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3 Summary

In humans, hereditary hearing loss (HL) is a frequently occurring disorder with genetic
heterogeneity. The incidence of sensorineural HL is 1 to 2 per 1000 at birth, and it is estimated
that this disorder can be linked to as many as 1000 different genes. The main aim of this thesis
IS to identify novel genes and clarify clinical heterogeneity related to HL. The cohort for the thesis
was mainly collected from Iran, with some families also from Germany. Using exome sequencing,
genome sequencing, and functional in vitro tests, including splicing assays for a variety of genes,
we detected and established diagnoses in about 74% of our patients. Interestingly, | was involved
in the identification of a novel gene: CLRNZ2, which causes non-syndromic sensorineural HL. This
thesis also confirmed gene-disease evidence for two genes, COL11A1 and COL9A3, causing
non-syndromic HL and Stickler syndrome type 6, respectively. In another part of this thesis, the
phenotype related to MPDZ was expanded and its role was consolidated in human HL.
Additionally, | contributed to functional validation of selected variants identified in PIGS and IPO8
that are associated with variable syndromic HL. Furthermore, | was also involved in a project that
established that KARS1 causes syndromic HL with variable phenotypes, but HL is the main
phenotype in all patients. In summary, the results of this thesis added several genes to molecular
genetic diagnostic panels, as well as the literature and are highly recommended for re-analysis
in unsolved cases with HL.



4 Zusammenfassung
Beim Menschen ist erblicher Horverlust (HL) eine héaufig auftretende Erkrankung mit genetischer
Heterogenitat. Die Inzidenz von sensorineurales HL liegt bei 1 bis 2 pro 1.000 Personen bei der
Geburt, und es wird geschatzt, dass diese Stérung mit bis zu 1.000 verschiedenen Genen in
Verbindung gebracht werden kann. Das Hauptziel dieser Arbeit besteht darin, neue Gene zu
identifizieren und die klinische Heterogenitat im Zusammenhang mit HL zu klaren. Die Kohorte
fur die Arbeit wurde hauptsachlich aus dem Iran zusammengestellt, einige Familien kamen auch
aus Deutschland. Mithilfe von Exomsequenzierung, Genomsequenzierung und funktionellen In-
vitro-Tests, einschliel3lich Splicing-Assays fur eine Vielzahl von Genen, konnten wir bei etwa 74
Prozent unserer Patienten Diagnosen erkennen und stellen. Interessanterweise war ich an der
Identifizierung eines neuen Gens beteiligt: CLRN2, das nicht-syndromalen sensorineuralen HL
verursacht. Diese Arbeit bestatigte auch den Nachweis einer Generkrankung fir zwei Gene,
COL11A1 und COL9A3, die nicht-syndromales HL bzw. Stickler-Syndrom Typ 6 verursachen. In
einem anderen Teil dieser Arbeit wird der Phanotyp im Zusammenhang mit MPDZ erweitert und
seine Rolle bei menschlichem HL gefestigt. Dartber hinaus habe ich zur funktionellen
Validierung ausgewahlter Varianten beigetragen, die in PIGS und IPO8 identifiziert wurden und
mit variablem syndromalem HL assoziiert sind. Dartber hinaus war ich auch an einem Projekt
beteiligt, das feststellte, dass KARS1 syndromales HL mit variablen Phénotypen verursacht,
wobei HL bei allen Patienten der Hauptphanotyp ist. Zusammenfassend lasst sich sagen, dass
die Ergebnisse dieser Arbeit mehrere Gene in molekulargenetische Diagnostik-Panels sowie in
die Literatur eingebracht haben und fur eine erneute Analyse in ungelésten Féllen mit HL

dringend empfohlen werden.
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6 Introduction

6.1 The global burden of HL

HL is a significant global health issue that affects millions of people worldwide (1). In 2019, it was
estimated to affect 1.57 billion people (2), or roughly 20.3% of the global population. Of these,
1.17 billion (1.12 #1.22) people had mild HL (74.3% [71.8 #6.8]) and 12.65 million (10.34 $15.48)
individuals had complete HL (2). Projections for 2050 estimate at least 700 million people will
have moderate to complete HL (3). The burden of HL is not limited to the individuals experiencing
it; it also has far-reaching consequences for their families, communities, and society as a whole
(2). HL can lead to communication difficulties, social isolation, reduced educational, employment
opportunities, and decreased quality of life (4). The causes of HL are diverse and can be
attributed to various factors. These include genetic predisposition, complications during
pregnancy or childbirth, certain infectious diseases such as meningitis or measles, chronic ear
infections, exposure to excessive noise levels (both occupational and recreational), and the use
of certain medications (5).

The impact of HL on different populations varies across regions and income levels. Low- and
middle-income countries tend to have higher rates of HL due to limited access to healthcare
services for prevention, early detection, and treatment. Additionally, these countries often lack
resources for rehabilitation services such as hearing aids or cochlear (the inner ear's sensory
organ responsible for hearing) implants. The burden of HL extends beyond health implications;
it also carries significant economic costs. The World Health Organization estimates that
unaddressed HL results in an annual global cost of around $750 billion due to lost productivity
and healthcare expenditures (6).

6.2 Etiologies of HL

HL can be caused by a variety of factors, ranging from genetic conditions to environmental
exposures. Understanding the etiologies of HL is crucial for diagnosis, treatment, and prevention.
The genetic contribution is about 50% of cases with HL, including both non-syndromic and
syndromic forms and the rest is likely caused by environmental contributors, shown in Figure 1
(7). Some of the environmental factors that can cause HL include congenital infections (8),
ototoxic medications (9), noise exposure (10, 11), age-related changes (12), trauma (13),

autoimmune disorders (14), and tumours (15).
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6.3 Audiometric and clinical aspects of HL

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

6.3.1 Classifications of HL

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

Conductive HL is due to abnormalities of the external ear or/and middle ear that prevent the
transfer of sounds from the outer to inner ear, making it difficult to hear soft sounds while louder
sounds may be muffled. Depending on the severity and the root cause, it can be treated partially
or fully by surgical intervention or pharmaceuticals (16). Sensorineural HL is due to defects in the
hair cells in the inner ear, the vestibulocochlear nerve or in the central nervous system (17). This
type accounts for about 90% of reported HL (18). Mixed HL is a combination of two above types.
Central auditory dysfunction or central auditory processing disorder is a rare and poorly
understood type of HL which impacts the central auditory nervous system. Patients with this type
have normal outer, middle and inner ear anatomy with maintained function; however, they have
problems in the neural processing of the auditory stimuli (19). This disease is primarily a condition
that affects children and is highly prevalent in patients with learning difficulties like dyslexia,
attention deficit disorder, and autism spectrum disorder (20). It can affect adults at different ages

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

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

and presbycusis.



Congenital HL presents at birth and should be diagnosed by three months of age (22). Prelingual
HL occurs before the completion of speech and language development (23). If HL occurs later in
life, it is referred to as postlingual. Postlingual HL starts after speech and language development
(24). Adult-onset HL is highly prevalent and can have gradual or sudden onset. Presbycusis, or
age-related HL, typically occurs after middle age. This type is a progressive and irreversible
bilateral sensorineural HL, and it results from degeneration of the cochlea or other structures in
inner ear and auditory system. Presbycusis impacts a quarter of the world population and is
increasing in prevalence due to the growing number of people exposed to noise in industrial
regions of the world (25).

6.3.3 Severity of HL

The severity of HL can be measured in two ways: how loud the sound needs to be for hearing
and which frequencies are harder for a person to hear (26).

The loudness of sound is measured in decibels (dB). To understand in simple examples, the
following are common sounds with their corresponding approximate dB: Breathing: 10 dB; normal
speaking volume with someone: 40-60 dB; lawnmower: 90 dB; rock concert: 120 dB; and
gunshot: 140 dB. Prolonged exposure to sounds higher than 85 dB can damage hearing.

The second way to characterize hearing is through involved frequencies that are measured in
Hertz (Hz). The most important frequency range for conversation is 250 Hz to 8000 Hz; therefore,
this range is used for hearing measurements as well. The frequency level can be shown in three
different categories including low: less than 500 Hz, medium: between 500 to 2000 Hz and high:
more than 2000 Hz. Based on Table 2, the degree of HL can be categorized in six main types
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6.4 Assessment of the auditory system

The method of assessment of hearing depends on the individual's age and neurologic status (i.e.,
ability to respond to queries from the audiologist).

6.4.1 Audiometry

Several types of audiometry are used in clinical practice. The selection of the type that is used is
based on the individual's age or ability to respond to queries from the audiologist. Visual response
audiometry is appropriate for children less than 2.5 years. Conditioned play audiometry is
effective for children between 2.5-5 years. In conventional audiometry (known as pure-tone
audiometry), the suggested age is more than 5 years (27).

The gold standard of hearing measurement is the pure-tone audiogram. The audiogram
illustrates the minimum levels (in dB hearing level, as per ANSI S3.6-1996) at which a listener
can detect pure-tone signals. These signals are measured at octave intervals within a frequency
range of 250-8000 Hz for both ears. This range includes the entire spectrum of speech sounds.
As a result, the mean of the pure-tone detection thresholds aligns with the average threshold for
speech (28).

6.4.1.1 Configuration or shape of audio profile

The pattern of HL across frequencies is crucial in determining the underlying causes of hearing
impairment and guiding treatment options, such as hearing aids or cochlear implants.
$XGLRORJLVWY XVH DXGLRJUDPV ZKLFK JUDSKLthieshdds ai HS U F
various frequencies, to diagnose and classify the pattern and the degree of HL accurately. If the
audiogram is drawn in colours, red is for thresholds detected by the right ear, and blue shows
thresholds detected by the left ear (29).

The following are also the explanation of common patterns of audiogram (30):



A person with normal hearing has no significant HL across the entire frequency range, typically
from 125 Hz to 8,000 Hz. Their hearing threshold levels are within the normal range for their age
group. The first pattern of HL is pantonal, or flat, HL shown as a flat audiogram with a uniform
degree of HL across all frequencies. It means that the hearing thresholds are similar for low, mid,
and high frequencies. Flat HL is often not varying more than 20 dB among the frequencies. The
second pattern is sloping HL, where the degree of HL increases as the frequency gets higher.
For example, a person might have relatively mild HL in the lower frequencies (bass sounds) but
a more significant loss in the higher frequencies (treble sounds). This pattern is common in age-
related HL (presbycusis). The third pattern is U-shaped (Cookie-Bite) HL, and it resembles a U
shape on the audiogram. It indicates that a person has better hearing in the low and high
frequencies but a dip in the mid-frequency range. U-shaped HL can be associated with genetic
factors or specific medical conditions. The fourth pattern is rising HL where the degree of HL is
better in the high frequencies and worse in the low frequencies. It can be caused by genetic
factors or specific medical conditions like enlarged vestibular aqueduct syndrome (EVAS).

In Figure 2, four different categories are demonstrated with degree of severity of the audiograms
for hearing impairment. In this figure, the Y-D[LV UHSUHVHQWYVY WKH p+HDULQJ 7
(dB) and measures the minimum sound intensity needed for a specific sound frequency to be
heard. Lower dB values represent softer sounds, while higher dB values represent louder sounds.
The X-axis shows the frequencies (measured in Hertz, Hz), andit PHDQV WKDW D SHUVR
to hear can differ for low-pitched (low-frequency) and high-pitched (high-frequency) sounds. The
ted circle " means unmasked air conduction thresholds in the right ear and blue X means

unmasked air conduction in the left ear.
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6.4.2 Objective measures

Objective measures do not require participation of the individual and are typically used in young
children or individuals who are unable to participate in other types of audiometric testing requiring
active responses. Below are two methods used in clinical practice:

6.4.2.1 Auditory brainstem response (ABR)

Also called Brainstem Auditory Evoked Response (BAER) or Brainstem Evoked Response
Audiometry (BERA), this diagnostic test is used to evaluate the auditory pathway's functionality,
from the inner ear (cochlea) to the brainstem. The primary purpose of the ABR test is to assess
a person's hearing, especially in cases where traditional behavioral audiometry (pure-tone
audiometry) may not be feasible or reliable. It is often used for newborn hearing screening,
assessing hearing in infants and young children, and diagnosing auditory disorders (31).

6.4.2.2 Otoacoustic Emissions (OAE)
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OAE testing is a non-invasive diagnostic test used to assess the functionality of the cochlea
(specifically the function of the hair cells). OAE testing measures the emission of sound waves
generated by the cochlea in response to auditory stimuli (32).

6.4.3 Conduction tests

Conduction tests are used to distinguish between middle ear dysfunction (conductive HL) and
inner ear dysfunction (sensorineural HL) by comparing sound conduction through air and bone.
Air conduction tests measure responses to auditory stimuli presented through the external
auditory canal, while bone conduction tests measure responses transmitted through the temporal
bone (27).

6.4.4 Tympanometry

Tympanometry is a routine audiometric evaluation that assesses the function of the tympanic
membrane and middle ear, aiming to differentiate conductive HL from sensorineural HL (27).
6.4.5 Vestibular function

Vestibular assessment evaluates the peripheral vestibular system's integrity. This testing
assesses the inner ear's ability to maintain balance and coordinate vestibular-ocular pathways
crucial for head position maintenance in space. Imbalance, dizziness, and vertigo are common
among individuals with HL due to the shared physiology and developmental origin of the cochlea
(responsible for hearing) and the vestibular organs (saccule, utricle, and semicircular canals)
(27).

