 was 

marked at 91 hours post-fertilization (hpf) in the heart and fin bud with minor expression in the 

neuromasts (Attachment 2, Figure 3A). Expression of slc12a1 is most prominent beginning with 

the somite (15-16 hpf), 30 hpf and 96 hpf in the distal pronephros (Attachment 2, Figure 3B). 

The expression pattern of both genes is not in the ear like sensory organs in the zebrafish that 

would support a role of “hearing.” Expression in the lateral line that contains the hair cells, otic 

placode and otic vesicle, would provide the strongest support for either one of the genes being 

implicated in normal hearing function. As the proband was diagnosed with sensorineural HL, 

expression in the brain could also be favourable with hearing involvement. 

Determining the spatiotemporal expression of genes is critical to understanding or predicting the 

physiological role of genes and proteins with relation to interactions forming complex networks 

underlying organ development and function [144]. The in situ hybridization data show there is 

pronephros (embryonic kidney) expression of slc12a1 in wild-type zebrafish. It is interesting to 

note that slc12a1 has a paralog with 64% protein identity to slc12a2. In the mouse, Slc12a1 is 

exclusively expressed in the macula densa and thick ascending limb of the kidney, whereas 

Slc12a2 is expressed in the kidney and ear [145-147]. Slc12a2 mice demonstrated abnormal 

locomotor activity consistent with the shaker/waltzer phenotype and failed to respond to sound 

stimulus, thus illustrating that both hearing and balance are affected by the absence of Slc12a2 

[145]. However, to date SLC12A2 is not associated with a deafness phenotype in humans.  

Mutations in SLC12A1 and ATE1 are associated with Bartter syndrome type I and heart 

phenotypes (in the mouse), respectively. One noteworthy Costa Rican case study disclosed a stop 

mutation in SLC12A1 in a Bartter syndrome patient who also had sensorineural HL, but the HL 

was not well characterized [148]. Interestingly, the analysis of genetic variation in the breakpoint 

regions in the Database of Genomic Variants (DGV), ATE1 lacks genomic variation and 

SLC12A1 has one indel reported in 270 HapMap controls. This implies normal copy number is 

important for absence of a phenotype, but no further conclusions can be drawn from this. While 

both these genes lack extensive genomic variation in the healthy human population, they are 

unlikely haploinsufficient according to DECIPHER, weakening arguments about gene dosage 

sensitivity as playing a critical role in the deafness seen in our patient. According to the last 

clinical examination, neither the index patient nor affected family members with the described 

translocation have renal or cardiac defects, suggesting that disruption of these genes are tolerated 

and not sensitive to gene dosage. 
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Because the balanced translocation is present not only in the index patient, but also in other 

normal hearing family members, the causative mutation is likely recessive. Interestingly, there 

are three ARHL genes located on chromosome 10: MYO3A, PCDH15, and CDH23. They are 

located approximately 97, 67, and 50 Mb proximal to ATE1, respectively. A fourth recessive 

gene, PDZD7, resides nearly 21 Mb proximal to ATE1. Although not presently recognized as a 

NSHL gene, there is supporting evidence whereby disruption of PDZD7 is involved in ARHL 

[149]. Only one ARHL gene on chromosome 15 is (STRC) positioned 4.5 Mb distal to SLC12A1. 

As ATE1 and SLC12A1 are not genes responsible for ARHL and the aforementioned genes were 

sequenced via targeted gene sequencing, it is important to consider whether the translocation 

potentially disrupts regulation and expression of other genes associated with deafness. 

Regulatory elements well outside the transcription and promoter regions can influence gene 

expression [150]. Breakpoints and/or microdeletions that occur in a regulatory element as far 

away as 1 Mb from the promoter have been shown to impact gene regulation and expression. 

However, to date, there is a lack of evidence supporting the idea that regulation and expression 

can be affected by position effects at a distance exceeding 1 Mb.  

There are many genes within a flanking 1 Mb region of ATE1 and SLC12A1 that are not 

associated with a HL phenotype that have moderate to strong expressed sequence tags (ESTs) in 

the human ear (Attachment 3, Table S4). Investigation of ear-specific ESTs within a 1 Mb region 

up- and downstream from the translocation breakpoints may aid in uncovering genes needed for 

hearing despite being indirectly affected in the translocation. Changes that occur as a result of a 

nearby breakpoint may affect gene regulation and/or expression and may negatively impact 

hearing. The possibility of disrupted gene expression or regulation as a result of being less than 1 

Mb in proximity of the translocation or a recessive mutation residing in a gene that is not already 

associated with HL as conferring recessive HL cannot be excluded; however, this has not been 

evaluated in the proband.  

It can be assumed from sequence analysis in the genes at the breakpoint interval and the targeted 

gene panel results that the patient has a pathological mutation in a gene that is not yet associated 

with HL. One way to further investigate these cases would be to employ WES. Sequence 

variation analysis comparing the index patient with the normal hearing family members also 

affected with the translocation may uncover a mutation explaining the phenotype.  
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6.3 DFNB16 is a frequent cause of congenital hearing impairment: 

implementation of STRC analysis in routine diagnostics 

Biallelic mutations in the gene STRC (DFNB16) result in pediatric, postlingual high frequency 

HL [41]. A tandemly residing pseudogene complicates the detection of SNVs in this gene. The 

Illumina Omni1-Quad SNP array is appropriately designed in terms of both probe density with 

seven SNP probes covering the gene (Figure 7) and probe specificity to support the detection of 

CNVs in this gene. The 60mer sequence of each of the array probes was checked using UCSC 

BLAT for specificity to STRC and the pseudogene (pSTRC) by genomic position (Table 4). For 

CNV detection, five consecutive SNP probes must give a uniform increase or decrease in signal 

intensity as detected by the CNV calling software using a sliding window statistical calculation. 

Because of the limited number of divergent bases between STRC and pSTRC, it is not always 

possible to design a probe that is able to make this differentiation. However, three of the seven 

SNP probes (rs2447196, rs12050645, rs2260160) select for STRC and are critical for determining 

the gene-specific copy number status.  

 

 

Figure 7. SNP probe coverage overview of STRC. This figure was designed using the UCSC 

Genome Browser SNP/CNV Arrays track.  
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SNP Probe Start Stop % Identity gDNA Start gDNA End STRC or pSTRC 

rs2920791 1 60 100.0% 43892747 43892806 STRC 

1 60 100.0% 43992565 43992624 pSTRC 

rs2447196 1 60 100.0% 43893758 43893817 STRC 

1 60 91.7% 43993576 43993635 pSTRC 

rs12050645 1 60 100.0% 43894433 43894492 STRC 

1 60 93.4% 43994253 43994312 pSTRC 

rs2260160 1 60 100.0% 43895644 43895703 STRC 

1 36 91.7% 43995147 43995182 pSTRC 

rs2467437 1 60 100.0% 43900912 43900974 STRC 

1 60 100.0% 44000386 44000446 pSTRC 

cnvi0142640 1 60 100.0% 43905185 43905244 STRC 

1 60 100.0% 44004647 44004706 pSTRC 

cnvi0137424 1 60 100.0% 43909658 43909717 STRC 

1 60 100.0% 44009120 44009179 pSTRC 

Table 4. STRC SNP probes. Analysis of the seven SNP probes included on the Illumina 

Omni1-Quad array. STRC (chr15:43,891,761-43,910,998; RefSeq, hg19) and pSTRC 

(chr15:43,991,686-43,010,382; ENCODE version 19) are distinguishable by SNP 

probes since their design targets three critical divergent regions. 

The observation of recurrent deletions in STRC from the SNP array analysis supported the 

development of a Sanger sequencing assay to screen for additional sequence variants conferring 

ARHL. Two homozygous deletions, five heterozygous deletions (Attachment 3, Figure 1) and 

ten copy-neutral patients with a LOH >1 Mb overlapping with STRC were identified (Attachment 

3, Table S3). These patients were negative for additional disease-relevant CNVs after genome-

wide analysis. The homozygous and heterozygous deletions were confirmed by PCR and qPCR, 

respectively, using exon 22 primers that are able to discriminate STRC from its pseudogene 

counterpart. The copy-neutral LOH regions are not by themselves pathogenic; however, since a 

statistically significant stretch of homozygous genotypes in this region are detected, it provides a 

hint of a possible homozygous pathogenic mutation in overlapping genes, namely STRC, that 

could confer DFNB16 HL. One additional independent patient not included in the array study 

was tested via qPCR and positive for a heterozygous deletion. During the assay development, the 

audiograms of all patients were analyzed and 20 individuals with appropriately sloping high 

frequency HL (Attachment 3, Figure 2) were selected for testing. This constituted a total of 36 

patients for Sanger sequencing analysis. 

For pseudogene exclusion, two long-range (LR) primer pairs were designed specifically for the 

exclusive amplification of STRC (Attachment 3, Figure S1). The first and second LR primers 

amplified exons 1-19 and 12-29, respectively. LR amplicons were diluted 1:1000 to reduce 

unintended pseudogene carryover from gDNA. An overlapping region in intron 18 served as a 
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quality control measure whereby a three nt frameshift is present from gDNA carryover and 

sequencing would be re-performed to ensure clean exclusion of pseudogene sequence. Nested 

PCRs for each exon were performed using the corresponding LR amplicon and each exon-

specific primer pair.  

Sanger sequencing of the 36 patients uncovered a variety of pathogenic mutations and sequence 

variants. Three out of six patients with a heterozygous deletion disclosed a hemizygous 

pathogenic mutation [c.2726A>T (p.H909L); c.4918C>T (p.L1640F); c.4402C>T (p.R1468X)] 

(Attachment 3, Table 1). A LOH patient had a heterozygous pathogenic variant [c.5180A>G, 

(p.E1727G)]. One of the 20 patients selected on the basis of ARHL and supporting audiogram 

had a compound heterozygous mutation [c.2303_2313+1del12, (p.G768Vfs*77); c.5125A>G, 

(p.T1709A)]. A single variant that was predicted as possibly pathogenic [c.3893A>G, 

(p.H1298R)] by SIFT was present with a MAF of 9% of the patient cohort. This variant was 

detected heterozygously in four patients and homozygously in one patient. Sequencing of 100 

normal hearing German controls revealed a MAF of 11% in these individuals. Despite strong 

conservation (Attachment 3, Figure S2) and mutation prediction algorithm outcomes, the high 

MAF in the normal hearing population argues against pathogenicity.  