6.5 Non-syndromic HL

Non-syndromic HL occurs without any other symptoms, and it accounts for approximately 70%
of genetic HL cases at birth (Figure 1).

As the search for novel genes is on-going, the exact number of genes causing the HL is not yet
possible to determine. Based on Hereditary HL database and last updated evidence, there are
148 genes associated with non-syndromic HL (33). Twelve genes (shown by a star in Table 3)
can be inherited in both autosomal recessive and dominant patterns. It is estimated that
autosomal dominant HL (represented by DFNA) comprises 20%, autosomal recessive HL
(represented by DFNB) characterizes 75-80%, X-linked (DFN) constitutes 2%, and deleterious
variants in the mitochondria represent 1% of all non-syndromic HL (7). Among the common HL-
associated genes in diverse populations, GJB2 is the most well-known, and for many years, this
gene was routinely screened in HL diagnostics before parallel sequencing methods emerged.
GJB2 encodes connexin 26 with a main role to form functional gap-junction protein (34). During
auditory function, connexin 26 maintains K* homeostasis through traversing gap junctions (35).

SLC26A4 is also one of the most common genes in various genetic ancestries around the world.

~
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This gene encodes pendrin that is mainly expressed in the inner ear, thyroid and kidney (36).
Pendrin has 12 predicted transmembrane domains and is related to the solute carrier 26 family.
This protein, as a transmembrane anion exchanger, has a role in exchanging chloride,
bicarbonate (37), formate (38), and iodide (39). It has been demonstrated that disrupted pendrin
function in the ear changes pH via HCOs-transport and increases oxidative stress (40).

The genes comprising the molecular epidemiology of HL vary based on population. In Pakistan,
five common genes including GJB2, HGF, MYO7A, SLC26A4, and TMCL1 together explain 57%
of profound deafness (41). In the Chinese population, the most commonly involved genes are
GJB2, SLC26A4, and MT-RNRL1 (42, 43). In the Iranian population, after first excluding GJB2 in
probands, over half of all diagnoses are attributable to variants in five genes: SLC26A4, MYO15A,
MYOT7A, CDH23, and PCDH15 (44).

Several genes associated with non-syndromic HL are also associated with syndromic conditions.
GIPC3 is responsible for progressive sensorineural HL that can be associated with audiogenic
seizures. STRC causes deafness-infertility syndrome in males when deleted in conjunction with
CATSPER?2 (45). Variants in CDC14A cause deafness-infertility in males. GPSM2 was initially
associated with non-syndromic HL but later determined to cause Chudley-McCullough syndrome
(46, 47).

For some genes, only few cases have been reported and the disease relationships are noted
with question marks in OMIM, for instance COL4A6 and CLRN2. Hence, in addition to exploring
novel genes, | systematically examined our database for discoveries that enhance the existing
literature. Notably, this thesis contributed to work that led to the publication of the second report
associating COL11A1 with non-syndromic autosomal dominant HL. Previous gene-disease
associations of COL11A1 are well established for autosomal dominant Marshall syndrome (48),
autosomal dominant or recessive Stickler syndrome (49), and as well as autosomal recessive
fibrochondrogenesis (50). These syndromes have phenotype-overlap including an auditory
phenotype with mild-to-moderate HL and outer ear malformation. Booth et al. 2019 identified an
extensive family with autosomal dominant inheritance pattern with a novel splice-site variant in
COL11A1 (51). The current work consolidates that splicing variants in COL11A1 cause non-
syndromic autosomal dominant HL in two unrelated families with several affected family
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Note: The current list of non-syndromic HL loci with causative genes was obtained from the Hereditary HL Homepage
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6.6 Syndromic HL

The term syndromic HL is applied when a patient experiences HL along with other medical
abnormalities. About 20% of children with genetic HL exhibit additional associated symptoms.
This section outlines the assessment and treatment of syndromic sensorineural HL and
emphasizes the importance of the interprofessional team in enhancing care for affected patients.
Similar to non-syndromic HL, it is categorized based on mode of inheritance that includes
autosomal recessive, autosomal dominant, X-linked and mitochondrial. Syndromes exhibiting a
recessive inheritance pattern include Usher, Pendred and Jervell and Lange-Nielsen syndrome;
syndromes with an autosomal dominant inheritance pattern include Stickler syndrome,
Waardenburg syndrome, neurofibromatosis type 2, Treacher Collins syndrome, and branchio-
oto-renal syndrome (Melnick-Fraser syndrome); and syndromes with an X-linked inheritance
pattern include Alport, Norrie, and otopalatodigital syndrome.

In the following sections, the major syndromes associated with different patterns of inheritance
are briefly described.

6.6.1 Usher syndrome

Usher syndrome is the most common type of syndromic HL. Usher syndrome is predominantly
characterized as concomitant deafness and blindness with variable vestibular dysfunction and
has four clinical sub-types. Type 1 causes profound sensorineural HL with absent vestibular
function and retinitis pigmentosa (RP), which initially causes night-blindness and loss of
peripheral (side) vision due to the progressive degeneration of cells in the retina. Type 2 causes
moderate HL and RP with normal vestibular function. Type 3 results in progressive HL with
variable vestibular function and RP. Type 4 is characterized by late onset of RP and usually late-
onset of progressive sensorineural HL without vestibular involvement (52, 53). So far, the
following genes are associated with these four types of Usher syndromes: CDH23, CIB2,
ADGRV1, MYO7A, PCDH15, PDzD7, USH1G, USH1C, USH2A, CLRN1, and ARSG (52, 54-
57).

6.6.2 Pendred syndrome

Pendred syndrome is associated with abnormal iodine metabolism and is caused by biallelic
pathogenic variants in SLC26A4. Patients with this syndrome typically develop euthyroid goiter
around the age of 8 years, along with bilateral moderate to severe high-frequency sensorineural
HL with some residual low-frequency hearing. The most frequent inner ear abnormality seen in
Pendred syndrome is an enlarged vestibular aqueduct, which is a connection between the inner
ear's vestibule and the brain (58).

6.6.3 Jervell and Lange-Nielsen syndrome



Jervell and Lange-Nielsen syndrome is associated with profound sensorineural HL and cardiac
arrhythmias caused by prolongation of the QT interval. This syndrome is associated with two
genes: KCNE1 or KCNQ1; 90% are caused by KCNQ1 variants. Patients with this syndrome
commonly exhibit abnormalities in both the inner ear and cardiac muscle due to biallelic
pathogenic variants. Electrocardiogram (ECG) results in these individuals demonstrate enlarged
T waves and a prolonged QT interval. Syncope is the typical manifestation observed in these
patients (59).

6.6.4 Stickler syndrome

Stickler syndrome is inherited in both autosomal recessive and dominant manners, but most of
the genes for this syndrome are associated with a dominant inheritance pattern. This thesis
highlights Stickler type 6 as associated with rare biallelic variants in COL9A3. Stickler syndrome
is characterized by cleft palate, micrognathia, myopia, retinal detachment, cataracts, and
marfanoid habitus. The other sub-types of this syndrome are due to variants in COL2A1 (Stickler
type 1), COL11A1 (Stickler type 2), COL11A2 (Stickler type 3), COL9AL (Stickler type 4), and
COL9A2 (Stickler type 5) (60).

6.6.5 Waardenburg syndrome

Waardenburg syndrome is the most common form of autosomal dominant sensorineural HL,
associated with 3% of childhood HL. This syndrome consists of HL (bilateral, unilateral, or
asymmetric), pigmentary anomalies, and craniofacial features. The pigmentary anomalies
include a white forelock, very pale blue eyes or different coloured eyes (such as one blue and
one brown), premature greying of hair, and vitiligo. The craniofacial features include widely
spaced medial canthi, a broad nasal root, and confluent eyebrows. There are four sub-types of
Waardenburg syndrome. Type 1 is characterized by heterochromia iridis, a white forelock, patchy
hypopigmentation, and widely spaced medial canthi. Congenital sensorineural HL is present in
20% of these patients. Type 2 patients do not have widely spaced medial canthi, distinguishing
them from type 1. Up to 50% of these patients will have sensorineural HL. Type 3 includes the
features of type 1 as well as microcephaly, skeletal abnormalities, and mental retardation. Type
4 is similar to type 2 but also includes +LUVFKVSUXQJYVY GLVHDVH D JDVWURL
The following genes account for the different sub-types of this syndrome: EDN3, EDNRB, MITF,
PAX3, SNAI2, and SOX10 (58).

6.6.6 Neurofibromatosis type 2

Neurofibromatosis type 2 is caused by pathogenic variants in NF2 leading to alterations in the
merlin protein. This condition is characterized by bilateral vestibular schwannomas, cafe-au-lait

spots, and subcapsular cataracts. Bilateral vestibular schwannomas are found in approximately



95% of individuals with this condition, but typically do not cause symptoms until early adulthood
(61).

6.6.7 Treacher Collins syndrome

Treacher Collins syndrome, also known as mandibulofacial dysostosis, is characterized by facial
malformations such as underdeveloped cheekbones, slanted eye openings, incomplete lower
eyelids, underdeveloped jaw, abnormal external ear or ear canal, misaligned teeth, and a cleft
palate. Around 30% of patients experience conductive HL, but sensorineural HL or vestibular
dysfunction can also be present. Ossicular malformations are commonly observed. The most
common causal gene is TCOF1, encoding the treacle protein (62).

6.6.8 Branchio-oto-renal

Branchio-oto-renal also known as Melnick-Fraser syndrome is present in approximately 2% of
children with congenital HL. This syndrome is characterized by the presence of ear pits/tags,
branchial cleft sinuses, and renal involvement ranging from minor dysplasia to complete
agenesis. To date, three genes are established causing this syndrome including EYA1, SIX5 and
SIX1. Forty percent of these patients exhibit cochlear dysplasia, while 75% experience a
significant HL. The type of HL can vary, with some patients having either conductive or
sensorineural HL, and others having a mixed HL (58).

6.6.9 Alport syndrome

Alport syndrome causes lesions in the basement membrane collagen of the kidney and inner ear,
leading to renal failure and progressive sensorineural HL. Pathogenic variants in COL4A5 (X-
linked), COL4A4 (autosomal recessive) and COL4A3 (autosomal dominant and recessive) are
responsible for this syndrome.

6.6.10 Norrie syndrome

Norrie syndrome is an X-linked disorder characterized by ocular symptoms, progressive
sensorineural HL, and intellectual disability. All patients are either born blind or they lose vision
in the first years of life and have progressive sensorineural HL in the first or second decades of
life (63). The onset of other phenotypes like seizure can also occur at a young age (64). This
disease is caused by mutation in NDP, which encodes norrin.

6.6.11 Otopalatodigital syndrome

Otopalatodigital syndrome is associated with craniofacial deformities, hypertelorism, flattened
midface, small nose, and cleft palate and includes: otopalatodigital syndrome type 1 (OPD1),
otopalatodigital syndrome type 2 (OPD2), frontometaphyseal dysplasia type 1 (FMD1), Melnick-
Needles syndrome (MNS), and terminal osseous dysplasia with pigmentary skin defects

(TODPD). These patients also have short stature and abnormalities in their toes and fingers such
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as varying lengths and spaces between digits. They also experience conductive HL due to
ossicular abnormalities. The molecular genetic diagnosis of this syndrome is identification of
pathogenic variants in the X-linked gene, FLNA (65).

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

The ACMG published the first practice guideline for the clinical evaluation and etiologic diagnosis
of HL in 2014 (66). An updated algorithm for the evaluation of clinical and diagnostic of HL was
recently published (67). This updated framework outlines the process for evaluating and
diagnosing HL, incorporating genetic counselling and testing. The process begins with the clinical
confirmation of HL. If additional findings are revealed during the evaluation, pre-test genetic
counselling is conducted, followed by a standard clinical evaluation to identify genetic syndromes
with genetic testing as indicated. Genetic testing could include single gene tests, multi-gene
panels, chromosome analysis, or microarray depending on clinical findings. If a syndromic
diagnosis is made according to these genetic tests, the process diverges based on whether HL
is common in the syndrome. If it is, post-test genetic counselling initiates familial testing as
needed. If HL is not common in the syndrome, a comprehensive HL gene panel is performed and
if negative based on panel, ES or GS may be considered. If no additional findings are revealed
during the initial evaluation, a comprehensive HL gene panel is directly administered. Positive
results indicating pathogenic variant(s) that explain HL also lead to post-test genetic counselling
and familial testing as indicated. Negative results lead to considering CMV testing on newborn
screening blood-spot and re-evaluating periodically or considering research testing.

We also followed this approach and additionally screened a prevalent gene implicated in HL,
GJB2, in our patient cohort due to its high frequency of pathogenic variants and low cost of
screening by Sanger sequencing. Below is an introduction about the main steps of this approach

that we performed in our cohort.

6.8 Pedigree analysis and family history

As HL can be caused by a variety of etiologies and exhibits diverse possible modes of
inheritance, family history and pedigree analysis are essential steps to understanding the
possible genetic contribution to HL and method for molecular genetic diagnosis. For many genes,
intrafamilial variability, variable expressivity and incomplete penetrance are described. Drawing
an informative pedigree requires that the information from at least three generations be collected.
The information in pedigrees provides hints about the mode of inheritance, how to interpret

variants of uncertain significance and prioritize segregation studies after identification of the
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primary finding as diagnostics. For example, if an identified variant is of uncertain significance,
and we know, based on the pedigree, that there are additional affected and unaffected
individual(s) in the family, it is recommended to perform Sanger sequencing to segregate the
variant in the family members. These segregation results help clarify the variant of uncertain
significance by either adding more strength for its probable pathogenicity or supporting its
exclusion as in the case of discordant segregation. Family history is also helpful to evaluate the
genetic finding. For instance, if a variant arises de novo, it means the disease is most likely

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

6.9 Patient recruitment

The patient cohort included 166 index patients from Iran and Germany with various forms of
hearing impairment. The inclusion criteria were flexible to include patients with all types of
suspected hereditary non-syndromic and syndromic HL (sensorineural, conductive, or mixed)
with variable degrees from mild to profound. The age of onset and age of last measurement were
important in our documentation process. Suspected hearing loss due to an environmental cause

led to study exclusion (Figure 3).
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*  Three generations pedigree
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6.10 Stage-wise testing for the identification and characterization of variants

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

and exclusion criteria, the following steps were performed.

6.10.1 GJB2 pre-screening



GJB2 is the most common cause of congenital non-syndromic HL (68, 69). The first GJB2 variant
implicated in autosomal recessive non-syndromic HL was reported in 1997, and since then over
300 pathogenic variants have been identified worldwide (see the Connexin-deafness website:

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

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

responsible for about 15-20% of deafness cases (70), while in Asian countries like Japan, they
account for 12.5% of cases (71). The most common pathogenic variant in the European
population is ¢.35delG p.Gly12fs*2, while in individuals with Asian genetic ancestry, the most
prevalent pathogenic variants are c.235delC p.Leu79Cysfs*3 and ¢.109G>A p.Val37lle (72).

As GJB2 is a relatively small gene with two exons, it is possible to evaluate the coding region by
Sanger sequencing using two primer pairs. All the index patients in the cohort with a suspected
non-syndromic HL were screened using Sanger sequencing for GJB2 variants.

6.10.2 Genome-wide SNP array analysis

Genome-wide SNP arrays identify heterozygous or homozygous SNP genotypes in the genome
and support copy number variation (CNV) analysis to detect chromosomal abnormalities. There
are two types of probes in this method for detection of SNP genotypes or CNVs. Besides
microdeletion/microduplication detection, loss of heterozygosity (LOH), mosaicism, and
uniparental disomy (UPD) can be detected. In this thesis, SNP array data was mainly used for
homozygosity mapping and CNV analysis that was performed using homozygosity mapper (73),
and GenomeStudio, respectively.

6.10.3ES

The human genome has 3 billion nucleotides from four bases (A, T, C, and G). Only 1.5-2% of
the genome is comprised of exons (Expressed regiON) that are translated into protein. ES is
designed to sequence this part of the genome, with a diagnostic rate of roughly 45-50% (74). ES
not only covers all exons, but it can also detect canonical and noncanonical splice sites. The
main pitfall of ES includes lack of coverage of deep intronic variants, as well as limitations in
coverage uniformity and the detection of duplications and repeat expansion variants, which all
can be covered by GS.

6.10.4 GS

Over the last decade, the price of next generation sequencing (NGS) has significantly decreased,
allowing for GS as the preferred method for molecular genetic diagnostic testing. This method
provides the sequence of the entire genome and can allow for the identification of all types of
variants including single nucleotides variants (SNVs), CNVs and structural variants (SVs). By

developing and updating the bioinformatics pipeline (DRAGEN), repeat expansion variants can
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also be detected. However, limitations remain with respect to the identification of complex
rearrangements, as well as imprinting and methylation disorders, which can alternatively be
detected by long-read sequencing or whole-genome bisulfite sequencing, respectively.

6.11 Functional studies

Functional studies aim to investigate how target genes contribute to biological processes, such
as protein interactions, signalling pathways, gene expression regulation, and cellular functions.
The scope of this project characterized variants identified in novel genes. One recurring variant
type included splicing variants that were functionally characterized using in vitro splicing assay

(minigene assay).

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

In-silico splice prediction tools, such as those included in Alamut Visual Plus v.1.4, have been
developed to predict variants that may impact pre-mRNA splicing. The following splicing tools
were used to predict the probability of aberrant splicing for target variant: SpliceSiteFinder-like,
MaxEntScan, GeneSplicer, and NNSplice (Figure 4).

SpliceSiteFinder-like is based on position weight matrices computed from a set of human
exon/intron junctions for donor and acceptor sites. The tool calculates a score, which is the
probability of observing a sequence given the motif model (matrix). This allows it to predict

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

(75). OD[(QW6FDQ XVHV WKH pOD[LPXP aoCouhuUf Bathdddjpc@it eigidsh] W R

adjacent dependencies between positions. This approach generalizes most previous probabilistic
models of sequence motifs, such as weight matrix models and inhomogeneous Markov models.
MaxEntScan provides a score for potential splice sites within a DNA sequence, aiding in the
prediction and analysis of splice-altering single nucleotide variants (76). GeneSplicer is a
computational method used for predicting splice sites in genomic DNA of various eukaryotes. It
has been trained and tested successfully on several organisms, including Plasmodium falciparum
(malaria), Arabidopsis thaliana, human, Drosophila, and rice which aids in understanding of gene
structure and function (77). NNSplice is an in-silico tool used for predicting splice sites in genomic
DNA sequences. It uses a neural network-EDVHG DSSURDFK WR LGHQWLI\
which are crucial for pre-mRNA splicing. By accurately predicting these splice sites, NNSplice
aids in the understanding of gene structure and function and can help identify variants that may

disrupt normal splicing (78).

WKH



SplicesiteFinder-like [0-100] 73.83
4594

MaxEntscan [0-12] l
NNSPLICE [0-1] 0.70

GeneSplicer[0-15]

5200 210 5220 5231410 231420 5231+30 5
C{f ATTAAGTAT GIT(JGFMETGTG&WGL CCCAATGCT CFTGEMAWIE

SpliceSiteFinder-like [C-100] 7l ?1'
1.374

MaxEntScan [0-16] l

MNSPLICE [0-1]

GeneSplicer[0-15]

Branch Foints [0-100] F2.93 ”

SpliceSitefinder-like [0-100]

MaxEntScan [0-12] l
NNSPLICE [0-1]
GeneSplicer[D-15]

5200 210 5220 ;;ml_
AC{LTTHHGTAT r"IT(JGI'MMI‘if\TGTG&TFGAGGA(EMAMCCCAATGGCCGTGGMATC

SpliceSiteFinder-like [0-100]

MaxEntScan [0-16] '
NMNSPLICE [0-1]
GeneSplicer[0-15]

242443
Branch Points [0-10C] < F2T8 U

&|PUE *800] JVP A &] v8 Alep o]l ]Jv o upsd 3}}o

This figure illustrates four panels. The top two panels represent the 5" and 3" regions for the reference sequence
(wild-type), while two lower panels correspond to the variant (mutated). Each tool demonstrates scores represented
as bars at variant positions. The scoring scale varies for each tool: a score of zero predicts that splicing does not

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

Besides four abovementioned tools, two other tools predict regulatory elements including
ESEfinder and RESCUE-ESE. The figure 5 depicts these predictions, using the CLRN2 variant
(c.494C>A) as an example (79).

ESEfinder is a computational tool used to predict the impact of regulatory variants within genomic
regions. These variants can alter regulatory elements such as enhancers, transcription factor
binding sites, and DNA methylation regions. ESEfinder annotates these variants using
information from large-scale projects that discover regulatory elements in different tissues and
organisms. It predicts their effects, including potential pathogenicity, using rule-based and
machine learning approaches (80). RESCUE-ESE is a hybrid computational/experimental tool
designed to predict the impact of regulatory variants within exonic regions. Specifically, it focuses
on exonic splicing enhancers (ESES) 2 short oligonucleotide sequences that enhance pre-mRNA

splicing when present in exons (81).
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Using ESEfinder and RESCUE-ESE, the splicing sequence patterns were explored in both the wild-type (upper
panel) and mutated (lower panel) human sequences at position ¢.494. The nucleotide at ¢.494 is highlighted in red.
Above each sequence, ESE hits are indicated. Additionally, the green boxes below the nucleotide at c.494
corresponds to RESCUE-ESE hexamers. Notably, the ¢.494C>A variant is predicted to introduce an ESE hexamer,

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

6.13 Objectives and outcomes of doctoral research

The present work is embedded in a larger collaborative cohort study of Iranian and German
families with syndromic and non-syndromic HL. The aim is to establish the role of potential novel
genes and allelic disorders of known genes. After excluding patients achieving a diagnosis
through identification of likely causal variants in GJB2, ES was performed to identify variants for
expanded exome-wide analysis. In five families with several affected siblings who remained
undiagnosed after ES, we performed GS to attempt to identify novel genes or deep intronic
variants. For segregation analysis, we performed Sanger sequencing in available DNA from
family members. Additionally, minigene assays were performed for selected variants with
predicted impact on splicing. In this study, allelic disorders of two genes were confirmed. First,
the gene-disease association between COL11A1 and non-syndromic HL was strengthened by
including two unrelated families with established novel variants impacting splicing. Second, the
association of biallelic variants in COL9A3 as causal for Stickler syndrome type 6 was
investigated in three unrelated families harbouring novel variants. Moreover, the discovery of
novel variants in MPDZ further expanded the spectrum of phenotypes associated with MPDZ-
related disorders. Additionally, this work solidified the role of MPDZ in HL by presenting a family
with three affected individuals and analysing available phenotyping data in a mouse model. My
work also contributed to establishing CLRN2 as a novel autosomal recessive non-syndromic HL
gene (DFNB117). Collaborating in a significant study, | was also involved in establishing the role

of SPATASL1 in both syndromic and non-syndromic (DFNB119) HL. Furthermore, novel variants
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in CDC14A, ADGRV], IPOS8, PIGS, and KARS1 were confirmed through in vitro functional study
(minigene assay). The minigene findings contribute valuable insights into the functional impact

of these variants.

7 Results and discussion (Summary and discussion of publishe d results)

7.1 Novel Loss-of-Function Variants in CDC14A are Associated with Recessive
Sensorineural HL in Iranian and Pakistani Patients (Attachment 1)

Cell Division Cycle 14A (CDC14A) is associated with DFNB32, as well as hearing impairment
and infertile male syndrome. This gene is located on chromosome 1p21.2 and is essential for
centrosome separation and productive cytokinesis during cell division (82). In addition to being
present in the kinocilia of hair cells, this gene is also found in the basal bodies and sound-
transducing stereocilia of the mouse inner ear (83). Mice with a homozygous variant in Cdcl4a
experienced postnatal degeneration of hair cells, although their kinocilia remained normal in
length. Additionally, these mice exhibited degeneration of seminiferous tubules and defects in
spermiation, leading to infertility in males (84). Before this study, only nine genetic variants have
been published related to HL, of which, five also associated with male infertility. Biallelic variants
in this gene cause varying degrees of HL severity from moderate to profound. In this study, ES
and gene mapping approaches were performed in two unrelated families (family 1, Iranian and
family 2, Pakistani), uncovering a homozygous splicing variant (c.1421+2T>C p.?) abolished the
donor splice site in intron 14 in family 1 and a homozygous frameshift variant (c.1041dupC
p.Ser348GInfs*2) in family 2. Both variants were submitted to LOVD V3.0 under the accession
IDs 00269609 and 00269610. Segregation analyses were performed in available family members
of both families. Functional in vitro splicing study (minigene assay) of the variant in family 1
(c.1421+2T>C p.?) was performed, and it showed that the variant activates a cryptic splice site
in the exonic region. In order to determine if the variant in family 2 (c.1041dupC) causes
nonsense-mediated mRNA decay (NMD) of CDC14A, the relative expression of CDC14A mRNA
was measured. The introduction of a premature termination codon immediately after p.348 would
result in the truncation of 44% of the amino acid residues in full length CDC14A. The infertility
did not analyse in patients due to limitations. This study was published in the International Journal

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

7.2 The Many Faces of DFNB9: Relating OTOF Variants to Hearing Impairment
(Attachment 2)
OTOF encodes otoferlin, a critical protein at the synapse of auditory sensory cells, the inner hair

cells (IHCs). In the absence of otoferlin, IHC signal transmission fails due to impaired release of



synaptic vesicles at the IHC synapse. Biallelic pathogenic variants in this gene cause autosomal
recessive profound deafness (DFNB9). All pathogenic and likely pathogenic variants reported in
literature or clinical database entries were collected (Leiden Open Variation Database v3.0
(LOVD v3), the DVD, ClinVar, and the Human Gene Mutation Database (HGMD)). This included
84 missense, 44 frameshift, 43 nonsense, 36 splice site, 7 in-frame duplications or deletions, 3
CNVs, as well as 1 stop loss and regulatory variant each. Additionally, we reviewed the broad
phenotypic spectrum reported in patients with variants in OTOF that includes milder HL, as well
as progressive and temperature-sensitive HL. By the end of preparation of our publication, 220
pathogenic and likely pathogenic variants in OTOF were reviewed and curated.