The presence of LOH with a minimum length of 1 Mb is not a strong indication for initiating 

STRC sequence analysis and unexpectedly led to the detection of one heterozygous variant. The 

power and confidence of LOH calling is greatly increased with parental genotypes [151]. As 

such, single patients in the absence of familial inclusion demonstrate a higher chance of 

heterozygous SNPs residing in a LOH region. As parents were rarely included in our SNP array 

analysis, it was not possible to interrogate LOH calls beyond analyzing gene content and size. 

Although only ten patients had LOH spanning STRC, the LOH observed is not enriched with 

STRC mutations and is not the best indication for DFNB16 HL.  

MLPA is an alternative method that can be used to test for mutations in this gene [95], but is 

limited to few divergent sequence positions. The Sanger sequencing assay outlined in 

Attachment 3 in combination with an array having high SNP density coverage in STRC or qPCR 

provide the most comprehensive methods for the detection of disease causing mutations. In 

contrast to the Illumina Omni1-Quad arrays, recent experience has demonstrated that the 298K 

Illumina CytoSNP-12 arrays do not provide high enough SNP coverage in this gene. This array 

only has one SNP probe in the gene as opposed to the Illumina Omni1-Quad with seven. The 
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array type that is used for follow-up investigation should be carefully selected on the basis of 

density in this gene and flanking regions. 

The results disclosed in this study support Sanger sequencing and qPCR copy number testing of 

STRC after mutations in GJB2 have been excluded, especially when recessive, postlingual HL 

acutely affecting high frequencies is presented. 

 

6.4 Confirmation of GRHL2 as the gene for the DFNA28 locus 

The gDNA from one individual with a well-documented family history of postlingual ADHL was 

submitted for 80 gene targeted NGS that disclosed a c.1258-1G>A heterozygous mutation in the 

gene GRHL2. Nine additional family members, both with HL and normal hearing, were recruited 

for Sanger sequencing mutation segregation analysis (Attachment 4, Figure 1). Table 5 discloses 

the results of mutational segregation in those who were tested with familial relationship to the 

index patient, as well as clinical hearing status and onset, when HL was present.  

Pedigree ID Relationship to IV:4 c.1258-1 G>A Affected Onset 

III:1 Father - No NA 

III:2 Mother + Yes Fifth decade of life 

III:3 Maternal uncle + Yes Middle of seventh decade of life 

III:4 Maternal uncle + Yes Fifth decade of life 

IV:2 Sister + No
1 

NA 

IV:3 Brother + Yes Fifth decade of life 

IV:4
* 

Index patient + Yes Early fourth decade of life 

V:1 Nephew (son of IV:2) + No NA 

V:2 Niece (daughter of IV:2) - No NA 

V:3 Daughter - No NA 

Table 5. Summary of gDNA testing results for the GRHL2 c.1258-1G>A mutation. Hearing 

status and onset information are included. The index patient is individual IV:4, marked 

with an asterisk, with an earlier than typical onset. A “+” or “–” symbol indicates 

positive or negative mutation status, respectively. Individual IV:2 has the mutation and 

normal hearing apart from mild HL in the right ear (6 and 8 kHz frequencies) that is not 

severe enough for hearing aid intervention. The onset ranges from early fourth to 

middle of the seventh decade of life. 

The c.1258-1G>A mutation resides in intron 9, one nt before exon 10 in the 3’ splice consensus 

sequence region having one of two likely consequences on the splicing of exon 10: (1) with the 

destruction of the splice site, complete exon skipping is a possibility, or (2) in combination with 

the sequence change introduced by the guanine (G) to adenine (A) mutation and the first nt of 

exon 10 being a G, a 3’ cryptic splice mutation could be activated. The large red box in figure 8 

depicts the region of interest with both the wild type (upper) and mutated sequences (lower). 
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Two smaller red boxes show the 3’ splice consensus AG sequence, which hints to a shift in the 

overall splice position. 

 

Figure 8. Splice prediction outcomes for the GRHL2 c.1258-1G>A mutation. The long blue 

bars with sequence represents exon 10. The flanking unhighlighted sequences on the 

left and right sides illustrate introns 9 and 10, respectively. Each of the four prediction 

programs has a specific scale for judging splice strength shown in gray numbers to the 

left. The upper green bar section represents the wild type sequence with the splice 

scores to the left. The lower green bar section shows the impact the mutation has on 

the predicted splice position and splice strength scores. The image was generated 

using the Alamut splice window tool. 

To test this splice site mutation, the expression profile of GRHL2 was analyzed to select the best 

non-invasive tissue for mRNA extraction, followed by cDNA synthesis. The best non-invasive 

tissues are the oral mucosa, saliva, skin, and blood. Figure 9 shows the expression profile for 

GRHL2 in these tissues. A two milliliter (mL) saliva sample was collected from the proband and 

a normal hearing control for mRNA extraction that was followed by cDNA synthesis, and target 

amplification for Sanger sequencing. The consequence of the splice mutation was observed in the 

proband sequencing chromatograms with an apparent heterozygous frameshift, illustrating that 

the exon is not skipped, but rather spliced incorrectly with the activation of a cryptic splice site 

resulting in a single nt deletion (Attachment 4, Figures 4B and 4C). Nevertheless, the cDNA 

sequence does not demonstrate a splicing aberration on the whole exon level. Given the cDNA 

sequencing data, there is a high probability that this mutation negatively impacts the protein. 

There are several hypothesized outcomes as a consequence of mutations leading to premature 

termination codons, two of which are nonsense-mediated mRNA decay and loss of protein 

function via protein truncation; however, this was not investigated in our present study 



SUMMARY AND DISCUSSION OF PUBLISHED RESULTS 41 

[152,153]. It should also be noted that apart from our index patient, other family members were 

not evaluated for mutations on the cDNA level, although it is expected that the same splicing 

effect would also be present in accordance with the cDNA results disclosed in this study.  

 

Figure 9. Human expression profile of GRHL2. Various specialized cell types of the digestive 

tract, skin and soft tissues, and blood and immune system were analyzed. The key 

indicating level of expression is in the lower right section that corresponds with 

expression level in each tissue type. Dark blue indicates high, middle blue shows 

medium, light blue illustrates low, and white depicts a lack of expression, respectively. 

The red box marks the tissue types obtained in the saliva sample for analysis. The 

GRHL2 expression profile was obtained from the Human Protein Atlas. 

This mutation segregated in III:2, III:3, III:4, and IV:3 with a characteristic late onset HL 

diagnosed in the fifth to seventh decades of life and also segregated in individual IV:2, who was 

44 years-old at the time of last acquired audiogram. She had normal hearing in the left ear and 

normal hearing for all frequencies in the right ear except for 50 and 30 dB threshold responses at 

6 and 8 kHz, respectively. This is most likely indicative of early hearing degeneration. 

Individuals V:1, V:2, and V:3 were all tested with only V:1 having the mutation. All three 

individuals are in their first decade of life and thus well below the age of onset. This testing was 

performed as a predictive measure to encourage the avoidance of noisy environments in those 

with the mutation to prevent premature hearing decline.  
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The proband has an unusually early HL onset that was first diagnosed at 32 years of age and a 

more pronounced progression of HL compared to other nuclear family members. Annual 

threshold deterioration (ATD) linear regressions were calculated by averaging the audiometric 

thresholds across all frequencies according to age of audiogram measurement for individuals 

III:2, III:3, III:4, IV:2 and IV:4 and compared these values against control audiograms from 

normal hearing individuals in the same age range to demonstrate expected HL due to presbycusis 

(Attachment 4, Figure 3A). The ATD plots of the dB thresholds at each of the routinely 

measured frequencies across a number of years disclose the dB per year that are lost due to the 

progressive nature of HL from mutations in this gene. For this measurement, an extensive 

collection of audiograms over many years/decades were maintained (Attachment 4, Figure 2). 

The ATD plots clustered linearly per individual, showing a positive correlation between HL 

progression and advancing age exceeding that from presbycusis. The only exception was 

individual IV:2 having only one audiogram available and therefore not enough data for ATD 

plots. The proband, with an earlier than typical onset, also demonstrated a larger loss in hearing 

capacity with approximately 2.41 dB lost annually. His other family members have ATDs 

ranging between 0.76 dB and 1.69 dB per year (Attachment 4, Figure 3B). Hearing thresholds 

were compared across ears to determine the possibility of a lateral HL asymmetry over time. The 

proband showed a slight decline in hearing in the right ear. The same right-ear worsening was not 

observed in his other family members. The decline in hearing capacity in these individuals is 

predictable and has a linear relationship over time. 

The explanation of a variable onset and severity in the proband could be due to the compounded 

impact of co-morbidities. The proband was diagnosed with type I diabetes at the age of 10 years 

with no further clinical phenotypes. HL is also reported to extend to more distant family 

members. A number of these family members have other co-morbidities noted such as epilepsy 

and reduced intelligence quotient, which could influence the onset and severity of HL. Some of 

the other family members (I:3, II:4, II:5, II:10, III:6, III:8, III:10, and III:11) in the pedigree have 

a postlingual childhood onset, with an unknown explanation for this variability (Attachment 4, 

Figure 1). Detailed medical records were not always available for all family members. Two 

hypotheses for this observation are the interplay of environmental and genetic factors causing 

earlier onset and the segregation of other mutations altering the type of HL described. As these 

members were unavailable for genetic testing, this is unable to be resolved. 

As this is the second family described to date with a novel DFNA28 mutation, GRHL2 is 

validated as having an indispensable role in normal hearing and is correctly assigned as a NSHL 
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gene. The reproducibility of mutations fitting a specific HL phenotype are important for 

confirmation of a gene being correctly associated with NSHL. The detailed audiological analysis 

described in Attachment 4 further expands the genotype-phenotype character of HL caused by 

mutations in this gene. 

 

6.5 Targeted deafness gene next generation sequencing of hearing 

impaired individuals uncovers informative mutations 

The advent and increased availability of NGS technologies has created new possibilities for 

genetic diagnostics. Targeted NGS in the form of gene panels provides a powerful approach to 

screening only disease relevant genes. A total of 23 probands were screened using one of two 

different panel types consisting of either 80 or 129 genes (Attachment 5, Table S2). These 

individuals were screened on the Illumina Omni1-Quad arrays and were negative for clearly 

pathogenic CNVs, with one exception being the heterozygous deletion of exons 58-64 in the 72 

exon gene, USH2A. Furthermore, clinical information was collected for all patients except two 

(Attachment 5, Table S1). Pedigree information was obtained from all patients to aid with 

mutation analysis. Parents and siblings were also recruited for segregation analysis upon the 

detection of a mutation possibly explaining the phenotype, but it was not obtainable from all 

family members in every case. Based on pedigree information and variant analysis, the patients 

were grouped into one of three categories: (1) dominant group (abbreviated “D”), (2) recessive 

group (abbreviated “R”), or (3) unsolved group (abbreviated “U”). Ultimately, there were eight 

dominant, five recessive and ten unsolved group patients. The patients were assigned to the 

unsolved group if an appropriate mutation was not disclosed from the analysis. Nine subjectively 

normal hearing controls were included for variant filtering assistance and statistical comparison. 

Quality and coverage per patient and control were analyzed for missed or poorly performing 

exons. Missing or poorly covered exons were uniform among patients and thus probably not due 

to deletion(s). Since all variants were of potential interest for statistical methods, data were 

filtered conservatively based on minimum depth and quality scores. Three mutation 

interpretation programs were used (MutationTaster, PolyPhen-2 and SIFT), with the requirement 

for inclusion of a variant being two out of three in silico predictions in agreement with judging a 

variant as damaging or deleterious. This resulted in a total of 89 variants in the patients and 14 

variants in the controls (Attachment 5, Table S4), which include pathogenic mutations or variants 
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predicted to be pathogenic or damaging but not supporting the type of inheritance suggested by 

the clinical or pedigree information.  

Strong pathogenic mutations implicative of HL were detected in 12 of the patients, yielding a 

success rate of 52% (Attachment 5, Figures 1 and 2). The dominant and recessive group 

mutations are summarized in Table 6.  

Group Name Gene Mutation Zygosity 

D1 MYO6 c.884_893delGCAAAAGTCC (p.R295Lfs*13) Heterozygous 

D2 ACTG1 c.974T>A (p.M325K) Heterozygous 

D3 TCF21 c.63C>G (p.D21E) Heterozygous 

D4 CCDC50 c.227G>A (R76H) Heterozygous 

D5 MYO1A c.2032A>T (p.I678F) Heterozygous 

D6 MYH14 c.5008C>T (p.R1670C) Heterozygous 

D7 MYO1A c.2390C>T (p.S797F) Heterozygous 

D8 EYA4  c.1341-19T>A Heterozygous 

R1 MYO15A c.1137delC (p.Y380Mfs*65); c.7124_7127delACAG 

(p.D2375Vfs*29) 

Compound heterozygous 

R2 MYO7A c.3935T>C (p.L1312P) Homozygous 

R3 USH2A c.1841-2A>G and c.2440C>T (p.Q814*) Compound heterozygous 

R4 USH2A c.2776G>T (p.C759F) Compound heteroyzgous 

R5 GJB2 c.35delG (p.G12Vfs*2) Homozygous 

Table 6. Summary of NGS mutations. 

Further comparative analysis was performed using the 80 overlapping genes between the two 

panel types. The 129 gene panel includes more genes with the same 80 core genes in common 

(Attachment 5, Table S5). The median number of variants in each of the different groups was 

4.5, 3.6, 3.0, and 1.4 in the dominant, recessive, unsolved, and control groups, respectively 

(Attachment 5, Figure 3). Pairwise Wilcoxon tests with multiple testing correction revealed 

significant p-values when comparing each of the three patient groups to the control group, but 

not among the different case groups. Further analysis of the distribution patterns between the 

control and unsolved groups disclosed extensive heterogeneity between the patient groups and 

the control group (Attachment 5, Figure S1). The control group shows only a few variants with a 

higher similarity compared to the numerous and diverse mutations in the patient unsolved group.  

The EYA4 c.1341-19T>A splice site mutation (Figure 10) was tested using a two mL saliva 

sample from each of the two affected family members and the same method previously described 

and specific EYA4 cDNA primers for splice site confirmation [154]. Other non-invasive tissues 

had poor expression (Figure 11). Unfortunately, this did not yield specific or adequate product, 

which may be because expression of this gene is too low in saliva and/or oral mucosa. Other 

tissues with higher expression are not possible to test, such as skeletal muscle, lung, and heart 
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with high EYA4 expression. It is of possible interest that an earlier publication [155] described a 

c.1282-12T>A novel splice site mutation in this gene wherein the authors describe being unable 

to test the splice mutation due to not being able to obtain suitable patient material for mRNA 

analysis. The material that was tested, if any, was not disclosed in this study. The c.1341-19T>A 

splice mutation remains unclear; however, onset of HL and audiogram profiles were in 

accordance with those previously described for EYA4 [155]. Onset in the proband was around six 

years of age, which is the earliest onset described from the earlier publication, and audiograms 

are in agreement with a “cookie bite” profile with all frequencies affected [155] .  

 

Figure 10. Splice prediction outcomes for the EYA4 c.1341-19T>A mutation. The long blue 

bars with sequence represents exon 16. The unhighlighted sequence to the left side 

illustrates intron 15. Each of the four prediction programs has a specific scale for 

judging splice strength shown in gray numbers to the left. The upper green bar section 

represents the wild type sequence with the splice scores to the left. The lower left 

green bar section shows the predicted activation of a 3’ cryptic splice site and splice 

strength scores. The new mutation (bottom left) shows an increased splice strength 

compared to the wild type score. The image was generated using Alamut the splice 

window tool. 
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Figure 11. Human expression profile of EYA4. Various specialized cell types of the digestive 

tract, skin and soft tissues, and blood and immune system were analyzed. The key 

indicating level of expression is in the lower right section that corresponds with 

expression level in each tissue type. Dark blue indicates high, middle blue shows 

medium, light blue illustrates low, and white depicts a lack of expression, 

respectively. The red box marks the tissue types obtained in the saliva sample for 

analysis. The EYA4 expression profile was obtained from the Human Protein Atlas. 

An additional patient that was included on a previous microarray indicated a heterozygous 

deletion in USH2A (Figure 12) that was not obvious from the NGS coverage on a per exon basis. 

This deletion has not been described in HGMD or USHbases, which is a database specifically for 

Usher syndrome mutations. Biallelic mutations in USH2A result in early onset HL and retinitis 

pigmentosa around puberty. The coverage of each of the exons included in the deletion, as well 

as exons external to the deletion were checked (Table 7). Validation was performed via qPCRs 

for exons 61, 63 and 64. The average sequencing depth of the USH2A gene is 271; however, the 

sequencing depth of each exon and particularly in exons that are not deleted did not show 

uniformity indicative of copy number status. This means that the possibility of detecting the 

deletion per hand is not possible since the DNAnexus bioinformatic software that was used for 

analysis and variant calling did not have a tool for CNV calling. 
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Figure 12. Illustration of the 99.9 kb USH2A heterozygous deletion. This deletion 

encompasses exons 58-64.  

 

Exon Depth  Exon Depth 

58 140  7 82 
59 185  13 175 

60 144  26 92 

61 232  34 64 
62 117  45 175 

63 35  46 173 
64 102  53 209 

Table 7. USH2A NGS depth example. Example of exon depth for the USH2A heterozygous 

deletion and exons external to the deletion for comparison. The left side of the table 

represents the sequencing depth of the exons included in the deletion. The right side 

illustrates the coverage of exons not included in the deletion for comparison. The 

heterozygous deletion is not evident from the sequence coverage. 

Ten patients from this cohort were negative for mutations in the known deafness genes included 

on the panels. These families are the most promising for candidate gene identification using 

WES, which is currently underway in one of these families. 

The observation of an enrichment of deleterious variants in genes important for normal hearing 

function in the HL patients compared to controls supported a mutational load hypothesis. 

Deleterious variants in hearing required genes in the control group appears at a much lower 

frequency than in the majority of HL patients. This observation supports the formation of two 

hypotheses: (1) an accumulation of deleterious variants predicted to be damaging could 

contribute to HL, and (2) HL has a complex dimension expanding its conventional 

understanding. Together, these two hypotheses comprise an area for future investigation resulting 

from this work. 
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The NGS testing from this work has disclosed several clinical benefits that underscore the power 

stemming from this method. Firstly, reassessment of a misdiagnosis as seen in the patient with 

suspected auditory neuropathy later disclosing a homozygous GJB2 c.35delG mutation was 

unexpected; however, this emphasizes an advantage of screening many genes in parallel, as 

misdiagnoses can occur or the complete clinical background of a patient may not be fully 

understood or at full presentation at the time of patient examination. The initial GJB2 screen was 

missed in this patient because single gene OTOF Sanger sequencing was priority with the 

diagnosed auditory neuropathy, which was negative for informative mutations. Secondly, the 

value of providing an early diagnosis of syndromic HL supports early intervention and lifestyle 

modification, as well as routine monitoring from respective specialist physicians. This has 

potential benefit specifically for the two probands with USH2A mutations conferring Usher 

syndrome type 2 and the proband with the TCF21 mutation associated with adult-onset 

cardiomyopathy. All three probands are young children and thus below the age of onset for the 

additional symptoms that would confirm syndromic HL. 

The main limitation of this study is the small sample size; nonetheless, the statistics that were 

performed were conservative and disclose a result that should be replicated in an expanded study. 

However, the strong initial solve rate communicated from this small sample size provides a 

positive outlook for this method as molecular genetics is rapidly changing to NGS based 

approaches.  
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7. Conclusion and Outlook  

The recent expanded availability and shift to massively parallel NGS methods is revolutionizing 

HL research and diagnostics and providing never before feasible tools such as the coordinated 

sequencing of hundreds of genes in a single experiment. NGS investigations can bridge the gap 

between genotype and phenotype, as there is not always a clear distinction between syndromic 

and non-syndromic HL, which can be particularly problematic in young children. Predictive or 

early diagnosis of syndromic HL, such as the Usher syndrome and cardiomyopathy cases 

described, may provide beneficial outcomes to these patients, since primary referral to an 

appropriate team of physicians can be coordinated before onset of additional symptoms occurs. 

This is especially relevant since Usher syndrome is more prevalent than expected. As 

demonstrated in this study, mutations in known deafness genes are able to solve roughly half of 

GJB2 negative cases, supporting a high diagnostic yield and a practical method from which to 

approach the diagnostics of heterogeneous disorders such as HL.  

The identification of the second autosomal dominant family worldwide with a mutation in the 

gene GRHL2 provided significant support for the correct assignment of GRHL2 as a NSHL gene. 

Extensive audiometric analysis systematically characterized the HL in multiple family members 

to expand the genotype-phenotype correlation in a gene with only one previous description of a 

family with DFNA28 HL. 

The STRC assay that was developed significantly contributes to the molecular genetic assessment 

in pediatric onset, high frequency HL patients, since the importance of STRC has been grossly 

underestimated as the testing of this gene is complicated by pSTRC. Furthermore, it is 

recommended that for GJB2 negative patients fulfilling clinical criteria, STRC is prioritized as 

the second gene to be sequenced. 