Studies in Otof-knock-out mouse models revealed that in the absence of otoferlin from IHCs, very
few neurotransmitter-filled synaptic vesicles fuse with the plasma membrane (85). Thus, acoustic
stimuli still generate receptor potentials in the IHCs (and OHCSs), but this information is not passed
to the auditory pathway. In vitro studies indicating that otoferlin can interact with neuronal SNARE
proteins contributed to the hypothesis that otoferlin acts as a synaptotagmin-like Ca?* sensor for
exocytosis (86). However, later studies revealed that such neuronal SNARESs are expressed at
only very low levels in IHCs and are absent from IHC synapses (87). Instead, the mechanism of
vesicle fusion might rely on a unique molecular mechanism in IHCs (88). Later studies in a mouse
line with the mutation of a presumed Ca?*-binding site revealed a slight delay and slowing down
of Ca?*-triggered exocytosis, which would be in line with a Ca?*-dependent acceleration of
exocytosis and was interpreted as a Ca?* sensor function for otoferlin in exocytosis and vesicle
replenishment (89). However, the Ca?*-binding capability of the site targeted in this study is still
under debate. Mouse model studies also showed that in a reduction of otoferlin protein, IHC
synapses are constantly deficient of fusion-competent synaptic vesicles. Consequently, no ABRs
can be recorded in these animals (90).

Otoferlin isoforms

OTOF has long and short isoforms with alternative splicing of exons 6, 31 and 47. With respect
to a potential functional role of the short isoforms, a review of pathogenic and likely pathogenic
variants has shown no indication that variants only affecting the long, but not short, isoforms
would cause a milder phenotype. This confirms that the long isoform is critically required for
normal hearing function (91). There are two long isoforms for OTOF: isoform (a) was detected
from brain cDNA extraction with the last codon in exon 47 but an alternative splice isoform (e)
skips exon 47, instead using exon 48 to encode the C-terminus. Pathogenic and likely pathogenic
variants in exon 48 confirmed that this exon is critical for the human cochlea.

Founder variants in OTOF



In Japanese patients with auditory neuropathy/synaptopathy, biallelic OTOF variants were
uncovered in 56% of cases that included the identification of a founder variant c.5816G>A
p.Arg1939GIn (92). The ¢.2485C>T p.GIn829* founder variant was identified in 87% of patients
diagnosed with auditory neuropathy/synaptopathy in the Spanish population (93). Another
founder variant ¢.5098G>C p.Glu1700GIn was identified in Taiwanese patients with progressive,
moderate-to-profound HL. This variant was found to be present in 23% of a selected patient
cohort consisting of 22 individuals with auditory neuropathy/synaptopathy (94).
Temperature-Sensitive Auditory Synaptopathy

There are nine variants in the OTOF gene that have been reported to cause temperature-
dependent HL: c.1544T>C p.lle515Thr, ¢.1621G>A p.Gly541Ser, ¢c.4819C>T p.Argl607Trp,
€.3239G>C p.Argl080Pro, ¢.2093G>C p.Arg698Thr, ¢.5410 5412delGAG p.Glul804del,
€.4981G>A p.Glul661Lys, ¢.2383delC p.Leu795Serfs*5 and ¢.2975 2978del p.GIn994Valfs*6.
At elevated temperature, patch clamp recordings revealed a decrease in exocytosis when cells
were heated from near-physiological (35 £37°C) to elevated temperatures (38.5 #0°C). The wild-
type protein is able to refold in higher temperatures. Potentially, any slight destabilization of this
highly flexible protein might decrease the chance of re-folding after heat exposure, such that
more protein is degraded at a slightly elevated body temperature, thereby exacerbating the
hearing disturbance.

Current and Future Therapies for DFNB9

Diagnosing deafness caused by  biallelic variants of OTOF or auditory
neuropathies/synaptopathies of other origins is not reliably possible with OAE screening.
However, in most countries, OAE assessment is the preferred method for screening in the first
year of life, which may result in deafness not being diagnosed during this critical period, leading
to missed opportunities for cochlear implantation. Therefore, it is recommended that newborn
hearing screening protocols include ABRSs, or a combination of OAEs and ABRs, to support early
diagnosis. In this review, we introduced the currently favored gene therapeutic approach involves
replacing the defective gene by transducing IHCs with correct cDNA by means of recombinant
adeno-associated viruses (AAVs), reviewed in (95). Two separate trials have since shown
promising results for this gene (96, 97). In this review, | collected all published variants, curated

them and illustrated in Figure 2 of this paper.

7.3 Aberrant COL11A1 splicing causes prelingual autosomal dominant non-
syndromic HL in the DFNA37 locus (Attachment 3)
Collagen type Xl alpha & chain (COL11A1) is associated with autosomal dominant Marshall

syndrome (MRSHS) and autosomal dominant or recessive Stickler syndrome type 2, as well as
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autosomal recessive fibrochondrogenesis (FBCG1). Each of these syndromes has a phenotypic
overlap that includes skeletal abnormalities and dysmorphic features, as well as variable cleft
palate, ocular, and auditory phenotypes that can include mild e aoderate HL and outer ear
malformations. Very recently, this gene has been associated with autosomal dominant non-
syndromic HL (51) . In our study, two non-consanguineous families with two separate splicing
variants in COL11A1 were identified that were re-evaluated in light of the new gene-disease
association. After checking detailed clinical information by our colleagues, the first index was a
37 sear add proband, presenting stable, down soping, moderate o aevere, high éequency
sensorineural HL, as well as hypothyroidism and diabetes. The speech discrimination with regard
to monosyllables was 70% and 50% at 65 &B hearing level on the right side and 80% at 65 dB
hearing level on the left side when evaluated at 34 and 37 years of age, respectively. He has
worn hearing aids since age 6 years. His daughter was diagnosed with severe HL at the age of
two years. All syndromic features including myopia, retinal detachment, midface hypoplasia,
submucous cleft palate, and arthritis/joint pain have been excluded in both affected individuals.
The second index of this study was a 31 sear ad, female, presented moderate sensorineural HL
in the mid aand high frequencies since early childhood. She did not have a severe form of HL that
might be suggestive of progression. Her son was born at term after an unremarkable pregnancy
and failed newborn hearing screening. The mother reported a cleft lip and palate, an occurrence
not previously reported with Stickler syndrome type 2 and assumed to be due to other genetic or
multifactorial causes. She reported no other abnormalities. Her son does not have any other
symptoms except HL.

Two novel heterozygous variants in COL11A1 were identified that each disrupt canonical splice
sites: NM_080629.2:c.652 &G>C (ClinVar Accession: RCV000487702.2; LOVD Genomic
Variant Accession: 0000686099) and NM_080629.2:¢.4338+2T>C, arising de novo, (ClinVar
Accession: RCV000585624.2; LOVD Genomic Variant Accession: 0000686100).

A minigene assay and TA cloning was performed for the c.652 &5>C genetic variant that
identified two aberrant in-frame splice effects: r.652_663del p.Gly218 GIn221del and
r.652_666del p.Gly218_ GIn222del. For the second variant, c.4338+2T>C, the minigene assay
showed three abnormally spliced amplicons including r.4338 4339ins4338+1 4338+4
p.Glyl447Alafs*12; r.4338_4339ins4338+1_4338+30 p.Glyl447Alafs*9 and r.4285_4338del
p.Gly1429 Metl446del. In this study, | performed the minigene assay for the ¢.4338+2C genetic

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

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

elucidated, disruption of COL11A1 is consistently associated with HL, as demonstrated by about
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84% of individuals diagnosed with MRSHS having HL, which supports the critical function of this
protein in the auditory system (98). It also demonstrated that the source of COL11A1 mRNA is
in the tectorial membrane and suggested its mutation affects normal cochlear function (99).
Moreover, the pleiotropy exhibited by this gene, like other genes that are associated with
syndromic and non-syndromic HL, remains to be fully characterized. In summary, this work
characterized two novel splice altering variants associated with DFNA37, providing confirmatory
evidence of COL11Al1l as a bona fide autosomal dominant non-syndromic HL gene. It is
recommended that COL11A1 be included in the routine diagnostic testing of patients with both

syndromic and non-syndromic forms of deafness.

7.4 Expanding the phenotype of PIGS-associated early onset epileptic
developmental encephalopathy (Attachment 4)

Phosphatidylinositol glycan class S (PIGS) encodes a GPI-AP, specifically a subunit of the GPI
transamidase complex that catalyses the attachment of preformed GPI to proteins containing a
C-terminal GPI attachment signal. Biallelic pathogenic variants in PIGS have been reported for
developmental and epileptic encephalopathy type 95 (DEE95). The phenotype for patients with
DEE95 included severe global developmental delay, seizures, hypotonia, weakness, ataxia, and
dysmorphic facial features, but also multiple joint contractures (consistent with fetal akinesia) in
two fetuses. In this study, six patients with biallelic variants in PIGS were reported. All patients
showed the previous reported phenotypes. Several patients also showed evidence of other
phenotypes such as renal malformation (1/6, 17%), visual impairment (3/6, 50%), severe HL (2/6,

33%), and acquired arthrogryposis (2/6, 33%).
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My contribution to this study focused on a minigene assay to assess aberrant splicing for the

€.174G>C variant. It was designed to capture a 508-bp amplicon including exons 2 and 3, as well
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as a 369-bp amplicon with only exon 3. The amplicon with the homozygous ¢.174G>C variant
revealed only exon 3 (369 bp), indicating a skipping of exon 2 that was Sanger sequence
confirmed. This out-of-frame deletion of exon 2 (r.35_174del) would result in a premature stop
codon p.Glul2Alafs*31.

This study also introduced PIGS as a causal for syndromic HL. Furthermore, the significance of
screening PIGS for infantile epilepsy is emphasized by our data. This can aid in the better
understanding of new PIGS variants with the assistance of biochemical findings and flow
cytometry analysis. Additionally, PIGS is not included in most commonly used epilepsy gene
panels, indicating that it may be a more common cause of early infantile epilepsy than previously
thought. With the expansion of epilepsy genetic testing and increased accessibility of ES, it is
expected that more patients will be diagnosed in the future.

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

(Attachment 5)
The main aim of this thesis was to identify novel genes in HL and expand the phenotypes caused
by known genes or clarify the clinical heterogeneity.
In the CLRN2-project, a diverse array of methodologies were employed, including genotyping,
gene mapping, CNV analysis, ES data analyses, PCR and Sanger sequencing, CRISPR/Cas9-
mediated inactivation of this gene in mice and zebrafish, and a minigene assay. These combined
approaches were instrumental in elucidating the role of CLRN2, a novel gene, in the context of
HL. A homozygous missense variant (c.494C>A p.Thr165Lys (NM_001079827.2)) in an Iranian
family with three affected and 11 unaffected individuals was identified. Based on self-reporting of
family, the earliest reported clinical diagnosis of HL in affected individuals was between 2 and 3
years of age. Newborn hearing screening was not routinely performed when the affected
individuals were born, so it cannot be confirmed hearing was normal at birth.
The in-silico prediction via ESEs suggested that this variant impacts splicing. Therefore, in vitro
functional assays (minigene assays) were performed in three different cell lines (HEK293, COS-
7 and ARPE-19 cells), with all three experiments showing the same result, with the c.494C>A
variant yielding two bands; one ~ 650 bp band matching the expected normally spliced exon, and
a second abnormal band that was approximately ~ 1360 bp. Sequencing of these amplicons
validated normal splicing including the c.494A variant and also revealed a retained intron 2 in the
aberrantly spliced transcript. The retention of intron 2 results in a new reading frame that
introduces a stop codon 26 amino acids after the native exon 2 splice site (p.Gly146Lysfs*26).
Therefore, our data showed that the CLRN2 ¢.494C>A variant probably affects protein function

oi



in two ways: (1) as a missense variant (p.Thr165Lys) producing a mutant full length protein and
(2) as a splice variant leading to intron retention.

In order to explore the crucial function of clarin 2 in the inner ear, zebrafish clrn2 mutant
phenotype and Clrn2de629/del629 mytant mice were produced that did not possess a functional
protein. Analysis of Clrn2del629/del629 mice using ABR measurements demonstrated elevated
hearing thresholds when compared to their Clrn2*/* littermate controls at postnatal day 21 (mean
click threshold of 87 dB SPL + 7 s.d. and 24 dB SPL + 6 s.d., respectively).

Altogether, this is the first time that CLRN2 has been implicated as a gene responsible for
deafness in humans, which has been confirmed through animal studies. Further investigation of
families with CLRN2 biallelic variants will be crucial in understanding the clinical characteristics
of this type of HL. The experiments with zebrafish and mice have established that defective clarin
2 protein in hair cells is likely the cause of HL, as it is necessary for the proper organization and
maintenance of mechanosensitive hair bundles. In this study, | performed TA cloning to clarify

the percentage of different products after minigene assay.

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

cardiovascular defects, skeletal abnormalities, and immune dysregulation

(Attachment 6)
Importin 8 (IPO8) has 25 exons that encode a 1,037 amino acid protein with the b-importin N-
terminal domain (22 102 aa) and a CSE1-like domain (202 #41 aa) containing a RanGTPase-
binding motif characteristic of B-importins. | collaborated in a study that identified 11 novel
variants in 12 individuals, with seven as homozygotes and four as compound heterozygotes in
IPO8 (GenBank: NM_006390.3). Out of the seven homozygous variants, four were likely LOF
variants including three nonsense and one frameshift (c.2407C>T p.Arg803*, ¢.82C>T p.GIn28*,
and c.2129C>G p.Ser710*, and c.728delC p.Pro243Leufs*27). One of the homozygous variants
was a splicing variant (c.2695+3_2695+7delAAAGT) and two were missense variants (c.262G>A
p.Asp88Asn and c¢.2500C>T p.Arg834Trp). The compound heterozygous variants were
frameshift variants leading to a premature stop codon (c.2279delT p.Leu760ProfsTer1l0 and
€.1538delC p.Pro513Leufs*13) in trans with a splicing (c.2900-1G>A p.?) and a missense variant
(c.2245T>C p.Cys749Arg), respectively. Both, ¢.2695+3 2695+7delAAAGT and ¢.2900-1G>A
variants were predicted to impact splicing according to SpliceAl. My contribution to this work
involved analysis of the ¢.2695+3 2695+7delAAAGT variant using a minigene assay. The results
demonstrated skipping of exon 22 and activation of a cryptic splicing site.
In summary, 12 individuals from nine families with bi-allelic LOF variants in IPO8 were identified

who presented with a syndromic association characterized by cardio-vascular anomalies, joint
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hyperlaxity, and various degrees of dysmorphic features and developmental delay as well as
immune dysregulation. One of the patients had severe language delay (first words spoken at the
age of 6 years) contributed to by moderate to severe bilateral conductive HL. This study
introduced that pathogenic variants in IPO8 can cause conductive HL and this gene is associated

with syndromic HL.

7.7 Unraveling the genetic complexities of combined retinal dystrophy and
hearing impairment (Attachment 7)

Analysis of a deaf 1lind cohort of 59 families was performed. This study includes the analysis of
seven Mexican and 52 Iranian probands with combined retinal degeneration and hearing
impairment  (without intellectual disability). The clinical assessment encompassed
ophthalmological examinations and a HL questionnaire. In this cohort, Usher syndrome, was
primarily attributed to biallelic variants in MYO7A (USH1B in 16 probands), USH2A (17
probands), and ADGRV1 (USH2C in 7 probands), and it was diagnosed in 44 out of 59 (75%)
unrelated probands. Among the probands, 9 out of 59 (15%) exhibited other genetic conditions
characterized by dual sensory impairment. These included Alstrom syndrome (observed in 3
patients), cone-rod dystrophy and HL 1 (seen in 2 probands), and Heimler syndrome (presented
in 1 patient). Additionally, unexpected findings included individual probands with Scheie
syndrome, coenzyme Q10 deficiency, and pseudoxanthoma elasticum. Two (3%) probands were
partially solved and only three (5%) remained undiagnosed and the overall diagnostic yield of ES
in this cohort was 92%. In vitro functional study (minigene assay) was performed for variants
identified in two genes. | performed minigene assay for two variants to establish their impact on
splicing (ADGRV1 ¢.9623+3A>C and PDSS2 c.702+1G>A splice variants). The minigene assay
of the ADGRV1 variant identified that the main donor splice site was not used and instead two
cryptic donor splice sites in exon 44 were used, yielding an in-frame deletion r.9495 9623del
p.Tyr3166_Arg3208del, frameshift deletion r.9530 9623del p.Gly3177Glufs*5, and partially
caused skipping of exon 44 r.9448 9623del p.Ala3150Serfs*11. The minigene assay for the
PDSS2 variant detected that this variant causes skipping of exon 4, leading to an in-frame
deletion r.631_702del p.Val211l Lys234del.

In summary, the findings from this study unveiled novel variants that contribute to the enrichment
of existing scientific literature. It suggested that patients with dual sensory loss as the primary
symptoms may suffer from various syndromes that include both hearing and vision impairment,
not only limited to Usher syndrome, and can include mild symptoms or the absence of additional
symptoms defining the syndrome. In many instances of monogenic disorders, the genotype does

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

of variable expressivity and reduced penetrance.

7.8 Biallelic variants in KARS1 are associated with neurodevelopmental

disorders and HL recapitulated by the knockout zebrafish (Attachment 8)
Aminoacyl-tRNA synthetases (ARS) are a class of enzymes that charge tRNAs with their cognate
amino acids. KARS1 (Lysyl-tRNA Synthetase 1) is one of the bifunctional ARS enzymes. In this
study 10 new and four known biallelic missense variants in 22 affected individuals from 16
unrelated families were reported. Although KARS1 was previously associated with non-
syndromic HL, in this report, all patients presented syndromic HL: All cases uniformly expressed
neurological symptoms (22/22, 100%), frequently involving sensorineural HL (20/21, 95%),
seizures (13/22, 59%), hypotonia (9/22, 41%), cerebellar ataxia (7/22, 32%), spasticity (8/22,
36%), strabismus (6/20, 30%)and nystagmus (4/20, 20%), and acquired joint contractures (4/22,
18%). HL was severe-to-profound in 16/21 cases (76%), and 5/10 (50%) of them had cochlear
implants. Other variable neurological features included visual impairment/optic atrophy (7/20,
35%), quadriplegia (3/22, 14%), dystonia and tremor (2/22, 9%), neuropathy (1/10, 10%),
neurophysiologically confirmed skeletal myopathy (2/22, 9%), generalized muscle atrophy (2/22,
9%), and incontinence (4/22, 18%).
Based on this report, inter- and intrafamilial phenotypic variability was noticed among individuals
with the same variants in the present KARS1 cohort. For instance, three affected siblings in family
11 (see the attachment 8 in appendix section) each harboured a homozygous KARS1 (c.379T>C
p.Phel27Leu) variant, and although they shared common symptoms such as developmental
delay, infantile-onset profound HL, dysmorphic facial features, spasticity, and varying degree of
joint contractures, several important symptoms were expressed only by one of them. This
included regression, epilepsy, optic atrophy, failure to thrive, and hyperactivity.
An animal model (zebrafish disease model) was generated and phenotype to attempt to
recapitulate the patients fymptoms. In the brain of 5-day-old larvae, kars1’ ' mutants exhibited
a vacuolated spongiosis appearance with reduced cell density and disorganized segment
boundaries compared to their wild-type siblings, as revealed by histological analysis. Additionally,
the mutants showed a significant reduction in eye volume and complete loss of retinal layer
organization, strongly indicating impaired vision. Furthermore, staining showed a marked
decrease in the number of neuronal cells in both the brain and retina of the karsl’ ' mutants
compared to controls. Abnormal motor neuron morphology was also observed, including

shrinkage of motor neuron axon projections and reduction of terminal axonal branching in the
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mutants, further suggesting a significant alteration of locomotor function in these animals.
Additionally behavioural testing showed hearing impairment in these models.

Further investigations by this project identified that loss of karsl leads to upregulation of p53,
tissue-specific apoptosis, and downregulation of neurodevelopmental related genes,
recapitulating key tissue-specific disease phenotypes of patients. Inhibition of p53 rescued
several defects of kars1' " knockouts.

Overall, this study expands on the range of symptoms associated with KARS1 variants, including
autism/hyperactivity. Several dysmorphic facial features were noted that have rarely been
reported in previous studies, with 11 out of 52 individuals showing these features. These findings
also provide further evidence for skeletal myopathy, which has previously been reported in only
one case. The significance of hypertrophic cardiomyopathy is highlighted, as it has been reported
in a few cases and is also present in our study. Additionally, this work suggests that cerebellar
ataxia may be a more frequent feature of KARS1-associated phenotypes than previously thought,
as it was present in 32% of this cohort compared to only 10% in previous reports. Overall, this
analysis shows that KARS1 variants primarily affect neurological and neurosensory functions and
are associated with facial dysmorphism, similar to other aminoacyl-tRNA synthetase disorders.
In this study, | performed a minigene assay for select variant predicted to cause aberrant splicing.
The minigene assay showed the variant behaves as wildtype, therefore the variant excluded from
study and was not mentioned in the publication.

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

cerebral palsy, epilepsy, and HL (Attachment 9)
A substantial cohort of individuals with SPATA5SL1 variants was assembled, revealing, for the
first time, that biallelic pathogenic variants in this gene are associated with both non-syndromic
and syndromic HL. Twenty-eight unique variants were identified with 25 compound heterozygous
and 3 were homozygous.
In 25 patients with syndromic HL, 22 patients had movement disorder, 18 of them had abnormal
MRI, 16 of patients had hypotonia and visual impairment, 13 of them had epilepsy and 11 of
these patients had microcephaly.
In 22 patients with non-syndromic HL, all were of Ashkenazi Jewish decent, and in all, the
missense variant (c.1398T>G p.lle466Met), was identified in compound heterozygosity with
various other pathogenic alleles, suggesting a hypomorphic founder allele, resulting in a partial
rather than complete loss-of-protein function. My contribution to this study explored expression
of SPATASLL1 in the mouse inner ear. SPATASL1 is expressed at low levels in hair cells (inner

and outer) as well as supporting cells (pillar and Deiter cells) in adult mice.
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7.10 Identification of three novel homozygous variants in COL9A3 causing
autosomal recessive Stickler syndrome (Attachment 10)

COL9AS serves as a good example of a gene that exhibits clinical heterogeneity. Previous
studies have shown heterozygous variants in COL9A3 as causing multiple epiphyseal dysplasia
type 3. It also has been shown that heterozygous COL9A3 variants have been identified as
causing peripheral vitreoretinal degeneration and retinal detachment. Collagen IX proteins,
encoded by COL9A1, COL9A2, and COL9A3, together form fibril heterotrimer-associated
collagens. COL9A1 and COL9A2, are causally associated with autosomal recessive Stickler type
4 and type 5, respectively. Through aggregating three unrelated families with deleterious biallelic
variants in COL9A3, we confirmed its association with Stickler syndrome type 6.

By performing ES in three families, three LOF variants: (c.107_116del p.Pro36Argfs*49,
rs1470627424) in exon 2, (c.1204C>T p.Arg402*, rs989413835) in exon 23, and (c.355delC
p.Leul19Serfs*9) in exon 7 were identified. We gathered detailed clinical information and
measurements from our patients compared to previous publications and confirmed that short
stature and cleft palate were not observed in this sub-type of Stickler syndrome. Interestingly, the
degree of hearing loss is variable for this syndrome, ranging from moderate to profound (Figure

6), for details see the attachment 10 in the appendix section.
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Before this study, four unrelated families were reported with homozygous LOF variants in this
gene with overlapping phenotype (100-103). The current study confirmed that variants in

homozygous status cause recessive Stickler syndrome, therefore designating it as Stickler



syndrome W\SH 2 0gérfe\phenotype curation of this gene was updated following
publication to include Stickler syndrome type 6.

In summary, this report consolidates that homozygous LOF variants in COL9A3 cause Stickler
syndrome type 6. It was mainly demonstrated that high myopia and moderate-severe HL to be

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

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

The original family that mapped the DFNA33 locus in 2009 was analysed using GS (104).
However, the causal gene and a priority question in the field remained unidentified. As recently,
it was demonstrated that ATP11A is responsible for autosomal dominant non-syndromic HL
(DFNA84) (105), this gene was an obvious candidate gene potentially causing HL in the original
family. Therefore, we performed GS in a member of the original family to determine if the DFNA33
locus may also be assigned to ATP11A.

After GS and analysis, we identified a deep intronic variant in ATP11A intron 8
(chrl3:113421269C>G (GRCh37), ENST00000375630: c.725 + 737C>T p.?) that was predicted
via in-silico tools to activate exonic splice enhancers. A minigene assay showed that this intronic
variant does not change the normal splicing process; therefore, the variant was classified as likely
benign (PM2_Supporting, BP4_Supporting, and BS3_ 6 W U R @ Jpoinis (likely benign point
UDQJH i WAB6)i After conducting short-read GS, this study determined that ATP11A is
not the gene responsible for the DFNA33 locus. In this study, | performed the minigene assay for
the deep intronic variant.

7.12 Expanding the spectrum of phenotypes for MPDZ: report of four unrelated
families and review of the literature (Attachment 12)

MPDZ, also known as MUPP1, encodes the multiple PDZ domain crumbs cell polarity complex
component. This protein stands as the largest among PDZ (PSD95/DLG1/Z01) domain-
containing proteins, with 13 PDZ domains. The MPDZ gene-disease relationship with biallelic
variants currently extends to congenital hydrocephalus type 2 with or without brain or eye
abnormalities. However, the literature presents a continuously evolving and complex phenotypic
landscape. Several studies have demonstrated that variants in MPDZ have additional features,
including vision impairment, hearing impairment, cardiac abnormalities, controllable seizure, mild
intellectual disability, lung hypoplasia, malrotation of the gut, and multicystic dysplastic kidney. In
this study, four more families were introduced with variable phenotypes. Family 1 has three
affected siblings with a compound heterozygous variant and two living affected siblings who have

an overlapping phenotype with hydrocephalus, mild intellectual disability, delayed speech
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development, and congenital HL (mild to moderate sensorineural HL). The LOF variant
(c.3508C>T p.Argl170*) in this family was entered in ClinVar but the second variant
(c.5231+1G>A p.?) was a novel splicing variant. | performed a minigene assay on this variant
and the result of this assay confirmed aberrant splicing and cryptic splice sites were used in the
transfected cell line by this variant. The ¢.5231+1G>A variant indicates this donor splice site is
skipped and instead, either usage of two cryptic splice sites or skipping of exon 38 occurred. The
first cryptic splice site (TGGT) in exon 38 causes a frameshift variant: 9.13121740_13121746del,
r.5227 5231+2del p.Asn1745Tyrfs*36. The second cryptic splice site in this exon, TTGT, causes
an inframe deletion: 9.13121739_13121749del, ¢.5223 5231+2del p.Glyl742_Argl744del. The
skipping of exon 38 causes another frameshift variant: @.13121741_ 13121934del,
c.5041 5231+3del p.Asn1681Lysfs*38. In this study, two patients (the index patients in families
2 and 3) had spasticity that was not described in previous studies to date. The detected missense
variants (c.4993G>A p.Alal665Thr, ¢.5362G>C p.Vall1788Leu, c.5701G>C p.Alal1901Pro) were
classified as variants of uncertain significance. The auditory electrophysiology data from a
knockout murine model (Mpdzemi(MPC)Jeml(IMPC)J) generated by the International Mouse
Phenotyping Consortium (IMPC) demonstrated severe hearing impairment. Aside from
describing four families with biallelic MPDZ variants, a comprehensive review of the literature
identified nine studies with 18 index patients that were reported to date. The systematic review
analysis in this study summarized that hydrocephalus, vision impairment, macrocephaly, hearing
impairment, and cardiovascular were the main clinical features described in patients with biallelic
variants in this gene. The other phenotypes are intellectual disability, seizure, frontal bossing,
skeletal anomalies, hypotonia, and spasticity. This study not only expands the MPDZ-related
phenotype by highlighting hearing impairment and spasticity, but also emphasizes that missense
variants in this gene might be disease causing and suggests further functional validation of the

pathogenicity of missense variants in this gene.