Every method has limitations that can be reduced through a multiple approach. The SNP array 

that was employed in this study narrowed certain restrictions seen in NGS. Firstly, NGS 

bioinformatic tools, as presently demonstrated, are unable to detect heterozygous deletions. In the 

context of the heterozygous deletion and heterozygous damaging SNV as seen in the USH2A 

example, a missed Usher syndrome diagnosis would have resulted, had the SNP array not been 

employed. Secondly, the nearly identical pseudogene sequence of STRC interferes with clean 

sequence acquisition and analysis because the target enrichment methods used for NGS library 

preparation amplify and target both regions for massively parallel sequencing. Finally, since the 
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most considerable success came with NGS analysis, it is apparent that mutations causing HL are 

largely SNVs and not structural variants that are detected by SNP arrays. The resolution of the 

SNP arrays cannot detect all possible structural variants, but they are an important tool for ruling 

out the possibility of these variations as implicative in HL. The combination of SNP arrays with 

NGS explored in this study not only helps to elucidate the mutation spectrum of various deafness 

genes, but also bears a potential impact in a diagnostic service to HL patients. 

The NGS bioinformatic tools for assessing SNVs/CNVs will continue to improve, as well as 

continued advancements with enrichment protocols that will aim to overcome technical 

limitations. In the foreseeable future, it will not be possible to exclude pseudogene sequence 

without a LR-PCR protocol, so the assay developed in the context of this work will not be 

quickly obsolete but rather employable for many years to come. 

The multiple mutations that were detected in the patients through the targeted deafness gene 

NGS study are time consuming to follow-up. Singleton patients complicate the chances of a 

successful and definitive analysis, since segregation analysis of mutations in a family are 

essential for complete understanding of pathogenicity. There is no substitution for familial 

recruitment and involvement, especially in the context of HL, since this study demonstrates HL 

patients have a higher median number of mutations compared to normal hearing controls. For 

continued success of future work, the cohesive teamwork from both medical and laboratory 

departments is indispensable; however, the future outlook for new gene discovery and the value 

of NGS diagnosis for patients and their families provide an invaluable benefit for participating 

patients.  

In conclusion, the current study identified and detailed clinical information and HL descriptions 

for fifteen novel mutations not described previously in the literature. 
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9. Abbreviations 

A         Adenine 

ACTG1     Actin, gamma-1; MIM: *102560 

ADCY1     Adenylate cyclase 1; MIM: *103072 

ADHL      Autosomal dominant hearing loss 

ALMS1     Alstrom syndrome 1; MIM: *606844 

ARHL      Autosomal recessive hearing loss 

ATD       Annual threshold deterioration 

ATE1       Arginyltransferase 1; MIM: *607103 

BAC       Bacterial artificial chromosome 

BDP1      B-double prime 1, subunit of RNA polymerase III transcription initiating factor  

          IIIB; MIM: *607012 

bp         Base pair 

BRAF      V-raf murine sarcoma viral oncogene homolog B; MIM: *164757 

CABP2     Calcium-binding protein 2; MIM: *607314 

CCDC50    Coiled-coil domain-containing protein 50; MIM: *611051 

CDH23     Cadherin 23; MIM: *605516 

cDNA      Complementary DNA 

CEACAM16  Carcinoembryonic antigen-related cell adhesion molecule 16; MIM: *614591 

CGH       Comparative genomic hybridization 

CHD7      Chromodomain helicase DNA-binding protein 7; MIM: *608892 

chr        Chromosome 

CIB2       Calcium and integrin binding family member 2; MIM: *605564 

CLDN14    Claudin 14; MIM: *605608 

CNV       Copy number variation 

COCH      Cochlin; MIM: *603196 

COL2A1     Collagen, type II, alpha-1; MIM: +120140 
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COL4A3     Collagen, type IV, alpha-3; MIM: +120070 

COL4A4     Collagen, type IV, alpha-4; MIM: *120131 

COL4A5     Collagen, type IV, alpha-5; MIM: *303630 

COL4A6     Collagen, type IV, alpha-6; MIM: *303631 

COL9A1     Collagen, type IX, alpha-1; MIM: *120210 

COL9A2     Collagen, type IX, alpha-2; MIM: *120260 

COL11A1    Collagen, type XI, alpha-1; MIM: *120280 

COL11A2    Collagen, type XI, alpha-2; MIM: *120290 

CRYM      Crystallin, mu; MIM: *123740 

D         Dominant group 

dB         Decibels 

DFN       Deafness locus annotation (DeaFNess); also represents non-syndromic X-linked 

          deafness locus annotation 

DFNA      Autosomal dominant non-syndromic deafness 

DFNA5     DFNA5 gene; MIM: *608798 

DFNB      Autosomal recessive non-syndromic deafness 

DIABLO     Diablo, IAP-binding mitochondrial protein; MIM: *605219  

DIAPH1     Diaphanous-related formin 1; MIM: *602121 

DNA       Deoxyribonucleic acid 

DUX4L6    Double homeobox 4 like 6 

E         Embryonic day 

ECG       Electrocardiogram 

EDN3      Endothelin 3; MIM: *131242 

EDNRB     Endothelin receptor, type B; MIM: *133244 

ELMOD3    ELMO/CED-12 domain containing 3; MIM: *615427 

ESPN       Espin; MIM: *606351 

ESRRB      Estrogen-related receptor, beta; MIM: *602167 



ABBREVIATIONS 67 

ESTs       Expressed sequence tags 

EYA1       Eyes absent homolog 1; MIM: *601653 

EYA4       Eyes absent 4; MIM: *603550 

FAT1       FAT atypical cadherin; MIM: *600976 

FGFR1     Fibroblast growth factor receptor 1; MIM: *136350 

FGFR2     Fibroblast growth factor receptor 2; MIM: *176943 

FISH       Fluorescent in situ hybridization 

FKBP14     FK506-binding protein 14; MIM: *614505 

FRG1      FSHD region gene 1; MIM: *601278 

G         Guanine 

gDNA      Genomic DNA 

GDP       Gross domestic product 

GIPC3      GIPC PDZ domain-containing family, member 3; MIM: *608792 

GJB2       Gap junction protein, beta-2; MIM: *121011 

GJB3       Gap junction protein, beta-3; MIM: *603324 

GJB6       Gap junction protein beta-6; MIM: *604418 

GPR98      G protein-coupled receptor 98; MIM: *602851 

GPSM2     G protein signaling modulator 2; MIM: *609245 

GRHL2      Grainyhead-like 2 (Drosophila); MIM: *608576 

GRXCR1    Glutaredoxin, cysteine-rich 1; MIM: *613283 

GRXCR2    Glutaredoxin, cysteine-rich 2; MIM: *615762 

GTG        G-banding with trypsin-Giemsa 

HAND2     Heart and neural crest derivatives expressed transcript 2; MIM: *602407 

HARS      Histidyl-tRNA synthetase; MIM: *142810 

HGF       Hepatocyte growth factor; MIM: *142409 

HI         Haploinsufficient/haploinsufficiency 

HL        Hearing loss 
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hpf        Hours post-fertilization 

ID         Intellectual disability 

IDUA       Alpha-L-iduronidase; MIM: *252800 

ILDR1      Immunoglobulin-like domain containing receptor 1; MIM: *609739 

KARS       Lysyl-tRNA synthetase; MIM: *601421 

kb         Kilobase pair 

KCNE1     Potassium voltage-gated channel, Isk-related family, member 1; MIM: *176261 

KCNQ1     Potassium voltage-gated channel, KQT-like family, member 1; MIM: *607542 

KCNQ4     Potassium voltage-gated channel, KQT-like family, member 4; MIM: *603537 

kHz        Kilohertz 

KRAS       Kirsten rat sarcoma viral oncogene homolog; MIM: *190070 

LHFPL5     Lipoma HMGIC fusion partner-like 5; MIM: *609427 

LOH       Loss of heterozygosity 

LOXHD1    Lipoxygenase homology domain-containing 1; MIM: *613072 

LR        Long range 

LR-PCR     Long-range PCR 

LRTOMT    Leucine-rich transmembrane and O-methyltransferase domain containing; MIM: 

          *612414 

MAF       Minor allele frequency 

MARVELD2  MARVEL domain containing 2; MIM: *610572 

Mb        Megabase pair 

MIM       Online Mendelian Inheritance in Man 

MIRN96     Micro RNA 96; MIM: *611606 

MITF       Microphthalmia-associated transcription factor; MIM: *156845 

mL        Milliliter 

MLPA      Multiplex ligation-dependent probe amplification 

mRNA      Messenger ribonucleic acid 
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MSRB3     Methionine sulfoxide reductase B3; MIM: *613719 

MYH4      Myosin, heavy chain 4, skeletal muscle; MIM: *160742 

MYH9      Myosin, heavy chain 9, non-muscle; MIM: *160775 

MYO1A     Myosin IA; MIM: *601478 

MYO3A     Myosin IIIA; MIM: *606808 

MYO6      Myosin VI; MIM: *600970 

MYO7A     Myosin VIIA; MIM: *276903 

MYO15A    Myosin XVA; MIM: *602666 

NDP       Norrie disease (pseudoglioma); MIM: *300658 

NF2        Neurofibromin 2; MIM: *607379 

NGS       Next generation sequencing 

NRAS       Neuroblastoma RAS viral oncogene homolog; MIM: *164790 

NSHL      Non-syndromic hearing loss 

nt         Nucleotide 

OTOA      Otoancorin; MIM: *607038 

OTOF      Otoferlin; MIM: *603681 

OTOG      Otogelin; MIM: *604487 

OTOGL     Otogelin-like protein; MIM: *614925 

P          Postnatal day 

p          Pseudo 

P2RX2      Purinergic receptor P2X, ligand-gated ion channel 2; MIM: *600844 

PAX3       Paired box 3; MIM: *606597 

PCDH15    Protocadherin 15; MIM: *605514 

PCR       Polymerase chain reaction 

PDGFC     Platelet-derived growth factor C; MIM: *608452 

PDLIM3     PDZ and LIM domain protein 3; MIM: *605889 

PDZD7     PDZ domain containing 7; MIM: *612971 
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PJVK       Pejvakin (DFNB59 gene); MIM: *610219 