7.13 Conclusion and Outlook

As NGS technology continues to advance and become more accessible for the analysis of
increasing numbers of cases, it is now possible to rapidly discover unknown genes related to
different rare diseases. One of the most common sensory disorders is HL, which is estimated to
include nearly 1000 genes. The primary objective of this project was to identify novel HL
associated genes or known genes causing unrecognized allelic disorders. Several genes
involved in HL that exhibit allelic disorders or variable severity of phenotype were established
during this thesis. These findings are crucial for diagnostic labs to include for accelerating

diagnoses. During the completion of this thesis, the role of COL11A1 was confirmed in non-
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syndromic HL through the in vitro functional characterization of two novel splice variants. While
multiple epiphyseal dysplasia-3 is a well-established disease caused by heterozygous
pathogenic variants in COL9A3, few studies have demonstrated the role of homozygous
pathogenic variants in Stickler syndrome. Here, we introduced three unrelated families with LOF
variants in COL9A3, designating it as causal for Stickler syndrome, type 6 due to biallelic
deleterious variants. Another project expanded the spectrum of MPDZ, confirming its role in HL
through introducing a new family with three affected individuals with compound heterozygous
variants. Additionally, 1 was involved in characterization of two novel genes: CLRN2, causing
non-syndromic HL (DFNB117) and SPATAS5L1, causing both syndromic and non-syndromic
(DFNB119) HL. Further case series are necessary to consolidate the role of CLRN2 in HL as
only one other report has very recently been published following the original gene discovery study
(107). Regarding SPATAGSL1, only a specific variant in a particular population has been shown
to cause non-syndromic HL; however, further investigation is required to confirm whether this
may be true of other variants.

After primarily using ES for diagnosis in our cohort, approximately 26% of individuals remained
unresolved. We will regularly reannotate and reanalyze these cases based on updated evidence
and tools. Every method has its limitations; for example, ES cannot accurately detect deep
intronic variants. All variants detected in our cohort were SNVSs, but variants in CNVs/SVs should
be considered which may not be easily detected by ES, especially duplications. Therefore, we
will need to focus on these two types of variants.

We have identified a potential novel gene associated with HL that is at an early stage of
characterization. Besides functional studies, in vitro and animal models, we require further human
cases. Consequently, we continuously monitor new cases by searching in different diagnosis
labs and using specific tools like GeneMatcher.
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10 Appendix

10.1 Attachment 1
Novel Loss-of-Function Variants in CDC14A are Associated with Recessive Sensorineural HL
in Iranian and Pakistani Patients
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Abstract: CDCI4A encodes the Cell Division Cycle 14A protein and has been associated with autosomal
recessive non-syndromic hearing loss (DFNB32), as well as hearing impairment and infertile male
syndrome (HIIMS) since 2016. To date, only nine variants have been associated in patients whose
initial symptoms included moderate-to-profound hearing impairment. Exome analysis of Iranian and
Pakistani probands who both showed bilateral, sensorineural hearing loss revealed a novel splice
site variant (c.142142T>C, p.?) that disrupts the splice donor site and a novel frameshift variant
(c.1041dup, p.Ser348GInfs*2) in the gene CDC14A, respectively. To evaluate the pathogenicity of both
loss-of-function variants, we analyzed the effects of both variants on the RNA-level. The splice variant
was characterized using a minigene assay. Altered expression levels due to the c.1041dup variant were
assessed using RT-qPCR. In summary, cDNA analysis confirmed that the ¢.1421+2T>C variant activates
a cryptic splice site, resulting in a truncated transcript (c.1414_1421del, p.Val472Leufs*20) and the
c.1041dup variant results in a defective transcript that is likely degraded by nonsense-mediated mRNA
decay. The present study functionally characterizes two variants and provides further confirmatory
evidence that CDC14A is associated with a rare form of hereditary hearing loss.

Keywords: CDC14A; DFNB32; autosomal recessive hearing loss; exome sequencing; splicing;
frameshift; non-sense mediated mRNA decay
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1. Introduction

Hearing loss (HL) is a highly heterogeneous disorder and belongs to one of the most common
sensory disorders in humans with a prevalence of 1-2 in 1000 newborns. Approximately 120 genes
responsible for non-syndromic HL have been identified so far [1,2]. Since 2016, the gene CDC14A
(OMIM: *603504, ENSG00000079335) has been associated with autosomal recessive non-syndromic
deafness-32 (DFNB32, OMIM: #608653) [3]. Two years later, it was recognized as causing hearing
impairment and infertile male syndrome (HIIMS) [4]. CDC14A is located on chromosome 1p21.2 and
encodes an evolutionarily conserved protein tyrosine phosphatase (Cell Division Cycle 14A) that is
important for centrosome separation and productive cytokinesis during cell division [5]. Itis present in
the kinocilia of hair cells, as well as basal bodies and sound-transducing stereocilia of the mouse inner
ear [3]. Homozygous Cdc14a mutant mice showed postnatal degeneration of hair cells but normal
length kinocilia. Additionally, degeneration of seminiferous tubules and spermiation defects resulted
in infertile male mice [4]. Alternative splicing of CDC14A yields six different transcripts, with the
largest protein encoding 623 amino acids [3]. To date, only nine homozygous genetic variants in 10
different families with a Middle Eastern background have been associated with hearing impairment
(Table 1). Five of these variants with one additional presumed variant also caused male infertility [3,4].
Patients with biallelic CDC14A variants present variable degrees of HL that range from moderate to
profound in severity [4].

Exome sequencing and gene mapping approaches revealed a homozygous splice variant in a
22.5 Mb homozygous interval on chromosome 1 in two hearing impaired patients from an Iranian
family (family 1). Additionally, a homozygous frameshift variant in a 13.6 Mb homozygous interval on
chromosome 1 was identified in two Pakistani patients (family 2). Both families had a consanguineous
background and both genetic variants were novel. We subsequently evaluated the functional effects of
the two variants by assessing aberrant splicing and abnormal gene expression. Our findings widen the
spectrum of clinically relevant CDC14A mutations that are associated with hearing impairment and
reinforce its role within the auditory system.
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Table 1. Summary of previously described and newly identified families with homozygous variants in CDC14A.

3of14

Family ID Variant Sex HL Onset HL Severity Male Infertility Ethnicity Reference
¢.376delT Male moderate-to-profound, 2
HLRB11 p Tyri26llefs'64 Besiiale Congenital progressive Yes Pakistani Imtiaz et al. [4]
HLAT2 CA7LEG: Male Congenital maderles o Bofd, Yes Pakistani Imtiaz etal. [4]
p.Tyr139Ter Female progressive
c935G>A Male - . moderate-to-severe, . R—
FT1 p Arg312GIn Raiald Congenital progressive n.a. Tunisian Imtiaz et al. [4]
HPK1 eENACG Male Congenital moderal‘e—to—profound, Yes Pakistani Imtiaz etal, [4]
p2? progressive
c934C>G Male 5 . severe-to-profound, .
MORL1 p.Arg312Gly Female Congenital Progressive Yes Iranian Imtiaz et al. [4]
PKDF539 £93an-0 Male Congenital severe t(?*pl‘ﬂfﬂund, Yes Pakistani Imtiaz et al. [4]
p-GIn320Pro progressive
R . ¢.1015C>T
Mauritanian family p Arg339Ter Male Congenital Profound No Mauritanian Delmaghani et al. [3]
PKSN10 cllssel Male Congenilal moderate-to-profound, No Pakistani Imtiaz etal. [4]
p.Arg345Ter Female progressive
c1126C>T Male 4 @ 0
MORL2 p.Argd76Ter Female Congenital moderate-to-profound No Tranian Imtiaz et al. [4]
" ” c.1126C>T Male ] sy . " - -
Iranian family p.Arg376Ter Fomndls Congenital severe-to-profound No Iranian Delmaghani et al. [3]
i c.1421+2T=>C = .
Family 1 p-Val472Leufs*20 Female Congenital severe-to-profound No Iranian Present study
: c.1041dup %
Family 2 pSer348CInfs2 Male Congenital Profound n.a Pakistani Present study

Abbreviations: n.a., not available.
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2. Results

2.1. Clinical Presentation

All patients reported congenital, bilateral, sensorineural HL (Figure 1). The affected individuals
in family 1 reported severe-to-profound HL (II.2 (asymmetrical HL, age 43), IL.8; Figure 1a,c), whereas
the affected individuals in family 2 (I1.1 (age 29), IL2 (age 27)) showed profound HL (Figure 1b,d). A
diagnosis of clinical HL of the older sibling in family 2 (I1.2) was secured at 1 year of age after his
mother recognized signs of hearing impairment. However, HL. was suspected since birth and was the
case with his younger sibling. Furthermore, the HL in the proband of family 1 can be described as
non-progressive. Information about progression is unavailable from the affected individuals in family
2. There were no complaints of vestibular dysfunction or tinnitus in the affected individuals of family
2. The ophthalmic examination of family 1 was normal apart from mild refractive error. In addition to
HL, the affected individuals in family 2 (I1.1, IL.2) suffer from compound myopic astigmatism. Both
affected individuals in family 2 (II.1, I1.2) are unmarried and have no children.

Family 1 Family 2
L1 12 L1 12
+-
It "2 03 14 IS ILe 117 ILS "I T2 N3 M4 1S
ode A -/ e ufs e

€. 142142T>C

o

104 1dup, p.(Ser348GInls*)

wt g

EES
VI
i LY WRRLY
AR Wy Vi g W
ARG AARGGTART TTT|[AG AAGGCART TTT

v ] AR

_fCiﬂ-iGg__!aﬁf?r:_..JGﬂ-ﬂGg'?asrfrf CCcATC CCATCCAGT GAAG
(a) (b)
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125 250 .5 5 8 25 350 5 2
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] | ]
& | &
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Figure 1. Pedigree, segregation of the CDC14A variants in families 1 and 2 and pure-tone audiometry.
(a,b) An Iranian ((a) family 1) and Pakistani family ((b) family 2) with a consanguineous background,
each showing two affected individuals ((a), I1.2, IL.8; (b) I.1, I1.2) who are shown in black symbols.
Unaffected parents and siblings are shown in white symbols. The probands are marked with arrows.
The mutated allele is marked with a “-”. The wild type allele is displayed with a “+”. Sanger sequence
chromatograms of the CDCI14A ¢.1421+2T>C variant in wild type (WT; (a), left) and homozygous
((a), right) orientation and the CDC14A c.1041dup variant in heterozygous ((b), left) and homozygous
((b), right) orientation. (c,d) Audiograms showing pure-tone air conduction thresholds of I.2 ((c), family
1) and IL.1, IL.2 {(d), family 2). Air conduction thresholds for right and left ears are represented with
circles and crosses, respectively. Abbreviations: het, heterozygous; hom, homozygous; wt, wild type.
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2.2. Identification of Twe Novel CDC14A Variants

Exome sequencing and bioinformatics analysis of 174 HL-associated genes (Supplementary
Table 51) ensued using the genomic DNA of the probands of each family. The proband from family
1 (IL.2) revealed a homozygous CDC14A (NCBI Reference Sequence: NM_033312.2) splice variant
€.1421+42T>C that abolished the donor splice site in intron 14 out of 15 encoded exons and was
consistent with segregation analysis within family 1 (Figure 1a). Both affected individuals I1.2 and
I1.8 were homozygous for the ¢.1421+2T>C variant, while an unaffected brother (I.3) was wild type
(WT). A homozygous frameshift variant ¢.1041dup (p.Ser348GInfs*) in exon 11 out of 15 exons was
detected in the proband from family 2 (IL1) after exome sequencing and bioinformatics analysis,
which also co-segregated within family 2 (Figure 1b). The affected individuals II.1 and II.2 were
homozygous for the c.1041dup, while the mother (1.2) and unaffected brother (IL.3) were heterozygous.
Both variants were absent from all applied population databases. All other variants that were identified
by bioinformatics analysis of the in silico gene panel were prioritized as benign or could not explain
the HL phenotype. Bioinformatic screening of the gene CDC14A in our in-house exome database that
includes approximately 330 individuals with HL did not reveal additional potentially pathogenic
variants. Copy number variations were excluded in the 174 HL-associated genes.

Homozygosity mapping disclosed a 22.5 Mb (chrl: 89,845,926-112,389,040; all subsequent
coordinates reported in GRCh37) homozygous interval on chromosome 1 including the CDC14A gene
(coordinates chrl: 100,810,598-100,985,833) in the Iranian proband (I.2, family 1). The Pakistani family
2 was genotyped with a genome-wide SNP array and homozygosity mapping, identical by descent
(IBD), with linkage analysis revealed 15 regions reaching the maximal logarithm of the odds (LOD)
score of 1.927. The longest region (chrl: 88,430,037-102,069,696) of 13.6 Mb spans the CDCI14A gene.

According to four out of five in silico prediction tools (MaxEntScan, NNSplice, GeneSplicer
and Human Splicing Finder; Alamut visual, version 2.10), the homozygous ¢.1421+2T>C variant is
predicted to disrupt the exon 14 to intron 14/15 splice donor site (Figure 2d). That loss would likely
mediate exon skipping or the use of an alternative cryptic splice site nearby. The duplication c.1041dup
(p.Ser348GInfs*2) in family 2 leads to a frameshift and the incorporation of a premature stop codon
two triplicate bp positions downstream.

2.3. Functional Characterization of the Splice Variant ¢.1421+2T>C

The effect of the splice variant (c.1421+2T>C) in intron 14 was subjected to testing using a minigene
assay that included cloning of exon 14, as well as the 5" and 3’ flanking intronic sequences into an
exon trapping vector (Figure 2a). PCR amplification and Sanger sequencing of WT and mutant cDNA
revealed two products of different sizes (Figure 2b,c) that is the result of a truncation of eight nucleotides
(GTAAGAAQ) in the mutated sequence (372 bp) compared to the WT control (380 bp) due to activation
of a cryptic splice site in exon 14 (Figure 2d). The 257 bp sequence in the empty vector control appeared
as expected. The eight nucleotide deletion leads to a frameshift c.1414_1421del, p.Val472Leufs*20
(NM_033312.2) and the incorporation of a premature stop codon 20 triplicate bp positions downstream
(Figure 2e). Assuming that a protein is translated, it is expected that the full protein would be truncated
by approximately 21%.
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Figure 2. Characterization of the CDC14A ¢.1421+2T>C exchange via a minigene assay. (a) A schematic
of the pSPL3 exon trapping vector with cloned CDC14A exon 14 (blue) and flanking sequence containing
Xhol and BamHI restriction sites that was directly amplified from proband and wild type genomic DNA.
Exons A and B (purple) originate from the vector. A schematic of the resulting splice products is shown,
with the wild type splicing profile (top) and splice variant sequence that activates a cryptic splice site
(bottom, red asterisk). The PCR primers that were used to amplify the Exon A splice donor region (SDé6)
and Exon B splice acceptor region (SA2) are depicted by green arrows. (b) Electrophoretic visualization
of cDNA RT-PCR products amplified from constructs after transfection into HEK293T cells. Amplicons
were resolved on a 1% agarose gel. Wild type splicing (lane: pSPL3 CDC14A WT) yields a 380 bp
product that constitutes the Exon A, exon 14 and Exon B amplified regions. The homozygous mutant
amplicon (lane: pSPL3 CDC14A hom) shows a band around 380 bp that, when sequenced, indicates a
cryptic splice site activation. The empty vector shows the expected 257 bp product. (c) Sequencing
electropherograms of the exon 14 5 splice site boundaries for the RT-PCR products for wild type (top),
mutant showing cryptic splice site activation (middle) and empty vector (bottom). (d) In silico splice
prediction tools for the ¢.1421+2T>C exchange that is marked with red lines visualized with Alamut
visual (2.10). The upper panel shows the reference sequence splice scores and the lower panel shows
the splice scores for the ¢.14214+2T>C exchange with multiple in silico prediction tools estimating the
loss of the native exon 14 5’ donor splice site that is due to the variant (shown with a black box). In the
mutant panel, the splice scores of an adjacent cryptic 5” donor site are either unchanged or strengthened
and marked with a black arrow. (e) Effect of the splice variant on the protein, comparing wild type
(top) and the truncated (bottom) protein resulting from the aberrantly spliced product (visualized with
Mutalyzer). The amino acid residues marked in red are those that are altered due to the variant.
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2.4. Quantification of Relative Expression Levels for CDC14A

To investigate whether the premature termination codon (PTC) induced by the ¢.1041dup
(p.Ser348GInfs*2) variant triggers nonsense-mediated mRNA decay (NMD) of CDCI14A in family 2,
we quantified relative CDC14A mRNA expression. RT-qPCR was performed utilizing whole blood of
homozygous (IL.2) and heterozygous (I.2) individuals with two different primer pairs targeting a region
at the anterior part of the gene (exon 2-3, NM_033312.2) and a region posterior to the frameshift variant
in exon 11 (exon 11-12, NM_033312.2). The RT-qPCR analysis showed that the relative expression levels
of CDC14A were significantly reduced by approximately 99% relative expression for both targeted
regions for the homozygous individual (II.2) relative to WT controls. We could observe a difference of
17%-34% (exon 2-3) and approximately 57% (exon 11-12) relative expression for the heterozygous
individual 1.2 when compared relative to WT controls (Figure 3a). In principle, the introduction of
a PTC directly after p.348 would truncate 44% of the amino acid residues in full length CDC14A
(Figure 3b).

. Wild type CDC14A
1 MAAESGELIG ACEFMKDRLY FATLRNRPKS TVNTHYFSID EELVYENFYA DFGPLNLAMY
B YRYVCCKLNEX LKSYSLSRKK TVRYTCFOQR KRAMAAFLE
21 GSNPPYLPFR DAS LTILDCLQGE RKGLQHGFF

151 MWIVPGKFLA FSGPHPRSKI ENG

AVHCKA GLORTGTLIA CYVHKHYRFT
IFRS KLKNRPSSEG SIMKILSGLD

E RI CRPGSIIGRQ QHFL
361 DMSIGGMLSK TQMMERFGED NLEDDOVEMK NGITQGDKLR ALKSQRQPRT SPICAFRSDD
421 THGHPRAVSQ PFRLSSSLOG SAVTLKTSEM ALSPSATAKR INRTSLSSGA TURSFSINSR
451 LASSLGNLNMA ATODPENKKT SSSSKAGFTA SPFTNLLNGS SQPTTANYPE LNNNQYNRSS
54 NSNGGNLNSP POPHSAKTEE HTTTLRPSYT GLSSSSARFL SRSTPVSAQY PPRGPONPEC
E0L NFCALPSQPR LPPKKFNSAK EAF®

Mutant CDC 14A p.Ser348GInfs*2
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€1 YRVCCKLNEK LKSYSLSRKK IVHYTCFDQR KRAMAAFLIG AVAVIYLKKT PEEAYR 5
121 GSNPPYLPFR DASFONCTYN LTILDCLQGE RKGLQWMGFFD FET DEYE HYEAVENGDF
MWIVPGKFLA FSGPHPUSKT ENGYPLHAPE AVFPYFKKMN VTAVVRLMKK TYEAKRETDA
exon 2-3 exon 11-12 241 GFEHYDLFFI DSSTPSDNIV RAFLNI HOKA GLORTGTLIA CYVHKHYRET
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Figure 3. Quantification of the RT-qPCR relative expression values for the CDC14A ¢.1041dup variant
in homozygous, heterozygous and wild type control individuals. (a) Relative expression levels are
shown for exon 2-3 (Fyy, 19y = 150.69) and exon 11-12 (Fyy, 10y = 112.84) for the normalized reference
samples (wt controls 1, 2 and 3), and both tested individuals in family 2 (1.2, heterozygous for c.1041dup
and IL.2, homozygous for ¢.1041dup). N = 3 for each group. Values are represented as means and
error bars extend to the respective minimal and maximal values. To improve readability, significant
differences are only indicated for pairwise comparisons to the normalized reference sample (wt control
1). See Supplementary Table 52 for extended information. * p < 0.05 and ** p < 0.001. (b) Effect of
the c.1041dup variant on the protein, comparing wild type (top) and the truncated (bottom) protein
resulting from the aberrantly spliced product (visualized with Mutalyzer). The amino acid residues
marked in red are those that are altered due to the variant.

Both variants have been submitted to LOVD v 3.0 under the accession IDs 00269609 and 00269610.

3. Discussion

The CDC14A gene encodes a protein that is a member of the highly conserved dual specificity
protein-tyrosine phosphatase family existing in a wide range of organisms from yeast to human [6].
Their ability to dephosphorylate serine, threonine, as well as tyrosine residues of different proteins
is required for the regulation of essential signaling pathways and biological processes such as
protein—protein interactions, cell-cycle progression or apoptosis [7]. The encoded protein CDC14A is
thought to be involved in the conservation of hair cells in mice and is essential both for normal hearing
and male fertility in humans according to nine previously described mutations [3,4]. Furthermore,
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in mice, CDC14A appears to be advantageous for perinatal survival [4]. The paralogue CDC14B
may compensate for the loss of some CDC14A functions in vivo, but does not compensate for male
infertility and hearing impairment with loss of CDC14A [4].

Interestingly, there is a noticeable accumulation of pathogenic variants that are responsible for
a distinct hearing impaired phenotype in exon 11 (NM_033312.2) and variants that are responsible
for HIIMS in exon 10, containing the core dual-specificity phosphatase domain (DSP¢/PTPc;
Figure 4). Patients who have thus far been identified with C-terminal truncating variants have
moderate-to-profound hearing impairment and males with apparently normal fertility, whereas
patients with truncating variants in exons encoding two protein domains (exon 10 encodes part of the
DSPc/PTPc domain and exons 5 and 6 encode the dual-specificity phosphatase domain (DSPn)) have
HIIMS that includes moderate-to-profound hearing impairment (Figure 4, Table 1). It is thought that
transcripts with truncating mutations in exon 11 probably avoid NMD since a short isoform containing
only 11 exons (NM_003672) also exists compared to the longest isoform (NM_0033312.2) that has 15
exons [4].

o

CDC144 gene (DFNB32) @ c.959A>C
NM_033312.2 p.GIn320Pro
NP _201569.1 E— c.1015C>T A
® c.035G>A p.Arg339Ter
& - 5 p.Arg312GIn
b e €1033C-T A
p.hyr er ) 7 .
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p.Arg312Gly
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p.Tyr1260lefs*64 O c.839.3C=G p.Arg376Ter

DSPc/PTPc I

A c. 1041 dup A c.1421+2T>C
@ Hearing impairment & male infertility p.Ser348Glnfs*2

A NSHL
Figure 4. Summary of all variants in the gene CDCI4A (NM_033312.2, NP_201569.1) that is composed
of 15 exons. The dual-specificity phosphatase domain (DSPn) and the core dual-specificity phosphatase
domain (DSPc¢/PTPc) are represented in green and blue bars, respectively. Indicated are the nine
previously described mutations (above) and the two newly identified variants in the affected individuals
from family 1 and 2 (red, below). The two different phenotypes are indicated with a circle (hearing
impairment and male infertility) or triangle (NSHL).

The congenital, sensorineural HL phenotype in our patients that ranged from severe-to-profound
in the Iranian family (family 1) and profound in the Pakistani family (family 2) can be compared to
already presented HL patients with mutations in CDC14A that showed prelingual severe-to-profound
deafness (Table 1) [3]. Most of the families with autosomal recessive non-syndromic hearing loss
(ARNSHL) come from the ‘consanguinity belt’ that includes regions of North Africa, the Middle East
and India and uncovered unique signatures of variants in the past [8]. All previously described variants
in CDC14A were found in families originating from this specific region such as Pakistan, Iran, Tunisia
and Mauritania and show a comparable ethnicity as the two families (Iranian and Pakistani) presented
in this study.

In contrast to some of the already described HIIMS patients that showed signs of progressive
moderate-to-profound HL [4], progression was unreported in our families. Since both affected
individuals in family 1 are female and the unmarried status of both affected males in family 2, we
cannot exclude that the newly identified CDC14A variants would also cause male infertility.

The process of RNA splicing is an essential post-transcriptional mechanism ensuring the correct
junction of neighboring exons by the removal of intermediate intronic sequences through the
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spliceosome complex [9]. Sequence variants in regions critical for correct splicing can consequently
lead to exon-skipping or the activation of cryptic splice sites and are responsible for a variety of
different diseases [10]. Cryptic splice sites are normally repressed by stronger splice sites that are
located nearby, competing for selection by the splicing machinery [11]. One possible consequence of
the splice variant ¢.1421+2T>C in family 1 that is located in intron 14 was exon skipping of exon 14
due to a disruption and consequently weakening of the splice donor site. We verified the activation
of an alternative cryptic splice site located eight base pairs upstream within exon 14 (Figure 2d) that
results in a frameshift and a truncated protein (p.Vald72Leufs*20; Figure 2e) instead of exon skipping
and postulate that this variant is responsible for the hearing impaired phenotype within this family.