PNPT1      Polyribonucleotide nucleotidyltransferase 1; MIM: *610316 

POU3F4    POU domain, class 3, transcription factor 4: MIM: *300039 

POU4F3    POU domain, class 4, transcription factor 3; MIM: *602460 

PRPS1      Phosphoribosylpyrophosphate synthetase 1; MIM: *311850 

PTPN11     Protein-tyrosine phosphatase, non-receptor type 11; MIM: *176876 

PTPRQ     Protein-tyrosine phosphatase, receptor-type, Q; MIM: *603317 

qPCR       Quantitative polymerase chain reaction 

R         Recessive group 

RAF1       V-raf-1 murine leukemia viral oncogene homolog 1; MIM: *164760 

RDX        Radixin; MIM: *179410 

SANS       Scaffold protein containing ankyrin repeats and SAM domain; MIM: *607696 

SCRG1     Scrapie-responsive gene 1; MIM: *603163 

SERPINB6   Serpin peptidase inhibitor, clade B (ovalbumin), member 6; MIM: *173321 

SHL       Syndromic hearing loss 

SIX1       SIX homeobox 1; MIM: *601205 

SLC12A1 Solute carrier family 12 (sodium/potassium/chloride transporter), member 1; 

MIM: *600839 

SLC17A8 Solute carrier family 17 (sodium-dependent inorganic phosphate cotransporter), 

member 8; MIM: *607557 

SLC26A4 Solute carrier family 26, member 4; MIM: *605646 

SLC26A5 Solute carrier family 26, member 5; MIM: *604943 

SMPX      Small muscle protein, X-linked; MIM: *300226 

SNAI2      Snail family zinc finger 2; MIM: *602150  

SNP       Single nucleotide polymorphism 

SNV       Single nucleotide variant 

SORBS2     Sorbin and SH3 domain containing 2 

SOS1       Son of sevenless homolog 1; MIM: *182530 
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SOX10      SRY-box 10; MIM: *602229 

STRC       Stereocilin; MIM: *606440 

TBC1D24    TBC1 domain family, member 24; MIM: *613577 

TBX1       T-box 1; MIM: *602054 

TECTA     Tectorin alpha; MIM: *602574 

ter         Terminus 

TJP2       Tight-junction protein 2; MIM: *607709 

TLL1       Tolloid-like 1; MIM: *606742 

TMC1      Transmembrane channel-like protein 1; MIM: *606706 

TMIE       Transmembrane inner ear-expressed gene; MIM: *607237 

TMPRSS3    Transmembrane protease, serine 3; MIM: *605511 

TNC       Tenascin; MIM: *187380 

TPRN      Taperin; MIM: *613354 

TRIOBP     TRIO-and F actin binding protein; MIM: *609761 

TSPEAR     Thrombospondin-type laminin G domain and EAR repeats; MIM: *612920 

U         Unsolved group 

UPD       Uniparental disomy 

USH1C     Usher syndrome 1C/Harmonin; MIM: *605242 

USH2A     Usher syndrome 2A; MIM: *608400 

USH3A     Usher syndrome 3A/Clarin 1; MIM: *606397 

WES       Whole exome sequencing 

WFS1      Wolframin; MIM:*606201 

WHO       World Health Organization 

WHRN      Whirlin; MIM: *607928
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10. Database Sources 

Database Full Database Name URL 

1000 Genomes Project - http://www.1000genomes.org/ 

ClinVar - http://www.ncbi.nlm.nih.gov/clinvar/ 

dbSNP - http://www.ncbi.nlm.nih.gov/SNP/ 

DECIPHER Database of Chromosomal 

Imbalance and Phenotype in 

Humans Using Ensembl 

Resources 

http://decipher.sanger.ac.uk/ 

DGV Database of Genomic 

Variants 

http://dgv.tcag.ca/dgv/app/home 

Ensembl - http://www.ensembl.org/index.html 

EVS Exome Variant Server http://evs.gs.washington.edu/EVS/ 

Hereditary Hearing loss 

Homepage 

- http://hereditaryhearingloss.org/ 

HGMD Human Gene Mutation 

Database 

https://portal.biobase-international.com/cgi-

bin/portal/login.cgi 

HomozygosityMapper - http://doro.charite.de/HomozygosityMapper/index.html 

Human Protein Atlas - http://www.proteinatlas.org/ 

GeneCards - http://www.genecards.org/ 

MGI Mouse Genome Informatics http://www.informatics.jax.org/ 

MutationTaster - http://www.mutationtaster.org/ 

OMIM Online Mendelian 

Inheritance in Man 

http://omim.org/ 

PolyPhen-2 Polymorphism Phenotyping 

v2 

http://genetics.bwh.harvard.edu/pph2/ 

PubMed - http://www.ncbi.nlm.nih.gov/pubmed 

SIFT Sorting Tolerant from 

Intolerant 

http://sift.jcvi.org/ 

STRING  http://string-db.org/ 

SwissVar - http://swissvar.expasy.org/ 

UCSC BLAT - http://genome.ucsc.edu/cgi-bin/hgBlat?command=start 

UCSC Genome Browser - http://genome.ucsc.edu/index.html 
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UniGene - http://www.ncbi.nlm.nih.gov/unigene/ 

USHbases  http://www.umd.be/usher.html 

Zfin Zebrafish Information 

Network 

http://zfin.org/ 

 



LIST OF FIGURES 74 

 

 

11. List of Figures 

Figure 1. Classifications of hearing loss .................................................................................... 6 

Figure 2. Anatomy of the ear ................................................................................................... 17 

Figure 3. Example audiograms ................................................................................................ 19 

Figure 4. SNP array interpretation ........................................................................................... 22 

Figure 5. Schematic overview of the study .............................................................................. 24 

Figure 6. Chromosome 4q deletion syndrome classifications ................................................. 29 

Figure 7. SNP probe coverage overview of STRC ................................................................... 36 

Figure 8. Splice prediction outcomes for the GRHL2 c.1258-1G>A mutation ....................... 40 

Figure 9. Human expression profile of GRHL2 ...................................................................... 41 

Figure 10. Splice prediction outcomes for the EYA4 c.1341-19T>A mutation. ...................... 45 

Figure 11. Human expression profile of EYA4 ....................................................................... 46 

Figure 12. Illustration of the 99.9 kb USH2A heterozygous deletion ...................................... 47 

 



LIST OF TABLES 75 

 

 

12. List of Tables 

Table 1. Syndromes commonly associated with hearing loss.................................................... 8 

Table 2. Non-syndromic hearing loss gene list ........................................................................ 11 

Table 3. Summary of gene classes involved in non-syndromic hearing loss .......................... 14 

Table 4. STRC SNP probes ...................................................................................................... 37 

Table 5. Summary of gDNA testing results for the GRHL2 c.1258-1G>A mutation ............. 39 

Table 6. Summary of NGS mutations. ..................................................................................... 44 

Table 7. USH2A NGS depth example. ..................................................................................... 47 

 

 



LIST OF PUBLICATIONS 76 

 

 

13. List of Publications 

Enclosure 1: 

Terminal chromosome 4q deletion syndrome: a case report and mapping of critical intervals for 

associated phenotypes. 

Vona B, Nanda I, Neuner C, Schröder J, Kalscheuer VM, Shehata-Dieler W, Haaf T. 

In review: BMC Medical Genetics 

 

Enclosure 2: 

Disruption of the ATE1 and SLC12A1 genes by balanced translocation in a boy with non-

syndromic hearing loss. 

Vona B, Neuner C, El Hajj N, Schneider E, Farcas R, Beyer V, Zechner U, Keilmann A, Bartsch 

O, Nanda I, Haaf T. 

Mol Syndromol. 2014 Jan;5(1):3-10. doi:10.1159/000355443. 

 

Enclosure 3: 

DFNB16 is a frequent cause of congenital hearing impairment: implementation of STRC 

mutation analysis in routine diagnostics. 

Vona B, Hofrichter MAH, Neuner C, Schröder J, Gehrig A, Hennermann JB, Kraus F, Shehata-

Dieler W, Klopocki E, Nanda I, Haaf T. 

Clin Genet. 2014 in press. doi:10.1111/cge.12332. 

 

Enclosure 4: 

Confirmation of GRHL2 as the gene for the DFNA28 locus. 

Vona B, Nanda I, Neuner C, Müller T, Haaf T. 

Am J Med Genet A. 2013 Aug;161A(8):2060-5. doi:10.1002/ajmg.a.36017. 

 

 

 



LIST OF PUBLICATIONS                                                77 

Enclosure 5:  

Targeted deafness gene next generation sequencing of hearing impaired individuals uncovers 

unformative mutations. 

Vona B, Müller T, Nanda I, Neuner C, Hofrichter MAH, Schröder J, Bartsch O, Läßig A, 

Keilmann A, Schraven S, Kraus F, Shehata-Dieler W, Haaf T. 

Genet Med. 2014 in press.  

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME 78 

 

 

14. List of Presented Publications 

14.1 Attachment 1 

Terminal chromosome 4q deletion syndrome: a case report and mapping of critical intervals 

for associated phenotypes. 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME 79 

 

 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME                              80 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME                              81 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME                              82 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME                              83 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME                              84 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME                              85 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME                              86 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME                              87 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME                              88 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME                              89 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME                              90 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME                              91 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME 92 

 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME 93 

 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME 94 

 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME 95 

 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME 96 

 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME 97 

 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME 98 

 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME 99 

 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME 100 

 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME 101 

 

 



TERMINAL CHROMOSOME 4Q DELETION SYNDROME 102 

 

 

Table S1   Summary of disease-relevant genes in the deletion region with functions, phenotypes and cases 

with agreeable phenotypes 

Gene Name OMIM  Band Function Phenotype HI (%)* Cases 

PDGF Platelet-derived 

growth factor C 

608452 q32.1 Growth factor for 

embryonic fusion of the 

palate shelf [130] 

Cleft lip, cleft palate 32.2 [7], [10] 

TLL1 Tolloid-like 1 606742 q32.3 Important for the 

development of the 

mammalian heart, 

specifically for interatrial 

septum [135] 

Atrial septal defect 16.1 [6], [7], [9] #16 

and #17, [10], [13], 

[15], [16], [17], 

[18], [19], [21], 

DECIPHER 

#276704 

SCRG1 Stimulator of 

chondrogenesis 1 

603163 q34.1 Associated with 

neurodegenerative changes  

Bipolar disorder and 

schizophrenia, of 

possible interest for 

intellectual disability 

- [6], [9] case #13, 

DECIPHER 

#264122, #276704, 

#249192, #254882, 

#267783, and 

#251175 

HAND2 Heart- and neural 

crest derivatives-

expressed 2 

602407 q34.1 Cardiac morphogenesis, 

angiogenesis, formation of 

right ventricle and aortic 

arch arteries; also 

implicated in limb 

development [136,156] 