The vital process of eukaryotic gene expression such as transcription, translation and degradation
of mRNA and proteins is essential to ensure a functional gene product [12]. There are several different
pathways that are involved in the decay of defectively transcribed gene products most often starting
with poly(A) shortening by the Cer4-Not deadenylase complex followed by either 5 end decapping
(Dcpl/2) and Xrnl mediated decay [13] or 3’ end exonucleolytic decay mediated by an exosome [14].
Frameshift or nonsense mutations are often responsible for NMD, a crucial process that prevents the
production of truncated or potentially toxic dominant-negative proteins [15]. The c.1041dup frameshift
variant in family 2 is responsible for the incorporation of a premature stop-codon likely resulting
in a truncated transcript. If translated, over >40% of the transcript would be missing that is likely
degraded by NMD. We could confirm significantly decreased relative CDCI14A expression levels for
both the unaffected heterozygous and the affected homozygous individual including both the anterior
and the posterior part of the mRNA transcript (Figure 3a). Since we only investigated total mRNA
levels isolated from whole blood, targeting distinct transcripts of the CDCI14A gene, we cannot rule
out the possibility of compensatory mechanisms such as upregulation of different gene transcripts in
other human tissues [16]. Nevertheless, we have experimentally shown that the truncated CDC14A
product by the ¢.1041dup frameshift variant is likely targeted by the mechanism of NMD resulting in
insufficient levels of functional transcript for the homozygous proband (Figure 3).

Both variants are anticipated to produce a loss-of-function, either through possible truncated
protein from the ¢.1421+2T>C variant, or NMD that is anticipated to occur as a result of the
c.1041dup variant.

In order to distinguish between a regular stop codon and a PTC, the NMD machinery recognizes
the position of the PTC within newly produced mRNAs. If the PTC is located at least 50-55 nucleotides
upstream of the 3’-most exon—exon junction, degradation by the NMD machinery is likely induced
to avoid unfavorable transcripts [17]. Since the PTC of the CDC14A frameshift variant c.1041dup is
located in exon 11 and is followed by a 3’ exon-exon junction more than 55 nucleotides downstream,
NMD is likely triggered. Our results showing reduced relative expression levels for CDCI14A in
patients also confirmed this hypothesis. The PTC that originates from the aberrantly spliced transcript
(p.Val472Leufs*20) due to the ¢.1421+2T>C variant is located in the last exon (exon 15) of CDC14A.
Since there is no 3 exon—exon junction further downstream of the PTC, a transcript is likely produced
to subsequently escape the NMD machinery.

4. Materials and Methods

4.1. Patient Recruitment and Clinical Assessment

Informed written consent was obtained from the families. This study was performed under the
tenets of the Declaration of Helsinki and was approved by the Ethics Commission of the University of
Wiirzburg (46/15, approval date: 31 March 2015).

We recruited an Iranian (family 1) and Pakistani (family 2) family who both showed a history of
parental consanguinity for a total of four affected individuals, as well as unaffected parents and siblings
(Figure 1a,b). The affected individuals (family 1: 11.2, IL8; family 2: 111, I1.2) underwent audiological
assessment and were tested by pure-tone audiometry adhering to recommendations described in



Int. J. Mol. Sci. 2020, 21, 311 10 of 14

Mazzoli et al. (2003) [18]. Ophthalmic examination of the proband in family 1, as well as both affected
individuals from family 2 was performed.

4.2. Exome Sequencing

Genomic DNA (gDNA) from the two affected individuals was extracted from whole blood.
Diagnostic screening of G/B2, the most frequently implicated gene in non-syndromic hearing loss,
excluded putative pathogenic variants. gDNA of the probands were exome sequenced. Exome library
preparation was performed with the TruSeq Exome Enrichment (family 1) and the Nextera Rapid
Capture Exome (family 2) kits (Illumina, San Diego, CA, USA) according to manufacturer’s instructions
and paired-end sequenced (2 x 76 bp) with the NextSeq500 sequencer (Illumina, San Diego, CA, USA).
A v2 high output reagent kit (Illumina) was used and the data were aligned to the human reference
genome GRCh37 (hg19).

4.3. In Silico Variant Analysis

Data analysis was performed with GensearchNGS software (PhenoSystems SA, Wallonia,
Belgium) and an in-house bioinformatics pipeline. Variant filtering was done with a minor allele
frequency <0.01 and alternate allele present at >20%. The pipeline data were analyzed based on the
GATK toolkit [19] and BWA based read alignment to the human genome (hg19) following GATK
best practice recommendations [20,21]. Quality filtering was performed based on the VQSLOD
score. Data from the Greater Middle East Variome Project [22], the Iranome Database [23] and
gnomAD [24] were used for population-specific filtering. Variant analysis was done with the use
of PolyPhen-2 [25], SIFT [26] and MutationTaster [27], as well as variant information annotated in
the Deafness Variation Database (DVD) [28]. Exome CNV analysis was performed using the eXome
Hidden MarkovModel (XHMM, version 1.0) approach [29]. Splice-site variants were classified on the
basis of in-silico splice predictors such as SpliceSiteFinder-like [30], MaxEntScan [31], NNSPLICE [32],
Genesplicer [33] and Human Splicing Finder [34]. Homozygosity mapping was done and visualized
with HomozygosityMapper [35]. Mutalyzer was used to assess the effect of the variants on the protein
in silico [36].

4.4. Gene Mapping Approaches

The exome data of the proband from family 1 was subjected to homozygosity mapping that was
performed using HomozygosityMapper [35]. The gDNA from individuals (1.2, 111, I1.2, I1.3) from
family 2 were subjected to genome-wide genotyping using the Infinium HumanCore-24 v1.0 Bead
Chip (Illumina) using manufacturer’s protocols.

Data conversion to linkage format files and quality control (QC) was managed with ALOHOMORA
software [37]. Up to 258,000 biallelic SNPs after QC were used for linkage analysis with Merlin [38].
Linkage analysis was done with a recessive genetic model with complete penetrance, a rare disease
allele frequency of 0.001 and a pedigree with a consanguinity loop (cousin marriage of parents I.1 and
L.2). As genetic coordinates, we used the physical position (1 cM < 1 Mb, hg19). Linkage regions where
the LOD score reached the maximal value of 1.927 for this family, indicate homozygous (autozygous)
stretches for the two affected individuals (II.1 and 11.2) and where the unaffected brother (11.3) is not
homozygous. Linkage analysis was repeated with a linkage disequilibrium (LD) reduced marker set to
verify that LOD score peaks are not inflated by LD.

Genomic coordinates are reported using the GRCh37 human genome assembly.

4.5. Validation of The CDC14A Variants and Segregation Analysis

Validation of the CDCI14A frameshift and splice variants was carried out by Sanger
sequencing from PCR-amplified gDNA from the probands and available family members
using standard cycling conditions and primers (F: 5-TCCGCAAAGATTAAGTTCATCCC-3"
and R: 5-TCTGGATCACACTAAGCCAGC-3) to wvalidate the ¢1421+2T>C and (F:
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5'-CTGAGGACTTCAGCAGTCAA-3' and R: 5'-AACTTGGTACTCGTGGCATC-3") c.1041dup
variants (Metabion, Martinsried, Germany). Primers were designed with Primer3 [39]. The amplicons
were sequenced with an ABI 3130x] 16-capillary sequencer (Life Technologies, Carlsbad, CA, USA)
and the data were analyzed with Gensearch 4.3 software (PhenoSystems 5A, Wallonia, Belgium).

4.6. Minigene Assay

To test the in silico splice predictions, an in vitro splicing assay was carried out using a modified
protocol from Tompson and Young [40]. Briefly, wild-type and mutant CDC14A exon 14 (123 bp)
were directly PCR amplified from a control individual and the proband with specific primers
containing an additional Xhol and BamHI restriction site (forward primer with Xhol restriction
site: 5"-aattctcgagCCGCTGCTGTCATCACTATTA-3" and reverse primer with BamHI restriction site:
5-attggatccACCATTCCCTCCACAACCTT-3'). The PCR reaction amplified the entire exon 14 sequence
plus an additional 133 bp (5") and 193 bp (3’) from the flanking intronic regions. After PCR amplification,
PCR clean-up, restriction enzyme digestion of the PCR fragments and pSPL3 exon trapping vector
was performed prior to cloning of exon A and exon B fragments into the linearized pSPL3-vector
and DH5x competent cells (NEB 5-alpha, New England Biolabs, Ipswich, MA, USA. The WT and
mutant-containing vector sequences were Sanger sequence confirmed.

Vectors containing either homozygous or WT sequence were transfected into HEK 293T cells
(ATCC) at a density of 2 x 10° cells per mL. Of the respective pSPL3 vector 2 ug was transiently
transfected using 6 uL of FuGENE 6 Transfection Reagent (Promega, Madison, WI, USA. An empty
vector and negative transfection reactions were included as controls. The transfected cells were
harvested 24 h after transfection for RNA extraction. Total RNA was prepared using miRNAeasy
Mini Kit (Qiagen, Venlo, Netherlands). Approximately 1 ug of RNA was reverse transcribed
using a High Capacity RNA-to-cDNA Kit (Applied Biosystems, Waltham, MA, USA) following
the manufacturer’s protocols. The cDNA was PCR amplified using vector-specific SD6 forward
(5'-TCTGAGTCACCTGGACAACC-3') and reverse SA2 (5-ATCTCAGTGGTATTTGTGAGC-3)
primers. The amplified fragments were visualized on a 1% agarose gel and subsequently
Sanger sequenced.

4.7. Expression Analysis Using Reverse Transcription Quantitative Real-Time PCR (RT-gPCR)

To examine altered expression levels in CDCI14A due to the loss-of-function variant in family 2,
total RNA was extracted from whole blood of probands 1.2 and IL.2 (family 2) using PAXgene Blood
RNA Kit (Qiagen) according to manufacturer’s instructions. ¢cDNA was synthesized using High
Capacity RNA-to-cDNA Kit (Applied Biosystems). We performed RT-qPCR using a ViiA7 Real-Time
PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Each sample and primer pair was analyzed
in triplicates on a single qPCR plate using HOT FIRE Pol Eva Green Mix Plus (Solis BioDyne, Tartu,
Estonia). Relative expression levels were calculated using the QuantStudio Real-Time PCS Software
v1.3 by AACt method. Control samples were either used as reference samples or for relative expression
comparison. Combined cT values of housekeeping genes GAPDH, IPO8 and HPRT1 were used for
endogenous cDNA controls. Used primer pairs are listed in Table 2.

Table 2. Primer sequences for RT-qPCR.

Exon 5’-3" Primer Sequence (Forward) 5’-3’ Primer Sequence (Reverse)
CDCI4A Ex2 3 CCCACTATTTCTCCATCGATGA GTACACCATTGCCAAGTTCAG
CDC14A Ex11_12 TGGCCTAGATGATATGTCTATTG CTTCTAAGTTATCCTCTCCAAATC
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG

IPO8 CGAGCTAGATCTTGCTGGGT CGCTAATTCAACGGCATTTCTT
HPRT1 TCGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT

o
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4.8. Statistical Data Collection

The results of RT-qPCR are represented as relative quantification (RQ) means. Statistical analysis
was performed using OriginPro 2018G. Normality (Shapiro-Wilk) and equality of variances (Levene’s)
were calculated and a one-way ANOVA with Bonferroni correction for multiple comparisons was
subsequently conducted. A p-value of less than 0.05 is considered statistically significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/1/311/s1.
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Abbreviations

ARMNSHL Autosomal Recessive Non-5yndromic Hearing Loss
CDC14A Cell Division Cycle 14A

DFNB32 Deafness 532

DSPe/PTPc Dual-specificity phosphatase domain

DSPn Dual-specificity phosphatase domain

GJB2 Gap Junction Protein Beta 2

HIIMS Hearing Impairment and Infertile Male Syndrome
HL Hearing Loss

LD Linkage Disequilibrium

LOD Logarithm of the Odds

NMD Nonsense-Mediated mRNA Decay

PTC Premature Termination Codon

QC Quality Control

RT-gPCR Reverse Transcription Quantitative Real-Time Polymerase Chain Reaction
RQ Relative Quantification

SNP Single Nucleotide Polymorphism

WT Wild Type
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10.2 Attachment 2
The Many Faces of DFNB9: Relating OTOF Variants to Hearing Impairment
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10.3 Attachment 3
Aberrant COL11A1 splicing causes prelingual autosomal dominant non-syndromic HL in the
DFNA37 locus
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10.4 Attachment 4
Expanding the phenotype of PIGS-associated early onset epileptic developmental
encephalopathy

(@]}
(@]}



—
pa—

N—



N —
pa—

N—



pa—

N—



pa—

N—



i1d



—_—

—_—



O
p—

N—



10.5 Attachment 5
A biallelic variant in CLRN2 causes non gayndromic HL in humans
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10.6 Attachment 6
Bi-allelic variants in IPO8 cause a connective tissue disorder associated with cardiovascular
defects, skeletal abnormalities, and immune dysregulation
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10.7 Attachment 7
Unraveling the genetic complexities of combined retinal dystrophy and hearing impairment
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10.8 Attachment 8
Biallelic variants in KARS1 are associated with neurodevelopmental disorders and HL
recapitulated by the knockout zebrafish
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10.9 Attachment 9
Bi-allelic variants in SPATASL1 lead to intellectual disability, spastic-dystonic cerebral palsy,
epilepsy, and hearing loss
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10.10 Attachment 10
Identification of three novel homozygous variants in COL9A3 causing autosomal recessive
Stickler syndrome
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10.11 Attachment 11
Unraveling haplotype errors in the DFNA33 locus
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10.12 Attachment 12

Expanding the spectrum of phenotypes for MPDZ: report of four unrelated families and review

of the literature
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