Congenital heart defect, 

aortic arch artery 

deformities, limb 

developmental defects 

10.7 [6], [7], [9] #16 

and #17, [10], [13], 

[15], [16], [17], 

[18], [19], [21], 

DECIPHER 

#276704 

CASP3 Caspase 3 600636 q35.1 Important for maintaining 

spiral ganglion neurons 

and support of inner and 

outer hair cells [40] 

Hearing loss 2.6 [16], DECIPHER 

#256186, present 

case 

PDLIM3 PDZ and LIM 

domain protein 3 

605889 q35.1 Cytoskeletal assembly via 

assembly of alpha-actin 

complexes, morphogenesis 

of the right ventricular 

chamber [137] 

Right ventricular 

cardiomyopathy 

45.6 [7], [9] #16, [17] 

SORBS2 Sorbin and SH3 

domain 

containing 2 

- q35.1 Subcellular localization in 

epithelial and cardiac 

tissue; though to act in 

cytoskeletal organization 

[138] 

Congenital heart defect, 

cleft palate 

22.2 [6], [9] #17 and 

#20, [13], [15], 

[16], [19], 

DECIPHER 

#276704, present 

case KLKB1 Kallikrein B, 

plasma 1 

229000 q35.2 Blood coagulation 

pathway, regulates blood 

pressure [157] 

Fletcher factor 

deficiency 

23.1 Present case 

F11 Coagulation 

factor XI 

264900 q35.2 Blood coagulation pathway 

[158] 

Factor XI deficiency 96.2 Present case 

FAT1 FAT tumour 

suppressor 1 

600976 q35.2 Developmental cell 

proliferation control, 

highly expressed during 

cardiac and vascular 

remodelling [132,159] 

Implicated in affective 

[133] and autism 

spectrum disorder 

[134]. 

- [20], [22], 

DECIPHER 

#249536 and 

#256186 

*HI = haploinsufficiency index, based on a scale of 0-100%, with a score of 0-10% being likely haploinsufficient and a 

score of 90-100% being unlikely haploinsufficient.  



 

 

 

 

Table S2   Summary of our proband and cases from DECIPHER and the literature with deletions exclusively residing in the 4q31.1qter region 

 

Case Sex Size (Mb) Origin CHD EA HL CP CO SD GD ID ASD BD MH CJF HFA UA WID UGA PRS SE RI 

DECIPHER #253743 f 4.9 de novo +                   

DECIPHER #249541 nd 3.4 nd  +      +    +        

[7] f 40.1* de novo + +  +   +     + +       

DECIPHER #269176 f 6.9 de novo        +   + +       + 

[10] f 27.6* de novo +   +   +     + + +   +   

DECIPHER #264122 f 32.6 de novo        +            

[18] m 21.0* de novo + +  +  +      + +      + 

[9] #13 m 24.9 nd  +  +  + + +    + + +  +   + 

[17] f 25.7 de novo + +     +     + +   +    

DECIPHER #264942 f 10.0 nd       +      +       

DECIPHER #257358 f 5.4 inherited        +    +        

[9] #16 f 24.5 de novo +      +     + +       

[21] m 11.6 de novo + +     +      +       

[19] m 18.9-22.9* de novo + +  +   +   + + + +   +    

[14] f 21.1* de novo    +        + + +   +   

[16] m 21.1* de novo + + + + +  +    + + +  +     

[13] f 21.1* de novo +      +     + +       

[15] m 21.1* de novo + +        +  + +       

DECIPHER #249536 nd nd nd  +  +     +   +   + +    

DECIPHER #276704 f 19.8 de novo + +    + + +    + +       

DECIPHER #249192 f 18.0 nd    +    +      +      

DECIPHER #254882 m 1.8 nd        +    +      +  

DECIPHER #267783 m 1.1 inherited        +  +        +  

DECIPHER #251175 f 1.4 de novo        +    +        
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[6] f 16.4 de novo +      + +  +  + +    +   

[9] #17 f 14.6 nd + +  +   +    + +        

DECIPHER #256186  m 10.0 inherited   +  + +  + +   +        

DECIPHER #249476 nd 8.5 nd        +   + +        

DECIPHER #249458 nd 7.7 nd           + +        

[20] m 6.8 de novo      +   +  +         

Present case m 6.9 de novo +  + + + +              

DECIPHER #248967 f 1.0 inherited    +                

[9], #20, F f 0.5 nd + +  +       + + +      + 

DECIPHER #249655 nd 2.6 nd        +  +  +        

[22] m 2.1 nd +     + + + + +          

DECIPHER #278055 f 0.9 inherited          +          

 

Abbreviations: nd = not disclosed; f = female; m = male; CHD = congenital heart defect; EA = ear abnormalities; HL = hearing loss; CP = cleft palate; CO = cryptorchidism; 

SD = speech delay; GD = general delay; BD = behavioural disorder; MH = muscle hypotonia; CJF = craniofacial, jaw, facial dysmorphism; HFA = hand and/or foot 

abnormalities; UA = ulna absent; WID = wide intermamillary distance; UGA = urogenital abnormalities; PRS = Pierre Robin sequence; SE = seizures or epilepsy; RI = 

recurrent infection. 

 

“+” sign denotes the phenotype is present. 

 

*estimated size based on chromosomal band assignment from FISH, GTG-Banding or BAC aCGH. 
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14.2 Attachment 2 

Disruption of the ATE1 and SLC12A1 genes by balanced translocation in a boy with non-

syndromic hearing loss. 
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Supplementary Table 1. BAC clones used for breakpoint mapping by FISH 

Clone name Chromosomal 

position 

Position (bp) on human 

chromosomes 10 and 15* 

Results of 

FISH mapping 

RP11-498B4 10q25.3 118,348,517-118,544,777 10, der(10) 

RP11-354M20 10q26.11 119,736,145-119,927,813 10, der(10) 

RP11-435O11 10q26.11 120,794,356-120,920,583 10, der(10) 

RP11-781P14 10q26.12 121,775,064-121,857,461 10, der(10) 

RP11-95I16 10q26.12 122,636,390-122,782,544 10, der(10) 

RP11-78A18 10q26.13 123,418,495-123,577,576 10, der(10), der(15) 

RP11-255D5 10q26.13 123,577,577-123,652,558 10, der(15) 

RP11-105F10 10q26.13 123,774,481-123,949,157 10, der(15) 

RP11-162A23 10q26.13 123,809,055-124,988,926 10, der(15) 

RP11-391M7 10q26.13 125,391,503-125,586,310 10, der(15) 

RP11-109A6 10q26.3 131,491,998-131,620,189 10, der(15) 

RP11-90M11 15q15 43,079,476-43,207,353 15, der(15) 

RP11-718O11 15q21.1 46,127,483-46,265,112 15, der(15) 

RP11-501G11 15q21.1 47,182,267-47,353,026 15, der(15) 

RP11-198M11 15q21.1 48,043,348-48,192,722 15, der(15) 

RP11-208K4 15q21.1 48,296,809-48,447,823 15, der(15) 

RP11-605F22 15q21.1 48,447,824-48,562,707 15, der(15) 

RP11-154J22 15q21.1 48,562,708-48,663,776 15, der(10), der(15) 

RP11-348A14 15q21.1 48,663,777-48,754,765 15, der(10) 

RP11-227D13 15q21.1 48,935,522-49,049,783 15, der(10) 

RP11-485O10 15q21.1 49,051,622-49,223,905 15, der(10) 

RP11-96N2 15q21.2 50,233,525-50,390,039 15, der(10) 

RP11-562A8 15q21.2 50,656,494-50,843,844 15, der(10) 

RP11-547D13 15q21.3 55,421,271-55,542,614 15, der(10) 

*according to Ensembl release 67. 
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Supplementary Table 2. Long-range PCR BAC fragments for FISH mapping 

BAC name Ampli- 

con no. 

Forward primer sequence  

(5’-3’) 

Reverse primer sequence  

(5’-3’) 

Position (bp) on human 

chromosomes 10 and 15* 

RP11-78A18 1 CCAATACCTTCCCATGTTTTGGG GGGAAAACTATCAGCTACAGGG chr.10: 123,540,595-123,549,965 

RP11-78A18 2 GAACGAAACCAAGGCTTGGAG CCCCTGTCAGAAAAGGAAAACC chr.10: 123,530,464-123,541,252 

RP11-78A18 3 GGTGCTCTAATCTCTGAAGAGG GTGTGTAACTTCAGTTACCTCAGC chr.10: 123,521,167-123,530,569 

RP11-78A18 4 CTAGCCAGAAAGAACTCCAGG CCTCTTCAGAGATTAGAGCACC chr.10: 123,512,973-123,521,188 

RP11-78A18 5 GCACAACACAGGAACTTCCC GGCCAGTATTTACAGATCCTACC chr.10: 123,503,159-123,513,152 

RP11-78A18 6 GACAGACTGGTATTTTCCTAGG CTGCATTATGACCTAGCCCCC chr.10: 123,492,813-123,502,999 

RP11-78A18 7 AGGTGCATGCAACATCTTGCC GCAGAAGAGTGGTAAACGTGAGG chr.10: 123,483,792-123,492,883 

RP11-78A18 8 CCTACCCACAAGACATTGTACC CAGTAAGGAGGGATAGCTTGC chr.10: 123,480,111-123,483,662 

RP11-154J22 1 AGCGGCAATGTTAGCTATGCC CCTCAACCTGAAGTTATGACGG chr.15: 48,563,475-48,572,671 

RP11-154J22 2a CCTTGAGGAGAAAGCCTTAGC CAAAGGAAGAAACCAAGCCAGG chr.15: 48,552,854-48,563,078 

RP11-154J22 2b GAAAAATGAGGTCCAGACACTGG CAAAGGAAGAAACCAAGCCAGG chr.15: 48,554,330-48,563,078 

*according to Ensembl release 67. 
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Supplementary Table 3. Sequencing primers for ATE1 and SLC12A1 mutation analysis 

Primer name Sequence (5’–3’) Product size (bp) 

ATE1 Exon 1 F TGCATTGTGGGGTGGCGG 312 
ATE1 Exon 1 R AGAGTGCCCCCTCCGTCT 

ATE1 Exon 2 F CTCCTGACCTTGTGATTTGC 311 

ATE1 Exon 2 R TTTTCTTAAACCTCTTTCCAACAG 

ATE1 Exon 3 F TGTGCTAGGCTGTTTTGGTG 220 

ATE1 Exon 3 R GACATCTACCTAGAGCGGAAATAAAC 

ATE1 Exon 4 F GGGCTGGGATTAGAGGCTAC 321 

ATE1 Exon 4 R TTAATGACCCTTCCCCTTCC 

ATE1 Exon 5 F TGGAGGATGAGAATGGATTTG 447 

ATE1 Exon 5 R TTTTGGCTGATGGAAAGACC 

ATE1 Exon 6 F GCCTAACCATTGAAACTCTTTG 473 

ATE1 Exon 6 R CAAATGTTACTTCTTCCCAGTTC 

ATE1 Exon 7 F AATTCGAGTTCGAGCTTTGG 418 

ATE1 Exon 7 R AGAACGCATCCTGAATTTGC 

ATE1 Exon 8 F TCTCTGGATGAATTTTATGGACAC 277 

ATE1 Exon 8 R CCACCAAAATGAGCACTCC 

ATE1 Exon 9 F GCTGTTTGTGCCTCTGCTTT 314 

ATE1 Exon 9 R GCAACAAATCATTATAATACACTGTCA 

ATE1 Exon 10 F CAAATGTTTACCATCAAATTACACAG 271 

ATE1 Exon 10 R AACCCATTCGTCCTTCCTTC 

ATE1 Exon 11 F GAGCCTTGAGTCAAACGTGC 370 

ATE1 Exon 11 R TAAGAGCCACAGCCACACAC 

ATE1 Exon 12 F GTGGATGTTGCAGTGAGGTG 399 

ATE1 Exon 12 R TGACAGTTATTTCCCCACAGG 

SLC12A1 Exon 1+2 F AACAACCACAAAGTAGATAGCTCAGT 499 

SLC12A1 Exon 1+2 R AAGGGAGGAGACTTGCTTGTG 

SLC12A1 Exon 3+4 F TGGAACCCTTTGTTCATTGAC 449 

SLC12A1 Exon 3+4 R GCAAAATTATTTAGGAGGGGAAA 

SLC12A1 Exon 5 F GGGAGGTGGATCTTTCTGTG   290 

SLC12A1 Exon 5 R AGCAATATGTTACTTTCACTTCCAAT 

SLC12A1 Exon 6 F AACACAGGATTCCTAAAATTACTGG 359 

SLC12A1 Exon 6 R CCCTTAGTGCCCTGAGAAGG 

SLC12A1 Exon 7 F GCTGCAATAAGACTCACATGC  217 

SLC12A1 Exon 7 R CCTGACCAGCCACTGTTGAT 

SLC12A1 Exon 8 F TCTGATTTGGTTTCCTTTTACCTT 199 

SLC12A1 Exon 8 R GAGGAGGGCAATGGAGAAGT 

SLC12A1 Exon 9 F GGACTAGGGAAGCCAATGGT  241 

SLC12A1 Exon 9 R AGGACTGCAAAGCAGAGCAA 

SLC12A1 Exon 10 F TGCTCTGTATTCTTCTACCTCCA 179 

SLC12A1 Exon 10 R GAACAACTGGACCCCTCGTA 

SLC12A1 Exon 11 F GAAAACCGTAAGGGACCAGA 250 

SLC12A1 Exon 11 R AATAGCAGTGAACATTTTTGAATTT 

SLC12A1 Exon 12 F TGTAGTTGAAAGCCGTTTGC 277 

SLC12A1 Exon 12 R AAATGATTGCCAGTGAGAACG 

SLC12A1 Exon 13 F TGACTGTGCATAGCTATAAATGACAA 249 

SLC12A1 Exon 13 R CAAACTAAAAGGAAAGCCCTATGA 

SLC12A1 Exon 14 F CCCCTGGTCTCATCACTCAT  187 

SLC12A1 Exon 14 R TGCTTAGGCATATTTTAGTTTGGA 

SLC12A1 Exon 15 F TGGAAGTTTTCCTTCTGCAT 221 
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SLC12A1 Exon 15 R TGGAAACGCTATTCCAGACA 

SLC12A1 Exon 16 F TGCCAATTTCCTCCTTTATCC  155 

SLC12A1 Exon 16 R AACACCAGGATGCCTGAGAC 

SLC12A1 Exon 17 F CCACTGGAATGGTTCTAAGGTT 249 

SLC12A1 Exon 17 R CCTCACCCAAAATAATCCAAGA 

SLC12A1 Exon 18 F GGCATTGCTGGCTATTTTTG 284 

SLC12A1 Exon 18 R TGGAGCACTAATTGTCTTTTGC 

SLC12A1 Exon 19 F CCCAGTACGGTAAGGATTGC 176 

SLC12A1 Exon 19 R CACGTCTTGAAAGCCATCAC 

SLC12A1 Exon 20 F TCAAAATCCTAGAAGCAAGTGTAA 243 

SLC12A1 Exon 20 R CCATAACAATGTCAGGCACAA 

SLC12A1 Exon 21 F TGAGTTAAGTAGGTGATTTTGTCTTC 249 

SLC12A1 Exon 21 R CGGACTCTTCATAGATGCTCAA 

SLC12A1 Exon 22+23 F GCCCTCAAAAGCAAACAGAT 528 

SLC12A1 Exon 22+23 R GACCTAACATGTGAGTGGCAAA 

SLC12A1 Exon 24 F TCAAACACCAACCAAAAAGC 383 

SLC12A1 Exon 24 R CCATGTCATGCTTATTTGAAGG 

SLC12A1 Exon 25 F GCCAGTCACACCTGGAGTATC 277 

SLC12A1 Exon 25 R TCAACTACTGTTTCCTTTCTCAGC 

SLC12A1 Exon 26 F TGGTAGAACTGTACTCAACAAATCTGA 195 

SLC12A1 Exon 26 R CCTGAAGAGTCCCAAGCTTTT 

SLC12A1 Exon 27 F CACTTTCATTTTTAAATTTTTCCTTCA 272 

SLC12A1 Exon 27 R GGTTTGCATATCCATAGATCAGA 
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Supplementary Table 4. Genes flanking ATE1 and SLC12A1 and showing 

expression in the ear 

Chromosome Gene symbol Gene name Expression in ear* 

(transcripts per million) 

10 BRWD2 Bromodomain and WD 

repeat domain containing 2 

62 

10 FGFR2 Fibroblast growth factor 

receptor 2 

621 

10 HTRA1 HtrA serine peptidase 1 

precursor 

186 

15 SEMA6D Semaphorin 6D isoform 1 

precursor 

248 

15 MYEF2 Myelin expression factor 2 62 

15 DUT Deoxyuridine 

triphosphatase 

186 

15 FBN1 Fibrillin 1 precursor 124 

15 SHC4 Rai-like protein 62 

15 EID1 CREBBP/EP300 inhibitor 1 124 

15 SECISBP2L SECIS binding protein 2-

like 

62 

*gathered from the Homo sapiens UniGene database. 
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14.3 Attachment 3 

DFNB16 is a frequent cause of congenital hearing impairment: implementation of STRC 

mutation analysis in routine diagnostics. 
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Supplementary Table S1.   Primers for STRC long-range PCR, nested PCR, and Sanger 

sequencing 

 

 

 

 

Primer name Forward Sequence (5’-3’)
a
 Reverse Sequence (5’-3’)

a
 Size (bp) Purpose 

Exon 1-19 TTCACCTAGGCCACAGAGAAA AATTTGACAACAACAGGATTCAG 14,036 long-range PCR 

Exon 12-29 CTGAGTCACTGAGGATGGTTACTA CAGCTGATGACTCAAGATTCCC 12,365 long-range PCR 

Intron 18 CCTCTGATTTCGGGTAAAAGG GAAATTCGAGACCACCCTGA 267 PCR, sequencing 

(long-range control) 

Exon 1 GTGTCAGTGGAGCCTCAGGT ATCCCCAGTTCTGCTCACTG 131 PCR, sequencing 

Exon 1_Seq
b 

 AGGGGCCAGAGGCTGAGA  sequencing 

Exon 2_1 GATCCAGGTAGGGAACTGTG
c 

ACACAGTCAGACGGCCC
c 

535 PCR, sequencing 

Exon 2_2 GCTGGGAGCCTTAGCTCCTG CCCTCAGAACTGGTCTCCTG 560 PCR, sequencing 

Exon 3 CTGGGACTGGGATGTGG
c 

TGCTCAAGGTCATATGGCTAG
c 

277 PCR, sequencing 

Exon 4_1 TCAGGGTCAGAATCTTCAGC
c 

AGCAGGCCAGCACAGAG
c 

543 PCR, sequencing 

Exon 4_2 CACGACCAGTTTCCTGATG
c 

GGATGGTCCCAGTGGTG
c 

525 PCR, sequencing 

Exon 4_3 CAGGCCAATGCAGGATAAGT TTCTAGGAGCTTTCCCTCTGG 503 PCR, sequencing 

Exon 4_4 CACGCCTACACTATCTCCTC TCTAGAGCTGTGTGCTTCAA 396 PCR, sequencing 

Exons 5-6 GACAAGCATCCCAGCAAG
c 

CCTCCTCCCACTAAAGCAAG
c 

450 PCR, sequencing 

Exon7 TGGAGCCTAGTGTTCAGAGG
c 

GCACATTGCCTATCTGGC
c 

398 PCR, sequencing 

Exons 8-9 GACAGCAGGGCTACAGAGG
c 

TCTTCCTAGAACACCGACCC
c 

610 PCR, sequencing 

Exon 10 TGTACCCATACCATCTGCTG
c 

CAAGTTGACACAATGGGAAAG
c 

295 PCR, sequencing 

Exon 11 GGGAAATTCAGATGTGGGATTA ATTCTCTTGACTGGGGCTCA 329 PCR, sequencing 

Exons 12-13 GCCTTAGGAACCCACTTAGG
c 

AAGATGCCTTCCTCCCAAC
c 

532 PCR, sequencing 

Exon 14 AGGGAAGGCCTTTCATACC
c 

AGGGTAGTGTGGGAGGTAGC
c 

232 PCR 

Exon 14_Seq
b 

CACAACCAATTCTCATGCAG   sequencing 

Exon 15 TTTGGTCCCTTTCCACC
c 

AGGGCTAAGGGATAGGTAAAG
c 

296 PCR, sequencing 

Exon 16 TCGAGAGAAGAGTGGGCAT GTCCTTTGGCTCTAGTCAGG 422 PCR 

Exon 16_Seq
b 

TTGGACAGTGTCTCTTCTGG   sequencing 

Exons 17-18 TTACGGTGGATGAACATCTG
c 

AAACTACCTCCTCCAGGGC
c 

537 PCR, sequencing 

Exon 19 GCTGCGGACTGTGGGGTTT
c 

CTTCCTTAAGCAATGAGCCCAG
c 

498 PCR, sequencing 

Exon 20 TCTGGGCTCATTGCTTAAGG ACACAGGGCTCCAGGGGA 470 PCR, sequencing 

Exon 21 TCCATATTCTTAAGGTCCCC
 

CCTGTCTCTGTTTTGCAGTC 342 PCR, sequencing 

Exon 22 GGAGACTGCAAAACAGAGAC
c 

AACTCCCAGAACTACAGAATTC
c 

429 PCR, sequencing 

Exon 23 CAGTGCTACCATTAAATCTCTGAAT GGTAACCACTGCTTTCGTC
c 

628 PCR, sequencing 

Exon 24 GAGGAAACTAAAGAAAAGGCAAA AATTCCTTGGGCTTTAGATGAT 372 PCR, sequencing 

Exon 25 CCTTCTTTCTATCTTTTGTTG CTTCCTCCATGGGACCAGAC 511 PCR, sequencing 

Exon 26 GAAAGAAGGATCATGAAGGTCTG TAAACACCCTCAGGCCCC
c 

391 PCR, sequencing 

Exons 27-28 CTTTGGGAGTAGTTAGAGAAGGTC
c 

TCTAAGAGCCAGACAGCACC
c 

503 PCR, sequencing 

Exon 29 ACAGGCAGAGCGCTAATTTC
c 

TCAGGATGCACTTCTGTTTG
c 

254 PCR, sequencing 
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a
All primers are tagged with universal M13 sequences with the exception of exon 16 forward 

primer. 

b
Primers designed specifically for sequencing due to nucleotide repeats in the targeted region. 

c
Primers originating from Francey et al., 2012 (reference 9). 
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Supplementary Table S2.   PCR cycling information 

 

Long-range PCR for exons 1-19 

Step Temperature Time Cycle repeats 

1 93°C  hold  

2 93°C 3 min  

3 93°C 15 sec  

4 62°C 30 sec  

5 68°C 17 min go to step 3, 37x 

6 68°C 5 min  

7 4°C hold  

Long-range PCR for exons 12-29 

1 93°C  hold  

2 93°C 3 min  

3 93°C 15 sec  

4 64°C 30 sec  

5 68°C 17 min go to step 3, 37x 

6 68°C 5 min  

7 4°C hold  

Nested PCR 

1 94°C  hold  

2 94°C 2 min  

3 94°C 30 sec  

4 70°C 30 sec  

5 72°C 30 sec go to step 3, 2x 

6 94°C 30 sec  

7 67°C 30 sec  

8 72°C 30 sec go to step 6, 2x 

9 94°C 30 sec  

10 65°C 30 sec  

11 72°C 30 sec go to step 9, 33x 

12 72°C 5 min  

13 4°C hold  
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  Supplementary Table S3.   Patients with STRC deletions or copy neutral LOH 

 

Patient no. Coordinates on chr. 15
 
(bp)

a
 Size

b
 Chromosomal change Technique 

1 43,888,976-43,919,081 30.1 kb homozygous deletion Illumina Omni1-Quad 

2 43,888,976-43,919,081 30.1 kb homozygous deletion Illumina Omni1-Quad 

95 43,888,727-43,933,874 45.1 kb homozygous deletion Agilent 4x180K 

3 43,888,976-43,933,724 44.7 kb heterozygous deletion Illumina Omni1-Quad 

4 43,888,976-43,933,895 44.9 kb heterozygous deletion Illumina Omni1-Quad 

5 43,888,976-43,933,895 44.9 kb heterozygous deletion Illumina Omni1-Quad 

6 43,852,043-43,933,724 81.7 kb heterozygous deletion Illumina Omni1-Quad 

7 43,852,043-43,933,724 81.7 kb heterozygous deletion Illumina Omni1-Quad 

94 43,896,021-43,896,449 429 bp heterozygous deletion qPCR 

8 42,913,470-44,046,092 1.1 Mb copy neutral LOH Illumina Omni1-Quad 

9 42,679,480-43,923,019 1.2 Mb copy neutral LOH Illumina Omni1-Quad 

10 42,977,116-45,001,901 2.0 Mb copy neutral LOH Illumina Omni1-Quad 

11 42,615,492-44,120,559 1.5 Mb copy neutral LOH Illumina Omni1-Quad 

12 42,439,376-44,509,500 2.1 Mb copy neutral LOH Illumina Omni1-Quad 

13 42,615,492-43,923,018 1.3 Mb copy neutral LOH Illumina Omni1-Quad 

14 42,550,353-43,972,109 1.4 Mb copy neutral LOH Illumina Omni1-Quad 

15 43,831,923-45,001,900 1.2 Mb copy neutral LOH Illumina Omni1-Quad 

16 42,913,470-43,923,018 1.0 Mb copy neutral LOH Illumina Omni1-Quad 

17 42,948,647-44,046,092 1.1 Mb copy neutral LOH Illumina Omni1-Quad 

 

a
Coordinates listed using the Ensembl hg 19 genome assembly. 

b
Minimum size of the deleted region. 
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Table S4.   STRC sequence changes with in silico predictions 

 

Patient number Sequence change Exon PolyPhen-2 prediction
a
 SIFT prediction

b
 

3 c.2726A>T, p.H909L 9 probably damaging (0.99) deleterious (0.00) 

4 c.4918C>T, L1640F 26 probably damaging (0.95) deleterious (0.00) 

6 c.4402C>T, p.R1468X 23 stop codon
c
 stop codon

c 

16 c.5180A>G, p.E1727G 28 probably damaging (1.00) deleterious (0.02) 

24 c.2303_2313+1del12, p.G768Vfs*77 6 stop codon
c
 stop codon

c
 

24 c.5125A>G, p.T1709A 28 probably damaging (0.99) deleterious (0.00) 

25 c.2640G>T, p.E880D 8 possibly damaging (0.95) deleterious (0.00) 

5, 22, 23, 25, 26 c.3893A>G, p.H1298R 19 benign (0.00) deleterious (0.00) 

 

a
PolyPhen-2 operates on a scale from 0 to 1.0, with 1.0 having the highest probability of being a 

damaging substitution.  

b
SIFT values <0.05 predict substitutions that are deleterious, whereas values >0.05 predict 

tolerated substitutions. 

c
Programs do not predict the damaging nature of stop codons. 



 

 

 

 

Supplementary Table S5.   Summary of patients with biallelic STRC mutations (DFNB16) listed in publications to date 

 

Reference No. of patients Age of onset Allele 1 Allele 2 Phenotype 

16 n = 4♂ 

(family D_SM) 

prelingual STRC gene deletion STRC gene deletion SNHL, DIS (MIM: 611102) 

16 n = 1♂, 2♀ 

(family L709) 

prelingual STRC gene deletion STRC gene deletion SNHL 

16 n = 2♂, 1♀ 

(family L1014) 

prelingual STRC gene deletion STRC gene deletion SNHL, DIS 

15 n = 3♂ 

(one family) 

before infancy STRC gene deletion STRC gene deletion moderate SNHL, DIS, CDAI 

(MIM: 224120) 

10 n = 1♂ before 10 years STRC gene deletion STRC gene deletion moderate SNHL, mental 

retardation, facial anomalies, 

brachydactyly 

8 n = 1♀ 1 year STRC gene deletion STRC gene deletion mild to moderate SNHL, 

macrocephaly 

9 n = 4  pediatric
a
 STRC gene deletion STRC gene deletion SNHL 

This study n = 1♂, 1♀ ♂: 2 years,  

♀: childhood 

STRC gene deletion STRC gene deletion SNHL 

This study n = 1♂ ♂: newborn STRC gene deletion STRC gene deletion SNHL, facial anomalies, atrial 

spetal defect, 

hydroxylysinuria/lysinemia, 

recurrent infections 
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9 n = 2
 

pediatric
a
 STRC gene deletion c.3795-?_5125+?del (exons 19-28) SNHL 

9 n = 1 pediatric
a
 STRC gene deletion c.4171C>G, p.R1391G mild to moderate SNHL 

9 n = 1  pediatric
a
 STRC gene deletion c.2667G>C, p.Q889H SNHL 

9 n = 1 pediatric
a
 STRC gene deletion c.1873C>T, p.R625C

b
 SNHL 

This study n = 1♂ 5 years STRC gene deletion c.2726A>T, p.H909L mild to moderate SNHL, bipartite 

uvula 

This study n = 1♂ 3 years STRC gene deletion c.4918C>T, p.L1640F
 

mild to moderate SNHL 

This study n = 1♂ newborn STRC gene deletion c.4402C>T, p.R1468X
 mild to moderate SNHL, 

hypothyroidism 

9 n = 3
 

pediatric c.3540-?_5125+?del (exons 16-28) c.3540-?_5125+?del (exons 16-28) SNHL 

9 n = 1 pediatric c.3540-?_5125+?del (exons 16-28) c.1021C>T, p.R341C
b 

SNHL 

9 n = 1 pediatric c.3540-?_5125+?del (exons 16-28) c.326T>A, p.M109K
b 

SNHL 

9 n = 1 pediatric c.4171C>G, p.R1391G c.4171C>G, p.R1391G mild to moderate SNHL 

9 n = 1 pediatric c.3436G>A, p.D1146N
b 

c.4433C>T, p.T1478I) severe to profound SNHL 

9 n = 1 pediatric c.2303_2313+1del
b 

c.2303_2313+1del
b
 severe to profound SNHL 

This study n = 1♀ 6 years c.2303_2313+1del12, p.G768Vfs*77 c.5125A>G, p.T1709A moderate SNHL 

 

CDAI, congenital dyserythropoietic anemia type I;  DIS, sensorineural deafness and male infertility syndrome;  SNHL, sensorineural hearing loss. 
a
The age of the studied pediatric patients ranged from newborn to 18 years with an average of 3-4 years at the time of enrollment. 

b
Variant not confirmed as STRC copy specific.
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14.4 Attachment 4 

Confirmation of GRHL2 as the gene for the DFNA28 locus. 
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14.5 Attachment 5 

Targeted deafness gene next generation sequencing of hearing impaired individuals uncovers 

unformative mutations. 
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You have brains in your head. 

You have feet in your shoes. 

 You can steer yourself in any direction you choose. 

 You’re on your own. 

 And you know what you know. 

 You are the guy who’ll decide where to go. 

--Dr. Seuss 

 

 

 

 

 

 

 




